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Eukaryome Foreword

I am so pleased to see we have finally come to the point where we start to
understand that parasites and us are not alone in infections. We and parasites are not
fighting (or parasites are simply utilizing us) one-on-one, but microbial community
(including bacteria, archaea, and eukaryotes) plays, as a whole, a significant role in
modulating gene expression, metabolism, and virulence of the parasites, and also,
on the contrary, physiology, immunity, and tolerance of the host. Such mechanisms
have started to unveil. This book is a showcase of such orchestration of human and
microbial community including eukaryotic microorganisms, which, eukaryotic
microorganisms, had been almost neglected. This book also gives the most updated
overview by experts in the fields on genetic diversity and evolution of microbial
eukaryotes, immune response to and immune modulation by parasitic eukaryotes,
genome organization, gene regulation, pathogenesis, and drug resistance, as well as
cutting-edge models and analytical systems to investigate crosstalk of eukaryome-
microbiome-host in commensal and symptomatic infections.

Tomo Nozaki
The University of Tokyo

Tokyo, Japan
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Preface

The first international congress on Eukaryome Impact on Human Intestine
Homeostasis and Mucosal Immunology was held in October 2019 at Pasteur
Institute, Paris, France. This congress brought together experts in the fields of
genomics, infection, pathogenicity and new technologies to enrich concepts, share
methodologies, and advance interdisciplinary research programs.

Our knowledge of the influence of microbes on the fate of intestinal diseases is
scanty, particularly with regard to the major parasitic diseases. Multiple demo-
graphic or economic parameters of our societies could contribute to the origin of
emerging infections; for example, poverty, urbanization, climate change, conflict,
and political instability, as well as population migration. These features challenge
us to know the impact (present and future) of parasitic diseases on public health.
The intestine is a nutrient-rich environment harboring a complex and dynamic
population of 100 trillion microbes, the microbiome. Until now, the scientific
attention has been mainly focused on the bacterial part of the microbiome, which
constitutes the most abundant and diverse fraction of intestinal ecosystem.
Moreover, bacteria are sharing the gut ecosystem with a population of uni- and
multicellular eukaryote organisms. Our interest focuses on the eukaryotes
microbes inhabiting the intestine named intestinal eukaryome (including fungi,
protists, and helminths). The knowledge about the reciprocal influence of the
microbiome on the eukaryome and their independent or combined impact on
homeostasis and intestinal diseases is scanty and can be considered as an important
emerging field.

The objectives of EUKARYOME congress were in three areas of research:

1. Phylogenetic, prevalence, and diversity of intestinal eukaryotic microbes, their
enigmatic historical evolution and their potential contributions to mucosal
immune homeostasis.

2. Integrative biology to study the molecular cell biology of parasites–host inter-
actions and the multiple parameters underlining the infectious process.
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3. Forefront technologies to develop and exploit tissue engineering and micro-
fluidics to establish three-dimensional (3D) systems helping to understand
homeostasis and pathological processes in the human intestine and for drug
discovery.

These topics were organized in four parts according to the following interplay:

Part 1: Evolution of Eukaryome Species. Impact of Microbial
Species and Human Association. Genetic Diversity of Microbial
Eukaryotes

A direct association between the presence of eukaryotic microbes and changes in
the bacterial intestinal microbiome has been observed in the absence of gastroin-
testinal disorders, disease, or inflammation. Thus, the eukaryome should be con-
sidered as a member of the intestinal ecosystem with contributors that regulate the
diversity and composition of the community. The presentations and discussions
were on the coevolution of humans and parasites and cellular processes, such as
encystation, as important evolutionary features of unicellular organisms (Session 1
and 2). Then session 2 ended with a comparison between the eukaryome of healthy
and infected people. We have also discussed genetic diversity and focused on
commensal and opportunistic protists. The objective was to specify the impact
of the presence of parasites on the fate of intestinal diseases.
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Session 1: Evolution and impact of parasite species in humans

Laure Segurel Human lifestyles, protozoa and the gut microbiota
Jan Tachezy Mastigamoeba balamuthi at the cross of evolutionary roads
Anastosios Tsaousis Exploring the biology and evolution of Blastocystis and its

role in the microbiome
Cecilia Ximenez Bacterial intestinal microbiota changes associated with

Blastocystis infection: consequence of protist colonization?
or the result of local inflammation

Robert Hirt The molecular basis of Trichomonads' capacity to jump
between hosts and mucosal sites

Session 2: Cell differentiation and species diversity of unicellular eukaryotes

Upinder Singh Regulation of gene expression during conversion in Entamoeba
Pauline Schaap Resolving Amoebozoan encystation from Dictyostelium

evo-devo, comparative genomics and transcriptomics
David Carmena The current molecular epidemiological scenario of

Cryptosporidium, Giardia and Blastocystis in Implication for
Public Health

Carol Gilchrist Cryptosporidium infection in malnourished children

Part 2: Tissue Homeostasis. Immune-Modulatory Roles
of the Eukaryome. Immune Responses to Intestinal Parasites

There is an emerging paradigm that the human microbiome is central to many
aspects of health and may have a role in preventing enteric infections, but very little
is known on the role of the eukaryome in these aspects. The mechanisms underlying
the immune response to parasite embedded in the bacterial–host ecosystem and the
consequences due to environmental changes, as alimentary diet, are unexplored to
date. The possible immuno-modulatory role of eukaryote microbes was discussed
(Session 3). The potential mechanism of action of these microbes supporting the
immune response and the stimulation of mucus production, which alleviates the
symptoms of colitis improving intestinal health was of interest. Internationally
recognized specialists in eukaryome, microbiome, and immunity (Session 4) gave
new insights on these topics.

Session 3: Tissue homeostasis, immune-modulatory roles of the eukaryome

William A. Petri Role of Innate Lymphoid Cells and Th17 in
regulation of intestinal infection and immunity

Arthur Mortha Commensal protozoa shape mucosal immune
homeostasis
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Philippe Jay Epithelial sentinels linking luminal danger to
immune responses

Kateřina Jirků Pomajbíková Helminth therapy—nowadays and tomorrow
Marie Claire Arrieta Contribution of fungi to gut microbiome ecology,

early-life immune development and airway
inflammation

Stacey Burgess Innate trained immunity in Giardia and
Entamoeba infection

Session 4: Tissue protection and immune response to infections

Malin Johansson Gut mucus- protection and interaction
Eric Martens Combined low dietary fiber and mucus-degrading gut bacteria

cause lethal colitis in genetically susceptible mice
Kris Chadee Roles of the mucus layer and microbiota in innate host defense

against Entamoeba histolytica
Hannelore Lotter Immune responses underlying hepatic amebiasis
Alfonso Olivos Redox, oxidative stress and heat stress in experimental amoebic

liver abscess

Part 3: Intestinal Models to Study Eukaryome-Microbiome-Host
Interplay. Crosstalk Between Cells, Bacteria and Parasites
in the Onset of Infection

The relationship between eukaryotic commensal or invasive parasite activities may
be conditioned (at least in part) by differences in the host’s gut microbiota.
However, the mechanisms underlying the molecular switch from a commensal
phenotype to a pathogenic phenotype have not been characterized in detail; in
particular, because of the lack of experimental models to study human diseases and
intestine homeostasis. In addition, pathogenesis depends on the interplay between
tissue renewal, microbes, and the immune system. The objective was to explore the
three components “parasites-bacteria-host” interplay in the intestine. Firstly, the
functional interplay between the parasites and the human host during invasion
of the tissue was discussed (Session 5 and 6) and then a focus was made on the
contribution of tissue engineering and microfluidics as forefront technologies to
build intestinal models allowing the study of the human complex intestinal
microbial ecosystem (Session 7).

Session 5: Host response and cell damage upon parasite interaction

Alok Bhattacharya Phagocytosis by Entamoeba histolytica.
Serge Ankri Parasite-bacteria responses to host immune stresses
Kumiko Nakada-Tsukui What determines trogocytosis and phagocytosis
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Katherine S. Ralston Acquisition of host cell membrane proteins during
Entamoeba histolytica trogocytosis

Sunando Datta Role of EhC2B, a C2 domain containing actin modu-
lator in amoebic erythrophagocytosis

Session 6: Host modulation on infection outcome

Tomoyoshi Nozaki Host modulation by Entamoeba histolytica via secreted
lysine glutamic acid rich protein 2

Julio Cesar Carrero Role of Extracellular Traps on intestinal parasites.
Relationship with virulence

Elisabeth Labruyère Impact of tissue components on Entamoeba histolytica
migration

Chelsea Marie Host factors involved in Cryptosporidium invasion
Staffan G. Svärd The Giardia secretome and its role during host-parasite

interactions

Session 7: Intestinal models to study eukaryome-microbiome-host

Nancy Allbritton Large intestine on chip for mucus and microbiome
studies

Arturo Aguilar An intestinal 3D model gives insight on
amoebiasis

Magdalena Kasendra Synergistic engineering of human intestine: orga-
noids meet organs-on-chips

Nathalie Sauvonnet Mechanical forces and 3D topology of the colonic
epithelium are critical for enteric pathogens inva-
sion using a biomimetic human gut on a chip
interplay

Jean Christophe Olivo Marin Cells, images and numbers

Part 4: Genome Organization, Gene Regulation and Encystation,
Traffic and Secretion of Pathogenic factors, Fate of Intestinal
Human Cells Upon Parasite Interaction. Anti-parasitic Drugs
and Therapies

The molecular mechanisms underlying the virulent phenotype of intestinal parasites
are mostly unknown. The sessions 8, 9, and 10 were devoted to parasite biology
focusing on (i) genome organization and gene regulation; (ii) the processes of traffic
and secretion of pathogenic factors allowing to feed on bacteria, kill human cells
and to invade the tissue; (iii) the parasite organelles involved in the survival in
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anaerobic environments such as the human colon and (iv) the persistence of pro-
tozoan species due to both, encystation in the intestinal lumen and resistance to
anti-parasitic drugs.

Session 8: Traffic and secretion of pathogenic factors

Mark Field Evolution, traffic and membrane transport.
Esther Orozco Arming the puzzle of Entamoeba histolytica phagocytosis: New

pieces.
Som Lata PIP3 binding protein screening reveals unique molecules involved

in endocytic processes of Entamoeba histolytica.
Carmen Faso The ins and outs of Giardia lamblia endomembrane trafficking.

Session 9: Gene expression, regulation sustaining pathogenicity

Iris Brucchaus Gene silencing and overexpression to study pathogenicity
factors of Entamoeba histolytica

Nancy Guillen The transcriptome from a compact genome
Laurence Marchat Polyadenylation machineries in intestinal parasites: latest

advances in Entamoeba histolytica
Samie Amidou Molecular characterization of Entamoeba histolytica

tRNA genes
Michael Duchene Entamoeba glycan biosynthesis genes, how the lipopep-

tidophosphoglycan (LPPG) might be made
Janna Alazzaz Probiotics as anti-Giardia defenders: determination of the

control mechanism
Gretchen Ehrenkaufer Identification of drugs with activity against multiple

pathogenic amoebae

In addition to the 46 presentations, 20 posters were selected and three of them
were awarded by the Springer Scholarship:

• EhRho6 mediated actin degradation in Entamoeba histolytica by A. Narooka,
A. Apte, P. Yadav, S. Datta

• Quinoxaline T-001 affects pathogenicity mechanisms of Entamoeba histolytica
associated with cytoskeleton functions by J. Soto Sanchez, A. Garcia,
O. Medina Contreras, L. Caro Gómez, A. Paz Gonzáles, L. Marchat, G. Rivera,
R. Moo Puc, E. Ramírez Moreno

• CXXC-richprotein involves inRBCphagocytosis andcell-monolayer degradation
abilities of theE. histolytica parasite byN.Khomkhum, S. Leetachewa, T. Nozaki,
F. Moreau, A. L. Coria, C. Chadee, S. Moonsom.

Overall, this first edition of the EUKARYOME congress (92 participants) brought
together international experts to discuss the latest developments and the latest
procedures to understand the impact of eukaryotic microbes on intestinal home-
ostasis and infectious disorders. This research is in its infancy but appears as one
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of the most promising avenues of discovery in infectious diseases. The meeting
ended with a discussion of the areas of interest that permeated the meeting, par-
ticularly the exciting new models of 3D-intestinal models as systems of interest for
moving toward translational applications.

Paris, France Nancy Guillen
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Chapter 1
Eukaryome: Emerging Field
with Profound Translational Potential

Nancy Guillen

Abstract The human intestinal eukaryome comprises a diverse set of eukaryotic
organisms living in the intestinal lumen. These are in permanent or transient interac-
tion with commensal organisms such as bacteria. This interaction has a direct impact
on human well-being. The eukaryome remains one of the least understood compo-
nents of the gut microbiota despite its permanent association with the host during
the natural selection of species. The emerging work hypothesis is that eukaryome
and bacteria in synergy influence the complex mechanism underlying the micro-
bial crosstalk with the human gut during health or disease. New microbiota studies
should therefore include the characterization of the components and function of the
eukaryome to discover its role in homeostasis and intestinal diseases.

Keywords Eukaryome · Microbiome · Human populations · Immune response ·
Tissue models

Introduction

The human gastrointestinal tract (from themouth to the rectum) is home to a complex
and dynamic population of microorganisms, the microbiota, which exerts a strong
influence on the host during homeostasis and disease.1 The role of bacteria, as the
most abundant microbial population component of the microbiome, has been a topic
of interest in recent decades (Proctor et al. 2019; Alivisatos et al. 2015). Typical
commensal bacterial species present in the intestine are normally beneficial and
fulfill useful and necessary functions such as aiding the digestion of food. In addition,
intestinal bacteria play a crucial role in maintaining homeostasis as well as in the

1Microbiota is the complex community of microorganisms including bacteria but also viruses
(including bacteriophages), Archaea, eukaryotes such as fungi and protozoa living in consortia in
sites such as the gastrointestinal tract (Lokmer et al. 2019).
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2 N. Guillen

protection against pathogens. According to abundant literature, the microbiota plays
a fundamental role in the induction, education and function of the immune system
of the host. However, the microbiota is very versatile and one of the main factors
that determine the composition of the intestinal microbiota over the course of life
is the alimentary diet, which is diverse. The microbiome is thus considered as a
complex ecosystem reaching the equilibrium during homeostasis by the interaction
of microbial species with human tissues but also according to the chemical nature
of their environment. Altered intestinal bacterial composition, named dysbiosis, has
been associated with effects of inflammatory diseases and infections (Thursby and
Juge 2017).

Bacteria are not the only microorganisms living in the intestine. Other complex
interactions exist between different microbial populations and the intestinal tract;
theymust also be considered when analysing homeostasis and diseases (Parfrey et al.
2011). These organisms include archaea, eukaryotic microorganisms and multicel-
lular parasites colonizing the luminal part of the gastrointestinal tract. Particularly,
the eukaryotic microbial population has evolved with the host over thousands of
years and in combination with bacteria, it forms a complex ecosystem for which
there is very little information on their mutually beneficial relationship; this is an
important fact because the success of pathogenic processes that can be generated by
eukaryotic microorganisms is undoubtedly influenced by their relationship with the
intestinal flora. This review has the intention to comment on some rare but inter-
esting results linking the presence of eukaryotic microbes to the modulation of the
immune response during homeostasis and intestinal infection. The evolutionary traits
of eukaryotic microbes and their relationship with bacteria and the host leading to
their survival are also of interest in this summary. All these features have been the
core of the EUKARYOME congress. In the next paragraphs there is a summary of
the central points discussed during the eukaryome meeting. In addition, the articles
in this proceeding book make the point on numerous data that have been presented
in the meeting.

The Diversity of Species Within the Human Intestinal
Eukaryome

Culture-independent molecular techniques (e.g. DNA extraction from faeces and
high throughput sequencing) have been used to estimate the occurrence of eukaryotes
in the human intestine, thereby revealing the diversity of these ubiquitous organisms.
These studies, reviewed in (Hamad et al. 2016), indicate the presence of four major
groups of eukarya colonizing the intestine of humans. The first group, the Exca-
vata Phyla Metamonad, comprises two classes: Parabasalides (Dientamoeba frag-
ilis, Pentatrichomonas hominis and Trichomonas spp.) and Diplomonadida (Giardia
lamblia). The second group, RAS, includes three of the most diverse eukaryotic divi-
sions (Alveolates, Rhizaria and Stramenopiles). Alveolates are parasites distributed
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in three principal lineages: (i) Apicomplexans, which cause severe parasitic intestinal
infection in humans (Cryptosporidium,Cyclospora,Cystoisospora and Sarcocystis);
(ii) non-pathogenic Ciliates (Balantidium coli, Stentor roeseli and Vorticella cam-
panula); and (iii) Stramenopiles, which havemorphological characteristics similar to
fungi, such as Blastocystis which is the sole member of Stramenopiles that inhabits
the human gut and eventually may cause enteritis. The third group consists of Amoe-
bozoa with the Conosa phylum (Entamoeba, Iodamoeba and Endolimax) which can
cause diseases in humans. The fourth group, Opisthokonta, includes all uniflagellate
eukaryotes as well as metazoans and fungi. Platyhelminths and nematode species
belonging to the metazoan kingdom correspond to the genera of helminthic para-
sites (including cestodes, trematodes and nematodes) causing infection in millions
of people worldwide. More than 140 fungal genera (including ascomycetous, basid-
iomycetous and zygomycetous) have been discovered as permanent or transient biota
in the intestinal tract; many of them are either beneficial or commensal (e.g. Saccha-
romyces) and are considered as probiotics with a role in the treatment of diarrhoea
(Gouba and Drancourt 2015). Recent data, summarized below, show the impact of
several of these species in the intestinal ecosystem and therefore on public health.

Evolution of Microbial Eukaryotes in the Human Intestine

In the literature, it is common to assume that parasitic species (and their pathogenic
factors) derive fromanancestral organismcapable of adapting to the parasitic lifestyle
(Parfrey et al. 2014). This hypothesis is difficult to assess because of the lack of infor-
mation concerning the nature of specific factors of the ancestral organism predispos-
ing to parasitism. Comparative genomics and subsequent studies in cell biology
provide two related functions that should help us figure out the transition from a free
lifestyle to the parasitic life mode of protozoan organisms; these are respiration and
encystation. Both functions are essential to the survival of ancient protozoa with-
out mitochondria, including Entamoeba, Giardia, and Trichomonas, which all live
in low-oxygen environments, or Cryptosporidium and Microsporidia, which have
reduced their metabolic abilities as intracellular parasites (Liu et al. 2016).

A good example to address the issue of the transition from the free life style to
parasitism lies in the genomic comparisons between free-living Mastigamoeba and
parasitic Entamoeba, both from the Amoebozoa group. These studies revealed in
Entamoebae a remarkable loss of genes related to adaptation to low oxygen niches
(e.g. those involved in the tricarboxylic acid cycle and oxidative phosphorylation),
a mitochondrion-derived organelle called mitosome (Embley and Martin 2006) was
instead preserved. Mitosomes are mitochondrion-related organelles that have largely
lost typicalmitochondrial functions; these also exist inGiardia,Cryptosporidium and
Microsporidia (Shiflett and Johnson 2010). In E. histolytica, the major function of
mitosomes is sulfate activation leading exclusively to the synthesis of sulfolipids (e.g.
cholesteryl sulfate) through the activity of sulfotransferases as cholesteryl sulfotrans-
ferase,which is also necessary for encystation (Mi-ichi et al. 2015a, b). Sulfatases and
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sulfotransferases encoding genes have been acquired by lateral gene transfer in the
Entamoeba lineage. Consequently, the metabolism of sulfolipids is not conserved
in Mastigamoeba indicating specialization of this pathway (Mi-ichii et al. 2017).
These findings suggest (i) that sulfolipid metabolism has a causal relationship with
parasitism (Mi-ichi et al. 2017), (ii) LGT from bacteria play a role in some functions
that modifies the free-living style of ameobazoan, and (iii) Mastigamoeba is at the
cross road of evolution of Amoebazoan.

Encystation is highly relevant for human health because encysted pathogens are
resistant to treatment and the spreading of cysts in the environment is a major cause
of prevalence of infectious diseases such as amoebiasis, giardiasis and thrichomo-
niasis. Due to the impact of these infectious diseases in humans, notable efforts
are made to understand the molecular bases of encystation. For instance, a recently
identified transcription factor (ERM-BP) regulates Entamoeba encystation (Manna
et al. 2018). ERM-BP binds to NAD+ and promotes gene transcription. Remark-
ably, increased levels of NAD+ enhance encystation consistently with the role of
carbon source depletion in triggeringEntamoeba encystation. Other pathogenic free-
living Amoebozoa, such as Acanthamoeba, survive environmental starvation stress
by encystment and non-pathogenic free-living amoebae such asDictyostelia develop
spores (Kawabe et al. 2015), although many Dictyostelia can also encyst. Sporula-
tion is triggered by cAMP activation of the protein kinase PKA, with cAMP levels
being controlled by the adenylate cyclases ACG and ACR and the phosphodiesterase
RegA. In Amoebozoa, RegA, AcrA and PKA are deeply conserved (Du et al. 2014).
Examples of encystation also exist in other intestinal eukaryotic microbes includ-
ing Giardia, Cyptosporidium, Blastocystis, and Blantidium. There are exceptions,
however, as in the case of Entamoeba gingivalis found in the dental cavities of
humans or Diantemoeba fragilis, which is widespread in the colon. For these two
last Amoebozoa clear evidences showing encystation in their life cycle are so far
non-existent.

Impact of Eukaryome Species in Human Populations

To examine how the gutmicrobiome differs among human populations, several inves-
tigations have been conducted to identify bacterial species in fecal samples. The loss
of bacterial diversity among people living in the United States was found when
compared to residents of the Amazonas of Venezuela or from rural areas in Malawi
(Yatsunenko et al. 2012). These distinctive features were evident in early childhood
and adulthood. Other explorations have shown that the decrease in bacterial diversity
is systematic in the intestinalmicrobiome of individuals from industrialized countries
compared to that of non-industrialized countries (Chabe et al. 2017). These studies,
conducted in countries located at latitudes distant from each other, have concluded
that human diet, urbanization levels, hygiene practices and the use of antibiotics
of the industrialized lifestyle affect the diversity of bacteria in the intestinal micro-
biome. However, further studies suggest that the geographical distance of latitudes
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could have a significant effect on the interpretation of microbial diversity data in the
human gut (Dikongue and Segurel 2017). Indeed, studies on the microbiota diver-
sity at the local level with populations differing only in a limited number of factors
have been more informative than studies comparing very remote populations. For
example, small-scale comparisons of rural populations in Africa with contrasting
livelihoods but similar local environmental and urban levels, and shared or distinct
genetic ancestry, have shown an increase in bacterial diversity of the microbiome.
Interestingly, increased bacterial diversity is more common in human populations
infected with Entamoeba (Morton et al. 2015). In addition, many bacterial taxa
for which abundance was significantly correlated with Entamoeba infection have
opposite abundance profiles to those correlated with various autoimmune disorders
(Morton et al. 2015). The impact of intestinal colonization by a protozoan on the
composition of the bacterial microbiota was also demonstrated during infection with
Blastocystis (Audebert et al. 2016; Nieves-Ramirez et al. 2018), a component of
the microbiota detected with a high prevalence in healthy people. The question of
whether Blastocystis is a pathogen or a commensal of the human gut still has no
definitive answer. However, analysis of bacterial microbiota composition in indi-
viduals with Blastocystis showed higher bacterial diversity with greater abundance
of Clostridia and a lower level of Enterobacteriaceae. These findings indicate that
colonization by this protist could be associated to a healthy intestinal microbiota.
In addition, in healthy patients, Blastocystis has also been found in association with
other protozoa such as non-pathogenic species of Entamoebae (Lokmer et al. 2019).
In addition, co-colonization by Entamoeba spp. and Blastocystis hominis has been
linked to a healthy condition in patients from the Ivory Coast, whereas samples from
patients infected by Giardia duodenalis were related to a dysbiotic condition (Iebba
et al. 2016). These findings indicate that multiple protozoa are common residents
of the healthy human gut worldwide and the key open question is to know whether
the increase in bacterial diversity associated to the presence of protozoa (in mono or
multicolonization) is a fact concerning only non-pathogenic protozoa.

Overall, the data suggest a specific role of intestinal eukaryotes in increasing
intestinal microbial diversity. Deciphering the mechanisms governing the interaction
of protozoa with the intestinal flora is the matter of emerging research.

Protozoan Feed on Bacteria from the Microbiome

In addition to encystation occurring in the colon after growth and starvation of tropho-
zoites, the survival of enteric parasites such as Entamoebae is dependent on nutri-
tional sources in part derived from the phagocytosis of bacteria. Thus, infection
by E. histolytica is significantly correlated with intestinal microbiome composi-
tion and diversity. For instance, in some individuals, the symptomatic infection due
to E. histolytica correlates with changes in the level of bacteria members of the
Prevotellaceae family. Elevated levels of P. copri were found in patients with diar-
rheagenic E. histolytica infections suggesting the influence of the microbiome on
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the state of the gut (Gilchrist et al. 2016). Furthermore, significant changes in the
indigenous gut flora of amoeba infected individuals show an increase in abundance
of Bifidobacterium and at the same time, depletion of Bacteroides, Lactobacillus,
Clostridium leptum, Clostridium coccoides subgroup, Campylobacter and Eubac-
terium (Verma et al. 2012). Using rRNA based metagenomic analysis it has been
shown that E. histolytica preferentially phagocytoses some of the beneficial bacteria
that are required for the maintenance of a healthy gut amongst which are Lacto-
bacillales, Erysipelotrichales, Clostridales, and Bifidobacteriales. Phagocytosis of
these bacteria may cause dysbiosis in the gut and create conditions for parasite pro-
liferation in the human intestinal lumen (Iyer et al. 2019). Further, phagocytosis of
pathogenic Escherichia coli by amoebae increases epithelial cell damage (Galvan-
Moroyoqui et al. 2008). Recently, it has been shown that live bacteria of the fam-
ily Entereobacteriaceae including commensal components of the microbiota help E.
histolytica to survive oxidative stress (Varet et al. 2018) and to establish itself in the
intestinal mucosa (Shaulov et al. 2018). In a global view, it is possible to conclude
that the presence of intestinal protists such as E. histolytica, G. duodenalis, and B.
hominis can induce significant changes in the bacterial diversity of the microbiome.

The Eukaryome, Public Health and Zoonosis

The intestinal eukaryotic microbes vary from parasitic to opportunistic, to commen-
sal ormutualistic. Historically, parasites are considered to have a pathogenic effect on
the human host with high medical incidence in malnourished or immuno suppressed
hosts. This is the case of Cryptosporidium spp., Giardia intestinalis and Entamoeba
histolytica, as well as the helminths Ascaris lumbricoides and Strongyloides sterco-
ralis. Nevertheless, some intestinal eukaryotic microbes associated with humans do
not cause damage (e.g. Entamoeba dispar, Entamoeba coli, Dientamoeba fragilis).
An interesting example is Blastocystis, which has been linked to intestinal disor-
ders but whose pathogenicity still remains controversial due to its high prevalence
in asymptomatic carriers. Epidemiological studies have indicated that Blastocystis
spp. have high predominance in underdeveloped countries ranging to over 50% of
the population in some developing countries (Alfellani et al. 2013; Ramirez et al.
2014). Furthermore, colonization rates for Blastocystis are close to 20% in Europe
(El Safadi et al. 2016; Bart et al. 2013). Gastrointestinal dwelling nematodes infect
approximately 1 billion people worldwide causing significant ill health (Pullan et al.
2014), Cryptosporidium accounts for more than 60,000 deaths (Troeger et al. 2017).
In addition, Cryptosporidium spp., Giardia and Blastocystis sp. are able to infect a
wide range of animal species other than humans, indicating that the study of these
pathogens should be ideally approached under the One Health concept (Robertson
et al. 2019). Accurate diagnosis of intestinal parasites is important to properly man-
age infected populations, in particular of severely malnourished children (Mmbaga
and Houpt 2017).
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Tissue Homeostasis and Immune-Modulatory Roles
of the Eukaryome

The gastrointestinal tract is colonized by a large number of commensal microbes
and is constantly exposed to ingested antigens and potential pathogens. The regu-
lation of intestinal tolerance therefore represents the main task of the immune sys-
tem of the intestinal mucosa. The bacterial component of the microbiota has been
extensively studied for its contribution to the immune system during homeostasis
and subsequent infection (Reinoso Webb et al. 2016; Hooper et al. 2012). Nowa-
days, thanks to research models based on mice, it is well accepted that commensal
bacteria play a vital role in the development of a fully functional immune system
in the intestine. For example, germ free animals remove their deficiencies in the
immune system upon colonization by microorganisms. Thus, interactions between
commensal bacteria and intestinal mucosa induce highly regulated, innate and adap-
tive immune responses (Maynard et al. 2012). Some non-exclusive examples follow.
The segmented filamentous bacterium (SFB) is a commensal that induces T helper
17 (Th17) cells differentiation in the small intestine (Ivanov et al. 2009). Activated
Th17 cells produce IL-17A, IL-17F, IL-6, IL-22, TNF-α and GM-CSF and protect
the host against fungal and bacterial infections. IL-22 promotes the formation of
tight junctions in epithelial cells and increases the production of mucin and antimi-
crobial proteins (Zindl et al. 2013), all of which limit bacterial invasion of the lamina
propria. Bacteria such as Clostridia and Bacteroidetes induce immunoregulatory T
cells (Tregs), which are known to suppress immune responses to self and to bacterial
antigens promoting epithelial repair and microbe tolerance (Atarashi et al. 2011).
The key question is: how can this solid panorama of bacterial contribution to the
immune system be influenced (or modified) by eukaryotic microbes?

An important recent finding is that dysbiose of the intestinal microbiome (after
antibiotic treatment) increases susceptibility to amoeba colitis in humans and in a
mouse model of intestinal infection. The mechanism of this increased susceptibility
is based on the reduced recruitment of neutrophils in the intestine (Watanabe et al.
2017), which is in part due to a decrease in the surface expression of the CXCR2
chemokine receptor. Other interesting data show that bone marrow-derived dendritic
cells (BMDC) from SFB-colonized mice have higher levels of IL-23 production in
response to stimulation with E. histolytica. IL-23 is involved in the differentiation
of Th17 cells in a pro-inflammatory context and, in particular, in the presence of
cytokines as TGF-β and IL-6. The adoptive transfer of BMDC from an SFB (+)
mouse to an SFB (–) mouse is therefore sufficient to provide protection against E.
histolytica, and induction of IL-17A is necessary to provide this protection. These
data indicate that colonization of intestinalmicewith a specific commensal bacterium
may provide protection during amoebiasis (Burgess et al. 2014). In addition, BMDCs
isolated from mice (fed with sufficient protein diet) infected with Giardia produce
more IL-23 compared to uninfected controls; while BMDCs from mice fed with a
low protein diet and infected does not. These results suggest that Giardia intestinal
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infection and the nutritional status of the host may have a role on inflammatory
cytokine production (Burgess et al. 2019).

Cytokines as Major Players of Intestinal Immunity During
Parasite Infection

Interleukin-33 is a cytokine of the IL-1 family produced by endothelial cells, epithe-
lial cells and fibroblasts, it acts as an alarmin released after cellular necrosis, altering
the immune system in the event of tissue injury or stress (Miller 2011). Amoebic
infection significantly increased the level of IL-33 protein in the murine model of
amoebic colitis, and the IL-33mRNA levelwas significantly higher in intestinal biop-
sies of patients infected with E. histolytica. Indeed, IL-33 seems to protect against
amoebic infection. An increase in the expression of IL-5 and IL-13, as well as an
increase in the number of M2 macrophages, at the site of infection, are correlated
with this protection. IL-33 is also an important guardian of the gut barrier during
Clostridium difficile infection via activation of group 2 innate lymphoid cells (Fris-
bee et al. 2019). In contrast, helminths neutralize alarm in signals of infection by
suppressing IL-33 release as one of the multiple mechanisms of immunomodulation
exerted by helminths, which are considered master manipulators of host immunity
(Hotez et al. 2008) because the host accommodates and tolerates these parasites that
release multiple immunomodulatory factors (Maizels et al. 2018). This feature leads
to the development of a therapeutic strategy called helminthic therapy, which relies
on the use of controlled exposure to non-pathogenic or slightly pathogenic worms
in order to beneficially regulate host immunity (Maizels et al. 2018).

Microbiome studies from humans naturally infected with intestinal nematodes
including whipworm have been carried out with varied outcomes regarding the influ-
ence of helminth infection (Lee et al. 2014). Potentially, it should depend on factors
including co-infection, diet, age and the level of worm burden (Cooper et al. 2013).
Protists, such as Trichomonads, which colonize the intestinal tract, are parasites
that also manipulate immune responses. For instance, Tritrichomonas musculis acti-
vates epithelial inflammasome to induce the release of IL-18 (Escalante et al. 2016),
which in turn promotes dendritic cell-driven Th1 and Th17 immunity, thereby alter-
ing the ability of the tissue to respond to bacterial infections (Chudnovskiy et al.
2016). Expansion of a Th1 immune response is observed in the large intestine and
cecum. The consequences of T. musculis immunomodulation have been observed
upon infection of the caecum by Salmonella, which causes massive inflammation in
mice lacking T. musculis; on the contrary, mice colonized with T. musculis remained
unaffected by the bacterial pathogen. These data suggest that Trichomonas species,
as permanent members of the healthy mouse microbiome, are regulators of immune
homeostasis and immune responses. T. musculis has orthologs in humans (Chud-
novskiy et al. 2016), it belongs to the parabasalides class of the Excavata group,
which includes other species infecting humans such as Pentatrichomonas hominis
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andDientamoeba fragilis, but it is still unclear whether these protists are commensal
or pathogen (Barratt et al. 2011).Dientamoeba fragilis exhibits amorphology similar
to Histomonas meleagridis (except for the lack of flagella) and a close phylogenetic
relationship between Dientamoeba fragilis and Histomonas has been described. H.
meleagridis is a microaerophilic flagellated extracellular protozoan parasite of the
Tritrichomonadida order infecting gallinaceous birds. This parasite lacks a cyst stage
and is transmitted via the eggs of a nematode, but in vitro H. meleagridis can be
propagated only in the presence of bacteria (Hess et al. 2015). Remarkably, the sole
presence of H. meleagridis induces histomoniasis in turkeys and chickens but it
depends on the presence of intestinal bacteria (Doll and Franker 1963).

Tissue Protection Against Microbial Eukaryotes

The mucosal surfaces of the gastrointestinal tract are the first barrier protecting the
tissue from pathogens and are the support of the intestinal microbial ecosystem. A
major component of the intestinal lumen is mucus that acts as a physical barrier, a
trap for pathogens and a nutritional source. It is rich in the net-forming heavily gly-
cosylated MUC2 mucin (Johansson et al. 2011; Pelaseyed et al. 2014). The intestine
epithelium is composed of proliferative crypts, which contain intestinal stem cells
and villi. Specialized cells present in the villi are: absorptive enterocytes, mucus-
secreting goblet cells, hormone-secreting enteroendocrine cells and Paneth cells.
Blood flow and peristaltic motion waves provide a dynamic environment for the
epithelial cells. Fundamental to the intestinal epithelium is the extracellular matrix
that provides structural and biochemical support to cells and contributes to the trans-
fer of the biochemical signals required for tissue morphogenesis, differentiation
and homeostasis. The population of luminal commensal bacteria generates chemi-
cal gradients that probably affect the physiology of the epithelial cells (Goto 2019).
Pathogenic organisms have however evolved mechanisms to penetrate the mucus
barrier and to gain access into the epithelium. Goblet cells are known to play an
important role in intestinal immunity by producing mucin (Mahapatro et al. 2016).
These cells are also involved in the transit of luminal antigens to lamina propria den-
dritic cells suggesting that goblet cells couple mucus to the immune system (McDole
et al. 2012). Infection of mice with the helminth Trichuris muris indicates that goblet
cell number and size increases throughout the course of the infection until immune
resistance is established (Glover et al. 2019). E. histolytica overcomes the protec-
tive mucus layer using a combination of mucinase/glycosidase and the potent mucus
secretagogue activity (Ohshima et al. 2014) of globet cells (Cornick et al. 2017). E.
histolytica binds colonic MUC2, which they degrade using the cysteine proteinase
A5. Commensal microbiota colonizing the outer mucus layer increases innate host
defense againstE. histolytica and dysbiosis (antibiotic and/or alterations in themucus
layer) renders the colonic epithelium susceptible to E. histolytica, which suppress
the activity of the goblet cell transcription factor Math1 (Leon-Coria et al. 2018). All
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these data indicate that an important effect on goblet cells biology is exerted by E.
histolytica.

Environmental factors such as diet also play a critical role in intestinal diseases.
The bacterial microbiota is essential to ensure important metabolic functions that
cannot be accomplished by the host. Certain intestinal bacteria (obligate anaerobes)
are able to degrade complex non-digestible carbohydrates (fibers) to produce short
chain fatty acids (SCFA) such as acetate, butyrate and propionate. These metabo-
lites, rather than glucose, are the preferred energetic substrate of colon epithelial cells
and, as we discussed before, the nutritional status of the host is important for para-
sitic infections (Burgess et al. 2019). SCFA prevent encystation in Entamoebae and
hyperacetylation of histone 4, indicating unusual sensitivity of this parasite’s histone
modifying enzymes to SCFA (Byers et al. 2005; Byers and Eichinger 2008). Further-
more MUC2 and butyrate (an SCFA) contribute to the synthesis of cathelicidin (an
antimicrobial peptide) in response to E. histolytica (Cobo et al. 2017). Apart from
dietary fiber, an alternative energy source for the microbiota is the glycoprotein-rich
mucus layer. For instance, it has been found that fiber deprivation leads the gutmicro-
biota to degrade the colonic mucus barrier (Desai et al. 2016) and promotes severe
colitis in mice lacking IL-10, a cytokine for which loss of function is associated with
intestinal diseases.

Close below themucus layer there is the epithelial barrier. Intestinal epithelial cells
(IECs) are central players in homeostasis as they integratemicrobial and immunolog-
ical cues to orchestrate the complex network ofmicrobes-host interactions. IECs con-
stitute a physical and immune barrier to pathogens, the presence of butyrate increases
barrier integrity through an increase in the synthesis of tight junction proteins (Peng
et al. 2009). Among IECs, Tuft cells are critical for protection during enteric infec-
tions and inflammatory responses (Steele et al. 2016). As sensory cells these are
able to detect luminal signals including nutrients and harmful components. Tuft
cells have a role in Type 2 immune responses (Th2) typically initiated by parasites
(Howitt et al. 2016), including commensal protozoan or helminths, and represent the
primary source of interleukin-25, which induces their expansion (Howitt et al. 2016;
Gerbe et al. 2016; von Moltke et al. 2016). In mice colonized with Tritrichomonas
species (undergoing Tuft cell differentiation via the IL-13-STAT6 pathway), there
is an increase of type II innate lymphoid cells (ILC2) numbers. ILC2 are cells that
produce high levels of Th2 cytokines and in particular epithelial cytokines IL-25
and IL-33 activate ILC2, as in the case of helminths infection (Huang et al. 2018;
Burrows et al. 2019).

Metabolites such as succinate, derived from rich diet or as a fermentative end-
product of protist, engage the succinate receptor 1-GPR91- on Tuft cells and trigger
ILC2 cytokine production. During infection with Tritrichomonas, activation of Tuft
cells by succinate triggers a signalling pathway leading to the crosstalk between
Tuft and ILC2 cells necessary for anti-parasite response (Schneider et al. 2018); this
response is also induced by helminths (Schneider et al. 2018).
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Intestinal Models to Study Eukaryome-Microbiome-Host
Interplay

The understanding of parasite behaviors during intestinal infection is limited by the
lack of experimental models similar to human in vivo conditions. Despite the great
complexity shown by the human intestine, several approaches have been adopted
to diminish the gap between the conventional cell culture models and human intes-
tine. Tissue substitutes are emerging as promising tools for understanding human
intestinal diseases (Dutton et al. 2019). Several 3D-tissue scaffolds and microfluidic
systems mimic the natural microenvironment of the small intestine (Costello et al.
2014; Kim et al. 2012; Shin and Kim 2018; Jalili-Firoozinezhad et al. 2019). The
structure of colon crypts has recently been recapitulated by the cultivation of human
intestinal epithelium on a collagen scaffold microfabricated with an array of crypt-
like invaginations (Wang et al. 2014), and a thick layer of mucus has been produced
in these models (Wang et al. 2019). Although all of these substitutes for intestinal
tissue are emerging as promising tools for understanding human tissues behavior
in health and disease conditions, their implementation in daily laboratory work is
complex.

A human gut-on-a-chip microdevice has been used to analyse the interaction of
commensal microbes with human intestinal epithelial cells. The data showed that
probiotic bacteria and antibiotic treatments can suppress villous lesions induced
by pathogenic bacteria (Kim et al. 2016). A gut-on-a-chip microdevice recently
allowed the identification of metabolites secreted by the humanmicrobiome, capable
of regulating infection with enterohaemorrhagic Escherichia coli (Tovaglieri et al.
2019). A complex human gutmicrobiome has been cultured in an anaerobic intestine-
on-a-chip (Jalili-Firoozinezhad et al. 2019).

The first attempt to use 3D-intestinal models for parasitic infection has been done
with Cryptosporidium. A bioengineered three-dimensional (3D) human intestinal
tissue model was build using silk protein as the scaffolding biomaterial. This model
supports long-term Cryptosporidium infection (DeCicco RePass et al. 2017; Carde-
nas et al. 2020), with the achievement of intracellular stages, including those involved
in asexual and sexual replication. In addition,Cryptosporidium can infect, propagate
and complete its complex life cycle in epithelial organoids derived from human small
intestine and lung. Temporal analysis of the Cryptosporidium transcriptome during
organoid infection reveals dynamic regulation of transcripts related to its life cycle
(Heo et al. 2018). Another 3D-intestinal model mimics human amoebic intestinal
infection (Rojas et al. 2020). This 3D-intestine model, derived from co-cultured cell
lines, has important features for the disease such as the presence of a mucus barrier
and an epithelial barrier. Tissue imaging, proteomics and transcriptomics highlight
the importance of several virulence markers occurring in patients or in experimental
models, but they also demonstrate the involvement of under-describedmolecules and
regulatory factors in the amoebic invasive process. Certainly, the advances in the field
of tissue engineering provide clues on how the construction of a human colon model
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could help us understand the host’s intestinal physiology and its changes following
parasite infection.

The following parts of the EUKARYOMEmeeting are not discussed here because
they were extensive. Several sections featured presentations on how intestinal par-
asites hijack the cellular machineries of human cells to proceed with infection. In
particular, injecting factors to control gene expression, using secreted cytokines to
further invade the intestinal tissue, degrading the intestinal parenchyma, etc. Interest-
ing discussion focused on the mechanisms of pathogenic factors secretion leading to
parasite-cells interactions and subsequent cell death (e.g. phagocytosis and trogocy-
tosis). Finally, numerous conferences detailed the molecular mechanisms underlying
the virulent phenotype of intestinal parasites. It was an extensive section devoted to
parasite biology focusing on (i) genome organization and gene regulation; (ii) the
processes of traffic and secretion of pathogenic factors allowing to feed on bacteria,
kill human cells and to invade the tissue; (iii) the parasite organelles involved in the
survival in anaerobic environments such as the human colon and (iv) the persistence
of protozoan species due to both, encystation in the intestinal lumen and resistance
to anti-parasitic drugs. Finally, forefront technologies as bioimaging and strategies
for drug discovery were introduced and discussed.
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Chapter 2
Resolving Amoebozoan Encystation
from Dictyostelium Evo-Devo
and Amoebozoan Comparative Genomics

Qingyou Du, Yoshinori Kawabe, and Pauline Schaap

Abstract Amoebozoa, such as Entamoeba and Acanthamoeba, survive environ-
mental stress by encystment, but also comprise the Dictyostelia which form spores
in multicellular fruiting bodies to survive starvation stress. Sporulation is triggered
by cAMP activation of cAMP-dependent protein kinase (PKA), with cAMP levels
being controlled by the adenylate cyclases ACG and ACR and the phosphodiesterase
RegA. Many Dictyostelia can also alternatively encyst and we showed that environ-
mental stress acts on ACG and ACR to increase cAMP and thereby activate PKA
to trigger encystation, with RegA preventing precocious encystation and inducing
cyst germination. RegA activity requires phosphorylation of its response regulator
domain, which is controlled by Sensor Histidine Kinases/Phosphatases (SHKPs),
which in Dictyostelium respond to developmental signals. Comparative genomics
showed that RegA, AcrA and PKA and a wealth of SHKPs are deeply conserved in
Amoebozoa, where SHKs may sense food and SHPs environmental stress.

Keywords Encystation · cAMP dependent protein kinase · RegA ·
Acanthamoeba · Entamoeba · Giardia

Encystation as a Universal Protist Survival Strategy

Unicellular protists populate all nine major eukaryote divisions, where several have
given rise tomulticellular forms. Protists can be free-living in a wide range of ecosys-
tems or spend at least part of their life cycle as a commensal or parasite of plants
or animals. In most of these habitats they are periodically subjected to stress in the
form of starvation, drought and extreme temperatures, and lack of light for photosyn-
thetic protists. To survive these life-threatening conditions the cells most commonly
differentiate into a dormant encapsulated stage, called a cyst (Schaap and Schilde
2018). The divisions of Amoebozoa and Excavates contain several obligatory and
opportunistic pathogens, such as Entamoeba histolytica, Giardia lamblia and Acan-
thamoeba castellani for which the cyst either propagates the disease outside the host
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body (Entamoeba andGiardia) (Mi-Ichi et al. 2016; Lauwaet et al. 2007) or, due to its
high resilience, prevents the disease to be eradicated by either the immune system or
antibiotics (Acanthamoeba) (Anwar et al. 2018; Lloyd 2014). For this reason, there
are increasing efforts to understand the mechanisms and crucial proteins involved
in the encystation process, with the ultimate goal to develop therapeutic agents to
prevent encystation.

During encystment cells commonly loose motility and assume a spherical shape.
Vesicles with cell wall precursors are exocytosed and a rigid cell wall is constructed.
InDictyostelium andAcanthamoeba cellulose is themain structural component of the
cyst wall, while for Entamoeba this is chitin (β(1-4) linked N-acetyl glucosamine)
(Arroyo-Begovich et al. 1980) and for Giardia a polymer of β(1-3)-N-acetyl-d-
galactosamine (Gerwig et al. 2002). After wall synthesis is complete, the cells enter
a long period of metabolic dormancy, which is broken in free-living protists by
renewed food and water availability or removal of other stress factors, and inGiardia
and Entamoeba by oral uptake.

Information on the mechanisms that control encystation in Entamoeba and Acan-
thamoeba is limited. InEntamoeba invadens encystation is induced by glucose deple-
tion and hypo-osmolarity and is also stimulated by cholesteryl sulfate and by cate-
cholamines (Vazquezdelara-Cisneros and Arroyo-Begovich 1984; Coppi et al. 2002;
Mi-ichi et al. 2015). Cholesteryl sulfate synthesis is inhibited by chlorate, which also
inhibits encystation. The catecholamine effectswere specific forβ1-adrenergic recep-
tor agonists. Antagonists of the β-adrenergic receptors prevented catecholamine, but
not di-butyryl-cAMP induced encystation, suggesting that, similar tomammalian β1-
adrenergic receptors, the Entamoeba receptors activate an adenylate cyclase (Coppi
et al. 2002). However, the Entamoeba genome contains neither adenylate cyclases
nor mammalian-type β1-adrenergic receptors (Loftus et al. 2005; Wang et al. 2003),
indicating that Entamoeba processes the catecholamine signal differently. Studies
with inhibitors for specific heat-shock proteins and cysteine proteases indicated that
HSP-90 prevents (Singh et al. 2015) and cysteine proteases promote encystation,
respectively, although the latter were also required for growth (Sharma et al. 1996;
de Meester et al. 1990).

Acanthamoeba encystation is problematic for the treatment ofAcanthamoeba ker-
atitis. Candidate proteins involved in regulation of encystation have in recent years
emerged from transcriptome studies that identified genes upregulated in encystation.
This is the case for autophagy genes, and a requirement for autophagy in encystation
appeared evident from observations that encystation is inhibited by the autophagy
inhibitors chloroquine and 3-methyladenine (Jha et al. 2014; Moon et al. 2015b)
and by RNAi mediated silencing of the autophagy proteins Atg8 (Moon et al. 2013),
Atg12 (Kimet al. 2015) andAtg16 (Song et al. 2012). PRMT5, an enzyme thatmethy-
lates histones and other proteins, is also upregulated in encystation, and encystation
is reduced upon PRMT5 gene silencing (Moon et al. 2016). Protein kinase C (PKC)
was implicated in Acanthamoeba encystation because 21 out of its 27 PKC genes are
upregulated in encystation (Moon et al. 2011) and silencing of one of those reduced
encystation (Moon et al. 2012).
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Insights into Encystation from Dictyostelium Sporulation

To survive environmental stress and to disperse to new feeding grounds, multicellular
organisms such as fungi andmycetozoa form dormant encapsulated spores in fruiting
bodies. The mycetozoan Dictyostelium discoideum is a genetically tractable amoe-
bozoan model system for cell- and developmental research (Annesley and Fisher
2009). Upon starvation, its amoebas aggregate to form a fruiting body consisting of
spores and stalk cells, a process in which the well-known second messenger cyclic
AMP (cAMP) plays a dominant role. cAMP is firstly used as a secreted signal and
chemoattractant that brings the cells together in aggregates (Konijn et al. 1967).
Once aggregated, cAMP acting on cell surface cAMP receptors (cARs) also induces
a proportion of cells to enter the spore differentiation pathway (Schaap and Van Driel
1985). cAMP additionally acts in a classical intracellular messenger role, activating
cAMP-dependent protein kinase (PKA). In this role cAMP triggers the maturation of
stalk cells and spores (Harwood et al. 1992; Hopper et al. 1993) and prevents spore
germination under conditions that are not favourable for growth (Van Es et al. 1996).
Intracellular cAMP levels are controlled by the adenylate cyclases AcaA (Pitt et al.
1992), AcrA (Soderbom et al. 1999) and AcgA (Pitt et al. 1992) and by the cAMP
phosphodiesterase RegA (Shaulsky et al. 1998). AcaA is activated by cAMP in an
autocatalytic feedback loop that produces the cAMP pulses that control aggregation
(Pitt et al. 1992) and by the stalk-inducing signal c-di-GMP in prestalk cells (Chen
et al. 2017). AcgA is activated by high ambient osmolarity in the spore head, which
renders spores dormant (Van Es et al. 1996). RegA is activated by phosphorylation
of its response regulator domain, which is the end-point of a forward or reverse
phospho-relay system initiated by sensor histidine kinases/phosphatases (SHKPs)
(Thomason et al. 1999). The SHKPs are in turn activated by secreted signals that are
exchanged between the prestalk and prespore cells to regulate the timely maturation
of spores and stalk cells (Wang et al. 1999; Anjard and Loomis 2005; Singleton et al.
1998) (Fig. 2.1).

D. discoideum is one of ~150 Dictyostelium species, which are subdivided into
fourmajor groups (Schaap et al. 2006). Group 4, towhichD. discoideum belongs, has
lost encystationof individual amoebas, but this strategy is still usedbymany species in
the other three groups, when conditions for aggregation are not favourable (Romeralo
et al. 2013). Comparative genomics of group-representative species (Heidel et al.
2011; Gloeckner et al. 2016; Urushihara et al. 2015) and of solitary Amoebozoa like
A. castellani (Clarke et al. 2013), Physarum polycephalum (Schaap et al. 2015) and
Protostelium aurantium (Hillmann et al. 2018a) allowed us to retrace the extent to
which the genes that control sporulation are conserved throughout Dictyostelia and
Amoebozoa.

Orthologs of the PKA catalytic (pkaC) and regulatory subunits (pkaR), acaA,
acrA, acgA and regA and most of the 16 D. discoideum SHKP’s were conserved
throughout Dictyostelia (Gloeckner et al. 2016). PkaC, pkaR, acrA and regA were
also conserved in the solitary amoebozoa mentioned above, with each having a
broad range of adenylate cyclases and SHKPs, of which some were orthologs of the
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Fig. 2.1 A conserved cAMP signalling pathway for encystation and sporulation in Dictyostelia.
TheD. discoideummulticellular life cycle terminates in the formation of fruiting bodies with viable
spores and dead stalk cells, both encapsulated in cellulose-rich walls. The maturation of spores
and stalk cells is controlled by secreted stimuli (in violet). The peptide SDF2, acting on the sensor
histidine phosphatase DhkA (Wang et al. 1999) inhibits RegA and thereby increases cAMP and
PKA activity to induce spore maturation. High osmolarity acting on the adenylate cyclase ACG
inhibits spore germination (Van Es et al. 1996). In prestalk cells, c-di-GMP acting on the adenylate
cyclase ACA induces stalk maturation (Chen et al. 2017). In slugs stalk maturation is inhibited
by ammonia, which acts on the sensor histidine kinase DhkC to activate RegA, thereby lowering
intracellular cAMP (Singleton et al. 1998). A similar cAMP, RegA and PKA mediated pathway,
operates to activate encystation and prevent excystation in response to stress in P. pallidum (Kawabe
et al. 2015; Du et al. 2014), a dictyostelid which has retained the ancestral encystation pathway.
RegA also negatively regulates encystation in the distantly related A. castellani (Du et al. 2014).
Involvement of pathway components in dark blue was shown by gene knock-out. Those in light
blue are inferred from their abundance in Amoebozoan genomes (see Table 2.1)

Dictyostelium enzymes (Fig. 2.2 and Table 2.1). However, we did not detect pkaC,
pkaR, SHKP’s, adenylate cyclases or cAMP phosphodiesterases in genome of the
obligatory parasite E. histolytica (Loftus et al. 2005), indicating that this organism
has lost cAMP mediated signalling altogether. Remarkably, the excavate amoeboid
pathogen,Naegleria gruberi has regA, PKAandmanySHKPs and adenylate cyclases
(Fritz-Laylin et al. 2010) and on the whole cAMP signalling, PKA and/or SHKP
mediated signalling are conserved across free-living eukaryote protists. The excavate
obligate parasite Giardia appears to have only single PkaR, adenylate cyclase, and
cAMP phosphodiesterase genes and similar to Entamoeba, no SHKPs. This suggests
that obligate parasites lost most of their environmental cognition and possibly rely
more on internal metabolic cues to regulate cell differentiation.
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Fig. 2.2 Conservation of Dictyostelid encystation genes across Amoebozoa and Excavates. The
genomes of the indicated amoebozoan and excavate species were queried with PkaC, PkaR, RegA
andAcrA protein sequences. Phylogenies were constructed from the aligned sequences, whichwere
annotated with the functional domain architectures of the proteins

Gene conservation is by no means conclusive evidence that the conserved genes
perform the same biological role. Such evidence has to come from experiments
that disrupt the function of the gene in question. Initially from an interest in under-
standing how developmental signalling evolved in the Dictyostelia, we developed
gene modification procedures for Polysphondylium pallidum, a species belonging to
taxon group 2, which in addition to sporulation in fruiting bodies, has retained the
ancestral mechanism of encystation of individual amoebas in response to starvation
and drought stress. In P. pallidum, inhibition of PKA function by overexpression
of pkaRm, a dominant-negative pkaC inhibitor, or deletion of pkaC prevented both
sporulation as well as encystation (Funamoto et al. 2003; Ritchie et al. 2008; Kawabe
et al. 2015). Encystation was also blocked in a double null mutant in acaA and acrA
(Kawabe et al. 2015). Deletion of RegA, which normally acts to reduce cAMP lev-
els, had the opposite effect. In regA null mutants, the amoebas encysted precociously
while still feeding (Du et al. 2014). In wild-type P. pallidum amoebas, cAMP levels
increase upon starvation and upon exposure to increased osmolarity (a signal for
approaching drought) (Ritchie et al. 2008), which, combined with the genetic evi-
dence, strongly suggests that cAMP is a second messenger for perception of stress
that acts on PKA to induce encystation. Evidently, the mechanisms that regulate
sporulation in fruiting bodies are evolutionary derived from the mechanisms that
cause encystation of single-celled amoebas.

Lack of gene modification procedures in solitary amoebas limited our ability to
extrapolate these findings to other Amoebozoa. However, we expressed theA. castel-
lani regA gene in Escherichia coli, purified the RegA protein and tested a range of
PDE inhibitors. Two inhibitors, dipyridamole and trequinsin, were particularly effec-
tive. The inhibitors strongly increased solute-induced cAMP accumulation in intact
A. castellani amoebas and caused precocious and excessive encystation (Du et al.
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2014), similar to the effect of deleting regA fromP. pallidum. This experiment demon-
strated that cAMP also mediates stress-induced encystation in A. castellani. Within
Amoebozoa, A. castellani, a member of the major branch of Discosea is relatively
distant from Dictyostelia, which resides in Tevosea (Kang et al. 2017). This suggests
that the use of cAMP as intermediate for stress-induced encystation is wide-spread
in Amoebozoa. This appears to be confirmed by early studies that show enhance-
ment of encystation by cAMP and dibutyryl-cAMP in the AmoebozoanHartmanella
(Raizada and Murti 1972). However, conclusions that cAMP acts downstream of
catecholamine-induced encystation in Entamoebidae (Coppi and Eichinger 1999;
Coppi et al. 2002) are unlikely to be valid in view of the lack of adenylate cyclase
and PkaR genes in Entamoeba. A PKA inhibitor, amide 14–22, prevented excysta-
tion of Giardia lamblia (Abel et al. 2001), suggesting that in Excavates the effect of
cAMP on encystment is opposite to that in Amoebozoa.

Further gene disruption studies in P. pallidum indicated a crucial role for one of
its two cellulose synthases, DcsA, in encystation and sporulation, with the other,
DcsB, being required for stalk cell differentiation (Du and Schaap 2014). Cellulose
is the major cell wall component of the encapsulated cell types of Dictyostelia.
The Acanthamoeba cell wall is also rich in cellulose (Moon and Kong 2012) and
down-regulation of cellulose synthase expression by small interfering RNAs was
shown to inhibit encystation (Moon et al. 2014; Aqeel et al. 2013). The cellulose
synthesis inhibitors, 2,6-dichlorobenzonitrile and isoxaben that are widely used as
weed-killers, also prevented Acanthamoeba encystation without showing cytotoxic
effects on human cornea cells at the concentrations effective for cyst inhibition (Moon
et al. 2015a). This offers possibilities for the treatment of Acanthamoeba keratites.
While not all Amoebozoa use cellulose as major wall polymer, targeting cell wall
synthesis is evidently an effective means to prevent viable cyst formation.

Glycogen synthase kinase 3 (GSK3), originally known to phosphorylate glycogen
synthase and thereby reduce its activity, is also an intermediate in the wingless/wnt
signalling pathway that determines cell fate in metazoa (Woodgett 1994). In D.
discoideum GSK3 prevents dedifferentiation of prespore cells into basal disc cells (a
subpopulation of stalk cells) (Harwood et al. 1995). This function of GSK3 was not
conserved in P. pallidum (Kawabe et al. 2018), which like all non-group 4 species
does not have a basal disc (Romeralo et al. 2013) and it probably only emerged
in group 4. However, P. pallidum gsk3 knockouts much more readily entered into
encystation than into aggregation and sporulation (Kawabe et al. 2018). This suggest
that GSK3 activity in starving amoebas normally determines the decision between
unicellular encystation and multicellular sporulation.

By using a combination of forward and reverse genetic strategies and phospho-
proteomics, we are pursuing our efforts to identify downstream targets for PKA
and additional signalling intermediates that control and effectors that execute the
encystation programme.
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Chapter 3
Integrative Omics Analysis of the Effect
of Bacteria on the Resistance
of Entamoeba histolytica to Oxidative
Stress
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Abstract Entamoeba histolytica, the etiological agent of amebiasis interacts with
and feeds on the gut microbiota. Several studies have emphasized the close rela-
tionship between E. histolytica and the bacteria and its impact on the parasite’s
pathogenesis. In this work we present an integrated omics analysis of the effect of
E. coli and other bacteria on the resistance of E. histolytica to oxidative stress.
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Introduction

Entamoeba histolytica is an invasive, pathogenic protozoanwhich inhabits the human
intestine and is the causative agent of amoebiasis. It is the second most lethal disease
caused by a protozoan parasite, mainly in developing countries with poor socioeco-
nomic and sanitary conditions (Marie and Petri 2014). It is estimated that amoebiasis
accounted for 55,500 deaths and 2.237 million disability-adjusted life years in 2010
(Turkeltaub et al. 2015). Only 10% of the infected individuals will develop acute
intestinal and extra-intestinal diseases. E. histolytica’s life cycle consists of two
stages; the trophozoite, an invasive form which can be found in the human large
intestine and the cyst, the infective form, which is found in the external environment.
Infection by E. histolytica occurs by ingestion of these cysts present in contaminated
food or water. Upon ingestion of food contaminated with cysts, these cysts pass
through the stomach and excyst in the small intestine where they produce tropho-
zoites, which later can colonize the large intestine. In the colon, these trophozoites
can either asymptomatically colonize the gut, re-encyst and be expelled in the feces
or cause an invasive disease (Stanley and Reed 2001). As an anaerobic parasite,
E. histolytica must withstand harsh environmental conditions once inside the host.
During invasion of the intestine and the liver, the amoeba is confronted with reactive
oxygen and nitrogen species (ROS and RNS) as a result of the host’s immune system
activation [for a recent review see (Nagaraja and Ankri 2018)]. E. histolytica uses
different protectivemechanisms to dealwithROSandRNS.These include thioredox-
ins, superoxide dismutase, peroxiredoxin, rubrerythrin, flavodiiron proteins, hybrid
cluster proteins and NADPH: flavin oxidoreductase. On the other hand,E. histolytica
lacks both catalase and glutathione, the major thiol in most eukaryotes. l-cysteine is
the major thiol in E. histolytica and it is required by the parasite for its proliferation,
survival, attachment and defense against oxidative stress (OS) (Jeelani and Nozaki
2016).

In the gut, the parasite resides, feeds, multiplies and interacts with the surrounding
bacteria, whose contribution to the manifestation of the disease begins to be under-
stood. Although the mechanisms underlying the molecular switch to a virulent phe-
notype have not been fully characterized yet,more andmore evidences are supporting
the fact that E. histolytica has a direct effect on the bacterial population and diversity
of the gut microbiota. Patients suffering of intestinal amoebiasis in India have their
predominant flora (Bacteroides, Clostridium sp. and Lactobacillus) altered by the
presence of the parasite (Verma et al. 2012). In areas where amoebiasis is endemic,
mixed intestinal infections of E. histolytica and enteropathogenic Escherichia coli
are common (Paniagua et al. 2007). Prevotella copri is a part of the gut microbiota
associated with inflammation (Scher et al. 2013). An elevated levels of P. copri
were observed in children suffering from diarrheagenic E. histolytica infections in
Bangladesh (Gilchrist et al. 2016). In contrast, the levels of P. copri were down-
regulated in individuals with intestinal amoebiasis in south west Cameroon. Recent
metagenomic studies using the bacterial population present in human faecal samples
(Iyer et al. 2019) found that E. histolytica prefers to phagocytose bacteria that are
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required for the maintenance of a healthy gut. One of these bacteria is Lactobacillus
ruminus, a potential probiotic.

All these combined emphasize the importance of understanding the different
mechanisms and outcomes of the interaction between E. histolytica and the gut
microbiota. To shed light on this interplay we are presenting in this report an integra-
tion of two recent works of transcriptomic and redoxomic analysis aimed at studying
the effect of E. coli on the resistance of E. histolytica to OS (Shaulov et al. 2018;
Varet et al. 2018).

E. coli Confers Resistance to OS to E. histolytica and Has
an Effect on the Redox Proteome of the Parasite

The effect of E. coli on the virulence of E. histolytica was first investigated in the 50s
(Yanai and Okamoto 1952). Later in the 70s (Wittner and Rosenbaum 1970) it was
found that bacteria have a boosting effect which is contact dependent on the virulence
of E. histolytica. In the 80sMirleman’s group showed that E. histolytica trophozoites
attach to and ingest bacteria by using their surface lectins or by using their mannose
containing cell surface components as receptors for bacterial adhesins (Bracha et al.
1982). They confirmed that the boosting effect that bacteria have on the virulence of
the parasite is contact dependent (Bracha and Mirelman 1984). They also reported
that when E. coli O55 or Shigella dysenteriae are incubated with the parasite prior
to its exposure to OS, the virulence of E. histolytica is preserved. Interestingly, this
boosting effect is lost when the parasite is incubated with a catalase deficient S.
dysenteriae strain (Bracha and Mirelman 1984). This work suggests that a crosstalk
betweenE. histolytica and bacteria takes place duringOS. These findings encouraged
us to investigate more in details the response ofE. histolytica to OS in the presence of
bacteria. We found that live E. coli (LB) but not heat-killed E. coli (HKB) protect the
parasite againstOS induced byH2O2 (2.5mM; 1 h) (Varet et al. 2018). This protective
effectwas specific toOSas noprotectionwas observed against nitrosative stress (NS).
To learn about the cellular mechanisms underlying this protective effect, we analyzed
E. histolytica’ s redox proteome using resin assisted capture (RAC) of oxidized
proteins (OX) (OX-RAC) coupled tomass spectrometry.Wedetermined the oxidation
status of cysteine residues in proteins present in amoebas that were incubated with
LB or with HKB. The purification of OX proteins using OX-RAC is based on the
capture by reactive 2-thiopyridyl disulphide groups attached to Sepharose of oxidized
cysteine residues [for more details see: (Shahi et al. 2016)]. Redox homeostasis, lipid
metabolism and small molecule metabolism are some of the biological processes that
were found to be enriched in E. histolytica trophozoites that were preincubated with
HKB and exposed to OS. On the other hand, in trophozoites that were pre incubated
with LB, the only enriched OX proteins found in this group belong to biological
processes involved in redox homeostasis, represented by thioredoxins. Overall, these
results indicate that preincubation of E. histolytica trophozoites with LB protects the
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parasite’s proteins against oxidation. The fact that OX thioredoxins were present
in trophozoites preincubated with LB or with HKT and then exposed to OS can
be explained by the tendency of this family of proteins to be oxidized and reduced
constantly in the cell as part of their antioxidant activity (Jung et al. 2014; Lu and
Holmgren 2014).

The most surprising result of this work was the finding of 70 E. coli proteins
that were co-purified with E. histolytica’s OX-proteins. 5 out of these 70 bacterial
proteinswere selected as potential candidates participating in the parasite’s protective
mechanism against OS. Malate dehydrogenase (MDH) which converts malate to
oxaloacetate protects E. histolytica against OS through the action of oxaloacetate.
Oxaloacetate and other alpha keto acids reduce H2O2 to water while undergoing
nonenzymatic decarboxylation at the one-carbon position (Kim et al. 2016). The
exact mechanism of this protection is not fully understood as it is not clear whether
H2O2 is detoxified inside the bacteria or whether the detoxification occurs through
secretion of MDH into the culture media and subsequently through its conversion
to oxaloacetate. The latter is probably the most probable mechanism by which this
protective effect takes place as MDH is part of E. coli’s secretome (Nirujogi et al.
2017) and we have shown that addition of recombinant E. coli MDH in presence
of malate confers resistance to E. histolytica trophozoites during OS. Secretion of
oxaloacetate into the media is another possibility, but there is no information on such
ability of E. coli to secrete oxaloacetate.

E. coli Has an Effect on the Transcriptome of E. histolytica
Exposed to OS

Knowledge about the effect of bacteria on the transcriptome of E. histolytica was
limited. Some E. histolytica genes that have their expression modulated in presence
of E. coli 055 had been previously identified (Mendoza-Macias et al. 2009). Interest-
ingly, their expression depends on the time of interaction between the parasite and the
bacteria. For example, the gene coding for ubiquitin-conjugating enzyme was down
regulated in short time interaction (1 h) and short termmonoxenic culture (3 months)
but had a normal level of expression following long term interaction (1 year). In con-
trast, genes that encode 40S ribosomal proteins S3a and S6 were found to be down
regulated specifically within the long term monoxenic culture.

To gain more insights into the changes which occur in the gene expression of
E. histolytica trophozoites exposed to E. coli O55, we performed a transcriptomics
analysis. This analysis shows that short term interaction of E. coli 055 with E. his-
tolytica (30 min) has a minor effect on the transcriptome of the parasite with only
43 modulated genes (Varet et al. 2018). This result suggests that the many effects
that bacteria have on the physiology of E. histolytica (Bhattacharya et al. 1992;
Ehrenkaufer et al. 2007) take place at the posttranslational level. Our work on the
redoxome of E. histolytica exposed to OS and to E. coli did provide clues that this
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is indeed the case (Shaulov et al. 2018). However, we still need to gain insights into
the changes occurring in the parasite at the protein level by performing quantitative
proteomics.

Our recent work showed that E. coli has a significant impact on the transcriptome
of the parasite when the parasite is exposed to OS (Varet et al. 2018). Nearly 50%
of the parasite genome coding regions are modulated when comparing E. histolytica
trophozoites that were incubated without E. coli versus E. histolytica trophozoites
incubated with LB during OS. The transcriptomic response of the parasite exposed to
LB and OS can be divided into two patterns: The first pattern (P1) includes genes that
have their expression under OS (upregulated or downregulated) restored to a basal
level when the trophozoites were pre-incubated with LB before OS. This pattern
includes genes encoding antioxidant enzymes, such as peroxidases and thioredox-
ins, genes related to protein synthesis and homeostasis represented by ribosomal
proteins and factors related to translation. The second pattern (P2) includes genes
that have their expression under OS (upregulated or downregulated) reversed by pre-
incubation with LB. Genes encoding enzymes related to glycolytic pathways and
proteins belonging to the Leucine rich repeat protein (LRR) family belong to this
pattern.

The majority of LRR in E. histolytica belong to the BspA family defined by
their homology to bacterial LRR factors (Sharma 2010; Sharma et al. 1998). Not
much is known about the role of LRRs in E. histolytica. A member of the BspA-
like family named “cell surface protein” has a key role in E. histolytica’s ability
to migrate towards a tumor necrosis factor gradient and to invade human colon
explants (Silvestre et al. 2015). The facts that a commonBspA expression profile was
observed between the Enterobacteriaceae—E. coli and S. enterica, which protected
the amoeba against OS and that a different expression profile was observed with L.
acidophilus, which did not confer protection to the amoeba duringOS suggest that the
BspAs may serve for the recognition of the bacteria by the parasite under OS (Varet
et al. 2018). The most significantly modulated amoebic LRRs genes correspond
to LRR proteins that share structural homology with Toll like receptors (TLRs),
specifically at the ectodomain needed for pathogen-associated molecular pattern
recognition, exemplified by EHI_123820, EHI_119470, EHI_017710, EHI_139980
and EHI_087810. The amoebic LRRs may be cytoplasmic proteins since they lack
transmembrane domain or theymay use a co-receptor at the cell surface as it has been
noticed for TLR-4 in B lymphocytes (Schweighoffer et al. 2017). Amoebic LRRs
are transcriptionally regulated in the presence of bacteria and OS similarly to the
transcription of TLR-4 gene in lipopolysaccharides activated leukocytes (Vaure and
Liu 2014). The factors identified here suggest that despite its old age in evolutionary
terms, the protozoan E. histolytica displays characteristics of higher eukaryotes’
innate immune system and that its BspAs are involved in the recognition of bacteria
under OS. Some structural characteristics and properties of these BspAs seem to
have been kept during evolution and transmitted to higher eukaryotes. All together
these mechanisms of gene transcription regulation are of great interest to understand
how bacteria (commensals and/or pathogens) influence the onset of amebiasis.



36 Y. Shaulov and S. Ankri

Integration of Redox Omics and Transcriptomics Data
on the Response of E. histolytica to OS in Presence of E. coli

To gain additional information about the role of bacteria in the resistance of E. his-
tolytica to OS, we decided to integrate our redox-omics and transcriptomics data. No
significant overlapping or enrichment was found when comparing P1 or P2 with E.
histolytica trophozoites incubated with LB during OS (data not shown). On the other
hand we found that 115 genes are shared between P1 and the group of OXs in E. his-
tolytica trophozoites incubatedwith heat killed bacteria and exposed toOS (HKBOS)
(Table 3.1). PANTHER analysis (Thomas et al. 2003) of these 115 proteins indicates
that they are enriched (Fold enrichment—7.52, P value—7.48E−04) for translation
initiation family and ribosomal proteins, exemplified by translation initiation factor
eIF-5A putative (EHI_151810), elongation factor 1 alpha 1 (EHI_011210) and 60S
ribosomal protein L9 putative (EHI_193080). Oxidation of translation initiation fac-
tors has been reported to inhibit their activity in the yeast Saccharomyces cerevisiae
(Shenton et al. 2006). Therefore, if the activity of translation initiation factors is
also inhibited by oxidation in E. histolytica, then it may be possible that the parasite
compensates their inhibition by overexpressing them. The same compensatory effect
has been reported following the inhibition by nitrosylation of pyruvate: ferredoxin
oxidoreductase (Santi-Rocca et al. 2012).

Another family of enriched protein is the tubulin family (Fold enrichment—
41.53, P value—1.50E−04) exemplified by tubulin alpha chain (EHI_005950,
EHI_010530) and tubulin beta chain (EHI_049920). It is known that cysteine oxi-
dation of tubulin induces microtubule depolymerization, and increases the pool of
soluble tubulin (Hinshaw et al. 1993; Valen et al. 1999). It is tempting to speculate
that the increase of soluble tubulin is sensed by the cell as an excess of tubulin lead-
ing to the repression of its transcription. This hypothesis needs to be examined in E.
histolytica.

We also found that the product of 64 genes are shared between P2 and
HKBOS. One of them is the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(EHI_008200). This gene was found among genes that were up regulated without
bacteria during OS and whose expression was reversed (downregulated) when incu-
bated with LB. GAPDH expression is up regulated in E. histolytica trophozoites
exposed to NS (Santi-Rocca et al. 2012) and its overexpression makes E. histolytica
trophozoites more sensitive to NS (Shahi et al. 2016). The fact that GAPDH induces
apoptosis in mammalian cells (Sawa et al. 1997) may imply that the induction of
apoptosis as a result of the exposure to OS through GAPDH extends to E. histolytica
trophozoites and is reversed when the trophozoites are incubated with LB.
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Table 3.1 Shared genes
between P1 and the group of
OXs in E. histolytica
trophozoites incubated with
heat killed bacteria and
exposed to OS

Id

EHI_000610

EHI_000670

EHI_004750

EHI_004810

EHI_005950

EHI_009410

EHI_010340

EHI_010530

EHI_011210

EHI_013220

EHI_013240

EHI_017630

EHI_022960

EHI_023110

EHI_023630

EHI_025380

EHI_026470

EHI_026480

EHI_028550

EHI_029540

EHI_035430

EHI_035730

EHI_039200

EHI_040400

EHI_041950

EHI_042920

EHI_044640

EHI_044740

EHI_048670

EHI_049920

EHI_050800

EHI_065710

EHI_068510

EHI_068520

EHI_068620

EHI_068650

EHI_069460

(continued)
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Table 3.1 (continued) Id

EHI_072060

EHI_073470

EHI_074150

EHI_077270

EHI_082520

EHI_083250

EHI_086080

EHI_086180

EHI_086530

EHI_093790

EHI_093850

EHI_096570

EHI_098190

EHI_100480

EHI_103450

EHI_104390

EHI_106690

EHI_110010

EHI_118880

EHI_120590

EHI_123280

EHI_130880

EHI_133960

EHI_133970

EHI_138520

EHI_138750

EHI_138770

EHI_143820

EHI_148040

EHI_148770

EHI_150130

EHI_151600

EHI_151800

EHI_151810

EHI_152220

EHI_152310

EHI_152340

(continued)
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Table 3.1 (continued) Id

EHI_152850

EHI_152960

EHI_153160

EHI_155420

EHI_155590

EHI_155710

EHI_156670

EHI_161030

EHI_161070

EHI_161650

EHI_162230

EHI_163540

EHI_164460

EHI_166900

EHI_169590

EHI_173460

EHI_173480

EHI_177400

EHI_177440

EHI_177650

EHI_178890

EHI_179330

EHI_179980

EHI_183540

EHI_186480

EHI_186770

EHI_186820

EHI_188120

EHI_190440

EHI_192590

EHI_193080

EHI_194040

EHI_194330

EHI_194450

EHI_194850

EHI_196980

EHI_198760

(continued)
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Table 3.1 (continued) Id

EHI_199050

EHI_199110

EHI_199120

EHI_201200

Perspectives

Despite the major recent findings that were presented in this work about the crosstalk
between E. histolytica trophozoites and the gut bacterial flora and the recognition of
this crosstalk as an important factor in the virulence of the amoeba, it is important to
improve our understanding of this interaction and its exact mechanisms. The works
presented here (summarized in Fig. 3.1) strongly suggest that enteric bacteria influ-
ence the course of an amoebic infection and boost the infectious process by supplying
factors like oxaloacetate that lead to the parasite’s survival in the host. In contrast,
L. acidophilus, a probiotic bacteria, did not protect the amoeba against OS, proba-
bly due to its ability to produce endogenously hydrogen peroxide (Hertzberger et al.
2014). Nowadays, metronidazole is themost common standard therapy for amebiasis
owing to its high efficacy and affordability (Lofmark et al. 2010). However, this drug
has side effects (Hernandez Ceruelos et al. 2019) and there is a growing concern of

A

C3 C2

C1
B2

B1 

D

Fig. 3.1 Summary of the integration between transcriptomic and redoxomic studies on the role of
E. coli and other bacteria on the resistance of E. histolytica to OS
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the emergence of a metronidazole resistant E. histolytica strains (Bansal et al. 2004).
Impairing the cross talk between the parasite and the bacteria and supporting the
development of amebicide probiotics represent new strategies to fight amebiasis and
the putative selection of metronidazole resistant E. histolytica strains.

The parasite contains different receptors on its surface that enables the bacteria
to attach or to be ingested by the parasite (A) M—Mannose-containing receptors
and Y—carbohydrate-binding (lectin) activity on the surface of the parasite. (B) (1)
E. coli secretes MDH into the media. In presence of malate, MDH converts this
substrate to oxaloacetate. Oxaloacetate detoxifies H2O2. (2) Alternatively, E. coli
are ingested by the parasite and oxaloacetate produced by the bacteria is used by
the parasite to detoxify H2O2. (C) changes occurring in the parasite at the proteome
and transcriptional level during OS. C1—the translation initiation factor family was
found to be oxidized during OS and its transcription is upregulated when the parasite
is incubated with LB during OS. C2—the tubulin protein family is oxidized during
OS and its gene transcription was found to upregulated. C3—GAPDH is oxidized
during OS, in the transcriptomics analysis its transcription is downregulated upon
incubation with LB during OS. (D) Lactobacillus acidophilus is not protecting the
parasite against OS probably due to its ability to secrete endogenous H2O2.
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Chapter 4
Histomonas meleagridis Molecular
Traits—From Past to Future

Ivana Bilic and Michael Hess

Abstract The protozoan parasite Histomonas meleagridis is the causative agent of
histomonosis, a poultry disease whose significance is underlined by the absence of
any licenced prophylaxis or treatment. Considering the parasite-bacteria interplay,
histomonosis represents an intriguing interaction inmedicine. The present review tar-
gets themolecular research onH.meleagridis, covering the period after re-emergence
of histomonosis at the beginning of the twenty-first century until today, from early
phylogenetic studies to recent investigations applying omics techniques.
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Introduction—Histomonas meleagridis and Histomonosis

Histomonas meleagridis is a microaerophilic flagellated extracellular protozoan par-
asite of the order Tritrichomonadida (Cepicka et al. 2010). It causes histomono-
sis (syn. Blackhead disease or histomoniasis), an important disease of gallinaceous
birds (Tyzzer 1920). The destructive outcome of histomonosis is evident in turkeys,
in which it can lead to mortalities of up to 100% (McDougald 2005). In chickens,
the disease is less severe although it might result in substantial production losses,
characterized by drop in egg production and increased mortalities (Hess et al. 2015).
Histomonas meleagridis initially infects the caecum, but the crucial point destining
the disastrous outcome for the host is the translocation of the parasite to the liver.With
this feature histomonosis is similar to amoebiasis in humans, caused by Entamoeba
histolytica, but this is where the similarity recedes. Both protozoan parasites differ
in various aspects of their morphology and are phylogenetically quite distant with
one belonging to the phylum Parabasalia and the other to Amoebozoa (Cepicka et al.
2010; Kang et al. 2017). The transmission of H. meleagridis can be i) indirectly via
an intermediate host, the caecal wormHeterakis gallinarum, whose eggs harbour the
protozoan and ii) directly from bird to bird as shown in turkeys and chickens (Hess
et al. 2006a). Remarkably, the sole presence ofH.meleagridis is insufficient to induce
the disease, as the infection of turkeys and chickens is dependent on the presence of
bacteria in the gut. These findings are based upon studies performed in gnotobiotic
birds infected with bacteria-free H. gallinarum eggs harbouring the protozoan and it
was shown that bothH.meleagridis and bacteria are needed for histomonosis to occur
(Doll and Franker 1963). Histomonosis is reported worldwide and was efficiently
controlled for decades by the use of chemotherapeutics as preventive and curative
drugs (Liebhart et al. 2017). In the last 15 years, changes in drug legislation in the
European Union and the USA, together with the increasing popularity of free-range
housing, have led to the reoccurrence of the disease (Hess et al. 2015). Up till now,
only a prototype live vaccine, based on an in vitro attenuated strain, has been shown
to be effective against H. meleagridis (Hess et al. 2008). However, the vaccine is not
yet commercially available and it might still take some time until it will be registered.
Licensing of new drugs is also not a realistic scenario considering the demands on
safety and efficacy (Regmi et al. 2016). Currently, in attempt to prevent mortalities
veterinarians can only rely on the implementation of proper flock management and
a very early administration of a licenced aminoglycoside antibiotic Paramomycin
(Clark and Kimminau 2017; Liebhart et al. 2017). Following decades without any
research, the ban of effective drugs against H. meleagridis and the subsequent reap-
pearance of histomonosis revived the research on the parasite and the disease itself.
In the present review we focus on the molecular research on H. meleagridis, which
started only recently as an aftermath to the re-emergence of histomonosis.
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Defined in Vitro Cultures—An Essential Fundament
for Molecular Research

Histomonas meleagridis can be propagated in vitro only in the presence of bacteria
(Hess et al. 2015). The most common H. meleagridis in vitro cultures are so called
xenic cultures, in which the parasite is propagated together with turkey or chicken
caecal flora. Such cultures are usually set up by inoculating the intestinal content
of a bird suffering from histomonosis into appropriate media. Since H. meleagridis
is often not the sole parasite in chicken or turkey caecum, cultures frequently con-
tain Tetratrichomonas gallinarum or Blastocystis sp.. In an attempt to create more
defined in vitro cultures, a mono-eukaryotic or “clonal” culture of H. meleagridis
was developed, in which a single parasitic cell was transferred via micromanipula-
tion into appropriate medium containing caecal bacteria (Hess et al. 2006b). Another
approach showed the successful establishment of a mono-eukaryotic, but not neces-
sarily a “clonal”, culture by inoculating liver lesions ofH. meleagridis-infected birds
into culture media pre-incubated with caecal bacteria (Pham et al. 2013). The advan-
tage of mono-eukaryotic cultures is evident in both animal experiments and studies
investigating the biology of the parasite (Hess et al. 2015). However, dynamic and
unclear composition of bacterial strains co-cultivated with H. meleagridis impeded
detailedmolecular investigations. A breakthroughwas the establishment of amonox-
enic mono-eukaryotic (clonal) H. meleagridis culture, by replacing the caecal flora
with a single bacterial strain (Ganas et al. 2012). In this way, the complexity and
obscurity of the initial xenic culture was stronglyminimized, resulting in a composite
culture in which all micro-organisms are well-defined.

Since any H. meleagridis in vitro culture generally originates from an outbreak
of histomonosis, initial isolates are virulent strains. A long-term cultivation results
in the attenuation of H. meleagridis (Hess et al. 2008). Considering this feature,
a system consisting of a virulent and an attenuated H. meleagridis monoxenic
mono-eukaryotic (clonal) culture, both originating from the same parasite cell, was
developed (Ganas et al. 2012).

Histomonas meleagridis—Phylogenetic Positioning

The re-emergence of histomonosis at the beginning of this century incited molecular
research on H. meleagridis. The majority of the early studies focused on the phy-
logenetic position of H. meleagridis and the development of molecular methods to
detect the parasite (Bleyen et al. 2007; Gerbod et al. 2001; Grabensteiner and Hess
2006; Hafez et al. 2005; Hauck et al. 2006; Hauck and Hafez 2009, 2010; Liebhart
et al. 2006; Mantini et al. 2009; van der Heijden et al. 2006). Based on the 18S
rRNA and beta tubulin sequences, H. meleagridis was shown to be closely related
to the disputed human parasite Dientamoeba fragilis. Despite their amoeboid-like
morphology under the light microscope both taxa are considered trichomonads and
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are placed in the class Tritrichomonadea (Cepicka et al. 2010; Gerbod et al. 2001;
Malik et al. 2011).

The first molecular study aside to phylogenetic investigations, confirmed the
presence of hydrogenosomes in H. meleagridis, mitochondrion-related organelles
involved in anaerobic energy metabolism (Mazet et al. 2008). The study reported
three genes encoding proteins involved in the hydrogenosomal carbon metabolism
and showed the localization of this organelle by immunohistochemistry. Another
study characterized in detail the α-actinins of H. meleagridis (Leberl et al. 2010).
For the first time three α-actinin proteins, bearing different length of a central rod
domain, were described for a protozoan. Furthermore, the immunogenicity of α-
actinins for themost important hosts ofH.meleagridis, turkeys and chickens, could be
demonstrated. Further progress in molecular characterization of H. meleagridis was
achieved in a study reporting a broad spectrum of partial protein-coding sequences
with homology to both intracellular and surface proteins (Bilic et al. 2009). By this,
the panel of available sequences could be extended considerably. Since the majority
of identified sequences showed the highest homology to Trichomonas vaginalis, the
study indicated that in many cellular processes H. meleagridismight be very similar
to this human parasite.

Applying the extended spectrum of available sequences, multi-locus analysis of
over 250 diagnostic samples positive for H. meleagridis demonstrated the presence
of two genotypes (Bilic et al. 2014). The majority of investigated diagnostic sam-
ples from histomonosis outbreaks grouped into genotype 1, a tendency confirmed
throughout different later case reports (Sulejmanovic et al. 2019a, b) and generally in
the field (personal observation). Genotype 2 has been detected in only a small subset
of samples largely from France. A case report indicated that the clinical appearance
of histomonosis caused by strains belonging to the genotype 2 seems to be aberrant,
with themajority of lesions restricted to the caeca and a lower overall mortality (Grafl
et al. 2015).

Histomonas meleagridis—Omics Studies

The first study on “big data” of H. meleagridis revealed a cDNA library obtained
from a xenic culture material (Klodnicki et al. 2013). It reported 3425 H. melea-
gridis sequences of which the majority remained not annotated with the exception
of 81 genes encoding putative hydrogenosomal proteins. A high AT content of H.
meleagridis sequences was noticed and authors determined a codon usage frequency
for the parasite, a valuable tool for molecular studies. A more recent investigation
on de novo transcriptome of H. meleagridis sequenced normalized cDNA libraries
of a virulent and an attenuated strain, both propagated as clonal monoxenic culture
(Mazumdar et al. 2017). Considering the background of suchH.meleagridis cultures,
data analysis was straightforward and an assignment ofH. meleagridis-specific con-
tigs was facilitated. Even though the study sequenced two phenotypically different
strains of the parasite, due to the normalization of sequencing libraries no specific
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differences between two strains were described and a single transcriptome reference
database containing 3356 contigs was disclosed. Gene ontology analysis of obtained
sequences combined with data mining provided novel biological insights into vari-
ous cellular processes ofH. meleagridis, such as proteostasis, cytoskeleton network,
metabolism, environmental adaptation and potential pathogenic mechanisms. Addi-
tionally, transcriptome data were used to perform an in silico drug screen to iden-
tify potential anti-histomonal compounds. A list of promising effective compounds
was noticed, however as licencing of drugs for food producing animals extends far
beyond the in vivo efficacy, results were suggested to be taken as a starting point for
identification of possible treatment options.

The first study on the proteome usedH. meleagridis cells enriched by flow cytom-
etry, an elegant approach to separate the parasite from co-cultivating caecal bacteria
(Pham et al. 2016). However, it seems that acquired H. meleagridis material was
below the amount optimal for two dimensional gel electrophoresis, as only 44 pro-
tein spots were detected. Mass spectrometric analysis of spots identified the majority
of spots as putative actin, with the exception of two spots which were mapped to
putative α-actinin and superoxide-dismutase. The dominance of different actin spots
in H. meleagridis proteome was brought in connection to potential existence of dif-
ferent actin genes in the parasite’s genome and an effect of post-translational mod-
ification or protein degradation. Indeed, transcriptome analysis reported a complex
transcript composition regarding the cytoskeleton composition, especially actin, and
processes concerning reorganization of actinmicrofilaments (Mazumdar et al. 2017).
The notion of active cytoskeletal reorganization is also corroborated by changes in
H. meleagridis morphology observed both, in vitro and in vivo (Gruber et al. 2017;
Tyzzer 1919). The abundance of different actin spots was recently confirmed by
comparative proteome studies (Monoyios et al. 2017, 2018). However, in contrast to
the first proteome study, actin spots were detected (i) as up-regulated in a virulent
strain and (ii) as an addition to themajor actin spot which, contrary to numerous actin
spots, displayed a predicted gel position in respect to the calculatedmolecular weight
(MW) and the isoelectric point (pI). It was noticed that all actin spots mapped to the
same contig, indicating that different forms of actin probably derived from post-
translational modification and/or degradation of actin protein encoded by the same
gene, rather than different genes (Table 4.1). Furthermore, the up-regulation of actin
in the virulent strain was detected only in gel-based approaches, whereas a label-
free gel-free method failed to detect this phenomenon (Monoyios et al. 2018). This
indicated rather subtle changes that involved certain post-translational modifications
and/or degradation of actin, visible only when proteins were separated on the gel,
but were masked in the gel-free approach by a bulk of unmodified actin. Recently,
N-terminal acetylation of actin was reported as the most abundant post-translational
modification of this protein in E. histolytica, with an implication in cell morphology
and division, actin filament organisation and parasite invasion in an in vitro model of
amoebic human infection (Hernandez-Cuevas et al. 2019). The nature and the role of
actin modifications observed in the virulent H. meleagridis are unknown, however
considering that certain biological relationship between two parasites exists, one can
hypothesize that a comparable process is likely to occur.
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Table 4.1 Summary of H. meleagridis proteins identified in proteomic studies

Protein Conventional
2D
experiment

2D-DIGE α

experiment
2D-DIGE β

experiment
SWATH
proteome

Exoproteome

Cytoskeleton

Actin (HAGI01002078)
PTM*

↑Virulent ↑Virulent ↑Virulent

Actin (HAGI01002078) Identified

α-actinin 2
(HAGI01000004) PTM*

↑Virulent

Actin family protein
(HAGI01000438)

↑Virulent

α-actinin (HAGI01000323) ↑Virulent
Actin-binding protein
(HAGI01000491)

↑Virulent Identified

Coronin (HAGI01002072) ↑Attenuated ↑Attenuated ↑Attenuated Identified

Coronin (HAGI01001177) ↑Attenuated Identified

Coronin (HAGI01001043) ↑Attenuated Identified

α-actinin (HAGI01002778) ↑Attenuated
Adenylyl cyclase-associated
protein (HAGI01001260)
PTM*

↑Attenuated

Adenylyl cyclase-associated
protein (HAGI01001260)

Identified

Peptidases

Clan CD, family 13,
asparaginyl
endopeptidase-like c\ysteine
peptidase (HAGI01000042)

↑Virulent ↑Virulent

Clan CD, family 13,
cparaginyl
endopeptidase-like cysteine
peptidase (HAGI01002270)

↑Virulent

Clan MG, family M24,
aminopeptidase P-like
metallopeptidase
(HAGI01000029) PTM*

↑Virulent

Clan MG, family M24,
aminopeptidase P-like
metallopeptidase
(HAGI01000029)

Identified

Clan CA, family C1,
cathepsin L-like cysteine
peptidase (HAGI01002930)

↑Virulent

Clan CA, family C1,
cathepsin L-like cysteine
peptidase (HAGI01002235)

↑Virulent Identified

(continued)
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Table 4.1 (continued)

Protein Conventional
2D
experiment

2D-DIGE α

experiment
2D-DIGE β

experiment
SWATH
proteome

Exoproteome

Clan CA, family C1,
cathepsin L-like cysteine
peptidase (HAGI01001652)

↑Virulent

NlpC/P60 superfamily
cysteine peptidase
domain-containing protein
(HAGI01001764)

↑Virulent Identified

NlpC/P60 superfamily
cysteine peptidase
domain-containing protein
(HAGI01002646)

↑Virulent Identified

LysM peptidoglycan domain
containing peptidase
(HAGI01001637)

↑Virulent Identified

Clan MG, family M24,
aminopeptidase P-like
metallopeptidase
(HAGI01001269)

↑Attenuated Identified

Clan MH, family M20,
peptidase T-like
metallopeptidase
(HAGI01001053)

↑Attenuated Identified

Adaptation to stress

Endoplasmic reticulum
HSP70 (HAGI01001009)

↑Virulent Identified

Cytosolic HSP70
(HAGI01000755)

↑Virulent ↑Virulent Identified

14-3-3 (HAGI01001863) ↑Virulent ↑Virulent Identified

Chaperonin containing
TCP-1 (CCT) subunit γ
(HAGI01002092)

↑Virulent

Cell division

Cell division cycle protein
48 –like (Cdc48-like)
(HAGI01000996) PTM*

↑Attenuated ↑Attenuated

α-Tubulin 1
(HAGI01001402)

↑Attenuated

β-Tubulin (HAGI01000230) ↑Attenuated
Chromosome partitioning
protein ATPase Mrp-like
(HAGI01001677)

↑Attenuated

Metabolic processes

Glyceraldehyde-3-phosphate
dehydrogenase-GAPDH
(HAGI01000443) PTM*

↑Virulent ↑Virulent

(continued)
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Table 4.1 (continued)

Protein Conventional
2D
experiment

2D-DIGE α

experiment
2D-DIGE β

experiment
SWATH
proteome

Exoproteome

Glyceraldehyde-3-phosphate
dehydrogenase –GAPDH
(HAGI01000443)

↑Attenuated ↑Attenuated Identified

Phosphoribulokinase
uiridine kinase family
protein (HAGI01000159)

↑Attenuated

Enolase (HAGI01001135)
PTM*

↑Virulent

Enolase (HAGI01001135) ↑Attenuated ↑Attenuated Identified

Fructose biphosphate
aldolase (FBAL)
(HAGI01000595)

↑Virulent Identified

Pyruvate phosphate dikinase
(PPDK) (HAGI01001086)

↑Virulent Identified

Iron-containing alcohol
dehydrogenase
(HAGI01000356)

↑Virulent Identified

Phosphoenolpyruvate
carboxykinase (PEPCK)
PTM* (HAGI01001872)

↑Virulent ↑Virulent

Phosphoenolpyruvate
carboxykinase (PEPCK)
(HAGI01001872)

Identified

Alcohol dehydrogenase
iron-containing family
protein (HAGI01000245)

↑Attenuated

Phosphomannomutase
(HAGI01001842)

↑Virulent Identified

Phosphoglycerate mutase
(HAGI01001716)

↑Virulent Identified

Adenylate kinase family
protein (HAGI01002611)

↑Virulent

Dihydroorotate
dehydrogenase family
protein (HAGI01000099)

↑Attenuated

Dihydroorotate
dehydrogenase family
protein (HAGI01000288)

↑Attenuated Identified

Amidohydrolase family
protein (HAGI01000242)

↑Attenuated ↑Attenuated

Phosphofructokinase family
protein (HAGI01001514)

↑Attenuated

Phosphofructokinase family
protein (HAGI01000564)

↑Attenuated

Pyridoxal-phosphate
dependent enzyme family
protein (HAGI01000329)

↑Attenuated

Fumarate hydratase
(HAGI01000271)

↑Attenuated Identified

(continued)
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Table 4.1 (continued)

Protein Conventional
2D
experiment

2D-DIGE α

experiment
2D-DIGE β

experiment
SWATH
proteome

Exoproteome

Iron hydrogenase
(HAGI01001174)

↑Attenuated Identified

Iron hydrogenase
(HAGI01002119)

↑Attenuated

Iron hydrogenase 64kDa
(HAGI01000826)

↑Attenuated

Iron hydrogenase 64kDa
(HAGI01001036)

↑Attenuated

NADH dehydrogenase
51kDa (HAGI01000290)

↑Attenuated

AMP-binding enzyme
family protein
(HAGI01000098)

↑Attenuated

Transketolase family protein
(HAGI01001062)

↑Attenuated Identified

Xantine dehydrogenase
(HAGI01000700)

↑Attenuated Identified

Xantine dehydrogenase
(HAGI01000019)

↑Attenuated Identified

Amidohydrolase family
protein (HAGI01000242)

↑Attenuated

Pyridoxal-phosphate
dependent enzyme family
protein (HAGI01000329)

↑Attenuated

Aminotransferase classes I
and II family protein
(HAGI01002389)

↑Attenuated

Malic enzyme AP-65/
adhesin AP-65
(HAGI01002133)

↑Attenuated Identified

Transcription

Polyadenylate-binding
protein (HAGI01002937)

↑Attenuated

Translation/protein synthesis

Seryl-tRNA synthetase
family protein
(HAGI01000166)

↑Attenuated

Glycyl-tRNA isoform A
(HAGI01000007)

↑Attenuated

Elongation factor 2
(HAGI01001476) PTM*

↑Attenuated

Aspartyl-tRNA synthetase
(HAGI01001075)

↑Attenuated Identified

(continued)
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Table 4.1 (continued)

Protein Conventional
2D
experiment

2D-DIGE α

experiment
2D-DIGE β

experiment
SWATH
proteome

Exoproteome

60S acidic ribosomal protein
P1 (HAGI01002520)

↑Virulent

Protein transport/membrane trafficking

Sec23/Sec24 trunk domain
containing protein
(HAGI01001023)

↑Attenuated

C2 domain containing
protein (HAGI01000999)
PTM*

↑Attenuated

C2 domain containing
protein (HAGI01000999)

Identified

C2 domain containing
protein (HAGI01001617)

↑Virulent

SNARE domain-containing
protein (HAGI01002630)

↑Virulent

Pore-forming protein

Surfactant protein B-like
(HAGI01003015)

↑Virulent

Protein degradation

Ubiquitin-activating enzyme
(E1) (HAGI01001756)

↑Attenuated Identified

Signal transduction

Rab family GTPase
(Rab11clike)
(HAGI01001951)

↑Virulent

EF hand family protein
(HAGI01001994)

↑Virulent

G protein α subunit
(HAGI01001440)

Unknown function

Hypothetical protein
(HAGI01001468)

↑Virulent

Hypothetical protein
(HAGI01003301)

↑Virulent

Hypothetical protein
(HAGI01002296)

↑Virulent

Hypothetical protein
(HAGI01000587)

↑Virulent

Hypothetical protein
(HAGI01002399)

↑Virulent

Hypothetical protein
(HAGI01000628)

↑Attenuated

Hypothetical protein
(HAGI01002115)

↑Attenuated

* PTM post-translational modification
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Similarly to actin, the glyceraldehyde-3-phospate dehydrogenase (GAPDH) was
detected as up-regulated in the virulent strain onmultiple gel positions, which did not
correspond to the predicted position according to calculated MW and pI (Table 4.1)
(Monoyios et al. 2018). The possible contribution of modified or truncated actin
and GAPDH to processes not related to their original function, such as binding
of host plasminogen was speculated. An analogy was found in some other para-
sitic pathogens in which the localization on the parasites’ surface and plasminogen-
binding for these two ubiquitous cellular proteins was shown (Gonzalez-Miguel
et al. 2015; Lama et al. 2009). The binding of plasminogen to the surface receptor
molecules is an important step in its activation to plasmin, a potent serine peptidase
that degrades extracellular matrix (Miles and Parmer 2013). By executing this func-
tion, plasmin assists the pathogens in dissemination to other organs and establishing a
systemic infection (Gonzalez-Miguel et al. 2016). Considering that in the final stages
of an infection,H. meleagridis spreads to numerous organs in the turkey (Singh et al.
2007; Tyzzer 1934), the ability to bind host plasminogen and its subsequent activation
to plasmin might be part of the underlying mechanism.

In addition to actin and GAPDH, comparative proteome studies reported a num-
ber of other proteins up-regulated in either the virulent or attenuated H. meleagridis
strain (Monoyios et al. 2017, 2018). The expression pattern generally mirrored the
adaptation process of the parasite to the in vitro conditions, which was not surprising
as in vitro propagatedH. meleagridiswas used for analyses. The majority of proteins
up-regulated in the virulent strainwere related to cellular stressmanagement,whereas
proteins up-regulated in the attenuated strain reflected increased metabolism, amoe-
boid morphology and the adaptation to in vitro propagation (Table 4.1). In addition,
possible functional contribution of some proteins, especially legumain cysteine pep-
tidase, towards virulence was hypothesized. In contrast to gel-based analyses, which
often re-identified up-regulated proteins, gel-free shotgun proteomic analysis iden-
tified considerably different set of proteins as up-regulated in each strain (Table 4.1)
(Monoyios et al. 2018). Overall, the tendency towards cellular stress management
in the virulent strain versus metabolic proteins in the attenuated parasite remained,
but many more proteins with potential role in virulence, such as cytolytic factors and
proteins involved in cytoadherence mechanisms were identified as up-regulated in
the virulent strain. Particularly, the detection of three clan CA, family C1 cathepsin
L-like cysteine peptidases (CPs), as significantly up regulated in the virulent strain,
is noteworthy (Table 4.1). Cathepsin L-like cysteine peptidases were also identified
as the most represented group of peptidases in the H. meleagridis transcriptome
(Mazumdar et al. 2017), and are brought in connection to the virulence mechanisms
for several trichomonad parasites including Trichomonas gallinae, an aetiological
agent of avian trichomonosis (Amin et al. 2012; Hirt et al. 2011). WhetherH. melea-
gridis CPs are involved in virulence mechanisms at all and what are the underlying
mechanisms still needs to be shown. Regardless of this, it seems that the virulent
H. meleagridis strain has stronger intrinsic proteolytic activity than the attenuated
parasite. This is particularly apparent in gel-based experiments where a higher abun-
dance of low molecular weight proteins in the virulent as compared to the attenuated
strain can be perceived.
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A first study is also available focusing on the parasite’s exoproteome, whose
shotgun analysis identified 176 proteins in the extracellular milieu of H. melea-
gridis (Mazumdar et al. 2019). Only a minor part of identified proteins displayed
a secretion signal motif, which indicated the dominance of non-classical secretion
pathways in H. meleagridis. It was already hypothesized for Giardia intestinalis,
a protozoan parasite mainly present in mammals; that alternate secretory pathways
might dominate, as the majority of secreted proteins do not possess a premeditated
export signal peptide motif (Ma’ayeh et al. 2017). Furthermore, proteins not guided
by the secretion signal motif might undertake two unrelated functions in different
cellular compartments and/or extracellularly, displaying their moonlighting feature.
This, in turn, could aid to H. meleagridis survival and/or virulence by expanding the
function of its’ proteome. In that respect, the identification of actin and several gly-
colytic enzymes, such as enolase, fructose bisphosphate aldolase (FBA), GAPDH,
and triosephosphate isomerase (TPI) is particularly interesting (Table 4.1). Prevail-
ing traits of all these proteins are their alternate localization on parasite’s surface and
the ability to bind host plasminogen. Comparative proteome studies already sug-
gested that post-translationally modified forms of these enzymes, which were found
as up-regulated in virulentH. meleagridis, might be part of an alternative mechanism
(moonlighting) unrelated to their original functions (Monoyios et al. 2017, 2018).

Aside fromH. meleagridis specific proteins, proteome and exoproteome analyses
identified a number of bacterial proteins with differential up-regulation depending on
the phenotype of the co-cultivating parasite (Mazumdar et al. 2019; Monoyios et al.
2017, 2018). Remarkably, in the exoproteomic study themajority of differences were
of E. coli origin, whereas variations in up-regulation ofH. meleagridis proteins were
limited to twoproteins in the virulent strain. The identificationof someE. coli proteins
was expected due to monoxenic cultivation of H. meleagridis, but a considerable
diversity of their abundance which could be linked to the phenotype of the co-
cultivating parasite was surprising and intriguing. Despite that a fresh subculture
of E. coli was added at every passage and inoculation of an individual experiment,
results demonstrated that even a relatively short period of co-cultivation with the
parasite was enough to induce a differential gene expression. All this indicates that
the relation betweenH. meleagridis and bacteria is complex and of more mutualistic
nature than previously recognized (Bilic and Hess 2020).

Conclusions and Future Aspects

Over the past decade molecular data on H. meleagridis have been accumulating,
especially recent omics studies contributed extensively to this field. With this, pro-
teins (or their coding sequences) involved in metabolism (carbohydrate, amino acid,
nucleotide), energy production (hydrogenosomal proteins), ribosomal biogenesis,
oxidative stress, degradome, cell signalling and cytoskeleton formation and function
have been identified. Based on the information from homologous protozoa, proteins
potentially involved in the virulence of H. meleagridis, such as adhesins, cysteine
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peptidases and pore-forming toxins were described. Comparative proteome analyses
primarily reflected the level of adaption to the in vitro growth, although for some pro-
teins a possible role in the virulence of the parasite was suggested. The exoproteome
analysis supplied the information on the H. meleagridis extracellular milieu indicat-
ing its’ active microenvironment. Aside to information on H. meleagridis proteins,
quantitative proteomics supplied the first molecular support for the interdependence
and complex interactions between H. meleagridis and bacteria. It is undeniable that
acquired data opened new avenues in the research on this important poultry para-
site, and these should be pursued. However, despite its high significance for future
research, a fundamental part for molecular research, the complete genomic sequence
of the parasite, is not yet publicly available. Apart from being a superior database to
the existing one, it will facilitate an array of experiments involving genome manip-
ulation of the parasite, an essential approach to tackle functional dissection of genes
involved in virulence. Determining the genomic sequences from the clonal monox-
enic virulent and attenuated strain used in the studies mentioned above should be
advantageous to elucidate the genetic basis of attenuation. Given the fact that the
virulent strain originated from a single H. meleagridis cell and that its’ prolonged
in vitro cultivation resulted in the attenuation; both strains are genetically almost
identical and represent an ideal material to pursue aforementioned investigations.
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of Blastocystis and Its Role
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Abstract Blastocystis is a microbial eukaryote, considered to be the most preva-
lent microbe in the human gut, colonizing approximately one billion individuals
worldwide. Blastocystis is extremely genetically diverse with 17 distinct genetic
subtypes found in birds and mammals. Although Blastocystis presence has been
linked to intestinal disorders, its pathogenicity still remains controversial due to its
high prevalence in asymptomatic carriers. Blastocystis can withstand fluctuations of
oxygen in the gut and as a result harbors peculiar mitochondrion-related organelles
(MROs). These are considered to be an intermediate form between a typical aero-
bic mitochondrion and an obligate anaerobic hydrogenosome. Genomic analysis has
shown that 2.5% of Blastocystis genes have been laterally acquired from eukaryotes
and prokaryotes. These acquired genes are associated with carbohydrate scaveng-
ing and metabolism, anaerobic amino acid and nitrogen metabolism, oxygen-stress
resistance, and pH homeostasis. In addition, Blastocystis has genes associated with
secretion that are potentially involved in infection, escaping host defense and even
affect composition of the prokaryotic microbiome and inflammation of the gut. In
this chapter, we provide an overview of the state-of-the-art Blastocystis knowledge,
and present published data that can be used to understand the genomic adaptations
of this microbial organism and its role within the microbiome of the hosts.
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General Introduction

Blastocystis is a microbial eukaryote colonizing the gastrointestinal tract of a variety
of hosts, including humans, artiodactyls, marsupials, perissodactyls, proboscideans
and rodents, avian species, reptiles, fish and some insects (BorehamandStenzel 1993;
Stenzel andBoreham1996).Alexeieffwas thefirst to provide a detailed description of
Blastocystis from a number of hosts including rats, chickens and reptiles (Alexeieff
1911). At that time, the organism was classified as yeast and named Blastocystis
enterocola. A number of possible earlier accounts of Blastocystis dating as far back
as the 1840London cholera epidemic also exist (Zierdt 1991). Following its discovery
in humans, Brumpt (1912) adopted the name Blastocystis hominis. The organism is
now classified within the stramenopiles, a diverse group of eukaryotes that includes
diatoms and oomycetes (Silberman et al. 1996). Specifically, in phylogenetic trees
Blastocystis groups with opalinids, Karotomorpha and Proteromonas, all of which
reside in the gastrointestinal tracts of metazoans. Though stramenopiles have at
some stage of their life cycles a flagellum Blastocystis has lost its flagellar apparatus
along with any related protein coding genes (Fig. 5.1) (Gentekaki et al. 2017). Four
morphologically distinct stages of Blastocystis have been identified so far, including
the vacuolar, granular, cyst and amoeboid forms (Tan and Suresh 2006; Tan et al.
2010; Tan 2008; Clark and Stensvold 2016). Due to its very small size (being as small
as 5 µm and averaging 8–12 µm), immobility and lack of descriptive morphological

Fig. 5.1 Blastocystis cells. a Light microscopy of a Blastocystis xenic culture in Jones media.
Scale bar: 25 µm. b Light microscopy of a neutral-red stained Blastocystis axenic culture. Scale
bar: 20µm. c Staining ofBlastocystismitochondrion-related organelleswithMitoTracker red,DAPI
staining of the nucleus andMROs and a differential interference contrast (DIC) image ofBlastocystis
cells. Scale bar: 10 µm. d Transmission electron microscopy picture shown a Blastocystis cell with
its nucleus (Nu), various MROs and a large vacuole. Scale bar: 500 nm
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characters, Blastocystis has been often overlooked or mistaken for cell debris when
observed using microscopy.

The Blastocystis life cycle still requires some elucidation. However, it is widely
understood that Blastocystis enters the host in the metabolically inactive dormant
cyst form via the faecal oral route (Tan 2004). The faecal oral route involves a food
or waterborne source being the primary cause of the spread of Blastocystis. There is,
however, evidence for zoonotic transmission as well. Regardless of the source, once
transmission is complete excystation occurs in the large intestine into the vacuolar
form and can then further morph into the granular or ameboid form. At this stage
Blastocystis can replicate by binary fission and can start to proliferate. The organism
encysts in the large intestine. The cyst further develops in the faeces losing the fibrillar
layer it initially possesses. Once it is released into the faeces, the cyst is free to enter
another host.

Blastocystis is one of the most commonly encountered protists in the human gut
with an estimated prevalence of one billion (Stensvold and Clark 2016; Clark et al.
2013). Its colonization rate ranges from 20% in Europe (Bart et al. 2013) to over
30% in some developing countries (Alfellani et al. 2013a; Ramirez et al. 2014), with
one study showing incidence of 100% in a group of children in Senegal (El Safadi
et al. 2014). Numerous animal studies suggest that prevalence of Blastocystis is
higher in animals (Alfellani et al. 2013c; Betts et al. 2018; Cian et al. 2017). Because
asymptomatic carriage is frequent and since presence of other intestinal parasites is
not excluded definitively in patients with gastrointestinal symptoms, questions have
been raised regarding Blastocystis biology, pathogenicity, transmission and possible
impacts on the host and its gut microbiota.

Prevalence, Diversity and Biogeography

The advent of molecular methods has revealed unexpected genetic diversity that does
not correspond to the morphological stasis of Blastocystis; based on SSU rRNA
sequences, 17 known subtypes (STs) that colonize mammals and birds (Fig. 5.2)
along with various isolates from ectothermic hosts have been identified (Noel et al.
2005; Stensvold and Clark 2016; Yoshikawa et al. 2016). These are all considered
separate species. It is highly probable that the genetic diversity of Blastocystis is
greater, but as yet uncovered due to sampling bias towards specific hosts. Specifically,
sampling efforts have centered on humans and animals of importance to us (pets,
zoo animals and livestock), while insects, arthropods and other ectotherms remain
only sparsely sampled (Alfellani et al. 2013c; Cian et al. 2017; Masuda et al. 2018;
Betts et al. 2018; Paulos et al. 2018). Regardless, differences observed in the SSU
rRNA gene are also reflected in the genomes of the various Blastocystis subtypes.
Specifically, not only is the genetic distance between subtypes high, but those also
differ in their GC percent content and gene complement (Gentekaki et al. 2017).

At first look, Blastocystis does not appear to be host specific (Fig. 5.2). Sub-
types 1–9 colonize humans, but these have also been found in several other hosts
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Fig. 5.2 Blastocystis subtypes with various host specificities

(Stensvold and Clark 2016). The exception seems to be ST9, which has only been
found in humans. ST10 to ST17 have only been found in animals with the exception
of ST12, which has been found in humans from SouthAmerica (Ramirez et al. 2016).
Nonetheless, when considering hosts at higher taxonomic levels, then some degree of
specificity exists (Alfellani et al. 2013b). For instance, ST10 and ST14 are hallmark
subtypes of artiodactyls (Cian et al. 2017; Betts et al. 2018). Notably, sequences from
insects and some other ectothermic hosts have yet to be isolated from endotherms.
Thus temperature might pose a constraint on host specificity of this organism as it
has been speculated for other protists (Jinatham et al. 2019).

The various subtypes colonizing humans are distributed globally, however some
patterns have emerged. Subtype 3 is the most abundant and also the most widespread
worldwide, while ST4 is mostly restricted in Europe potentially suggesting its recent
origin (Stensvold and Clark 2016) (Fig. 5.3). Nonetheless, data suggest that STs
present in fowl (ST6, ST7) and porcine hosts (ST5) are more often present in inhab-
itants from rural regions. Frequent contact between animals and humans in these
regions likely leads to transmission of these subtypes between hosts. In contrast,
such contact is limited in urban centers.

While many subtyping studies from developed countries exist, those lag behind
in low- and middle-income countries (LMICs) (Noradilah et al. 2017; Ramirez et al.
2016; Thathaisong et al. 2013; Yowang et al. 2018). Typically, diagnosis of Blas-
tocystis in LMICs is carried out microscopically and is part of large-scale routine
parasitology surveys. To our knowledge, currently there are less than 40 reports
investigating prevalence and subtyping of Blastocystis in LMICs, many of which are
focusing on immunocompromised patients or patients with gastrointestinal symp-
toms (Fig. 5.3). Based on all these studies, the overall prevalence of Blastocystis
in LMICs of Africa, South America, South East Asia, rest of Asia, and the Middle
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Fig. 5.3 Prevalence and biogeographical distribution of human Blastocystis subtypes in low and
middle income countries

East averages at around 30% (Fig. 5.3). Matching the global trend, ST3 is the pre-
dominant subtype distributed in LMICs, excluding countries in Africa, where ST1
predominates (Di Cristanziano et al. 2019; Abdulsalam et al. 2013). In South Amer-
ica, prevalence rates of ST3 and ST1 are very similar with ST3 being marginally
more dominant (Villamizar et al. 2019; Forsell et al. 2017; Oliveira-Arbex et al.
2018). Subtypes ST5 to ST7 are commonly found in all LMICs often in association
with fowl and pigs highlighting their zoonotic potential.

Typically, humans seem to be colonized by a single subtype with some exceptions
(Meloni et al. 2011; Whipps et al. 2010). Whether this is a methodological issue
(direct sequencing versus cloning) or if indeed a single subtype dominates, remains
unclear. Though similar information on animals is just emerging, it seems that mixed
colonization is more common than in humans (AbuOdeh et al. 2019; Cian et al. 2017;
Betts et al. 2018). This information along with ST-specific functional repertoires
implies distinct interactions in the human gut ecosystem, an area of study that remains
little explored.
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Blastocystis and Microbiome

Several recent studies have found that presence of Blastocystis is strongly corre-
lated to specific microbial profiles. Specifically, Blastocystis carriage in individuals
without gastrointestinal symptoms has been associated with higher bacterial rich-
ness and diversity (Andersen et al. 2015; Audebert et al. 2016; Forsell et al. 2017;
Laforest-Lapointe and Arrieta 2018; Nash et al. 2017; Nieves-Ramirez et al. 2018).
The lower abundance of Bacteroides in Blastocystis carriers is a consistent find-
ing across studies from various regions (Andersen et al. 2015; Forsell et al. 2017;
Beghini et al. 2017; Tito et al. 2019). In contrast, positive associations exist with
Ruminococcus and other clostridia, Prevotella, and Methanobrevibacter (Andersen
et al. 2015; Beghini et al. 2017; Nash et al. 2017). The negative association of Blas-
tocystis with Bacteroides has been attributed to the latter not contributing enough to
a “Blastocystis-favorable” environment (Stensvold and van der Giezen 2018). When
subtype of Blastocystis was taken into account in microbiome studies differential
associations of STs with specific prokaryotic taxa were noted. Specifically, ST3 was
negatively correlated with Akkermansia, while ST4 had the opposite relationship
(Tito et al. 2019). Akkermansia is a mucin utilising bacterium that is considered
beneficial. Abundant evidence suggests that this bacterium is indicative of good
intestinal health and has protective action against metabolic disorders (Cani and de
Vos 2017; Dao et al. 2019; Hanninen et al. 2018). Collectively these results suggest
that subtype characterization is essential for accurately determining the relationship
between Blastocystis, microbiota profiles, and host health.

An important caveat that needs to be taken into account is causality of the observed
microbiota changes. Whether it is Blastocystis that alters the host prokaryotic micro-
biota, or another reason (e.g. low-grade inflammation) is as yet unknown (Nieves-
Ramirez et al. 2018). Differentiating between the twowill greatly advance our under-
standing of gut ecology and roles of individual component taxa. A good starting point
is to undertake studies similar to those of Yason et al. (2019). The authors performed
in vitro competitive assays of a laboratory grown strain of ST7 and individual bacte-
ria and extended experiments to cell lines and mice (Yason et al. 2019). The authors
consistently showed decrease of Bifidobacterium longum, which was attributed to
oxidative stress caused by either the host immune system or metabolic activity of
Blastocystis (Yason et al. 2019). Thus the role of Blastocystis in the gut remains
unclear hinting at complex interactions that have yet to be defined. A major chal-
lenge in accurately defining the role of Blastocystis in the gut lies in finding ways to
use native microbial flora, which better represents the gut ecosystem rather than lab
grown strains.

In that vein, in-depth understanding of Blastocystis biology is essential to
disentangle its role in the gut and interactions with microbiota.
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Blastocystis Biology

Currently, the genomes of nine subtypes are available in public databases, but only a
few have been investigated in detail. Comparative genomics of as many subtypes as
possible would provide considerable insights into their biology and pathogenicity.
A recent study showed that up to ~2.5% of Blastocystis genes have been laterally
acquired from prokaryotic and eukaryotic organisms (Eme et al. 2017). These genes
relate to infection and evasion of host defenses, anaerobic amino acid and nitrogen
metabolism, oxygen-stress resistance and carbohydrate scavenging, and have likely
played key roles in Blastocystis adapting to the gut ecosystem (Eme et al. 2017).
Of those laterally acquired genes, only one has been cellularly localized and bio-
chemically characterized. The SufCB gene encodes for a protein that is involved in
the assembly of Fe/S clusters in Blastocystis. Similarly to the archaeal taxon Metha-
nomicrobiales, the SUF system of Blastocystis has a SufCB fusion gene (Tsaousis
et al. 2012). In phylogenetic trees, the Blastocystis and archaeal homologues clus-
ter together into a strongly supported clade, suggesting a lateral gene transfer event
from the Methanomicrobiales. SufCB is also found in the genomes of all Blastocys-
tis subtypes, as well as Proteromonas lacertae, a close relative of Blastocystis. The
Blastocystis SufCB protein is cytosolic, binds [4Fe-4S] clusters, has ATPase activity,
and is overexpressed under conditions of oxygen stress (Tsaousis et al. 2012). This
mirrors findings in various bacteria, where the SUF machinery is also overexpressed
under oxygen stress and iron depletion (Tsaousis et al. 2014; Mettert et al. 2008;
Rangachari et al. 2002).

The alternative oxidase (AOX) is another protein that has played a role to Blasto-
cystis dealing with variable oxygen concentrations in the gut. The AOX was shown
to localize in themitochondrion-related organelles (MROs) ofBlastocystis (Tsaousis
et al. 2018). The localization and functional characterization of this protein in Blas-
tocystis suggest that the cells themselves do respire oxygen (Tsaousis et al. 2018),
questioning previous hypotheses about the “obligate” anaerobic nature of this organ-
ism. By having both SufCB and AOX proteins, Blastocystismight be able to quickly
buffer transient fluctuations of oxygen in the gut. This could also explain the absence
of the organism in patients with established inflammatory bowel syndrome (IBS),
whereby the gut environment is highly permissive to oxygen (Ramirez et al. 2014;
Tito et al. 2019). The peculiarities of Blastocystis MROs likely contribute to the
organism’s ability to survive in the extreme environment of the gut.

Blastocystis MROs

In addition to the AOX, Blastocystis MROs contain many peculiar and potentially
recurrent functions that reflect its unique lifestyle (Fig. 5.4). It is worth mentioning
that theMRO is currently the only organelle ofBlastocystis that has been highly char-
acterized (Makiuchi and Nozaki 2014). These MROs combine metabolic properties
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Fig. 5.4 Proposed metabolic map of Blastocystismitochondrion-related organelles (MROs) based
on the genome predictions [figure modified from (Gentekaki et al. 2017; Tsaousis et al. 2019)]. Var-
ious metabolic features of theBlastocystisMRO’s roles in energy generation, Fe/S cluster assembly,
amino acid and lipid metabolism. Numbers associated with protein descriptions are outlined below:
(1) FeFe-hydrogenase, Flavodoxin; (2) iron-only hydrogenase maturation rSAM protein HydE;
(3) por, nifJ; pyruvate-ferredoxin/flavodoxin oxidoreductase; (4) dihydrolipoamide succinyltrans-
ferase; (5) PDK2_3_4; pyruvate dehydrogenase kinase 2/3/4; (6) 2-oxoglutarate dehydrogenase; (7)
Pyruvate carboxylase, alpha subunit; (8) phosphoenolpyruvate carboxykinase (ATP; (9) Aspartate
aminotransferase; (10) Alanine aminotransferase; (11) Malate dehydrogenase; (12) Acetate: Succi-
nate CoA transferase; (13) Methylmalonyl-CoAmutase; (14) Methylmalonyl-CoA epimerase; (15)
Propionyl-CoA carboxylase alpha subunit; (16) Succinyl-CoA Synthetase; (17) Succinate dehydro-
genase subunit 5; (18) Rhodoquinone Biosynthesis enzyme RquA; (19) Aspartate ammonia lyase.
Proteins/pathways labelled with an asterix (*) were shown to be localised in Blastocystis MROs
using immunofluorescence microscopy. Standard amino-acid abbreviations are used: Ace, acetate;
ACP, acyl carrier protein; aKG, alpha-ketoglutarate; BCD, branched chain amino acid degradation;
CI, Complex I; CII, Complex II; Carn, Carnitine; CDP-DAG, cytidine diphosphate diacylglycerol;
CIAmachinery: Cytosolic Iron/Sulphur cluster Assemblymachinery; CL, cardiolipin; DHAP, dihy-
droxyacetone phosphate; DHOro, dihydroorotate; Fd, Ferredoxin; Fum, fumarate; Gly3P, glycerol-
3-phosphate; Mal, malate; MMC, methyl-malonyl-CoA; Nd(p), NAD(P); mtDNA, mitochondrial
DNA; Oaa, oxaloacetate; Oro, orotate; PA, phosphatidic acid; PE phosphatidylethanolamine; Pep,
phosphoenol pyruvate; PI, phosphatidylinositol; Prop, propionate; PS, phosphatidylserine; QO/R,
quinone/quinol, oxidized or reduced; RQ, rhodoquinone; SAHC, S-adenosylhomocysteine; SAM,
S-adenosylmethionine; Suc, succinate; SUF; Sulphur mobilization; THF, tetrahydrafolate; ThiMP,
thiamine monophosphate; ThiPP, thiamine pyrophosphate; UQ, ubiquinone
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of aerobic mitochondria, anaerobic mitochondria and hydrogenosomes (Stechmann
et al. 2008) thus blurring the boundaries between all these organelles, as previously
defined (Embley and Martin 2006). In silico predictions have demonstrated that
Blastocystis organelles do harbor a mitochondrial genome, have elements of both
aerobic and anaerobic metabolism having an incomplete tricarboxylic acid (TCA)
cycle, pathways of amino acid metabolism, Fe/S cluster biosynthesis machinery,
mitochondrial protein import, urea cycle, transporters for exchange of metabolites
and quinone metabolism (Fig. 5.4) (Stechmann et al. 2008; Gentekaki et al. 2017).
So far, candidates from the following pathways have been localized in Blastocystis
MROs: themitochondrial protein import (Tom70) (Tsaousis et al. 2011), components
of the Fe/S cluster biosynthesis machinery (Tsaousis et al. 2012; Long et al. 2011;
Tsaousis et al. 2014), the anaerobic metabolism (FeFe-Hydrogenase) (Stechmann
et al. 2008), the TCA cycle [succinyl-CoA synthesase (SCS)] (Hamblin et al. 2008)
and parts of the glycolytic pathway (Río Bártulos et al. 2018) (Fig. 5.4).

Biochemically, a large amount of the current knowledge on Blastocystis
metabolism has been resolved by functional characterization of its MROs (Lantsman
et al. 2008). An unusual feature of its metabolism (Fig. 5.4) is a TCA cycle that runs
in reverse to the canonical mitochondrial cycle and with only half of the pathway
being present. This pathway terminates with the reduction of fumarate to succinate
with fumarate acquiring electrons from fumarate reductase, which is ligated to the
membrane bound electron transporter complex II (Tsaousis et al. 2019). The elec-
tron transport chain (ETC) also works in reverse to the canonical mitochondrial chain
with complex III, complex IV and ATP synthase being absent. Complex I acquires its
electrons from NADH (Stechmann et al. 2008), which are then transported to com-
plex II by the reduction of ubiquinone (Q) to ubiquinol (QH2). QH2 is oxidised back
to Q at complex II and the cycle keeps repeating (Stechmann et al. 2008; Gentekaki
et al. 2017). There is no aerobic synthesis of ATP, since ATP synthase is absent, thus
the ETC could only be responsible for the production of the proton gradient in the
organelle (Denoeud et al. 2011).

Since no chemiosmotic ATP synthesis takes place in Blastocystis, ATP is synthe-
sized anaerobically (Denoeud et al. 2011; Stechmann et al. 2008). Though the ATP
synthesizing mechanisms of Blastocystis are common in anaerobic protists (Muller
et al. 2012), its pyruvate metabolism is quite unique (see Fig. 5.4) in that there are
three enzymes, which convert pyruvate to acetyl-CoA: pyruvate: ferrodoxin oxi-
doreductase (PFO) and pyruvate: NADP+ oxidoreductase (PNO), both of which are
common in anaerobic protists and pyruvate dehydrogenase (PDH), which is almost
universally present in aerobic organisms and canonical mitochondria (Gentekaki
et al. 2017; Tsaousis et al. 2019). Although PFO is present in Blastocystis, activity
of this enzyme has yet to be detected (Eme et al. 2017).

Nonetheless, most biochemical pathways in Blastocystis mitochondria remain
uncharacterized. An ‘omics-based approach, such asmetabolomics, could be applied
to map the organism’s metabolic pathways allowing identification of the metabolites
produced by the organism. A metabolomics NMR study has already been conducted
to analyze the metabolism of the protozoan parasite Giardia lamblia (Vermathen
et al. 2018), which would be a practical tool to explore Blastocystis metabolism as
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well. Previous studies have suggested thatBlastocystis has a significant impact on the
gut microbiome, thus it is not unlikely that its metabolites might underpin specific
interactions with the microbiota (Andersen et al. 2015; Hanninen et al. 2018; Yason
et al. 2019). Therefore, metabolomic-based studies of Blastocystis positive fecal
samples, as well as, in vitro metabolomics will contribute significant information.

Conclusion

Blastocystis is a microbial eukaryote that has attracted considerable research interest
in the last decade. Despite this, we have only scratched the surface on the role of
Blastocystis in the complex and extreme habitat of the gut. Significantly, the question
of its pathogenicity, which was raised decades ago, remains unanswered. While
hypotheses have been brought forth about differential pathogenicity of subtypes,
this has not been shown unequivocally. Future studies should include all subtypes
of Blastocystis and combine in silico analysis, in vitro culturomics and classical cell
biology and biochemistry approaches. New tools that will characterize Blastocystis
and interactions within its native environment (the gut) are urgently needed. Only
then can valid conclusions be drawn about the pathogenicity of the different subtypes.
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Chapter 6
Advances in the Study of Blastocystis spp.
in Mexico: Prevalence, Genetic Diversity,
Clinical Association and Their Possible
Role in the Human Intestine
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Abstract Blastocystis spp. has a worldwide distribution, and it has been associated
with gastrointestinal symptomatology; however, its role in health or disease remains
unclear. Subtype 3 is the most frequently reported subtype in different populations,
with a high haplotype diversity. The recent diversity of this protist may be related
to the migration of the human population. The ST3 haplotype network shows that
haplotype 1 is ancestor from which the other haplotypes are derived. In the studied
community (Xoxocotla,Morelos), a direct association exists between the presence of
Blastocystis spp. and the changes in the bacterial and eukaryotic intestinal microbiota
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in the absence of gastrointestinal or inflammatory diseases, indicating that Blasto-
cystis ST3 favors the diversity and richness of bacterial populations and decrease the
inflammatory processes. Thus, there is important evidence that suggests that Blasto-
cystis spp. plays an important role as amutualist in the regulation of the inflammatory
response in the studied healthy individuals.

Keywords Blastocystis spp infection · Subtypes · Subtype genetic diversity ·
Bacterial and eukaryotic microbiota changes

Background

Blastocystis spp. (Heterokonta, Stramenopiles) is and enteric protist with a world-
wide distribution that can be inhabiting the digestive tract of several metazoans, such
as fishes, amphibians, birds, reptiles, rodents, and humans (Yoshikawa et al. 2007;
Silberman et al. 1996; Stechmann et al. 2008; Stenzel and Boreham 1996; Tan 2004).
Blastocystis spp. has been proposed as an emerging pathogen for humans, replacing
traditionally endemic parasites in developing countries, such as Entamoeba histolyt-
ica and Giardia duodenalis (Rodríguez et al. 2008). In the last two decades, there
has been an increase in the reported data relative to the frequency of Blastocystis
spp. worldwide (Tan 2008). However, the microscopic examination of fresh fecal
samples is a routine diagnostic method for Blastocystis spp. detection; that can lead
to erroneous diagnosis and the underestimation or subestimation of the prevalence
of this protest (Baldo et al. 2004).

The prevalence of Blastocystis spp. varies between 0.5 and 62% (Clark et al.
2013). The real frequency of Blastocystis spp. cannot be established based on this
range because of twomain factors, the predisposition of the individual to be colonized
and the diagnostic tool used microscopic analysis or molecular biology through
polymerase chain reaction (PCR); studies with both methods were not comparable
in sensitivity or specificity, resulting in inconsistent parasite prevalence data (Clark
et al. 2013).

This increase in frequency of Blastocystis spp. infections has been the most
reported for an intestinal protist, and Blastocystis spp. infections are more predomi-
nant in underdeveloped countrieswhere the hygiene conditions, exposure to domestic
and peridomestic animals, as well as the consumption of food and/or contaminated
water, represent an ideal environment for Blastocystosis (Clark et al. 2013). However,
Blastocystis spp. is not exclusive to underdeveloped countries; it is also prevalent in
developed countries (Beyhan et al. 2015). The presence of Blastocystis spp. has been
associated with a variety of symptoms, mainly gastrointestinal symptoms, such as
diarrhea and abdominal pain, which in most cases are self-limiting. In addition, irri-
table bowel syndrome (IBS) has been associated with Blastocystis infection (Yakoob
et al. 2004).

Studies on the taxonomic classification of Blastocystis spp. have helped to better
understand this organism; however, knowledge on its genetic diversity, its geography
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distribution, the specificity of the host and its role in the human intestine is still
lacking.Molecular evidence based on the small subunit ribosomal RNA (SSU rDNA)
gene suggests that at least 17 genetic subtypes can be recognized within Blastocystis
spp. species and nine of these subtypes are found in humans (Silberman et al. 1996;
Stenzel and Boreham 1996). Therefore, molecular epidemiology studies of infection
by this protist would help us to better understand the role ofBlastocystis spp. in health
and disease, clarifying whether Blastocystis spp. is truly a parasite or pathogen or
rather a commensal or even a mutualist in the human intestine.

Advances in the Study of Blastocystis spp. in Mexico

Five years ago, clinical studies reported in Mexican individuals with gastrointestinal
symptoms or irritable bowel síndrome is associated with Blastocystis spp. infection
authors suggest that this protist could be the etiological factor (Villalobos et al.
2014; Vargas-Sanchez et al. 2015). To date, there are studies in Mexican populations
that consider Blastocystis spp. infection as an important factor for the presence of
specific symptoms such as chronic abdominal pain (Toro Monjaraz et al. 2018) or
consequences of poliparasitism (Galvan-Ramírez et al. 2019; García-Flores et al.
2019).

The massive treatment of the scholar to eradicate helminths infection in Mexico
seems to creative an empty ecological niche that has been occupied by other intesti-
nal protozoa including Blastocystis spp. (Rodríguez et al. 2008; Rojas et al. 2016).
In the last three years, has been reported an important interaction of the intestinal
protozoa (Eukaryome) and the intestinal microbiota (Partida-Rodríguez et al. 2017).
Eventhough, the mechanisms of interaction between the intestinal microbiota and
Blastocystis spp. are not well understood, efforts have been made to identify the
STs of Blastocystis spp. and their potential pathogenic proteins that could be used
as genetic biomarkers (Villalobos et al. 2014; Vargas-Sanchez et al. 2015; Rojas-
Velázquez et al. 2018). Furthermore, there are reports that mention the posssible role
of Blastocystis spp. in the modulation of some intestinal bacterial populations and
the Immune response (Nieves-Ramírez et al. 2018).

Genetic Diversity and Geographical Distribution
of Blastocystis Subtypes

Blastocystis spp. is globally distributed, showing a high rate of human infection from
underdeveloped to developed countries (Clark et al. 2013; Alfellani et al. 2013). In
countries such asMexico, the phenomenon of epidemiological change ofBlastocystis
spp. increasing the prevalence of infection in the general population (Villalobos et al.
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2014; Vargas-Sanchez et al. 2015;Villegas-Gómez et al. 2016; Rojas-Velázquez et al.
2018).

Due to the improvements in molecular biology and the use of polymerase chain
reaction (PCR) and sequencing, Blastocystis spp. has been studied for its genetic
diversity, and currently 17 subtypes have been identified using the small subunit
ribosomal RNA gene (SSUrRNA) as a target. Within the 17 subtypes described,
with a couple exceptions, only the first 9 subtypes are capable of infecting humans.
The molecular analysis of Blastocystis spp. showed the genetic variation among
Blastocystis spp. isolates with 3–5% divergence between subtypes, which increases
the possibility that more than one species can infect a host (Silberman et al. 1996;
Kukoschke and Múller 1991; Boreham et al. 1992). Despite the great genetic diver-
sity, the distribution of Blastocystis spp. subtypes is not homogeneous worldwide.
There is a predominant distribution of subtypes; subtypes 1, 2, 3 and 4 have a higher
frequency and have been associated with gastrointestinal symptoms (Alfellani et al.
2013; Engsbro et al. 2014; Forsell et al. 2012). In the literature, there are reports that
subtypes 1, 2 and 3 have a worldwide distribution, unlike subtype 4, which seems to
bemore frequent in the European and Asian continent (Alfellani et al. 2013; Ramírez
et al. 2016).

Recently, Blastocystis spp. subtypes 1, 2 and 3 were identified in five states from
Mexico (Ciudad de México, Michoacán, Sonora, Estado de Mexico and Morelos)
(Villalobos et al. 2014; Vargas-Sanchez et al. 2015; Villegas-Gómez et al. 2016;
Rojas-Velázquez et al. 2018; Alarcon-Valdes et al. 2018). In the last state is where
our research group has investigated the genetic diversity, geographic distribution and
the possible implications that this protist may have on the human intestine, taking
as a study model a rural population of the state of Morelos in Mexico. We collected
fecal samples from 182 volunteers (86 men and 96 women) from Xoxocotla, State
of Morelos (Mexico), aged between from 2 to 51 years. We found a high frequency
of Blastocystis spp. in 39.56% of the samples through PCR analysis and sequencing,
which also showed the presence of three different subtypes of Blastocystis. These
three subtypes of Blastocystis (ST) were recorded according to the following fre-
quencies: Blastocystis ST1, 9.7% (n = 7 samples); ST2, 15.3% (n = 11 samples);
and ST3, 75% (n = 54 samples) (Rojas-Velázquez et al. 2018) (Fig. 6.1).

Additionally, we provided new data on the geographic distribution and genetic
diversity of Blastocystis ST3 of the rural human population in Xoxocotla, Morelos,
Mexico andwe compare its diversity and structure genetics with what was previously
observed in the populations of Blastocystis ST3 from other regions of the planet
(Rojas-Velázquez et al. 2018) and through the construction of a network of haplotypes
of Blastocystis subtype 3 isolates from humans, we discovered that this subtype has
a high diversity of haplotypes and a high genetic structure in many countries of the
world, in contrast to rural populations in Mexico such as the state of Morelos, which
seems to have a low diversity of haplotypes. This study also revealed evidence that
suggests a recent increase in the diversity of Blastocystis ST3 worldwide and may be
related to the migration of human populations (Fig. 6.2). One haplotype (Haplotype
1) was the most frequently detected haplotype, and it is perhaps the ancestral type
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Fig. 6.1 Frequency of Blastocystissubtypes in the Xoxocotla, Morelos population. Targeting
the SSU-rDNA according to DNA-barcoding. Three Blastocystis subtypes (ST) were recorded
according to the following frequencies: Blastocystis ST1, 9.7% (n = 7 samples); ST2, 15.3% (n =
11 samples); and ST3, 75% (n = 54 samples) (Rojas-Velázquez et al. 2018)

from which all the other haplotypes have been generated recently (Rojas-Velázquez
et al. 2018).

Clinical Association or Commensal Behavior of Blastocystis
spp.

This parasite is often transmitted via the oral-fecal route to people who work directly
or indirectly with animals, such as those involved in animal farming or industrial
livestock production, and it is estimated that one billion humans are colonized by
Blastocystis spp. (Tan 2008).

Previously, Blastocystis spp. was considered an opportunistic parasite only
reported in immunocompromised and immunosuppressed patients, such as HIV-
infected patients, who, due to immunodeficiency, could be more susceptible to infec-
tion by parasites than general population (Zali et al. 2004; Hailemariam et al. 2004;
Gassama et al. 2001). In clinical practice, Blastocystis spp. has been considered as
non pathogenic infectious agent without clinical importance. However, a number
of publications have referred the association between Blastocystis spp. and irritable
bowel syndrome (Yakoob et al. 2004; Poirier et al. 2012; Beatty et al. 2014; Jimenez-
Gonzalez et al. 2012; Ramirez-Miranda et al. 2010). Although Blastocystis spp. has
been detected in patients with gastrointestinal symptoms such as diarrhea, abdominal
pain and distention the prevalence of this infection in asymptomatic individuals is
considerably high (Rodríguez et al. 2008; Alfellani et al. 2013; Pandey et al. 2015;
Scanlan et al. 2014) in our results, we reported a high frequency of infection in
asymptomatic healthy individuals (Rojas-Velázquez et al. 2018).

The existence of genetically diverse infection sources has been recently reported
and the human host can be co-colonized with multiple different subtypes or haplo-
types. Previous studies have opened the possibility of competition or cooperation
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Fig. 6.2 Haplotype network of Blastocystis ST3 of human populations and the statistics data
of genetic diversity observed within different geographical populations around the world.
N: number of sequences; S: number of segregating sites; h: number of haplotypes; Hd: haplotype
diversity; π : nucleotide diversity; ns: not significant. **p < 0.01. Latin America: Blastocystis pop-
ulations of North and South America (i.e., Mexico, Colombia, Brazil, Ecuador, Bolivia, Peru, and
Argentina), except that ofMorelos. Eurasia:Blastocystis populations ofEuropa andAsia (i.e.,Nepal,
Switzerland, Iraq, Italy, and France). Haplotype network of Blastocystis ST3 of human populations
at different regions from Latin America, Europe, and Asia. Each circle represents a haplotype, and
each color represents the place where it was obtained. The size of each circle is proportional to the
frequency of the haplotype in each population, where it was found.The circles in black stand for
missing haplotypes and the short lines show the mutational steps (Rojas-Velázquez et al. 2018)

between Blastocystis spp. subtypes for a successful gut colonization (Scanlan et al.
2015). Blastocystismixed infections has been estimated to be 6% worldwide (Alfel-
lani et al. 2013). Scanlan et al. (2015) developed and applied Blastocystis ST-specific
PCRs for the investigation of themost common subtypes ofBlastocystis (ST1 to ST4)
to a healthy human cohort (n = 50). They reported mixed infections in 22% of the
cases, all of which had been identified as single-ST infections in a previous study
using state-of-the-art methods (Scanlan et al. 2015).
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Recently, had been reported that next generation amplicon sequencing (NGS) was
a powerful tool to investigate mixed infections and detect low abundance subtypes
of Blastocystis (Maloney et al. 2019). Using this technology, we identified mixed
Blastocystis infections in the aforementioned population (Xoxocotla, Morelos). The
study identified 17mixed infections representing 13.7%of allBlastocystis infections.
Mixed subtype infections are underrepresented compared to expectations from sub-
type prevalence (Rojas-Velázquez et al. 2019). However, mixed infections in this
study were within the range of observations from other human studies (Alfellani
et al. 2013; Scanlan et al. 2015). In our work, we reported co-infections of ST1/ST3,
ST2/ST3, and ST1/ST2/ST3. This study provides important information about the
epidemiology of Blastocystis and represents the first application of a Blastocystis-
specific NGS protocol to study Blastocystis in humans. More studies are needed to
characterize mixed subtype infections and intrasubtype variation to understand the
transmission dynamics, epidemiology, and potential pathogenicity of Blastocystis in
humans and animals hostess, and NGS provides a valuable tool for achieving this
goal (Rojas-Velázquez et al. 2019).

Interaction of Blastocystis spp. and the Gut Microbiota
of Asymptomatic Individuals

The relationship between human-associated gut protists and the resident gut bacterial
community has only recently begun to be explored (Barash et al. 2017; Burgess and
Petri 2016). A number of human-associated microbiome studies have been focused
on the role of the microbiome in health and in disease and or the factors that might
influence its diversity and composition (Brown et al. 2013). The intestinal micro-
biota is highly variable among human host, and its diversity is affected by factors
such as diet, sociogeographic setting, antibiotic use, disease, age, and to a lesser
degree, the human genetics (Yatsunenko et al. 2012; Goodrich et al. 2014; Cho and
Blaser 2012). A direct association between intestinal parasites, and human intestinal
microbiota both in composition and diversity has been previously reported (Morton
et al. 2015; Zaiss et al. 2015). We found that colonization with Blastocystis spp. is
strongly associated with broad shifts in the gut-resident bacterial community and
an increase in bacterial alpha and beta diversity. A correlation analysis between the
abundances of the 100 most abundant taxa of the 16S versus 18S genes showed
that Blastocystis sp. ST3 was positively correlated with members of the Ruminococ-
caceae family and negatively correlatedwithPrevotella copri (Fig. 6.3). Howeverwe
observed a more discrete correlation between the colonization by Blastocystis spp.
and eukaryotic microbiota diversity, detecting statistically significant differences in
diversity (Shanon) but no in the abundance (Chao). Therefore, the rural commu-
nity of asymptomatic individuals from the state of Morelos, Mexico, provides an
ideal study cohort to better understand how the most commonly found protist in
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Fig. 6.3 Heatmap of biweight correlations (bicor method) between top 100 bacterial (x axis)
and top 100 taxon (y axis) OTUs in fecal simples from study participants. Colors denote positive
(red) and negative (blue) correlation values. Significant correlations are denoted with a plus sing (p
< 0.05, FDR) (Nieves-Ramírez et al. 2018)

the gastrointestinal tract alters the ecology of the bacterial and eukaryotic micro-
biome in the absence of symptoms of inflammation, which correlates with the most
abundant phylotypes in the microbiome of the human intestine. Additionally, this
suggests that Blastocystis spp. might exert a predatory grazing effect on the more
abundant bacteria, as observed with P. copri (Nieves-Ramírez et al. 2018). This is
supported by food web theory and is an example of macro- and microecology where
the increase in community diversity through grazing or predation occurs through a
top-down control on the strongest competitors, which consequently allows for the
colonization and persistence of weaker competitors in the community (Kato et al.
2018; McDonald-Madden et al. 2016; Paine et al. 2016).

Blastocystis spp. and Their Effect on the Immune Response

The role of Blastocystis spp. in the intestine is very important since there is a direct
interaction between the intestinal epithelium and the underlying immune system
(Belkaid and Hand 2015). We found that the immunological effects in individuals
without gastrointestinal symptoms colonized by Blastocystis spp. displayed lower
levels of fecal calprotectin,which is amarker of intestinal inflammation and is derived
from the secretion of cytosolic proteins from neutrophils (Walsham and Sherwood
2016), compared to non-colonized individuals. Additionally, individuals colonized
with Blastocystis spp. show low levels of IgA (the most abundant mucosal anti-
body) and have a fundamental role in maintaining homeostasis with the microbiome
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(Nieves-Ramírez et al. 2018;Gutzeit et al. 2014) by binding and neutralizing invading
pathogens and eliminating microbes near the mucus layer (Johansen et al. 1999).

In summary, there are aspects of this parasitosis in the human host that are highly
controversial and that, will be resolved as the populations studied increase, both
in groups of asymptomatic carriers and in patients with various gastrointestinal
pathologies. On the other hand, our results in the population studied, suggest that,
colonization by this interesting protist could have a regulatory role of the intestinal
bacterial structure, metabolic processes and the immune response that would seem
to have a more protective role of intestinal homeostasis than being conditioning of a
pathological state.
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Chapter 7
Cryptosporidium Infection in Bangladesh
Children

Carol A. Gilchrist

Abstract In humans in addition to diarrheal disease and sub-clinical infections the
Cryptosporidium parasite can cause developmental delays and growth failure in mal-
nourished infants. We hypothesized that genetic variants may be responsible for the
differences in pathogen phenotypes. Resequencing thirty-two Bangladesh C. homi-
nis isolates identified both polymorphic regions and evidence of frequent genetic
recombination. This increased the genetic diversity of the parasites. Additional stud-
ies are now needed to identify the genetic changes predisposing the parasite to the
different phenotypes.

Keywords Cryptosporidium · Genome · gp60 · Whole genome sequencing

Introduction

The eukaryotic protozoan Cryptosporidium is a member of the apicomplexan phy-
lum of parasitic alveolates. Unlike some of the other parasitic members of this
phyla (Plasmodium and Toxoplasma) Cryptosporidium can complete its lifecycle
in a single host (Kosek et al. 2001). The lifecycle of this parasite features a sexual
reproductive stagewhich produces environmentally resistant and infective sporulated
oocysts which are shed in the host faeces. While several different Cryptosporidium
species can infect humans three species Cryptosporidium hominis, C. meleagridis
and C. parvum are the main pathogens (Pumipuntu and Piratae 2018). The source of
new Cryptosporidium hominis and Cryptosporidium parvum anthroponosum sub-
type infections is expected to be contamination of drinking-water or food by human
fecal material containing the infective environmentally resistant oocysts (Rossle and
Latif 2013;King et al. 2019;Nader et al. 2019). Similarly, the source of newC.melea-
gridis and C. parvum infections is thought to involve either human or zoonotic fecal
contamination (C. meleagridis: avian; C. parvum: a wide range of other mammals)
(Pumipuntu and Piratae 2018).
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Human infections with members of the Cryptosporidium species was previously
viewed as a cause of self-limited mild diarrhea, and a concern only in poorly con-
trolled HIV-positive patients (Cama et al. 2007). One of the surprises of the recent
multicenter enteric disease surveys (Global Enteric Multicenter Study (GEMS) and
Malnutrition and Enteric Disease Study (MAL-ED)) was that cryptosporidiosis was
one of the top causes of diarrhea in malnourished infants (Kotloff et al. 2013; Acosta
et al. 2014; Platts-Mills et al. 2014; Checkley et al. 2015; Korpe et al. 2016; Sow et al.
2016). In low and middle income countries where the death rate of children under
5 years of age is high it was estimated that at least 5% of the deaths of children under
5 were due to water borne diarrheal disease such as cryptosporidiosis (Prüss-Ustün
et al. 2019).

Genomic Diversity in Bangladesh Cryptosporidium hominis

In our Bangladesh longitudinal birth cohort 77% of children experience at least one
infection withCryptosporidium spp. in their first two years of life (Korpe et al. 2016).
We recently investigated the species causing human cryptosporidiosis in Bangladeshi
infants (Steiner et al. 2018). The children involved in this study were born into an
urban slumofDhaka, Bangladesh (Section 11 ofMirpur Thana). This neighbourhood
was densely populated, and the annual median household income of participants
was 12,950 Taka (approximately e138 EUR). Surveillance samples were collected
monthly and from every diarrheal infection until the infants were 2 years of age
(Steiner et al. 2018). In this work we defined a new infection as occurring when
we identified a discordant genotype or when more than 2 months had elapsed from
the prior positive stool sample. The species responsible for cryptosporidiosis at this
urban site was mainly C. hominis and the frequency was dependent on the age
of the child and the time of year (Fig. 7.1) (Gilchrist et al. 2018). In our cohort
children less than 6 months of age were exclusively breastfed (no supplementary
water) and therefore were presumably either simply not exposed to the waterborne
Cryptosporidium parasite or protected by maternal antibodies (Korpe et al. 2013;
Steiner et al. 2018). The risk of exposure to contaminated drinking water thereafter
increased (Pal et al. 1989; Sirajul Islam et al. 2007; Gilchrist et al. 2018).

The majority of the households of the children enrolled into our study were con-
nected to the municipal water supply (99.6%) but, as the municipal water supply
is frequently interrupted in Mirpur, community water tanks are used to store water
prior to household use (Steiner et al. 2018). The sampling of this municipal water
has shown that it is commonly contaminated with fecal material possibly due to the
frequencies of water leaks and the low water pressure which allows surface water
to enter the water pipes (Islam et al. 2010; Pickering et al. 2019). Dhaka surface
water is contaminated with human faecal material especially during the rainy season
(June–August) when theMirpur area of Dhaka is prone to flooding (Alam 2009). It is
therefore not surprising that Cryptosporidium infections were more frequent during
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Fig. 7.1 In infants >6months of ageCryptosporidiumhominis infections occurmore frequently
during the rainy season. The common x axis indicates the month and year the y axis in the
upper panel indicates total monthly rainfall (mm) in the Dhaka area. The lower panel indicates the
number of typed newC. hominis infections (subclinical or diarrheal) occurring within in that month.
Monsoon months are indicated by the red bars. Figure modified and reproduced fromGilchrist et al.
(2018) with permission

the monsoon (early June–late September of 2015 and 2016) (Fig. 7.1: red bars) (Pal
et al. 1989; Gilchrist et al. 2018).

Boiling or filtering water kills or removes Cryptosporidium oocysts and we
observed less cryptosporidiosis in the 56% of our study households which did this
prior to consumption of municipal water (p = 0.044) (1995; Steiner et al. 2018).
While chlorine decontamination of the community water tanks or at point of use has
been proposed the Cryptosporidium parasite is resistant to chlorine (Sirajul Islam
et al. 2007; Pickering et al. 2019). Chlorination tablets were in fact used by one
of our study households and the child living in this household was one of the ones
infected with Cryptosporidium (Steiner et al. 2018). It is however worth noting that
the Dhaka municipal water supply is not the only source of cryptosporidiosis in our
study population (Korpe et al. 2018). In our study 14% of the children from house-
holds where drinking water was treated were still infected with the Cryptosporidium
parasite.
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Recent advances in genomic sequencing coupled with the development of new
protocols for Cryptosporidium research are allowing us to study one of the fun-
damental sources of information on these organisms, the genomic DNA sequence
(Hadfield et al. 2015; Gilchrist et al. 2018). The dry season population bottleneck
may result in random fixation of alleles in the parasite population irrespective of their
effect on parasite virulence (Lequime et al. 2016). This bottleneck could also however
result in the selection for of mutations facilitating transmission during the dry season
and increasing the virulence of the parasite over time (Rafaluk et al. 2015; Van den
Bergh et al. 2018). Cryptosporidium parasites are variable with symptomatic disease
occurring in only a subset of cases, all children therefore do not experience cryp-
tosporidial diarrhea upon infection (Korpe et al. 2016). However the consequences of
an infectionwith theCryptosporidium parasite in the early years of life in low income
households (subclinical or symptomatic) can also exacerbate the effects of malnutri-
tion, and result in long term effects on child health (Korpe et al. 2016; Steiner et al.
2018). The differences in disease severity could be the result of genetically encoded
changes in parasite virulence (Bouzid et al. 2013; Li et al. 2013).

Bangladesh Cryptosporidium oocysts were isolated and DNA purified from the
fecal material of children infected during 2016–2017 (Gilchrist et al. 2018). Illu-
mina sequence libraries were prepared and the resulting Bangladesh sequence reads
were mapped against the Cryptosporidium reference genome assemblies (Abraham-
sen et al. 2004; Xu et al. 2004; Hadfield et al. 2015; Ifeonu et al. 2016). This work
provided us with information on the genetic variation present in 32 Bangladesh
C. hominis isolates (Gilchrist et al. 2018). The allele ratio in the heterozygote SNPs
were similar to those expected for a single diploid genotype indicating that the
infection arose from a single oocyst which contained sporozoites with different
alleles.

Polymorphic DNA

The heterozygosity was calculated across contiguous bp genomic intervals and sev-
eral DNA regionswhere the nucleotide diversitywas particularly highwere identified
in the Bangladesh parasite population. The genes within these DNA regions encoded
several membrane proteins one of which was the highly polymorphic gp60 gene
(Cama et al. 2007). The polymorphic sequences could not however be associated
with differences in parasite virulence but this may be due to the fact that currently
this genetic information on all these areas is only available from a relatively small
number of C. hominis isolates (Abrahamsen et al. 2004; Xu et al. 2004; Isaza et al.
2015; Guo et al. 2015a, b; Hadfield et al. 2015; Ifeonu et al. 2016; Sikora et al. 2017;
Gilchrist et al. 2018). Historically the polymorphic region within the gp60 gene has
been used to genotype Cryptosporidium (Cama et al. 2007). While the gp60 geno-
type has been correlated with clinical phenotype in some studies in our Bangladesh
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population we have not found any link between the gp60 genotype and parasite vir-
ulence (Cama et al. 2008; Jex and Gasser 2010; Widmer and Lee 2010; Insulander
et al. 2013; Korpe et al. 2016).

Recombination

Interestingly the phylogenetic trees derived from the polymorphic DNA were not
congruent with the phylogenetic trees derived from the entire genome of the isolate.
This suggested that sexual recombination might occur frequently in these parasites.
To investigate this possibility the decay in linkage between common SNPs (SNPs
with a frequency ≥0.2) was measured and it was found that on average SNPs sepa-
rated by greater than 300 bp were inherited independently from each other (Fig. 7.2).
The size of theDNA in linkage disequilibrium (LD) is dependent on the amount inter-
breeding between populations (admixture), SNP density and the amount of genetic
recombination. In humans the functional mapping of SNPs requires that the analysis
is done in a large population (Consortium et al. 2015) as there often large regions
of DNA in which the single nucleotide polymorphisms (SNPs) are all in strong LD
with each other in the human genome “haplotype blocks” (Wang et al. 2002). Cryp-
tosporidium seems to have a rapid break-down in linkage disequilibrium similar to

Fig. 7.2 High rates of recombination are apparent in this C. hominis population. Average
linkage disequilibrium (LD) (y-axis) between neighboring (SNPs) as a function of the distance (bp)
separating them in the genome (x-axis). The graph was generated using the using data from 32
Bangladesh C. hominis genomes which had >80% genome coverage of at least 10x. The pairwise
values were calculated using the SNPs with a minor allele frequency >0.20. Y axis indicates the
average R2 value (the square of the correlation coefficient of two SNPs) and X axis the physical
separation 0–2000 bp. Figure reproduced from Gilchrist et al. (2018) with permission
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that occurring in the well-studied Plasmodium falciparum, another apicomplexan
(Mu et al. 2005).

In Plasmodium, this high rate of recombination has facilitated identification of
mutations responsible for drug resistance (Haldar et al. 2018). Currently, the only
approved drug for the treatment of diarrhea caused by Cryptosporidium infection is
nitazoxanide (NTZ) (U.S. Department of Health and Human Services 2003). While
no resistance to this drug has been reported it is not in broad use as it has been shown
to have an low efficacy in themalnourished infants and theAIDS patients whose need
for treatment is greatest (Amadi et al. 2002; Rossignol et al. 2006; Manjunatha et al.
2016). Additional drugs are however undergoing development and strategies that
block adaption of the parasite to these anti-cryptosporidial drugs may be essential to
protect this investment (Antony and Parija 2016; Manjunatha et al. 2017).

Conclusions

Cryptosporidium intra-host changes in the infecting parasite population may occur
either via selection of parasite sporozoites or merozoites or by genetic recombina-
tion. The relatively short DNA in linkage disequilibrium indicates that high rates of
recombination take place during parasite sexual reproduction. This is evident even
when the parasites are collected within a small community and over a relatively
short period of time. This finding is not only biologically interesting in its own right
it might greatly facilitate the identification of virulence associated mutations.
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Chapter 8
The Current Molecular Epidemiological
Scenario of Cryptosporidium, Giardia
and Blastocystis in Spain. Implication
for Public Health

Pamela C. Köster and David Carmena

Abstract The enteric protozoan parasites Cryptosporidium spp. and Giardia duo-
denalis are major contributors to the burden of gastrointestinal diseases globally.
Both pathogens primarily affect children living in resource-poor settings with lim-
ited or no access to clean water and sanitation facilities, but are also significant pub-
lic health threats in developed countries. Additionally, Cryptosporidium spp. and
G. duodenalis are common causes of waterborne and foodborne outbreaks of gas-
trointestinal disease globally. Besides, the Stramenopile Blastocystis sp. is the most
common eukaryotic organism reported in the human gut. Although its pathogenicity
is a topic of debate, there is increasing evidence demonstrating that this protist can
be associated with gastrointestinal disorders (diarrhoea, irritable bowel syndrome)
and extra-intestinal manifestations, including urticaria. Because Cryptosporidium
spp., G. duodenalis and Blastocystis sp. share the same transmission (faecal-oral)
route, are able to infect a wide range of animal species other than humans with
variable host specificities, and their infective forms are environmentally resilient,
the study of these pathogens should be ideally approached under the One Health
umbrella. In this context, molecular-based methods including PCR and sequencing
provide powerful tools to investigate the epidemiology and transmission of these par-
asites. In Spain, cryptosporidiosis and giardiosis, but not blastocystosis, are notifiable
diseases. However, the true incidence of these infections remain largely unknown
because underdiagnosing and underreporting. Symptomatic cryptosporidiosis and
giardiosis disproportionally affect children under four years of age, but we know
now that subclinical infections are also common in apparently healthy individuals
of all age groups. However, molecular data regarding the frequency and diversity of
these pathogens are limited and spatially and temporally discontinuous. This chapter
aims to provide, from a public veterinary health perspective, an updated account on
the epidemiology ofCryptosporidium,G. duodenalis and Blastocystis in Spain, with
an emphasis on the description of the species/genotypes circulating in symptomatic
and asymptomatic human populations. Current knowledge on the presence of these
pathogens in production (livestock), companion (dogs and cats) and wildlife animal

P. C. Köster · D. Carmena (B)
Parasitology Reference and Research Laboratory, National Centre for Microbiology, Ctra.
Majadahonda-Pozuelo Km 2, 28220 Majadahonda, Madrid, Spain
e-mail: dacarmena@isciii.es

© Springer Nature Switzerland AG 2020
N. Guillen (ed.), Eukaryome Impact on Human Intestine Homeostasis
and Mucosal Immunology, https://doi.org/10.1007/978-3-030-44826-4_8

97

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-44826-4_8&domain=pdf
mailto:dacarmena@isciii.es
https://doi.org/10.1007/978-3-030-44826-4_8


98 P. C. Köster and D. Carmena

species is also discussed, including their potential role as natural reservoirs of human
infections, and the available evidence of zoonotic (and anthroponotic) transmission
events.

Keywords Blastocystis · Cryptosporidium · Giardia · Diarrhoea · Epidemiology ·
Molecular characterization · Host specificity · Speciation · Experimental
infection · Natural infection · Transmission

Introduction

The enteric protozoan parasitesCryptosporidium spp. (Apicomplexa: Cryptosporidi-
idae), and Giardia duodenalis (Metamonada: Hexamitidae) are among the most
important causes of protozoan-diarrheal illness in humans and animals globally. Clin-
ical manifestations vary from asymptomatic carriage to acute diarrhoea and chronic
disease. Transmission of giardiosis and cryptosporidiosis is through the faecal-oral
route, either indirectly via accidental ingestion of contaminated water or food, or
directly via human-to-human or animal-to-human contact. Approximately 200 mil-
lion people in Asia, Africa and Latin America present symptomatic giardiosis with
some 500,000 new cases reported each year (WHO 1996). Cryptosporidiosis is a
leading cause of diarrhoeal death in children younger than 5 years in sub-Saharan
Africa and Southeast Asia, only second after rotaviral enteritis (GBD 2016). Both
giardiosis and cryptosporidiosis primarily affect young children living in low-income
countries and are strongly linked with malnutrition, growth faltering, and cognitive
impairment (Guerrant et al. 1999; Halliez and Buret 2013). These very same disor-
ders, although to amuch lower extent, have been described in someSpanish paediatric
populations (Azcona-Gutiérrez et al. 2017). The Stramenopile Blastocystis sp. is one
of the most common enteric parasites found in human stool samples. It is estimated
that up to 1 billion people would be colonized/infected with this protozoan species
globally (Clark et al. 2013). The clinical and public health relevance of Blastocystis
sp. remains controversial, as it is commonly found in both apparently healthy individ-
uals and patients suffering from intestinal (diarrhoea, irritable bowel syndrome) and
extra-intestinal (urticaria) manifestations (Scanlan et al. 2014). Hence, it is currently
not possible to distinguish between colonization and infection.

At least 38Cryptosporidium species have been named today, of whichC. hominis
and C. parvum account for ~90% of human cryptosporidiosis cases globally (Ryan
et al. 2014). The only Giardia species that is pathogenic to humans, G. duodenalis,
is indeed a species complex consisting of eight (A to H) assemblages; assemblages
A and B, which commonly infect humans and other mammals, assemblages C and
D in dogs and other canids, assemblage E in hoofed animals, assemblage F in cats,
assemblage G in rodents and assemblage H in pinnipeds (Cacciò et al. 2018). Exten-
sive genetic diversity has also been demonstrated within Blastocystis sp., allowing
the differentiation of at least 17 subtypes (ST), of which STs 1–9 and 12 infect
humans, among other mammal species (Stensvold et al. 2007; Ramírez et al. 2016).
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Blastocystis ST1–4 are the subtypes more frequently identified in humans. Because
Cryptosporidium spp., G. duodenalis, and Blastocystis sp. genetic variants have
marked differences in host range and specificity, molecular epidemiological surveys
are essential not only to determine the frequency and diversity of species/genotypes
in a given population or geographical region, but also to characterize transmission
pathways, to identify the range of host species able to harbour these pathogens, and
to assess zoonotic (or anthroponotic) potential.

The Spanish Epidemiological Scenario

The epidemiology of G. duodenalis and Cryptosporidium spp. in Spain has been the
subject of previous reviews (Navarro-i-Martinez et al. 2011; Carmena et al. 2012), so
the interested reader is referred to them for in-depth information. Regarding human
infections, most of the available data comes from observational, transversal studies
conducted in schoolchildren populations by conventional (microscopy) diagnostic
methods. In brief, reported prevalence rates of human giardiosis ranged from 3–
7% in asymptomatic individuals to 13–25% in symptomatic individuals. Giardia
duodenalis infections have also been identified in ovine (3–44%), bovine (5–30%),
canine (5–20%), feline (14%), and wildlife (1–16%) animal populations (Table 8.1).
Similarly, Cryptosporidium infections were more frequently found in individuals
declaring gastrointestinal complaints (5–30%) than in asymptomatic subjects (1–
5%). Cryptosporidium spp. infections were a common cause of diarrhoea in young
calves (4–60%) and lambs (5–90%). In contrast, Cryptosporidium spp. infections
in domestic dogs (7–15%) and cats (5–10%) were mostly reported in asymptomatic
animals (Table 8.1).

Importantly, Giardia cysts and Cryptosporidium oocysts have been found in up
to 100% of the surface waters intended for human or agricultural consumption
(Carmena et al. 2007; Castro-Hermida et al. 2009), including recreational river areas
(Castro-Hermida et al. 2010). When the viability of the (oo)cysts was assessed with
vital dyes, infective forms ofGiardia andCryptosporidiumwere detected in 57–61%
of the samples analysed (Castro-Hermida et al. 2010). (Oo)cysts of both pathogens
were also a frequent finding (16–60%) in packed salads and other fresh produce (e.g.
Amorós et al. 2010). The fact that infectiveG. duodenalis cysts andCryptosporidium
oocysts are regularly found in drinking waters and ready-to-eat, fresh meals explain
why these pathogens are common causes of waterborne and foodborne outbreaks of
diarrhoeal illness globally (Efstratiou et al. 2017; Ryan et al. 2018, 2019).

In addition, Giardia cysts and Cryptosporidium oocysts have been isolated from
soil samples in Spanish public parks (Martínez-Moreno et al. 2007;Dado et al. 2012).
Although these studies did not assess neither the viability/infectivity of the parasite
forms nor their species/genotypes, environmental contamination with faecal material
from companion animals or even humans can be a source of infection to people in
close contact with contaminated soil, particularly children playing in sand pits on
public grounds.
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Table 8.1 Main surveillance, epidemiological, and research features of Giardia duodenalis,
Cryptosporidium spp., and Blastocystis sp. in Spain

Giardia duodenalis Cryptosporidium spp. Blastocystis sp.

Surveillance

Notifiable disease? Yesc Yesc No

Official number of casesa 1627 646 Unknown

Time series? No No No

Outbreak investigation Limited Limited No

Prevalenceb (%)

Asymptomatic humans 3–7 1–5 3–22

Symptomatic humans 13–25 5–30 8–23

Ovine 3–44 5–90 Unknown

Bovine 5–30 4–60 2

Dogs 5–20 7–15 0

Cats 14 5–10 0

Wildlife 1–16 1–27 2

Surface waters 25–100 15–90 Unknown

Fresh produce 16–50 20–60 Unknown

Research

Genotyping studies? Limited Limited Limited

Transmission studies? Limited Limited Limited

aConfirmed cases reported to the European Centre for Disease Prevention and Control in 2015
bComposite data from references Carmena et al. (2012), Navarro-i-Martinez et al. (2011) and Paulos
et al. (2018)
cSince 2015

Comparatively far lesser epidemiological information is currently available on
Blastocystis carriage/infection inSpain (reviewed inPaulos et al. 2018).As in the case
of G. duodenalis and Cryptosporidium infections, most of the research conducted
on Blastocystis sp. has been generated in microscopy-based prospective (Del Aguila
et al. 1997; Paulos et al. 2018) or clinical retrospective (González-Moreno et al. 2011;
Salvador et al. 2016) studies (Table 8.1). Blastocystis sp. has also been identified in
intensively reared pigs (Navarro et al. 2008) and farmed ostriches and rheas (Ponce
Gordo et al. 2002).

Current Surveillance and Research Limitations

Cryptosporidiosis and giardiosis, but not blastocystosis, are compulsory notifiable
diseases in Spain sinceMarch 2015 (Table 8.1). Based on official data, a total of 1627
and 646 confirmed cases of giardiosis and cryptosporidiosis were reported in Spain in
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2015 (ECDC 2018a, b). Of note, these figures represent a fraction of the true number
of cases. Variable health care seeking behaviour by patients, poor awareness among
primary care physicians, underdiagnosing, and underreporting are all important con-
tributing factors to this problem. When uncertainties associated to those factors are
considered, the true number of cases are expected to be 2–3 order of magnitude
higher than the declared number of cases (Cacciò and Chalmers 2016). Information
regarding the situation of human blastocystosis is even scarcer. In practical terms
this general lack of information means that the seasonal distribution of these enteric
parasites along the year are largely unknown. Historical case series at national scale
are also lacking. Seasonal patterns have been investigated at regional level during
relatively short periods of time. These studies have evidenced that Cryptosporidium
cases peak during late summer and early autumn (Abal-Fabeiro et al. 2015; Azcona-
Gutiérrez et al. 2017). The very same temporal trend has been previously reported
in other European countries including Germany, The Netherlands, and UK and has
been associated to increased travel and exposure to recreational water (Chalmers
et al. 2009; Fournet et al. 2013).

Importantly,molecular studies investigating the occurrence and genetic variability
ofCryptosporidium spp.,G. duodenalis and Blastocystis sp. infections in human and
animal populations and in environmental (water, soil) samples in Spain are limited
(reviewed in Navarro-i-Martinez et al. 2011; Carmena et al. 2012; Paulos et al. 2018).
Active molecular-based epidemiological surveillance has been demonstrated as a
very useful tool in outbreak investigations (e.g. Fuentes et al. 2015) and to identify
novel or rare species/genotypes of enteric parasites in clinical samples (Martínez-
Ruiz et al. 2016; Merino et al. 2019; Millán et al. 2019).

No routine surveillance or monitoring programs to detect the presence of the
infective stages of Cryptosporidium spp., G. duodenalis, and Blastocystis sp. in
drinking water and fresh produce are currently in place in Spain. Indeed, current
legislation does not specify the maximum concentration levels of these pathogens in
water and food matrices.

Molecular Epidemiological Research in Humans

The molecular diversity of G. duodenalis, Cryptosporidium spp., and Blastocys-
tis sp. in human infections in Spain has been mainly assessed in paediatric popu-
lations with or without clinical manifestations. In some instances, these parasites
were accidentally identified during routine testing at clinical laboratories. This is
particularly true for Blastocystis sp. Available genotyping data indicate that Giar-
dia duodenalis assemblage B is more prevalent than assemblage A in most of the
surveys conducted (Sahagún et al. 2008; de Lucio et al. 2015; Gabín-García et al.
2017), although both genetic variants have been detected at similar frequencies in
other studies (Azcona-Gutiérrez et al. 2017). At the sub-genotype level BIV is the
most common sub-assemblage circulating in those clinical patient populations. Sim-
ilarly, sub-assemblage BIV has been the predominant genotype found in children



102 P. C. Köster and D. Carmena

attending day care centres (Mateo et al. 2014), in schoolchildren (Cardona et al.
2011), and in community surveys (de Lucio et al. 2017). These data suggest that,
besides parasite genotype, other determinants (e.g. co-infections, host immune sta-
tus, microbiome) may play a role in the progression from asymptomatic carriage
to symptomatic infection. A recent study investigating G. duodenalis infections in
individuals of all ages with and without clinical symptoms revealed that children
were more commonly infected by assemblage B, whereas asymptomatic infection
was more common in patients with assemblage A than in those with assemblage B
(Wang et al. 2019). Importantly, asymptomatic carriage of G. duodenalis has been
demonstrated by PCR in a larger than expected proportion of apparently healthy
schoolchildren attending primary and secondary schools inMadrid (Reh et al. 2019).
This finding may have important consequences as unnoticed school and household
transmission events could represent a public health issue for at-risk populations such
as young children, the elderly and immunocompromised individuals.

Regarding cryptosporidiosis, human cases in Spain are primarily caused by
C. hominis (80–90%) and C. parvum (10–18%) (de Lucio et al. 2015; Segura et al.
2015; Azcona-Gutiérrez et al. 2017), but these frequencies may vary depending on
the region considered. For instance, in the Autonomous region of Galicia (north-
west Spain), it was C. parvum and not C. hominis the main Cryptosporidium species
detected in summer peaks during the period 2000–2008, particularly in rural areas
(Abal-Fabeiro et al. 2015). Considering that this Spanish region breeds and feeds
large populations of dairy and beef cattle, the finding mentioned above has been
interpreted as the consequence of zoonotic C. parvum transmission. Infections by
less common Cryptosporidium species including C. meleagridis (Abal-Fabeiro et al.
2014; Segura et al. 2015), C. canis (Abal-Fabeiro et al. 2014; de Lucio et al. 2016),
and C. cuniculus (Martínez-Ruiz et al. 2016) have also been reported sporadically,
some of them reflecting zoonotic events. These surveys revealed that IbA10G2 and
IIdA15G2 were the sub-genotypes more prevalent withinC. hominis andC. parvum,
respectively. Taken together, available molecular data seem to indicate that human
giardiosis and cryptosporidiosis in Spain are primarily of anthroponotic origin, with
a comparatively smaller contribution from zoonotic reservoirs in production and
companion animals (Abal-Fabeiro et al. 2014, 2015; Azcona-Gutiérrez et al. 2017).

In Spain, ST4 has been demonstrated as the most prevalent (94%) Blastocystis
subtype circulating in symptomatic, mono-infected patients (Domínguez-Márquez
et al. 2009). Interestingly, ST4 has been detected at considerable lower rates than
ST1–3 in general (Paulos et al. 2018) and schoolchildren (Reh et al. 2019) popula-
tions in different Spanish geographical regions, suggesting that ST4 may be more
pathogenic than other Blastocystis subtypes commonly seen in humans.
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Molecular Epidemiological Research in Livestock

In Spain, molecular genotyping studies have been conducted in G. duodenalis-
positive samples from cattle, sheep, and goats; these surveys revealed that assem-
blage E was the most prevalent genotype in all the species studied, ranging from 64
to 100% in cattle and sheep and 100% in goats (Castro-Hermida et al. 2006, 2007,
2011a; Cardona et al. 2015). Zoonotic assemblage B was identified in 8–35% of
sheep, whereas assemblage A sub-assemblage AI was found in 1% of goats. In cat-
tle, genetic analyses forG. duodenalis have been conducted in asymptomatic animals
including neonatal calves, heifers, and cows (Castro-Hermida et al. 2007, 2011a).
Besides assemblage E, sub-assemblage AI was also identified in 36% of cattle.

Cryptosporidium infections in cattle have a marked age-related pattern; thus,
C. parvum is more prevalent in pre-weaned calves, whereas C. bovis, C. andersoni,
and C ryanae are more frequently found in post-weaned calves, heifers, and adult
animals (Santín et al. 2008). Molecular epidemiological data from Spanish herds
confirm this trend (Castro-Hermida et al. 2007, 2011a; Quílez et al. 2008b; Cardona
et al. 2015). Calves, lambs, and goats infected with C. parvum have been demon-
strated to harbour zoonotic sub-genotypes (e.g. IIaA15G2) of the parasite and should,
therefore, considered as natural reservoirs of human cryptosporidiosis (Quílez et al.
2008a;Díaz et al. 2010). Intriguingly, feline-specificG. duodenalis assemblageGand
C. felis have been detected in cattle in northern Spain (Cardona et al. 2015).
This finding reveals that inter-species transmission of apparently host-specific
species/genotypes is possible when environmental conditions are favourable.

Overall, molecular epidemiological data from Spain were in line with those sug-
gesting that the actual role of livestock as major reservoirs for G. duodenalis and
Cryptosporidium spp. infections to humans might be much less relevant than ini-
tially anticipated (O’Handley 2007; Feng and Xiao 2011). The molecular diversity
of Blastocystis sp. carriage/infections in livestock is unknown at present.

Molecular Epidemiological Research in Companion Animals

Molecular epidemiological studies investigating the genetic diversity of G. duode-
nalis, Cryptosporidium spp., and Blastocystis sp. in domestic dogs and cats in Spain
are particularly scarce. These studies (conducted in stray, sheltered, and owned ani-
mals) showed that both G. duodenalis and Cryptosporidium infections were primar-
ily caused by canine-specific (e.g. G. duodenalis assemblages C and D, C. canis) or
feline-specific (e.g. G. duodenalis assemblage F, C. felis) genetic variants of these
parasites (Ortuño et al. 2014; de Lucio et al. 2017). However, other surveys have
demonstrated that dogs can harbour infections by potentially zoonotic G. duode-
nalis sub-assemblages AII, BIII, and BIV. However, most of these genetic variants
contained single nucleotide polymorphisms that were not present in sequences of
human origin belonging to the same sub-assemblages. Taken together, these facts
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seem to suggest that sub-assemblages AII, BIII, and BIV may be naturally circu-
lating in canine populations (Gil et al. 2017; Adell-Aledón et al. 2018; Sanchez-
Thevenet et al. 2019). Zoonotic transmission of giardiasis and cryptosporidiosis
could not been demonstrated between pet dogs and cats and their owners in northern
Spain, indicating that this kind of events should be relatively infrequent. Intriguingly
, C. hominis of unknown sub-genotype was detected in a sheltered dog in this very
same geographical region (Gil et al. 2017). Whether this finding represents a true
infection or an accidental acquisition and mechanical carriage of C. hominis oocysts
of anthroponotic origin via environmental contamination remains to be clarified in
further molecular studies. Neither companion dogs nor cats seem suitable hosts for
Blastocystis sp. (Paulos et al. 2018).

Molecular Epidemiological Research in Wildlife

Previous epidemiological studies have reported the occurrence of Giardia duode-
nalis and Cryptosporidium spp. infections in small rodents and insectivores (Torres
et al. 2000), birds (Reboredo-Fernández et al. 2015; Cano et al. 2016), ungulates
including roe deer and wild boars (Castro-Hermida et al. 2011a, b), and several
carnivore species including badgers, red foxes, genets, beech martens, otters, and
wolves (Méndez-Hermida et al. 2007; Mateo et al. 2017). Available molecular data
revealed that zoonotic G. duodenalis assemblage B was present in buzzards, quails,
and magpies (Reboredo-Fernández et al. 2015). The finding of BIV (the G. duode-
nalis sub-assemblage more prevalent in Spanish human populations) in waterfowl
may represent a public health concern, as these birds commonly nest, breed, and feed
in source waters intended for human consumption (Cano et al. 2016).

Since its naming in 2002 (Morgan-Ryan et al. 2002), C. hominis has been largely
recognized as a human-specific species. However, this notion has been challenged
by recent experimental and molecular epidemiological data demonstrating that
C. hominis is able to successfully infect a wide range of mammal species other than
human and non-human primates including cattle (e.g. Razakandrainibe et al. 2018),
sheep (e.g. Connelly et al. 2013), donkeys (Jian et al. 2016), kangaroos (Zahedi et al.
2018), and field mice (Čondlová et al. 2018), among others. In Spain, no evidence of
C. hominis infections circulating in livestock has been described yet, but C. hominis
oocysts have been identified in the intestinal tract of a domestic dog (Gil et al. 2017),
a badger (Mateo et al. 2017) and four red foxes (Montoya et al. 2019). These find-
ings may be just the consequence of passive carriage of ingested oocysts but may
also represent true infections as consequence of spill-over events of anthroponotic
C. hominis from humans to companion and wildlife (Fig. 8.1).
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Fig. 8.1 Potential transmission pathways of Cryptosporidium hominis among human, livestock,
companion, and wildlife animal species in Spain according to current molecular epidemiological
data

Molecular Epidemiological Research in Surface Waters

Giardia cysts and Cryptosporidium oocysts have been reported in up to 100% of the
surfacewaters intender for human consumption, and in 27%of tapwater frommunic-
ipalities in northern Spain with chlorination treatment only (Carmena et al. 2007).
Both parasites have also been detected in the final effluent of drinkingwater treatment
plants at concentrations of 0–4 (oo)cysts per litre in northwest Spain (Castro-Hermida
et al. 2008, 2015), and at concentrations <1 (oo)cyst per litre in north-eastern Spain
(Ramo et al. 2017). Vital staining dyes revealed that up to 95% of the (oo)cysts
identified were viable (Castro-Hermida et al. 2015). Sequence analyses allowed the
identification of a wide range of species/genotypes, includingC. hominis,C. parvum,
C. andersoni, C. ubiquitum, and C. muris within Cryptosporidium, and assemblages
A (including sub-assemblages AI and AII) and E withinG. duodenalis (Galván et al.
2014; Castro-Hermida et al. 2015). In addition, Cryptosporidium oocysts have also
been detected in 19% of public swimming pools with a maximum concentration
of 13 oocysts per litre (Gracenea et al. 2018). Considered together, these results
demonstrate that both Cryptosporidium spp. and G. duodenalis are ubiquitous in
environmental and recreative waters in Spain. This fact, together with the ineffec-
tiveness of treatments in drinking water treatment plants in eliminating/inactivating
the (oo)cysts of both protozoan species represent a perceptible risk for waterborne
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outbreaks of giardiosis and/or cryptosporidiosis, and a serious concern for the water
industry and the public health authorities responsible for assuring the safety and
quality of drinking water.

Concluding Remarks

Despite the unquestionable progress achieved in the last two decades, the epidemi-
ology of the diarrhoea-causing enteric parasites G. duodenalis, Cryptosporidium
spp., and Blastocystis sp. in Spain remain insufficiently understood. Current molec-
ular data demonstrate that the transmission of these pathogens and the factors that
determine their pathogenicity are more intricate than initially anticipated and involve
interconnected human, animal, and environmental reservoirs. The species/genotypes
involved in the infections are an important factor in determining the pathogenicity
of the infection, but it is not the only determinant in the equation. Other variables
including co-infections, host age and immune status, and microbiota abundance and
diversity are also key actors in tipping the balance between health and disease.
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Chapter 9
The Protozoome of the Periodontal
Sulcus: From Health to Disease

Julien Santi-Rocca

Abstract Periodontitis is an infectious disease that affects about half the adult pop-
ulation worldwide. While the periodontal bacterial microbiome is well described, its
non-bacterial component in health and disease needs a better characterization. Two
parasites have been identified in this environment: the amoeba Entamoeba gingi-
valis and the flagellate Trichomonas tenax. In this review, the literature about these
two parasites is discussed. The analysis of epidemiological data revealed that there
is a consistent link between each parasite and the health status of the patient, their
prevalence increasing from health to periodontitis. The role of the protozoome in the
oral ecology during the development of periodontal disease should be studied and
its importance, reconsidered.
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Introduction: The Prokaryotic Microbiome

Microbiome and Dysbiosis

The human individual bears a large number of foreign organisms, altogether forming
a biological unit interacting with the environment, known as “holobiont”. The inter-
actions between the multicellular, macroscopic host and the symbiotic unicellular
microbes, as well as the interactions between the microbes themselves, are essential
for the fitness of the holobiont. As expected, the symbiotic microbes are preferen-
tially located at the surface of the epithelial barriers, which almost exclusively delimit
the interface between the host and the environment. The mouth makes no exception
and the oral microbiome has been extensively studied at the bacterial level, with
more than 600 identified prokaryotic species (Dewhirst et al. 2010). Changes in the
composition of the oral microbiome can cause a disequilibrium, called “dysbiosis”,
and lead to several diseases, like candidiasis or periodontitis.

The Bacteriome of Periodontitis

Periodontitis leads to the destruction of the alveolar bone surrounding and supporting
the teeth, resulting in their loosening and eventually their loss. Periodontitis is not
a disease resulting from the infection of a healthy host by one pathogenic organ-
ism. In contrast, it evolves from an existing gingivitis (a gum inflammation without
tissue lysis), whose cause can be infectious (microbe colonization), or mechanical
(irritation or wound by foreign bodies like tartar or prostheses). While the trigger to
switch from a controlled gingivitis to a destructive and invasive periodontitis is still
unclear, the sulcus is sequentially colonized by bacterial species while it becomes
deeper (a periodontal pocket) and more anaerobic, until it becomes able to host the
anaerobic bacteria of the “red complex”:Porphyromonas gingivalis, Treponema den-
ticola, and Tannerella forsythia (Socransky et al. 1998). Though the importance of
these periodontopathogenic bacteria in some cases is undoubted, the abundance of
other prokaryotic organisms can be correlated to periodontitis, like Aggregatibacter
actinomycetemcomitans (Zambon et al. 1983), and depend on the age of the patient
(Feres et al. 2016). Furthermore, the microbiomes associated to periodontitis also
depend on the patient’s genetic background (Offenbacher et al. 2016). Altogether,
these conclusions remind us the need for a complete, unbiased description of the
microbiome of the healthy and diseased sulcus.
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Other Kingdoms of Life

The microorganisms are not limited to bacteria. The first microorganisms to be
observed were fungi by Robert Hooke in 1665 (Hooke et al. 1665). Then, Antonie
van Leeuwenhoek described the first protozoans in 1674 (van Leeuwenhoek 1674),
and finally bacteria in 1676 (van Leeuwenhoek 1676). These discoveries were made
possible by the technical improvements of microscopy, reaching a magnification of
250×. Thanks to new genetic and phylogenetic techniques, archaea were classified
as a separate domain of prokaryotes in 1977 (Woese and Fox 1977) and as a kingdom
in 1990 (Woese et al. 1990).

Recent evolutions in sequencing technologies allow to easily address the ques-
tion of the presence of non-bacterial organisms in the pathobiome of periodontitis.
Though parasites were detected in dental plaque very early in the modern scientific
literature (Müller 1773; Gros 1849), they have raised poor interest in the analysis of
metagenomics and metatranscriptomics data: only one metagenomic study sought
only one parasite: Entamoeba gingivalis (Deng et al. 2017). Though based on a low
number of subjects (4 patients with periodontitis, 10 healthy individuals), this study
is a breakthrough, introducing quantitative evaluation of the parasite abundance in
healthy sulci and periodontal pockets. Further research is needed to understand the
meaning of these results.

In this review, we will focus on the two protozoans that have been identified in
the mouth: the amoeba Entamoeba gingivalis and the flagellate Trichomonas tenax.

Entamoeba gingivalis

Discovery of the Species Entamoeba gingivalis

While free amoebaewere described since themiddle of the eighteenth century (Rösel
von Rosenhof 1755), the association of microorganisms with humans and, in par-
ticular, diseases, remained mainly hypothetic. Antonie van Leeuwenhoek, in several
instances in 1707–8, mentioned the presence of “animalcules” in the secretions from
patients with fever: from the deposits on the tongue and in spitted phlegms (van
Leeuwenhoek 1708). The causal link between infection and disease was accepted at
the end of the nineteenth century thanks to the works of Louis Pasteur and Robert
Koch. The observation of Entamoeba gingivalis (then “Amoeba gengivalis”) in den-
tal plaque samples byG.Gros (Fig. 9.1) did not imply a possible link between amoeba
colonization and disease (Gros 1849):

Au milieu des productions du tartre des dents, on voit des vibrions, une sorte de végétation
qui est quelque fois très régulière; mais on n’avait pas encore mentionné les vésicules que
nous avons représentées Pl. VI. C. Ces vésicules ont un mouvement si lent et si obscur qu’il
faut en être averti pour remarquer qu’elles prennent toutes les formes, par une extension
et contraction amoebéenne, laissant toujours voir à l’intérieur des globules qui semblent se
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Fig. 9.1 Amoeba gengivalis (Gros 1849), first description of Entamoeba gingivalis. Figure from
Table 6c in Gros (1849)

déplacer un peu, et être l’analogue de ce que nous connaissons chez de certains infusoires
soi-disant polygastriques. Leur origine, leur rôle et leur fin sont ignorés. Elles se trouvent
sugtout à la face interne des dents. Est-ce encore une génération spontanée?

Biology of Entamoeba gingivalis

The parasite E. gingivalis belongs to the genus Entamoeba, in which several species
are amenable to culture: fastidious and polyxenic for E. gingivalis itself, easy and
monoxenic for the non-pathogenic human-hosted E. dispar (cultured with the try-
panosomatid Crithidia fasciculata), routine and axenic for the human pathogen E.
histolytica, the reptile-borne E. invadens, and the free-living E. moshkovskii. Most of
the biology of E. gingivalis is extrapolated from observations from other members
of the genus Entamoeba and caution must be taken when concluding about its traits.

Only few conclusions about the physiology of E. gingivalis are certain, mainly
due to the incompatibility of its culture conditions with most experimental setups.
However, some observations were made by light microscopy in the dental plaque
from patients and could testify that this organism had an amoeboid motility (Gros
1849). The phagocytosis of leukocytic nuclei by E. gingivalis has been initially con-
troversial, since authors mainly extrapolated from observations they had poorly—or
not—reported (Prowazek 1904). Though dying of the samples supported the nuclear
nature of the material ingested by the amoeba (Goodey and Wellings 1917) and the
phagocytosis process was precisely described (Child 1926), the possiblemechanisms
bywhichE. gingivaliswould be able to phagocytose a specific part—the nucleus—of
the target human cells are still to be deciphered.

Morphological depictions of themouth amoebae have been countless at the begin-
ning of the twentieth century, with several morphotypes. Some authors speculated
that several species might be present in the mouth, like Entamoeba gingivalis and
Amoeba buccalis (Fig. 9.3 from Drew and Griffin (1917)). Some descriptions that
were made after culture on agar plates should be considered with caution, since they
remind features of the Naegleria genus, like transformation to flagellated or cys-
tic forms (Drew and Griffin 1917). Cysts from uncultured E. gingivalis were also
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Fig. 9.2 Trophozoite of Entamoeba gingivalis (a), trophozoite of Amoeba buccalis (b), and cysts
of Amoeba buccalis (c). Iron-haematoxylin stain. Modified from Drew and Griffin (1917)

reported 3 times (Chiavaro 1914; Smith and Barrett 1915b; Craig 1916), but were
never documented since then.

A consensus was reached in the early 1920s, that there was only one
morphologically-discernable species of E. gingivalis and that this parasite did not
produce cysts (Howitt 1925) (Fig. 9.2).

Entamoeba gingivalis and Disease

The etiological link between Entamoeba histolytica and dysentery (Lösch 1875)
paved the way for the studies of the involvement of Entamoeba gingivalis in peri-
odontitis (Kartulis 1893). Though periodontal damage was correlated to the colo-
nization by E. gingivalis (Hinshaw and Simonton 1928), periodontitis pathophysio-
genesis genesis was not convincingly mimicked in animals, in spite of experimental
attempts in various species, including in the canine model (Kofoid et al. 1929).

The reverse demonstration was attempted, by specifically killing the parasite to
cure the disease. A treatment with emetine was efficient for amoebic dysentery
(Rogers 1912). Emetine was then used against periodontitis and revealed itself to
be equally effective in getting rid of E. gingivalis and in quickly curing inflammation
and bleeding (Bass and Johns 1914; Barrett 1914a). This correlation was not a proof
per se and raised a legitimate debate about the specificity of the treatment, as later
related by Howitt (1925). Though some authors reported changes in the parasite load
but not in the bacterial flora (Sturridge 1915), this debate remained open. Finally,
this therapeutic strategy was abandoned after emetine toxicity, possibly leading to
death by heart failure after overdosage, was documented (Dale 1915; Chopra and
Ghosh 1922).

With no alternative strategies for efficient cure and no animal models, almost all
the studies about the possible link between E. gingivalis and periodontitis became



118 J. Santi-Rocca

epidemiological studies, seeking a correlation between the presence of the parasite
and the disease.

Prevalence of Entamoeba gingivalis

Since the end of the nineteenth century, reports about the prevalence of E. gingivalis
were almost unanimous about its ubiquitous character in periodontal pockets, and its
absence from healthy sulci. For instance, amoebae were perfectly correlated to the
disease in all of the 46 cases of periodontitis and of the 7 healthy individuals (Barrett
1914b; Smith and Barrett 1915a). The amoeba E. gingivalis was also detected in
95.5% (192/201) of sites of pyorrhea alveolaris, while in none of the 17 healthy
controls (Fisher 1927). In another publication, E. gingivalis was detected in 97.7%
(85/87) of patients with Riggs’ disease, but the authors also mentioned that amoebae
could be detected in inflamed sites (gingivitis), but never in healthy ones (Bass and
Johns 1914). Interestingly, another article mentioned that E. gingivalis was detected
in 20.6% (14/68) of healthy sites, in parallel to 100% of diseased sites (Chiavaro
1914), questioning the absence of the parasite in health. Finally, the prevalence of
amoebae in periodontitis patients could be as low as 78% (39/50) in a study (Sturridge
1915), revealing that, in some pyorrhea cases, E. gingivalis could not be detected.

The presence of a potential pathogen in healthy individuals and its absence in
some patients directly invalidated the first of the Koch’s postulates (1884–1890).
The main criticism—and defense—was the inaccuracy of microscopy: not sensitive
enough if the microscopist does not scan enough fields or misses some E. gingivalis
forms, not specific enough if leukocytes are confused for trophozoites, for instance,
and user-dependent. Before the development of phase contrast microscopy by Fritz
Zernike (1933) and this of differential interference contrast microscopy by Georges
Nomarski (1953), the bona fide discrimination of E. gingivalis was possible only
after staining fixed samples and visualizing its typical nucleus. The will to avoid
false positives—the main criticism—by microscopy encouraged the use of staining,
a methodology that required more technicity and implied additional steps of fixation,
staining, washing. This rendered technical biases and variability between operators
more probable.

Except few reports concerning parasites (see Table 9.1), almost all the publica-
tions about periodontitis focused on its bacteriome. Interestingly, a histology study
confirmed a link between the severity of the disease and the presence of amoebae,
though with low numbers of samples (Gottlieb and Miller 1971). Microscopy con-
firmed low prevalence of amoebae in healthy sites (from 0 to 34% in healthy mouths,
up to 81.3% in healthy sites within diseased mouths, see Table 9.1) and its high
prevalence in periodontal pockets (from 12% to 100%) (Jaskoski 1963; Keyes and
Rams 1983; Linke et al. 1989; el Azzouni and el Badry 1994; Lucht et al. 1998;
Zdero et al. 1999; Athari et al. 2007; Ghabanchi et al. 2010; Bonner et al. 2014;
Yazar et al. 2016; Hassan et al. 2019). Molecular methods like PCR (Kikuta et al.
1996; Trim et al. 2011; Bonner et al. 2014; Garcia et al. 2018a) or metagenomics
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Table 9.2 Prevalence of Entamoeba gingivalis in health, gingivitis, and periodontitis: comparison
of microscopy and PCR

Groups Methods Health Gingivitis Periodontitis

Microscopy 13.3% (35/263) 39% (151/387) 54.7% (277/506)

PCR 45.3% (68/150) 81.3% (65/80) 75.5% (151/200)

All 24.9% (103/413) 46.3% (216/467) 60.6% (428/706)

Microscopy 12.3% (±11.7%) 32.5% (±16.8%) 55.2% (±28.5%)

PCR 29.2% (±22.4%) 81.3% (±0%) 74.4% (±4.7%)

All 17.3% (±17.5%) 40.6% (±23.8%) 60% (±26.1%)

Per individual

Per article

Data for Table 9.1 were curated as explained below.Datawere treated per individual, independently
of their publication, presenting the average prevalence and (number of positive samples/total number
of samples). Then, individuals were grouped per article, meaning that the average prevalence
presented in the lower part of the table is the mean of the averages per group in each article
(±standard deviation), allowing to evaluate the reproducibility between articles
Garcia: Data specific for only ST1 and only ST2 were redundant with the total “ST1 or ST2” and
removed
Deng: Only metagenomics study. Removed
Trim: The conventional PCR was redundant, less accurate, and thus removed
Gottlieb: Only histology study. Removed
Athari: Mixed categories for the diseased. Removed
Zdero: Mixed categories for the diseased. Removed
Lucht: Data between HIV-1 positive and HIV-1 negative patients were merged
Kikuta: The PCR efficiency may have been impacted by the length of the amplicon (1.4 kb). This
is not comparable to other methods presented here and was removed
Linke: Data from the healthy samples were excluded because they were taken in diseased mouths
Jaskoski: Mixed categories for the diseased. Removed

(Deng et al. 2017) also showed the same pattern: low prevalence in health (from 0
to 54.3%) and high prevalence in periodontitis (from 6.3 to 100%).

Means from curated data (see Table 9.2) show a lower prevalence of E. gingivalis
in health (24.9%) than in periodontitis (60.6%). Taking into consideration the three
health stages and all the methods for all the subjects (“per individual”, “all meth-
ods”), there is a consistent link between the infection by E. gingivalis and health
status (Chi-square test, p < 10−3). Dispersion measures in data treated “per article”
confirm a high variability between the studies, revealed by high standard deviations.
Though prevalence seems higher with PCR than with microscopy, the difference is
not significant, and these results cannot be properly compared. Indeed, the meth-
ods are very variable: microscopy can be with live or fixed material, the number of
scanned fields is not indicated, the density of the sample is not homogeneous between
users. For the PCR, the three studies included in the Table 9.2 used different primers:
the genetically diverse E. gingivalis (Cembranelli et al. 2013) has been classified in
two subtypes (Garcia et al. 2018b) and the sets of primers have different specificities
for ST1 and ST2 (Zaffino et al. 2019). Microscopy should overcome this issue, since
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these subtypes seem to be morphologically identical, notwithstanding the risk of
false positives with leukocytes already mentioned. Interestingly, the metagenomics
study identified E. gingivalis in 60% of healthy individuals, but in lower abundance
as compared to periodontitis (Deng et al. 2017). This may explain why, according to
the PCR sensitivity, the results vary so much, in particular in healthy individuals.

Concluding Remarks About E. gingivalis

The parasite E. gingivalis has been at the interface of clinical and scientific research
for 170 years and is undoubtedly linked to periodontitis. However, almost nothing
is known about the biology of the parasite, and its place in the oral microbiome
is still questioned by clinicians and scientists. Interestingly, a part of the literature
has been long ignored and experimental studies, in particular epidemiological ones,
are redundant and always lead to the same conclusion: the parasite is correlated to
the disease. Still, most results cannot be compared, and there is an urgent need to
standardize methodologies and to adopt the same definition for the disease, like the
universal classification of staging and grading of periodontitis (Tonetti et al. 2018).
Finally, the role of E. gingivalis in periodontitis will be better understood when
functional studies about the parasite in culture and in the infectious context will be
possible.

Trichomonas tenax

Discovery of the Species Trichomonas tenax

Thefirstwritten description ofTrichomonas tenaxwas done byOtto FriedrichMüller,
from dental plaque, who named it “Cercaria tenax” (Müller 1773):

Membranous Cercaria, well-defined and somewhat more solid anterior part, rear-end three
times as short. Substantially bigger thanMonas lens. Transparent, inverted egg-shapedmem-
brane with a neat and strong front; it ends as a sharp at its posterior extremity or in a very
short tail. No internal apparatus. Moves in all the directions with quick turns […] In infusion
of tooth dirt within four days. (translation from Latin by the author)

This description was completed in 1786 by drawings of the parasite (Fig. 9.3 from
Müller (1786)). The current genus name was given by Steinberg in 1862 (reported
in Dobell (1939)), sharing similarities with the pathogen of the feminine sexual tract
Trichomonas vaginalis (Donné 1836). However, it was then believed that several
species were present in the mouth. Finally, the species was unified under the current
binomial name proposed by Dobell in 1939 (Dobell 1939).

For complete information about the history of research about T. tenax, please
consult the following reviews (Kofoid et al. 1929; Dobell 1939; Pardi et al. 2002).
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Fig. 9.3 Cercaria tenax
(Müller 1786), reproduction
by Dobell (1939). Can be
appreciated the “stronger
front” (a) and the “small
tail” (b)

Biology and Pathogenicity of Trichomonas tenax

Since its axenic cultivation in 1962 (Diamond 1962), the parasite T. tenax was as
amenable for studies as the model T. vaginalis. However, only few studies were
directly made with the oral parasites, and, as for E. gingivalis, most of what we think
we know about this parasite is just an extrapolation from its cousin from the feminine
sexual tract.

The parasite of the mouth is present in the dental sulcus, surrounded by other
microorganisms and in possible contact with the human epithelium. Interestingly, it
harbours a fibronectin-like molecule at its surface that may promote adherence to
the microbiome and to the host cells (Ribaux et al. 1983). Upon interaction with
targets, T. tenax has possible weapons to kill them: proteases (Bozner and Demes
1991a, b; Yamamoto et al. 2000; El Sibaei et al. 2012) and hemolysins (Nagao
et al. 2000). However, pathogenicity has been long debated and the challenge of T.
tenax with some types of target cells (cultures HeLa or Hep-2 cells) resulted, in the
corresponding experimental conditions, to undetectable to very low adherence and
cytotoxicity (Alderete and Pearlman 1984; Alderete and Garza 1985). However, T.
tenax adhered and was cytotoxic towards HeLa and other types of cells (Ribeiro et al.
2015). Differences could be explained by differences in experimental setups and loss
of virulence according to culture conditions for some parasite isolates (Santi-Rocca
et al. 2008).

Interestingly, no cyst forms were identified except in one report (Bensen 1910),
with important consequences for the transmission mode of the parasite.

Prevalence of Trichomonas tenax

The prevalence of T. tenax in health in disease was recently reviewed in a systematic
fashion (Marty et al. 2017). To compare results from the studies in the last 20 years,
we chose publications reporting T. tenax prevalence in adult populations, with a
control group (Table 9.3). Detection was made either by culture (Pardi et al. 2002;
Kurnatowska et al. 2004; Bernaola Paredes et al. 2012), by microscopy (Mahdi and
al-Saeed 1993; Zdero et al. 1999; Athari et al. 2007; Ghabanchi et al. 2010; Al-
hamiary et al. 2011; Ibrahim and Abbas 2012; Al-Khayat 2016; Bisson et al. 2018),
or by PCR (Athari et al. 2007; Mehr et al. 2015; Bracamonte-Wolf et al. 2019). The
prevalence ranged from 0 to 20% in health, from 0 to 56.9% in gingivitis, and from 6
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Table 9.4 Prevalence of Trichomonas tenax in health, gingivitis, and periodontitis: comparison of
microscopy and PCR

Groups Methods Health Gingivitis Periodontitis

Culture 12% (10/83) 0% (0/10) 37.6% (82/218)

Microscopy 3.4% (26/764) 23.4% (75/321) 16.2% (72/445)

PCR 3.8% (8/212) 17.1% (24/140) 41.8% (51/122)

All 4.2% (44/1059) 21% (99/471) 26.1% (205/785)

Culture 10.2% (±6.8%) 0% (±0%) 36.1% (±4.6%)

Microscopy 5.5% (±6.9%) 33.7% (±17.6%) 19.8% (±14.1%)

PCR 5.7% (±3.9%) 24.6% (±10.4%) 45.6% (±18%)

All 6.5% (±6.7%) 25% (±18.3%) 31.3% (±17.5%)

Per individual

Per article

Data for Table 9.3 were curated as explained below. Data were treated like for Table 9.2
The studybymicroscopy fromAthari and colleagues, and this ofZdero and colleagueswere removed
because the data did not allow to differentiate gingivitis from periodontitis patients

to 70% in periodontitis. The sum-up Table 9.4 with curated data shows that the same
trend is for all the methods: the prevalence of T. tenax is higher in periodontitis than
in health. Taking into consideration the three health stages and all the methods for
all the subjects (“per individual”, “all methods”), there is a consistent link between
the infection by T. tenax and health status (Chi-square test, p < 10−3). Finally, the
analysis “per article” is only indicative for it is based on very low number of papers
for PCR and culture.

Concluding Remarks About Trichomonas tenax

While the etiological link between T. tenax and periodontitis is still to be proven, a
correlation exists between the disease and the presence of the parasite. There is also
an association between some clones of T. tenax and the severity of the periodontitis
in the same geographical area (Benabdelkader et al. 2019). Considering that, in
diseased sites, tooth mobility, accumulation of plaque, and clinical attachment loss
are correlated to the presence of T. tenax (Bisson et al. 2018), the hypotheses about
a possible saprophytic way of life of the parasite in the sulcus or in the periodontal
pocket are poorly supported by the current literature.
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Discussion

Other Non-bacterial Entities

The possible link between archaea and periodontitis has already been discussed
recently (Nguyen-Hieu et al. 2013; Perez-Chaparro et al. 2014) and very few data are
available since then. In a study, archaea accounted for 0.22% of the total microbiome
(Deng et al. 2017), questioning their relevance in the etiology of periodontitis, even
if they are correlated. However, organisms in low abundance could modulate or even
orchestrate changes in the oral microbiome, and such “keystone pathogen” could be
of major importance for the evolution towards disease (Hajishengallis et al. 2011).

Fungi are frequently carried in the healthy and the diseased: they make part of
the mouth microbiome and have an impact on oral health (a comprehensive review
(Sardi et al. 2010)). Even though their role in periodontitis may not be direct, they
should be included in microbiome studies.

Viruses can be key actors of the pathobiome: they can modulate host responses,
permeability of epithelia, and infect bacteria. For instance, viruses from the Redon-
doviridae study were associated to periodontitis and their abundance is decreased
with treatment (Pinto et al. 2016). Herpes viruses, potent immune-modulator and
triggering tissue damage, are also correlated to the disease (Binshabaib et al. 2018).
Finally, bacteriophages are of special interest for periodontitis (Pinto et al. 2016):
while they can enhance the virulence of the bacteria they infect (Ly et al. 2014), they
also bring hope for future therapeutic developments.

The Importance of Dark Matter

Among the most accurate methods for diagnosis, the ones based on next-generation
sequencing, like metagenomics, allow the fine quantification of sequences that are
characteristic of taxonomic entities. The success of the strategy depends on the
databases that are used to identify sequences, sensitivity, on the depth of sequencing,
and specificity, on the informatic treatment. Unfortunately, it is often impossible to
assign a sequence to an organism (and to a gene), despite colossal efforts to update
databases: it can account for around half the sequences (Deng et al. 2017). This
“dark matter” can bear essential information (virtually half the information of the
experiment) and its treatment in the future with appropriate methods will open new
perspectives.
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Part of the Same Pathobiome?

The parasitesE. gingivalis and T. tenax can be found in the same periodontal pockets,
which are in general sampled with a probe, a curette, or a paper point. They may not
live in a very close vicinity, but samples are mixed. Nevertheless, both protozoans
may be anaerobic or microaerophilic and thus share the same ecological niches. Data
about their biology will shed new light on their possible interactions and competition
or cooperation in the periodontal pocket.

Strikingly, the prevalence of these parasites is not the same in health and disease,
respectively: 4.2% and 26.1% for T. tenax, 17.3% and 60% for E. gingivalis. Biases
can be responsible for these differences, or it may be of biological relevance. Indeed,
these parasites may not be part of the same pathobiomes: they may be present in
different places (niches), at different times (stage of the disease) or in a different
context (interacting entities, microbiome, host characteristics). Future studies will
address these questions by conserving the original 3D structure of the subgingival
biofilm (Mark Welch et al. 2016) and will thus offer a new view of the periodontal
pocket environment.

To conclude,E. gingivalis andT. tenax are suspected of being important organisms
of the periodontal pathobiome, active in the evolution towards periodontal disease,
though in different ways. The scientific reports about the correlation of their pres-
ence or abundance in the microbiome and periodontal diseases are accumulating
since more than a century. However, they have benefited until now from a certain
“presumption of innocence”, resulting from a wrong interpretation: since the formal
proof of their etiological link with the pathogenesis was not provided, they were
considered saprophytic and not a priority. In contrast, there is no scientific evidence
proving they are commensal. Conclusions should be supported by scientific proofs
and further research is the only way to get out of this status quo.

Acknowledgements Thanks are due to Dr. David Martin for the revision of the manuscript.
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Chapter 10
Tritrichomonas spp. and Their Impact
on Gut Immune Homeostasis

Eric Yixiao Cao and Arthur Mortha

Abstract The intestinal microbiota, the collection of all microorganisms residing
in our gastrointestinal tract, provides a plethora of microbial diversity. Bacteria,
viruses, fungi, worms and protozoa are the primary microorganisms comprising our
microbiota. These microbes include representative species capable of both causing
severe harm or symbiotic benefits to their host. In relation, the host immune system
has evolved complex detection systems to identifymembers of eachmicrobial faction
and interpret their harmful or peaceful capabilities. As a consequence, our immune
system mounts appropriate responses to either eliminate or tolerate members of our
microbiota. Protozoa are an underappreciated kingdom within our microbiota and
the interactions of these microbes with our immune system remain understudied.
Several recent reports have demonstrated that the presence of Tritrichomonas spp. in
the intestinal tract ofmice andmen facilitates novel interactionswith our host immune
system. Within this chapter, we are summarizing the most recent knowledge on how
Tritrichomonads, as a newly emerging group of intestinal protozoan commensals,
shape and communicate with our intestinal immune system.

Keywords Eukaryome ·Microbiome · ILC2 · Tritrichomonas · T. mu · T. muris ·
Tuft cells

The Gut Microbiome, A Multi-faceted Ecosystem

Accumulating reports demonstrate that fungi, worms, viruses and protozoa are addi-
tional phylogenetic taxa of our intestinal microbiota (Belkaid and Hand 2014; Filyk
and Osborne 2016; Li et al. 2019). Studies in animal models and patients have high-
lighted the impact of these microbes on the body’s physiology (Gilbert et al. 2018).
The advancements in microbial research revealed unexpected involvements of these
microbes reaching beyond the intestinal tract, inducing systemic effects on organ
development, immunity, metabolism, physical fitness, mental health, intelligence
and behaviour (Hernandez et al. 2016; Dinan and Cryan 2017; Maruvada et al. 2017;
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Gould et al. 2018). Each taxon of microbes brings uniquely evolved genomes, able to
adapt in response to changing environmental stimuli, including nutrient availability,
niche occupancy and additional selective pressures. Characterizing how these ele-
ments interplay is fundamental in understanding host-microbe and microbe-microbe
interactions. The vast majority of the biomass within our microbiota is composed of
bacteria averaging a genome size of 3.65Mb (diCenzo andFinan 2017). Interestingly,
genetic diversity could easily be altered through colonization of the intestinal tract
via a single protozoan species (average genome size 160 Mb), nematodes (average
genome size 40–700 Mb) or fungi (average genome size 9–177 Mb) (Mohanta and
Bae 2015; Benchimol et al. 2017; International Helminth Genomes 2019). By itself,
colonizationwith a single non-bacterial species can provide a 50–200 fold increase in
surplus genetic material. In consideration of the variety in encoded genes, metabolic
and biochemical processes, enrichment of the bacterial microbiome by single rep-
resentatives of eukaryotic species will significantly impact the intestinal microbial
ecosystem. Advancements in experimental procedures and analysis of genetic infor-
mation at high-resolutions help progress our understanding of the mechanisms uti-
lized by members of distinct microbial taxa that influence each other and the host’s
physiology. While our understanding of the microbiome has excelled over the last
decade, additional questions concerning host-microbe and microbe-microbe interac-
tions remain unanswered. In particular, uncovering complex microbe-microbe inter-
actions that alter host immune responses bare the potential to leave a high impact on
our understanding of health and disease. Neglected and understudied non-bacterial
microbes are rapidly entering the center stage of these emerging studies.

Protozoa are a Part of the Intestinal Microbiota

Protozoa are a class of unicellular eukaryotes that contain prominent pathogenic
members (e.g.Giardia, Toxoplasma, andCryptopsporidium). While these pathogens
are well characterized, far less is known about commensal, symbiotic protozoa.Blas-
tocystis, Entamoeba and Trichomonads are considered “commensal-like” protozoa
that can been found in the stool of healthy individuals or asymptomatic during disease
(Embree 1998; Parfrey et al. 2014). Interestingly, the analysis of mice across spe-
cific pathogen-free (SPF) animal facilities revealed the prevalence of several Tritri-
chomonas spp. with asymptomatic colonization, similar to reports in human patients
(Chudnovskiy et al. 2016). Recent literature has acknowledged a higher frequency
of these seemingly “harmless” commensals in developing countries and moderate
occurrence in closed communities across the developed world (i.e., daycare centers
and retirement homes), suggesting a significant presence of protozoan commensals
within our microbiome (Chudnovskiy et al. 2016). Trichomonads not only colo-
nize mice and humans, but have been identified in the intestinal tracts of dogs, cats,
birds and cows, where colonization occurs via the fecal-oral route through contami-
nated surfaces or food (Maritz et al. 2014). An exception to intestinal Trichomonads
is the sexually transmitted pathogenic species Tritrichomonas vaginalis in humans
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preferentially colonizing the urogenital tract (Conrad et al. 2013). Zoonotic trans-
mission of Tritrichomonas spp. between distinct hosts (e.g. dogs/cats/cows/birds to
humans) has additionally been elucidated to, raising the question of host-specificity
and pathogenic evolution across interspecies transmission (Maritz et al. 2014).

Morphologically, Tritrichomonads are unicellular, flagellated and highly motile
organisms of 5–10 μm in size. The primary energy metabolism for Tritrichomon-
ads is achieved using the hydrogenosome, an organelle that serves as an alternative
to the mitochondria (Johnson et al. 1993). While pathogenic members exist within
this family (e.g. Tritrichomonas vaginalis), reports have associated intestinal Pen-
tatrichomonas hominis colonization with enteric diseases and other less classified
Trichomonads as opportunistic pathogens (Okamoto et al. 1998; Zalonis et al. 2011;
Suzuki et al. 2016). However, the general classification of Trichomonads as true
pathogens remains under debate, while current notions favors the classification of
Tritrichomonas spp. as commensal pathobionts.

Dientamoeba fragilis (D. fragilis) is one of the closest human relatives to murine
Tritrichomonas spp. characterized as an intestinal commensal that shares genetic
homology to the recently identified murine species Tritrichomonas musculis (T. mu)
(Chudnovskiy et al. 2016; Stark et al. 2016). D. fragilis is occasionally associated
with intestinal symptoms and its distribution has beenwidely reported amonghumans
(frequency of ~10%) (Chudnovskiy et al. 2016; Stark et al. 2016). Our findings in
mice suggests that T. mu colonization occurs at similar, or even higher frequencies
across animal facilities in Europe andNorthAmerica. In linewith these observations,
our analysis of “wild” pet-store mice, resembling the microbiome of “natural” mice,
demonstrates that 100% of all analyzed mice were colonized with Tritrichomonas
spp. (Mortha unpublished data). This suggests that Tritrichomonas spp. are perma-
nent and asymptomatic inhabitants of the mouse intestinal tract and could potentially
facilitate host regulation as a component of the microbiome.

Host-Microbe Interactions

The intestinal microbiota influences the physiology of our body. A dominant method
of host-microbe engagement occurs through the recognition of microbial-derived
ligands by host pattern-recognition receptors capable of differentiating between bac-
teria, fungi, protozoa, worms and viruses (Takeuchi and Akira 2010). Bacteria utilize
biochemical pathways to generate metabolites that are mutualistic in supporting bac-
terial metabolism and dampening host inflammatory responses. A prominent exam-
ple involves short chain fatty acids (SCFA), produced by intestinal members of the
Clostridiales group (Rooks and Garrett 2016). These SCFAs drive the differentia-
tion of regulatory T helper cells (Tregs), a critical immunosuppressive lymphocyte
subset that strikes immune balance by preventing proinflammatory activity (Smith
et al. 2013). Release of bacterial by-products or direct contact of luminal bacteria
with the underlying intestinal epithelium initiate the activation of gut-resident innate
immune cells that triggers the release of the cytokine interleukin(IL)-22 by group
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3 innate lymphoid cells (ILC3) and Retinoic acid-related Orphan Receptor γ (t)
(RORγt)-expressing T cells (Sanos et al. 2009). IL-22 in turn signals through the
epithelial-expressed IL-22 receptor and initiates the post-translational modification
of epithelial-expressed glycoproteins (Goto et al. 2014). The availability of glyco-
sylated proteins on the luminal site of the gut epithelium serve as potential nutrient
resource for microbes and foster host-microbe commensalism (Pickard et al. 2014).
Intriguingly, the competition for nutrients inside the intestinal tract may addition-
ally be a regulator for microbial gene expression. For example, gene expression in
T. vaginalis has been reported to show significant adaptations within aerobic culture
conditions in comparison to their physiological anaerobic niche. Changes in glucose
alterations induced an approximate 30% change in T. vaginalis transcriptional activ-
itywhile iron-deprivation influenced 5%of the expressed genes.Tritrichomonas spp.,
much like bacteria, are capable of generating host modulatory metabolites. Through
using their 520 kDa hydrogenosome protein-complex, Tritrichomonas spp. produces
Adenosine Tri-Phosphate (ATP) from anaerobic fermentation of pyruvate via the
reduction of Ferredoxin (Hrdy et al. 2004; Gould et al. 2013). More recent reports
suggest that intestinal Tritrichomonas spp. inmice increase the accessibility of succi-
nate from dietary fibres (Burrows et al. 2019). ATP and succinate, once released into
the extracellular space serve as nutrients for microbes. These metabolites addition-
ally activate the host epithelium and immune cells via the NLRP3 inflammasome,
or through taste receptors engagement in myeloid and on Tuft cells respectively
(Nadjsombati et al. 2018) (Fig. 10.1). The release of the inflammatory cytokines
IL-1 and IL-18, as well as IL-25 were found to be elevated in the intestine of mice
colonized with Tritrichomonas spp., suggesting the contribution of Tritrichomonads
to the direct activation of these pathways or indirect modulation through the inter-
actions with the bacterial microbiome (Chudnovskiy et al. 2016; Howitt et al. 2016)
(Fig. 10.1).

Collectively, these reports suggest an intimate interplay of protozoa, bacteria
and the host immune system within the intestinal ecosystem. While several reports
demonstrated thatT. vaginalis is capable of activating urogenital tract immunity, anal-
ysis of intestinal commensal protozoa and their interactions with the host immune
system remain limited (Gu et al. 2016). Below, we discuss recent reports highlighting
the immune modulatory capacities of murine enteric commensal Tritrichomonads.

Tritrichomonas spp. Regulate Intestinal Innate Type 2
Immune Responses

The analysis of the intestinal tract revealed significant changes following Tritri-
chomonas colonization. An increase in goblet cell hyperplasia, epithelial prolifera-
tion, cell death and elevated numbers of DCLK1-expressing Tuft cells were reported
in mice colonized with T. muris and T. mu (Chudnovskiy et al. 2016; Escalante
et al. 2016; Howitt et al. 2016) (Fig. 10.1). Goblet cell expansion, a consequence
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Fig. 10.1 Tritrichomonas spp.—mediated intestinal mucosal immune modulation

of ILC2-derived IL-13 stimulation of the epithelium is initiated through the engage-
ment of taste receptors on Tuft cells (Howitt et al. 2016; Schneider et al. 2018)
(Fig. 10.1). Tritrichomonas spp. or enteric helminths engage the Tuft cell-specific
succinate receptor (GPR91) leading to activation of the cation channel TRPM5 on
Tuft cells leading to the release of IL-25 (Howitt et al. 2016; Schneider et al. 2018)
(Fig. 10.1). IL-25 stimulates the IL-25 receptor on ILC2 and leads to an increase
in ILC2 numbers and a boost in ILC2-derived cytokine production. ILC2-derived
cytokines IL-5 and IL-13 increased in mice colonized with Tritrichomonas spp. and
promote Tuft cell and Goblet cell differentiation via the IL-13—STAT6 pathway
(Chudnovskiy et al. 2016; Nadjsombati et al. 2018; Schneider et al. 2018). These
findings were coupled to a prominent role for the E3-Ubiquitin ligase A20, that
negatively regulates ILC2 proliferation and cytokine production downstream of the
IL-25R (Schneider et al. 2018). In the absence of A20, higher counts of Tuft cells
were observed alongside a significant elongation of the small intestine due to an
uncoupled activation of ILC2 (Schneider et al. 2018). Here, the elongation of the
intestinal tract may be the result of direct activation of intestinal epithelial stem cells
by IL-13 (Zhu et al. 2019).

Dietary metabolites acetone and succinate released by the microbiota engage
the GPR91 on Tuft cells and are potent triggers of ILC2 proliferation and cytokine
production, which occurs upstream of the A20-mediated inhibition of ILC2s (Nadj-
sombati et al. 2018; Schneider et al. 2018). A report analyzing GPR91-deficient mice
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demonstrated that Tritrichomonas rainier, a related species to T. mu and T. muris,
initiated GPR91-dependent Tuft cell-ILC2 regulation via IL-25 (Nadjsombati et al.
2018). Strikingly, the authors provided evidence that succinate-mediated activation
of Tuft cells by protozoa-colonization triggered a unique activation pathway for Tuft
cell-ILC2 crosstalk that was important for anti-helminth responses (Nadjsombati
et al. 2018). A more recent study identified the TAS2R family of taste receptors
on Tuft cells as mediators of IL-25 release when engaged by Trichinella secreted
compounds. This mechanism required interactions with TRPM5 and was counter-
balanced by inhibitors of G-protein activity and the inositol triphosphate receptor
type 2 (Lei et al. 2018). While TAS2Rs showed specific upregulation upon stimula-
tion with Trichinella spiralis-derived immunogens, the data collectively suggested
cross-kingdom sensory potential by epithelial Tuft cells (Lei et al. 2018). Reactiv-
ity to immunogens produced by different kingdoms of enteric microbes including
bacteria, protozoa, or helminths can activate the Tuft cell-ILC2 circuit in a taste
receptor-dependent manner, triggering host immune alterations and disease exacer-
bation during microbial infections. However, to extend our limited understanding of
the mechanisms exerting these effects further experimental validation is required.

The underappreciated prevalence of species homologous toT.mu that colonize the
human gastrointestinal tract, such as Pentatrichomonas hominis and Dientamoeba
fragilis, can have implications on the development and severity of humandisease. The
expansion and release of inflammatory ILC2 (iILC2) from the intestines critically
requires Tuft cell-released IL-25, which functions through a S1P-dependent manner
(Huang et al. 2018). Therefore, a protozoan-stimulated Tuft cell-ILC2 circuit propa-
gated by IL-25, might promote systemic dissemination of ILC2s. The long-term con-
sequence of these newly distributed ILC2s in tissues is currently unknown, but studies
suggest they could retain a persistent epigenetically-poisedmemory that would allow
rapid and robust responses to antigen re-challenge (Schneider et al. 2019).While gut-
derived ILC2s do exhibit plasticity and could revert to a non-inflammatory state over
time, commensal protozoan colonization was discovered to be chronic during the
host’s lifetime and therefore could continuously seed distal tissues with newly gen-
erated iILC2s (Chudnovskiy et al. 2016; Burrows et al. 2019). The result of ILC2
expansion permits an increased availability in local cytokines. IL-13, as previously
mentioned, promotes stem cell expansion which leads to epithelial and goblet cell
differentiation. IL-5, another ILC2-released cytokine mediates the recruitment of
eosinophils and promotes their activation and survival (Mortha and Burrows 2018).
Although protozoan colonization is dualistic in nature by exerting both homeostatic
regulation or enteric complications in animal models, it is unknown if colonization
may be a contributing factor to human chronic inflammatory conditions and enteric
autoimmune disorders such as inflammatory bowel disease.

The microbiota is an established regulator of host immunity with distal effects
on tissue immunity influenced by healthy and dysbiotic intestinal microbial com-
position. Although multiple enteric Tritrichomonas spp. have been identified and
reported in quick succession, little to no knowledge on their phylogenetic relation-
ships or functional heterogeneity complicates our ability to interpret their contri-
bution to microbiome diversity and host physiology, and highlighting a gap in our
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understanding of host-microbiome and trans-kingdom interactions (Chudnovskiy
et al. 2016; Escalante et al. 2016; Nadjsombati et al. 2018). Future studies should
focus on elucidating the full diversity of human commensal protozoan commensals.

In essence, ILC2s remain a keydriver of systemic type 2 immunity. The diversity in
their development, functional specialization and tissue localization makes these cells
pliable moderators for innate immunity. Looking forward, the unique involvement
of ILC2s in response to pathogen-driven Tuft cell activation could make them an
attractive target for new therapeutic intervention.

Tritrichomonas spp. Shape the Colonic Type 1 and Type 3
Immunity

Innate immune cells bridge the recognition of microbes to the activation of the adap-
tive immune system.Aprimary example involves the recognitionofmicrobes through
innate pattern recognition receptors, in which subsequent activation of the inflamma-
some supports CD4+ T helper (Th) differentiation (Takeuchi and Akira 2010). The
clearance of Toxoplasma gondii, a pathogenic intracellular protist was reported to
activate the Nlrp1 and Nlrp3 inflammasome for their elimination (Gorfu et al. 2014).
Elevated IL-1 and IL-18 production by colonic macrophages and epithelial cells is a
feature ofmice colonizedwith T. mu (Chudnovskiy et al. 2016; Escalante et al. 2016).
Both IL-1 and IL-18 require the activation of the inflammasome for their release and
processing into a biologically active form (Chan and Schroder 2019).Moreover, IL-1
is a prominent cytokine that boosts Th17 cell activation, while IL-18 preferentially
supports the differentiation of Th1 cells and production of interferon-gamma (IFN-γ)
(Okamura et al. 1995; Zielinski et al. 2012) (Fig. 10.1). Analyzing the colonic Th
cell compartment in mice colonized with T. mu or T. muris revealed elevated levels
of IFN-γ and IL-17 producing Th1 and Th17 cells, arising within 7–14 days post-
colonization. Interestingly, Th1 and Th17 cells remained activated over the course
of the animal’s life (Chudnovskiy et al. 2016; Escalante et al. 2016). Dendritic cells
(DC) including Batf3-dependent cDC1 and Irf4-dependent cDC2 are key migratory
sentinels of the intestinal tract and central in determining the effector program of
naïve CD4+ T cells in tissue draining lymph nodes (Merad et al. 2013). Both DC
subsets are specialized in promoting either Th1 (cDC1) or Th17 (cDC2) cell differ-
entiation (Bogunovic et al. 2012). Following colonization with Tritrichomonas spp.,
cDC1 and cDC2 numbers decreased in the lamina propria of the colon, suggesting a
possible increase inDCmigration to the colon-draining lymph node through aNFκB-
dependent upregulation of the chemokine receptor CCR7 onDCs (Chudnovskiy et al.
2016). Conclusively, deficiency in either cDC1, cDC2 or CCR7 eliminated the dif-
ferentiation of Th1, Th17 or both Th cell subsets T. mu colonization (Chudnovskiy
et al. 2016) (Fig. 10.1). The major effector functions executed by Th1 and Th17 cells
involve the secretion of IFN-γ and IL-17. These cytokines activate macrophages and
neutrophils, elevate their release of TNF and contribute to increased anti-microbial
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immunity, rendering Tritrichomonas spp. colonized mice resistant to infections by
enteric pathogen Salmonella (Chudnovskiy et al. 2016). However, elevated numbers
of Th1 and Th17 cells are also found during intestinal autoimmune inflammation.
Using the T cell transfer model of colitis in mice, either free-of, or colonized with
T. mu or T. muris, reveal that protozoan colonization can result in an exacerbated
intestinal autoimmune pathology in the absence of immunosuppressive regulatory T
cells and B cells (Chudnovskiy et al. 2016; Escalante et al. 2016). However, Tritri-
chomonas colonization in mice competent in a regulatory T cell compartment, did
not develop Th1 andTh17 cell-mediated intestinal autoimmunity (Chudnovskiy et al.
2016; Escalante et al. 2016).

Tritrichomonas Musculis Shapes the Peripheral B Cell
Response

Th17 and lymph node-resident T follicular helper (Tfh) cells are involved in the
regulation of mucosal B cells. These T cells drive the terminal differentiation of B
cells towards plasma cells that can secrete up to 2–3 g of Immunoglobulin (Ig)A per
day into the intestinal lumen of humans. The production of IgA occurs through the
B cell-intrinsic process denoted as Class Switch Recombination (CSR) (Muramatsu
et al. 2000; Stavnezer et al. Stavnezer et al. 2008; Bemark et al. 2012). During CSR, a
selected constant-region segment of the antibody heavy chain (IgH locus) is targeted
by the enzyme Activation-induced Cytidine Deaminase (AID). AID deamination
initiates double-stranded DNA breaks to allow splicing of the IgA alpha constant
region (Cα) to a successfully re-arrangedVDJ segment, resulting in isotype-switched
IgA transcripts (Muramatsu et al. 2000; Stavnezer et al. 2008; Bemark et al. 2012).
The initiation of CSR is primarily driven by signals from helper T cells (T-dependent,
Td) but can also be facilitated in the absence of T cells, through T cell-independent
(Ti), soluble factors, released by surrounding tissue or immune cells (Cerutti 2008).
During Ti CSR, various molecules such as reactive oxygen species (ROS), retinoic
acid (RA), tumor necrosis factor alpha (TNFα), transforming growth factor beta
(TGFβ), IL-5, IL-6, IL-21, B-cell activating factor (BAFF) and A proliferation-
inducing ligand (APRIL) directly or indirectly increase the chromatin accessibility
of the IgA locus to promote IgA isotype switching (Tezuka et al. 2011). Within mice,
intestinal Ti events partially rely on the peritoneal B-1-cell subset and do not require
organized lymphoid tissues or germinal center reactions. Conversely, Td events occur
through interactions with CD4+ Tfh cells that regulate the production of IgA. Here
Tfh cells that express CD40L engage the CD40 receptor on B cells (Tezuka et al.
2011; Boulianne et al. 2013). This T cell-B cell interaction is coupled to antigen
display by Follicular Dendritic Cells (FDC), providing a template that promotes the
selection of high-affinity germinal-center (GC) B cells to ultimately differentiate
into long-lived memory B cells or antibody secreting plasma cells (Muramatsu et al.
2000; Stavnezer et al. 2008; Bemark et al. 2012).
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Germ-free animals secrete virtually no IgA into the intestinal lumen. Upon col-
onization with gut microbes, IgA-CSR is induced and IgA will be secreted into the
gut lumen, enhancing the mucus barrier and regulating the proliferation, biofilm for-
mation and neutralization of microbes (Macpherson and Slack 2007). Interestingly,
colonization of the intestinal tractwithT.mu, led to elevated levels of IgA in the serum
and the fecalmatter (Chudnovskiy et al. 2016).Although plasma cells are required for
the release of IgA into the gut lumen, they have also been shown to produce immune
modulatory cytokines such as IL-10 (Fillatreau et al. 2002). In addition, plasma cells
generated in the intestinal tract were reported to be able to exit the intestinal lam-
ina propria and migrate to peripheral tissue including the brain (Rojas et al. 2019).
The Tritrichomonas-initiated expansion and migration of plasma cells to the brain
attenuates disease severity in Experimental Autoimmune Encephalomyelitis (EAE),
a mouse model for multiple sclerosis (Rojas et al. 2019). T. mu colonization of mice
suffering from EAE resulted in reduced cerebral inflammation and demyelination of
neurons, indicating Tritrichomonas musculis as an intestinal commensal capable of
protecting against neuroinflammatory autoimmunity.

Collectively, Tritrichomonas spp. unlike their pathogenic protozoan relatives,
show signs of symbiosis, similar to commensal microbes that primarily seed the
intestinal tract for lifelong colonization. Tritrichomonas colonization can potentially
provide critical advantages for the host. First, the activation of the epithelium can
increase the release of mucins to enforce mucus barrier integrity. Second, elevated
levels of activated innate immune cells and Th cells can prime the local gut immune
system for improved responses against enteric pathogens. Third, Tritrichomonas spp.
can incite locally activated immune suppressive cells to migrate from the intestine
to the brain and protect against autoimmunity. While these effects resemble a clear
advantage to animals colonizedwithTritrichomonas spp., damaging effects can occur
whenTritrichomonas spp. colonization supports uncontrolledTh cell activation in the
absence of sufficient immune suppression. Instances of pathogenic Tritrichomonas
spp. have been reported in the development of intestinal inflammation in cats and
in humans. While these observations reflect a duality in Tritrichomonas spp. nature,
more research regarding the heterogeneity of Tritrichomonas spp., their interactions
with the microbiome and immune system is required to fully grasp the breadth of
commensal protozoan impact on the host immune system.

Colonization by Tritrichomonas spp. has multiple impacts on the composition
and function of the microbiota and immune system. Elevated levels of luminal suc-
cinate are recognized by Tuft cell receptors, leading to the production of IL-25 and
the release of IL-5 and IL-13 by activated ILC2s. IL-5 facilitates the survival and
recruitment of eosinophils, while IL-13 acts on intestinal epithelial stem cells and
facilitate their differentiation into goblet cells. Tritrichomonas leads to an increase in
epithelial death and inflammasome activation. Bioactive IL-1 and IL-18 processed
by inflammasome-driven caspase activity mediates cDC1 and cDC2 migration into
the mesenteric lymph nodes to prime the differentiation of naïve T cells into Th1 and
Th17 effector subsets. Th1 and Th17 cells release IFNγ and IL-17 which promote
the differentiation of monocytes into TNF-producing macrophages and the increase
neutrophil recruitment. Through the priming of TFH cells, Tritrichomonas spp. could
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mediate intestinal plasma cell differentiation and class-switch recombination into
the IgA isotype. In turn, IgA antibodies could modulate the composition of the
microbiota. Lastly, expansion and induction of immune regulatory plasma cells that
contribute peripheral immune suppression, suggesting a broader role for intestinal
Tritrichomonas spp. in modulating host immunity.
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Chapter 11
Contribution of Host Immunity
to the Development of Entamoeba
histolytica-Induced Liver Abscess

Julie Sellau and Hanna Lotter

Abstract Amebic liver abscess (ALA) is a focal destruction of the liver tissue due to
infection with the protozoan parasite Entamoeba histolytica (E. histolytica). So far,
it is generally accepted that pathogenicity factors of the parasite contribute to tissue
damage. However, epidemiological studies as well as data that evolve from respec-
tive murine models suggest a contribution of host factors as well. Independent from
the infection rates, men have a higher risk to develop ALA compared to women. The
mouse model for ALA exhibits the same sex difference and based on this model,
we found that IFNγ provided by Natural Killer T cells confers the female resis-
tance towards ALA. This specific immune response is clearly modulated by andro-
gens. Hence, female mice which were substituted with testosterone develop larger
abscesses and are less able to control E. histolytica viability in the liver compared
to males. In male mice, on the other side, an enhanced CCL2-dependent recruitment
of inflammatory Ly6Chi monocytes via the IL-23/IL-17 immune pathological axis
is responsible for tissue destruction during ALA development. Furthermore, TNFα,
that exhibits a pivotal role in cytotoxicity, is an effector molecule also responsible
for increased liver damage in this case. Interestingly, in human asymptomatically
infected with E. histolytica, men exhibit higher CCL2 serum levels compared to
women, suggesting a similar mechanism to mice underlying the immune response
to the parasite. Indeed, there are a variety of phenotypical similarities within the
inflammatory monocyte subsets between humans and mice including sex-dependent
differences in the expression of the surface receptor for CCL2 as well as a male bias
in the production of specific cytokines involved in the recruitment of innate immune
cells. In summary, we assume that the host immune response is considerably involved
in liver tissue damage due to the strong reactivity of inflammatory monocytes, which
is significantly more distinct in male individuals.
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Abbreviations

ALA Amebic liver abscess
E. histolytica Entamoeba histolytica
IFNγ Interferon gamma
TNFα Tumor necrosis factor alpha
CCL2 C-C chemokine ligand 2
Ly6C Lymphocyte antigen 6 complex
IL-23 Interleukin 23
IL-17 Interleukin 17
αGalCer αGalactosylceramide

Introduction

Humans are the only natural host for E. histolytica. An infection occurs with the oral
ingestion of environmentally resistant form of the parasite (cysts) via contaminated
food or water. In the small intestine, motile trophozoites of E. histolytica emerge
from these cysts, multiply and usually colonize the large intestine without inducing
any symptoms. In only 10% of the cases (Blessmann et al. 2003), tissue invasion and
spread of the pathogen occur. Tissue invasion leads to ulcerative hemorrhagic colitis,
one of the main symptoms of invasive amebiasis. In case of a further spread via the
bloodstream, abscesses may develop in various organs, but mainly in the liver. So
far, signals that are responsible to trigger the transition from the asymptomatic stage
to the invasive form are not completely understood. On the one side, E. histolytica
possesses a variety of pathogenicity factors that enables tissue destruction, includ-
ing amoeba pores and cysteine peptidases (Leippe 1997; Bruchhaus et al. 2003).
Overexpression of various cysteine peptidases in low pathogenic amebic cell clones
increased their ability to induce amebic liver abscesses ALA in the murine model
for this disease (Matthiesen 2013). Along with the previous observation, chemical
inhibition of theses virulence factors reduced liver damage upon infection (Stanley
et al. 1995). Most recently, new pathogenicity factors of E. histolytica affecting liver
pathology were identified which include metallopeptidases, C2 domain proteins,
alcohol dehydrogenases and hypothetical proteins (Meyer et al. 2016). However,
on the other side, epidemiological studies and health surveys suggest that host fac-
tors contribute to the development of ALA as well. Unlike the amebic colitis and
despite similar infection rates in the study groups, a clear bias in the occurrence
of ALA towards male individuals could have been observed (Blessmann et al. 2003;
Acuna-Soto et al. 2000). Most interestingly, the risk to develop ALA increases in
males after puberty with a peak incidence around the age of 40 years and declines
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afterwards, In women, ALAs are less frequent and are distributed equally among the
different age groups with slight increase in elderly women (Blessmann et al. 2003).
This distribution of the occurrence of ALA implicates that two factors, the hormone
status of the host and the immune system,which is influenced by sex hormones (Kadel
and Kovats 2018), are probably involved in the hepatic form of invasive amebiasis,
apart from the pathogenicity factors of the ameba.

Sex Differences in the Immune Response During Amebiasis

In addition to behavioral, genetic, and hormonal factors, differences in the abundance
and activation of various types of immune cells could explain some of the observed
sexual dimorphisms in infectious diseases (Klein 2004; Markle and Fish 2014). Sex-
specific differences in immune responses of men and women could underlie the
higher susceptibility of the male sex towards infectious diseases caused by bacteria,
viruses and parasites, e.g., tuberculosis, hepatitis B, leishmaniasis and amebiasis
(Klein and Flanagan 2016). By contrast, women exhibit more vigorous humoral and
cellular immune responses, with the beneficial aspect of a better responsiveness to
foreign antigens like vaccines (Klein and Pekosz 2014) but combined with a higher
risk for cell-mediated autoimmune diseases (Markle and Fish 2014).

Amebiasis is a prototypical example for a sex-biased disease and initial data sup-
port the thesis that women exhibit a stronger humoral immune response that might
protect them from the invasive form of the disease (Bernin et al. 2014). Immuno-
logical variables from male and female ALA patients, asymptomatic carrier and E.
dispar-infected endemic residents included Entamoeba-specific IgG and the various
IgG subclasses, along with IgA. The humoral immune responses to E. histolytica
showed that the patients with ALA had the highest anti-E. histolytica IgG antibody
titers. Asymptomatically infected females, however, had significantly higher anti-E.
histolytica total IgG and IgG1 levels than males. This was also found in female ALA
patients, however, due to the low number of ALA cases inwomen, this result revealed
in no significance (Bernin et al. 2014).

IgG1 is known to be a strong complement activator through binding of the com-
plement factor to C1q. The complement system is a major part of the host innate
immune defense mechanism against E. histolytica trophozoites, which are highly
sensitive to complement-mediated lysis (Reed and Gigli 1990). More recently it was
shown that serum from women kills E. histolytica trophozoites significantly more
efficiently than serum from men, and that the mechanisms involve complement-
mediated amebic lysis (Snow et al. 2008; Forster et al. 1994; Urban et al. 1996).
Another IgG1-relatedmechanism that may promoteE. histolytica trophozoite killing
is that cells of the innate immune system, e.g. monocytes, macrophages, neutrophils
and dendritic cells bear high affinity receptors for IgG1 (and IgG3), which leads to the
expression of inducible nitric oxide synthase (iNOS) and thus to an increased cyto-
toxicity against amoebic trophozoites (Spiegelberg 1989; Seguin et al. 1997). This
would suggest that subclinical invasion exist continuously in both women and men,
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but is controlled in women by a stronger humoral IgG immune response, thereby
inhibiting the development of ALA at an early stage.

Another relevant immunological cell type may prevent ALA in female individu-
als at an early stage, which comprises the non-conventional T cells, especially the
invariant Natural Killer T (NKT) cells. These cells bridge the innate and adaptive
immune response, recognizing lipids and glycolipids and being early producers of
cytokines in response to infection. Furthermore, these cells are highly abundant in
the liver (Tupin et al. 2007; Godfrey et al. 2010).

In human, stimulated peripheral blood, with the NKT-ligand α-
Galactosylceramide (αGalCer) revealed in a higher expression of inflammatory
cytokines, such as TNFα and IL-17 by female-derived NKT cells. (Bernin et al.
2016). Additionally, women exhibit higher NKT cell counts in the peripheral blood
compared to men (Sandberg et al. 2003). Our group identified a natural NKT cell
ligand in the membrane of E. histolytica trophozoites indicating that the parasite
can indeed activate these cells (Lotter et al. 2009). Stimulation of murine liver-
derived NKT cells with this glycolipid, the E. histolytica lipopeptidophosphoglycan
(EhLPPG), resulted in an increased production of protective IFNγ, but not IL-4
in NKT cells (Lotter et al. 2009). The importance of NKT cells for the control of
ALA in vivo was previously shown by the use of Jα18 knock-out mutant mice,
which lack iNKT cells and were more susceptible to ALA development (Lotter
et al. 2006). In addition, application of the most potent and specific NKT cell
activator, αGalCer reduced the sizes of ALA significantly (Lotter et al. 2009).
Similarly, murine models for other infectious diseases like malaria, cryptococcosis
or trypanosomiasis have shown that a single αGalCer-treatment stimulated IFNγ

production by iNKT cells and reduced the respective pathogen load (Mattner et al.
2005; Gonzalez-Aseguinolaza et al. 2000; Duthie and Kahn 2002) (Fig. 11.1).

Fig. 11.1 Age and sex dependency in the occurrence of amebic liver abscess in human (Blessmann
et al. 2002) (a) and mice (Lotter et al. 2006) (b)
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Influence of Sex Hormones on the Outcome of ALA
in the Murine Model

Since invasive amebiasis is only present in humans, attempts to study immune mech-
anisms underlying the observed sex difference in ALA was hampered by the lack of
suitable, immunocompetent animal models. Several rodent species have been suc-
cessfully used as models to study the development of ALA in the past. Although
amebic liver lesions, that resemble those found in humans, could be provoked by
direct inoculation of E. histolytica trophozoites into the livers or the peritoneum
of rabbits, Syrian hamsters, or Mongolian gerbils, respectively (Gil-Barbosa et al.
1972; Roncolato et al. 2015; Chadee and Meerovitch 1984), these models showed
substantial limitations. The use of a variety of immunodeficient mouse strains, such
as SCID mice, IFNγ- and iNOS knock-out mice revealed in part the contribution of
polymorphonuclear leukocytes for the development of ALA since they were found
to massively infiltrate the abscess region at early time points after infection (Seydel
et al. 1997). In addition, it was found that ALA development was strongly controlled
by IFNγ and the production of amebicidal NO (Seydel et al. 2000) which had been
shown to be the major effector molecule in the killing of amebic trophozoites in vitro
(Lin and Chadee 1992). The first successful liver lesions in mice mentioned, demon-
strated a contribution of innate immune cells, e.g. neutrophils and macrophages, but
here, no sex differenceswere not found or analyzed yet (Velazquez et al. 1998; Jarillo-
Luna et al. 2000). Attempt to induce considerable abscess lesions upon intrahepatic
injection of trophozoites in female C57BL/6 mice, we used their male counterparts
as well as an amebic strain which had recently been passaged via the gerbil liver.
Most surprisingly, male mice now developed reliable and large abscesses that were
larger than those obtained in females and moreover, we found that they were less
able to control the parasite load compared to female mice. However, in contrast to
human, these mice were able to control the liver lesions within 30 days p.i. (Lotter
et al. 2006). Basic immunological analysis of spleen derived lymphocytes isolated
during the course of infection already revealed a significantly higher production
of protective IFNγ by female-derived splenocytes compared to those isolated from
male mice. Vice versa, a non-protective IL-4 production was higher in male-derived
splenocytes compared to female derived splenocytes. This model now allowed us
to analyze the influence of sex hormones on the outcome of ALA and underlying
immune mechanisms. Initially, mice were castrated or female mice were substituted
with the opposite sex hormone testosterone (Lotter et al. 2013). These experiments
revealed a dominant role for testosterone on the outcome of ALA. Male mice or
testosterone substituted female mice developed larger abscesses with higher parasite
loads in the liver compared to castrated male mice and female mice (Lotter et al.
2013).

Since previous investigations have shown that NKT cells are critical in the control
of amebic liver abscess development, and can be induced by the amebic glycolipid
EhLPPG, we assessed whether these cells were activated to produce protective IFNγ

in a sex specific manner. Without any hormone substitution, female derived liver
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NKT cells produced higher amounts of IFNγ compared to liver NKT cells isolated
from male mice which is in line with earlier investigations, demonstrating higher
serum levels of IFNγ following administration of αGalCer in female mice compared
to male mice (Gourdy et al. 2005). Substitution of female mice with testosterone
reduced the production of IFNγ in liver NKT cells from female mice as well as
castration of male mice led to an increase in the IFNγ production by liver NKT cells.
However, studies on NKT cells from human ALA patients are needed to confirm the
results obtained by these experiments in the murine model. More particularly, the
frequency of NKT cells in the liver is higher in mice compared to humans and Kenna
and colleagues postulated that NKT cells from humans and mice are phenotypically
and functionally different from another (Subleski and Ortaldo 2009; Kenna 2003).

Immunopathological Mechanisms Underlying ALA
Development

In contrast to females, male individuals in general show a higher susceptibility to
infectious diseases, and especially to parasitic diseases due to a more suppressive
effect upon testosterone binding to its receptors on immune cells (Klein 2004;Roberts
et al. 2001; Bouman et al. 2004; Gubbels Bupp and Jorgensen 2018).

This has been shown for cells of the adaptive immune system, by repressing the
pro-inflammatory immunity of T helper cells in inhibiting the production of IL-12
as well as leading to lower numbers of CD8+ T cells (Klein and Flanagan 2016;
Kissick et al. 2014). Moreover, we could show that testosterone treatment specif-
ically reduced the production of pro-inflammatory cytokines, e.g. IFNγ by NKT
cells in the murine model for ALA (Lotter et al. 2013). The stimulation of periph-
eral NKT cells from humans with amebic antigens led also to an increased IFNγ

release in female derived-samples (Bernin et al. 2016). However, there is one major
exception of this overall accepted paradigm, which refers to male-derived mono-
cytes. Stimulation of monocytes from men leads to an increase in the production of
pro-inflammatory cytokines IL-12, TNFα and IL-1β compared to monocytes from
female individuals (Markle and Fish 2014; Klein and Flanagan 2016; Bouman et al.
2004; Gubbels Bupp and Jorgensen 2018). Monocytes are within the first wave of
the immune response towards infections or injury and are crucial in the control of
microorganisms, however, if these cells are not properly controlled, they are able
to destroy the host tissue (Nathan 2006; Laskin et al. 2011). In contrast to NKT
cells, monocytes share large similarities in human and mice. Murine monocytes are
characterized by the expression of the surface markers CD11b and Ly6C and can be
further subdivided into a classical, inflammatory Ly6Chi and a non-classical, anti-
inflammatory Ly6Clo subpopulation (Guilliams et al. 2014; Ziegler-Heitbrock et al.
2010). Based on the expression of CD14 and CD16, three monocyte subpopulations
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Fig. 11.2 Serum levels of CCL2 in endemic controls and E. histolytica infected individuals out
of an amebiasis endemic area stratified by the sex of the host (Bernin et al. 2014) (a). Increase in
CCL2 mRNA accumulation in the liver of male mice during ALA (Helk et al. 2013) (b)

are present humans: classical CD14+CD16−, intermediate CD14+CD16+, and non-
classical CD14−CD16+ monocytes. In humans and mice, the expression of C-C
chemokine receptor 2 (CCR2) and the chemokine receptor CX3CR1 allows a further
subdivision of these monocyte subsets (Zimmermann et al. 2012). Especially rele-
vant for the recruitment of classical monocytes is the expression of CCR2. Binding
of CCR2 to its ligand CCL2 is a requirement for the recruitment of CCR2+ classical
monocytes to the site of infection (Shi and Pamer 2011; Patel et al. 2017; Serbina
and Pamer 2006). A previous study has shown that ALA patients, as well as asymp-
tomatically infected patients with E. histolytica develop high serum levels of CCL2.
However, following stratification of the groups by sex revealed significant higher
levels of CCL2 in men compared to women (Bernin et al. 2014) (Fig. 11.2).

Together with the reports of higher circulating monocyte numbers in men
(Bouman et al. 2005), one can suggest that male individuals have a higher pre-
disposition to develop monocyte-mediated immunopathology compared to women
and indeed, a variety of infection studies in murine infection models using CCR2
knock-out mice revealed a detrimental effect for classical monocytes (Bosschaerts
et al. 2010; Terrazas et al. 2017; Dunlap et al. 2018; Gurczynski et al. 2019). The
CCR2/CCL2 axis was found to play a deleterious role in the murine model of amebi-
asis, which is clearly influenced by a male-bias (Helk et al. 2013). CCR2 knock-out
mice showed reduced numbers of circulating and liver infiltrating classical inflam-
matory Ly6Chi monocytes and developed significantly smaller liver lesions com-
pared to wildtype C57BL/6 mice. Accordingly, the substitution of CCR2 knock-out
mice with classical monocytes from wildtype mice via adoptive transfer restored the
liver pathology after intrahepatic infectionwithE. histolytica trophozoites. However,
liver destruction is not only due to the amebic invasion, but mainly dependent on
monocytes, neutrophils and liver resident macrophages (Kupffer cells). Depletion of
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neutrophils using the neutralizing monoclonal antibody Ly6G diminished abscess
lesions to the half, whereas the depletion of Kupffer cell by clodronate treatment
led to a complete inhibition of abscess development. Kupffer cells are the main pro-
ducers of NO in the liver and play a relevant role for organ infiltrating monocytes
since they provide an inflammatory milieu upon E. histolytica invasion and lead to
a further polarization to inflammatory monocytes (Geissmann et al. 2003). Substan-
tial amebicidial effects are not only due to NO, as referred above, but also TNFα

is considered to exert potent cytotoxic activity (Uversky et al. 2017). In the murine
ALA model, depletion of TNFα resulted again in a considerable reduction of ALA
lesions supporting its immunopathological role in the context of E. histolytica liver
infection (Helk et al. 2013).

Finally, the question for the signaling cascade underlying the CCL2-dependent
recruitment and activation of monocytes remains open. Upstream of the chemokines
and effectors which are crucial for the liver damage by E. histolytica is the IL-23/IL-
17 immune axis. This immune axis is on the one hand involved in the host protection
from microbial pathogens but can be on the other hand responsible for the immune
mediated pathology (Gaffen et al. 2014). By this, IL-23 mediates and stabilizes the
Th17 immune response via the IL-17 familymembers IL-17Aand IL-17F (Paust et al.
2009). IL-17 production promotes inflammation but also migration and infiltration
of monocytes at the site of infection through its induction of CCL2 (Chen et al. 2011;
Shahrara et al. 2009; Yang et al. 2008). Indeed, we found an increased expression of
IL-23 and IL-17 mRNA within hours post intrahepatic infection with E. histolytica
and vice versa, respective cytokine knock-out mutant mice upstream of CCL2 were
largely resistant to the development of ALA (Noll et al. 2016). Most interestingly, in
IL-23 knock-out mutant mice there were no differences in the percentage of Ly6Chi

monocytes or neutrophils between wildtype mice and knock-out mice but instead an
increase in tissue-repairing Ly6Clo monocytes that produced the anti-inflammatory
cytokine IL-13 and arginase 1. As recently shown, the transition of early recruited
inflammatory monocytes into regenerative and anti-inflammatory monocytes occurs
very fast under certain conditions and depends on the degree of inflammation and
the local cytokine milieu (Dal-Secco et al. 2015) (Fig. 11.3).

Taken together, the fact that hepatic amebiasis occurs in a strict sex-dependent
manner suggests that not only the parasite, but also host factors contribute to the
damage of the liver tissue. To understand immunological mechanisms underlying
the female resistance and the male susceptibility both sexes need to be investigated
in parallel, as possible accompanied by human samples.

So far, we conclude that the female resistance is mediated by NKT cell-dependent
production of pro-inflammatory, amebicidal cytokine like IFNγ leading to an
increased NO production by macrophages. Male individuals suffer from a mis-
balanced increased recruitment of inflammatory, tissue-destroying monocytes. The
immune responses in men as well as in women due to E. histolytica-induced abscess
development is mainly dependent on the sex hormones, especially the presence or
the absence of testosterone.
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Fig. 11.3 Immune mechanisms underlying the sex dimorphism in hepatic amebiasis. In male mice,
infection with E. histolytica initiates a pathological IL-23/IL-17 immune axis which in terms leads
to the production of CCL2 by various cell types and egress of Ly6Chi inflammatory monocytes from
the bone marrow. Monocytes recruited to the site of infection encounter a pro-inflammatory milieu
leading to their polarization towards inflammatory M1 macrophages and TNFα-mediated tissue
damage. In female mice, protective IFNg-produced by liver NKT cells activates NO-production by
macrophages leading to the early control of E. histolytica survival

Acknowledgements This work was supported by the German Research Foundation within Collab-
orative Research Centre 841 and by the State Research Funding Hamburg, LFF-FV45, Hamburg,
Germany.

References

Blessmann, J., et al. (2003). Longitudinal study of intestinal Entamoeba histolytica infections in
asymptomatic adult carriers. Journal of Clinical Microbiology, 41, 4745–4750.

Leippe, M. (1997). Amoebapores. Parasitology Today (Personal ed), 13, 178–183.
Bruchhaus, I., Loftus, B. J., Hall, N., & Tannich, E. (2003). The intestinal protozoan parasite
Entamoeba histolytica contains 20 cysteine protease genes, of which only a small subset is
expressed during in vitro cultivation. Eukaryotic Cell, 2, 501–509.

Matthiesen, J., et al. (2013). Overexpression of specific cysteine peptidases confers pathogenicity
to a nonpathogenic Entamoeba histolytica clone.MBio, 4.

Stanley, S. L., Jr., Zhang, T., Rubin, D., & Li, E. (1995). Role of the Entamoeba histolytica cysteine
proteinase in amebic liver abscess formation in severe combined immunodeficient mice. Infection
and Immunity, 63, 1587–1590.

Meyer, M., et al. (2016). Overexpression of differentially expressed genes identified in non-
pathogenic and pathogenic Entamoeba histolytica clones allow identification of new pathogenic-
ity factors involved in amoebic liver abscess formation. PLoS Pathogens, 12, e1005853.

Acuna-Soto, R., Maguire, J. H., & Wirth, D. F. (2000). Gender distribution in asymptomatic and
invasive amebiasis. The American Journal of Gastroenterology, 95, 1277–1283.

Kadel, S., & Kovats, S. (2018). Sex hormones regulate innate immune cells and promote sex
differences in respiratory virus infection. Frontiers in Immunology, 9, 1653.

Klein, S. L. (2004). Hormonal and immunologicalmechanismsmediating sex differences in parasite
infection. Parasite Immunology, 26, 247–264.



156 J. Sellau and H. Lotter

Markle, J. G., & Fish, E. N. (2014). SeXXmatters in immunity. Trends in Immunology, 35, 97–104.
Klein, S. L., & Flanagan, K. L. (2016). Sex differences in immune responses. Nature Reviews
Immunology, 16, 626–638.

Klein, S. L., &Pekosz, A. (2014). Sex-based biology and the rational design of influenza vaccination
strategies. The Journal of Infectious Diseases, 209(Suppl 3), S114–S119.

Bernin, H., et al. (2014). Immunemarkers characteristic for asymptomatically infected and diseased
Entamoeba histolytica individuals and their relation to sex. BMC Infectious Diseases, 14, 621.

Reed, S. L., & Gigli, I. (1990). Lysis of complement-sensitive Entamoeba histolytica by activated
terminal complement components. Initiation of complement activation by an extracellular neutral
cysteine proteinase. The Journal of Clinical Investigation, 86, 1815–1822.

Snow, M., Chen, M., Guo, J., Atkinson, J., & Stanley, S. L., Jr. (2008). Differences in complement-
mediated killing of Entamoeba histolytica between men and women—An explanation for the
increased susceptibility ofmen to invasive amebiasis?TheAmerican Journal of TropicalMedicine
and Hygiene, 78, 922–923.

Forster, B., Ebert, F., & Horstmann, R. D. (1994). Complement sensitivity of Entamoeba histolytica
and various nonpathogenic amoeba species. Tropical Medicine and Parasitology, 45, 355–356.

Urban, B., Blasig, C., Forster, B., Hamelmann, C., & Horstmann, R. D. (1996). Putative ser-
ine/threonine protein kinase expressed in complement-resistant forms of Entamoeba histolytica.
Molecular and Biochemical Parasitology, 80, 171–178.

Spiegelberg, H. L. (1989). Biological role of different antibody classes. International Archives of
Allergy and Immunology, 90(Suppl. 1), 22–27.

Seguin,R.,Mann,B. J.,Keller,K.,&Chadee,K. (1997). The tumor necrosis factor alpha-stimulating
regionof galactose-inhibitable lectin ofEntamoebahistolytica activates gamma interferon-primed
macrophages for amebicidal activity mediated by nitric oxide. Infection and Immunity, 65, 2522–
2527.

Tupin, E., Kinjo, Y., & Kronenberg, M. (2007). The unique role of natural killer T cells in the
response to microorganisms. Nature Reviews Microbiology, 5, 405–417.

Godfrey, D. I., Stankovic, S., & Baxter, A. G. (2010). Raising the NKT cell family. Nature
Immunology, 11, 197–206.

Bernin, H., Fehling, H., Marggraff, C., Tannich, E., & Lotter, H. (2016). The cytokine profile of
human NKT cells and PBMCs is dependent on donor sex and stimulus. Medical Microbiology
and Immunology, 205, 321–332.

Sandberg, J. K., Bhardwaj, N., & Nixon, D. F. (2003). Dominant effector memory characteris-
tics, capacity for dynamic adaptive expansion, and sex bias in the innate Valpha24 NKT cell
compartment. European Journal of Immunology, 33, 588–596.

Lotter, H., et al. (2009). Natural killer T cells activated by a lipopeptidophosphoglycan from Enta-
moeba histolytica are critically important to control amebic liver abscess. PLoS Pathogens, 5,
e1000434.

Lotter, H., Jacobs, T., Gaworski, I., & Tannich, E. (2006). Sexual dimorphism in the control of
amebic liver abscess in a mouse model of disease. Infection and Immunity, 74, 118–124.

Mattner, J., et al. (2005). Exogenous and endogenous glycolipid antigens activate NKT cells during
microbial infections. Nature, 434, 525–529.

Gonzalez-Aseguinolaza, G., et al. (2000). alpha -galactosylceramide-activated Valpha 14 natural
killer T cells mediate protection against murine malaria. Proceedings of the National Academy
of Sciences of the United States of America, 97, 8461–8466.

Duthie, M. S., & Kahn, S. J. (2002). Treatment with alpha-galactosylceramide before Trypanosoma
cruzi infection provides protection or induces failure to thrive. Journal of Immunology (Baltimore,
Md: 1950), 168, 5778–5785.

Blessmann, J., et al. (2002). Epidemiology of amebiasis in a region of high incidence of amebic
liver abscess in central Vietnam. The American Journal of Tropical Medicine and Hygiene, 66,
578–583.

Gil-Barbosa, M., Fastag de Shor, A., De la Torre, M., & Villegas-Gonzalez, J. (1972). Sequence of
amebic hepatic lesions in the rabbit. Archives of Medical Research (Mex), 2(Suppl. 2), 349–354.



11 Contribution of Host Immunity to the Development … 157

Roncolato, E. C., Teixeira, J. E., Barbosa, J. E., Zambelli Ramalho, L. N., & Huston, C. D.
(2015). Immunization with the Entamoeba histolytica surface metalloprotease EhMSP-1 protects
hamsters from amebic liver abscess. Infection and Immunity, 83, 713–720.

Chadee, K., & Meerovitch, E. (1984). The pathogenesis of experimentally induced amebic liver
abscess in the gerbil (Meriones unguiculatus). The American Journal of Pathology, 117, 71–80.

Seydel, K. B., Zhang, T., & Stanley, S. L., Jr. (1997). Neutrophils play a critical role in early
resistance to amebic liver abscesses in severe combined immunodeficient mice. Infection and
Immunity, 65, 3951–3953.

Seydel, K. B., Smith, S. J., & Stanley, S. L., Jr. (2000). Innate immunity to amebic liver abscess
is dependent on gamma interferon and nitric oxide in a murine model of disease. Infection and
Immunity, 68, 400–402.

Lin, J. Y., & Chadee, K. (1992). Macrophage cytotoxicity against Entamoeba histolytica tropho-
zoites ismediated by nitric oxide fromL-arginine. Journal of Immunology (Baltimore,Md: 1950),
148, 3999–4005.

Velazquez, C., Shibayama-Salas, M., Aguirre-Garcia, J., Tsutsumi, V., & Calderon, J. (1998). Role
of neutrophils in innate resistance to Entamoeba histolytica liver infection in mice. Parasite
Immunology, 20, 255–262.

Jarillo-Luna, R. A., Campos-Rodriguez, R., & Tsutsumi, V. (2000). Participation of neutrophils,
macrophages, and endothelial cells in the amebic liver lesion in the mouse. Archives of Medical
Research, 31, S101–S103.

Lotter, H., et al. (2013). Testosterone increases susceptibility to amebic liver abscess in mice and
mediates inhibition of IFNgamma secretion in natural killer T cells. PLoS ONE, 8, e55694.

Gourdy, P., et al. (2005). Relevance of sexual dimorphism to regulatory T cells: Estradiol promotes
IFN-gamma production by invariant natural killer T cells. Blood, 105, 2415–2420.

Subleski, J. J., & Ortaldo, J. R. (2009). Editorial: NKT cells: To suppress or not to suppress, that is
the question. Journal of Leukocyte Biology, 86, 751–752.

Kenna, T., et al. (2003). NKT cells from normal and tumor-bearing human livers are phenotypically
and functionally distinct from murine NKT cells. Journal of Immunology (Baltimore, Md: 1950),
171, 1775–1779.

Roberts, C. W., Walker, W., & Alexander, J. (2001). Sex-associated hormones and immunity to
protozoan parasites. Clinical Microbiology Reviews, 14, 476–488.

Bouman, A., Schipper, M., Heineman, M. J., & Faas, M. M. (2004). Gender difference in the non-
specific and specific immune response in humans.American Journal of Reproductive Immunology
(New York, NY: 1989), 52, 19–26.

Gubbels Bupp,M. R., & Jorgensen, T. N. (2018). Androgen-induced immunosuppression.Frontiers
in Immunology, 9, 794.

Kissick, H. T., et al. (2014). Androgens alter T-cell immunity by inhibiting T-helper 1 differentiation.
Proceedings of the National Academy of Sciences, 111, 9887.

Nathan, C. (2006). Neutrophils and immunity: Challenges and opportunities. Nature Reviews
Immunology, 6, 173–182.

Laskin, D. L., Sunil, V. R., Gardner, C. R., & Laskin, J. D. (2011). Macrophages and tissue injury:
Agents of defense or destruction? Annual Review of Pharmacology and Toxicology, 51, 267–288.

Guilliams, M., et al. (2014). Dendritic cells, monocytes and macrophages: A unified nomenclature
based on ontogeny. Nature Reviews Immunology, 14, 571–578.

Ziegler-Heitbrock, L., et al. (2010). Nomenclature of monocytes and dendritic cells in blood. Blood,
116, e74–e80.

Zimmermann,H., Trautwein, C.,&Tacke, F. (2012). Functional role ofmonocytes andmacrophages
for the inflammatory response in acute liver injury. Frontiers in Physiology 3.

Shi, C., & Pamer, E. G. (2011). Monocyte recruitment during infection and inflammation. Nature
Reviews Immunology, 11, 762–774.

Patel, A. A., et al. (2017). The fate and lifespan of human monocyte subsets in steady state and
systemic inflammation. The Journal of Experimental Medicine, 214, 1913–1923.



158 J. Sellau and H. Lotter

Serbina, N. V., & Pamer, E. G. (2006). Monocyte emigration from bone marrow during bacterial
infection requires signals mediated by chemokine receptor CCR2. Nature Immunology, 7, 311–
317.

Helk, E., et al. (2013). TNFalpha-mediated liver destruction byKupffer cells and Ly6Chimonocytes
during Entamoeba histolytica infection. PLoS Pathogens, 9, e1003096.

Bouman, A., Heineman, M. J., & Faas, M. M. (2005). Sex hormones and the immune response in
humans. Human Reproduction Update, 11, 411–423.

Bosschaerts, T., et al. (2010). Tip-DC development during parasitic infection is regulated by IL-10
and requires CCL2/CCR2, IFN-gamma and MyD88 signaling. PLoS Pathogens, 6, e1001045.

Terrazas, C., et al. (2017). Ly6C(hi) inflammatory monocytes promote susceptibility to Leishmania
donovani infection. Scientific Reports, 7, 14693.

Dunlap, M. D., et al. (2018). A novel role for C-C motif chemokine receptor 2 during infection with
hypervirulent Mycobacterium tuberculosis. Mucosal Immunology, 11, 1727–1742.

Gurczynski, S. J., et al. (2019). CCR2 mediates increased susceptibility to post-H1N1 bacterial
pneumonia by limiting dendritic cell induction of IL-17. Mucosal Immunology, 12, 518–530.

Geissmann, F., Jung, S., & Littman, D. R. (2003). Blood monocytes consist of two principal subsets
with distinct migratory properties. Immunity, 19, 71–82.

Uversky, V. N., et al. (2017). Functionality of intrinsic disorder in tumor necrosis factor-alpha and
its receptors. FEBS Journal, 284, 3589–3618.

Gaffen, S. L., Jain, R., Garg, A. V., & Cua, D. J. (2014). The IL-23-IL-17 immune axis: From
mechanisms to therapeutic testing. Nature Reviews Immunology, 14, 585–600.

Paust, H. J., et al. (2009). The IL-23/Th17 axis contributes to renal injury in experimental
glomerulonephritis. Journal of the American Society of Nephrology, 20, 969–979.

Chen, K., et al. (2011). IL-17RA is required for CCL2 expression, macrophage recruitment, and
emphysema in response to cigarette smoke. PLoS ONE, 6, e20333.

Shahrara, S., Pickens, S. R., Dorfleutner, A., & Pope, R. M. (2009). IL-17 induces monocyte
migration in rheumatoid arthritis. Journal of Immunology (Baltimore, Md: 1950), 182, 3884–
3891.

Yang, X. O., et al. (2008). Regulation of inflammatory responses by IL-17F. The Journal of
Experimental Medicine, 205, 1063–1075.

Noll, J., et al. (2016). IL-23 prevents IL-13-dependent tissue repair associated with Ly6C(lo) mono-
cytes in Entamoeba histolytica-induced liver damage. Journal of Hepatology, 64, 1147–1157.

Dal-Secco, D., et al. (2015). A dynamic spectrum of monocytes arising from the in situ reprogram-
ming of CCR2+ monocytes at a site of sterile injury. The Journal of Experimental Medicine, 212,
447–456.



Chapter 12
Oxidative Stress and Heat Stress
in Experimental Amoebic Liver Abscess
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Abstract Several species belonging to theGenusEntamoeba can colonize themouth
or the human gut; however, only Entamoeba histolytica is pathogenic to the host,
causing amoebiasis. This illness leads to one hundred thousand deaths per yearworld-
wide, affecting mainly underdeveloped countries in areas with poor sanitary condi-
tions. Throughout its life cycle or during the invasion of human tissues, the parasite
is constantly subjected to stress conditions. In in vitro culture, this microaerophilic
parasite can tolerate up to 50 μM oxygen concentrations; however, during invasion
the parasite has to cope with the higher oxygen content found in the blood and well
perfused tissues (60–130 μM) and with reactive oxygen and nitrogen species (ROS
and NOS, respectively) derived from both the host (as a first line of defense against
the infection) and from the oxygen and nitrogen detoxification systems within the
parasite. Furthermore, notwithstanding that host body temperatures (36.5–39 °C)
observed during amoebic liver infection affect amoebic growth in culture (~50%
survival); during tissue invasion the parasite adapts to this stress and proliferates.
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In the present work, we analyzed the possible mechanisms by which E. histolyt-
ica resists the physiological stressors present during the host tissue invasion. It is
also discussed that during the experimental amoebic liver abscess development in
hamsters, several adaptation stages are occurring, including a host liver metabolic
reprograming that creates a reductive environment that favors amoebic survival.

Keywords Entamoeba histolytica · Pathogenicity · Oxidative stress · Heat shock

Introduction

The human large intestine usually harbors several amoebic species, however only E.
histolytica is able to invade the gut mucosa and cause tissue damage. The pathogenic-
ity of E. histolytica has been attributed to increased levels in a concerted action
of several functions such as, proteolysis, cytotoxicity, complement resistance and
inflammation (Mirelman et al. 2000; Marie and Petri 2014); if some of them are
diminished or missing, virulence is impaired. The higher levels of such functions in
E. histolytica are in comparisonwith those observed in other amoebae such as the non
pathogenic species E. dispar or the non virulent strain E. histolytica Rahman, that
are able to perform all these functions but at lower extents. Other functions essential
for amoebic pathogenicity are resistance to oxidative and heat stresses as well as an
efficient stress repairing system held by the heat shock protein (HSP) family (Santos
et al. 2015).

Amoebic Resistance to Oxygen and ROS

As anaerobic microorganisms, oxygen is toxic for Entamoeba sp. because sensitivity
to oxygen and reactive oxygen species (ROS) of Fe2+ or Fe–S centers in many
proteins (Imlay 2003). Examples of the latter are aldehyde-alcohol dehydrogenase
(ADHE) and pyruvate: ferredoxin oxidoreductase (PFOR), enzymes from fermen-
tative glycolysis (Saavedra et al. 2019) whose inhibition by oxygen exposure can
compromise the energy supply to the parasite (Pineda et al. 2010, 2013). Also, oxida-
tive stress inE. histolyticamodifies the transcription of thousands of genes implicated
in several functions including those related to pathogenicity (Vicente et al. 2009).
In addition, such stress causes protein oxidation, inhibition of protein synthesis and
overexpression of general stress response-related proteins HSPs (Shahi et al. 2016a).

Entamoeba can resist the low oxygen concentrations of the human gut (0.1–
2.3%) (Ladas et al. 2007) due to an efficient oxygen reduction pathway (ORP). This
is composed by (1) a flavodiiron protein that transforms oxygen into water without
ROS formation; (2) thioredoxin reductases that reduce oxygen to hydrogen peroxide,
and (3) peroxiredoxin and rubrerytrin that transform hydrogen peroxide into water
(Olivos-García et al. 2016); the intracellular superoxide produced adventitiously is
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incorporated to ORP by a FeSOD. In addition, we have recently characterized a
recombinant iron-sulfur flavoprotein of E. histolytica able to reduce oxygen and
hydrogen peroxide to water (unpublished results); although its participation in the
amoebic ORP remains to be analyzed. We have proposed that the principal function
of the ORP is to protect the glycolytic pathway from oxidants since: (1) ORP proteins
are constitutively expressed and maintain an intracellular hypoxic environment; (2)
a hypoxic microenvironment allows adequate glycolytic fluxes to produce reduced
intermediaries (coenzymes and small thiol proteins) andATPusedby theORPand the
repairing systemof stress (HSPs) respectively, and (3) the oxygen-sensitive glycolytic
components are similarly localized with ORP proteins at the periplasmic region.

In contrast with E. dispar (non-pathogenic Entamoeba species that infects
humans), E. histolytica shows higher expression of the ORP proteins (Santos et al.
2015), very probably enabling the parasite to resist the higher oxygen concentrations
of the gut wall (1% near the lumen and 5–10% near the vascularized submucosa or
deeper muscle layers; Zheng et al. 2015). Such amoebic exposure to gut tissular oxy-
gen is for ~6 h, after which inflammation promotes ischaemia, thus diminishing the
local oxygen concentration. The proposal that ischaemia protects the parasite from
complement and oxygen is supported by the observation that during experimental
amoebic liver infection in hamsters (EALAH) these amoebae are unable to survive
in animals devoid of inflammatory cells (Olivos-García et al. 2004). In addition, the
parasite’s HSP response is necessary to repair the damage caused by oxidative stress.
In this regard, the E. histolytica loss of virulence by prolonged culture is principally
due to its inability to overexpress HSPs under hyperoxia (Santos et al. 2015); more-
over, a specific inhibitor of HSP70 (central to HSP response) drastically diminish the
ability of virulent E. histolytica to survive in the hamster liver (Santos et al. 2015).

Similar to what happens in the human gut, during the early steps of EALAH
(~6 h, before inflammation creates ischaemia; Pérez-Tamayo et al. 1992) amoebae
are challenged with physiological tissular oxygen from 4 to 14% (Nauck et al. 1981)
(Fig. 12.1). The oxidative stress in the parasite caused by oxygen (Akbar et al.
2004; Santos et al. 2015) along with blood’s complement, could be the principal
causes of the massive amoebic death observed before 12 h of EALAH (Rigothier
et al. 2002). The evidences supporting these statements are that: (1) oxidative stress
and complement are present during early EALAH, (2) the in vitro lytic activity
of complement increases in E. histolytica under oxidative stress, (3) during this
infection period, amoebic HSP70 that protects the parasite from oxidative stress is
not overexpressed. The amoebic oxidative stress caused by the inflammatory ROS is
expected to be marginal, since its production is temporal (~30 min), superoxide has
limited diffusion to membranes due its charge, and the hydrogen peroxide amount
produced of ~30 μM (Winterbourn and Kettle 2013) is not toxic for the parasite
(Santos et al. 2015). In addition, on the late stages of EALAH macrophages are not
able to produce ROS due to a prostaglandin E2 (PGE2) delivered by the parasite,
among others molecules (Denis and Chadee 1988).
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Fig. 12.1 Phases of the experimental amoebic liver abscess in hamster. The amoebic liver
infection starts with a hyperoxic phase of 6 h in which the parasite is exposed to heat, oxygen
and complement causing ~70% of amoebic death. In the adaptive phase, ischaemia induced by the
inflammation process diminish the amoebic contact with oxygen and complement. Heat exposure
remains and the parasite does not proliferate but overexpress HSP70 that helps in adaption to
the heat stress. Afterwards, in the reductive phase, a metabolic reprogramming of the liver occurs,
promoting a reductive environment probably favored by activation of the pentose phosphate pathway
(PPP). Also, overexpression of the ORP in the parasite may help to avoid accumulation of reduced
intermediaries generated by the glycolysis. The reductive environment, high G6Pase activity that
allow glucose delivering and precursors for anabolism generated by PPP (all from liver), and along
with overexpression of the amoebic HSP70 (among others) allow high amoebic proliferation. In
addition, nitrites from blood circulation are not toxic for the parasite. Finally, after the animal is
dead, the parasite disappear 12 h later after glycogen exhaustion

Amoebic Resistance to Nitric Oxide and Nitrites

Nitric oxide (NO·) is an endogenous, diffusible, trans-cellular messenger shown
to participate in survival and death pathways; it can alter protein function directly
through post-translational modifications (nitration or s-nitrosylation) or indirectly
through interactions with oxygen, superoxide, thiols and heavy metals (Uys et al.
2011).WhenE. histolytica inhabits the human colon, reactive nitrogen species (RNS)
are other strong oxidants harmful for the parasite; a concentration of 18 ppm of NO·
in the gas phase has been detected in the human colon (Kastner et al. 1997). Besides,
it has been documented that NO· can also be produced by microorganisms through
bacterial nitric oxide synthase (bNOS), nitrate/nitrite reductases, or nitrite reduction
under an acidic environment. Although E. coli bacteria protects amoebae from ROS
in vitro, they do not protect against NO· (Varet el al. 2018).
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During amoebic invasion to colonic tissue the parasite may be exposed to sub-
lethal NO· concentrations produced by epithelial cells in response to cytokines or
bacterial products. It has been shown that amoebic resistance to in vitro sublethal
NO· concentration is related to up-regulation of HSPs, DNA repair, antioxidant and
glycolytic genes (Santi-Rocca et al. 2012). Also, the increased nitric oxide levels in
blood circulation (determined as nitrites) during the EALAH (Pacheco-Yépez et al.
2001), positively correlates with the parasite proliferation from intermediate to late
stages of EALAH (determined by counting well preserved parasites in histological
sections of EALAH). In vitro, NO· inhibits cysteine proteinases, PFOR and ADHE
(Siman-Tov andAnkri 2003) and induces apoptosis (Ramos et al. 2007) inE. histolyt-
ica. Furthermore, NO· produced by activated murine macrophages are able to kill
the parasite (Lin and Chadee 1992). Therefore a question that needs to be addressed
is why amoebae survive and proliferate despite overproduction of NO/nitrites during
EALAH? Two possible explanations are that the parasite is resistant to both oxidants
and/or they are not accessible to amoebae.

It is well known that NO· is produced by activated inflammatory cells through
inducible nitric oxide synthase (iNOS) (Cinelli et al. 2020). Although the parasite
can adapt in vitro to toxic levels of NO· delivered by a donor (Shahi et al. 2016a, b),
erythrophagocytosis, motility and cytopathic activity essential for pathogenicity are
impaired (Trebicz-Geffen et al. 2017). Furthermore, it has been proposed that the
parasite may enzymatically produce NO· from L-arginine (Hernández-Campos et al.
2003). However, by using electronic paramagnetic resonance analysis, we were not
able to detect NO· in the parasite in the presence of L-arginine or nitrates. Instead we
detected NO· production in the presence of nitrites, suggesting that the parasite may
produce endogenous NO· by an unknown nitrite reductase or by nitrite reduction in
acidic vesicles.

On the other hand, it was previously proposed that during EALAH, NO· may
be produced by inflammatory cells present in the liver, since mRNA of iNOS was
increased (Ramírez-Emiliano et al. 2005). Similarly to the previous findings in human
liver amoebic abscesses (Ventura-Juárez et al. 2003), we detected only at late stages
of EALAH several inflammatory cells positive to iNOS in well preserved liver tissue.
However, leukocytes bordering the amoebic necrotic foci were negative to iNOS; if
a minute amount of this enzyme was induced in these cells, its substrate arginine
would be consumed by the parasite’s arginase (Elnekave et al. 2003; Malik et al.
2018). In addition, the highest nitrite concentrations observed at late EALAH stages
(7 days) were not toxic for amoebae in culture, nor stimulated its cytotoxicity on
human leukocytes. These results suggest that during EALAH, the amoebic stress
caused by NO· synthesized by iNOS is not occurring and that the parasite is resistant
to nitrosative stress caused by nitrites from blood circulation, probably by using the
N-acetyl ornithine deacetylase (Shahi et al. 2016b) and/or flavodiiron protein enzyme
that is constitutive and overexpressed at late stages of EALAH.
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Amoebic Resistance to Heat

It is known that heat shock protein response of almost all cells is essential to adapt
and to resist most stresses, not only heat, to prevent accumulation of unfolded pro-
teins in the endoplasmic reticulum by repairing or promoting its degradation by
the proteasome system. Several HSPs have been reported in E. histolytica: Hsp10,
Hsp40, Hsp60, Hsp70 (two cytosolic, two endoplasmic reticulum and one mitoso-
mal isoforms), Hsp90 (three isoforms), Hsp100 and Hsp101 (Olivos-García et al.
2012). A transcription profiling study during heat shock stress (42 °C for 4 h) in E.
histolytica showed a somewhat specific response of transcription factors, ubiquitin,
proteasome 26S, proteases and HSP70 and HSP90 families of genes, according to a
classical heat shock response. Also, a significant down-regulation of genes involved
in almost all physiologic functions (including related virulence genes) was observed.
Such transcriptional changes correspond with a general adapting response to the new
environmental conditions (Weber et al. 2006). In addition, during an in vitro heat
stress exposure of 45 °C for 1 h in E. histolytica, it was observed nuclear overex-
pression of HSP100, suggesting a nuclear protection function of this HSP during
amoebic heat stress (Bernes et al. 2005).

Despite EALAH development no feverish episodes are observed, the animal’s
body temperature oscillates from 36.5 to 39 °C, which is very similar to the 37–39 °C
range observed in humans during invasive amoebic infection (Arellano-Aguilar et al.
2017). However, the heat stress caused in the parasite by culture during three and six
days to the same hamster’s body temperatures, inhibits parasite replication (~50%).
Notwithstanding, during EALAH the parasite adapts and proliferates; probably, the
concurrent action of different host stressors stimulates higher HSPs expression and
the production of factors promoting amoebae growth.

Furthermore, it is known that HSPs are ATP dependent enzymes and at least
cytosolic HSP70 are overexpressed during the adaptation and reductive events of
EALAH (after 12 h of infection). During such steps the glycolytic pathway produces
ATP (that can be used by HSPs and other physiological processes) as well as reduced
coenzymes (NADH) and small dithiol proteins (ferredoxin). Accumulation ofNADH
and reduced ferredoxin may cause inhibition of the glycolytic flux due to impaired
coenzymes’ recycling. In order to avoid that, the parasite may use oxygen as the
final acceptor or sink of those electrons. In that regard, the high amoebic affinity for
oxygen at low tensions observed byWeinbach andDiamond (1974)may be explained
by the overexpression of the ORP enzymes during EALAH.

In addition to the high activity of the amoebic functions related with pathogenicity
mentioned above, chemotactic molecules to amoebae, low oxygen concentrations,
reductive environment andglucose givenby livinghost cells, are necessary conditions
for amoebic survival and proliferation during EALAH. The findings supporting that
statement are that: (1) Once the animal is euthanized after 7 days of EALAH and
preserved at 37 °C in an incubator, amoebae disappear 12 h later showing glycogen
exhaustion, (2) on the contrary, amoebae (displaying high glycogen content) survives
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at the edge of a lobule of 24 h EALAH implanted into the peritoneum of healthy live
hamster without infection (personal observation).

Liver Physiological Reprograming During EALAH

After 12 h of infection in EALAH, amoebae enter in an adapting process whose
proliferation is maintained from 72 h until the animal’s death (Rigothier et al. 2002).
Since a reductive environment is a condition for amoebic replication, parasite prolif-
erationmay be favored bymetabolic reprogramming in the liver cells, from oxidative
to a reductive environment. The latter has been observed by the gradual increase of
the reductive activity of the liver tissue (determined by nitroblue tetrazolium reduc-
tion) along with decreased malondialdehyde levels from three to seven days by an
increased in pentose phosphate pathway (PPP) activity, which produces NADPH that
is required for the generation of reduced glutathione (GSH), a major ROS scavenger
from host (Nathan and Ding 2010). Similarly, histological cryosections of EALAH
showed high reductive activity in the liver cells bordering the amoebal necrotic
foci, as determined by nitroblue tetrazolium reduction in the presence of NADPH
(Pacheco-Yépez et al. 2001). Such liver reductive activity may be stimulated by the
anabolic processes required to replace damaged liver tissue. In addition, the reductive
intermediaries produced by the activated liver PPP during EALAH (Guerrero et al.
1981) may be incorporated by amoebae, probably through phagocytosis and/or tro-
gocytosis, to satisfy some anabolic demands and to maintain the redox homeostasis
in the parasite (Fig. 12.1).

As observed in hepatocellular carcinoma and others tumors (Kowalik et al. 2017),
physiological reprograming of the liver during EALAH creates a reductive microen-
vironment that diminish oxidants alongside with increased glucose-6-phosphatase
activity that stimulates glucose deliverance (Fastag de Shor et al. 1972). Both
conditions favor parasite replication.

REDOX and HSP Proteins as Potential Antiamoebic Targets

Several parasite molecules involved in some functions related with pathogenicity
have been proposed as potential targets to treat invasive amoebiasis. These include,
molecules involved in the thiol-dependent metabolism of E. histolytica (Jeelani and
Nozaki 2016). For example, the L-cysteine biosynthetic pathway of the parasite, in
particular serine O-acetyltransferase 3 and cysteine synthase isoforms, have been
suggested as potential drug targets since this pathway is critical for the growth and
oxidative stress defenses (Jeelani et al. 2017). In addition, auranofin (a compound that
inhibits TrxR activity of the parasite and increase amoebic susceptibility to oxidants),
was able to diminish the number of parasites, inflammation and tissue damage when
hamsters were treated 4 days after liver infection (Debnath et al. 2012).
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After analyzing the stress response of the parasite during the EALAH, we pro-
pose the two cytosolic HSP70 isoforms as potential amoebic targets since: (1) they
are overexpressed during the adaptive and reductive steps of EALAH; (2) they are
necessary for growth and resistance to oxygen and heat (36.5–39 °C), being the
last one present during all invasive amoebic infection; (3) the loss of parasite abil-
ity to survive and to cause EALAH by prolonged culture is related to its inability
to overexpress the heat shock protein gene family, that includes HSP70 isoforms
(Santos et al. 2015); (4) they are mainly located in cytoplasm and not confined in
substructures that could limit diffusion of potential drugs; (5) at structural level, they
have different pockets and two non-related Cys residues exposed to the solvent (149
and 456) that may become their Achilles heel since they are not structurally related
with its human counterpart; in particular, Cys 149 is 7.4 Å close to the ATP pocket
(Fig. 12.2). In addition, HSP90 of E. histolytica may be other important potential
target since its inhibition in amoebae leads to cytotoxicity in culture and diminished
parasite proliferation in a mouse model of amoebic colitis (Debnath et al. 2014).

Fig. 12.2 Structural differences of cytosolic EhHSP70 with its human counterpart. Ribbon
representations of Cα trace of comparative models of EhHSP70-A, and HuHSP70-A1. a, c The
principal domains are shown as follow: grey, substrate binding domain (SBD); orange, nucleotide
binding domain (NBD); red, the linker region. Human HSP70 (b) and amoebic HSP70 (d) oriented
in the same structural position. Human HSP70 and amoebic HSP70 show the Cys residues. As
indicated, both HSPs contain 5 Cys/subunit, however amoebic Cys 149 and 456 do not structurally
align; in particular, Cyst 149 is 7.4 Å close to the ATP pocket. The figures were prepared with
PyMOL (DeLano WL. The PyMOL molecular graphics system. Palo Alto, CA: DeLanoScientific;
2002. Available at: http://www.pymol.org)

http://www.pymol.org
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Conclusion

The study of the host-parasite interactions is of ultimate importance to understand
the molecular mechanisms of E. histoltytica pathogenicity. Analysis of the amoe-
bic resistance mechanisms to the stressors present during the amoebic liver infec-
tion as well as the metabolic reprograming of the host liver that favors amoebic
proliferation, point out the parasite proteins related with HSP response, ORP and
thiol-dependent metabolism as potential targets to treat invasive amoebiasis. Further
studies are necessary to validate this proposal.
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Chapter 13
Role of Extracellular Traps Promoted
by Intestinal Parasites. Relationship
with Virulence

César Díaz-Godínez, Arony Martínez-Flores, Raúl Argüello-García,
Alfonso Olivos-García, Mario Néquiz-Avendaño, and Julio César Carrero

Abstract NETosis is a form of programmed cell death in neutrophils characterized
by the release of extracellular DNA traps (NET) composed of DNA associated with
histones, granule enzymes and antimicrobial peptides. This mechanism of innate
immunity has been linked to cell defense against different pathogens. In case of
bacteria, NETosis has been directly associated with virulence, suggesting that its
formation could depend on the pathogen’s ability to cause tissue damage. Moreover,
NET formation can contribute to tissue destruction by promoting local inflammation
and coagulation when exacerbated.

Keywords Neutrophil extracellular traps (NETs) · Pathogenicity/virulence ·
Entamoeba histolytica · Entamoeba dispar · Giardia lamblia · Blastocystis spp. ·
Reactive oxygen species (ROS)

In previous studies we have shown that trophozoites of Entamoeba histolytica, the
intestinal protozoan parasite that causes amoebiasis, trigger NET formation in vitro,
and have characterized the NETosis process showing that it depends on the pro-
duction of reactive oxygen species. To determine whether NETosis depends on the
pathogenicity or virulence of intestinal parasites, we evaluated here the ability of
some non-pathogenic or non-invasive intestinal parasites to induce in vitro NETosis.
Human neutrophils isolated fromperipheral blood fromhealthy donorswere exposed
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to axenic parasites at ratios between 100:1 and 10:1 during 4 h at 37 °C, and the DNA
released form the neutrophils into the mediumwas measured in a spectrofluorometer
using SYTOX Green. The results show that trophozoites of Entamoeba dispar, the
non-pathogenic amoeba relative of E. histolytica, as well as non-invasive intestinal
parasites Giardia intestinalis and Blastocystis spp. were unable to induce NETosis
at any ratio and time point of incubation studied. In contrast, E. histolytica tropho-
zoites attenuated in virulence by maintaining parasites in culture media for more
than twenty years, were still able to induce NETosis.

These results suggest that NET formation is associated with the pathogenicity of
the intestinal parasites, in terms of their ability to invade the intestinal epithelium,
cause tissue damage and expose themselves to the bloodstream where they are faced
with neutrophils. More detailed studies are necessary to be carried out using highly
efficient and reproducible in vivo NET inhibitory systems to determine the precise
role of NETosis in parasitic infections.

Introduction

Neutrophil Extracellular Traps (NETs)

NETs consist of extracellular DNA fibres, histones, antimicrobial peptides and pro-
teins fromcytoplasmic granules including neutrophil elastase (NE),myeloperoxidase
(MPO), cathepsin G, defensins and cathelicidins, among others (Brinkmann et al.
2004). Neutrophils release these structures in a stepwise process called NETosis that
proceeds as follows: pathogen recognition, signalling pathway activation, reactive
oxygen species (ROS) generation, histone processing through NE and MPO translo-
cation to the nucleus or by peptidylarginine deiminase 4 (PAD4) activation, internal
membrane disruption and cytoplasmatic membrane rupture with subsequent DNA
extrusion (Fuchs et al. 2007; Wang et al. 2009; Hakkim et al. 2011; Metzler et al.
2014). Since their discovery, different functions attributed to NETs in the defence
against pathogens include trapping—and in some cases, killing—bacteria, fungi and
viruses as well as degrading virulence factors (Brinkmann et al. 2004; Young et al.
2011; Bruns et al. 2010; Urban et al. 2006; Saitoh et al. 2012). However, they do not
only function to protect, as the NETosis mechanism has been implicated in a number
of pathological processes such as intravascular coagulation, autoimmune diseases
and cancer (McDonald et al. 2017; Gestermann et al. 2018; Albrengues et al. 2018).

NETs in Intestinal Parasitic Infections

Neutrophils have long been known to play an important role in the defence
against pathogens, limiting dissemination of microorganisms or directly killing them
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(Papayannopoulos 2018). Despite this, the specific role of NET in the protection
against intestinal parasites is not completely understood.

Eimeria Species

One of the first descriptions of NETosis in response to an intestinal parasite was per-
formed by Behrendt et al. (2010), who stimulated bovine neutrophils with Eimeria
bovis sporozoites. Eimeria is a genus of protozoan parasite responsible for coccid-
iosis in a number of animal species, characterized by inappetence, weight loss, fever
and diarrhoea, and is lethal in severe cases (Allen and Fetterer 2002). The disease
is acquired when a susceptible host ingests the sporulated oocysts, and once in the
intestine, the sporozoites are released and penetrate the intestinal cells. At this stage,
asexual reproduction of the parasite occurs by merogonia, resulting in the formation
of merozoites. After the final merogonia cycle, sexual reproduction begins, forming
the gametes that, when fused, will lead to the formation of immature oocysts sub-
sequently expelled in the faeces. Bovine neutrophils rapidly released NETs when
co-cultured with E. bovis sporozoites (only 30 min after initial interaction) in a dose-
dependent manner. The amount of released DNA was higher for viable sporozoites
than heat-inactivated parasites. ThisNETosismechanismwas partially characterized,
demonstrating a dependence onNADPHoxidase complex activity. In addition, it was
found when sporozoites were co-cultured with neutrophils, their infective capacity
on an epithelial cell line was significantly reduced. Another parasite of the same
genus, Eimeria arloingi, induced NET release in goat neutrophils (Silva et al. 2014).
In these fibres were found histone H3, MPO and NE, which have become hallmarks
of NETs. DNA was released in a time-dependent manner and required the formation
of ROS, as diphenyleneiodonium (DPI)-treated neutrophils significantly reduced the
release of DNA. In addition, during neutrophil/sporozoite co-culture, an increase in
ROS generation and NE activity was detected. Sporozoites were observed in close
contact with NETs and were trapped by them, and while they did not reduce their
viability, NETs did decrease their ability to infect bovine umbilical vein endothe-
lial cells susceptible to parasite entry. The presence of NET in animals infected
with these parasites was demonstrated by Muñoz-Caro et al. (2016) who observed
that leukocytes were in close contact with different parasite stages (macrogamon,
macromeronts and oocysts) in intestinal sections from E. bovis-infected calf and E.
arloingi-infected goat. In addition, they detected the presence of extracellular DNA
that co-located with NET-associated components such as histones and NE. In the
same year, it was found that goat monocytes were capable of releasing NETs when
co-cultured with E. ninakonhlyakimovae sporozoites (Pérez et al. 2016). The identi-
fication of these networks was done by co-localization of DNA with histone H3 and
MPO. As in previous studies, this mechanism depended on the generation of ROS
by the NADPH oxidase complex.
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Neospora caninum

N. caninum is an apicomplexan parasite that affects a wide variety of mammals. The
definitive host (mammals of the Canidae family) acquires the infection by ingesting
tissue cysts, which release bradyzoites in the intestine that through merogonia cul-
minates in the formation of oocysts eventually expelled in the faeces. The oocysts
sporulate in the environment and are ingested by the intermediate hosts where the
tissue cysts will be formed, thus completing the cycle (Dubey et al. 2007). In both
intermediate and definitive hosts, the infection is acquired orally, suggesting an inter-
action between the intestinal immune response and the parasite. It has been suggested
that neutrophils of some intermediate hosts such as cattle, goats and dolphins are
capable of releasing extracellular traps when they are exposed to N. caninum tachy-
zoites (Villagra-Blanco et al. 2017a, b, c) through a mechanism that depends on
the generation of ROS by the NADPH oxidase complex; only in goat neutrophils
was determined that the process was independent of NADPH oxidase activity. In
addition, the presence of NETs has been described using neutrophils from the defini-
tive host (canines). In this case, NETs were generated in a time-dose-dependent
manner and required the activity of NADPH oxidase, NE, MPO enzymes and the
ERK/p38 signalling pathway (Wei et al. 2016). Interestingly, bovine macrophages
are also capable of releasing extracellular traps when they are exposed to this parasite
(Wei et al. 2018), suggesting that this immunity mechanism is conserved not only in
different species but also in different cell lineages.

Cryptosporidium Species

Cryptosporidium species cause Criptosporidiosis, a parasitosis of great
importance due to its high prevalence in immunosuppressed people (Wanyiri
et al. 2014; Ghafari et al. 2018). This disease can course asymptomatic, however,
in some patients, diarrhoea and abdominal pain may occur. The severity is related
to the immune state of the patient: immunosuppressed people are more affected,
presenting dehydration and wasting (Bouzid et al. 2013). Infection is acquired by
ingestion of food or water contaminated with stool containing the infective sporu-
lated oocyst. Similar to other apicomplexan protozoa, Cryptosporidium parvum
acts as a NET-inducing agent (Muñoz-Caro et al. 2015a). Both bovine and human
neutrophils released NETs when co-cultured with C. parvum sporozoites. In human
neutrophils, NETosis depended on the activity of NADPH oxidase as pre-treatment
of polymorphonuclear cells (PMN) using DPI significantly reduced the amount of
DNA released. The mechanism was characterized in greater detail using bovine
neutrophils: the release of DNA depended on NADPH oxidase complex activity,
store-operated calcium entry (SOCE), ERK1/2 and p28 signalling pathways, as
well as NE and MPO activities. C. parvum sporozoites were trapped by DNA fibres
significantly reducing their ability to infect epithelial cells.



13 Role of Extracellular Traps Promoted by Intestinal … 175

Strongyloides stercoralis

The study of NETs has not been limited to protozoan diseases. Some investiga-
tors have studied this immune mechanism against intestinal helminths. S. stercoralis
is a nematode parasite infecting humans. Infective larvae penetrate intact skin and
migrate to the small intestine where they develop into adult forms. Female worms
deposit eggs that release rhabditiform larvae expelled in stools or transform into an
infective stage that penetrates intestinal mucosa and establishes an auto-infective
cycle (Page et al. 2018). It has been proposed that infective larvae from S. stercoralis
lead NET formation in human neutrophils (Bonne-Année et al. 2014). NETs were
released in a time-dependent manner and were able to entrap larvae, although DNA
fibres failed to kill parasites. The authors observed that human macrophages also
released extracellular traps in response to larvae but similar to the previous study,
failed to kill worms. However, when neutrophils and macrophages were cultured
together with infective larvae, parasite viability was reduced significantly. This evi-
dence, combined with the observation that to treatment of cultures with DNase pre-
vented parasite death, suggests a synergic role between neutrophils,macrophages and
extracellular traps to kill parasites. In contrast with human cells, mouse neutrophils
release NETs but macrophages from these animals co-cultured with S. stercolaris
larvae failed to release DNA. This suggests variations in immune response between
different animals to the same stimulus and the existence of differences in the infection
resolving mechanism.

Haemonchus contortus

H. contortus is an intestinal nematode that infects small ruminants, causing anaemia,
subcutaneous oedema and death in severe cases (Besier et al. 2016). Animals acquire
this disease after ingesting L3 infective larva. The nematodes are established in the
intestine (abomasum) and develop into hematophagous adults. It is proposed that H.
contortus infective L3 larva induce bovine neutrophils to form NETs containing NE,
MPO and histones released independently of parasite viability, as heat-inactivated
larvae also triggered NET formation (Muñoz-Caro et al. 2015b). These DNA fibres
were able to entrap larvae yet failed to kill parasites. In addition, parasite-triggered
NETosis at low pH—similar to that in the abomasum—suggests that this process can
occur in vivo. Additionally, the authors observed that ovine eosinophils also released
NET when they were co-cultured with the larvae; however, the role of eosinophil
extracellular traps in this disease is still unclear.

Entamoeba histolytica

Previously, our research group observed that E. histolytica trophozoites induced
NETosis in human neutrophils (Ávila et al. 2016).We found that NETs were released
in a time- and dose-dependent manner and these structures failed to kill amoebas



176 C. Díaz-Godínez et al.

although cathelicidin (an antimicrobial peptide) was detected in the DNA fibres.
The NETosis mechanism was found to be independent of ROS production from neu-
trophils, NADPH oxidase and PAD4 activities, but nonetheless required extracellular
calcium influx, serine protease activity and signalling via Raf/MEK/ERK andNF-κB
(Díaz-Godínez et al. 2018; Fonseca et al. 2018).

Relation of NETosis with Virulence

NETosis is a process that must be tightly regulated to prevent pathology. Therefore,
NET formation should be conditioned to occur only in those situations in which they
are strictly necessary. Such is the case of large microorganisms, which cannot be
phagocytosed by neutrophils. However, NETosis has been reported with a wide vari-
ety of small bacteria that could easily be phagocytosed. It is noteworthy that most of
these bacteria can survive and escape phagosomes, suggesting that NETosis against
small microorganisms may be reserved for virulent ones (Papayannopoulos 2018).
There are numerous examples of NET induction and killing by NETs as a function of
bacterial virulence factors andwe describe a fewhere.One showed that probiotic bac-
teria Lactobacillus rhamnosus strain GG, unlike enteropathogenic bacteria, was not
only incapable of forming NETs but also inhibited NET formation induced by phor-
bol 12-myristate 13-acetate (PMA) and Staphylococcus aureus (Vong et al. 2014).
This correlated with the potent anti-oxidative activity of Lactobacillus rhamnosus
strain GG, which dampened the respiratory burst in murine neutrophils, a requisite
for NET formation. It has been suggested that this mechanism may contribute to
the recognized potential of probiotics to regulate local inflammation in the intestine
and immunopathology (Vong et al. 2014). NETosis related to a physical bacterial
virulence factor was observed in Pseudomona aeruginosa, whose ability to trigger
NETs was dependent on the expression of a motile flagellum (Floyd et al. 2016). The
flagellum-deficient bacteria neither induced respiratory burst nor NETosis, suggest-
ing that bacteria’s ability to invade tissues is associated with its potential to induce
ROS, in part due to its functional flagellum (purified flagellin protein did not activate
NETosis). Other bacterial virulence factors associated with the induction of NETosis
include pore-forming proteins, such as Panton-Valentine leukocidin and leucotoxin
Ghof Staphylococcus aureus (Pilsczek et al. 2010;Malachowa et al. 2013) through an
ROS-independent but pore-forming dependent mechanism, adhesins such as invasin
of Yersinia pseudotuberculosis through binding to neutrophil β-integrins (Gillenius
and Urban 2015) and proteases of cysteine, such as gingipains from Porphyromonas
gingivalis through protease-activated receptor-2 (PAR-2) signalling (Bryzek et al.
2019). Two of the most common strategies to evade neutrophil phagocytosis: bac-
terial biofilms and aggregations (such as supragingival biofilms that induce intra-
biofilm release of NETs) are also potent inducers of NETosis (Hirschfeld et al. 2015).
Mycobacterium bovis aggregates were found to trigger NETosis in a size-dependent
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manner (Branzk et al. 2014). It is noteworthy that despite the relevance of bacterial
virulence, to our knowledge, the literature lacks studies on the role of pathogenicity
and virulence factors of parasites driving NETosis.

In summary, the formation of NETs in bacterial infections corresponds with their
degree of virulence, and particularly, with their ability to escape phagocytosis. There-
fore, NETosis could be a very important innate immune defence mechanism for the
control of infections due to invasive pathogenic bacteria.

Are the Virulence and Pathogenicity of Intestinal Parasites
Involved in Their Ability to Trigger NETosis in vitro?

Recently,we found that trophozoites of the protozoaEntamoeba dispar, a commensal
amoeba for humans phylogenetically related to the pathogenic amoebaE. histolytica,
were unable to induce DNA release when they were co-cultured with human neu-
trophils (Fonseca et al. 2019). This contrasts with the potent ability of E. histolytica
trophozoites, a pathogenic species causing amoebic dysentery and liver abscesses,
to efficiently trigger NETosis (Ávila et al. 2016; Díaz-Godínez et al. 2018). The
two amoeba species are so similar that they are indistinguishable by non-molecular
methods, and the differences regarding NETosis seem to be based on the differential
expression of several virulence factors that condition the invasive capacity of E. his-
tolytica (Diamond and Clark 1993). This observation served to pose the hypothesis
that non-invasive parasites fail to induce NET release compared to the invasive ones.
In order to test this theory, herein we determine the ability of Giardia lamblia and
Blastocystis spp., human parasites that do not penetrate the intestinal mucosa during
infection, to trigger NETosis in human neutrophils.

Materials and Methods

Parasite Culture

Virulent and attenuatedE. histolytica trophozoites (HM1:IMSS strain) were cultured
in TYIS-33 medium supplemented with 15% decomplemented adult bovine serum
(Microlab) and 1x Diamond vitamin tween solution (Sigma-Aldrich). Cultures were
incubated for 72 h at 37 °C and parasites were harvested by ice chilling for 5 min.
Trophozoites were centrifuged at 1400 rpm for 5 min at room temperature and the
pellet was resuspended in PBS pH 7.4. Amoebas were counted in a hemocytometer
and used immediately.

For G. lamblia culture, trophozoites were grown in the same medium used for E.
histolyticawith an added of 1mg/mLof bovine bile (Sigma). Cultureswere incubated
for 96 h at 37 °C and parasites were harvested mechanically. Trophozoites were
centrifuged at 4000 rpm for 2min at room temperature and the pelletwas resuspended
in PBS pH 7.4. Cells were counted in a hemocytometer and used immediately.
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Blastocystis spp.were purified from stool samples previously identified as positive
by direct faecal screening. Briefly, 50 mg of the samples were cultured in 3 mL Jones
medium supplemented with 10% decomplemented adult horse serum for 72 h at
37 °C. The large particles were removed from the cultures by washing with PBS and
centrifugation at 500 x g for 5 min. For Blastocystis maintenance, subcultures were
performed every third day transferring 100 μL of sediment into fresh Jones medium
and cultured at 37 °C. To 72 h cultures, the supernatant was removed and Iscove
Modified Dulbecco Medium (IMDM) supplemented with 10% horse serum and a
mixture of antibiotics containing piperacillin/tazobactam 0.1 g/L, cefotaxime 0.1 g/L
and vancomycin 0.01 g/Lwas added. Culturesweremaintained in anaerobic chamber
for 72 h and then the sediment was seeded in semisolid IMDM-agar with the mixture
of antibiotics. After 96 h in anerobic chamber, colonies were obtained which were
cultured in supplemented IMDM medium with the mixture of antibiotic for 7 days
in anaerobiosis. Cultures of vacuolar forms highly reduced of fecal bacteria but not
axenic were obtained. Finally, vacuolar forms were counted in a hemocytometer and
used immediately.

Neutrophil Isolation

Neutrophils were purified as described elsewhere (García-García et al. 2013). Briefly,
peripheral blood samples were collected from healthy donors and neutrophils were
obtained by a Ficoll-Paque gradient (GE Healthcare) and hypertonic shock. Cells
were resuspended in PBS pH 7.4, counted in a hemocytometer and used immediately.

NET Quantitation Assay

For NET quantitation, neutrophils (5 × 105) were centrifuged at 4000 rpm for 2 min
and resuspended in 500 μL of RPMI medium (Biological Industries) supplemented
with 5% foetal bovine serum (Gibco) and 500 nM SytoxGreen (Invitrogen). Cells
(1 × 105) were seeded in a 96 well plate, each well containing 100 μL of cell
suspension and were stimulated with 1 × 103, 2 × 103, 5 × 103 or 1 × 104

(parasite:neutrophil ratios 1:100, 1:50, 1:20 and 1:10 respectively) of virulent or
attenuated E. histolytica trophozoites, G. lamblia trophozoites or Blastocystis spp.
vacuolar forms. Co-cultures were incubated at 37 °C for 4 h and fluorescence was
read from the well bottom in a spectrofluorometer (Synergy HTX, BioTek) using
485 nm excitation and 528 nm emission filters. PMA (50 nM) and A23187 (10 μM)
were used as positive controls for NETosis. All experiments were performed two
times in triplicate.
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NET Visualization by DNA Staining

Neutrophils (1 × 106) were centrifuged at 4000 rpm for 2 min and resuspended in
500 μL of RPMI medium supplemented with 5% foetal bovine serum. Cells (2 ×
105) were seeded on coverslips using 100 μL of cell suspension and were stimulated
with 2 × 103, 4 × 103, 1 × 104 or 2 × 104 (parasite:neutrophil ratios 1:100, 1:50,
1:20 and 1:10 respectively) of virulent or attenuated E. histolytica trophozoites, G.
lamblia trophozoites or Blastocystis spp. vacuolar forms. PMA (50 nM) and A23187
(10 μM) were used as positive controls for NETosis. Samples were incubated for 4 h
at 37 °C and fixed with 3.7% formaldehyde. After fixation, DNA was stained using
DAPI (5 μg/mL). Coverslips were mounted with Fluoroshield (Sigma-Aldrich) and
fluorescence was visualized using a fluorescence microscope (Olympus BX51).

Detection of ROS Generated by Neutrophils During
Interaction with Parasites

Neutrophils were isolated as described before: 5 × 105 cells were resuspended in
500 μL of PBS added of 10 μM 2′,7′-Dichlorofluorescin diacetate (H2DCFDA) and
incubated for 30 min at 37 °C in the dark. Neutrophils were then centrifuged at
4000 rpm for 2 min and resuspended in 500 μL of RPMI medium supplemented
with 5% foetal bovine serum. Cells (1 × 105) were seeded in a 96-well plate, each
well containing 100 μL of cell suspension then stimulated with 5 × 105 virulent and
attenuated E. histolytica trophozoites or G. lamblia trophozoites. Fluorescence was
read 1 h after stimulation from the well bottom in a spectrofluorometer (Synergy
HTX, BioTek) using 485 nm excitation and 528 nm emission filters. PMA (50 nM)
was used as a positive control for ROS.

Visualization of ROS in Amoebas

ForROSdetection inE. histolytica andE. dispar trophozoites during their interaction
with neutrophils, 1× 105 amoebaswere resuspended in 1mLof PBS added of 10μM
H2DCFDA (Sigma-Aldrich) and were incubated for 30 min in the dark. Amoebas
were then washed three times and resuspended in 200 μL PBS. To induce NETosis,
20 μL of trophozoite suspension (1 × 104 amoebas) was used to stimulate 2 ×
105 neutrophils (amoeba:neutrophil of 1:20) previously seeded in 100 μL of RPMI
medium supplemented with 5% foetal bovine serum on a coverslip. Samples were
cultured for 4 h at 37 °C, fixed with 3.7% formaldehyde and counterstained with
DAPI (5 μg/mL). Coverslips were mounted with Fluoroshield (Sigma-Aldrich) and
fluorescence was visualized using a fluorescence microscope (Olympus BX51).
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Quantification of ROS Generated by Parasites

To determine the generation of ROS from parasites, 5 × 105 E. histolytica tropho-
zoites (virulent and attenuated),G. lamblia trophozoites orBlastocystis spp. vacuolar
forms were resuspended in 1 mL PBS added of 100 μM H2DCFDA and incubated
for 1 h at 37 °C in the dark. Parasites were then centrifuged and resuspended in
500 μL RPMI medium supplemented with 5% foetal bovine serum. Cells (1 ×
105) were seeded in 96-well plate each well containing 100 μL cell suspension
and fluorescence was read immediately from the well bottom using a spectroflu-
orometer (Synergy HTX, BioTek) with 485 nm excitation and 528 nm emission
filters. In selected experiments, virulent and attenuated E. histolytica trophozoites
were pre-treated with the ROS scavenger pyrocatechol (200 μM) 30 min before
H2DCFDA addition and these pyrocatechol pretreated-amoebas also were used to
induce NETosis as described above in an amoeba: neutrophil ratio of 1:100.

Results

Non-invasive Parasites Do not Induce NET Formation

Recently, we found that E. dispar, a commensal amoeba of humans closely related
phylogenetically with the pathogenic amoeba E. histolytica, failed to induce NET
release when it was co-cultured with human neutrophils, while E. histolytica tropho-
zoites triggered NETosis (Fonseca et al. 2019). This observation led to the hypothesis
that non-invasive parasites (defined as the incapacity to penetrate intestinal mucosa)
could not induce NET release. To determine this, we evaluated whetherGiardia lam-
blia and Blastocystis spp., two parasites that do not penetrate the intestinal mucosa
during infection, triggered NETosis in human neutrophils.

When neutrophils were stimulated with PMA or A23187 (two well-characterized
NETosis inducers) there was a greater amount of extracellular DNA released than
in the unstimulated control (Fig. 13.1a). In contrast, G. lamblia trophozoites did not
induceDNA release at any ratio used in the assay. This observationwas verified using
DNA staining to detect the presence of extracellular DNA fibres corresponding to
NETs. Control neutrophils (Fig. 13.1b) exhibited condensed nuclei whereas PMA-
and A23187-treated neutrophils showed decondensed nuclei and extracellular DNA
fibres. In neutrophil-G. lamblia cocultures DNA fibres were not detected at any ratio
used, nevertheless, neutrophil agglomerates were observed surrounding trophozoites
(white arrows). In addition, viability ofG. lambliawas not affected during interaction
with neutrophils since the trophozoites remained mobile after 4 h (data not shown).
Similar results were observed for Blastocystis spp. When neutrophils were cultured
in the presence of Blastocystis spp. vacuolar forms, there was no increase in the
amount of extracellular DNA at any ratio used (Fig. 13.2a), in contrast with PMA-
andA23187-treated neutrophils. In addition, fluorescence images showed absence of
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Fig. 13.1 Giardia lamblia trophozoites do not trigger NETosis in human neutrophils. aNeutrophils
(1 × 105) cultured in the presence of 1 × 104, 5 × 103, 2 × 103 or 1 × 103 G. lamblia tropho-
zoites (1:10, 1:20, 1:50 and 1:100 trophozoite:neutrophil ratios, respectively) in RPMI medium
supplemented with 5% foetal bovine serum and 500 nM Sytox green. Cultures were incubated for
4 h at 37 °C and the fluorescence was measured in the plate reader Synergy HTX using 485 nm
excitation and 528 nm emission filters. PMA (50 nM) and A23187 (10 μM) were used as positive
controls of NETosis. Graph represent means ± SD of three independent experiments in triplicate.
*p < 0.001. b Neutrophils (2 × 105) were cultured in RPMI medium supplemented with 5% foetal
bovine serum in the presence of PMA (50 nM), A23187 (10 μM), 2 × 104, 1 × 104, 4 × 103 or
2 × 103 G. lamblia trophozoites for 4 h at 37 °C. Cultures were formaldehyde-fixed and stained
with DAPI (5 μg/mL). Images were taken at 60x magnification and pseudocolor was apply using
Image J software. White arrows indicate the presence of neutrophil clusters. Scale bar 100 μm

extracellular DNA fibres (Fig. 13.2b) but, similar to G.lamblia, neutrophil clusters
were observed surrounding Blastocystis spp. parasites. These data suggest that G.
lamblia and Blastocystis spp. do not possess the capability to induce NETosis on
human neutrophils.

Triggering NETosis Is Independent of the E. histolytica
Virulence

Previously, we reported that virulent E. histolytica trophozoites (which can cause
liver abscess development in a hamster model) induce NET release on human neu-
trophils (Ávila et al. 2016; Díaz-Godínez et al. 2018). We decided to determine if
an attenuated E. histolytica strain, which has lost its ability to infect hamsters after
being cultivated for 20 years without being inoculated in animals, was able to trigger
NETosis. As observed in Fig. 13.3a, as expected, virulent amoebas induced NET
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Fig. 13.2 Blastocystis spp. vacuolar forms do not trigger NETosis in human neutrophils. a Neu-
trophils (1× 105) were cultured in the presence of 1× 104, 5× 103, 2× 103 or 1× 103 Blastocystis
spp. vacuolar forms (1:10, 1:20, 1:50 and 1:100Blastocystis:neutrophil ratios, respectively) inRPMI
medium supplemented with 5% fetal bovine serum and 500 nM Sytox green. Cultures were incu-
bated for 4 h at 37 °C and the fluorescence was measured in the plate reader Synergy HTX using
485 nm excitation and 528 nm emission filters. PMA (50 nM) and A23187 (10 μM) were used as
positive controls of NETosis. Graph are means± SD of three independent experiments in triplicate.
*p < 0.001. b Neutrophils (2 × 105) were cultured in RPMI medium supplemented with 5% fetal
bovine serum in the presence of PMA (50 nM), A23187 (10 μM), 2 × 104, 1 × 104, 4 × 103 or
2 × 103 Blastocystis spp. vacuolar forms during 4 h at 37 °C. Cultures were formaldehyde fixed
and stained with DAPI (5 μg/mL). Images were taken at 60x magnification and pseudocolor was
applied using Image J software. White arrows indicate the presence of neutrophil clusters. Scale
bar 100 μm

release at all doses, denoted by the increase in extracellular DNA. Furthermore,
attenuated E. histolytica trophozoites also induced NETosis on human neutrophils at
the same magnitude as virulent amoebas (Fig. 13.3a). NET release was also verified
by DNA staining in which extracellular DNA fibres were detected using virulent
and attenuated E. histolytica trophozoites at all ratios (Fig. 13.3b). In both cases, the
number of intact neutrophils (condensed nuclei) was reduced when we augmented
the amoeba numbers indicating that the process occurs in a dose-dependent manner.

Triggering NETosis Is Related to Pathogen Capacity
to Produce ROS

In order to establish what feature makes E. dispar trophozoites incapable of induc-
ing NETosis, we tested the participation of ROS in the process. Kenny et al. (2017)
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Fig. 13.3 Virulent and attenuated Entamoeba histolytica trophozoites induce NET release. a Neu-
trophils (1 × 105) were cultured in the presence of 1 × 104, 5 × 103, 2 × 103 or 1 × 103 virulent
and attenuated E. histolytica trophozoites (1:10, 1:20, 1:50 and 1:100 trophozoite:neutrophil ratios,
respectively) in RPMI medium supplemented with 5% fetal bovine serum and 500 nM Sytox green.
Cultures were incubated for 4 h at 37 °C and the fluorescence was measured in plate reader Synergy
HTX using 485 nm excitation and 528 nm emission filters. PMA (50 nM) and A23187 (10 μM)
were used as positive controls of NETosis. The graph represents means ± SD of three independent
experiments in triplicate. *p < 0.001. b Neutrophils (2 × 105) were cultured in RPMI medium
supplemented with 5% fetal bovine serum in the presence of PMA (50 nM), A23187 (10 μM),
2 × 104, 1 × 104, 4 × 103 or 2 × 103 E. histolytica trophozoites for 4 h at 37 °C. Cultures were
formaldehyde-fixed and stained with DAPI (5μg/mL). Images were taken at 60x magnification and
pseudocolor was apply using Image J software. Scale bar 100 μm

reported that ROS production by Candida albicans fungi are responsible for trigger-
ing NETosis in neutrophils in chronic granulomatosis disease patients that are unable
to generate ROS fromNADPH oxidase, suggesting that ROS produced for pathogens
are required to trigger NETosis in some cases. In this vein, we analysed the differ-
ences in ROS production fromE. histolytica andE. dispar trophozoites.We observed
that neutrophils in the absence of amoebas do not release DNA (Fig. 13.4) and main-
tain their characteristic multilobular nucleus (top panel). The presence of ROS in
E. histolytica trophozoites is denoted by the intense green fluorescence detected in
trophozoites (middle panel) and NET were appreciated as extracellular fibres trap-
ping amoebas. Interestingly, ROS were not detected in E. dispar trophozoites since
no fluorescence was observed inside amoebas and neutrophils did not lose nuclear
morphology despite being in close contact with trophozoites (bottom panel). These
data suggest that E. histolytica trophozoites are the source of ROS necessary to lead
NETosis in human neutrophils as these molecules were not generated by neutrophils
during interactionwith the parasites tested (Fig. 13.5a) andwere only producedwhen
these leukocytes were stimulated with PMA.

To confirm the relevance of ROS produced byE. histolytica trophozoites to trigger
NETosis, virulent and attenuated amoebaswere treatedwith theROS scavenger pyro-
catechol to decrease ROS level in trophozoites. As shown in Fig. 13.5b, E. histolytica
trophozoites exhibit similar basal ROS levels that were significantly decreased by
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Fig. 13.4 Entamoeba dispar does not trigger NETosis and produces less ROS than Entamoeba
histolytica.E. histolytica andE. dispar trophozoites (1× 104) weremarkedwith 10μMH2DCFDA
for 30 min for ROS detection. After washing, amoebas were cultured with 2 × 105 neutrophils
(amoeba:neutrophil ratio 1:20) during 4 h at 37 °C. Samples were fixed with 3.7% formaldehyde
and counterstained with 5 μg/mL DAPI. DCF (oxidation product of H2DCFDA) fluorescence was
observed in FITC channel and pseudocolor was applied using Image J software. Images were
taken at 100x magnification. The top panel shows non-stimulated neutrophils; middle panel shows
neutrophil-E. histolytica coculture; and bottom panel shows neutrophil-E. dispar coculture. Scale
bar 50 μm

pyrocatechol treatment. When virulent and attenuated pyrocatechol-treated amoebas
were used to induce NETosis, they induced very little NET formation compared to
non-treated trophozoites (Fig. 13.5c, d) and produced neutrophil aggregations sim-
ilar to neutrophils in contact with G. lamblia and Blastocystis spp. (Figs. 13.1b and
13.2b), suggesting that ROS produced by E. histolytica trophozoites is a key factor
leading to NETosis in human neutrophils. In addition, G. lamblia trophozoites that
lack the capacity to trigger NETosis (Fig. 13.1) did not induce ROS production by
neutrophils and produced a lower ROS level compared to E. histolytica trophozoites
treatedwith pyrocatechol (Fig. 13.5b) suggesting the importance of an ROS source in
the NETosis mechanism. Even though Blastocystis spp. did not induce NET release
(Fig. 13.2), the ROS amount detected in this sample was even higher than that pro-
duced by E. histolytica trophozoites. In this case, it seems possible that, given that
the sample comes from faecal matter, there were traces of contaminating bacteria.

Discussion

Since the discovery of NETs 15 years ago by the Schilinzky group (Brinkmann et al.
2004), an enormous number of NET studies have been conducted and understanding
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Fig. 13.5 Reactive oxygen species produced by Entamoeba histolytica trophozoites are required to
triggerNETosis. aHuman neutrophils (1× 105)were pre-treatedwith theROS indicatorH2DCFDA
for 30 min, then resuspended in RPMI medium supplemented with 5% fetal bovine serum and
transferred into 96 well plates. Leukocytes were stimulated with 20 nM PMA, 5 × 105 virulent
and attenuated E. histolytica trophozoites or 5 × 105 G. lamblia trophozoites. Neutrophil ROS
production was measured at 1 h using a plate reader with 485 nm excitation and 528 nm emission
filters. Graph represents means ± SD of three independent experiments in triplicate. *p < 0.0001.
b Virulent and attenuated E. histolytica trophozoites, G. lamblia trophozoites and Blastocystis spp.
vacuolar forms were treated with 100 μM H2DCFDA for 1 h, then resuspended in RPMI medium
supplementedwith 5% fetal bovine serum and 1× 105 parasiteswere cultured in 100μLofmedium.
Fluorescence was read using a plate reader with 485 nm excitation and 528 nm emission filters.
For some experiments, virulent and attenuated E. histolytica trophozoites were pre-treated with
200 μM pyrocatechol for 30 min before H2DCFDA addition. Graph represents means ± SD of
three independent experiments in triplicate. *p < 0.001. c Neutrophils (1 × 105) were cultured in
100 μL of RPMI medium with 500 nM Sytox green and were stimulated with 1 × 103 virulent and
attenuated E. histolytica trophozoites pre-treated 1.5 h with 200 μM pyrocatechol or the vehicle
DMSO. Cocultures were incubated for 4 h at 37 °C and fluorescence was measured using a plate
reader with 485 nm excitation and 528 nm emission filters. Graph represents means ± SD of three
independent experiments in triplicate. *p < 0.001. d Neutrophils (2 × 105) were cultured in 100
μL of RPMI medium and were stimulated with 2 × 103 virulent and attenuated E. histolytica
trophozoites pre-treated 1.5 h with 200 μM pyrocatechol or the vehicle DMSO. Cocultures were
incubated for 4 h at 37 °C, cells were formaldehyde-fixed and stained with DAPI. Images were
taken at 60x magnification and pseudocolor was apply using Image J software. White arrows show
neutrophil clusters. Scale bar 100 μm
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of their function is advancing rapidly. We now know that NETosis is a type of finely
regulated programmed neutrophil cell death (Fuchs et al. 2007; Hakkim et al. 2011)
which can be triggered by a wide range of stimuli that can lead to the release of
these DNA traps by various intracellular pathways (Hakkim et al. 2011; Khan and
Palaniyar 2017). This tangle of DNA in the extracellular space can trap pathogens
such as viruses, bacteria, fungi and protozoans (Urban et al. 2006; Guimarães-Costa
et al. 2009;Young et al. 2011; Saitoh et al. 2012), preventing their spread, and in some
cases, killing them. The process has also been identified inmacrophages, eosinophils,
basophils and mast cells (Yousefi et al. 2008; Lin et al. 2011; Yousefi et al. 2015;
Okubo et al. 2018), therefore, the release of DNA traps, globally known as ETosis,
has been positioned as a novel effector mechanism of the innate immunity of PMN.

Although at first it was believed that NETs were formed in the presence of a wide
range of microorganisms, particularly well-studied bacteria, it soon became clear
that not all bacteria had that potential (Pieterse et al. 2016), and that in particular,
those capable of doing so were characterized as being pathogenic or highly virulent.
Thus, for example, the probiotic bacteria of the human intestine, considered non-
pathogenic, as well as variants of some bacterium lacking a well-known virulence
factor (e.g. toxins, pore-formingproteins, flagella and adhesins), are unable to activate
NETosis or do so very weakly (reviewed in Papayannopoulos 2018). It has become
evident then that pathogenicity and/or virulence is a relevant factor during activation
of trap release in neutrophils (Malachowa et al. 2013; Rada et al. 2013; Francis et al.
2014). However, in the case of parasites, to our knowledge, this type of information is
absent, except for our previous report on the inability of E. dispar, a non-pathogenic
amoeba, to induce NET release (Fonseca et al. 2019).

In the current study, we found that, like the E. dispar trophozoites, the tropho-
zoites of G. lamblia and the vacuolar forms of Blastocystis spp. were unable to
activate human neutrophils for the formation of NETs at ratios between 1:10 and
1:100 parasites/neutrophil. These three intestinal parasites represent three different
scenarios in terms of pathogenicity: E. dispar is considered a commensal (Diamond
and Clark 1993), Blastocystis spp. is considered on the boundary between a com-
mensal and a pathogen (reviewed in Agrawal 2017), while G. lamblia is considered
a pathogen (reviewed in Buret 2008). However, the three infections converge in their
inability to invade the intestinal mucosa, and therefore, encounter neutrophils in the
bloodstream.We speculate that unlike E. histolytica (that can reach the bloodstream)
and other protozoan blood parasites in which NETosis has been described such as
T. cruzi (Sousa-Rocha et al. 2015), Leishmania spp. (Guimarães-Costa et al. 2009)
and T. gondii (Abdallah et al. 2012), intestinal parasites that do not invade extra
intestinal tissues have not developed in their evolution the mechanisms (most likely
invasive factors) to trigger NETosis, nor have neutrophils developed the mechanisms
to recognize them in the context of the formation of NETs.

A constant in most studies is the need for ROS formation for NETosis to occur,
either from the neutrophils or from an external source such as the parasite itself
who would donate them to the neutrophil during contact (Fuchs et al. 2007; Kenny
et al. 2017). In our previous reports on NETosis by E. histolytica, we show that
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neutrophils do not produce ROS derived from NOX2 in the presence of the tropho-
zoites, suggesting an ROS/NOX2-independent process (Díaz-Godínez et al. 2018).
We reported a similar result in neutrophils exposed to E. dispar (Fonseca et al.
2019) and in this current work, we report the same withG. lamblia trophozoites (see
Fig. 13.5a). However, the results presented here suggest that E. histolytica-induced
NETosis depends on the production of ROS by the trophozoites. In this regard, in
determining the production of ROS by the three parasites evaluated, E. dispar, G.
lamblia and Blastocystis spp., we found that E. dispar and G. lamblia produced less
ROS than E. histolytica (see Figs. 13.4 and 13.5), suggesting that their inability to
activate NETosis is due, at least in part, to the lack of a respiratory burst that exceeds
the threshold necessary for triggering NETosis. In the case of Blastocystis spp., we
found ROS in the analysed sample, but these could come from some contaminating
intestinal bacteria that remained after purification of the parasites from the faeces.
The notable observation, in this case, is that, despite the presence of ROS in the
sample, NETosis was not activated, suggesting that the ROS of the parasite in close
contact with neutrophils, along with other factors such as those involved in its inva-
siveness, could be necessary for the formation of NETs. However, we cannot rule
out that the absence of NETosis by Blastocystis spp. could be due to phagocytosis of
bacteria in the sample by neutrophils. Cross-inhibition of both processes, NETosis
and phagocytosis, is a well-known phenomenon and the underlying mechanism has
been reported (reviewed in Manfredi et al. 2018). Since the axenization of Blas-
tocystis spp. from stool samples is a long-term and hardly successful process, we
decided to use samples enriched in vacuolar forms with a highly reduced content of
fecal bacteria; however, the use of axenic cultures will be necessary to use in future
studies to determine the real role of ROS from this parasite in the NETosis process.

Oxygen and derivedROS cause the oxidation and inactivation of numerous impor-
tant enzymes in anaerobic and microaerophilic organism, principally those that pos-
sess Fe–S centers (reviewed by Imlay 2006). E. histolytica as a microaerophilic
protozoon in contact with oxidant agents during the invasive process, possesses a
complex oxygen reduction pathway to ensure its survival. Thus, oxygen can be con-
verted to hydrogen peroxide by NADPH:flavin oxidoreductases present in amoebas,
explaining the basal ROS level detected in this work, and posteriorly hydrogen per-
oxide is rapidly converted to water by rubrerythrin or peroxiredoxin (reviewed by
Olivos-García et al. 2016; Jeelani and Nozaki 2016). In contrast, E. dispar consumes
lower levels of oxygen and produces lower amount of hydrogen peroxide under nor-
moxia and hyperoxia conditions (Santos et al. 2015). It could explain why we did not
detect ROS in E. dispar trophozoites (Santos et al. 2015). In the case of G. lamblia
trophozoites, a NAD(P)H:menadione oxidoreductase (DT-diaphorase) is responsible
to generate superoxide from oxygen which is further converted to hydrogen peroxide
(Li and Wang 2006). The DT-diaphorase is probably the only enzyme responsible
to detoxify oxygen in this parasite and it might explain the small amount of ROS
detected in G. lamblia in this work. Although adapted to anaerobic environments,
Blastocystis spp. seems to respire oxygen using the complex II and producing high
amounts of superoxide and hydrogen peroxide (Tsaousis et al. 2018; Quinlan et al.
2012). Therefore, complex II can be the source of ROS detected by us in the enriched
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cultures of vacuolar forms of Blastocystis spp.; nevertheless, as we mention before,
the cultures were not axenic and further studies are required to determine the real
source of ROS.

Finally, in order to evaluate the role of the virulence of the parasite in the ability
to form NETs, we studied NETosis by an attenuated culture of E. histolytica, which
has been maintained for years without passing through the experimental model of
amoebic liver abscesses, unlike the virulent culture that passes through this model
once per month. Interestingly, the attenuated trophozoites of E. histolytica induced
NETosis at the same level as the trophozoites of highly virulent cultures, suggesting
that in the case of E. histolytica, the ability to induce the formation of NETs is more
associated with pathogenicity than with the degree of virulence. Notably, the ability
of attenuated cultures to produceROS ismaintained (see Fig. 13.5b), emphasizing the
importance of the parasite’s respiratory burst to activate NETosis over the decrease
in the expression of other factors involved in the capacity of the amoeba to establish
tissue infection.

In conclusion, our observations suggest that NETosis in vitro by intestinal proto-
zoan parasites is a process that depends on its pathogenicity, in terms of its ability to
invade tissues and therefore, confront neutrophils. NETosis could then be reserved
for invasive protozoan parasites such as E. histolytica, which activate the formation
of NETs through the release of ROS and maintain that capacity despite attenuation.
Pathogenic or commensal parasites of the intestine that do not invade may not have
the capacity to induce NETosis, which could be due to their inability to produce
ROS. More studies with other parasites and their respective attenuated cultures are
required to be able to define precisely the participation of the factors associated with
pathogenicity and virulence in the activation of NETosis, as well as their role in the
definition of NETs as a protective or inmunopathogenic mechanism, significantly
affecting the outcome of the infection.
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Chapter 14
Parasite Secretory Molecules
in Host-Parasite Interaction

Koushik Das and Tomoyoshi Nozaki

Abstract Across-talk between the host and the parasites is fundamentally important
to understand pathophysiology of the diseases they cause. During the adaptation-
driven co-evolution of both the host and the parasites, the familiar ‘arms race’ takes
place. Over the years, host–parasite interactions have been studied extensively from
both the host and parasitic points of view, which led to new insights into novel
strategies exploited by the parasites to manipulate host–parasite cross-talk. Such
molecular strategies used by different parasites attacking their hosts often share
many similarities. Parasites secrete a number of effector molecules to invade and
create the habitat for growth inside the host, as well as to evade the host defense
mechanisms. An overview is presented on these parasite secretorymolecules used by
both intra- and extracellular parasites during host-parasite interactions in important
parasitic diseases. Questions with regard to new direction of research that are needed
to discover the generic and specific molecular strategies used by the parasite to
invade, survive, andgrow inside their hosts, and tofinally discover parasiticmolecular
mechanism associated with their development are also discussed.
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CPs Cysteine proteases
IFN-γ Interferon γ

TNF-α Tumor necrosis factor α

GP Glycoprotein
TIMP Tissue inhibitor of metalloproteinases
HSP Heat shock protein

Introduction

Living organisms are constantly exposed to other organisms. In such mutualistic
organism-organism, predator-prey, and host–parasite interactions, all living organ-
isms have acquired strategies to deal with other organisms via molecular cross-talk.
In case of host-parasite interaction, all parasites have acquired strategies to deceive
or scape from the host defenses to survive, thereby enhancing the chances of com-
pletion of their life cycle. Such finely tuned host–parasite molecular cross-talk is the
result of the molecular arms race between the host and parasites, where the hosts
use different molecules and mechanisms to counteract parasite’s invasion, while the
parasite deploys many effector molecules to manipulate the host behaviors in such
ways that ensure the parasite survival and enhance host-to-host transmission. This
race has led to the selection of three parasitic lifestyles: (i) extracellular, (ii) obligate
and (iii) facultative intracellular. Moreover, suchmolecular war between the host and
parasite often affects the outcome of infection. The parasite can engage a plethora
of surface and secretory molecules either to kill or nullify the host cells to access
the host nutrients or to evade the host immunity for their prolonged survival. Many
of these molecules are involved in triggering specific signaling pathways, both in
the parasite and the host cell, that are critical for parasite’s entry to the host cells
and survival, in case of intracellular parasites. Several important advances have been
achieved in identifying factors that are critical to the pathogenesis of the diseases they
cause. In this review, we highlight and summarize the present knowledge on host-
parasite cross-talk and discuss how the parasite’s secretory molecules regulate the
host-parasite relationships in some representative parasitic diseases. This will help
us to understand the molecular strategies used by parasites for invasion, survival,
and growth in host tissues, and ultimately, to unravel parasite’s molecular signatures
associated with adaptation, parasitism, and virulence to the host.

Parasite Derived and Induced Molecules in Host Invasion

Mammalian tissue and cell membranes represent major barriers to parasite’s inva-
sion, dissemination, and access to essential nutrients. Parasites employ a repertoire
of surface associated as well as secretory effectors that are essential for invasion and
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survival within the host. However, some parasites evade the host’s immune response
by hiding intracellularly, such as Trypanosoma cruzi, Leishmania, Toxoplasma and
Plasmodium species,while somecan evade the cell immune response including extra-
cellular parasites such as Entamoeba histolytica, Giardia lamblia, and Trichomonas
vaginalis. Here, we discuss the functional implications of parasite-derivedmolecules
from extracellular and intracellular parasites in parasitism and pathogenesis. A list
of these molecules are summarized in Table 1 and their different mode of action have
been represented in Fig. 1.

Intracellular Parasites

Trypanosoma cruzi have various surface molecules such as, GP85, GP83, and GP63
(penetrin), which help the parasite to adhere to and enter into the host cells (Marino
et al. 2003;Nde et al. 2006;Cardenas et al. 2010).GP57/51 (cysteine protease),matrix
metalloprotease-9 (MMP-9), and POPTc80 (serine protease) are secreted proteases,
capable of degrading collagen and fibronectin, and regulates host-parasite interaction
(Souto-Padron et al. 1990; Murta et al. 1990; Cazzulo 2002; Nogueira et al. 2010;
Santana et al. 1997). Leishmania promastigotes degrade the extracellular matrix
(ECM) by a zinc-dependent metalloprotease GP63 (leishmanolysin) (McGwire et al.
2003). However, it also helps the parasite to evade the host immune response and
promote the survival of intracellular amastigotes (Yao 2010). Toxoplasma gondii
infection promotes the expression and accumulation ofMMP-9 (gelatinase B),MT1-
MMP (Buache et al. 2007; Seipel et al. 2010), and MMP-12, which were shown to
degrade collagen elastin, laminin, and proteoglycans (Sato et al. 2005; Chou and
Lai 2011; Geurts et al. 2012). The ability of the malaria parasite to reach and colo-
nize the liver is attributable to two proteins, the circumsporozoite (CS) protein and
the thrombospondin-related adhesive protein (TRAP), which recognize the heparan
sulfate proteoglycans and thrombospondin in the ECM, respectively (Pradel et al.
2002). Moreover, some host derived enzymes, such as MMP-9 and TIMP-2, were
reported to increase in patients with severe malaria (Prato et al. 2005) and suggested
to be involved in the pathogenesis of malaria (Dietmann et al. 2008).

Extracellular Parasites

Entamoeba surface proteins including Gal/GalNAc lectin, serine rich E. histolytica
proteins (SREHP), lysine and glutamic acid rich protein 1 (KERP1) and lipopep-
tidephosphoglycan (LPPG), serine-, threonine-, isoleucine-rich proteins (STIRPs),
rhomboid protease 1 (ROM1), and surfacemetalloprotease (MSP-1) have been impli-
cated in adherence, signaling, ingestion, and immune evasion at the host-parasite
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Table 1 Parasite derived and induced effector molecules, involved in host-parasite interaction

Parasite Effector molecules Localization and effect
on host cells

References

T. cruzi GP63 Localized on the cell
surface,
zinc-dependent
metalloprotease,
promotes adhesion to
heparin, heparan
sulfate, and collagen

Ortega-Barria and
Pereira (1991), Ma
et al. (2011)

Cruzipain Localized in
lysosomes,
reservosomes, cysteine
protease, secreted and
degrades collagen,
fibronectin

Souto-Padron et al.
(1990), Cazzulo et al.
(1990, 2001)

Cathepsin B-like
protease

Localized in
reservosomes,
degrades human type I
collagen

Garcia et al. (1998),
Nóbrega et al. (2004)

MMP-9 like protease Secreted,
metalloprotease,
regulator of infection
and pathogenesis

Nogueira et al. (2010),
Visse and Nagase
(2003)

POP Tc80 Localized in a
vesicular compartment
close to the flagellar
pocket, serine
protease, degrades
collagen types I and IV
and fibronectin

Santana et al. (1997),
Grellier et al. (2001)

Leishmania spp. GP63 or
leishmanolysin

Localized on the cell
surface,
metalloprotease,
secreted, and degrades
collagen IV and
fibronectin

Kulkarni et al. (2008),
McGwire et al. (2003)

T. gondii MMP-9 Detected on the
infected macrophage
surface,
metalloprotease,
secreted, degrades
collagen, laminin and
elastin

Visse and Nagase
(2003), Seipel et al.
(2010), Niehus et al.
(2012), Nagase et al.
(2006)

(continued)
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Table 1 (continued)

Parasite Effector molecules Localization and effect
on host cells

References

MT1-MMP or
MMP-14

Detected on the
infected macrophage
surface,
metalloprotease,
degrades collagen,
fibronectin and laminin

Visse and Nagase
(2003), Buache et al.
(2007), Seipel et al.
(2010), Sato et al.
(2005)

MMP-2 Metalloprotease,
secreted, degrades
collagen, fibronectin,
laminin and elastin

Visse and Nagase
(2003), Nagase et al.
(2006), Mũnoz et al.
(2009)

MMP-12 Metalloprotease,
secreted, degrades
collagen, fibronectin,
laminin and elastin

Visse and Nagase
(2003), Nagase et al.
(2006), Chou and Lai
(2011), Shipley et al.
(1996)

P. falciparum MMP-9 Metalloprotease,
secreted, degrades
collagen, laminin and
elastin

Visse and Nagase
(2003), Prato et al.
(2005)

MMP-8 Metalloprotease,
secreted, degrades
collagen

Visse and Nagase
(2003), Dietmann et al.
(2008)

E. histolytica Amoebapore A Membranolytic
peptide, implicated in
host cell killing before
ingestion

Andrä et al. (2003)

Amoebapore B Membranolytic
peptide, shows
bactericidal activity

Andrä et al. (2003)

Amoebapore C Membranolytic
peptide, cytotoxic to
Jurkat and U937 cells

Leippe et al. (1994),
Andrä et al. (2003)

Cysteine proteinases
(CPs)

Act on a variety of
host substrates such as
mucin, villin, laminin,
collagen,
proteoglycan, and
extracellular matrix
(ECM), facilitate
pathogenesis by mucin
(MUC) and ECM
degradation

Tillack et al. (2006,
2007), Li et al. (1995),
Lidell et al. (2006),
Hellberg et al. (2001),
Mitra et al. (2007),
Nakada-Tsukui et al.
(2005), Nowak et al.
(2004)

(continued)
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Table 1 (continued)

Parasite Effector molecules Localization and effect
on host cells

References

Gal/GalNAc lectin Localized on the cell
surface and internal
membranes, associated
with cytotoxicity and
liver abscess formation

Ankri et al. (1999),
Sen et al. (2007),
Avalos-Padilla et al.
(2015)

EhSTIRPs (Eh serine,
threonine and
isoleucine rich
proteins)

Localized on the cell
surface, associated
with adhesion and
cytotoxicity

Ankri et al. (1999),
Sen et al. (2007)

EhTMKB1-9 (Eh
transmembrane
kinaseB1-9)

Localized on the cell
surface, associated
with adhesion and cell
killing

Shrimal et al. (2010)

KERP1 (lysine and
glutamic acid rice
protein 1)

Secreted, associated
with parasite adhesion
with host cell

Seigneur et al. (2005),
Santi-Rocca et al.
(2008), Perdomo et al.
(2013, 2016)

ROM1 (rhomboid
proteases)

Intramembrane,
involved in adherence,
phagocytosis, and
motility

Baxt et al. (2010)

CPADH
(CP112+ADH112)

Localized in
cytoplasmic vesicles,
on the plasma
membrane, secreted,
involved in adherence,
phagocytosis,
monolayer destruction,
and amoebic liver
abscess, degrades
collagen, fibronectin,
and hemoglobin

Serrano-Luna et al.
(2013)

CPBF1 Localized in the ER
and phagosomes,
transports cysteine
proteases to
lysosomes, required
for CP5 activity

Nakada-Tsukui et al.
(2012)

CPBF6 Localized in
lysosomes and
phagosomes, involved
in the transport of
α-amylase and
γ-amylase to
phagosomes

Furukawa et al. (2013)

(continued)
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Table 1 (continued)

Parasite Effector molecules Localization and effect
on host cells

References

CPBF8 Localized in
lysosomes and
phagosomes, involved
in the transport of
lysozyme and
hexaminidase, and
digestion of bacteria in
phagosomes and
cytotoxicity

Furukawa et al. (2012)

MSP-1 Localized on the
surface, involved in
adherence and
motility, phagocytosis,
and cytotoxicity

Teixeira et al. (2012),
Thibeaux et al. (2013)

β-amylase Localized on the cell
surface and
cytoplasmic vesicles,
involved in mucin
degradation

Thibeaux et al. (2013)

Lysozyme Localized on the cell
surface and
phagosomes,
associated with
virulence, implicated
in amoebic colitis

Gilchrist et al. (2006),
Thibeaux et al. (2013)

G. lamblia 66, 45, 30, and 18 kDa
proteins

Intracellular cysteine
proteases, degrades
collagen I

Coradi and Guimaraes
(2006)

145, 96 and 82 kDa
proteins

Cysteine proteases,
secreted, degrades
collagen I

De Carvalho et al.
(2008)

T. vaginalis CP30 Localized on the cell
surface, cysteine
protease, degrades
collagen IV and
fibronectin

Hernandez-Gutierrez
et al. (2004)

CP39 Localized on the cell
surface, cysteine
proteases, degrades
collagen I, III, IV, V
and fibronectin

Alvarez-Sanchez et al.
(2000)

CP65 Localized on the cell
surface, cysteine
protease, degrades
collagen IV and
fibronectin

Huet et al. (1992)
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�Fig. 1 Parasite’ effector molecules involved in host-parasite interaction. a Extracellular para-
sites (such as, E. histolytica, G. lamblia, T. vaginalis and T. brucei) employ several effector
molecules, involved in parasite’ adherence to host cells, lysis of host cells, host immune evasion
and immunomodulation. CPs: cysteine proteases; EhSTIRPs: E. histolytica serine, threonine and
isoleucine rich proteins; EhTMKB1-9: E. histolytica transmembrane kinase B1-9; KERP1: lysine
and glutamic acid rich protein 1; ROM1: rhomboid protease 1; CPADH: CP112+ ADH112; CPBF:
CPbinding family protein;MSP-1:metalloprotease 1; TbCatB:T. brucei cathepsinB; EVs: extracel-
lular vesicles. b Intracellular parasites (such as, Plasmodium sp., Toxoplasma sp., Leishmania spp.
and T. cruzi) secrete some of effector molecules can translocate to either host cell membrane or to
host cell nucleus, can regulates the host immune response. PV: parasitophorous vacuole; PVM: PV
membrane; PN: parasite nucleus; HT: host targeting; GRA: granule protein; ROP: rhoptry proteins

interface (Teixeira et al. 2012; Baxt et al. 2010; MacFarlane and Singh 2007). Fol-
lowing adherence, Entamoeba trophozoites produce some cytotoxic and bacteri-
cidal molecules including proteases (such as cysteine proteases, CPs), lysozymes,
glycosidases, amoebapores, and phospholipases (Okada et al. 2006; Serrano-Luna
et al. 2013). E. histolytica CP-binding proteins (CPBFs), more specifically CPBF1,
were identified as the regulator of protease activity and trafficking to phagosomes
(Furukawa et al. 2012, 2013; Nakada-Tsukui et al. 2012). Williams and Coombs
explored intracellular proteases present in Giardia trophozoites and observed colla-
gen degradation by a group of proteases (30–65, 120 kDa) (Williams and Coombs
1995). The hydrolysis of collagen type I by trophozoites lysates was associated with
proteases from 18 to >116 kDa (Carvalho et al. 2008). Trichomonas vaginalis pos-
sess glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which serves as surface-
associated fibronectin-binding protein. In addition to 450 in silico inferred proteases
in the genome, there are three reports of T. vaginalis cysteine proteases (CPs):
TvCP30, TvCP39, and TvCP65. TvCP30 is located at the T. vaginalis cell surface
and in the cytoplasm, involved in parasite adhesion to Hela cells (Meddoza-Lopez
et al. 2000).

Parasite Secreted Extracellular Vesicles (EVs)
in Host-Parasite Interaction

In parasitic diseases, EVs have emerged as a commonmechanism formediating host-
parasite interactions. Three groups of EVs are associatedwith parasitic infections: (1)
EVs directly produced from extracellular parasites, (2) EVs produced by host cells
infected by intracellular parasites, and (3) EVs produced by host cells stimulated
by parasite derived antigens. Here, we review the present findings regarding EVs
(especially exosomes) to recognize the role of EVs in host-parasite interactions in
some of important parasitic diseases such as, malaria, leishmaniasis, toxoplasmosis,
trypanosomiasis, trichomoniasis, schistosomiasis, and amoebiasis.

Exosome-like vesicles secreted by Plasmodium falciparum-infected red blood
cells can deliver DNA among themselves, resulting in an increased number of P.
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falciparum gametocytes and easier transmission to mosquito vectors (Mantel et al.
2013; Regev-Rudzki et al. 2013). Moreover, communication via exosome-like vesi-
cles is beneficial to parasite survival in various situations such as stress and drug
pressure. Exosomes from Leishmania donovani were shown to facilitate IL-10 pro-
duction and dampen TNF-α activation. Leishmania GP63, present in exosomes, was
shown to play an important role in modulating the immune response of macrophages
through the regulation of protein tyrosine phosphatases (PTPs) and transcription
factors (TFs) (Halle et al. 2009). In addition to proteins, non-coding RNAs (includ-
ing rRNA, tRNA, and tRNA-derived small RNAs) were also found (Bhattacharyya
et al. 2002). Toxoplasma gondii-derived exosomes contained several notable pro-
tein markers, including HSP70, CD63, and surface marker P30 (Li et al. 2018). The
exosomes promoted macrophage activation with increased production of IFN-γ, IL-
12, and TNF-α (Li et al. 2018). Moreover, exosomes are enriched in miRNAs and
mRNAs of thymosin beta 4, eukaryotic elongation factor-1a (EF-1a), Rab-13, and
LLP homolog, which mediate neurologic effects in toxoplasmosis (Pope and Lasser
2013). Trypanosoma brucei exosomes functioned as repellents to keep the pathogens
away from injured cells and improper environments to influence parasite socialmotil-
ity (Eliaz et al. 2017). T. cruzi exosomes contain small RNAs derived from tRNAs
and rRNAs. It was reported that tRNA-derived small RNAs (tsRNAs) carried by
exosomes can induce changes in the expression profiles of host genes via interaction
with host argonaute protein (Garcia-Silva et al. 2014). Exosomes released by highly
adherent Trichomonas vaginalis were found to promote the adherence of poorly
adherent species to epithelial cells. Moreover, it delivers regulatory molecules to the
host and promote the modulation of host immune functions by inhibiting IL-8, IL-6,
IL-10, and TNF-α production. (Twu et al. 2013; Olmos-Ortiz et al. 2017). Exosome-
like vesicles derived from Schistosoma japonicum can activate macrophage (termed
as M1 macrophage) with increased production of pro-inflammatory factors such as
TNF-α, CD16/32, and iNOS (Wang et al. 2015). These EVs also possess parasite
miRNA and 403 proteins including, those with catalytic, translation regulatory, and
binding activities (Zhu et al. 2016). Only scarce information of EV is available for
Entamoeba histolytica. However, bioinformatics analysis revealed that E. histolytica
possess a fewhomologs of human exosomalmarkers tetraspanins (unpublished data),
which possibly indicates that like other eukaryotic pathogens, E. histolytica also can
excrete exosomes into extracellular milieu. However, the physiological conditions
that trigger exosome secretion as well as the significance of exosomes in Entamoeba
biology are not yet explored.

Parasite’ Secretory Molecules Invade into Host Cells

Some of the proteins secreted by the parasites from their secretory organelles are
translocated to different locations in and on the parasite, as well as invaded into
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host cells. Here, we have discussed the parasite secretory proteins those have abil-
ity to invade the host cells in protozoan parasites (Theileria sp., Toxoplasma sp.,
Plasmodium sp., and Entamoeba sp.) and trematode (Schistosoma sp.).

Theileria parva and Theileria annulata are tick-transmitted parasites that lead to
East Coast fever and tropical theileriosis in cattle. To date there are six Theileria
macroschizont proteins that were shown to be secreted into the host cell cytoplasm.
One, a T. annulata secretory protein (TaSE), plays an important role in interaction of
host and parasite (Schneider et al. 2007). The remaining five Theileria proteins are a
group of five T. annulata schizont (Tash) proteins with mammalian ‘AT-hook’ DNA-
binding domains, which were shown to modulate the myeloid cell differentiation,
division, and apoptosis. These proteins contain apparent nuclear localization signals
(NLSs), which facilitate their translocation from the host cell cytosol to the host
cell nucleus (Swan et al. 1999, 2001). T. gondii, when resides in a parasitophorous
vacuole (PV), secretes a panel of dense granule proteins, including GRA24, which
has the unique ability to trigger prolonged autophosphorylation and nuclear translo-
cation of the host cell (Braun et al. 2013; Hakansson et al. 2001; Saeij et al. 2006;
Jacobs et al. 1998). Moreover, protein phosphatase 2C (PP2C) and a rhoptry protein
(ROP16) have consensus NLSs, which are recognized by the host nuclear traffick-
ing machinery and help them to localize to the nucleus of infected host cells. (Saeij
et al. 2007). Plasmodium CS protein is exported into the hepatocyte cytoplasm using
the host targeting (HT) signal, and trafficked to the hepatocyte nucleus via NLS
(Hamilton et al. 1988; Hollingdale et al. 1983; Singh et al. 2007). CS modulates the
host functions and promotes Plasmodium growth and development in hepatocytes.
CS is also highly immunogenic and recognized by cytotoxic T cells. E. histolytica
secretes several membrane associated and/or secretory molecules in extracellular
milieu during host-parasite interactions as mentioned earlier in Sect. 2.2. However,
no such parasite secretory molecules have been identified so far that can potentially
infiltrate into the host cell. Seigneur et al. identified two proteins secreted into the
extracellular milieu during interaction with the brush-border epithelium of human
enterocytes and named them as E. histolytica lysine (K)—and glutamic acid (E)-rich
protein 1 (EhKERP1) and 2 (EhKERP2), as they were rich in lysine and in glu-
tamic acid (Seigneur et al. 2005; Perdomo et al. 2016). In comparison to EhKERP1,
which is a plasma membrane- and vesicle-associated protein, EhKERP2 possesses
NLS, which possibly indicates its nuclear targeting with unique implications in host-
parasite interactions as discussed earlier. Other than the protozoan parasites, the
parasitic trematode Schistosoma spp. also secretes interleukin-4-inducing molecule
from eggs (IPSE/alpha-1), which infiltrates into host cells, translocates to the host
nucleus via C-terminal conserved NLSmotifs, and binds to host nuclear DNA, which
suggests a possible role in immune modulation of host cells (Pennington et al. 2017).
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Parasites’ Secretory Molecules in Host Immune Evasion
and Immunomodulation

The balance between anti-parasitic immunity by the host versus immunomodulation
and evasion by the parasites may result in parasite clearance or chronic infection
without severe clinical symptoms, whereas imbalances characterized by excessive
parasite growth, exaggerated immune reactions, or a combination of both cause
severe pathology and death, which is detrimental for both parasite and host. Here we
discuss host-parasite cross-talk in the perspective of parasite and host derived effector
molecules involved in immunomodulation and immune evasionmechanisms inmajor
parasitic diseases.

During asexual blood stage developmental, malaria parasites replicate inside red
blood cells, which temporarily protects them from being eliminated by immune
cells (Podoba and Stevenson 1991; van der Heyde et al. 1993; Horne-Debets et al.
2013; Imai et al. 2015; Safeukui et al. 2015). Several factors produced by the par-
asite or originating from the infected host cells, including heme, hemozoin, GPI-
anchors, nucleic acids, microparticles and exosomes have prominent immunomodu-
latory effects and substantially determine the outcome of themalaria infection. Heme
downregulates anti-inflammatory mechanisms, by inducing the expression of Cu/Zn
superoxide dismutase (SOD-1) in peripheral bloodmononuclear cells, which inhibits
prostaglandin E2 (PGE2) secretion (Andrade et al. 2010). A Plasmodium ortholog of
macrophage migration inhibitory factor enhances inflammatory cytokine production
and induces antigen-experiencedCD4Tcells to develop into short-lived effector cells
(Sun et al. 2012). The most effective anti-Leishmania response of the macrophages
is the production of reactive oxygen species and reactive nitrogen species (Iles and
Forman 2002; Fang 2004). In response to host defense, Leishmania parasites induce
macrophages to produce arginase, which competes with iNOS for arginine and thus
diminishes the production of parasitotoxic NO. At the same time, arginase produces
essential nutrient, ornithine, for the synthesis of polyamines and urea (Gaur et al.
2007). Leishmanialmetalloprotease gp63 interfereswithmacrophage signaling path-
ways leading to NOX2 and iNOS induction (Olivier et al. 2012). Leishmania recruits
suppressors of the cytokine signaling family proteins, SOCS-1 and SOCS-3, which
negatively regulate TLR2 induced cytokine induction (de Veer et al. 2003). T. gondii
inhibitor of STAT1-dependent transcription (TgIST) is a dense granule protein, and
blocks transcription of IFN-stimulated genes in human foreskin fibroblasts (HFFs)
(Gay et al. 2016; Olias et al. 2016). GRA18, another dense granule protein, can repro-
gram inflammatory responses (Lima and Lodoen 2019). T. brucei-derived kinesin
heavy chain (TbKHC1) and adenylate cyclase dampen inflammation and promote
parasite growth (Stijlemans et al. 2016). T. brucei variable surface glycoproteins
shield buried invariant surface proteins from recognition by the hosts’ immune system
and protect bloodstream parasites against complement-mediated lysis. During ame-
bic invasion, E. histolytica expresses superoxide dismutase, NADPH: flavin oxidore-
ductase, arginase and peroxiredoxin, which protect the parasite against reactive oxy-
gen species from early infiltrating neutrophils (Elnekave et al. 2003; Bruchhaus et al.
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1998; Sim et al. 2005; Davis et al. 2006). Entamoeba arginase enzyme competitively
converts L-arginine, the substrate of nitric oxide species (NOS) to L-ornithine, and
thus inhibits the NO production bymacrophages (Elnekave et al. 2003). Immunoreg-
ulatory molecule prostaglandin E2, synthesized by a cyclooxygenase-like enzyme
of the parasite (Dey et al. 2003) increases cyclic adenosine monophosphate (cAMP)
levels in macrophages (another immune effector) that inhibits Th1 cytokine release,
NADPH-mediated oxidative burst, andNOsynthesis (Wang andChadee 1995).Enta-
moebaproduces immunosuppressivemonocyte locomotion inhibitory factor (MLIF),
which shows anti-inflammatory activities and inhibits the NO production (Rico et al.
2003). E. histolytica Gal/GalNAc lectin has sequence resemblance and antigenic
cross reactivity with theMAC-inhibitory protein, CD59, and inhibitsMAC-mediated
lysis (Braga et al. 1992). E. histolytica secreted cysteine proteases can cleave com-
plement components C3a and C5a (Reed et al. 1995). Neutrophil-inhibiting factor
(NIF), produced in hookworm infection inhibits the function of leukocytes, prevent-
ing their adhesion and peroxide release (Ali et al. 2001; Loukas and Prociv 2001).
Taenia solium secretes antigen B (also known as paramyosin), which prevents dam-
age to the parasite by complement fixation on its surface (Laclette et al. 1990, 1992).
EgTeg is an anti-inflammatory molecules produced by Echinococcus granulosus,
favors the parasite survival in the host.

Conclusion

Thehost-parasite relationship is a complex phenomenon that ismediated by virulence
factors of the parasite as well as exacerbated responses of the host. As summarized,
the hosts exploit a variety of strategies to win the fight against the parasites. In
response, the parasites have also developed counter measures to mislead and nullify
the host’s defenses and to ensure the completion of their life cycle, to ultimately
win the molecular war. New research challenges to understand host–parasite rela-
tionship should address the following points: (i) what are the mechanisms of the
parasite factors to be activated dependent on host-parasite interactions (ii) what are
the mechanisms of the host proteins that are involved in host-parasite cross-talk
repressed (or activated)?; (iii) is the repression/activation of host proteins regulated
at genetic, epigenetic, transcriptional, translational, or post-translational levels?; (iv)
can biomolecules including proteins, lipids, and nucleic acids identified in the secre-
tome or exosome contents explain resistance or susceptibility of hosts to the par-
asites?; (v) what is the key (or multiple independent) event(s) of the host–parasite
cross-talk in evolution that allowed hijacking of host cellular functions by extra- and
intra-cellular parasites? Indeed, elucidation of these complex molecular dialogues
between hosts and parasites is clearly desirable not only to improve our understand-
ing of parasite virulence, but also to identify parasite-specific host biomarkers, and
to define novel therapeutic targets.
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Chapter 15
The Role of Host PKCα During
Intracellular Cryptosporidium Infection

Sayo McCowin and Chelsea Marie

Abstract Protein Kinase C-α (PKCα) is a serine/threonine kinase that has recently
been associated with increased susceptibility in several enteric infections through
regulation of host cell actin cytoskeleton. In the scope of Cryptosporidium infection,
changes in PKCα expression and activity have been reported in vitro. Past studies
have shown Cryptosporidium requires host cell actin polymerization during infec-
tion with the identification of some important mediators, [e.g. c-Src, PI3K, Cdc42,
N-WASP,Arp 2/3 complex], however a potential mechanism between PKCα and reg-
ulation of actin has not been established. Hence, the aim of this review is to present
an overview of the progress made thus far attempting to understand changes in
host cell characteristics during Cryptosporidium infection and to propose the role of
PKCα during this process. We report on findings in the field using techniques such
as immunofluorescent imaging, RNA-seq, and transmission electron microscopy
(TEM). Although the data linking PKCα and Cryptosporidium is limited in the field,
the mechanism outlined is promising for PKCα as a potential target for treatment of
cryptosporidiosis.

Keywords Cryptosporidiosis · Cryptosporidium · Protein kinase C ·
Host-pathogen interactions · Intracellular invasion · Actin remodeling · Host
targeted therapeutics
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TEM Transmission electron microscopy
PRKCA Protein Kinase C alpha-gene
BKI Bumped-kinase Inhibitors
c-Src Proto-oncogene tyrosine-protein kinase Src
PI3K Phosphoinositide 3-kinase
Cdc42 Cell Division Cycle 42
N-WASP Neural Wiskott-Aldrich syndrome protein
Arp 2/3 Actin-related protein 2/3
C. parvum Cryptosporidium parvum
C. hominis Cryptosporidium hominis
PKCβ Protein Kinase C beta
JAK2 Janus Kinase 2
Chk1/2 Checkpoint Kinase 1/2
SI Small intestinal
PKCε Protein Kinase C epsilon
F-actin Filamentous actin
GTPase Guanosine-5′-triphosphate hydrolase enzyme
GEF Guanine nucleotide exchange factor
Aqp1 Aquaporin 1
Sglt1 Sodium/Glucose transporter 1
HTT Host-targeted therapies
FDA Food and drug administration
IEC Intestinal epithelial cell
EC50 Effective concentration of inhibitor that reduced infection by half
IC50 Inhibitory concentration where enzyme binding is reduced by half

Host Factors in Susceptibility to Cryptosporidium

As an obligate intracellular parasite, Cryptosporidium depends on host cell machin-
ery to complete its lifecycle. Enteric infection is initiated by ingestion of oocysts and
subsequent excystation of sporozoites in the small intestine. Sporozoites use gliding
motility to reach and adhere to epithelial cells of the brush border. Parasite adher-
ence induces rapid uptake and encapsulation of parasites in a dual membrane para-
sitophorous vacuole on the surface of the infected epithelial cells. The host-parasite
interface is marked by a dense band of polymerized actin with an adjacent filamen-
tous network (Bonnin et al. 1999; Elliott et al. 2001) creating an extracytoplasmic
yet intramembranous niche for intracellular parasites within infected epithelial cells.
To date, the host cell signaling cascades and proteins that are usurped by parasites
during invasion and replication are not well understood. To identify novel host factors
involved inCryptosporidium infection we compared the genotypes of children living
in an endemically exposed area of Bangladesh who contracted cryptosporidiosis to
those that did not (177 cases, 866 controls). This genome-wide study identified an
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intronic region in the gene encoding host protein kinase C alpha (PRKCA) that was
significantly associated with susceptibility to cryptosporidiosis in the first year of
life (Wojcik et al. 2019). Multiple lines of evidence from the literature support the
biological plausibility of this association (Hashim et al. 2006; Love et al. 2017; Liu
et al. 2018). However, the direct role of host PKCα duringCryptosporidium infection
remains to be definitively determined. Here we review past experimental evidence
supporting the importance of host PKCα in cryptosporidiosis.

Protein Kinase C: Inhibitor Studies and High-Throughput
Drug Screens

While the role of host cell PKCα has not been directly investigated, several lines of
evidence suggest that PKCα may also be a critical host factor for the establishment
of intracellular Cryptosporidium infection. Two studies have independently charac-
terized the anticryptosporidial activity of the PKCα inhibitor Gö6976. Gö6976 is a
potent inhibitor of protein kinase C (isotypes α and β) as well as the tyrosine kinases
JAK2 and the checkpoint kinases Chk1/2 (Grandage et al. 2006). One study charac-
terized the effects of a variety of kinase inhibitors on Cryptosporidium infection of
HCT-8 and primary epithelial cells (Hashim et al. 2006). Staurosporine, a general
protein kinase inhibitor, completely abolished entry ofC. parvum andC. hominis into
both HCT-8 cells and primary epithelial cells (Hashim et al. 2006). In primary cells,
dual inhibitor experiments found that staurosporine acted primarily via inhibition of
PKC signaling.However, inHCT-8 cells the strong inhibitory effects of staurosporine
were only partly recapitulated by other PKC inhibitors and appeared to also involve
the induction of apoptosis. The more specific PKC α/β inhibitor, Gö6976, reduced
invasion of C. hominis and C. parvum invasion by ~50% for both HCT-8 and pri-
mary human intestinal epithelial cells (Table 15.1). Interestingly, none of the other
PKC inhibitors tested had such significant effects on parasite invasion. The kinase
inhibitors calphostin C and chelerythrine chloride had inhibitory effects on invasion
of HCT-8 cells by C. hominis and C. parvum respectively, but neither had activity in
primary epithelial cells. These results suggest that distinct host signaling pathways
may be activated depending on the Cryptosporidium species and host cell-type.

The observation that pharmacologic inhibitors of host PKC have anticryp-
tosporidial activity was recently independently reproduced in a high throughput phe-
notypic screen (Love et al. 2017). The authors identified 12 of 78,942 compounds
testedwith potent sub-micromolar anticryptosporidial activity, including thePKCα/β
inhibitor Gö6976. Similar to the results by Hashim et al. Gö6976 strongly inhibited
both C. parvum and C. hominis infection of HCT-8 cells with similar half-maximal
effective concentrations (C. parvum EC50 = 2.5 nM ± 1.8 nM and C. hominis (EC50

= 5 nM± 2.6 nM). In contrast to earlier work, Love et al. experimentally determined
the EC50 and demonstrated it to be 10-fold lower than the single concentration tested
previously. The precise determination of EC50 in this study further suggests that
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Table 15.1 Anticryptosporidial activity of PKC inhibitors

Inhibitor Mode of action Inhibitory conc. Parasite and cell type

Staurosporine 2.5 μM 100% inhibition of C.
hominis and C.
parvum infection of
HCT-8a

Reduced C. hominis
invasion of primary
IECs from 95.2% ±
0.2% to 60.0% ±
0.2%a

Reduced C. parvum
primary IECs 97.3% ±
0.2% to 60.4% ±
0.4%a

Gö6976 Ca2+-dependent PKCα 2.5 nM ± 1.8 nM
5.0 nM ± 2.6 nM
80 nM

EC50 C. parvum
HCT-8b

EC50 C. hominis
HCT-8b

Reduced C. hominis
infection of HCT-8
from ~55% to ~35%a

Reduced C. parvum
infection of HCT-8
from 91.4% ± 0.5% to
59.9% ± 2.6%a

Reduced C. hominis
infection of primary
IECs from 95.2% ±
0.2% to 60.0% ±
0.2%a

Reduced C. parvum
infection of primary
IECs from 97.4% ±
0.2% to 49.6% ±
1.6%a

Chelerythrine chloride Inhibits the catalytic
domain of PKC

660 nM Reduced C. parvum
infection of HCT-8
cells from 91.4% to
~46%a

No effect on C.
hominis infection of
HCT-8

Calphostin C Competes at the
binding site of
diacylglycerol and
phorbol esters of PKC

5 μM
0.5 μM

Reduced C. hominis
infection of HCT-8
from ~57% to ~38%a

No effect on C.
parvum infection of
HCT-8 cells (tested at
10-fold lower conc.)a

aHashim et al. (2006)
bLove et al. (2017)
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Gö6976 may act via inhibition of PKCα which is inhibited at lower concentrations
than PKCβ (PKCα IC50 = 2.3 nM, PKCβ IC50 = 6.2 nM) (Martiny-Baron et al.
1993) (Table 15.1).

The fundamental limitation of pharmacologic inhibitors studies is that it is not
possible to differentiate between inhibition of host and Cryptosporidium targets,
though the study by Hashim et al. removed inhibitors from host cells prior to infec-
tion, suggesting the mechanism of action is related to a host protein (Hashim et al.
2006). A further limitation of these studies is that many of the PKC inhibitors, includ-
ing Gö6976, act on multiple targets making it difficult to discern if their anticryp-
tosporidial activity is due to specific inhibition of host PKCα or to another similar
kinase.

This point is illustrated by the recent identification of the Cryptosporidium
calcium-dependent protein kinase 1 (CDPK1) as an attractive drug target that must
also be considered in the interpretation of inhibitor studies. Bumped-kinase inhibitors
(BKI) with high activity to purified CDPK1 as well as in in vitro and in vivo Cryp-
tosporidium infection have been well-characterized (Castellanos-Gonzalez et al.
2016; Hulverson et al. 2017). Nonetheless, the efficacy of BKIs for their intended
target has been questioned. Some BKIs have been shown to have efficacy against
mammalian c-Src, which has known activity in Cryptosporidium invasion, further
supporting the potential for off-target effects (Hulverson et al. 2017). A recent anal-
ysis found that many BKI analogs with potent activity toward purified CDPK1 had
little or no effect on parasite growth in HCT-8 cells despite favorable absorption in
mammalian cells. Furthermore, the IC50 of BKIs for purified CDPK1 had a negative
correlation with the EC50 for blocking parasite growth suggesting these compounds
may have an alternative target in parasite or host cells (Kuhlenschmidt et al. 2015).

Compound optimization has led to the development of BKIs that are reportedly
>200-fold more active against parasite CDPK1 than 20 representative human kinases
in vitro (Van Voorhis et al. 2017). However, the reported data show that even these
optimized BKIs had the highest off-target effects on protein kinase D3 (PKD3),
a member of the protein kinase D family, that is related to protein kinase C. No
results for conventional PKC isoforms were reported. While both BKIs had 60–
1000-fold great activity toward purified CDPK1 than purified PKD3, the EC50 in
cell-based assays for Cryptosporidium was >10-fold higher than the mammalian
PKD3 IC50 (BKI 1553) and only 2-fold lower than that of BKI 1517 (Table 15.2).
This finding suggests that the efficacy of BKIs may be at least partially mediated via
inhibition of host cell kinases, including PKC. A recent study found that CDPK1
knockdown decreased parasite invasion and growth by ~50% in vitro, which was
comparable to BKI 1517 activity alone (Castellanos-Gonzalez et al. 2016). Com-
bining CDPK1 knockdown with BKI 1517 treatment decreased parasite growth by
~95%. The authors interpret this finding as confirmation of the specificity of BK
1517 for parasite CDPK1, however these data do not exclude the possibility that
BKI 1517 acts in an additive fashion with CDPK1 knockdown via off-target effects
on host cell kinases.
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Table 15.2 BKI efficacy on
target CDPK1 and host PKD3

Assay 1517
Compound 39

1553
Compound 32

CDPK1 enzyme
inhibition IC50

1 nM (Schaefer
et al. 2016)

2 nM (Schaefer
et al. 2016)

Cell based assay
EC50

600 nM (Schaefer
et al. 2016)

1600 nM
(Schaefer et al.
2016)

PKD3 enzyme
inhibition IC50

1110 nM
(Vidadala et al.
2016)

120 nM (Zhang
et al. 2013)

Downregulation of PRKCA Expression by Cryptosporidium

In a more recent study, PRKCA was identified as the most significantly down-
regulated gene in a transcriptomic analysis of HCT-8 cells infected with C. parvum
(Liu et al. 2018), providing an independent line of evidence for the involvement
of PKCα in Cryptosporidium infection. In this study, HCT-8 cells were infected
with C. parvum and differentially expressed genes were identified by RNA-seq 24 h
post-infection. In addition toPRKCA, other differentially regulated genes in this anal-
ysis corresponded to inflammation, anti-apoptosis, and initiation and regulation of
mucosal response pathways. As inhibitor studies have established a compelling link
between blockade of host PKCα and decreased parasite invasion, this may be a pro-
tective response to prevent further infection.We hypothesize that down-regulation of
PRKCA decreases parasite-induced actin rearrangements that are necessary for inva-
sion and intracellular survival. An important note, the study showed opposite trends
of mRNA expression during infection of two different C. parvum subtypes high-
lighting different pathogenic mechanisms between species and subspecies, however
down-regulation of PRKCA remained consistent.

A recent study assessed the transcriptomic landscape of epithelial human
organoids infected with C. parvum which support the full life cycle of the para-
site up to 72 h post-infection (Heo et al. 2018). In small intestinal (SI) organoids
at 72 h post-infection, there is significant upregulation of several genes which were
not observed at 24 h post-infection. Numerous changes in host cell transcriptome
in response to infection were described, in addition to differential regulation at 24-
and 72-h post-infection, supporting distinct host transcriptional responses at vari-
ous stages of infection. While PRKCAwas not among the significantly differentially
expressed genes in this analysis, a significant enrichment of upregulated genes related
to ‘cytoskeleton’ and ‘cell mobility’ was identified at 24 h post-infection, of which
PKCα is a key regulator (Heo et al. 2018). A paired analysis of C. parvum gene
expression over the course on intracellular infection found an enrichment of tran-
scripts for parasite kinases later in infection (24 h = 0%, 72 h = 5%) suggesting that
parasite kinases may be necessary for progeny invasion or replication in the organoid
model. It is notable that the authors did not report a significant down-regulation of
PRKCA as observed in Liu et al. Similarly, no significant changes in expression of
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PRKCA interacting proteins were observed. This may be a consequence of a low effi-
ciency of Cryptosporidium infection in the stem cell-derived organoids compared
to HCT-8 intestinal epithelial cells. In the context of a low burden of infection, the
uninfected-dominant population of cells may dilute or confound the identification of
differential gene expression due to infection. To address this challenge, Yang et al.
analyzed the transcriptome of uninfected and infected cells separately (Yang et al.
2010). In this study, the authors sorted human intestinal epithelial cells for presence
of C. parvum infection to identify differentially transcribed genes as a direct con-
sequence of infection (Yang et al. 2010). The authors observed 31 down-regulated
genes associated with the functional category termed ‘cytoskeleton’. Interestingly,
protein kinase C epsilon (PKCε) was significantly downregulated in infected cells
compared to uninfected controls which is known to have opposing effects to PKCα

on F-actin stability in the intestinal epithelium (Song et al. 2002).

Host Cytoskeleton Remodeling in Cryptosporidium Infection

Numerous studies have documented the requirement for host cell actin during cellu-
lar invasion by Cryptosporidium, which is directly regulated by PKCα (Song et al.
2002; Nakashima 2002). Both C. parvum and C. hominis colocalized with host
cell actin in primary human intestinal cells during infection (Hashim et al. 2006)
and induced host cell actin rearrangement in immortalized cell lines (Hashim et al.
2004). Supporting the importance of actin rearrangements, pretreatment of host cells
with cytoskeletal inhibitors cytochalasin B and cytochalasin D blocked parasite inva-
sion (Hashim et al. 2006). Mechanistic studies of C. parvum-induced cytoskeleton
remodeling have shown that parasites rapidly trigger tyrosine phosphorylation at
the site of attachment (Forney et al. 1999). Further studies identified activation of
c-Src, a membrane-associated protein tyrosine kinase and phosphatidylinositol 3-
kinase (PI3K) leading to subsequent recruitment of host Rho-GTPase Cdc42 and
the Cdc42-associated GEF, frabin (Chen et al. 2004a). This phosphorylation cas-
cade results in N-WASP activation and subsequent recruitment and activation of
the actin nucleation and branching complex of proteins, Arp2/3 (Chen et al. 2004a,
b). Inhibition of Arp2/3 (Elliott et al. 2001), PI3K (Forney et al. 1999; Chen et al.
2003), Cdc42, and N-WASP (Chen et al. 2004a) blocked parasite infection suggest-
ing that host actin polymerization is essential for initial parasite invasion. Parasites
have also been shown to induce volume increases via activation of host aquaporin
1 (Aqp1) and the sodium/glucose transporter (Sglt1) at the site of host cell attach-
ment which is thought to additionally contribute to actin-dependent host cell invasion
(Borowski et al. 2008; Chen et al. 2005). In a separate study, it was shown that silenc-
ing AQP1 gene expression results in an impairment in the organization host cell actin
in human endothelial and melanoma cell lines (Monzani et al. 2009). Based on the
prior evidencewehave developed amodel of PKCα-actin-mediatedCryptosporidium
invasion of host cells (Fig. 15.1).
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Fig. 15.1 PKCα mediated Cryptosporidium invasion of host cells. Contact of Cryptosporidium
causes recruitment of host factors necessary for invasion. In our model, parasite invasion results
in activation and translocation of PKCα to the site of infection at the plasma membrane. Active
PKCα initiates a phosphorylation cascade in the host cytoplasm causing activation of the Arp2/3
complex and subsequent remodeling of the actin cytoskeleton. Concurrently, host cell contact with
Cryptosporidium leads to activation of Sglt1/Aqp1 and a volume increase, from co-transport of
glucose andwater, further contributing to the actin remodeling required for infection. Pharmaceutical
inhibition of PKCα by several drugs has been reported to decrease parasite invasion significantly.
Additionally, inhibition of the recently identifiedCDPK1 byBKIs has been observed to significantly
decrease parasite invasion potentially through off-target effects (e.g. PKCα)

PKCα has been shown to play an important role in the invasion of human endothe-
lial cells by Escherichia coli. Like Cryptosporidium, E. coli induces host actin con-
densation at the site of host cell invasion and immunocytochemical studies indi-
cated that activated PKCα co-localized with actin condensation at the bacterial entry
site (Sukumaran et al. 2002). A similar mechanism was described in Pseudomonas
aeruginosa invasion of middle ear epithelial cells (Mittal et al. 2016). In this study,
the bacterial effector oprF was necessary for phosphorylation of host PKCα which
translocated to the plasma membrane at the site of bacterial invasion and actin con-
densation. Altogether these findings support a role for PRKCA gene expression and
resultant PKCα protein activity potentially acting via cytoskeleton remodeling in
diverse enteric pathogenesis.

The finding that genetic variability in PKCα increased susceptibility to cryp-
tosporidiosis in infants in combination with the evidence from pharmacologic and
transcriptomic studies indicate the potential importance of host PKCα in infection.
As an intracellular parasite, Cryptosporidium has minimal metabolic and energetic
pathways, lacking drug targets of other parasites. An additional challenge is that
drugs must penetrate both host and parasite membranes without toxicity to the host
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cell. Host-targeted therapies (HTTs) are a promising new class of compounds for the
treatment of infectious diseases, particularly for pathogens with limited drug targets
such asCryptosporidium, or high levels of antimicrobial resistance. The PKC family
of enzymes has been a focus of drug discovery effort due to their role in a variety
of pathogenic conditions including diabetes, cancer, heart disease, Parkinson’s dis-
ease, Alzheimer’s disease, bipolar disease, psoriasis, and inflammatory bowel disease
leading to numerous FDA-approved PKCαmodulators (Yang and Yan 2014), though
to our knowledge none have been tested for efficacy against Cryptosporidium. Our
finding that genetic variation in the PRKCA is important in susceptibility to cryp-
tosporidiosis provides strong foundational evidence for further exploring host PKCα

as a potential target for the treatment of cryptosporidiosis.
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Chapter 16
Human Immune Response Triggered
by Entamoeba histolytica
in a 3D-Intestinal Model

Silvia Castellanos-Castro, Arturo Aguilar-Rojas, Mariette Matondo,
Quentin Gian Gianetto, Hugo Varet, Odile Sismeiro, Rachel Legendre,
Julien Fernandes, David Hardy, Jean Yves Coppée,
Jean Christophe Olivo-Marin, and Nancy Guillen

Abstract Entamoeba histolytica, the agent of amoebiasis, colonizes the human
colon and can invade the lining of the colon to disseminate in the deep layers of
the intestine. Amoebiasis mainly affects poor people in developing countries, where
the barriers between human feces and food or water are inadequate. Humans are the
only reservoir of E. histolytica and are the sole target organism of the development
of the disease, which limits our knowledge of the crosstalk between the colon and
the parasite, especially during the acute phase of infection. In the present work, we
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constructed an in vitro model of intestinal epithelium that includes an immune com-
ponent to mimic the immune response against pathogenic microorganisms such as E.
histolytica. Using thismodel and leading-edge technologies, including tissue and cell
imaging, transcriptomics, proteomics and ELISA, we investigated the early stages of
amoebic infection, in particular, the early immune response. The data obtained high-
light the importance of several previously showed virulence markers in patients and
experimental models. In addition, we underscored the involvement of other factors
that appear to be key regulators of gene expression in the cellular stress responses
against amoebiasis and we found novel regulatory mechanisms used by this parasite
to modulate the immune response and survive within the human intestine.

Keywords Entamoeba histolytica · 3D-intestinal model · Cytokines ·Mucin ·
Transcriptomics · Proteomics
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MIF Macrophage migration inhibitory factor
SHG Second Harmonic Generation signal

Introduction

Tissue engineering is an interdisciplinary field that applies the principles of engineer-
ing and the life science towards the development of biological three-dimensional (3D)
systems. Tissue substitutes are emerging as promising tools for understanding human
diseases by mean of the development of reliable models of experimentation (Dutton
et al. 2018). In this point, the application of a “synthetic” intestine in research work
is a technical challenge due the complexity shown by this tissue; however, several
research groups have been working to build in vitro models that represent specific
technical advantages keeping important features of native intestine. Examples are the
3D scaffolds that mimic the small intestine constructed with different proportions
of enterocytic-like cells and macrophages, as well as different extracellular matrix
(ECM) compositions (Huang et al. 2014). The physiological intestinal peristaltic
motion has been introduced in the “gut-on-a-chip” model by applying microfluidic
techniques, (Kim et al. 2016; Shin and Kim 2018; Jalili-Firoozinezhad et al. 2019).
Likewise, the structure of colon crypts has recently been recapitulated by the cultiva-
tion of human intestinal epithelium on a collagen scaffold micro fabricated with an
array of crypt-like invaginations (Wang et al. 2018) and, using human-derived colonic
epithelial stem cells, a thick layer of mucus has been produced in vitro (Wang et al.
2019). Although all of these substitutes for intestinal tissue are emerging as promis-
ing tools for understanding human tissues behavior in health and disease conditions,
their implementation in daily laboratory work has been complex.

Entamoeba histolytica, is a human intestinal parasite which is the causative agent
of amoebiasis. In humans, the motile form of the parasite known as trophozoite,
is able to cause two kinds of infections. A silent infection occurs in the majority of
patients. In these cases, trophozoites live in the intestine as commensals and there are
no symptoms (Blessmann et al. 2003). In contrast, in 10%of infected persons, tropho-
zoites cause intestinal disease such as colitis or colon and/or liver abscess (Marie
and Petri 2014; Shirley et al. 2018). Tissue destruction and invasion of human colon
by E. histolytica begins with the crossing of the mucus layer by trophozoites. They
become then able to bind, kill and ingest epithelial cells with the concomitant release
of immunological mediators (Nakada-Tsukui and Nozaki 2016). In response, goblet
cells secrete mucin 2 (MUC2) via vesicular exocytosis (Cornick et al. 2017). After
this step, amoebas can invade the lamina propria with the subsequent activation of an
acute human inflammatory response (Ghosh et al. 2019). As a result, macrophages
and neutrophils are recruited into the damaged area to secrete reactive oxygen species
and nitric oxide attempting to clear the infection (Nagaraja and Ankri 2018). Among
the immunological factors secreted by human cells are, Interleukin-8 (IL-8), Tumor
Necrosis Factor alpha (TNF-α), Interleukin-1beta (IL-1β), and Interleukin-6 (IL-6)
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(Moonah et al. 2014; Bansal et al. 2009). In response,E. histolytica is capable of dam-
aging the host tissue by the secretion of virulence factors such as amoebic proteases
necessary to disrupt cell-cell tight junctions (TJ) (Leroy et al. 2000; Hernández-Nava
et al. 2017) and to promote cytolytic effects and apoptosis of human cells (Huston
et al. 2000; Ralston and Petri 2011). Although the infection process has been studied
in several in vitro models, such as cell cultures (Li et al. 1994), human tissue explants
(Bansal et al. 2009), or human intestine xenografts in mice (Seydel et al. 1997), the
understanding of parasite behaviors during early steps of amoebic intestinal infection
and the molecules involved during human-parasite interaction is scarce, principally
due to the lack of models similar to in vivo conditions.

To overcome these methodological limitations, our research group has developed
an intestinal 3D model with human cells that is able to reproduce important features
of the native intestine in vitro. This system is easily reproducible under conventional
laboratory conditions and is suitable for evaluating different intestinal processes.
Using this 3D-intestinal model, we studied the early steps of interaction between
E. histolytica and human cells (Aguilar Rojas et al. 2020) and here, we discuss the
molecules linked to the immune responses of human cells confronted to an amoebic
infection.

Results

Construction of the Intestinal Model

The 3D-intestinal model consists of a basal ECMmade with collagen type I from rat
tail containing the non-transformed human colon fibroblast, CCD-18Co and human
monocyte cell line THP-1 differentiated into macrophages (standardized ratio of
both cell lines of 1:2.2) (Fig. 16.1a, b). THP-1 differentiation was performed using
phorbol 12-myristate 13-acetate (PMA) and it was validated using morphology and
viability indicators (Chitra et al. 2014) and CD11b surface marker (Mittar et al.
2011) (data not shown). Over the ECM was added an epithelial layer assembled by
the co-culture of human cell line, Caco-2/TC7 as enterocyte-like cells and the human
adenocarcinoma HT29-MTX cells as mucus-producing cells (standardized ratio of
both cells: 4:1, respectively) (Fig. 16.1a). Those cell lines were selected by their
specific characteristics. In the case of Caco-2/TC7 clone, they are able to express
all the characteristics of Caco2 cells and in addition, they exhibit the expression
of functional properties of fully differentiated intestinal enterocytes (Sambuy et al.
2005). HT29-MTX cells, were adapted from the parental cell line HT29 to acquire
the morphological and mucin-producing characteristics of goblet cells (Pontier et al.
2001). Functional properties of 3D-intestinal model were evaluated after 21 days
of culture. The model was able to promote epithelial polarization as was demon-
strated by the immunolocalization of villin in the apical side of the epithelial cells
(0–15 μm). Likewise, below the apical zone, were localized the TJ as was revealed
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Fig. 16.1 a Histology of 3D-intestinal model (left). Cells were visualized by light microscopy.
Hematoxylin and eosin (HE) were employed to stain the cells. General view of 3D-intestinal model
(right). The device was built on the upper layer of a transwell chamber (0.4-μm pore in 24 mm
well plate). Epithelial layer was composed of enterocyte-like cells (Caco-2/TC7) as epithelial cells
and human colorectal cell line (HT29-MTX) as mucus-producing cells. A thin mucus layer was
produced above the epithelium. In the basal compartment, lamina propria was constituted of col-
lagen type I as extracellular matrix (ECM). b Macrophages [THP-1 cells, (white arrowhead) and
fibroblasts CCD-18-Co cells (gray arrowheads)] were grown within the ECM. Cells were stained
with fluorescent phalloidin decorating actin filaments (green). Collagen was detected by the Sec-
ond Harmonic Generation (SHG) signal (gray). c Maturation markers. After 21 days of culture,
villin (white arrowheads), tight junction protein ZO-1 (white arrowheads), and E-cadherin (white
arrowheads), were visualized by immunofluorescence using confocal laser microscopy (red). The
mucus layer was evaluated by immunolocalization of mucin 2 (MUC2) (red, white arrowheads),
by confocal microscopy. F-actin decoration was revealed with fluorescent phalloidin (green) by
confocal microscopy

by the immunolocalization of the tight junction protein ZO-1 protein (15μm). Down
TJ, adherence junctions (AJ) were found as demonstrated by the immunolocalization
of E-Cadherin (25–30μm) (Fig. 16.1c). Finally, a layer of mucus was secreted on the
apical side of the epithelial-like cells as shown by confocal microscopy analysis of
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MUC2 staining (Fig. 16.1c). After several experiments, the data showed that the 3D-
intestinal model is reproducible, standardizable under regular laboratory conditions,
and suitable for studying different intestinal processes. The model was used to per-
formE. histolytica infection assays and proteomics to determine the proteins secreted
by human cells to the medium. The changes in gene expression of human cells were
analyzed by transcriptomics (Aguilar Rojas et al. 2020). In addition, here were quan-
tified the pro-inflammatory cytokines secreted to the interstitial and luminal area of
the 3D-intestinal model and we also discuss the effects on the mucus barrier and the
immune responses triggered by E. histolyticawhen infected the human 3D-intestinal
model.

Mucus Barrier Defense

During infection, when E. histolytica reaches the intestinal parenchyma, it releases
various enzymes into the extracellular milieu to break the tissue. Themucus barrier is
critical for gut homeostasis and during amoebiasis, it is the first layer of defensewhich
avoids the adherence and cytotoxicity of the parasites to the epithelial cells (Chadee
et al. 1987). Amoeba secretes some cysteine proteases, glycosidases and β-amylase
to degrade the mucus barrier (Bansal et al. 2009; Thibeaux et al. 2013). Mucus is
mainly composed of different mucins, in particular MUC2, which is enriched in
hydroxy amino acids that attach to the O-glycans forming a dense net-like polymer.
It is also enriched in lysozymes and β-defensins secreted by Paneth cells (Cobo et al.
2018). In murine models, Goblet cells activate the secretion of MUC2 via vesicular
exocytosis when E. histolytica is present. Furthermore, mice MUC2-/-present an
exacerbated infection and colonic damage (Cornick et al. 2017).

During 3D-intestinal model infection by E. histolytica, using confocal images
and anti-MUC2 signal, we have observed that mucin layer is diminished after two
hours of infection (Fig. 16.2a), although the number of vesicles secreted by goblet
cells augmented. We suggest that when trophozoites are in contact with human cells
of the 3D model, they activate mucus production as defense response, and at the
same time, parasite destroy it to reach epithelial cells. Furthermore, we observed
many trophozoites with mucus signal-containing vesicles ingested, suggesting that
amoebas also shallow pieces of the mucus layer.

Immune Response of the 3D-Intestinal Model in Contact
with E. histolytica

Activation of the immune system in the intestine, by loss of tolerance for non-
pathogenic commensal microbes or by pathogen infections, leads to inflamma-
tion and contributes to the development of intestinal disorders such as amoebiasis.
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Fig. 16.2 a Mucus layer destruction and invasion of colon 3D model by E. histolytica. The micro-
graph was obtained by two-photon microscopy after 2 h of infection. The parasite adheres (white
arrow heads) to cells and induces cytotoxic and cytolytic effects destroying part of the mucus and
epithelial barriers. Cells were stained (green) with fluorescent phalloidin decorating actin filaments.
The graph shows the quantification of anti-Muc2 antibody in red. 3D-intestinal models without par-
asites were used as controls (C), infected samples (I). b 3D reconstruction from a scanned section of
the 3D-instestinal model incubated 2 h with trophozoites (white arrow heads). c Quantification and
d relative abundance of pro-inflammatory cytokines secreted in both compartments of the device.
3D-intestinal models were incubated with trophozoites during 2 and 7 h, then the culture medium
on top (S1 fraction) was collected. The remaining cell device was centrifuged for 5 min at 1600 g to
get the medium inside (S2 fraction). Cytokines were quantified in both fractions by ELISA assays
(Qiagen multi-analyte kit) for human IL-1α, IL-1β, IL-2, IL-6, IL-8, IL-10, IL-12, 1L-17α, INF-γ,
TNF-α and GM-CSF. Experiments were made in triplicate

Immune response during infection is characterized by secretion of pro-inflammatory
mediators, which in turn induce the activation of blood complement, the produc-
tion of reactive nitrogen and oxygen radicals (by macrophages and neutrophils) and
the cell death due to stresses (Marie and Petri 2014). Understanding the biology of
the host defense responses to E. histolytica is important to develop new treatment
strategies.

Cell-Mediated Immunity

During the invasion of the human colon, trophozoites directly and indirectly interact
with human cells activating the immune response by the secretion of immunomod-
ulatory proteins (Yu and Chadee 1997). The gut inflammatory response contributes
to the infiltration of the colon by neutrophils and macrophages, which promotes tis-
sue destruction by trophozoites. The direct contact of epithelial cells and parasites
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occurs through the Gal/GalNAc lectin via toll-like receptor-2/4 TLR-2/4, leading
to nuclear factor-kβ (NF-kβ) signaling pathway activation and the production of
pro-inflammatory cytokines, all of them important to modulate the participation of
different immune cells in inflammatory responses (Moonah et al. 2014). For instance,
the amoebic cysteine protease A5 (EhCP-A5) is involved in the increase of cytokine
production, such as IL-1β and IL-8.

The inflammatory response induced after cell-parasite interactions have been
reported in vitro using cell monolayers cultures, in vivo with animal models, and
human colon explants. Taking advantage of the 3D-intestinal model set using human
epithelial and immune cells, the major changes in the pro-inflammatory tissue
response at early stages of amoeba infection were determined.

Using transcriptomic approaches, we highlighted the activation of different sig-
nalling pathways, such asNF-kβ, which regulates cytokine production in conjunction
with other transcriptional factors also upregulated such as activating protein-1 (AP-
1), Fos and Jun. In addition, the genes related to p53 transcriptional factor, which
is involved in immune response during viral infection, were also found upregulated
(Aguilar Rojas et al. 2020). In contrast, other signaling pathways were downregu-
lated including interferon-γ (IFN-γ) via JAK-STAT signaling, which regulates genes
related to inflammation via inflammasome, the production of oxidative response
(Kopitar-Jerala 2017) and anti-microbial molecules, and those genes involved in
lysosomes functions (MacMicking 2012). Then, the presence of pro-inflammatory
cytokines including IL-1α, IL-1β, IL-2, IL-6, IL-8, IL-10, IL-12, 1L-17α, INF-γ,
TNF-α and the granulocyte macrophage-colony stimulating factor (GM-CSF) was
examined by enzyme-linked immunosorbent assay (ELISA), in the interstitial and
luminal areas of the 3D-intestinal model after 2 and 7 h of infection (Fig. 16.b–e).
3D-models without infection were taken as control. In these experiments, IL-1α,
IL-2, IL-10, IL-12, IL-17α and IFN-γ were not detected.

Immune Response Turned on in the 3D-Intestinal Model in Contact
with E. histolytica

We observed that IL-1β was secreted in the interstitial area of cell layers and in
the luminal part of the human 3D-intestinal model in similar concentrations and it
increased from 2 to 7 h after infection. IL-1β is a pro-inflammatory cytokine asso-
ciated to cell proliferation, differentiation and apoptosis. During amoebiasis, it is
activated when amoebic cysteine proteases, secreted in the milieu, cause cytopathic
effects on the host cells. IL-1β is also produced by macrophages when in direct con-
tact with E. histolytica. Parasite-macrophage contact triggers cytoskeletal reorgani-
zation and the EhCP-A5 protease binds to α5β1 integrin of macrophages inducing
the secretion of IL-1β, which in mice activates the NLRP3 inflammasome (Mortimer
et al. 2015). Inflammasomes are multiprotein signaling complexes that are able to
activate the inflammatory caspases and to maturate the IL-1β and IL-18. Activation
of these factors is induced by Toll-like receptors, NF- kβ pathway and some char-
acteristic pathogen-associated molecular patterns (PAMPs). During infection of the
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3D-intestinal model we found some downregulated inflammasome related genes.
Alterations on inflammasome activation are associated with certain autoimmune and
chronic inflammatory diseases in humans (Jo et al. 2016). Thus, downregulation of
the inflammasome by E. histolytica may be necessary for functions preventing a
potentially harmful reaction for the host at early stage of infection.

Epithelial cells produce IL-6 during colonic infection and it is also known as an
intestine inflammatory marker (Zavala et al. 2018). In our experiments, IL-6 was
found in similar concentrations in interstitial and luminal areas of the 3D-intestinal
model during infection. This finding correlates with previous reports in animals and
human cells (Meurens et al. 2009; Moonah et al. 2014; Bansal et al. 2009). IL-8 was
present in control and infected sample and increased during infection in interstitial
and luminal areas of the 3D-intestinal model. We also found the presence of IL-8
in the secretome [by liquid chromatography coupled to mass spectrometry (LC-
MS/MS proteomics)] in control and infected samples. Epithelial cells express IL-8
constitutively and they are stimulated for IL-8 increases during infection. IL-8 is
a chemoattractant for neutrophils and it has been identified in high concentrations
during severe diseases (Dickson-Gonzalez et al. 2009). IL-8 has other effects on
endothelial cells, macrophages and mast cells (Lee et al. 2014). IL-8 also attracts
the trophozoites inducing specific rearrangements of the trophozoites actin-myosin
cytoskeleton components (Diaz-Valencia et al. 2015).

TNF-α was secreted only in the interstitial part of the 3D-intestinal model and
it increases during time of infection. In general, TNF-α is produced by neutrophils,
eosinophils, mast cells and the main source are the activated macrophages. TNF-
α is a potent chemoattractant for circulating monocytes and also for E. histolytica
(Blazquez et al. 2006) where it induces signaling through the phosphoinositide 3-
kinase (PI3K) and the Gal-GalNAc lectin leading to cytoskeleton reorganization
(Blazquez et al. 2008). The chemotaxis of trophozoites towards TNF-α involves
a surface amoebic protein (CSP), which is enriched in uropods and sense TNF-α
(Silvestre et al. 2015). In human tissues, TNF-α promotes the degradation of ECM
via the metalloproteinases (MMPs) activity, a fact that facilitates the immune cells
migration to the site of infection and is also essential for the tissue damage processes
leading to amoebiasis (Thibeaux et al. 2014). TNF-α production by macrophages is
enhanced by the homolog of the pro-inflammatory cytokine macrophage migration
inhibitory factor (MIF) (Moonah et al. 2014), which is present in the 3D-intestinal
model. Another cytokine found in the experiments here discussed was GM-CSF. It
was secreted in the interstitial part of the control and increased levels appeared over
time during infection in both sections of the 3D-model. GM-CSF is a chemokine
recruiting monocytes and is involved in modulation of immune response. The pres-
ence ofGM-CSF in high levels has been previously reported during porcine epithelial
jejunal IPI-21 cells interacting with E. histolytica (Meurens et al. 2009).

Cell motility of both E. histolytica and immune cells is essential for tissue dam-
age processes leading to amoebiasis. During parasite invasion, intestinal cells can
recruit circulating monocytes and neutrophils by sending distress signals follow-
ing secretion of pro-inflammatory cytokines (e.g. GM-CSF, IL-8 and mainly TNF-
α). These cytokines allow cell infiltration and may activate MMPs to remodel the
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ECM, an essential feature for parasite migration within the lamina propria. This early
inflammatory response in the tissue can be considered as a signal enhancing parasite
motility.

Immune Response Turned off in the 3D-Intestinal Model in Contact
with E. histolytica

An important cytokine previously reported during amoebiasis is IFN-γ, which has
been associated with the clearance of infection. IFN-γ is produced by peripheral
mononuclear cells and activates neutrophils and macrophages. Natural killers T cells
also secrete IFN-γ with protective roles during amoebic liver abscesses (Lotter et al.
2009). The JAK-STAT1 signaling pathway activates IFN-γ production. Intriguingly,
during infection of the 3D-intestinalmodel,we did not find IFN-γ byELISAand IFN-
γ signaling pathwayswere downregulated in the transcriptome profile (Aguilar Rojas
et al. 2020). IFN-γ signaling pathways are involved in the β-defensins antimicrobial
program needed to control infection. Defensins are constitutively expressed in the
intestine and have been considered as a part of innate immune responses according
to their ability to destroy the microbe’s membranes (Ulm et al. 2012). IFN-γ is also
involved in the production of oxidative andnitrosative radicals inmacrophages. These
molecules generate high stresses during infection; host cells and trophozoites die due
to free radical damage contributing to the immunopathology of amoebic dysentery
(Lin and Chadee 1992). The downregulation of genes encoding β-defensins and
those encoding factors triggering stress, may contribute to parasite evasion from the
immune response during the early steps of infection. Furthermore, in addition to the
modulation of stress triggered by macrophages via IFN-γ, we have found that the
gene encoding the transcription factor TFEC is downregulated during infection of
the 3D-intestinal model. TFEC, restricted to macrophages, promotes the expression
of lysosomal and oxidative metabolism genes (Ploper and De Robertis 2015); the
reduction of these functions implicates a limitation for human cells to fulfill their
metabolism leading to slow down human cells defenses during amoebic infection.
E. histolytica can also resist intestinal oxidative stress by several ways (Jeelani and
Nozaki 2016; Varet et al. 2018; Nagaraja and Ankri 2018) and thus survive in a
stressful oxidative environment (Pineda and Perdomo 2017).

By proteomics analysis of the secreted components in the 3D-intestinal model
other downregulated proteins were identified. These are related to macrophage’s
functions, such as CAPG protein, which participates in actin filaments capping and,
in this condition, can alter macrophages motility. Furthermore, other chemokines
were present in low amounts during infection, such as CCL15, GDF-15 and attractin.
In addition, proteins related to lysosomal function were also diminished confirming
the transcriptome features above discussed (Aguilar Rojas et al. 2020). Since we did
not find IFN-γ after 7 h of infection in 3D-intestinal model, neither the transcription
of genes whose products are involved in oxidative or nitrosative attack nor microbe
degradation via lysosomes, we suggest that E. histolyticamay complete its strategies
to evade the innate immune response by modulating IFN-γ signaling pathway and
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thus attempt to survive inside the tissue during the early stages of infection. The
experimental exploration of the multiple routes used by E. histolytica to turn off the
macrophage defense activity during amoebiasis is a matter of further studies.

Conclusions

The 3D-intestinal model allows us to determine and to quantify the changes of certain
components of the immune response at the very early stages of an amoebic intestinal
infection. The virulence factors secreted by E. histolytica, as well as its interaction
with host cells, induce a potential inflammatory response leading to the secretion of
chemokines and cytokines that can recruit immune cells by sending distress signals.
These compounds also recruit amoeba promoting tissue invasion. Some of them
like IL-1β, IL-6, IL-8, TNF-α and GM-CSF have been found in murine models or in
patients infected with E. histolytica and confirmed here. In addition, our data suggest
that trophozoites decrease the signalling pathways regulated by IFN-γ including the
β-defensins antimicrobial responses, oxidative attack and macrophages activation.
Our working hypothesis suggests that the strategies used by trophozoites to invade
the intestinal tissue combine the absence of IFN-γ (promoting parasite survival at
early stages) and the exploitation of pro-inflammatorymechanisms to activateMMPs
leading to tissue invasion.
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Chapter 17
Receptors for Phagocytosis
and Trogocytosis in Entamoeba histolytica

Kumiko Nakada-Tsukui and Tomoyoshi Nozaki

Abstract In the protozoan parasite Entamoeba histolytica, phagocytosis is con-
sidered to be indispensable for its parasitic lifestyle, and centrally involved in the
pathogenesis. Currently, two modes of target internalization that can be differenti-
ated at phenomenal and molecular levels have been demonstrated in E. histolytica:
phagocytosis and trogocytosis. In phagocytosis, E. histolytica ingests a dead mam-
malian cell or an undeformable microorganism such as bacteria and fungi, as a
whole. In contrast, in trogocytosis, live cells are nibbled (chewed) and ingested as
fragments. It has been reported in E. histolytica that trogocytosis, not phagocytosis,
is involved in immune evasion from complement attack via presenting cell surface
membrane proteins acquired from host cells onto the amebic surface. Mechanis-
tic differences at molecular levels between phagocytosis and trogocytosis have been
only partially demonstrated. Only proteins known to differentiate these processes are
a set of kinases, AGCK1 and AGCK2. However, what triggers phagocytosis versus
trogocytosis remains largely unknown. Inmodel organisms, it is well established that
receptor for the prey is the key that regulates phagocytic internalization and the fol-
lowing signaling events defined by the prey. To get insights into receptor candidates
for phagocytosis and trogocytosis, here we summarize previously identified potential
receptors and surface molecules involved in adhesion and phagocytosis/trogocytosis
in E. histolytica.
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Abbreviations

AGCK AGC family kinase
Arial Asparagine-rich E. histolytica antigen
CRT Calreticulin
Gal Galactose
GalNAc N-acetyl-d-galactosamine
LRP1 LDL receptor-related protein 1
SREHP Serine rich E. histolytica protein
TMK Transmembrane kinase

Introduction

Ancestral eukaryotes are believed to have originated from an archaeal organism
which engulfed and enslaved α-proteobacterium, followed by successful endosym-
biosis. Such phagocytosis-associated endosymbiosis was thus the key biological
event that have led to further evolution of all eukaryotes. Phagocytosis is a fundamen-
tal process shared bymajority of eukaryotic cells. It is currentlywell accepted that not
only professional phagocytes such as neutrophils, dendritic cells, and macrophages,
but somatic cells are in general capable of ingesting damaged cells for homeostasis
in multicellular organisms, thus such activity is indispensable for a majority of, if not
all, eukaryotes (Arandjelovic and Ravichandran 2015). Phagocytosis is a multistep
process composed of: recognition of a prey, signal transduction leading to cytoskele-
tal rearrangement, internalization of the prey, closure of the phagosome, maturation
of nascent phagosomes by fusion of lysosomes, and degradation of the prey. Sev-
eral different downstream signaling pathways are initiated during internalization of
different preys such as microbial pathogens, cancer cells, apoptotic and necroptotic
cells (Pincetic et al. 2014; Betancur et al. 2017; Fadok et al. 1998; Zargarian et al.
2017). When the macrophage encounters opsonized pathogenic microbes, the prey
is recognized by Fcγ receptor, degraded in phagosomes, and then elicits inflam-
matory responses. On the contrary, when the macrophage finds apoptotic cells, the
prey is recognized by phosphatidylserine receptors, which leads to anti-inflammatory
response. To regulate such diversified and often opposite downstream pathways, the
ligand receptors that recognize the preys have a pivotal role.

In the protozoan parasite Entamoeba histolytica, phagocytosis is indispensable
for its parasitic lifestyle, and it is also considered to be centrally involved in the
pathogenesis (Orozco et al. 1983). Two modes of internalization of the preys that
are differentiated at phenomenal and molecular levels have been demonstrated in
E. histolytica: phagocytosis and trogocytosis. In phagocytosis, E. histolytica ingests
a dead mammalian cell or an undeformable microorganism such as bacteria and
fungi, as a whole. In contrast, in trogocytosis, live cells are nibbled (chewed) and
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ingested in fragments. It has been recently reported in E. histolytica that trogocyto-
sis is also involved in immune evasion from complement attack via presenting cell
surface membrane proteins acquired from host cells onto the amebic surface (Miller
et al. 2019). Mechanistic differences at molecular levels between phagocytosis and
trogocytosis have been only partially demonstrated. Only molecule known to differ-
entiate these processes is a different set of kinases, AGCK1 and AGCK2 (Somlata
et al. 2017). However, what triggers phagocytosis versus trogocytosis remains largely
unknown. Since phagocytosis and trogocytosis were not carefully separated in most
of experimental designs in the past (and often only described as “phagocytosis” all
together) before identification of trogocytosis-specific AGCK1, it is possible that
surface receptors and their ligands involved in target-specific recognition of phago-
cytosis and trogocytosis have been overlooked or misidentified. To get insights into
receptor candidates for phagocytosis and trogocytosis, here we summarize previ-
ously identified potential receptors and surface molecules involved in adhesion and
phagocytosis/trogocytosis in E. histolytica. For the existing excellent review on the
molecular mechanisms of host cell killing and phagocytosis of apoptotic cells, see
Marion and Guillén (2006), and Sateriale and Huston (2011); and for trogocytosis,
see Ralston (2015).

Gal/GalNAc Specific Lectins

During the intestinal colonization, trophozoites bind to colonic mucin and host tis-
sue to make their residing niche. Galactose (Gal) and N-acetyl-D-galactosamine
(GalNAc) specific lectin (Gal/GalNAc lectin hereinafter) is the major surface gly-
coprotein and has high affinity to Gal and GalNAc, and thus was suggested to have
a pivotal role in adhesion to colonic mucin, mammalian cells, erythrocytes, and
some bacteria. The Gal/GalNAc lectin was originally identified by asialoorosomu-
coid affinity chromatography and further confirmed by affinity purification by using
anti-lectin monoclonal antibodies (Fig. 17.1; Petri et al. 1987, 1989; Tannich et al.
1991). Asialoorosomucoid is a glycoprotein which has a galactose moiety at the end
and was shown to efficiently inhibit E. histolytica adhesion to CHO cells (Petri et al.
1987). The dependence of the binding of the lectin purified from the parasite to the
terminal sugars was demonstrated by using Chinese Ovary Cell (CHO)-derived gly-
cosylation mutant strains (Ravdin et al. 1989). The Gal/GalNAc lectin is a 260-kDa
heterodimeric complex composed of disulfide-linked 170-kDa heavy and 35-kDa
light subunits. The complex is also noncovalently associated with a 150-kDa inter-
mediate subunit, which was independently identified as surface antigen and then
identified as a component of the Gal/GalNAc lectin (Cheng et al. 1998). Among the
three subunits, the heavy subunit has a single transmembrane domain, whereas other
two subunits are associated with membranes via a glycophosphatidylinositol (GPI)
anchor. The purified 260-kDa heterodimer retains Gal/GalNAc-dependent binding
activity to cells (Petri et al. 1990) and neoglycoproteins (Adler et al. 1995). Since the
heavy subunit contains a defined carbohydrate recognition domain (CRD) (Dodson
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Fig. 17.1 Schematic diagram of known and predicted ligand and receptor candidates involved in
adherence and internalization. Phagocytosis/trogocytosis receptor candidates described in the text
are shown. Abbreviations are: Hgl—Gal/GalNAc lectin heavy subunit; Igl—intermediate subunit;
Lgl—light subunit; TMK-transmembrane kinase; SREHP-serine rich E. histolytica protein; CRT—
calreticulin

et al. 1999) and the cytosolic domain after the single transmembrane domain, unlike
other two subunits, the heavy subunit was presumed to have a major role for ligand
recognition and downstream signaling. In fact, expression of only the intercellu-
lar domain of the heavy subunit caused dominant negative effect, i.e., reduction of
adherence to and cytotoxicity against CHO cells (Vines et al. 1998), and reduction of
adherence to enterocytes, Caco-2 cells (Tavares et al. 2005); the effect was reversed
by mutation in the integrin motif in the cytoplasmic domain (Vines et al. 1998). In
addition, expression of an amino terminus truncated dominant negative mutant of the
light subunit, or antisense-mediated repression of the light chain caused inhibition of
adhesion, cytopathic effect, and erythrophagocytosis (Katz et al. 2002), which could
be interpreted as indirect inhibition of the function, i.e., ligand recognition, of the
heavy subunit of Gal/GalNAc lectin.

The specific role of the Gal/GalNAc lectin in adhesion versus internalization
does not seem to be unequivocally demonstrated until now despite several important
findings (Ravdin and Guerrant 1981; Ravdin et al. 1989; Vines et al. 1998; Huston
et al. 2003; Boettner et al. 2005). It was puzzling that adhesion to CHO cells was
inhibited by addition of Gal and GalNAc; however, phagocytosis of live CHO cells
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(or maybe mixture of trogocytosis of live cells and phatocytosis of dead cells, as
explained above) was not (Ravdin and Guerrant 1981). In Similar experiments con-
ducted using human erythrocytes and T-cell lymphoma, Jurkat cells, adhesion and
phagocytosis of intact cells were inhibited by Gal, whereas only adhesion, but not
internalization, was reduced when calcium ionophore-treated erythrocytes and apop-
totic Jurkat cells were given to the trophozoites in the presence of Gal (Huston et al.
2003; Boettner et al. 2005). Also, as mentioned above, expression of the cytoplasmic
domain of the heavy chain caused reduction of adherence to CHO cells but no effects
were seen for erythrophagocytosis (Vines et al. 1998). It was also demonstrated that
trogocytosis of live Jurkat cells was inhibited by monoclonal antibody against CRD
in the heavy subunit (clone 3F4), suggesting its important role on the initiation of
trogoytosis (Ralston et al. 2014; Ralston 2015). However, it should be noted that the
monoclonal antibody was previously described as an adhesion enhancing antibody
(Petri et al. 2002).

Moreover, a previous study by Heron et al. (2011) indicates that internalization
of ovalbumin-coated beads is dependent on sugar(s) other than Gal. Hence, different
ligands are recognized by different receptors on the E. histolytica surface. Over-
expression of the cytoplasmic domain of the heavy subunit of Gal/GalNAc lectin
reduced adherence to CHO cells, and the intergrin-like domain in the cytoplasmic
tail seems to play necessary role (Vines et al. 1998). These inconsistent data on the
involvement of Gal/GalNAc lectin in internalization are likely due to lack of clear
understanding of the receptors on the ameba and the ligands on live and dead human
cells needed for the process. However, Gal/GalNAc lectins surely have important
role in adhesion to the target cells.

Our gene survey indicate that there are five genes encoding the lectin heavy sub-
unit of Gal/GalNAc lectins in E. histolytica genome: EHI_012270, EHI_042370,
EHI_046650, EHI_077500, and EHI_133900 (Fig. 17.1). These proteins show 31–
97%mutual identities at the amino acid levels. Four proteins other than EHI_046650
are very similar to one another, showing 89–97% identities. In contrast, EHI_046650
shows only 31% identity to the other isotypes, and apparently lacks the CRD
(Fig. 17.1; Dodson et al. 1999). Furthermore, EHI_046650 lacks the integrin motif,
but has NPxF motif in the cytosolic tail. The NPxF motif is known as an adap-
tor binding site implicated for receptor internalization. Since no adaptors that are
known to recognize the NPxF motif are conserved in E. histolytica, it is not at all
understood whether EHI_046650 is and, if so, how its motif is involved in receptor
internalization during phagocytosis and trogocytosis. It is worth mentioning that in
a previous study where the substrate of Rhomboid protease, EhRhom1 was identi-
fied (Baxt et al. 2008), all five members of Gal/GalNAc lectin heavy subunits were
ectopically expressed in COS cells. EHI_046650, but not four other members, was
aggregated in the endoplasmic reticulum (ER), possibly indicating that this protein
is under post-translational modifications and/or trafficking distinct from those of the
other members.
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Transmembrane Kinases

Over ninety transmembrane kinases (TMKs) are encoded in theE. histolytica genome
(Beck et al. 2005). Amebic TMKs typically have the amino-terminal signal peptide,
the extracellular domain, the transmembrane domain, and the intracellular kinase
domain (Beck et al. 2005). Amebic TMKs have been categorized into nine sub-
groups (A, B1-3, C, D1-2, E and F) based on signature motifs in the kinase domain
and the number of cysteine motifs in the extracellular domain (Beck et al. 2005;
Sateriale and Huston 2011). This huge expansion of TMK is unique in E. histolytica
among protozoan parasites (Naula et al. 2005). At least three TMKs, TMKB3-96
(PATMK), TMKC-39, and TMKB1-9, were shown to be involved in phagocytosis
(possibly both phagocytosis and trogocytosis in a strict sense) (Fig. 17.1; Boettner
et al. 2008; Buss et al. 2010; Abhyankar et al. 2012). TMKE-54 was shown to be
involved in membrane targeting of Gal/GalNAc lectin (Buss et al. 2010).

TMKB3-96 was first identified from purified phagosomes containing carboxy-
lated magnetic beads in an attempt to identify receptors involved in phagocytosis of
apoptotic cells. Down regulation of the expression by short hairpin RNA or expres-
sion of a dominant negative mutant lacking the cytoplasmic kinase domain resulted
in reduction of phagocytosis of calcium-treated apoptotic erythrocytes (Boettner
et al. 2008). TMKC-39 was detected from phagosomes containing carboxylated
latex beads (Okada et al. 2006). Overexpression of a dominant negative TMKC-39
mutant lacking the kinase domain caused reduction of phagocytosis of carboxy-
lated beads and apoptotic Jurkat cells, but no effects were observed on phagocytosis
of calcium-treated erythrocytes and endocytosis of the fluid-phase marker, dextran
(Buss et al. 2010). A dominant negative form of TMKE-54 caused reduction in the
amount of Gal/GalNAc lectin on the cell surface, as well as growth defect, which is
consistent with the notion that TMKE-54 is involved, as mentioned above, in recy-
cling of Gal/GalNAc lectin, and thus may be indirectly involved in both phagocytosis
and trogocytosis. However, its role in cell adhesion and phago/trogocytosis was not
directly examined (Buss et al. 2010).

TMKB1-9 was initially identified as a serum-responsive TMK, and its downregu-
lation by antisense or dominant negative expression caused reduction of cell growth
(Shrimal et al. 2010). It was reported that both expression of a dominant negative
mutant of TMKB1-9, in which the kinase domain was deleted and repression of
TMKB1-9 expression by antisense caused reduction in erythrophagocytosis, adhe-
sion to fixed CHO cells, and killing of live cells (Shrimal et al. 2010; Abhyankar
et al. 2012). TMKB1-9 was considered to be unlikely the primary receptor for
erythrophagocytosis because the reduction of erythrophagocytosis by inhibition of
TMKB1-9 was smaller than that of TMKB3-96 (Abhyankar et al. 2012). Fluid-phase
endocytosis was also reduced by transcriptional repression; however, expression of
the dominant negative mutant lacking cytoplasmic kinase domain showed no effect.
It may reflect the importance of the extracellular domain of TMKB1-9 in fluid- phase
endocytosis.
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Altogether, only threeTMKswere shown tobe involved inphagocytosis: TMKB3-
96, TMKB1-9, and TMKC-36, among which the ligand specificity seems to vary.
TMKB3-96 and TMKB1-9 are involved in erythrophagocytosis, while TMKC-36
is involved in phagocytosis of carboxylated beads and apoptotic Jurkat cells. How-
ever, no TMKs have been shown to be specifically involved in trogocytosis, like
AGCK1. As TMKs have unique extracellular domain architecture and may serve
as scavenger receptors (Beck et al. 2005; Sateriale and Huston 2011), while some
TMKmembers might interact only with dead cells uniquely marked with oxidized or
nitrosylated substances. Furthermore, as E. histolytica trophozoites express multiple
TMKs, it is also conceivable that a combination of multiple TMKs may diversify
ligand specificities (Mehra et al. 2006).

SREHP

Serine-rich E. histolytica protein (SREHP, EHI_116360) was first discovered as sur-
face antigen (Stanley et al. 1990, 1995), and later identified as a receptor for phago-
cytosis of an apoptotic cell by screening 43monoclonal antibodies raised against cell
membranes for ability to inhibit phagocytosis of an apoptotic Jurkat cell (Teixeira and
Huston 2008; Sateriale and Huston 2011). SREHP, which was recognized by such
antibody, 10D11, has an amino-terminal signal sequence and is associated with the
plasma membrane via the carboxyl terminal hydrophobic stretch, as demonstrated
by immunofluorescence and subcellular fractionation (Stanley et al. 1995; Teixeira
and Huston 2008). Since no apparent transmembrane and cytoplasmic regions are
present in SREHP, it may be primarily involved in adhesion to the apoptotic host cells
as adhesin (Fig. 17.1). Asparagine-rich E. histolytica antigen surface immunogenic
proteins (Ariel) also have similar domain architectures including the amino-terminal
signal sequence and the carboxy-terminal hydrophobic stretch, and the plasmamem-
brane localization (Mai and Samuelson 1998). Ariel was shown to be internalized
during phagocytosis of bacteria and localized in phagosomes. There is no direct
evidence for involvement of SREHP and Ariel in phagocytosis pe se, but they are
potential candidates of phagocytic and trogocytic receptors.

EHI_098510 Hypothetical Protein

A gene encoding EHI_098510 was initially identified as one of six genes that were
up-regulated in the trophozoites that ingested C1q-coated beads (Sateriale et al.
2012). Among the six encoded proteins analyzed, EHI_098510 is the only protein
that harbors the amino-terminal signal sequence and the transmembrane domain,
and thus was presumed to serve as a surface receptor (Fig. 17.1). EHI_098510 was
also detected on the plasma membrane surface by proteomics, which agrees to a
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premise that it plays a role as a receptor for C1q-decorated apoptotic cell to initi-
ate internalization (Biller et al. 2014). Gene silencing of EHI_098510 selectively
caused reduction in phagocytosis of an apoptotic Jurkat cell, but not trogocytosis
of a live Jurkat cell, adhesion to CHO cells in monolayer and Jurkat cells in sus-
pension, and cytotoxicity to Jurkat cells (Sateriale et al. 2016), which may indicate
EHI_098510 specifically involved in phagocytosis, but not trogocytosis. In Amoeba
DB (release 45), there are two proteins, EHI_185450 and EHI_049650, which show
high similarity to EHI_098510 (E-value over 6× 10−87), but remain uncharacterized.

Calreticulin

Calreticulin (CRT) is an ER luminal chaperone involved in quality control of gly-
coproteins. CRT is known to translocate to cell surface and serve as eat-me signal
during apoptosis. CRT translocates to the surface of the apoptotic cell, and is sub-
sequently recognized by LRP1 on the phagocyte (Gardai et al. 2005). CRT is a
C1q binding protein, which is a complement component and also belongs to the
collectin family of mannose-binding lectins (Fig. 17.1). When CRT is translocated
to the surface, C1q binds to CRT, which enhances phagocytosis of the opsonized
prey. As explained above, E. histolytica phagocytoses an apoptotic Jurkat cell in a
C1q-dependent manner (Teixeira et al. 2008). CRT was shown to be concentrated at
the interface between E. histolytica and Jurkat cell and also on the phagocytic cup
of a trophozoite ingesting an erythrocyte (Vaithilingam et al. 2012). Overexpression
of CRT caused enhancement of phagocytosis of apoptotic Jurkat cells and calcium
ionophore-treated erythrocytes; however, no effect was observed for adhesion and
cytopathy to CHO cell monolayer (Vaithilingam et al. 2012). It is to be noted that, E.
histolytica CRT binds to human C1q, but also directly bind to apoptotic Jurkat cells
independent of C1q (Fig. 17.1). Further studies are needed to clarify whether CRT
and C1q function in coordination or independently during phagocytosis of apoptotic
cells. So far, no evidence has been shown for the involvement of CRT in trogocytosis.
Altogether, CRT and C1q are not the receptor for phagocytosis per se; however, they
likely form a bridge between the receptor on E. histolytica and a not-yet-identified
marker on dead prey (Fig. 17.1).

Conclusion

To initialize commitment toward phagocytosis versus trogocytosis, recognition of
the specific marker(s) on dead or live target cells is necessary. Several candidate
proteins are likely to serve as a potential receptor or an opsonin-like coreceptor,
like CRT, which specifically recognize phagocytosis- and/or trogocytosis-specific
ligands. Although Gal/GalNAc lectin has been implicated for adhesion, it has not
been clearly shown how precisely Gal/GalNAc lectin is involved in phago- and
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trogocytosis, due to the complexity of the recognition and internalizationmechanisms
in the course of phago- and trogocytosis. It will be of interest to find if the most
divergent heavy subunit of Gal/GalNAc lectin that contains the NPxF motif, as well
as other candidates summarized here are selectively involved in trogocytosis, as
current methods focus on screening molecules involved in phagocytosis for their role
in trogocytosis. At last, we do not currently know what molecules on the live cells
are responsible to transduce signal that leads to a signaling cascade for trogocytosis.
Further studies are needed to identify such “nibble-me” signal(s) on the live cell and
trogocytosis-specific receptor on the E. histolytica surface.
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Chapter 18
PtdIns(3,4,5)P3 Binding Protein
Screening Reveals Unique Molecules
Involved in Endocytic Processes

Somlata, Ravi Bharadwaj, and Tomoyoshi Nozaki

Abstract Entamoeba histolytica is a protozoan parasite which is highly motile and
phagocytic in nature. Almost 1% of total world’s population is infected by the para-
site and an estimated 100,000 deaths occur annually (Ben Ayed and Sabbahi 2017).
Previously, it was believed that E. histolytica destroys host cells only through contact
dependent secretion of toxic molecules and then phagocytosing the dead cells. But
recently, it was established that amoeba also ingests host cells by a trogocytosis-
like process which involves ingestion of fragments of live host cells resulting in
target cell death. E. histolytica displays various forms of endocytosis like phagocy-
tosis, trogocytosis and pinocytosis that are important for its survival and virulence
within host systems. As phosphatidylinositol (3,4,5)-triphosphate (PtdIns(3,4,5)P3)
is an important signalling molecule in endocytic processes, the affinity enrichment
of PtdIns(3,4,5)P3-binding proteins followed by mass spectroscopy revealed sev-
eral novel PH (Pleckstrin Homology) domain containing proteins from amoebic
lysate. A novel PH domain containing molecule was observed with only 17% iden-
tity to known GEF (guanine nucleotide exchange factor) sequences and the function
of this protein could not be annotated solely on the basis of conserved domains.
However, experimental analysis including immunoprecipitation, intracellular local-
isation, knockdown, and florescence spectroscopy indicate it to be a Rho-specific
GEF involved in actin-dependent endocytic processes.
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Introduction

E. histolytica is a protozoan parasite which is a major cause of morbidity and mor-
tality in children residing in developing countries. This parasite causes 55000 deaths
annually and is among the top reasons for diarrhea in infants under two years of age
in Asian and African region, where diarrhea remains third leading cause of deaths
in infants (Shirley et al. 2018). The infection is transmitted through the oral fecal
route, when food or water contaminated with amebic cysts is consumed. The tropho-
zoites emerge from the cyst in the small intestine from where they migrate to large
intestine. The parasite is highly motile and endocytic in nature. Phagocytosis of a
wide range of host cells including erythrocytes, lymphocytes, intestinal epithelial
cells as well as intestinal bacteria has been shown to be important for the survival
and pathogenesis of the parasite (Seigneur et al. 2005; Ralston et al. 2014; Somlata
et al. 2017). The invasive form of disease causes mild to severe tissue inflammation
and destruction resulting in symptoms ranging from diarrhea, dysentery, colitis to
abscess formation mostly in liver and rarely in lungs and brain (Ryan and Ray 2004).
The tissue destruction by the parasite involves three steps adherence, cytolysis and
phagocytosis. Apart from the conventional pathway a new process called amoebic
trogocytosis has been shown to contribute to tissue destruction (Ralston et al. 2014).
This process is specific to live cells and has been found in other protozoans like
Hartmannella and Naegleria fowleri (Brown 1979). The process involves nibbling
of live host cells by the trophozoite leading to destabilization of plasma membrane
and loss of organelles, which eventually causes death of the host cell. Althoughmany
details about the mechanism of phagocytosis operating in E. histolytica are known
but detailed mechanism is yet not known and in addition trogocytosis also has been
found to be largely overlapping with existing phagocytic pathway (Ralston et al.
2014). Any interference in actin remodeling, GalNac lectin and phosphoinositide
signaling affects both the processes.

Overall Process of Host Cell Killing and Phagocytosis in E.
histolytica

The host cell killing by trophozoites is a contact dependent mechanism and involves
attachment through the amebic Gal/GalNac lectin to the host cells (Petri Jr. et al.
1989). The interactions of Gal/GalNac lectins are thought to induce signals which
initiate host cell killing (Saffer and Petri Jr. 1991). AnotherE. histolytica surface pro-
tein KERP1 (lysine and glutamic acid rich protein) has been shown to be involved
in binding to enterocytes (Seigneur et al. 2005). Similarly, serine-rich E. histolyt-
ica protein (SREHP) that can recognize apoptotic host cells is also assumed to be
sensory molecules on surface of trophozoites (Stanley Jr. et al. 1990). It has been
shown that a live trophozoite is necessary for killing action but precise mechanism
is not known. The contact with parasite leads to elevated cytosolic Ca2+ and global
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tyrosine dephosphorylation in host cells (Teixeira and Mann 2002). Although there
are genes homologous to mammalian membrane-permeabilizing proteins NK-lysin
and granulysin present in amoeba (Amoebapore A, B and C), direct evidence of their
role in cell killing is missing (Zhang et al. 2004; Leippe et al. 1994) though epige-
netic silencing of Amoebapore A gene has shown to reduce the abscess formation by
the parasite (Zhang et al, 2004). The E. histolytica genome codes for about 50 cys-
teine proteases and few of the proteases are secreted but the these are more likely to
contribute to tissue invasion and damage through degradation of extracellular matrix
(Tillack et al. 2006). Amoeba ingests dead cells via phagocytosis while live host cells
undergo trogocytosis. Currently, an outline of the phagocytosis pathway is known
involving some unique molecules like EhC2PK, which is a C2 domain protein kinase
and localizes to the site of phagocytosis during initiation of the process (Somlata et al.
2011). The EhC2PK kinase recruits EhCaBP1, calcium binding protein which also
binds actin and provides scaffold for recruitment of other proteins involved in the
process like EhAK1 (Mansuri et al. 2014). Recently, Sharma et al. showed that out of
the two types of PIPK family, type I and II that synthesize PtdIns(4,5)P2, only type I
PIPK (EhPIPKI) is found in E. histolytica and phosphorylates PtdIns(4)P generating
PtdIns(4,5)P2. Themechanism bywhich PtdIns(4,5)P2 regulate actin dynamics is not
verywell understood, but a homologue ofWASP could not be identified inE. histolyt-
ica genome. It is possible that EhPIPK1 interacts with subunits of Arp2/3 complex
to promote actin assembly at the site of phagocytosis (Sharma et al. 2019). Overall,
the described proteins play an important role in actin polymerization and remodeling
during parasite endocytic processes. Furthermore, the combined use of biochemical
and genetic approaches revealed that trogocytosis requires several molecules like
actin, PI3K, EhC2PK which are also involved in phagocytosis (Ralston et al. 2014).
To date, no unique signaling pathway for trogocytosis has been found in any organ-
ism and it has been only possible to screen molecules involved in phagocytosis for
their role in trogocytosis as well. Nevertheless, the role of phosphoinositides (PI)
signaling and actin remodeling is definitive in both the processes.

Role of Phosphoinsitides in Endocytosis

It is widely accepted that PI play an important role in remodeling actin cytoskeleton
during micropinocytosis, phagocytosis and trogocytosis, but the signaling cascade
linking these processes has not been explored in E. histolytica (Sharma et al. 2019).
PtdIns(3,4,5)P3 is important molecule known to be involved in regulation of dynamic
processes likemotility and endocytosis (Di Paol andDeCamilli 2006). Inmammalian
system, it iswell established that class I PI3K-mediated generation of PtdIns(3,4,5)P3
is responsible for recruitment of Vav1, ARF and RhoGEFs at the site of phagocy-
tosis, which leads to assembly of proteins involved in actin remodeling required
during the process (Marshall et al. 2001). Recently, in silico analysis of PI kinases
and phosphatases of E. histolytica by Nakada-Tsukui et al. reveal that the genome of
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E. histolytica encodes 10 PI kinase genes and 23 PI phosphatase genes, which are suf-
ficient to generate all seven species of PIs. Also, multiple copies of homologs of class
I PI 3-kinases and Phosphatase and tensin homolog (PTEN) exist in genome which
indicates the presence of signaling cascades mediated by PtdIns(3,4,5)P3 in E. his-
tolytica (Nakada-Tsukui et al. 2019). The precursor for PtdIns(3,4,5)P3 is generated
by EhPIPK1, which also interacts with actin in vitro. This property is unique to amoe-
bic type I PIPK and has been not reported before (Sharma et al. 2019). Furthermore,
it has been shown that phosphatidylinositol 3-phosphate (PtdIns3P), PtdIns(4,5)P2,
and PtdIns(3,4,5)P3 localize to phagosome/phagocytic cups and plasma membrane
but very little information is available about the PtdIns(3,4,5)P3 mediated signal-
ing in E. histolytica (Powell et al. 2006; Nakada-Tsukui et al. 2009; Byekova et al.
2010; Koushik et al. 2014). As the importance of PtdIns(3,4,5)P3 in various endo-
cytic processes is well proven (Yin and Janmey 2003), it can be hypothesized that
affinity enrichment of PtdIns(3,4,5)P3 binding proteins from cell free extracts might
lead to identification of molecules previously unknown to be involved in any endo-
cytic processes of E. histolytica. These experiments may also lead to the discovery
of Eh proteins uniquely associated with phagocytosis or trogocytosis. As per our
observation, most of the proteins involved in initiation and progression of phago-
cytic cups leave the site of internalization before it completes or immediately after it
completes (Jain et al. 2008; Somlata et al. 2011, 2012). Hence this experiment is also
expected to reveal molecule/s which may be highly dynamic during the process and
leave the site before or just after the completion of the process as their localization is
dependent on the local concentration of PtdIns(3,4,5)P3. Overall, the experimentmay
lead to adding more details to existing knowledge about the pathway or discovering
molecules unique to endocytic processes and enhances our understanding.

The cell free extracts of E. histolytica were enriched for PtdIns(3,4,5)P3 bind-
ing proteins by affinity-based interaction with a PtdIns(3,4,5)P3 coupled resin. The
experiment also included resin coupled to PtdIns(4,5)P2 and PtdIns3P along with
resin alone to compare the specificity of binding. The proteins obtained through
affinity enrichment of PtdIns(3,4,5)P3 interaction were identified by mass spectrom-
etry. The data analysis of mass spectrometry results led to identification of 18 specific
PtdIns(3,4,5)P3 binding proteins. Most of the proteins identified were hypothetical
and were not reported to be involved in any amoebic cellular process. In silico anal-
ysis revealed the putative domain composition and motifs in the identified proteins,
which is given in Table 18.1. Most of the proteins identified contained a predicted
PH domain in the amino acid sequence, which is known to bind PtdIns(3,4,5)P3. The
proteins were also searched for their presence in various phagosome proteomes sub-
mitted by other research groups, but only a few were found in the mass spectrometry
results of phagosome proteomes asmentioned in the Table 18.1. The absence of some
of these proteins in phagosome proteome data sets might be attributed to transient
and dynamic protein localization at the site phagocytosis, which is difficult to be
analyzed through mass spectrometry of enriched phagosome preparation. Although
the total number of proteins identified was 18, but proteins for which more than
10% of the total sequence was covered by the mass spectrometry results were further
analyzed. Out of 14 proteins (which had more than 10% sequence coverage in mass
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spectrometry), 6 could be expressed as full length N-terminally HA-tagged andGFP-
tagged protein in trophozoites under Neomycin selection method. The expression of
tagged proteins was verified by western blotting technique and integrity of ectopi-
cally expressed proteins was ensured under experimental conditions. Further, the
lipid binding capability of the selected proteins was further confirmed by lipid over-
lay assay. The assaywas performedwith cell free extracts ofE. histolytica cells which
were transfected with the HA-tagged protein coding plasmid. The results as shown
in Fig. 18.1 indicated that all the selected proteins bound to PtdIns(3,4,5)P3 spots on
lipid array, with some cross reactivity towards PtdIns(3,4)P2. This cross reactivity
is well known for PH domains. We also checked the lipid binding with only HA-
tagged PH domain of PIP3BP5 protein and it was found to bind the PtdIns(3,4,5)P3 in
same manner as full-length protein. Hence, it was confirmed that proteins identified
through affinity enrichment indeed bind PtdIns(3,4,5)P3 in vitro as well.

The expression of these PH domain containing proteins was further probed in nor-
mal E. histolytica trophozoites by immunolocalisation with antibodies against HA
tag followed by confocal microcopy. The localization experiment in normal tropho-
zoites was carried to reveal, if any of the identified protein involved in pinocytic,
macropinocytic or actin-dependent endocytic processes. Figure 18.2 shows the
immunolocalization of the all HA-tagged expressed proteins in trophozoite with
actin labelled by FITC-phalloidin.

Fig. 18.1 Lipid overlay assay performed with HA-tagged proteins expressed in trophozoites and
probedwithHA-antibody. PIP3BP�5 is a truncatedHA-taggedPHdomain of the full-length protein
(PIP3BP5)
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Fig. 18.2 Immunolocalisation of the HA-tagged PtdIns(3,4,5)P3 binding proteins expressed in
trophozoites. The immunolocalisation was performed in normal trophozoites in BIS mediumwhich
were fixed by parafoldehyde. The proteins were detected using an anti HA-antibody followed by an
Alexaflour-555 labeled secondary antibody and actin is labeled with FITC-phalloidin. The Panel
a and c shows trophozoite showing actin positive endocytic structure at larger magnification to
appreciate that the localization of this protein at endocytic structures could not be observed in fixed
trophozoites, indicating that protein might be transiently present during the process. While in panel
e localization of HA-PIP3BP5 was observed at actin rich sites in several cells
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The localization of proteins showed higher intensity in regions close to the mem-
brane, which might be due to presence of the PH domain. Overall, only PIP3BP5
showed the localization at the site where actin was also enriched in the plasma mem-
brane of the parasite as shown by arrow (Fig. 18.2, Panel e) in fixed trophozoites.
As actin-dependent endocytic processes, which include micropinocytosis, phagocy-
tosis and trogocytosis, are highly dynamic rapid changes in protein localization may
not be detectable in fixed cells. To address this challenge, we used live imaging of
GFP-tagged proteins in live E. histolytica trophozoites. Through this microscopy
technique PIP3BP3 (EhAGCK1) was observed to be involved in trogocytosis only
while PIP3BP5 (EhAGCK2) actively participating in the actin-dependent endocytic
processes like trogocytosis,macropinocytosis andphagocytosis (Somlata et al. 2017).
Both PIP3BP3 and 5 are PH-domain containing kinases but PIP3BP3 participates in
trogocytosis exclusively and not in other endocytic processes. The role of PIP3BP3
in trogocytosis has been demonstrated with several evidences (Somlata et al. 2017),
while PIP3BP5 is involved in all actin-dependent endoytic processes. This study
identified the first PH domain containing kinase involved in trogocytosis specifically
indicating that this process may be differentiated from phagocytosis. Furthermore,
these molecules seem to be different from host kinases of a similar class hence could
be developed as a good drug target for treatment of amebiasis. To add to the grow-
ing details of endocytic processes, another molecule PIP3BP1 was also considered
for further characterization as the protein was also found in the mass spectrometry
analysis of EhRho1 binding proteins which is known to be involved in phagocytosis
and blebbing in E. histolytica (Bharadwaj et al. 2017, 2018). This small GTPase has
been shown to regulate actin dynamics in E. histolytica through actin nucleating pro-
teins, EhFormin1 and EhProfilin1. It recruits the actin nucleatingmachinery to site of
phagocytosis and promotes actin filament formation to facilitate the process. In order
to identify the cognate GEF for EhRho1 an immunoprecipitation was carried out in
presence of non-hydrolysable GTP analogue from E. histolytica cell extracts. The
eluted proteins were identified through mass spectrometry and one of the proteins
identified was EhPIP3BP1 (unpublished data). This protein sequentially has very
low similarity of known GEFs but our structure predictions indicate that this protein
might be functional as GEF in vivo. Further experiments are ongoing to confirm the
activity and role of the protein in amoebic cell biology and pathogenesis.

Conclusion

E. histolytica is a protozoan parasite which is highly motile and endocytic in nature.
The virulence of the parasite and pathogenesis depends on motility and endocytic
capabilities of the parasite. This parasite displays diverse endocytic processes includ-
ing pinocytosis, micropinocytosis, phagocytosis, and trogocytosis. Most of the pro-
cesses are actin-dependent and have molecules which are common between the path-
way. The actin cytoskeleton plays an important role in the motility and endocytosis
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and it is regulated by phosphoinositides present in the plasmamembrane. The signal-
ing cascade coupling phosphoinositide and actin dynamics remains to be explored.
PtdIns(3,4,5)P3 binding protein profiling in E. histolytica has revealed that endo-
cytic pathways also have molecules uniquely associated with a particular pathway,
like EhAGCK1 in trogocytosis. Also, a sequentially diverged PH domain-containing
protein has been identified with properties of a GEF. Further, characterization of the
PtdIns(3,4,5)P3 binding proteins identified through mass spectrometry will add to
the details regarding signaling pathway mediated by PtdIns(3,4,5)P3 in this parasite
which may be useful in developing drug targets for treatment of amebiasis.

References

Aslam, S., Bhattacharya, S., & Bhattacharya, A. (2012). The calmodulin-like calcium binding pro-
tein EhCaBP3 ofEntamoeba histolytica regulates phagocytosis and is involved in actin dynamics.
PLoS Pathogens, 8, e1003055.

Ben Ayed, L., & Sabbahi, S. (2017). Entamoeba histolytica. In J. B. Rose & B. Jiménez-Cisneros
(Eds.), Global Water Pathogen Project.

Bharadwaj, R., Arya, R., Shahid Mansuri, M., Bhattacharya, S., & Bhattacharya, A. (2017).
EhRho1 regulates plasma membrane blebbing through PI3 kinase in Entamoeba histolytica.
Cell Microbiology, 19(10). https://doi.org/10.1111/cmi.12751.

Bharadwaj, R., Sharma, S., Janhawi, Arya, R., Bhattacharya, S.,&Bhattacharya,A. (2018). EhRho1
regulates phagocytosis by modulating actin dynamics through EhFormin1 and EhProfilin1 in
Entamoeba histolytica. Cell Microbiology, 20(9), e12851. https://doi.org/10.1111/cmi.1285.

Boettner, D. R., Huston, C. D., Linford, A. S., Buss, S. N., Houpt, E., Sherman, N. E., & Petri, W.
A., Jr. (2008). Entamoeba histolytica phagocytosis of human erythrocytes involves PATMK, a
member of the transmembrane kinase family. PLoS Pathogens, 4(1), e8.

Brown, T. (1979). Observations by immunofluorescence microscopy and electron microscopy on
the cytopathogenicity of Naegleria fowleri in mouse embryo-cell cultures. Journal of Medical
Microbiology, 12, 363–371.

Byekova, Y. A., Powell, R. R., Welter, B. H., & Temesvari, L. A. (2010). Localization of phos-
phatidylinositol (3,4,5)-trisphosphate to phagosomes in Entamoeba histolytica achieved using
glutathione S-transferase- and green fluorescent protein-tagged lipid biosensors. Infection and
Immunity, 78, 125–137. https://doi.org/10.1128/IAI.00719-09.

Di Paol, G., & De Camilli, P. (2006). Phosphoinositides in cell regulation and membrane dynamics.
Nature, 443, 651–657. https://doi.org/10.1038/nature05185.

Enomoto, A., Murakami, H., Asai, N., Morone, N., Watanabe, T., Kawai, K., Murakumo, Y., et al.
(2005). Akt/PKB regulates actin organization and cell motility via Girdin/APE. Dev. Cell, 9,
389–402.

Jain, R., Santi-Rocca, J., Padhan, N., Bhattacharya, S., Guillen, N., & Bhattacharya, A. (2008).
Calcium-binding protein 1 of Entamoeba histolytica transiently associates with phagocytic cups
in a calcium-independent manner. Cellular Microbiology, 10(6), 1373–1389.

Koushik, A. B., Welter, B. H., Rock, M. L., & Temesvari, L. A. (2014). A genome wide over-
expression screen identifies genes involved in the phosphatidylinositol 3-kinase pathway in the
human protozoan parasite Entamoeba histolytica. Eukaryotic Cell, 13, 401–411. https://doi.org/
10.1128/EC.00329-13.

Leippe, M., Andrä, J., & Müller-Eberhard, H. J. (1994). Cytolytic and antibacterial activity of
synthetic peptides derived from amoebapore, the pore-forming peptide of Entamoeba histolytica.
Proceedings of the National Academy of Sciences of theUnited States of America, 91, 2602–2606.

https://doi.org/10.1111/cmi.12751
https://doi.org/10.1111/cmi.1285
https://doi.org/10.1128/IAI.00719-09
https://doi.org/10.1038/nature05185
https://doi.org/10.1128/EC.00329-13


18 PtdIns(3,4,5)P3 Binding Protein Screening Reveals Unique … 261

Mansuri, M. S., Bhattacharya, S., & Bhattacharya, A. (2014). A novel alpha kinase EhAK1 phos-
phorylates actin and regulates phagocytosis in Entamoeba histolytica. PLoS Pathogens, 10,
e1004411.

Marion, S., Marion, S., Laurent, C., & Guillén, N. (2005). Signalization and cytoskeleton activity
through myosin IB during the early steps of phagocytosis in Entamoeba histolytica: A proteomic
approach. Cellular Microbiology, 7(10), 1504–1518.

Marshall, J. G., Booth, J. W., Stambolic, V., Mak, T., Balla, T., Schreiber, A. D., Meyer, T., et al.
(2001). Restricted accumulation of phosphatidylinositol 3-kinase products in a plasmalemmal
subdomains during Fcγ receptor-mediated phagocytosis. Journal of Cell Biology, 153, 1369–
1380.

Nakada-Tsukui, K., Okada, H., Mitra, B. N., & Nozaki, T. (2009). Phosphatidylinositol-phosphates
mediate cytoskeletal reorganization during phagocytosis via a unique modular protein consisting
of RhoGEF/DH and FYVE domains in the parasitic protozoon Entamoeba histolytica. Cellular
Microbiology, 11, 1471–1491. https://doi.org/10.1111/j.1462-5822.2009.01341.x.

Nakada-Tsukui, K., Watanabe, N., Maehama, T., & Nozaki, T. (2019). Phosphatidylinositol kinases
and phosphatases in Entamoeba histolytica. Frontiers in Cellular and Infection Microbiology, 9,
150. https://doi.org/10.3389/fcimb.2019.00150.

Petri, W. A., Jr., Chapman, M. D., Snodgrass, T. L., & Mann, B. J. (1989). Subunit structure of the
galactose and N-Acetyl-d-galactosamine inhibitable adherence lectin of Entamoeba histolytica.
Journal of Biological Chemistry, 264, 3007–3012.

Powell, R. R., Welter, B. H., Hwu, R., Bowersox, B., Attaway, C., & Temesvari, L. A. (2006). Enta-
moeba histolytica: FYVE-finger domains, phosphatidylinositol 3-phosphate biosensors, asso-
ciate with phagosomes but not fluid filled endosomes. Experimental Parasitology, 112, 221–231.
https://doi.org/10.1016/j.exppara.2005.11.013.

Ralston, K. S., Solga, M. D., Mackey-Lawrence, M., Somlata, Bhattacharya, A., & Petri, W.A. Jr.
(2014). Trogocytosis by Entamoeba histolytica contributes to cell
killing and tissue invasion. Nature 508, 526–530.

Ryan, K. J., & Ray, C. G. (Eds.). (2004). Sherris medical microbiology (4th ed., pp. 733–738). New
York: McGraw Hill. ISBN 978-0-8385-8529-0.

Saffer, L. D., & Petri, W. A. Jr. (1991) Role of the galactose lectin of Entamoeba histolytica in
adherence-dependent killing of mammalian cells. Infection and Immunity, 59, 4681–4683.

Seigneur,M.,Mounier, J., Prevost,M.C.,&Guillén,N. (2005).A lysine- and glutamic acid-rich pro-
tein, KERP1, from Entamoeba histolytica binds to human enterocytes. Cellular Microbiology,
7(4), 569–579.

Sharma, S., Agarwal, S., Bharadwaj, R., Somlata, Bhattacharya, S., & Bhattacharya, A. (2019).
Novel regulatory roles of PtdIns(4,5)P2 generating enzyme EhPIPKI in actin dynamics and
phagocytosis of Entamoeba histolytica. Cellular Microbiology. https://doi.org/10.1111/cmi.
13087.

Shirley, D. T., Farr, L.,Watanabe, K., &Moonah, S. (2018). A review of the global burden, new diag-
nostics, and current therapeutics for amebiasis. Open Forum Infectious Disseases, 5(7). https://
doi.org/10.1093/ofid/ofy161.

Somlata, Bhattacharya, S., & Bhattacharya, A. (2011). A C2 domain protein kinase initiates
phagocytosis in the protozoan parasite Entamoeba histolytica. Nature Communications, 2, 230.

Somlata, Kamanna, S., Agrahari, M., Babuta, M., Bhattacharya, S., & Bhattacharya, A. (2012).
Autophosphorylation of Ser428 of EhC2PK plays a critical role in regulating erythrophagocyto-
sis in the protozoan parasite Entamoeba histolytica. Journal of Biological Chemistry, 287(14),
10844–10852. https://doi.org/10.1074/jbc.M111.308874.

Somlata, Nakada-Tsukui, K., Nozaki T. (2017). AGC family kKinase1 participates in trogocytosis
but not in phagocytosis in Entamoeba histolytica. Nature Communications, 8, 101.

Stanley, S. L., Jr., Becker, A., Kunz-Jenkins, C., Foster, L., & Li, E. (1990). Cloning and expression
of amembrane antigen ofEntamoebahistolytica possessingmultiple tandem repeats.Proceedings
of the National Academy of Sciences of the United States of America, 87, 4976–4980.

https://doi.org/10.1111/j.1462-5822.2009.01341.x
https://doi.org/10.3389/fcimb.2019.00150
https://doi.org/10.1016/j.exppara.2005.11.013
https://doi.org/10.1111/cmi.13087
https://doi.org/10.1093/ofid/ofy161
https://doi.org/10.1074/jbc.M111.308874


262 Somlata et al.

Teixeira, J. E., & Mann, B. J. (2002). Entamoeba histolytica-induced dephosphorylation in host
cells. Infection and Immunity, 70, 1816–1823.

Tillack, M., Nowak, N., Lotter, H., Bracha, R., Mirelman, D., Tannich, E., & Bruchhaus, I. (2006).
Increased expression of the major cysteine proteinases by stable episomal transfection underlines
the important role of EhCP5 for the pathogenicity of Entamoeba histolytica. Molecular and
Biochemical Parasitology, 149, 58–64.

Ujang, J. A., Kwan, S. H., Ismail, M. N., Lim, B. H., Noordin, R., & Othman, N. (2016).
Proteome analysis of excretory-secretory proteins of Entamoeba histolytica HM1:IMSS via
LC–ESI–MS/MS and LC–MALDI–TOF/TOF. Clinical Proteomics,13, 33.

Yin, H. L., & Janmey, P. A. (2003). Phosphoinositide regulation of actin cytoskeleton. Annual
Review of Physiology, 65, 761–789.

Zhang, X., Zhang, Z., Alexander, D., Bracha, R., Mirelman, D., Stanley, S. L. Jr. (2004). Expression
of amoebapores is required for full expression of Entamoeba histolytica virulence in amebic liver
abscess but is not necessary for the induction of inflammation or tissue damage in amebic colitis.
Infection and Immunity, 72, 678–683.



Chapter 19
Molecular Insights into E. histolytica
Mediated Host Tissue Invasion

Megha Jain, Aashutosh Tripathi, Merlyn Emmanuel, Kuldeep Verma,
and Sunando Datta

Abstract Pathogenic amoeba, Entamoeba histolytica, is a human intestinal para-
site which causes dysentery and in severe cases leads to amoebic colitis. Amoebic
trophozoites have extraordinary motile ability to contribute to the tissue invasion,
which even leads to the crossing of the barrier of host intestinal tissues. The amoebic
invasion process requires adherence to host cell, release or activation of proteases,
cell/tissue destruction and finally engulfment and clearance of the live and dead tar-
get host cells. In this review, we summarize the important molecular players of these
cellular processes which are essential for the parasite’s survival and virulence.

Keywords Entamoeba histolytica · Tissue invasion · Rab GTPase · Phagocytosis ·
Adhesion

Introduction

Entamoeba histolytica is a protozoan parasite responsible for dysentery and inva-
sive amoebiasis in humans. Its infection has variable outcomes- manifesting asymp-
tomatic colonization, diarrhoea, amoebic colitis, liver abscesses or metastatic infec-
tion. The infection occurs worldwide, although the major burden of the disease is
associatedwith the developingworld includingLatinAmerica,Africa andSouthAsia
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(Gunther et al. 2011; Shirley et al. 2018). Several studies have indicated that intesti-
nal gut microenvironment, particularly the gut microbiome plays a crucial role in the
establishment of infection and invasive behaviour of the trophozoite (Gilchrist et al.
2016; Iyer et al. 2019; Morton et al. 2015). There is also an emerging understanding
that parasite genetics contribute significantly to its virulence, and in particular, not
all strains are capable of causing the invasive pathologies (Ralston and Petri 2011).

The amoebic invasion begins primarily with the contact-dependent attachment
of the parasite to host epithelial cells and extracellular matrix (ECM). The tropho-
zoite’s first contact with the host is followed by its penetration into the intestinal
mucosa (Cornick and Chadee 2017), degrades the ECM by releasing the proteases
and eventually inflict devastating tissue destruction (Marie and Petri 2014; Thibeaux
et al. 2014). Tissue destruction is a hallmark of invasive amebiasis. Effective ECM
degradation and subsequently phagocytosis or trogocytosis of the human cells with
direct contact are the ultimate key features contributing to the pathogenesis of E.
histolytica (Ralston 2015).

Although many factors contribute to the amoebic invasion, a few of them include
motility and chemotaxis, cytotoxic effectors (such as Caspases, Amoebapores, etc.),
parasite-induced apoptosis, proteases, pro-inflammatory host-tissue immune reac-
tions (Ralston and Petri 2011). However, the purpose of this review is to discuss the
trophozoite mediated adherence, invasion and clearance of host cell/tissue with brief
molecular details. In addition, we are also highlighting some new areas of research
which will help in improving the understanding of the amoebic invasion.

Adherence

Amoebic trophozoites largely rely on contact-dependent adhesion and cytotoxicity
against the host cell. Adhesion is one of the first steps in which trophozoites interact
with the host cells and induce cell killing and tissue destruction by multiple mecha-
nisms. The D-Galactose/N-Acetyl-D-Galactosamine (Gal/GalNAc) lectin is one of
the most extensively characterized adhesion molecules in the amoebic trophozoites.
Gal/GalNAc lectin is composed of three subunits–light, heavy and intermediate chain
(Petri et al. 2002). It appears that the heavy chain of Gal/GalNAc lectin (HGL) is a
major contributor for host cell adhesion through its carbohydrate recognizing domain
(CRD) (Ravdin andGuerrant 1981). CRDof the amoebicGal/GalNAc lectin has been
specifically shown to be important for host cell adhesion (colonic epithelial cells,
CHO cells, neutrophils, macrophages, and T lymphocytes) via its ability to inter-
act with Gal/GalNAc (Ravdin et al. 1985; Vines et al. 1998; Yadav et al. 2016). In
addition, the cytosolic domain of HGL was also reported for in-out signalling, and
these events are thus important for the adherence of the trophozoite to the host cells
(Ramakrishnan et al. 2000). Further, it was established that Gal/GalNAc lectin also
have a strong affinity for host intestinal mucin MUC-2 (Chadee et al. 1988; Lidell
et al. 2006).
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In addition to Gal/GalNAc lectin, few other molecules including EhCPADH,
EhROM1, EhRhoGAPnc, EhTMK1-9, EhKERP1 and EhSTIRP, have also been
reported to be critical for the process of adhesion. Amoebic CPADH is a het-
erodimeric complex composedof cysteine protease (50kDa) andEhADH112adhesin
(75 kDa) (García-Rivera et al. 1999). The importance of CPADH is highlighted by
the monoclonal antibody against EhADH (mAbAdh), which significantly inhibits
the adherence of the amoebic trophozoites on the human erythrocytes (Bañuelos
et al. 2005). The rhomboid protease, ROM1, is another membrane protease which is
involved in the adhesion with live CHO cells. It has been observed that silencing of
ROM1 in amoebic trophozoites significantly decrease the adhesion with CHO cells
(Baxt et al. 2010).

Overexpression of a nucleocytoplasmic EhRhoGAPnc in E. histolytica has also
been reported to inhibit adhesion plate formation, migration, adhesion of E. his-
tolytica to MDCK cells, and consequently leads to an impairment of the cytopathic
activity (Hernandez-Flores et al. 2016).Meanwhile, a large family of transmembrane
kinases, EhTMK1-9,were shown to be important in serum induced cellular responses
and their expression levels also correlated with the adherence capacity of the tropho-
zoites. It should also be noted that the expression of TMK9-DN showed impairment
in multiple virulence functions including proliferation, adhesion, phagocytosis and
target cell destruction (Shrimal et al. 2010).

KERP1, a lysine- and glutamic acid-rich protein is yet another important but
unique surface adhesion factor in E. histolytica (Perdomo et al. 2013). Interest-
ingly, expression of theKERP1 coiled-coiled domains in the trophozoite significantly
reduced its adherence to human cells. Finally, STIRP (serine-threonine-isoleucine
rich protein), remains an attractive potential adhesin which is exclusively expressed
in E. histotytica and is involved in the cytotoxicity against the host cell (MacFarlane
and Singh 2007). The downregulation of STIRP in amoebic trophozoites showed a
30% decrease in adhesion to target host cells.

In the current literature, a multitude of adhesion receptors have been reported
to be critical for the process of adherence, yet the absence of knowledge on the
specificity for their ligands remain unexplored. Further characterization of these
molecules will thus provide novel insights into the mechanism underlying adherence
of the trophozoite to the host cells and subsequent cytotoxic activities.

Tissue Destruction and Clearance

The interaction of trophozoites through its fibronectin receptor (FNR) with host
cell-extracellular matrix component fibronectin (FN) marks the beginning of the
destruction of the host tissue. FN is also reported to be degraded and internalized
by the amoebic trophozoites (Talamas-Rohana and Meza 1988). On the other hand,
host FN also appears to elicit the intracellular signalling cascade in trophozoites
which leads to the activation of cytoskeleton rearrangements (Emmanuel et al. 2015).
One of these cytoskeleton rearrangement responses involves biogenesis of actin-rich
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Fig. 19.1 Representative model of host issue destruction and clearance by E. histolytica. The
amoebic invadosomes are elicited by the interaction with human ECM components, in particular
fibronectin. The amoebic GTPases, Rab21 and Rab7A interaction with other components then per-
haps lead to activation of actin polymerization and biogenesis of the amoebic invadosomes. Release
of the various secretory proteases at the invadosome sites leads to degradation of ECM. Membrane
proteases (for e.g. metalloprotease, MSP1) have also been implicated in these pathways through
probable regulation of actin dynamics or proteolytic activities. Degraded FN is internalized by
the trophozoites. E.histolytica also uptake human epithelial cells as well as RBCs by phagocyto-
sis/trogocytosis. These amoebic trophozoites can also phagocytose E.coli which are otherwise well
known to be a part of the gut microbiota of the host

foci known as “amoebic invadosomes” (Fig. 19.1), (Emmanuel et al. 2015). These
invadosomes share the similarity with human podosomes (Linder 2007). Actin dots
were first identified upon contact with the human fibronectin and other signalling
molecules and were initially characterized in terms of adhesion with host tissue
or ECM (Talamas-Rohana and Rios 2000). Further, actin dots were characterized
as protease secretion apparatus using amoebic cell surface proteases (Hasan et al.
2018). Several studies have also concluded that cysteine proteases (CP) contribute
to cytotoxicity (Hellberg et al. 2001; Mitra et al. 2007; Tillack et al. 2006). Cysteine
proteases have also been reported to be secreted by the trophozoites which lead to
host mucin degradation, and the resulting degradation products are thus less efficient
at preventing the trophozoites’ adherence to target cells (Moncada et al. 2003) The
EhMSP1 has also been studied in the regulation of amoebic invadosomes, although
it is not yet clear if EhMSP1 directly take part in ECM degradation (Hasan et al.
2018).

Recently, it has also been demonstrated that the ectopic expression of Rab21,
Rab7A, and Rab5 upregulated the biogenesis of amoebic invadosomes (Emmanuel
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et al. 2015). Host fibronectin interacts with trophozoite fibronectin receptor (FNR)
and is mobilized through amoebic Rab7 compartments (Javier-Reyna et al. 2012),
leading to the regulation of actin dynamics in amoebic trophozoites. In addition,
it was shown that Rab21CA (constitutively active) GTP bound version of GTPase
activates an array of the signalling cascade, which regulates the amoebic invadosome
formation and thus increase the proteolytic capacity of the trophozoites (Emmanuel
et al. 2015). However, it is not yet clear how EhRab21 activates the polymeriza-
tion of F-actin at localized sites. Nevertheless, it is well known that Rab GTPases
alternate between Rab GTP-bound (active) and Rab GDP-bound (inactive) forms
modulated by guanine nucleotide exchange factors (GEFs) and GTPase activating
proteins (GAPs), respectively (Müller and Goody 2018). It is also well established
that Rabs in their active form serve as key players in cellular processes by coordi-
nating with their effectors, leading to downstream functions (Rai et al. 2019). Thus,
to explore the underlying gap between the Rabs and formation of actin-rich invado-
somes, it becomes necessary to explore the possible contribution of the regulators
and effectors of the amoebic Rab GTPases.

Phagocytosis/trogocytosis are two other processes that provide a major contribu-
tion in virulence of E. histolytica and are also considered as markers for invasive
amoebiasis. It has been observed that although trogocytosis shares many common
features with phagocytosis, they are distinct in nature of engulfment. Trogocytosis
refers to the ingestion of ‘bites’ of the whole target cells, whereas the phagocytosis
involves the internalization of the entire target host cells (Ralston et al. 2014). Ralston
had also previously reported that the trophozoites appear to specifically approach and
ingest live host cells by amoebic trogocytosis, while the pre-killed host cells were
ingested whole (Ralston 2015). However, one of the most common features that
have been identified between phagocytosis and trogocytosis include the trophozoites
membrane receptors which are being recognized by host cell that triggers signalling
events leading to phagocytic/trogocytic cup formation through actin polymerization
(Meza et al. 2006).

Actin polymerization and phagocytic cup formation during the phagocytosis have
also been well established in relation to calcium (Ca2+) signalling in higher eukary-
otic cells (Lusche et al. 2009). Similarly, Ca2+ is a key player in trogocytosis since
it leads to intracellular Ca2+ elevation and loss of membrane integrity in the host
cells, ultimately causing cell death (Ralston et al. 2014). In the eukaryotic cells,
the Ca2+ modulates the protein function directly or indirectly. These proteins include
kinases, phosphates and transcription factors, Ca2+/calmodulin-binding proteins, and
C2 domain proteins (Yáñez et al. 2012). E. histolytica genome encodes several num-
bers of Ca2+ binding proteins such as EhCaBP1-EhCaBP27, andmultiple C2 domain
proteins (Bhattacharya et al. 2006). C2 domain superfamily proteins have been pre-
viously known to display this remarkable property of interaction with the variants
of phospholipids and inositol polyphosphates as a consequence of calcium-binding
(Corbalan-Garcia andGómez-Fernández 2014). In a recent study, it has been demon-
strated that amoebic C2 domain-containing protein kinase (EhC2PK) (Somlata et al.
2011), Gal/GalNAc lectin, and phosphatidylinositol 3-kinase (PI3K) signalling cas-
cade play a central role in trogosome biogenesis (Ralston et al. 2014). In addition,
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AGC kinase 2 localizes in close proximity with the trogocytic cup during ingestion
of live host cells (Somlata et al. 2017). The molecular mechanism of phagocytic
cup formation has been well elucidated in the amoebic trophozoites by probing the
role of calcium-sensingmachinery. The phagocytic cup formation signalling cascade
is initiated upon the cargo (RBCs/CHO cells) interaction with trophozoite leading
to an alteration in the local Ca2+ concentrations. The local changes in Ca2+ recruit
the EhC2PK, which is a Ca2+-binding protein (Somlata et al., 2011). Subsequently,
another calcium-binding protein EhCaBP1 alongwith alpha kinase EhAK1 (Mansuri
et al. 2014) and Arp2/3 complex protein (EhARPC1) are recruited at cargo binding
site (Babuta et al. 2015). Calcium-binding protein EhCaBP3 is also recruited to the
phagocytic cupbyArp2/3 complex protein (EhARPC2) and ismediated in the recruit-
ment of myosin 1B (Marion et al. 2004), leading to the formation of the phagosome
(Babuta et al. 2018).

Rab GTPases are also prime regulators of intracellular membrane trafficking,
through their specific interaction with effector molecules, which coordinate the early
and late stages of phagocytosis. Amoebic trophozoites harbor more than 90 Rab
GTPases (Saito-Nakano et al. 2004) and the function of some of these GTPases
have been established (Chávez-Munguía et al. 2018; Hanadate et al. 2016; Saito-
Nakano et al. 2004, 2007; Verma et al. 2015, 2016; Verma and Datta 2017; Welter
et al. 2005). Among them, as discussed previously, the functional role of amoebic
Rab21 is known in the biogenesis of actin dots (known as amoebic invadosomes)
and destruction of host ECM (Emmanuel et al. 2015). Recently, amoebic Rab21 was
found to be localized onto lysosome like compartments in a late stage of phagosome
progression, suggesting it’s possible role in the trafficking of cargos from Golgi
apparatus to the lysosome (Constantino-Jonapa et al. 2018). In addition, it has been
shown that amoebic Rab5 regulates the biogenesis of pre-phagosomal vacuoles upon
interaction with human RBCs (Saito-Nakano et al. 2004). Furthermore, time-lapse
confocal microscopy has also revealed that the amoebic Rab35 is translocated to
the phagocytic cup upon contact with human RBCs and is subsequently, important
for phagosome maturation (Verma and Datta 2017). It has also been shown that
during the phagosome maturation, amoebic Rab7A also plays an indispensable part
in the formation of phagolysosomes (Saito-Nakano et al. 2007; Verma et al. 2016).
Till date, effectors and binding proteins have been identified only for amoebic Rab7A
and Rab8AGTPases. Biochemically, it has been shown that amoebic Rab7A interact
with retromer component Vps26 and play an important role in the transport of acid
hydrolase to the amoebic lysosome (Nakada-Tsukui 2005). Recently, cdc50 was
identified asRab8A interacting partner andwas shown to be involved in the trafficking
of lipid flippase from the endoplasmic reticulum (ER) to the cell periphery (Hanadate
et al. 2016). Thus although, a large number of amoebic RabGTPases have been tested
in multiple cellular pathways, knowledge of their effectors remains very limited.
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Future Directions

A large number of existing studies in the broader literature, spreading over the
decades, have examined the role of cytoskeleton dynamics and Ca2+ signaling in
phagocytosis. Although, a large number of authors have shed light on a multitude
of molecules playing a role in these processes independently, yet a closer look of
the literature on the interplay between these processes leading to amoebic inva-
sion, however, reveals several gaps and shortcomings. Furthermore, the literature
on amoebic trogocytosis itself currently stands at a nascent stage. The knowledge
of interconnections of the network involving all of the above pathways remains
unmapped.

In the mammalian cells, however, Rho GTPases are well known to lay out a net-
work of signalling pathways leading to actin-cytoskeleton rearrangements (Ridley
2006). These networks contribute to a large number of activities, including actin-
nucleation, capping, scaffolding. However, in the case of E. histolytica, the Rho
GTPases and their effectors, as well as regulators, remain largely unexplored. Sim-
ilarly, Rab GTPases in E. histolytica are well known in vesicular trafficking and
have been reported to be contributing either in the uptake of the target cells or in
the transport of the ingested cargoes towards phagolysosomes during phagocytosis
(Saito-Nakano et al. 2004, 2007; Verma et al. 2015, 2016; Verma and Datta 2017).
It is also known that cytoskeleton remodeling plays an important role during vesi-
cle transport via their motor protein activities, yet very few molecules have been
reported that serve as direct links between these Rabs and cytoskeleton regulating
proteins in the amoeba. Hence, in an effort to bridge the looming gaps, it becomes
indispensable to identify the intermediate regulatory and effector molecules. This
would thus help in better understanding and exposure of the complexity of amoebic
invasion–a sophisticated, tunable, and carefully choreographed sequence of events.
Through this review, we thus hope to bring the focus of the scientific community on
the necessity of the research areas related to invasive behaviour of E. histolytica that
remain largely unravelled.
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Chapter 20
Vesicular Trafficking in Entamoeba
histolytica is Essential for its Virulence

E. Orozco, A. Betanzos, C. Bañuelos, R. Javier-Reyna, and G. García-Rivera

Abstract Vesicular trafficking is based on membrane remodelling that produces
vesicles with distinct composition. This allows the transport of nutrients and
molecules, and the communication among intracellular organelles. Vesicular traffick-
ing is one of the main mechanisms for pathogens virulence. Besides, multiple factors
elicit parasite resistance to host defences, changing the environment during tissue
invasion. Virulence factors are linked to the secretory (exocytosis) and importing
(endocytosis) pathways. In this paper, we discuss the relevance of vesicular traffick-
ing in the virulence of the protozoan Entamoeba histolytica. An efficient function of
virulence factors during adherence to and phagocytosis of target cells and tissue inva-
sion by trophozoites, requires the transport of specificmolecules. TheEhGal/GalNAc
lectin, the EhCPADH complex, phosphoinositides, KERP1, EhRabs, EhCPs, LBPA
and cholesterol are some of the molecules involved in the uptake, movement and
digestion of the prey.Moreover, phagocytosis is an event that depends on activemem-
branes fusion and fission, finely controlled by rearrangements of the actin cytoskele-
ton. During this process, a diversity of signalling transducers and effector molecules
are implicated in endosomes and phagosomes formation and maturation, including
the ESCRT machinery. Furthermore, some of these molecules participate in the exo-
cytosis and others are secreted by the parasite and reach the target cell to initiate the
invasion. For instance, proteins forming the EhCPADH complex, involved in adher-
ence and phagocytosis, are secreted. EhCP112 and EhADH reach target cells and
penetrate them by caveolae or clathrin-coated vesicles. These proteins destroy the
intercellular junctions and provoke cell detachment and the impairment of epithe-
lium homeostasis, eventually resulting in symptomaticmanifestations of amoebiasis.
In summary, vesicular trafficking results determinant for the transport of virulence
factors during the whole E. histolytica pathogenesis process.
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Abbreviations

ER Endoplasmic reticulum
GA Golgi apparatus
SNAREs SolubleN-ethylmaleimide-sensitive factor attachment protein receptors
ESCRT Endosomal sorting complexes required for transport
Vps Vacuolar protein sorting
ES Endomembrane system
PPV Pre-phagosomal vacuoles
ILVs Intraluminal vesicles
LBPA Lysobisphosphatidic acid
MVBs Multivesicular bodies
EhSPs Serine proteases of E. histolytica
EhCPs Cysteine proteases of E. histolytica
EhADH 75 kDa adhesin of E. histolytica
EhCPADH 124 kDa complex (EhCP112-EhADH)
TJs Tight junctions
AJs Adherens junctions
DSMs Desmosomes

Introduction

Trophozoites, the invasive form of the protozoan Entamoeba histolytica, present an
intense movement by pseudopodia emission toward nutrients and target cells. Their
cytoplasm contains abundant vesicles of distinct size and chemical composition.
Vesicle generation involves a dynamic activity of membranes, by fusion and fission
events (Fig. 20.1). Vesicles transport molecules that perform specific functions inside
or outside the cell. The uneasy detection of organelles, other than the nucleus, has
limited the identification andmonitoring of molecules that are moved from one place
to another inside the parasite. The endoplasmic reticulum (ER) and Golgi apparatus
(GA), for instance, appear as simple membranous structures and vesicles, which
have been identified only by markers described for other systems (Ghosh et al. 1999;
Martinez-Higuera et al. 2013).

Vesicular trafficking is essential during trophozoites attack to target cells. The
mucus layer penetration by trophozoites to reach the intestine is facilitated by secret-
ing proteases (Bruchhaus et al. 2003; Cuellar et al. 2017; Debnath et al. 2007). Then,
trophozoites adhere to epithelial cells through specific molecules that are mobi-
lized from the parasite cytoplasm to the plasma membrane (Christy and Petri 2011;
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Fig. 20.1 Confocal
microscopy image showing a
trophozoite with multiple
vesicles and vacuoles of
distinct size, labelled by the
anti-EhRab7 antibody

García-Rivera et al. 1999; Ravdin and Guerrant 1981). Besides, trophozoites also
secret proteins that reach and damage target cells (Biller et al. 2014; Cuellar et al.
2017; Ujang et al. 2016). In the intestine, some virulence factors make contact with
intercellular junctions of epithelial cells and are even able to disrupt them. Later, cells
are detached and phagocytosed (Betanzos et al. 2019). In all these events, vesicular
trafficking is a main player.

Since decades ago, it is well known that in eukaryotes, secretory proteins are trans-
ported in a vectorial fashion from the ER to the GA, and then, directed to secretory
granules to be released to the environment, or led to the corresponding organelles.
During the process, donor vesicles bud their content to an acceptor one, providing
the transport pathway within the cell. Further work, identified the machinery that
promotes vesicular fusion, remarkably, the soluble N-ethylmaleimide-sensitive fac-
tor attachment protein receptors (SNAREs) (Han et al. 2017). Zippering of SNAREs
provokes membrane fusion, allowing the specific passage of proteins from one com-
partment to another, directing the cargo to the proper cellular place (Yavuz et al.
2018). However, there are limited studies on SNAREs proteins in E. histolytica
(Cornick et al. 2017; Dacks and Doolittle 2004).

Later, the endosomal sorting complexes required for transport (ESCRT) machin-
ery and the retromer were identified in eukaryotes (Frankel and Audhya 2018;
Seaman 2012). E. histolytica possesses both, but with particular features (López-
Reyes et al. 2011; Nakada-Tsukui et al. 2005). ESCRT complexes participate in
phagocytosis (Avalos-Padilla et al. 2018) and, apparently, also the retromer does
(Nakada-Tsukui et al. 2005). The ESCRT machinery is composed by vacuolar
protein sorting (Vps) proteins involved in the delivery of soluble molecules carried
by vesicles. The study of the E. histolytica ESCRT and retromer complexes has
provided insights about their evolution. Moreover, it has helped to elucidate some
of the molecular basis of the voracious phagocytosis and highly dynamic motility
of the parasite. In this paper, we review some of the events involved in vesicular
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trafficking in the trophozoites and its implications in parasite virulence, including
phagocytosis and epithelial invasion.

Participation of EhRab Proteins in E. histolytica Vesicular
Trafficking

In E. histolytica, the endomembrane system (ES) is not well defined; however, it
has an essential function for vesicular trafficking and virulence expression (Chavez-
Munguía et al. 2000; Ghosh et al. 1999). Small GTPases help to direct proteins
through theES toward different cellular compartments. They act as ubiquitousmolec-
ular switches that, in addition to intracellular trafficking, are involved in a variety
of cellular processes, including cell proliferation and cytoskeleton assembly (Takai
et al. 2001). This superfamily is grossly classified into Ras, Rho/Rac, Rab, Sar/Arf,
and Ran families (Godbold et al. 2002; Takai et al. 2001).

So far, approximately 100 EhRab proteins have been identified in E. histolytica
(Saito-Nakano et al. 2005), and all of them conserve the GTP-binding consensus
sequences (GDXXVGKT, DTAGQE, GNKXD, and SAK) (Pereira-Leal and Seabra
2000). Bioinformatics analyses revealed that 22 EhRabs exhibit more than 40%
sequence identity to yeast and human Rabs, whereas 39 EhRabs (EhRabA, EhRabB
and EhRabH, and EhRabX1 to EhRabX36) show lower homology to them and even
to other EhRabs (Saito-Nakano et al. 2005). The EhRabs most studied in this parasite
are those involved in phagocytosis; for instance, EhRab5 is located in small vesicu-
lar structures, in basal conditions and during erythrophagocytosis. It is also present
in pre-phagosomal vacuoles (PPV) at early times of phagocytosis. In trophozoites
overexpressing EhRab5, the rate of phagocytosis increases. Additionally, the trans-
port of amoebapores, which are pore-forming membrane proteins, also augments,
strengthening the hypothesis that EhRab5 is involved in their carriage. Conversely,
mutations in EhRab5 impair PPV formation and phagocytosis (Saito-Nakano et al.
2004).

EhRab7 has nine isoforms (Rab7A-7I). EhRab7A participates in the PPV biogen-
esis and hydrolases processing, storage and transport to the phagosomes; and it is
found in early and late endosomes (Saito-Nakano et al. 2007). In addition, EhRab7
members, togetherwith the actin cytoskeleton, transport the fibronectin receptor from
the plasma membrane to the cytoplasm and vice versa (Javier-Reyna et al. 2012).

EhRab8A is a key regulator ofmembrane trafficking in the ER and is also involved
in the transport of proteins to the plasma membrane (Hanadate et al. 2016).

Besides, E. histolytica presents four homologues to Rab11 (EhRab11A-11D).
EhRab11A-C have important roles in encystment (Herrera-Martínez et al. 2013;
Saito-Nakano et al. 2005). EhRab11B is associated with non-acidified vesicles, con-
sidered as recycling compartments, and regulates the secretion of EhCP1, EhCP2,
and EhCP5 (Mitra et al. 2007); hence, playing a central role in the transport and
secretion of pathogenic factors.



20 Vesicular Trafficking in Entamoeba histolytica is Essential … 279

EhRab21 is involved in migration of and invasion by trophozoites (Emmanuel
et al. 2015). It is re-localized to lysosomes during erythrophagocytosis and is also
found in the GA (Constantino-Jonapa et al. 2018), pointing out that it may regulate
protein trafficking between these organelles.

Other protein involved in phagocytosis is EhRab35,which is located in phagocytic
cups and phagolysosomes (Verma and Datta 2017).

EhRabA is found in the cytoplasm in basal conditions; however, in EhRabA
mutants, the protein is visualized in tubular structures that are recognized by ER-
specific antibodies. Furthermore, thesemutants show a reduced rate of erythrophago-
cytosis (Welter and Temesvari 2009).

Finally, Rodríguez et al. (2000) discovered an atypical EhRabB protein that par-
ticipates in phagocytosis and in the regulation of vesicle docking and fusion (Juárez-
Hernández et al. 2013; Rodrı́guez et al. 2000). Furthermore, we have reported that
EhRabB and actin cytoskeleton are key elements for the EhCPADH mobilization
during erythrophagocytosis (Javier-Reyna et al. 2019). All these data strongly sup-
port the participation of EhRab proteins in vesicular trafficking during virulence
processes of E. histolytica.

Contribution of the ESCRT Machinery in E. histolytica
Vesicular Trafficking

In eukaryotes, multivesicular bodies (MVBs) biogenesis is a key step to direct parti-
cles and proteins towards lysosomal degradation and recycling (Hurley 2008). These
processes entail membrane-remodelling and molecules (cargo) recognition, finely
orchestrated by the ESCRT. The ESCRT machinery drives cargo sorting, membrane
deformation and vesicle scission, to generate cargo-enriched intraluminal vesicles
(ILVs). Then, fusion of late endosomes or MVBs-containing ILVs with lysosomes
results in cargo degradation (Campsteijn et al. 2016). During the last decade, our
group has shown evidence on ESCRT participation in E. histolytica’s phagocytosis.
This parasite has themajority of genes encoding forVps proteins forming theESCRT-
0, -I, -II and -III complexes, as well as the genes encoding for the ESCRT-accessory
proteins (Avalos-Padilla et al. 2015, 2018; Bañuelos et al. 2012; López-Reyes et al.
2010).

By in silico analyses, we have identified representative ESCRT components in
E. histolytica: EhTom1 (our unpublished data), EhHse1 and EhVps27, correspond-
ing to ESCRT-0; EhVps23 and EhVps37, related to ESCRT-I; EhVps22, EhVps25
and EhVps36, forming ESCRT-II; and EhVps2, EhVps20, EhVps24 and EhVps32,
belonging to ESCRT-III (López-Reyes et al. 2010). Furthermore, we have also char-
acterized the ESCRT-accessory proteins, EhADH and EhVps4 (Bañuelos et al. 2012;
López-Reyes et al. 2010). So far, little is known about the function of members of
the ESCRT-0, -I and -II complexes in E. histolytica. Nevertheless, they are currently
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under study by our group, since all display the typical features reported for their
orthologues in yeast and human.

The ESCRT-III has been mainly associated to membrane deformation and ILVs
scission during MVBs formation and is the complex most widely characterized in
this parasite (Avalos-Padilla et al. 2018). EhVps32 has a role in pinocytosis and
phagocytosis. It takes part of the scission apparatus involved in membrane invagina-
tion and ILVs formation (Avalos-Padilla et al. 2015). In their inactive form, EhVps2,
EhVps20, EhVps24 and EhVps32 are located in cytoplasm. However, during phago-
cytosis, they activate and then, assemble around and inside erythrocytes-containing
phagosomes and MVBs. This points out the relevance of the ESCRT-III complex in
vesicles membrane remodelling during target cell engulfment and protein degrada-
tion. Particularly, EhVps2 andEhVps32 co-localize at phagocytic cups, andEhVps32
is frequently present in nascent ILVs. Interestingly, the knock-down of Ehvps20 and
Ehvps24 genes diminishes 60–70% the rate of phagocytosis. By giant unilamellar
vesicles, we demonstrated that the sequential assembly of ESCRT-III proteins is
necessary for ILVs formation. EhVps20 binds to membranes and recruits EhVps32,
promotingmembrane invaginations. Then, EhVps24 provokes detachment of nascent
vesicles and ILVs biogenesis. Finally, EhVps2 modulates ILVs size (Avalos-Padilla
et al. 2018).

A defining feature for ESCRT components turnover, is the requirement of an
energy-dependent mechanism promoting ESCRT-III disassembly from the endoso-
mal membrane. In other systems, Vps4 dissociates ESCRT-III, allowing new rounds
for vesicles formation and cargo transferring from one compartment to another.
Accordingly, EhVps4 localizes in the cytosol and displays ATPase activity (López-
Reyes et al. 2010), thus, probably contributing to the ESCRT-III disassembly. While
trophozoites overexpressing EhVps4 do not display any modification in their rate
of erythrophagocytosis, amoebae overexpressing a mutant version of this protein,
display a reduced phagocytic activity (López-Reyes et al. 2010).

On the other hand, previouswork has evidenced the contribution of EhADH, alone
or forming part of the EhCPADH complex, at early and late stages of trophozoites
interaction with host cells. EhADH participates in adherence to and phagocytosis
of target cells, due to an adherence epitope present at its C-terminus (García-Rivera
et al. 1999). Moreover, EhADH displays a N-terminal Bro1 domain, a hallmark of
the ALIX family, which mediates protein sorting and trafficking along the MVBs
pathway. When the EhADH-Bro1 domain is overexpressed, trophozoites dimin-
ish their rate of phagocytosis and exhibit aberrant accumulations of endogenous
EhADH in MVBs, resulting in vesicular trafficking alterations. The Bro1 domain is
the EhADH interaction site for EhVps32 (Bañuelos et al. 2012). Molecular docking
analyses predicted that this domain also interacts with the lysobisphosphatidic acid
(LBPA), a lipid predominantly found in acidic vesicles. LBPA, together with choles-
terol, phosphatidylinositol 3-phosphate and phosphatidylinositol 3,5-bisphosphate,
confers specific characteristics to membranes for being remodelled during endo-
cytosis (Castellanos-Castro et al. 2016; Nakada-Tsukui et al. 2009; Welter et al.
2011). Experimental evidence demonstrated theEhADHandLBPA interaction inside
phagolysosomes andMVBs.Moreover, EhADHalso binds toEhNPC1 andEhNPC2,
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both orthologues to the human Niemann-Pick disease type C proteins, involved in
cholesterol uptake (Bolaños et al. 2016).

Besides protein degradation, endosomal retrieval and recycling are essential
for cell homeostasis. These processes are achieved by the evolutionary conserved
retromer complex, which regulates the presence of integral membrane proteins in
the cell surface and mediates the recycling of cargo from endosomes to the trans-
Golgi network and lysosomes (Elkin et al. 2016). In E. histolytica, a retromer-like
complex, formed by EhVps26, EhVps29 and EhVps35, has been recently involved
in EhCPs transport (Nakada-Tsukui et al. 2005; Srivastava et al. 2017).

Altogether, evidence on the role of the ESCRT machinery and retromer complex
in vesicular trafficking of critical virulence factors, strongly suggest a molecular
selective process, tightly regulated across the E. histolytica ES.

Vesicular Trafficking of E. histolytica Proteins During Host
Invasion

One of the first steps during trophozoites invasion to the intestine, is the mucus layer
penetration, with a remarkably participation of EhCPs (Cuellar et al. 2017; Mitra
et al. 2007; Nozaki and Nakada-Tsukui 2006). EhCP5 and EhCP112 digest mucin-2
(Cuellar et al. 2017; Lidell et al. 2006). Besides, EhCPs present proteolytic activities
on other epithelial components: (i) EhCP1 digests collagen, the C3 complement
factor, pro-IL-18, pro-IL-1β and villin (Serrano-Luna et al. 2013); (ii) EhCP2 cleaves
collagen, IgA, IgG, chemokines, C3 and pro-IL-18 (Irmer et al. 2009; Pertuz Belloso
et al. 2004); (iii) EhCP5 cuts collagen, IgA, pro-IL-18, haemoglobin, fibrinogen
and human pro-matrix metalloproteinase 3 (Cornick et al. 2016; Thibeaux et al.
2014); and (iv) EhCP112 digests gelatine, collagen, fibronectin, haemoglobin and
substrates for L-cathepsins (Cuellar et al. 2017; Ocádiz et al. 2005). Moreover, the
Ehcp1, Ehcp4 and Ehcp6 genes are upregulated in trophozoites recovered from
mice colon (Gilchrist et al. 2006). These findings denote the EhCPs participation in
both, epithelial invasion and extracellular matrix degradation. Therefore, a dynamic
vesicular trafficking of EhCPs for theirmobilization and secretionmust occur. EhCPs
trafficking is regulated by: (i) EhRabs (Hanadate et al. 2016; Mitra et al. 2007; Saito-
Nakano et al. 2004); (ii) the retromer-like complex (Nakada-Tsukui et al. 2005); (iii)
EhCPs inhibitors (Sato et al. 2006); and (iv) the cysteine protease binding family
protein 1 (Furukawa et al. 2012; Marumo et al. 2014).

Once trophozoites reach the epithelium, they adhere to the cells by the
EhGal/GalNAc lectin, EhADH, EhCPADH and other molecules transported from
the cytoplasm to the parasite membrane (Betanzos et al. 2013; García-Rivera et al.
1999; Goplen et al. 2013; Petri et al. 2002). The lectin is composed by the light (Lgl),
intermediate (Igl) and heavy (Hgl) subunits (Petri et al. 2002). In basal conditions,
Igl resides in raft domains, whereas the Hgl-Lgl dimer is in different compartments.
Cholesterol uptake and other events stimulate the recruitment of Hgl-Lgl dimers into
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raft domains, transforming the lectin into a functional adhesin, thus, increasing the
ability of the parasite for adhering to host cells (Mittal et al. 2008;Welter et al. 2011).

Trophozoites pose on the apical part of the intercellular space of epithelial cells,
disrupting tight junctions (TJs) and affecting the intestinal permeability (Betanzos
et al. 2013; Cuellar et al. 2017; Lauwaet et al. 2004; Martinez-Palomo et al. 1985).
TJs are composed by integral proteins as claudins, occludin and junctional adhesion
molecules (JAMs), which are bound to actin cytoskeleton by scaffold molecules like
zonula occludens (ZOs) proteins. The EhCPADH complex and its separated proteins
impair the epithelial permeability, reflected as a drop in the transepithelial electrical
resistance (TEER) (Betanzos et al. 2013, 2018; Cuellar et al. 2017). Accordingly,
these parasite proteins interact with occludin, claudin-1, claudin-2, ZO-1 and ZO-2,
dissociating them from TJs. In addition, these junctional proteins are also degraded.
Moreover, EhCP112 and EhADH could be endocytosed by host cells through cave-
olin or clathrin-coated vesicles, suggesting that they can also act from inside the cell
(Betanzos et al. 2018; Hernández-Nava et a1. 2017).

Other intercellular junctions like adherens junctions (AJs) and desmosomes
(DSMs) are reached and destroyed by trophozoites, with the participation of the
EhCPADH complex and EhCP112 (Hernández-Nava et al. 2017). AJs and DSMs
are composed by integral proteins of the cadherins family, such as E-cadherin
and desmoglein, and their scaffold proteins are catenins and desmoplakin, respec-
tively (Capaldo et al. 2014; Getsios et al. 2004). EhCP112 degrades E-cadherin and
desmoglein-2, destabilizing β-catenin and desmoplakin l/II (Hernández-Nava et al.
2017).

Other EhCPs and serine proteases (EhSPs) also participate in TJs disruption.
EhCP1, EhCP2 and EhCP5 drop TEER; however, EhCP112 has a stronger effect
(Cuellar et al. 2017). Furthermore, trophozoites with low expression of EhCPs activ-
ity are unable to damage the intestinal barrier (Zhang et al. 2000). Moreover, EhCPs
and EhSPs inhibitors avoid the ZO-1 and ZO-2 proteolysis (Lauwaet et al. 2004).

Other molecules participate in TJs disturbance, particularly, the prostaglandin E2

(EhPGE2) and a parasite occludin-like protein. Through the EP4 receptor in epithelial
cells, EhPGE2 alters the paracellular permeability, probably dissociating claudin-4
from TJs (Lejeune et al. 2011). Instead, the occludin-like protein is also involved in
the TEER dropping of human colorectal cells (Goplen et al. 2013).

The lysine glutamic acid rich protein 1 (EhKERP1) and lipopeptidophosphogly-
cans (EhLPPGs) are also involved in tissue invasion. EhKERP1 is present at the cell
surface and intracellular vesicles, whose trafficking is independent of the ER–GA
anterograde transport. It is also present in externalized vesicles deposited on the sur-
face of human cells (Perdomo et al. 2016). On the other hand, mice immunization
with anti-EhLPPGs antibodies confers them protection against invasive amoebia-
sis (Marinets et al. 1997; Zhang et al. 2002). Besides, these antibodies decrease
trophozoites adherence to target cells (Stanley et al. 1992).

The epithelium homeostasis is also impaired by the cytolytic ability of E. his-
tolytica, as revealed by the swelling and massive blebbing of the epithelial surface in
contact with trophozoites (Martinez-Palomo et al. 1985; Sateriale and Huston 2011).
Parasitemolecules participating in cytolysis includeEhCPs and amoebapores that are
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also conducted to the trophozoite surface and the extracellular medium by vesicular
trafficking (Irmer et al. 2009; Leippe 1997; Ralston and Petri 2011a, b). Finally, the
damage to the epithelium results in cell death by apoptosis and autophagy (Betanzos
et al. 2013; Huston et al. 2003; Ralston and Petri 2011a, b).

As it has been referred, throughout all events allowing E. histolytica vesicu-
lar trafficking, molecules crosstalk and epithelial destruction result crucial for host
invasion.

E. histolytica and the Host Microbiota

Even though the relationship among E. histolyticawith the host microbiota is poorly
studied, it is predictable their intimate connection through the crosstalk of molecules
transported by vesicles. In the intestine, E. histolytica interacts with bacteria and
even with other protozoa (Di Genova and Tonelli 2016; Espinosa and Paz-y-Miño-C
2019; Gilchrist et al. 2006; Varet et al. 2018), provoking changes; by one side, on
the E. histolytica virulence, and by the other, causing dysbiosis and alterations in the
host immune response (Cornick and Chadee 2017; Verma et al. 2012).

Early studies demonstrated that the interaction of trophozoites with several Gram-
negative bacteria, increases their ability to destroy epithelial cells (Bracha and
Mirelman 1984). In addition, certain Enterobacteriaceae members help E. histolyt-
ica to resist oxidative stress and survive in the intestinal mucosa by affecting par-
asite genes involved in glycolysis and proteolytic activity (Fernández-López et al.
2019; Varet et al. 2018). Particularly, the interaction between E. histolytica and
enteropathogenic Escherichia coli, increases the Ehcp1-5, Ehhgl, Ehapa (encod-
ing for amoebapore A), and Ehcox-1 (encoding for cyclooxygenase-like 1) mRNA
expression and also augments the EhCP1-5 proteolytic activity (Fernández-López
et al. 2019). Moreover, bacteria favour the trophozoites infection in gnotobiotic ani-
mals (Fernández-López et al. 2019; Phillips and Gorstein 1966). Conversely, the
introduction of certain commensal bacteria reduces the susceptibility of mice to
develop colitis by E. histolytica infection (Burgess and Petri 2016). These results
indicate the influence of gut microbiota on parasite infection, where the vesicular
trafficking of pivotal virulence factors, such as proteases, could be affected.

The interdependence between E. histolytica and the microbiota has been also
observed in human populations. A cohort study in South West Cameroon showed
that the presence of this protozoa, significantly correlates with the gut microbiota
composition and diversity across diet, geographic location, and genetic ancestry
(Morton et al. 2015). Patients of Northern India infected withE. histolytica presented
dysbiosis; at the same time, bacteria as Bifidobacterium spp., Ruminococcus spp.,
Lactobacillus spp., Clostridium leptum and Eubacterium spp., appeared reduced in
stool samples (Verma et al. 2012), suggesting the effect of E. histolytica on intestinal
microbiota.

Information regarding the association between E. histolytica with other protozoa
is limited. In a Southern Côte d’Ivoire population, protists such as E. histolytica,
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Giardia duodenalis, Cryptosporidium spp. and Blastocystis hominus induced signif-
icant changes in the intestinal microbiota (Burgess et al. 2017). Furthermore, mixed
infections of E. histolytica / E. dispar and G. duodenalis were detected in a vulnera-
ble population of Ethiopia (Mardu et al. 2019), suggesting that the presence of some
parasites could favour the infection by other pathogens; however, further research
are required to determine this.

Although it is estimated that 3.5 billion people worldwide are infected with par-
asites (WHO 2015), studies assessing their role in shaping gut microbiota remain
scarce. Throughout evolution, bacteria and protozoa have co-inhabited the human
gastrointestinal tract. Therefore, implications determined by past and current inter-
actions among E. histolytica with the microbiota will provide insights about para-
site adaptation, its invasion mechanisms and the disturbance produced on the host
immune system. Here, the crosstalk among molecules from E. histolytica and bac-
teria or other protozoa facilitated by vesicular trafficking, could be relevant for the
virulence properties expression. However, further studies should be performed to go
deeper in this hypothesis.

Concluding Remarks

Many molecules participate during vesicular trafficking to allow the host damage
produced by E. histolytica (Fig. 20.2). Here, we highlighted the role of: (i) EhRabs
acting as effector switches, which in their majority are involved in phagocytosis.

Fig. 20.2 Schematic representation of cellular structures and molecules involved in E. histolytica
vesicular trafficking. a) Basal conditions: constitutive trafficking of parasite molecules within the
endomembrane system (ER and GA), such as EhRabs, ESCRT and retromer complexes, as well as
surface (EhCP112, EhADH and EhGal/GalNAc lectin) and secreted (e.g. EhCPs) factors that partic-
ipate during nutrients uptake and metabolic maintenance. b) Phagocytosis: transport of molecules
(such as ESCRT and retromer complexes, EhRabs, EhCPs and lipids) necessary for phagosomes
formation and maturation, during target cells engulfment and degradation, or cargo recycling.
c) Epithelial invasion: adhesins (EhADH and EhGal/GalNAc) and other surface molecules are
transported during host cells recognition and attachment. Then, intercellular junctions (TJs, AJs
and DSMs) are opened, and epithelial cells are detached by the action of EhCPs, EhADH and
others. In addition to E. histolytica, bacteria and other protozoa co-inhabit the gut, presumably
affecting its homeostasis. In all these events, actin cytoskeleton plays a crucial role for mobilizing
the vesicles. ER, endoplasmic reticulum. GA, Golgi apparatus. N, nucleus
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(ii) SNAREs proteins that promote the fusion of membranes to allow the passage
of molecules from one compartment to another. (iii) The ESCRT machinery that
participate in endocytosis, phagocytosis and MVBs formation. (iv) The retromer,
conducting proteins for degradation or recycling. (v) The EhCPs that open the way
to reach the epithelia during trophozoites invasion. (vi) The molecules involved in
trophozoites adherence to target cells, such as the EhGalGal/NAc lectin and the
EhCPADH complex. (vii) The EhADH adhesin that is a scaffold protein involved in
adherence, phagocytosis and the epithelial junctional opening.

In conclusion, vesicular trafficking is a cellular event determinant forE. histolytica
virulence expression. Remarkably, it is fundamental for phagocytosis and motility
of trophozoites to reach the epithelia and produce damage to target cells.
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Chapter 21
Molecular Characterization
of Entamoeba histolytica tRNA Genes

N. C. Davhana, P. A. Mbati, and A. Samie

Abstract Entamoeba histolytica is a eukaryotic protozoan parasite responsible for
amoebiasis. Its genetic diversity throughout the world as well as its impact on the
outcome of infection is still a mystery. In the present study, a total of 774 stool
samples were tested by microscopy, TechLab enzyme-linked immunosorbent assays
(ELISAs) and multiplex PCR for the presence of Entamoeba histolytica. For geno-
type analysis, six different loci (NK, RR, AL, DA and STGA-D) of the tRNA genes
were amplified by PCR. The genotyping as well as the demographic data were ana-
lyzed using the Statistical Package for Social Sciences (SPSS forWINDOWSversion
21.0) program. The overall prevalence of Entamoeba species varied from 5.4% to
10.5 % and was higher in urban area. The genetic profiling of E. histolytica indicated
that some strainswere specific to each of the two locationswhile somewere common.
Profile Number 1 of the NK locus was more prevalent in diarrhea samples and was
from Pretoria. Similarly, some profiles weremore associated with diarrhea compared
to others further indicating that the outcome of the infection by this parasite might
be associated with the genotype. The results also indicated the possibility of strains
clustering by region. The results obtained in this study confirm that tRNA genes
might have a role in the presentation of amoebiasis (symptomatic and asymptomatic
infections) depending on the genetic profile of the infecting strain. This genotyping
system could also be used to identify the origin of the infection once it has been
standardized.
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Abbreviations

tRNA transfer Ribonucleic Acid
ELISA Enzyme Linked Immuno-Sorbent Assay
PCR Polymerase Chain Reaction
NK, RR, AL, DA and STGA-D Symbols representing the different tRNA genes
SPSS Statistical Package for Social Science
STR Short Tandem Repeat
DNA Deoxy-ribonucleic acid
OD Optical density
MEDUNSA Medical University of South Africa

Introduction

Entamoeba histolytica is a well-known protozoan parasite responsible for the disease
called amoebiasis. However, the prevalence of amoebiasis varies significantly and
is high in the developing world, especially in areas where sanitation infrastructure
and water supply are inadequate (Stark et al. 2008). Currently, what determine the
outcome of infection is not well understood as 90% of the infected individuals do not
show any clinical signs while 10 % of the infection results in diarrhea (Samie et al.
2008). Humans are the primary host for E. histolytica. Transmission of E. histolytica
generally occurs through ingestion of cysts from food or water contaminated by feces
and unprotected (anal-oral) sex. The hands have been proven to be the common
denominator in transferring pathogens from surface, food or animals to humans
(Alum et al. 2010).

Currently, it is not clear whether the outcome of the infection by this parasite is
associated with the genotype of the organism, but few studies have been conducted
to determine the potential role of the parasite genomic features on the outcome of
infection (Tawari et al. 2008; Haghighi et al.2002). Studies done in Bangladesh and
China have investigated the six pairs of tRNA-linked STR in order to determine
if the parasite genotypes are associated with the outcomes of the infection or not
(Haghighi et al. 2002; Ali et al. 2005; Jaiswal et al. 2014). Results of these studies
have provided evidence that the parasite genome does influence the outcome of
infection and have identified few parasite genotypes that are associated with the
outcomes of the infection (Jaiswal et al. 2014; Ali et al. 2007; Feng et al. 2012; Das
et al. 2014).

Previous studies in the African continent have shown a high prevalence of E.
histolytica even though there has been overestimation in some cases (Samie et al.
2008;Al-Harthi and Jamjoom2007). However, very few studies have investigated the
implications of the parasite genetic variations on the occurrence of disease. Therefore,
the present study, investigated the potential impact of genetic diversity on the outcome
of an E. histolytica infection.
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Materials and Methods

Ethical Considerations

This study was approved by the research and ethics Committee of the University of
Venda andMEDUNSA campus of the LimpopoUniversity, SouthAfrica. Permission
to use public health facilities to source participantswas obtained from theDepartment
of Health and Welfare. The objectives of the study were clearly explained to the
participants and they were requested to sign consent forms before the collection of
stool samples. The information obtained from the participants was kept confidential.

Sample Collection

A total of 774 stool sampleswere collected from different clinics in Pretoria, Gauteng
province, and Giyani, Limpopo province, South Africa. Both-diarrheal and non-
diarrheal stool samples were collected. These samples are those that have been tested
by the local laboratories and for routine testing. The stool samples were transported
without delay to the University of Venda, Parasitology laboratory in cooler boxes
with ice.

Detection of E. histolytica Cysts and Trophozoites in Fecal
Specimens by Microscopy

Iodine wet mounts of fresh unpreserved stool samples were examined microscopi-
cally for the detection of Entamoeba cysts and trophozoites as described by Parija
and Prabhakar (1995). Iodine wet mounts were briefly prepared by adding a portion
of each unpreserved stool specimen to a drop of Lugol’s iodine on a glass microscope
slide and placing a cover slip on the stool suspension. The wet mounts were micro-
scopically examined initially by using a low-power (10×) objective and then using
a high-power (40×) objective of a compound light microscope. Unpreserved stool
samples were stored at −20 °C until further use for ELISA and DNA extraction.

Antigen Detection of E. histolytica in Stool Samples by ELISA

Entamoeba histolytica was detected using E. histolytica II enzyme-linked
Immunosorbent assay (ELISA) antigen detection kit (TechLab, Inc. Blacksburg,
VA, USA) as per the manufacturer’s instructions. The optical density (OD) was read
at 450 nm using Biotek ELx808 reader (Winooski, VT, USA). According to the
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manufacturer, a sample with an OD suspension greater than 0.170 were considered
positive while those that are less than 0.170 were considered negative.

Extraction of Genomic DNA from Stool Samples

The genomic DNA of E. histolytica was extracted from stool samples using ZYMO
RESEARCH fecal DNAmini Prep kit from Inqaba Biotech. Briefly, 150 mg of stool
sample was added to ZR bashing bead lysis tube and 750 μl of the lysis solution was
also added and then disrupted at a maximum speed for 5 min. The ZR bashing bead
lysis tube was centrifuged at 10,000 rpm for min, the supernatant of the samples
was transferred to a Zymo-spin TM IV spin filter in a collection tube. The samples
were centrifuged at 7000 rpm for 1 min, thereafter 1200 μl of fecal DNA binding
buffer was added to the filtrate in the collection tube. The mixtures were transferred
to a Zymo-spin TM IIC column in a collection tube and centrifuged at 10,000 rpm
for 1 min. The flow from the collection tube was discarded and 200 μl of DNA
pre-wash buffer was added to the Zymo-spin TMIIC column in a new collection tube.
The samples were then centrifuged at 10,000 rpm for 1 min and 500μl of fecal DNA
wash buffer was then added to the Zymo-spin TMIIC column and then centrifuged
at 10,000 rpm for 1 min. Zymo-spin TMIIC column was transferred to a clean 2 ml
microcentrifuge tube and 100 μl of DNA elution buffer was added directly to the
column matrix and then centrifuged at 10,000 rpm for 30 s to elute the DNA. The
eluted DNA was then transferred to a prepared Zymo-spinTM IV HRC spin filter in
a clean 2 ml microcentrifuge tube and then centrifuged at 8000 rpm for 1 min. After
centrifugation, the filtered DNA was stored at −20 °C for further analysis.

Molecular Detection of E. histolytica

In order to confirm the ELISA positive samples, amultiplex PCRwas used to identify
E. histolytica which will be further used for the molecular characterization of the
isolates. The multiplex PCR assay was performed according to a protocol previously
described (Hamzah et al. 2006). Themultiplex PCR reaction was performed in a total
volume of 25 μl. The reaction mixture briefly contained 2.5 μl of 10× PCR buffer
with 1.5 μl of MgCl2, 0.5 μl of deoxynucleoside triphosphate mix, 0.2 μl of Taq
polymerase, 0.25μl of BSA, 0.6μl of the reverse primer (EhR), 12.65μl of distilled
water, 0.6 μl of forward primer (EntaF) (Table 21.1) and 5 μl of the extracted DNA
samples. Samples were gently vortexed and then placed in a thermocycler (Thermo-
Hybaid, United Kingdom). The conditions for PCR were set at: heat denaturation 1
cycle at 94 °C for 3 min, followed by 30 cycles of 94 °C for 1 min, annealing temper-
ature at 58 °C for 1 min, extension at 72 °C for 1 min, with a final extension at 72 °C



21 Molecular Characterization of Entamoeba histolytica tRNA Genes 295

Table 21.1 Primers sequences used for genotyping PCR

Primer name Sequence (5′–3′) Annealing (°C)

A-L5 GGATCGATACCCCTCATCTCCA 64

A-L3 CGCATCTTGCGATAGCCGAG

D-A5 CTGGTTAGTATCCTTCGCCTGT 56

D-A3 GCTACACCCCCATTAACAAT

N-K5 CGAACGGCTGTTAACCGTTA 55

N-K3 TTCCTAGCTCAGTCGGTAGA

R-R5 AGCATCAGCCTTCTAAGCTG 55

R-R3 CTTCCGACTGAGCTAACAAG

STGA-D5 CTCTGGATGCGTAGGTTCAA 58

STGA-D3 GTATCTTCGCCTGTCACGTG

S-Q5 GTGGTCTAAGGCGTGTGACT 56

S-Q3 GAGATTCTGGTTCTTAGGACCC

for 7 min. The PCR products were separated by electrophoresis in 1.5 % agarose
gel at 100 V for 45 min in Tris-acetate buffer, visualized by UV-transilluminator.
A 100 bp DNA ladder was used as a size reference for PCR assay. The forward
primer in combination with the appropriate reverse primer generated a 166-bp PCR
product with E. histolytica DNA.

PCR Genotyping of E. histolytica

The PCR reaction was performed in a total volume of 25 μl. The reaction mixture
briefly contain 2.5μl of 10× PCR buffer with 1.5μl ofMgCl2, 0.5μl of deoxynucle-
oside triphosphate (dNTP) mix, 0.2 μl of Taq polymerase, 0.25 μl of BSA, 13.85 μl
of distilledwater, 5μl of the extractedDNA samples and 0.6μl of each of the primers
pair (Table 21.1) were used: locus RR (R-R5 and R-R3), locus NK (NK5 and NK3),
locus AL (A-L5 and A-L3), locus D-A (D-A5 and D-A3), locus SD (STGA-D5 and
STGA-D3), and locus SQ (S-Q5 and S-Q3), under the conditions previously described
using the primers shown in Table 21.1 (Ali et al. 2005). The PCR products were sep-
arated electrophoretically in 1.5 % agarose gels after staining with ethidium bromide
and visualized by UV light and photographed.
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Statistical Analysis

The results were compiled using an excel spread sheet and edited appropriately
(Microsoft office package) and analyzed using the Statistical Package for Social Sci-
ences (SPSS) program, version 17.1 with the fisher chi square test and the difference
between two variables was considered significant if the p value was less than 0.05.

Results

Demographic Characteristics of the Study Population

From a total of 774 stool samples, males were 391 (50.5 %) and female were 48.6 %.
Table 21.2 shows the demographic characteristics of the study population based on
the origin, age group, gender and sample consistency. The type of the stool samples
was indicated by the physical presentation of the sample at the time of the collection.
From the 774 samples, 467 (60.3 %) were loose, 202 (26.1 %) were formed and 104
(13.4 %) were watery. Information on age and gender was only provided for only a
small proportion of the participants and showed that the ages between 1 and 25 years
contributed the highest percentage of samples 107 (13.8 %), followed by those who
were 26–45 years old with 56 (7.2 %) and 46–90 years old with 49 (6.3 %).

Table 21.2 Prevalence ofE. histolytica according to the origin, gender, age and sample consistency
of the participants using ELISA method

Samples characteristics E. histolytica positive Total Statistics

Sample origin Giyani 3 (5.4 %) 56 χ2 = 1.491, P = 0.222

Pretoria 75 (10.5 %) 717

Gender Male 45 (12 %) 375 χ2 = 2.653, P = 0.103

Female 33( 8.4 %) 391

Age group 1–25 years 18 (16.8 %) 107 χ2 = 3.341; P = 0.188

26–45 years 11 (21.2 %) 52

46–90 years 4 (8.2 %) 49

Consistency Formed 12 (5.9 %) 202 χ2 = 5.781; P = 0.056

Soft 52 (11.1 %) 467

Watery 14 (13.6%) 103
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Detection of Entamoeba spp by Microscopy and Enzyme-
Linked Immunosorbent Assay (ELISA) for the Detection of E.
histolytica Antigen

In the present study, 774 samples were examined microscopically for the presence
of Entamoeba cyst in stool samples and 16.5 % samples were found to be positive.
Table 21.2 indicates the prevalence on E. histolytica based on age, origin, gender and
sample consistency. The highest prevalence of E. histolytica was found in Pretoria
with 10.5 %, as compared to Giyani which was 5.4 % and the difference was not
statistically significant (χ2 = 1.491; P = 0.222). Entamoeba histolytica was more
common in males (12 %) than in females (8.4 %), but the difference was not sta-
tistically significant (χ2 = 2.653; P = 0.103). Most of the participants who were
infected were the ages of between 26 and 45 years by 21.2 % followed by those
who were in the age group 1–25 years by 16.8 %. The least infected were of the age
group 49–90 years by 8.2 %. However, the difference was not statistically significant
(χ2 = 3.341; P = 0.188). According to samples consistency, the highest prevalence
was found in watery stool samples by 13.6 %, followed by soft with 11.1 % and the
least was found with 5.9 %, but the difference was not statistically significant (χ2 =
5.781; P = 0.056).

Molecular Detection of E. histolytica by PCR method

The 78 samples that were positive by ELISA were used in the PCR protocol for
the detection of E. histolytica DNA. From these, 42 samples showed positive for E.
histolytica small-subunit rRNA gene. Figure 21.1 shows the results obtained from
the PCR detection of E. histolytica from stool samples.

Fig. 21.1 An agarose gel picture showing the PCR results for the detection of
E. histolytica in the stool samples. M-Molecular marker 100 bp, NC-negative control, 1-11 DNA
samples
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Fig. 21.2 Pictures of the agarose gel electrophoresis showing the profiles of the different loci (A=
NK, B = RR, C = AL, D = DA and E = STGA-D loci). M-Molecular marker 100 bp, NC-negative
control, 1-17 DNA samples

Genotyping of E. histolytica Based on PCR Profile

In order to investigate the genetic diversity of theE. histolytica based on the six tRNA-
linked STR loci, 78 DNA samples were used in different PCR reactions targeting
the six STR loci. The PCR was unsuccessful in some of the samples for certain loci
of the six tRNA-linked STR. Loci S-Q did not show any bands in all tested samples
and was excluded from the study. Figure 21.2 shows some examples of the genetic
profiles obtained from the samples for the different genes. In the present study,
different profiles were observed in different samples of different origins (Giyani and
Pretoria).

Genetic Diversity of E. histolytica Based on NK Locus

From the 15 samples that amplified for the NK locus, 9 different profiles were
obtained as shown in Table 21.3. Of all nine different profiles obtained for the NK
locus, profile number 5 was found to be the most common profile compared to other
profiles. This profile occurred in five different samples in Giyani and 4 were females
and 1 was male. Of these five samples, four samples had loose consistency and
one had formed consistency. Therefore this profile was not associated with diarrhea.
Another profile that occurred in two samples was profile number 3 and both samples
were from Giyani and were both from male participants, and had loose consistency.
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Out of all profile obtained in NK locus, only profile number 1 had watery consis-
tency and was from Pretoria. It is possible that this profile could be associated with
diarrhea.

Genetic Diversity of E. histolytica Based on the RR Profile

From the 30 samples that amplified for the RR locus, 16 different profiles were
obtained as shown in Table 21.4. Of all sixteen different profiles obtained in RR
locus, profile number 9 occurred four times in different samples of which three were
fromPretoria (twomales and one female) and onewas fromGiyani (female). Of these
four samples, the two males from Pretoria had watery consistency. Another profile
that occurred in four samples was profile number 11 where two samples were from
Giyani (male and female) and another two were from Pretoria (male and female).
Of these four samples, three samples had loose consistency and one had formed
consistency. These and other profile numbers can be observed in Table 21.4.

Genetic Diversity of E. histolytica Based on AL Locus

From the 25 samples that amplified for the AL locus, 15 different profiles were
obtained as shown in Table 21.5. Of all fifteen different profiles obtained in AL
locus, profile number 5 occurred six times in different samples. Out of those six
samples observed with profile number 5, three samples were from Pretoria (one
male and two females) while three were from Giyani (two males and one female).
Of these six samples, only one sample from Giyani had formed consistency and
the rest had loose consistency. Another profile that occurred in three samples was
profile number 14 of which two samples were from Pretoria (twomales) and one was
from Giyani (female). Of these three samples, two samples from Pretoria had loose
consistency and one from Giyani had formed consistency. Profiles 2, 3 and 8 were
observed in two samples each and all of them were from Pretoria (female and male),
and only one sample observed in profile number 2 had watery consistency and the
rest had loose consistency. Other profiles occurred once in the sample and included
profile number 1, 4, 6, 7, 9, 10, 11, 12 and 13. Out of all these profiles, only profiles
number 4 and 7 had watery consistency.

Genetic Diversity of E. histolytica Based on the DA Locus

From the 13 samples that amplified for the DA locus, 6 different profiles were
obtained as shown in Table 21.6. Profile number 2 occurred five times in differ-
ent samples. Out of those five samples observed in profile number 2, four samples
were from Pretoria (two males and two females) and one was from Giyani (female).
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Of these five samples, only one sample from Pretoria had formed consistency and
the rest had loose consistency. Profile 5 occurred in three samples, which were from
Pretoria and were all males. Two samples had loose consistency and one had watery
consistency. Profiles number 4 and 6 were observed in one sample each and were
from Pretoria (male and female). Both of them had watery consistency. Another pro-
file that occurred in two samples was profile number 1 and, both samples were from
Pretoria (males). Of these two samples, one had loose consistency and another one
had formed consistency.

Genetic Diversity of E. histolytica Based on the STGA-D Locus

Of the 9 samples that amplified, 6 profileswere generated. Of the six profiles obtained
in STGA-D locus as represented in Table 21.7, profile number 3, 5 and 6 occurred
in two different samples each and all samples had loose consistency. Two samples
observed in profile number 3weremaleswhile the rest were females. Profiles number
1, 2 and 4 were observed in one sample each and were female but only one sample
observed in profile number 4 had watery consistency.

Discussion

The objectives of this study were to determine the prevalence of E. histolytica and to
determine the molecular characteristics of E. histolytica in relation to the occurrence
of diarrhea among patients attending a rural primary health care clinic in Giyani
and private clinics in the Gauteng region (Pretoria). Entamoeba histolytica is the
causative agent of one of the most important infectious diseases called amoebiasis
that affects mainly tropical and subtropical countries. Entamoeba histolytica is the
pathogenic species that has been documented to cause diseases in humans and can
also cause serious damage to the intestinal and other extra-intestinal organs, such as
the brain and liver (Ximenez et al. 2010). Microscopy is still the only tool used for
the detection of E. histolytica in most developing countries, but cannot distinguish
between E. histolytica and E. dispar. Consequently, it is now believed that epidemi-
ological figures on the disease and its spread are overemphasized since they relied
on microscopic identification (Ali et al. 2008).

The prevalence of E. histolytica infection varies in different parts of the world.
Entamoeba histolytica was found to be more prevalent in Pretoria by 10.5 % than in
Giyani by 5.4%. Pretoria is an urban area and one would estimate that the prevalence
of Entamoeba would be higher in the rural area which in this case in Giyani. This
could be due to the fact that the samples from Pretoria were mostly diarrheal samples
that have been submitted for routine laboratory analysis. The findings of this study
agree with the results of the study done by Al-Shammari et al. (2001), who detected
higher rates of infection in urban than rural areas.
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In the present study, there was a high prevalence of E. histolytica infection in
males (12%) than in females (8.4%). These results agree with the results of the study
done by Ozyurt et al. (2007), in which they demonstrated the high prevalence of E.
histolytica infection in male with the rate of 67 % as compared to the female with a
low rate of 33%.However, it disagreedwith the results of the study done byOzgumus
et al. (2007), in which they reported a high prevalence of E. histolytica infection for
female with the rate of 64 % and 36 % for male among patients attending health care
in Turkey. Also a hospital-based study in Pakistan, observed a high prevalence of E.
histolytica infection in female which was 31.5 % compared to 19.6 % of male (Ejaz
et al. 2011). The present study showed that the participants of age group between 26
and 45 years had higher rate of E. histolytica infection as compare with other ages
(0–25 and 46–90), although this difference was not statistically significant (X2 =
3.341; P = 0.188). This is possibly due to the fact that this age group is active and
might be more exposed to the pathogen. Entamoeba histolytica infection is a fecal
oral disease, thus improper hygiene practice play a major role in the transmission of
E. histolytica. A study conducted in Vietnam also showed that the transmission of E.
histolyticawas more than three -fold risk increase if hands were not properly washed
(PhamDuc et al. 2011).While the results of this study disagree with the results of the
study done by Tanyuksel and Petri (Dawood et al. 2002), in which they demonstrated
the high prevalence of E. histolytica infection at the rate of 66 % among ages of 1–5
years.

Out of the 78 samples found to be positive for E. histolytica by ELISA, 42 sam-
ples showed positive for E. histolytica tRNA gene. The antigen-based ELISA and
PCR are two such techniques reported to demonstrate exceptional sensitivities and
specificities when compared with microscopy (Tanyuksel and Petri 2003). This is
not an indication that PCR is less sensitive than ELISA but the difficulties related to
the amplification of tRNA genes that we encountered during our study. Other authors
also found that not all samples positive even for PCR using the ssrDNA amplified for
the tRNA genes. This could also be an indication of the diversity among the strains
(Ali et al. 2014).

The ability to identify strains ofE. histolyticamay lead to insights into the popula-
tion structure and epidemiology of the organism. Locus S-Q did not show any bands
in all tested samples and were excluded from the study. In a previous study (Ali et al.
2005), it was observed that the success rate for PCR amplification was higher for
some STRs than others and that nested PCR had a success rate of >99 % across all
STRs, irrespective of the sample origin. One of the recommendations of their study
was the use of nested PCR when negative results were obtained with single primer
pairs or when reagent cost is not a significant consideration. In the present study, all
five loci (NK, RR, Al, DA and STGA-D) were amplified in the first PCR round using
the forward and reverse primers.

The results obtained in the present study indicated the possibility of strains clus-
tering by region. The genetic profiling of E. histolytica indicated that some strains
were specific to each of the two locations (Giyani and Pretoria), while some were
common. For examples, profile number 3 and 10 of the RR locus; profile number 5 of
the AL locus and profile number 2 of the DA locus were more identified in Pretoria
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than other profile, and profile number 2 of the RR locus and profile number 5 of the
AL locus were also more identified in Giyani. These results confirm the diversity of
this parasite and suggest that these loci could be useful in geographic segregation
of as well as the source tracking of the infections. Furthermore, genetic variants
were specifically found in asymptomatic samples while some were found in diar-
rheal samples. This suggest that some variants might have a role in the presentation
of amoebiasis either pathogenic or non-pathogenic (symptomatic or asymptomatic
infections). A study done previously (Stanley 2003) confirmed that most of the indi-
viduals infected by E. histolytica remain asymptomatic while others have clinical
signs. Profile Number 1 of the NK locus was more prevalent in diarrhea samples and
was from Pretoria. Similarly, some profiles (profile number 10 of the RR locus) were
more associated with diarrhea compared to others indicating that the outcome of the
infection by this pathogenic parasite might be associated with the genotyping. Diar-
rheal disease affects people of all ages and is one of the greatest causes of morbidity
and mortality throughout the world (Bern and Guerrant 2003).

Conclusion

The present study indicates that infections caused by E. histolyticawere more preva-
lent in diarrheal samples even though they were obtained from a metropolitan area
(Pretoria) compared to asymptomatic samples from a rural area (Giyani).Entamoeba
histolytica infection was more prevalent t in males than in females, and in the age
group of 26–45 years. According to our results, microscopy is a simple method and
it should be combined with other methods such as ELISA and PCR for identification
of the species to avoid false and/or insufficient diagnosis and treatment applications.
The result obtained in this study indicated that tRNA genes might have a role in the
presentation of amoebiasis (symptomatic and asymptomatic infections) depending
on the genetic profile of the infecting strain. This genotyping system could also be
used to identify the origin of the infection once it has been standardized.
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Chapter 22
Gene Silencing and Overexpression
to Study Pathogenicity Factors
of Entamoeba histolytica

Constantin König and Iris Bruchhaus

Abstract The pathogen Entamoeba histolytica can live asymptomatically in the
humangut, or it can disrupt the intestinal barrier and induce life-threatening abscesses
in different organs, most often in the liver. Themolecular framework that enables this
invasive, highly pathogenic phenotype is still not well understood. Genes encoding
long-time favoured pathogenicity factors like the cysteine peptidases, the surface
adherence lectins or the pore forming peptides are also present in non-pathogenic
clones of the parasite. Therefore, a key task in amoebic research is to elucidate the
mechanisms underlying E. histolytica invasion and tissue destruction. A lot of effort
has been put into trying to identify molecules that trigger invasion of amoebae to
tissues, evasion of the immune response and survival within the unfriendly environ-
ment of the host. This also applies to the genetic manipulation of parasites aiming to
characterize putative pathogenicity factors. So far, the gene silencing bymeans of the
CRISPR/Cas9 system does not work for E. histolytica. However, it has been possi-
ble to overexpress genes in E. histolytica for quite some time. In addition, a method
developed in Upinder Singh’s laboratory based on RNAi silencing allows stable
silencing of genes. Furthermore, E. histolytica clones with different pathogenicity
are available, whichwere derived from the same amoeba isolate. Togetherwith newly
developed in vitro infection models, this opens up the possibility of clarifying the
complex pathology of an E. histolytica infection in the future.

Keywords Transfectants · Overexpression · Gene silencing · Virulence factor

Introduction

The intestinal protozoan Entamoeba histolytica is an important human parasite.
Recent data clearly indicate that the life-threating amoebic liver abscess (ALA)
continues to be a common clinical complication of amoebiasis infection in Asian,
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African and Latin American countries with 11,300 death in 2013 (Herricks et al.
2017). E. histolytica can induce amoebic colitis as well as formation of ALAs
in humans. The life cycle of this parasite consists of infectious cysts that sur-
vive outside the host and vegetative trophozoites that proliferate in the human
gut. In general, trophozoites persist asymptomatically for months or years in
the human intestine. However, in 10% of cases, the trophozoites become, under
as yet unknown circumstances, invasive and induce extraintestinal amoebiasis.
Invasion into the intestinal mucosa can lead to induction of amoebic colitis,
whereas dissemination to the liver can result in ALA formation (Blessmann et al.
2003).

Currently, it is discussed that mainly three protein families (Gal/GalNAc lectin,
cysteine peptidase and amoebapore family) are essential for ALA formation. The
first step of this invasion process is the adhesion of amoebae to target cells via the
Gal/GalNAc lectin (Petri and Schnaar 1995). After establishing contact, the amoebae
secrete amoebapores, which mediates a contact-dependent lysis of the target cells
(Leippe 1997). Important for invasion as well as for the process of tissue degradation
are the cysteine peptidases (CPs) of E. histolytica (Bruchhhaus 2015) (Fig. 22.1).

Fig. 22.1 Main pathogenicity factors during amoebic liver abscess formation. TheGal/GalNAc
lectins, amoebapores and peptidases are believed to be the main pathogenicity factors of E. his-
tolytica. However, it is postulated that E. histolytica still has a number of previously unidentified
pathogenicity factors
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However, most of these molecules are also present in the non-pathogenic species E.
dispar.

Therefore, a key goal in current amoebic research is to elucidate the mechanisms
of E. histolytica invasion and tissue destruction. Much effort has been applied try-
ing to identify molecules that trigger invasion of amoebae to tissues, evasion of
the host immune response and survival within the unfriendly environment of the
host. One promising strategy to analyse the virulence of E. histolytica is the genetic
manipulation of genes encoding putative pathogenicity factors.

Generation of Overexpression Transfectants for Functional
Characterization of Entamoeba histolytica Proteins

The generation of overexpression transfectants for E. histolytica has been performed
mostly with the vector developed by Hamann and colleagues (Hamann et al. 1995;
Arhets et al. 1998; Wassmann et al. 1999; Davis et al. 2009; Voigt et al. 1999). Here,
the neomycin phosphotransferase-coding sequence flanked by the 5′-untranslated
sequence and the 3′-untranslated sequence of an E. histolytica actin gene is used for
selection. The GOI is flanked by the 5′-untranslated sequence of an E. histolytica
Gal/GalNAc lectin gene and the 3′-untranslated actin region (Nickel and Tannich
1994; Hamann et al. 1995) (Fig. 22.2a). Other vectors, which are based on very
similar structures have also been used (Nozaki et al. 1998, 1999; Katz et al. 2002).
Interestingly, ectopic expression does not work in all experiments. For example, suc-
cessful overexpression of the genes coding for the two cysteine peptidases EhCP-A1
and EhCP-A5 can only be induced if the genes’ own promoters are used (Hellberg
et al. 2001; Tillack et al. 2006). In addition, it must always be taken into account
that mislocalizations can occur. This applies in particular to the expression of fusion
proteins. If, for example, EhCP-A2 and EhCP-A5 are expressed fused to GFP, they
are stored as insoluble proteins in inclusion bodies in the amoebae (unpublished
data). Off-target effects may also occur, but no information is yet available. To regu-
late overexpression an episomal tetracycline-inducible gene expression system was
developed (Ramakrishnan et al. 1997; Hamann et al. 1997). Although the system
has been developed for over 20 years, it has hardly been used so far. Overexpression
transfectants can also be generated for the reptile pathogen E. invadens, which is
used as model system to study trophozoite to cyst differentiation (Ehrenkaufer and
Singh 2012; Singh et al. 2012).

In the following section, some examples are given that allowed characterizing
protein functionally with the help of overexpression transfectants.

Several studies used the overexpression approach to study the importance of CPs
for pathogenicity. Through in silico analyses, 35 potential ehcp genes could be iden-
tified in the genome of E. histolytica, which can be divided into three families termed
EhCP-A, -B and -C due to their different structures. Only four of the CP encoding
genes (ehcp-a1, -a2, -a5, and -a7) have been shown to be highly expressed in E.
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Fig. 22.2 Production of overexpression and silencing transfectants of E. histolytica. a Overex-
pression of the gene of interest (GOI) takes place with the help of an expression plasmid containing
the neomycin phosphotransferase-coding sequence flanked by the 5′-untranslated sequence and the
3′-untranslated sequence of an E. histolytica actin gene. The GOI is flanked by the 5′-untranslated
sequence of an E. histolytica Gal/GalNAc lectin gene and the 3′-untranslated actin region (Nickel
and Tannich 1994; Hamann et al. 1995). b Silencing transfectants were produced by using the
G3 clone, which must first be produced by transfecting a plasmid containing both the upstream 5′
region of ehap-a and the open reading frame of ehap-a (psAP-2). After prolonged cultivation with-
out the addition of G418, the trophozoites lose the vector, but ehap-a expression is still silenced. To
silence a second GOI G3 amoebae must be transfected with the psAP-2 plasmid containing the GOI
fused to the 5′-upstream region of ehap-a (Bracha et al. 1999, 2003, 2006; Mirelman et al. 2008).
c Another silencing approach is based on trigger-induced RNA interference (RNAi) gene silenc-
ing. This method is based on RNAi using small RNAs, which target genes by sequence-specific
silencing. The gene coding region to which large numbers of antisense small RNAs map can serve
as a trigger and can be used to silence a gene fused to it (Morf et al. 2013; Pearson et al.,2013;
Matthiesen et al. 2019). With this method it was also possible to silence the expression of two genes
simultaneously (Khalil et al. 2016)

histolytica under standard axenic culture conditions (Bruchhaus et al. 2003; Tillack
et al. 2007; Clark et al. 2007). Overexpression of ehcp-a1 and ehcp-a2 exclusively
increased the activity of the encoded enzyme, whereas overexpression of ehcp-a5
increased the activity of all major CPs. Furthermore, cytopathic activity, measured by
in vitro monolayer disruption, was dramatically increased in ehcp-a5 overexpression
transfectants but showed only amodest increase in ehcp-a1- or ehcp-a2 transfectants.
In addition, overexpression of ehcp-a1 and ehcp-a2 in E. histolytica trophozoites did
not augment liver abscess formation in laboratory animals. However, overexpres-
sion of ehcp-a5 led to significant larger ALAs in comparison to the controls. The
importance of ehcp-a5 expression for the pathogenicity ofE. histolytica trophozoites
was further supported as it could be shown that overexpression could compensate
reduction of in vivo pathogenicity in parasites that were silenced for the ap-a gene
coding for the pore forming protein amoebapore A (see below) (Hellberg et al. 2001;
Tillack et al. 2006). Also, overexpression of ehcp-a5 restored the ability of a non-
pathogenic cell line to form ALAs, whereas overexpression of ehcp-a1 and ehcp-a2
had no influence on virulence. In addition, it was shown that during ALA formation
the expression of several ehcp genes, which are expressed at low levels under in vitro
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conditions, is increased in different animal models. Interestingly, overexpression of
ehcp-b8, -b9 and -c13 also restored the pathogenic phenotype of the non-pathogenic
clone (Matthiesen et al. 2013).

E. histolytica possesses two CP inhibitors (EhICP1 and EhICP2), which are local-
ized in distinct compartments. With the help of the corresponding overexpression
transfectants, it has been suggested that EhCP-A1 accidentally released into the
cytosol, is the main target of EhICP1, while EhICP2, in addition to its role in house-
keeping processes, may control the proteolytic processing of other hydrolases or
performs other tasks different from protease inhibition (Sato et al. 2006; Saric et al.
2012).

Using overexpressing transfectants it could be shown that the E. histolytica iron
superoxide dismutase (FeSOD) is one of the main components involved in the mech-
anism ofmetronidazole resistance (Wassmann et al. 1999).Metronidazole is the drug
of choice for the treatment of ALA caused by E. histolytica. However, it is possible
to generate a certain degree of metronidazole resistance in vitro (Samarawickrema
et al. 1997; Wassmann et al. 1999). Overexpression of the FeSOD revealed a sig-
nificant reduction in susceptibility to metronidazole. This reduction was highest in
amoebae simultaneously overexpressing the two enzymatic antioxidants FeSOD and
peroxiredoxin. Furthermore, FeSOD overexpressing transfectants quickly adapted to
constant exposures of otherwise lethal metronidazole concentrations and metronida-
zole selection of transfected amoebae favoured retention of the FeSOD-containing
plasmid (Wassmann et al. 1999). FeSOD and peroxiredoxin were also identified as
two of themolecules present in higher amounts in the pathogenic isolate HM-1:IMSS
compared to the non-pathogenic isolate Rahman. Overexpression of peroxiredoxin
in Rahman increased the resistance of transfectants to H2O2 in vitro and an in vitro
infection with these transfectants resulted in a higher degree of intestinal inflamma-
tion associated with human colon xenografts. Therefore, the peroxiredoxin may also
be involved in amoebic pathogenicity (Davis et al. 2006).

Overexpression of a NAD(H) kinase resulted in an increased tolerance toward
H2O2 as well as a significantly reduced intracellular concentration of reactive oxy-
gen species. Furthermore, overexpression of a cytosine-5 DNA methyltransferase
(Ehmeth) resulted in a pleiotropic phenotype that includes accumulation of multi-
nucleated cells, upregulation of heat shock protein 70 expression and resistance to
oxidative stress. Thus, the NAD(H) kinase and Ehmeth are two important molecules
that protect amoebae from reactive oxygen species (Jeelani et al. 2013; Fisher et al.
2006).

Using a transcriptome analysis comparing cysts and trophozoites, a Myb DNA
binding domain protein (EhMyb-dr) could be identified, which was suspected to be
involved in stage conversion (Ehrenkaufer et al. 2007b). With the help of overex-
pression transfectants, this protein could be characterized as a transcription factor
which regulates a set of stage-specific genes (Ehrenkaufer et al. 2009).

E. histolytica contains a homologue (EhPC4) to human positive coactivator 4
(PC4), a DNA-binding protein that facilitates the recruitment of transcription fac-
tors. Trophozoites that overexpresses EhPC4 significantly increased their cell prolif-
eration, DNA replication and DNA content. Furthermore, an up-regulation of genes
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involved in carbohydrate and nucleic acids metabolism, chromosome segregation,
and cytokinesis could be identified. These results led to the assumption that EhPC4
may represent a novel regulatory factor of amoebic gene expression (de la Cruz et al.
2014).

Phagocytosis plays an important role for E. histolytica. It is important for reg-
ular food uptake, but also involved in its pathogenesis, as it is required for killing
and evasion of the host immune system (Ralston and Petri 2011; Faust and Guillen
2012). Overexpression of a mutant from of a C2-domain-containing protein kinase
(EhC2PK) indicated that this protein is involved in the induction of phagocytic cups
(Somlata et al. 2011). Using an overexpression approach RabGTPases, which are
GTP-binding proteins were found as being involved in secretory vesicle trafficking
events. More than 90 RabGTPases in the genome of E. histolytica could be identified
by in silico analysis (Saito-Nakano et al. 2005). It was shown, that overexpression of
EhRab8A led to increased phagocytosis, while expression of the dominant negative
form of EhRab8A led to reduced phagocytosis (Hanadate et al. 2018). In addition,
the overexpression of mutant ehraba led to reduced adhesion and phagocytosis of
erythrocytes and these experiments also implied that EhRabA affect the morphol-
ogy of secretory organelles and regulates the secretion of proteins in E. histolytica
(Welter and Temesvari 2009). Overexpression of ehrab5 enhanced also phagocytosis
and was in addition involved in the transport of amoebapore to phagosomes (Saito-
Nakano et al. 2004). The overexpression of ehrab7a and ehrab7b led to an increase
in late endosome/lysosome acidification. The overexpression of an ehrab7b mutant
versions also led to a defect in phagocytosis associated with the impaired formation
and disassembly of pre-phagosomal vacuoles (Saito-Nakano et al. 2007). Ehrab11b
overexpression led to an increase in both intracellular and secreted CP activities. This
increase affected all major CPs and correlated with an increase in cytolytic activity.
Thus, Rab11B appears to be involved in the transport and secretion of CPs (Mitra
et al. 2007).

Generation of Entamoeba histolytica Silencing Transfectants
for Functional Characterization of Proteins

Another possibility for functional characterisation of proteins is silencing of the
expression of the respective genes. Unfortunately, methods like CRISPR/Cas9 or
homologous recombination are presently not applicable forE. histolytica. So far, two
alternative methods have been established that allow gene silencing in E. histolytica.

In the first approach trophozoites are used with amoebapore A gene silencing
occurring after transfection of amoebae with a hybrid plasmid containing a 5′-
upstream region of the ehap-a gene.With the help of this so-called G3 clone it is now
possible to silence the expression of a second gene (Bracha et al. 1999, 2003, 2006;
Mirelman et al. 2008) (Fig. 22.2b). However, this approach has inherent limitations.
So far, only one special HM-1: IMSS isolate can be used to generate the G3 clone
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lacking ehap-a expression. Since amoebapore A is one of the pathogenicity factors
of E. histolytica, the clone G3 cannot induce ALAs and is therefore non-pathogenic
(Bracha et al. 1999, 2003, 2006; Mirelman et al. 2008; Zhang et al. 2004; Irmer et al.
2009).

Nevertheless, the functions of several E. histolytica proteins were analyzed with
this approach, with some examples listed below. EhCP-A5 has been identified as
a key virulence factor that induces the release of mucin by goblet cells. Using the
silencing approach it has been shown that the binding of EhCP-A5 to αvβ3 receptors
of goblet cells can initiate a signalling cascade involving PI3K, PKCδ andMARKKS
to promotemucin secretion from goblet cells that are crucial for disease pathogenesis
(Cornick et al. 2016). EhCP-A5 also appears to play a crucial role in the penetration of
the colonic lamina propria during the invasion of the intestinalmucosa. In addition,E.
histolytica silenced for ehcp-a5 expression did not induce pro-inflammatory cytokine
secretion of the host (Bansal et al. 2009).

The cyclooxygenase of E. histolytica (EhCox) was identified as a regulator of CP
activity. EhCox stimulates the secretion of IL-8 from mucosal epithelial cells, which
leads to the recruitment of neutrophils to the site of infection and exacerbate the
infection. EhCox silencing led to a decrease in CP activity as well as in virulence.
Therefore it is assumed that the regulation of CP activity by EhCoxmay be a negative
feedbackmechanism to reduce proteolytic activity during the process of colonisation
(Shahi et al. 2018). Furthermore, by using different silencing transfectants, it could be
shown that cell death und cytoskeleton disorganization depend on parasite adhesion
via the Gal/GalNAc-lectin and amoebic CP activity (Faust et al. 2011).

Silencing of the gene encoding a leishmanolysin-like metallopeptidase (EhMSP-
1) leads to an increase in adhesion and phagocytosis and a reduction in mobility
(Teixeira et al. 2012). EhMSP-1 silencing transfectants were no longer able to form
dot-like polymerized actin structures after interaction with the human extracellular
matrix component fibronectin similar to mammalian invadosome structures (Hasan
et al. 2018). Silencing the gene encoding the rhomboid peptidase of E. histolytica led
to decreased host cell adhesion. The reduction of adhesion was observed only for live
cells and not for apoptotic cells. Nevertheless, the influence of the rhomboid pepti-
dase on phagocytosis seems to be independent from its influence on adhesion (Baxt
et al. 2010). In a more comprehensive approach where 15 genes were silenced that
were more strongly expressed in phagocytic amoebae, 5 genes could be identified in
which silencing led to a reduction in the ability to phagocytize apoptotic host cells.
Interestingly, the phagocytosis of live cells was not affected (Sateriale et al. 2016).

Trogocytosis has recently been identified as a key step in amoebic cytolysis and
invasion (Ralston et al. 2014). Now, with the help of silencing transfectants, a mem-
ber of the AGC family kinase (EhAGCK1) has been identified that is specifically
involved in trogocytosis, while a second member (EhAGCK2) is involved in all
actin-dependent endocytic processes (Somlata et al. 2017).

However since the G3 clone used in these silencing approaches is no longer
pathogenic due to the inhibition of ap-a expression, this method is not suitable
to investigate putative pathogenicity factors of E. histolytica. Recently a second
approachwhich is based on trigger-induced RNA interference (RNAi) gene silencing
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and that did not have the limitations was developed (Morf et al. 2013; Pearson et al.
2013). This method is based on RNAi using small RNAs, which target genes by
sequence-specific silencing (Zhang et al. 2008). The gene-coding region to which
large numbers of antisense small RNAs map can serve as a trigger and can be used
to silence a gene fused to it (Morf et al. 2013; Pearson et al. 2013). In all cases,
the first 132 bp of the EHI_197520 coding sequence was used as the trigger region.
The ehi_197520 gene has abundant sRNAs and low gene expression in the HM-
1:IMSS isolate (Morf et al. 2013).With this method it was also possible to silence the
expressionof twogenes simultaneously (Khalil et al. 2016) (Fig. 22.2c). Furthermore,
this approach has also been adapted to use in E. invadens (Suresh et al. 2016).

Unfortunately, only a few studies used this approach for characterization of
amoeba proteins. Using the silencing approach described by Bracha and colleagues,
is was shown that the peptidase EhROM1 is involved in adhesion to and phagocy-
tosis of host cells (Bracha et al. 1999, 2003; Baxt et al. 2010). Based on the novel
approach, the influence of EhROM1 on pathogenicity could now also be investi-
gated (Morf et al. 2013). Silencing of EhROM1 led to a reduction in cytotoxicity,
hemolytic activity, directed and undirected transwell migration (Rastew et al. 2015).
In addition, using the silencing method described above, the molecule EHI_108720
was found to bind to an H2O2-regulating motif (HRM) and was characterized as
a stress-reactive transcription factor that controls a transcriptional regulatory net-
work associated with oxidative stress (Pearson et al. 2013). Interstingly, the RNAi-
based silencing approach failed if genes coding for proteins of the RNA pathway
should be targeted including Argonaute genes, RNaseIII, and RNA-dependent RNA
polymerase (RdRP) (Pompey et al. 2014).

Comparative Studies Between Pathogenic
and Non-pathogenic Entamoeba histolytica Isolates

A straight-forward approach to identify molecules involved in ALA formation is
the direct and quantitative comparison of pathogenic and non-pathogenic strains at
proteome and transcriptome levels. Unfortunately, in most of the previous studies
the pathogenic isolate HM-1:IMSS was compared with the non-pathogenic isolate
Rahman, although both strains have a different genetic background (MacFarlane
and Singh 2006; Davis et al. 2007; Ehrenkaufer et al. 2007b; Davis et al. 2006).
Furthermore, the non-pathogenic Rahman strain has several serious defects (e.g.
defect in phagocytosis; reduced cytotoxicity, unable to growth in animals, truncated
glycan chain of the proteophosphoglycan coating surface). The genomic difference
between HM-1: IMSS and Rahman is very low, however DNA fragment duplications
were detected (Weedall et al. 2012). In addition, the HM-1: IMSS strain used as a
virulent isolate loses its ability to form ALA after prolonged cultivation (Olivos
et al. 2005). Comparison of the virulent HM-1: IMSS with the long-term cultivated
non-virulent HM-1: IMSS indicated that the contact between trophozoites and the
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human colon is associated with a unique gene transcription profile required for the
development of an invasive phenotype and that the ability to switch to a virulent
phenotype has been lost in the Rahman strain (Weber et al. 2016). In addition, most
of the comparative transcriptome analyses of the isolates HM-1: IMSS/Rahmanwere
conducted using a microarray approach that did not cover the entire genome of the
amoebae (MacFarlane and Singh 2006; Davis et al. 2007; Ehrenkaufer et al. 2007;
Davis et al. 2006). Due to these severe limitations it was important to obtain E.
histolytica isolates with stable phenotypes that were derived from an identical isolate
of origin.

Recently, clones of a non-pathogenic cell line (HM-1: IMSS-A) and a pathogenic
cell line (HM-1:IMSS-B) were generated and analysed for their ability to induce
ALA in two murine models for the disease (Biller et al. 2009, 2010; Meyer et al.
2016). HM-1: IMSS was originally isolated from a colonic biopsy of rectal ulcer
from an adult male patient with amoebic dysentery in 1967, Mexico City, Mex-
ico. The monoxenically cultured HM-1: IMSS isolate was passed from Margarita
de la Torre to Louis S. Diamond who adapted it to axenic cultivation. Then, this
axenically cultivated HM-1: IMSS isolate was transferred to the American Type
Culture Collection (ATCC). Cell line A was send to the Bernhard Nocht Institute
for Tropical Medicine (BNITM; Hamburg, Germany) in 2001 by Barbara Mann
(Charlottesville, University of Virginia) as a batch of cells from the same culture
that was used for DNA preparation to sequence the E. histolytica genome (Lof-
tus et al. 2005). Cell line B was purchased directly from ATCC in 1991 and has
been cultivated at BNITM ever since. Both cell lines were cloned (Fig. 22.3a). All
clones derived from HM-1: IMSS-A show no or very small ALA formation in ger-
bils 7 days post infection. This phenotype is more divergent for clones derived from
HM-1: IMSS-B: for 2/3 of the B-clones, clear ALA formation was visible 7 days post
infection, whereas for the other 1/3 abscess formation was significantly lower or not
present at all (Fig. 22.3b/c). Interestingly, the pathogenic phenotype of the respective
B-clones has remained stable over yearswithout further animal passages (Meyer et al.
2016). To identify the factors putatively involved in abscess formation, three clones
(A1np, B2p and B8np) were selected for in-depth transcriptome analyses (Meyer et al.
2016). In total, 76 genes are differentially expressed between clones A1np and B2p,
and 19 genes are differentially expressed between B2p and B8np. Only six genes
were similarly regulated between the non-pathogenic clones A1np and B8np and the
pathogenic clone B2p (Fig. 22.3d) (Meyer et al. 2016).

To investigate the influence of the proteins encoded by the differentially expressed
genes, overexpression transfectants of themost promising candidateswere generated.
Of 20 genes analysed, ectopic expression of eight reduced pathogenicity. These genes
encode for a metallopeptidase (EhMP8-2), C2 domain proteins, alcohol dehydroge-
nases, and hypothetical proteins. Only one gene, encoding a hypothetical protein
(EHI_127670), increased pathogenicity upon overexpression (Meyer et al. 2016).

As mentioned above, another possibility to investigate the influence of differen-
tially expressed genes on pathogenicity is their silencing. Unfortunately, the trigger
region ehi_197520 normally used to silence genes, is expressed in the HM:1-IMSS
derived clones A1np B2p, and B8np and can therefore not be used to silence genes
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Fig. 22.3 Identification of new pathogenicity factors. One way to identify molecules involved in
ALA formation is the direct and quantitative comparison of pathogenic and non-pathogenic strains.
At proteome and transcriptome levels. a For a direct comparison, cloned amoebae which differ in
their pathogenicity but originate from the same isolate are suitable. b Analysis of ALA formation
after infecting gerbils with various E. histolytica clones. c Analysis of the time course of ALA
formation after infecting gerbils with clones A1np, B2p or B8np. D. Comparative transcriptome
approach of in vitro cultivated amoebae of clones A1np, B2p or B8np. Analysis of ALA formation
after infecting mice with various E. histolytica transfectants. As examples A1np and B8np transfec-
tants silenced for the expression of EHI_127670 and B2p transfectant overexpressing EHI_127670
was shown (Meyer et al. 2016; Matthiesen et al. 2019)

in these amoebae. However, recently, trigger sequences that allow specific silencing
in A- and B-clones, respectively have been identified (Matthiesen et al. 2019; Morf
et al. 2013). Using the newly identified trigger sequences, the expression of 15 genes
differentially expressed between the pathogenic and non-pathogenic clones were
silenced. The respective transfectants were analyzed for their ability to induce liver
destruction in the murine model for the disease. An influence on pathogenicity could
only be shown for two of the genes investigated. Silencing of ehi_180390 (encoding
an AIG1 protein) increased liver pathology induced by a non-pathogenic parental
clone. Interestingly, silencing of ehi_127670, which was identified as a pathogenic-
ity factor using the overexpression transfectants, decreased the pathogenicity of the
pathogenic clone B2p. In addition, in EHI_127670-silencing transfectants a lower
activity for EhCP-A1 and EhCP-A5 could be detected, while overexpression did not
influence CP activity (Fig. 22.3e) (Matthiesen et al. 2019).

Thus, by combining different experimental approaches and methods such as com-
parative transcriptome approach, overexpression and gene silencing, it was possible
to decipher additional players contributing to the development of E. histolytica-
induced pathology. Other new techniques, such as 3D cell culture systems and
organoids will make it possible to unravel the exact virulence mechanism of E.
histolytica in the future.
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Chapter 23
Polyadenylation Machineries
in Intestinal Parasites: Latest Advances
in the Protozoan Parasite Entamoeba
histolytica

Juan David Ospina-Villa, Brisna Joana Tovar-Ayona, Nancy Guillen,
Esther Ramírez-Moreno, César López-Camarillo, and Laurence A. Marchat

Abstract In eukaryotic cells, nuclear cleavage and polyadenylation of mRNA pre-
cursors (pre-mRNA) generate functional protein encoding transcripts that can be
exported to the cytoplasm and translated. Nevertheless, in protozoan parasites that
cause intestinal infections in humans, the current knowledge on mRNA 3′-end for-
mation is limited.We performed a genomic survey inEntamoeba histolytica,Giardia
lamblia, and Cryptosporidium parvum databases and predicted that polyadenylation
machineries are generally well conserved in these pathogens. Notably, most parasites
have the 25 kDa subunit of the heterotetrameric CFIm (CFIm25), the 77 kDa subunit
of the heterohexameric CPSF (CPSF73) and the poly(A) polymerase (PAP), which
are essential proteins for poly(A) site selection, RNA cleavage and poly(A) tail syn-
thesis. However, several differences exist that may be useful to develop newmethods
to control these pathogens. Taking E. histolytica as a study model, we focused on
the EhCFIm25 protein, because it is the unique subunit of CFIm in this pathogen,
whereas active CFIm in humans is formed by two 25 kDa subunits interacting with
two larger subunits. Human and parasite CFIm25 proteins only share 32% identity
but they have a similar three-dimensional folding. Interestingly, trophozoites loose
virulence and are induced to death when EhCFIm25 expression is silenced, which
denotes the relevance of this protein for E. histolytica control. To assess this hypoth-
esis, we obtained RNA aptamers that specifically recognize EhCFIm25 by using the
SELEX (systematic evolution of ligands by exponential enrichment) procedure and
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showed that their ingestion by phagocytosis dramatically reduces trophozoites pro-
liferation. Moreover, RNA-protein binding and molecular modeling assays allowed
us to identify that the GUUG motif is the binding site of EhCFIm25, while it is the
UGUA sequence for the human protein. All these observations led us to propose
that aptamers targeting specific parasite proteins, alone or in combination with the
conventional treatment, could represent a new tool for controlling the development
of amoebiasis and other challenging parasitic diseases.

Keywords Aptamers · Cleavage/polyadenylation · Entamoeba histolytica ·
3′-UTR

Abbreviations

3′-UTR 3′-Untranslated region
APA Alternative polyadenylation
CF Cleavage factor
CPSF Cleavage and polyadenylation specificity factor
CstF Cleavage stimulation factor
ncRNAs Non-coding RNAs
PABPN1 Poly(A) binding protein
PAP Poly(A) polymerase
pre-mRNA mRNA precursors
SELEX Systematic evolution of ligands by exponential enrichment

Introduction

The regulation of gene expression is an essential process for all living organisms.
This process allows the transformation of the information contained in the DNA into
functional proteins necessary for cell development and functioning. In eukaryotes,
nuclear DNA is transcribed into pre-mRNA that are processed by three coordinated
processes: capping, which consists of the addition of the structure called cap at the 5′-
end, splicing, which consists of the removal of introns, and cleavage/polyadenylation
of the 3′-untranslated region (3′-UTR). This complex process involves the selection
of the polyadenylation site, the cleavage of pre-mRNA 3′-end and the addition of a
variable number of adenosine residues depending on the cell needs. The poly(A) tail
favors the stability of mRNAs, facilitates their export to the cytoplasm and enhances
translation efficiency (Jalkanen et al. 2014). Almost all eukaryotic mRNA and many
non-coding RNAs (ncRNAs) are polyadenylated (Chen et al. 2017).
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Polyadenylation in Humans

In humans, the cleavage/polyadenylation process is carried out by a large machinery
that is composed of about 80 proteins, of which, at least 20 form the four main com-
plexes that recognize target sequences in the 3′-UTR region of pre-mRNA (Fig. 23.1).
The key specific targets and protein complexes for this process are:

• The Poly(A) signal (AAUAAA) which is recognized by the cleavage and
polyadenylation specificity factor (CPSF).

• The U/GU-rich sequence which is recognized by the cleavage stimulation factor
(CstF).

• The Poly(A) site that usually corresponds to the dinucleotide CA, is determined
by Cleavage factors I and II (CFIm and CFIIm), which are recruited to this site
to complete the formation of the complex and promote the cleavage of the 3′-end
by CPSF73.

Finally, the synthesis of the poly(A) tail is carried out by means of the poly(A)
polymerase (PAP) with the cooperation of the poly(A) binding protein (PABPN1).
Additional factors, such as symplekin, PP1, and RBBP6 among others, contribute to
regulate this processing event (Xiang et al. 2014; Neve et al. 2017). Among this large
set of factors, three proteins are specifically important because of their function in
the cleavage/polyadenylation process and poly(A) tail formation: CFIm25, CPSF73
and PAP.

The 25 kDa subunit of the heterotetrameric CFIm complex is an essential protein
that interacts directly with UGUA RNA motif (Yang et al. 2011). The importance of
this protein has been described very accurately in the literature, since it is essential

Fig. 23.1 Schematic representation of polyadenylation machineries in Homo sapiens and Enta-
moeba histolytica. Icon made by Freepik from www.flaticon.com

http://www.flaticon.com
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for the recruitment of cleavage/polyadenylation factors to pre-mRNA 3′-UTR; it is
also necessary for the cleavage of mRNA and polyadenylation reactions (Brown and
Gilmartin 2003). In addition, it is involved in the selection of alternative polyadeny-
lation sites (Kubo et al. 2006). Many of the eukaryotic genes contain more than one
polyadenylation site, which leads to the generation of different mRNA isoforms of
the same gene (Tian et al. 2005); this phenomenon is known as alternative polyadeny-
lation (APA). Depending on the selected polyadenylation site, somemRNA isoforms
may ormay not have important regulatory sites for translation efficiency, localization,
and stability (Gilmartin 2005). Moreover, 3′-UTR also contains target sequences for
miRNAs (Vasudevan et al. 2007). Hence the correct selection of poly(A) sites can
affect gene expression and defects in APA have been related to several diseases,
including cancer (Jafari Najaf Abadi et al. 2019).

The 73 kDa subunit is one of six polypeptides that constitute the CPSF complex
along with CPSF160, CPSF100, CPSF30, Fip1 and WDR33. CPSF30 and WDR33
are the subunits that recognize directly AAUAAA polyadenylation signal in RNA
(Chan et al. 2014; Sun et al. 2017). CPSF100, CPSF73 and symplekin form the core
cleavage complex (CCC) (Dominski et al. 2005). CPSF73 is an essential protein for
the cleavage/polyadenylation process because it is the endonuclease responsible for
catalysing the cleavage reaction at the poly(A) site previously determined byCFIm25
(Ryan et al. 2004).

The Poly(A) polymerase controls the synthesis of the poly(A) tail. At least six
isoforms of canonical PAPα are generated by alternative splicing, but PAP II is
generally themain isoform (Raabe et al. 1991). After pre-mRNAcleavage, PAP starts
the slow polymerization of adenosine residues; the nascent poly(A) tail is rapidly
protected by interaction with the PABN1 and CPSF is recruited, which speeds up
the addition of adenosine residues (Kühn et al. 2009). When the poly(A) tail reaches
~ 250 residues, the formation of a spherical structure that involves the poly(A) tail
coated by PABPN1 and the multi-functional protein nucleophosmin (NPM1) seems
to govern the termination of polyadenylation (Sagawa et al. 2011).

Polyadenylation in Giardia lamblia and Cryptosporidium
parvum

To date, little is known about mRNA poly(A) tail formation in two important intesti-
nal parasites, Giardia lamblia (also known as G. duodenalis or G. intestinalis) and
Cryptosporidium parvum, which represent important causes of diarrhea in tropical
and developing regions, and can also affect certain populations in developing coun-
tries (Davis et al. 2002). By screening the parasites genome databases, we found that
G. lamblia seems to have a very small polyadenylation machinery with only six out
of the 21 most relevant human factors used as queries; in contrast, this machinery is
almost complete in C. parvum (Ospina-Villa et al. 2020).
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Entamoeba histolytica as a Study Model

Entamoeba histolytica is the causative agent of intestinal amebiasis that affects 10%
of the world’s population (Silva et al. 2014). Each year, it affects 50 million people
and causes approximately 100,000 deaths, which makes it the third parasite respon-
sible for deaths worldwide after malaria and schistosomiasis (Pineda and Perdomo
2017). In 2005, our group reported the polyadenylation machinery of E. histolyt-
ica from the screening of the first version of the parasite genome. We found that
both the proteins and the RNA motifs in 3′-UTR of pre-mRNAs are quite con-
served between the pathogen and its human host, although some differences exist
that may be used to identify new molecular targets for parasite control (López-
Camarillo et al. 2005; Zamorano et al. 2008) (Fig. 23.1). Several proteins, such as
EhPAP (García-Vivas et al. 2005), have been characterized. Notably, EhCFIm25 is
the only subunit of the CFIm complex, whereas active CFIm in humans is formed by
two 25 kDa subunits interacting with two larger subunits. Moreover, although pro-
teins have similar three-dimensional structures, there aremarked differences between
amino acid sequences and proteins display sequence identity of only 32% (Pezet-
Valdez et al. 2013). Interestingly, EhCFIm25 gene silencing producesmultinucleated
trophozoites,with deficientmobility and erythrophagocytosis capacity, and a reduced
proliferation, prompting us to hypothesize that polyadenylation factors may be rele-
vant targets forE. histolytica control (Ospina-Villa et al. 2017) as it has been reported
for other protozoan parasites (Hendriks et al. 2003; Sidik et al. 2016; Palencia et al.
2017; Sonoiki et al. 2017).

To assess this hypothesis, we obtained RNA aptamers that specifically recognize
EhCFIm25 by using the SELEX (systematic evolution of ligands by exponential
enrichment) procedure. Aptamers sequencing, RNA-protein binding and molecu-
lar modeling assays allowed us to identify that the GUUG motif is the binding
site of EhCFIm25, while it is the UGUA sequence for the human protein. More-
over, aptamers ingestion by phagocytosis severely reduces trophozoites prolifera-
tion (Ospina-Villa et al. 2018). All these observations led us to propose that aptamers
targeting specific parasite proteins, alone or in combination with the conventional
treatment, could represent a new tool for controlling the development of amoebiasis
and other challenging parasitic diseases.

Conclusion

The cleavage/polyadenylation process represents an important pathway for the reg-
ulation of gene expression that is worth being explored for the identification of
potential biochemical targets in intestinal parasites that affect human health. Particu-
larly, our results obtained in E. histolytica indicate that key factors such as CFIm25,
but also CPSF73 and PAP, should also be evaluated in G. lamblia, and C. parvum
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as an alternative in the treatment or diagnosis of these infections. Moreover, they
promote the use of aptamers as a new tool for the recognition of parasite proteins.
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Chapter 24
Probiotics as Anti-Giardia Defenders:
Overview on Putative Control
Mechanisms

Jana Alazzaz, Soraya Chaouch, Anne-Sophie Boucard,
Luis G. Bermudez-Humaran, and Isabelle Florent

Abstract Giardia intestinalis is a protist intestinal parasite responsible for giardia-
sis, a disease whose impact is recognized in public health. After ingestion ofGiardia
cysts from either contaminated food or water, the trophozoite proliferative form,
responsible for pathogenic effects, develops in the proximal small intestine of the
host where it coexists with gut microbiota. Several studies have revealed the impor-
tance of this gut ecosystem and/or some probiotic bacteria in providing protection
againstG. intestinalis infections through partially known mechanisms (Travers et al.
Journal of Parasitology Research, 2011). In the last years, our team has shown, using
biological and biochemical approaches, that some probiotic strains of Lactobacil-
lus, in particular L. johnsonii La1 and L. gasseri CNCM-I 4884, display anti-Giardia
effects both in vitro and in vivo (Travers et al. Frontiers inMicrobiology 2016; Allain
et al. Frontiers in Microbiology 8:2707, 2018a, Frontiers in Microbiology 9:98, b).
Our investigations have demonstrated that the supernatant of these strains contains
Bile-Salt-Hydrolase (BSH)-like activities mediating toxic effects on Giardia. This
effect is not directly, but by converting non-toxic components of bile (conjugated
bile salts) into bile salts deconjugates proved to be highly toxic to the parasite. These
anti-Giardia effects could be mimicked in vitro by treating Giardia cultures with
either commercially available BSH bacterial enzymes (Travers et al. 2016) or two L.
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johnsonii La1 BSH enzymes produced and purified from recombinant Escherichia
coli strains (Allain et al. 2018a), in the presence of bile, or even directly with some
deconjugated bile salts (Travers et al. 2016). Currently, we are focusing on under-
standing the mechanism of action (MoA) of toxic metabolites generated by these
BSH activities on the parasite itself using imaging and RNA sequencing methods
in order to explore the changes in gene expressions in Giardia. Altogether, these
data pave the way for new approaches for the treatment of this widespread neglected
infectious disease.

Keywords Giardia intestinalis · Lactobacillus · Bile salt hydrolase ·
Deconjugated bile salts · Anti-Giardia activity

Abbreviations

BSH Bile Salt Hydrolase
C Cholic acid
CDC Chenodeoxycholic acid
CNCM Collection Nationale de Cultures deMicroorganismes (National Collection

of Microrganisms Cultures)
DAPI 4′,6-diamidino-2-phenylindole
DC Deoxycholic acid
FAO Food and Agriculture Organization
FCS Fetal Calf Serum
FDA Food and Drug Administration
GC Glyco-cholic acid
GCDC Glyco-chenodeoxycholic acid
GDC Glyco-deoxycholic acid
GRAS Generally Recognized As Safe
IC50 Inhibitory Concentration yielding 50% inhibition
LAB Lactic Acid Bacteria
MoA Mechanism of Action
TC Tauro-cholic acid
TCDC Tauro-chenodeoxycholic acid
TDC Tauro-deoxycholic acid
WGA Wheat-Germ Agglutinin
WHO World Health Organization
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Giardia

Giardia intestinalis (also called G. lamblia or G. duodenalis) is a parasitic protozoa
belonging to the order Diplomonadida of the super-group Excavata (Adl et al. 2019).
It is responsible for giardiasis, an acute or chronic intestinal disorder, characterized
by malabsorption, diarrhea, weight loss, dehydration, and abdominal pain in humans
and a variety of vertebrates (Cotton et al. 2011). Giardiasis is a public health issue
mainly in developing countries but also in developed countries, since outbreaks have
been associated with drinking water contaminations with a low infectious dose (10
cysts) resulting from runoffs of contaminated soils by rainfalls, agricultural prac-
tices, and sewage treatment plant dysfunctions (Mons et al. 2009; Baldursson and
Karanis 2004; Rendtorff 1954). Widely distributed in the environment as resistant
cysts, G. intestinalis infects many mammals including humans by fecal-oral trans-
mission. Following ingestion, cysts differentiate during their gastrointestinal transit
into the motile and replicative flagellated form known as trophozoites (responsible
for the pathogenic effects), before their release with the host feces into the environ-
ment as infective cysts (Ankarklev et al. 2010). Trophozoite forms proliferate in the
host gut lumen, where they transiently adhere to the gut epithelium and coexist with
the gut microbiota (Allain et al. 2017). Recent data show that this microbiota and/or
some probiotic strains can protect hosts against Giardia infections, but the protec-
tive mechanisms involved in these effects are poorly understood (Travers et al. 2011;
Burgess et al. 2017).Giardia belongs to a complex of species currently composed of
eight different genotypes (called “assemblages”) with variable host and host range
specificities. Moreover, assemblages A and B display a wide host diversity infect-
ing both human and animals and are thus considered zoonotic, contrary to other
assemblages which have reduced or even specific host tropisms (Cacciò et al. 2018).
Thus, assemblages C and D are mainly observed in dogs, assemblage F in cats and
assemblage G in rodents (Cacciò et al. 2018).

Fighting against giardiasis is actually possible by using anti-infectious molecules
such asmetronidazole, tinidazole and benzimidazoles (Leitsch et al. 2011). However,
treatments based on these drugs have their limits due to the emergence of strains resis-
tant to these compounds, that are now becoming general for most infectious agents
(Kirk et al. 2010). In light of these limitations, the development of new “therapeutic”
strategies does also concern the intestinal parasiteG. intestinalis itself, for which the
use of probiotics, for the prevention or the treatment of giardiasis, is becoming an
active emerging field, although the molecular mechanisms involved remain poorly
described (Travers et al. 2011; Vitetta et al. 2016).
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Probiotics

The last update on the definition of probiotics by the Food and Agriculture Organiza-
tion/World Health Organization (FAO/WHO), dating back to October 2013, states:
“live microorganisms that, when administrated in adequate amounts, confer a health
benefit to the host” (Hill et al. 2014). An ideal probiotic, which is always defined at
a strain level, should be able to positively modulate host intestinal microbiota, stabi-
lizing resident microorganisms and restraining colonization by pathogens (Bakhtiar
et al. 2013). Moreover, as beneficial microorganisms, probiotics should respond to
a list of criteria (Ouwehand and Salminen 1992), detailed below under the prism of
more recent data. Notably, once identified and selected, probiotic strains of interest
should be characterized for their MoA since probiotic properties are also depen-
dent on conditions of use and doses (Bakhtiar et al. 2013). Nowadays, an increasing
number and diversity of commercial probiotic strains are available on market. The
commercial and those under studies mostly target bacterial infectious diseases, how-
ever, little is known for fighting against parasitic and viral illness (Berrilli et al. 2012;
Liévin-Le Moal and Servin 2014; Zare Mirzaei et al. 2018; Kiousi et al. 2019).

Lactic Acid Bacteria (LAB) are commonly used as probiotics as some strains
are Generally Recognized As Safe (GRAS) for humans, according to the US Food
and Drug Administration (FDA) and fulfill criteria of the Qualified Presumption of
Safety (QPS) according to the European Food Safety Authority (EFSA). Among
LAB, lactobacilli and bifidobacteria have been extensively studied by scientists
and industrials for their potential as probiotics (Azad et al. 2018). Probiotic strains
belonging to Lactobacillus genus have been until now the focus of our work onGiar-
dia. Lactobacillus spp. are non-sporulating facultative anaerobic or microaerophilic
Gram-positive bacteria (Holzapfel et al. 2001). Their fermentative metabolism is
characterized by the production of lactic acid that has been implicated in lactobacilli
ability to inhibit intestinal pathogens development, these latter ones being mostly
documented as bacterial pathogens (Vandenbergh 1993). In addition to lactic acid
production, the inhibitory effect of Lactobacillus spp. on these bacterial pathogens
relies on the production of antimicrobial peptides (bacteriocins), the competition for
mucosal site adhesion and nutrients consumption and also the modulation of the
immune system (Figueroa-González et al. 2011). Probiotics ingestion has been also
suggested to modulate the gut microbiota composition (Isolauri et al. 2012). For
the screening procedure, as the FAO/WHO has recommended, selected probiotic
strains should provide (i) resistance to gastric acidity and bile salts, (ii) adhesive
properties to mucus and intestinal epithelial cells and finally (iii) anti-microbial and
antagonism activities against potentially pathogenic microorganisms (Markowiak
et al. 2017). Lactobacillus spp. consumption present no risk of mortality to humans,
and side effects following their administration are scarce (0.05%−0.4% of cases)
(Gasser 1994). Thus, Lactobacillus spp. have a well-reported history of safety and
are awarded GRAS by the FDA (Sorokulova et al. 2008).
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Characterization of Giardia-Probiotic Crosstalk

Since probiotic microorganisms provide health benefits to their hosts through the
protection against pathogens and the modulation of both innate and adaptive immu-
nity at local and systemic levels (Cebra 1999; Haller et al. 2000; Isolauri et al. 2001),
trials have been exerted aiming at exploring whether these organisms could also be
used to treat Giardia infections. Certainly, colonization of the intestine by Giardia
strongly depends on the intestinal microbiota and its susceptibility (Singer and Nash
2000; Torres et al. 2000). In addition,Giardia infection, in its turn, may exert changes
in the composition of the host microbiota and its diversity (Burgess et al. 2017). Since
lactobacilli are one of the most common bacteria in the human duodenum (Mitsuoka
1992), several studies have focused on the ability of Lactobacillus probiotic strains
to shield the host from the detrimental effects mediated byGiardia infections (Pérez
et al. 2001; Humen et al. 2005; Goyal et al. 2013; Shukla et al. 2008, 2019; Vivancos
et al. 2018). It was shown that Lactobacillus casei MTCC 1423 strain is effective
in eliminating Giardia in mice (Shukla and Sidhu 2011). Moreover, in 2001, Perez
and collaborators found that the culture supernatant of L. johnsonii La1 was able to
control G. lamblia (intestinalis) growth in vitro, an effect that was strain-dependent
since six other strains of Lactobacillus acidophilus (tested in parallel), did not show
any noticeable effect on the parasite (Pérez et al. 2001). This effect was confirmed
in vivo using a gerbil model that evaded Giardia colonization when treated with
L. johnsonii La1 administrated by gavage, in addition to a reinforcement of the
host immune response against the parasite (Humen et al. 2005). Based on available
literature, L. johnsonii La1 appeared as a good model of choice, to study the molec-
ular crosstalk between Giardia and probiotic bacteria, with, in addition, well-known
genomes for both partners (Pridmore et al. 2004; Morrison et al. 2007; Franzén et al.
2009). Other non-lactobacilli probiotics have demonstrated anti-giardial effects such
as Enterococcus faecium SF68, and Slab51 (Benyacoub et al. 2005; Perrucci et al.
2019). Beyond bacteria, it must be noted that trials have used yet other probiotics
microorganisms including yeasts, as for example Saccharomyces boulardii, that have
shown promising results in the protection against giardiasis with a decreased number
of parasite cysts in feces from patients treated with a combination of S. boulardii and
metronidazole versus patients treated only with metronidazole (Besirbellioglu et al.
2006). Quite recently, this observation was further supported by another study show-
ing that S. boulardii could be also used as a co-adjuvant in giardiasis treatment since
it shows a reduction in intestinal damages caused by Giardia with an approximate
reduction of 70% of the parasite load in vivo model of infected gerbil mice (Ribeiro
et al. 2018).

We have been interested in studying these probiotic-parasite interactions for pro-
phylactic and/or therapeutic purposes, applied to G. intestinalis, and focused our
initial interests on the probiotic strain L. johnsonii La1, based on the promising
results cited above (Pérez et al. 2001; Humen et al. 2005; Pridmore et al. 2004;
Morrison et al. 2007; Franzén et al. 2009). By combining biological, biochemical
and metabolomic approaches, we have discovered that the MoA of L. johnsonii La1
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against G. intestinalis is partially indirect, and involves Bile Salt Hydrolase (BSH)
type enzyme activities produced by this bacterium, which provoke the death of the
parasites by converting bile components (identified as being conjugated bile salts,
non-toxic to Giardia) into toxic compounds (identified as deconjugated bile salts)
(Travers et al. 2016). The deleterious action of deconjugated bile salts on parasites
growth in vitrowas then directly confirmed (Travers et al. 2016), and the recombinant
BSHenzymes of this probiotic strain, produced inE. coli (currently 2 of the 3 encoded
by its genome: BSH-47 and BSH-56), also allowed to block the parasite proliferation
in vitro (parasites in culture) in the presence of bile and in vivo in a murine model
of giardiasis: newborn mice, line OF1 (Allain et al. 2018a). Several in vitro tests
reflected the potential benefit provided by BSH enzymes although displaying dif-
ferent substrate specificities: indeed, BSH-47 and BSH-56 (from L. johnsonii La1),
have distinct substrate specificities—BSH-56 mainly hydrolyzing Tauro-conjugates
but also Glyco-conjugates, whereas BSH-47 hydrolyzes mostly Tauro-conjugates—
both being active in vitro in a dose-dependent manner and in vivo (BSH-47) (Allain
et al. 2018a). These BSH effects, potentially distinct, are important to know since it
is well established that bile composition differs dramatically according to the host
(Farthing et al. 1985; Aguiar Vallim et al. 2013). In parallel, we tested 29 lactobacilli
strains, isolated from a variety of environments, for their “anti-Giardia” and “BSH
activity” properties in vitro (Allain et al. 2018b). These studies allowed establishing
(1) a positive correlation between these two properties, making it possible to propose
a screen of potentially anti-Giardia strains based on their BSH activities (Allain et al.
2018b). In addition, (2) it allowed to discover the novel L. gasseri CNCM I-4884
probiotic strain, that proved to be as active as L. johnsonii La1 strain in vitro butmuch
more active in vivo, in the murine model of the newborn infant mouse OF1 (Allain
et al. 2018b). Indeed, whileGiardia trophozoite loads were reduced in infected mice
by gavages with either probiotics, Giardia cyst loads were significantly more highly
reduced by using L. gasseriCNCM I-4884 gavages as compared to using L. johnsonii
La1 gavages (Allain et al. 2018b). The mechanism responsible for this higher activ-
ity of L. gasseri CNCM I-4884 compared to L. johnsonii La1 at controlling Giardia
in vivo is not yet established, but we are currently investigating it (Fig. 24.1).

To our knowledge, the sum of these studies, that lead to the discovery of a possible
MoA of probiotics on the development of G. intestinalis parasite involving BSH
activities of lactobacilli (Travers et al. 2016; Allain et al. 2018a, b), remain rather
unique in the emerging field of Giardia-probiotics cross-talk exploration. It would
be obviously interesting to also test the specificity of this control mechanism of
lactobacilli against the different assemblages of G. intestinalis. Hence, to go deeper,
it is interesting to understand what is happening at the parasite level, especially the
MoA of toxic metabolites that are generated by active BSH or present in lactobacilli
supernatants, in both in vitro and in vivo models.
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G. intestinalis

Fig. 24.1 Our data suggest a possibleMoA bywhich the probiotic strain of Lactobacillus johnsonii
La1, by secreting/releasingBSH-like enzymes in an environmentwhere bile is present and abundant,
can fight theGiardia parasite through the conversion of conjugated bile salts (non-toxic toGiardia)
to deconjugated bile salts (toxic to Giardia)

The Direct Effect of Bile Active Compounds on the Giardia
Parasite

Giardia culture medium has been historically supplemented with bile in order to
promote the parasite in vitro growth; indeed, parasites have been documented to use
bile lipids asmetabolites or source of phospholipids for membrane biosynthesis (Far-
thing et al. 1985; Halliday et al. 1995; Das et al. 1997). However, in the presence of
high concentrations of bile and bile salts, growth reduction rate is observed (Farthing
et al. 1983, 1985; Gillin 1987; Gillin et al. 1989). Which mechanisms happen behind
these observations, i.e., which of the bile components are beneficial/detrimental to
Giardia remains incompletely explored, as only a few of these bile components have
been tested on Giardia growth and survival (Farthing et al. 1983, 1985; Gillin 1987;
Gillin et al. 1989). However, this remains challenging due to the complexity of bile
composition, both in terms of metabolites and of their respective concentrations,
depending on their biological sources (Aguiar Vallim et al. 2013; Farthing et al.
1985). Interestingly, intestine bile salts have been shown to be potent antimicrobial
agents, involved in innate defenses (Sung et al. 1993; Itoh et al. 1999; Begley et al.
2005). Sannasiddappa and collaborators have found that bile salts exert an antibac-
terial effect on Staphylococcus aureus (Sannasiddappa et al. 2017); however, the
potential antiparasitic activity exerted by bile salts on G. intestinalis is still poorly
understood. Their exploration might however hold potential as recently, bile salts
have been indeed considered as therapeutic agents (Donker et al. 2019). Since our
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studies have clearly pointed towards modifications of bile composition, mediated
by lactobacilli BSH enzymes, as important drivers of G. intestinalis development
in vitro and in vivo (Travers et al. 2016; Allain et al. 2018a, b), a logical follow-up
of this discovery was to focus on these bile salts.

Experiments have been conducted to study individually a series of pure tauro-
and glyco-conjugated bile salts (tauro- and glyco-cholic (TC, GC), tauro- and glyco-
deoxycholic (TDC, GDC), tauro- and glyco-chenodeoxycholic (TCDC, GCDC)
acids) as well as their deconjugated counterparts: cholic-acid (C), deoxycholic acid
(DC) and chenodeoxycholic (CDC) acids, on Giardia (Travers et al. 2016; Allain
et al. 2018a). Results have shown that glycine or taurine conjugated bile salts have no
toxic impact on G. intestinalis growth in vitro. However, the addition of a recombi-
nant BSH enzyme from Clostridium perfringens to the culture medium, in presence
of these conjugated bile salts, led to a remarkable parasite growth inhibition within
the 24 h of the assay (Travers et al. 2016). Moreover, treating directly G. intestinalis
trophozoites with pure deconjugated bile salts (C, DC and CDC) have also shown
a toxic dose-dependent effect of notably DC and CDC on Giardia growth (IC50 of
132 μM and 147 μM respectively), which was not observed by using cholic acid
(IC50 > 400 μM) or, as mentioned above, conjugated bile salts (Travers et al. 2016).
Interestingly, the killing effect of deconjugated bile salts on Giardia have been cor-
related with their hydrophobicity properties, no inhibition being observed with the
most hydrophilic salt cholate contrary to the more hydrophobic salts, deoxycholate
and chenodeoxycholate (Travers et al. 2016). This could explain also the non-toxic
effect of conjugated bile salts since deconjugated bile salts are more hydrophobic
than their conjugated counterparts (Ridlon et al. 2016). However and very impor-
tantly, the IC50 values of these active deconjugated bile salts are much lower than
their critical micellar concentrations, which means that the parasite killing effect is
not simply related to their surfactant properties (Critical micellar concentrations of
C ~ 14 mM, DC ~ 1.4 mM and CDC > 7 mM, based on the manufacturers). Based
on these findings, comparative studies of deconjugated bile salts effects on Giardia,
have been designed using cholic acid as negative control. Microscopic observations
of treated and untreated Giardia cells using scanning electron microscopy, revealed
altered morphology and plasma membrane disruptions under both recombinant bile-
salts BSH treatment in presence of bile (Allain et al. 2018a), and pure DC treatment
(0.1 g/L i.e. 232 μM) in absence of bile (Allain et al. 2018a; Fig. 24.2), compared
to controls.

Current Investigations on the Toxic Effects of Bile Salts

Although numerous studies have converged towards the existence of a beneficial
effect provided by different types of probiotics to control giardiasis, few have pro-
vided hints on the molecular MoA behind these effects (Amer et al. 2014; Allain
et al. 2018a, b). Currently, our studies aim to determine the mechanism of killing of
these Lactobacillus defenders onGiardia parasite itself since no data in this concern
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Fig. 24.2 Morphological alterations following in vitro treatments of G. intestinalis WB6 strain
trophozoites by deoxycholic (DC) acid. aModified TYI-S-33 medium control (+10% FCS) without
bile. bModified TYI-S-33 medium control (+10% FCS) with bile (bovine bile 0.6 g/L) showing the
characteristic pear-shaped of G. intestinalisWB6 strain trophozoites in vitro. cModified TYI-S-33
medium control (+10% FCS) with DC (0.1 g/L) displays alterations and a disruption of plasma
membrane exposing cell interior. Scale bar = 5 μm (b) or 10 μm (a, c). See also Allain et al.
(2018a)

have been published. Our hypothesis was that this detrimental effect—mediated by
some deconjugated bile salts—could be due to their ability to disrupt essential mem-
brane functions and bioenergetic processes, as shown for Staphylococcus aureus and
Clostridium difficile (Thanissery et al. 2017; Sannasiddappa et al. 2017).

The main primary bile acids, produced by the human liver, are cholic acid and
chenodeoxycholic acid, mostly conjugated to taurine and glycine (Donkers et al.
2019). Under intestinal microbiota deconjugation and by dehydroxylation at C7,
primary bile acids are converted into secondary bile acids resulting in deoxycholic
acid and lithocholic acid, respectively. In the intestine, bile salts are considered as
digestive molecules helping in lipid digestion as well as important innate defenses
and potent antibacterial agents due to their soap-like character (Sung et al. 1993;
Itoh et al. 1999; Begley et al. 2005). Bile salts are known to inhibit bioenergetic
processes by intracellular acidification, dissipation of the proton motive force, and
induction of DNA damage and protein denaturation (Kurdi et al. 2006; Merritt and
Donaldson 2009). Interestingly, Pérez and collaborators suggested that extracellular
factors of L. johnsonii La1 arrest the in vitro growth of G. intestinalis at the G1
phase indicating that this bacterium may directly affect parasite replication (Pérez
et al. 2001). Note that the suspected bacterial metabolite (< 1 kDa) (Pérez et al.
2001) is of a different nature than the BSH (> 30 kDa) we have identified. Thus,
the interaction between Giardia and human bile salts is an important factor in its
ability to colonize the host intestine. Despite this importance, the MoA of these bile
salts on Giardia is not fully understood. Several experiments established in our lab-
oratory, using fluorescent microscopy, have shown that Giardia trophozoites treated
for 22 h with DC (0.1 g/L) and CDC (0.1 g/L) turn into roundish cells with some
disassembled flagella, compared to untreated and C-treated conditions (Fig. 24.3).
These results recall those recently obtained by Sievers and collaborators on a differ-
ent biological model, the bacterium C. difficile, in which less flagellated cells were
observed in the presence of DC and CDC but no influence on flagella was induced
by C, cholic acid (Sievers et al. 2019). These findings also recall morphological
observations accompanying Giardia encystation program, experimentally induced
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Fig. 24.3 Fluorescence microscopy images ofGiardia intestinalis trophozoites labeled with DAPI
(blue), anti-Tubulin antibody (green, Woods et al. 1989) and Wheat-Germ Agglutinin (WGA, red,
Ratner et al. 2008) after 22 h of culture in vitro. a Modified TYI-S-33 medium control (+10%
FCS, no bile), bModified TYI-S-33 medium control (+10% FCS, no bile), with cholic acid (Sigma,
0.1 g/L), cModified TYI-S-33medium control (+10%FCS, no bile), with deoxycholic acid (Sigma,
0.1 g/L). Scale bar = 2 μm (a, b, c)

in vitro by modifying bile (and bile components?) supply as well as pH in the culture
conditions (Lujan and Svärd 2011). We have described phenotypic Giardia growth
alterations upon (1) L. johnsonii La1 supernatant culture challenge in the presence of
bile, (2) rBSH supplementation in the presence of bile and (3) pure deconjugated bile
salts treatments (Travers et al. 2016; Allain et al. 2018a, b), but no information on the
adaptation of gene expression patterns is available so far in these various conditions.
As a mean to get further insight into the molecular mechanisms involved, we have
designed to use a transcriptomic approach (RNA sequencing) to explore the grada-
tion of these responses, when Giardia cells are exposed to these three challenging
but progressively simplified conditions.

As a starting point, we logically choose to focus on the least complex configu-
ration: (3), i.e. pure deconjugated bile salts treatments, using DC (0.1 g/L) in vitro
culture. Preliminary results, from triplicated cultures in presence and absence of DC
sampled at T0, and after 7 and 16 h of treatments, have shown that there is a part
of the parasite transcriptome that is altered due to the deconjugated bile salt treat-
ment. Some genes, documented to be involved in encystation (Einarsson et al. 2016)
seems to be altered in their transcriptomic profile, suggesting that Giardia cells in
presence of DC have a tendency to encystation. This response is also accompanied
with a deregulated cell cycle and translational phase. In addition, some morpho-
logical alterations of Giardia trophozoites under DC treatment (Fig. 24.3) could be
paralleled with some changes at transcriptomic level. Genes encoding proteins par-
ticipating in cytoskeleton components were modified after 16 h exposure to DC, in
comparison to control, untreated, conditions.

Certainly, studying the “simple” treatment ofGiardia parasites with deconjugated
bile salts individually might not be sufficient to accurately reflect the more complex
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experimental situation (Sannasiddappa et al. 2017), but it forms a simple model
to explore individual bile acids activities on Giardia. Next, the higher levels of
experimental complexity will be progressively explored as mentioned above such
as (1) the combination of recombinant BSH enzymes in presence of bile, and (2)
Lactobacillus culture supernatants in presence of bile, for their effects on Giardia.
In both conditions, mixtures of deconjugated bile salts of several types (Cholic acid,
deoxycholic acid, chenodeoxycholic acids and others) are expected to be produced,
the combined effect of which on Giardia remains to be explored. Moreover, in the
latter condition (probiotic supernatants), additional active principles may potentially
be also present as previously demonstrated (Travers et al. 2016), which may further
influence the biological response on the parasite.

Finally, in order to carefully understand how probiotics exert their defence on
Giardia in vivo, it will be necessary to investigate the molecular mechanisms exerted
onGiardia parasite following either probiotic gavages ofmurinemodels of giardiasis,
or, ultimately, patients treatments by these probiotics.
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Abstract Cellular morphodynamics can be used as markers for many physiological
and pathological processes. This protocol provides a step-by-step guide to iden-
tify variations in motility and morphology within (or across) cell populations using
non-invasive live imaging and reproducible image analysis techniques such as seg-
mentation and tracking. Detailed instructions cover all the way from cell culturing
and labelling to automatic image and statistical analyses, including the definition of
multiple descriptors that characterise the shape and movement of cells in a quantita-
tive manner. All methods are available as free open-source software and illustrated
by video tutorials.
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Introduction

Advances in microscopy techniques and fluorescent probes have long being helping
the scientific community determine the importance of cell movement and deforma-
tion in multiple biological processes. However, many studies remain qualitative, i.e.
differences in shape or motility are assessed visually, adding subjectivity to potential
biological conclusions. Conversely, using image analysis to assign numerical val-
ues to both shape and movement does not only guarantee the reproducibility of the
conclusions but also opens the door to statistical analyses that allow classifying cell
populations and phenotyping. Accordingly, we present a step-by-step manual that
shows how to quantify cellular morphodynamics in a non-invasive and reproducible
way using only confocal microscopy and fluorescent markers.

The present protocol details both biological and computational experiments. We
first describe the necessary biological techniques, namely culturing the cells and fluo-
rescently labelling the cytoplasm; next, we comment on how to perform non-invasive
imaging using a confocal microscope; and, finally, we provide a ready-to-use image
analysis workflow that goes all the way from raw images to biological conclusions
in a reproducible manner. More specifically, we present automatic tools for cell seg-
mentation and tracking that are freely accessible as modules in the Icy platform; as
well as multiple descriptors that quantify cell shape andmovement from the resulting
contours and tracks. These descriptors serve as a basis from which to perform statis-
tical tests and assess any possible correlation between morphodynamical variables.
All the key steps of the protocol are available as video tutorials and are exemplified
using a population of Entamoeba histolytica, a highly motile parasite that migrates
through diverse human tissues, including the intestine and the liver.

Results

Wet-Lab Protocol: Culturing Cells and Acquiring Images

To quantify movement and deformation using image analysis (see dry-lab protocol),
it is paramount to image the cells non-invasively (physiological relevance) and in
good spatiotemporal resolution (easier analysis). To meet these two criteria, we label
the cytoplasm with a fluorescent dye and use a spinning-disk confocal microscope.

Cell Culture and Staining

Trophozoites of the Entamoeba histolytica strain HM1: IMSS were grown overnight
at 37 °C in TYI-S-33 medium (Diamond et al. 1978). Medium was then replaced
by incomplete TYI-S-33 medium (serum/vitamines-free) (TYI). Cells were labeled
with Cell Tracker™Red CMTPX, a fluorescent dye that is well suited for monitoring
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cell movement and displacements (Petropolis et al. 2014). The dye has low cytotox-
icity, does not affect cell viability nor proliferation, and its fluorescence was stable
during the entire imaging process, allowing us to track cellular movements with a red
excitation/emission spectra (577/602 nm). In this case, we have used the fluorescent
dye that emits in the red spectra because Entamoeba histolytica autofluoresces at
488 nm. Since the forthcoming image analysis methods are based on accurate cell
segmentation, in this paper we used non-confluent cultures. Other image analysis
tools are required to deal with confluent cell cultures, but they are not the focus of
this paper.

Cells were incubated for 45 min at 37 °C, and then washed with TYI pre-warmed
at 37 °C by reversing the tube and simply discarding the medium. No centrifugation
is required because amoebas are adherent cells and remain attached to the glass
tube during the process. Trophozoites were gently suspended in pre-warmed TYI by
shaking the tube and then seeded on 35 mm glass-bottomed imaging Ibidi dishes,
obtaining an estimate of 5 × 103 cells.

Microscopy Experiment

Images were taken with a spinning disk confocal microscope (25× objective) inside
an incubator at 37 °C to keep the parasites at a physiological temperature where
they are specially motile. Indeed, at these temperature E. histolytica parasites can
move at up to 1µm/s in 2D culture conditions (Dufour et al. 2015). Fortunately, with
the spinning disk microscope, images can be acquired at very high frame rates with
minimal illumination and photo-bleaching of the living samples.

Videos were recorded for four minutes at an imaging rate of one frame per second
(i.e. a total of 240 frames) and at a pixel size of 0.48 µm. The fields of view were
taken to be of around 512 × 512 pixels, corresponding to 246 × 246 µm2, which
typically contained around 2–6 cells. The z position was set at a height of around
2 µm from the glass.

Both pixel size and frame rate are necessary for the posterior image analysis,
for example to obtain the speed in real units, and therefore need to be stored. They
are typically stored automatically in the metadata of the image files by the software
associated with the microscope, but we recommend to double-check that this is
indeed the case. In our case, all images were acquired with the Volocity 3D image
analysis software (Perkin Elmer, USA) and the files and their associated metadata
stored in the mvd2 format.

There are no potential dangers involved in the experiments, neither because of
laser beams nor of parasite pathogenicity. However, a P2-class laboratory is needed
to handle the living trophozoites. The protocol was set up according to the guidelines
provided by the Safety Authorities and the Image Microscopy Facility platform of
Institut Pasteur.
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Dry-Lab Protocol: Analysing Images

The motility of a cell population can be studied quantitatively using image analysis.
In this context, each individual cell in a video sequence is first singled out of the
background in a process called segmentation. Cell segmentation not only allows
to delimit the borders of the cells present in an image, but also to calculate their
centroid and thus to track the displacement of the cells over time. On the one hand,
digitising the contours of the cell opens the door to characterising the cell shape with
descriptors such as roundness; on the other hand, the time tracks contain information
on the movement of the cell such as its speed or the straightness of its trajectory,
which shed light on the reasons behind its migration (random, directed chemotaxis,
etc.). Therefore, these data enable a rich quantification of both cell morphology and
motility that ideally translates into cell phenotyping when complemented with an
extensive statistical and correlation analysis.

The threemain steps (segment, track and statistical assessment) are visited in detail
in respective Sects. “Hierarchical K-Means”, “Active Contours”, “Cell Tracking
with Track Manager” and are automatised by bioimaging softwares such as Icy (de
Chaumont et al. 2012; Wiesmann et al. 2015), which we address immediately in
Sect. 25.2.2. All steps are available as video tutorials.

Bioimage Analysis Software

To quantify cell motility, we present Icy, a free and open-source platform for bioim-
age analysis that provides multiple resources to visualize, annotate and quantify
bioimaging data (http://icy.bioimageanalysis.org).

Icy provides a user-friendly approach to new and classical image analysis tech-
niques alike: filtering, segmentation, tracking….They are all available under different
modules called plug-ins who all share the same graphical interface. Examples of seg-
mentation plug-ins are Thresholding, ActiveContours, Parametric Snakes, Potts Seg-
mentation, Spot Detector (Olivo-Marin 2002) and HK-Means (Dufour et al. 2008);
whereas plug-ins such as Spot Tracking, Track Manager and Kymograph Tracker
provide different approaches to tracking. In this protocol, we will focus on HK-
Means (Sect. “Hierarchical K-Means”), Active Contours (Sect. “Active Contours”),
and Track Manager (Sect. “Cell Tracking with Track Manager”) in order to provide
a step-by-step guide on how to analyse cell shape and motility.

The graphical interface integrates 2D and 3D visualisation resources, as well
as a series of tools to easily crop and cut through time series, z-stacks or multi-
channel sequences. Also intuitive is themanagement of so-called Regions Of Interest
(ROIs), i.e. delimited areas of the image that are of special interest and that might
want to be analysed aside, for example a cell segmented from the image. In the Icy
platform, ROIs are superimposed over the original image and can be manipulated
as independent objects on which common operations such as “copy/paste” (ctrl +
c/v) or “delete” can be applied, allowing to easily combine analyses performed on

http://icy.bioimageanalysis.org
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different channels or sequences. ROIs are deeply integrated into Icy so that any
analysis or quantification from them is automatic and straightforward. For instance,
cell segmentation results are represented as ROIs from which multiple descriptors
such as area, mean fluorescence intensity or roundness can be directly accessed in
the ROI menu and exported into Excel files for further data analysis.

As a last remark, in its most recent version 2.0, Icy has introduced a new image
handling engine that allows working with big video sequences, be it either because
they are long or because they were taken at very high spatial and/or temporal resolu-
tion. The idea behind the new engine is that only a portion of the image sequence is
loaded into the local RAMmemory, while the rest is stored on hard-disk at the price
of longer processing times.

We have used the sequence called 25 × 40 to illustrate this protocol (Movie 1)
over its several steps. The Time Stamp Overlay plugin (Tutorial 1) can be used to
stamp the elapsed time onto the video.

Cell Segmentation with Hierarchical K-Means and Active Contours

Hierarchical K-Means

Hierarchical K-Means (HK-means or HKM here) is a segmentation method based
on a K-Means clustering of the image histogram, i.e. an algorithm that divides the
different intensity values in the image into groups according to a similarity mea-
sure. Ideally, these groups correspond to the different cells and to the background.
However, the K-means algorithm requires the number of groups to be specified in
advance. To tackle this problem, a hierarchical strategy is introduced. In this way, the
algorithm attempts to find the ideal number of groups using a bottom-up approach.
This process can be helped if the user specifies a value for the expected minimum
and maximum size of the cells.

HKM is a fundamental tool in image processing; it is one of the go-to algorithms if
the user wants to segment cells in a quick, ready-to-use and quasi-automatic manner.
And precisely because of its hierarchical clustering approach, it performs better
than classical clustering and thresholding algorithms. However, HKM suffers from
three main drawbacks. First, it has difficulty telling apart cells that are in contact
with each other. Second, big intensity heterogeneities inside the cell might trigger
multiple detections. And third, since the resulting segmentations are groups of pixels
rather than polygonal contours, some accuracy may be lost when computing shape
descriptors.

A step-by-step guide to the HKM plug-in in Icy can be found in Fig. 25.1 and is
accompanied by Tutorial 2.
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Fig. 25.1 Cell segmentation with HK-Means and ROI color selection. HK-Means can be opened
from thedetection tabor from the searchbar. Thefirst step is to choosewhich framesweare interested
in segmenting (herewe select frame 0, but ‘ALL’ is also a possibility).We have to specify the number
of intensity classes (see the text for an explanation on HK-Means) in which the histogram is to be
split. That is the number of different intercellular intensities (e.g. if all cells are the same intensity,
two classes are enough).When in doubt, we recommend choosing higher values, but we also remark
that it comes at a computational price. To aid the segmentation of the image into the different classes
the user can also input an expected minimum and maximum size for the cells so as to eliminate
possible groups that are respectively too small (e.g. debris) or too big to possibly be a cell (e.g. cell
clusters). Notice that these sizes are required in pixels, to have a rough idea of the cell size in pixels
draw a ROI around the cell and check its size (“Interior” descriptor in the ROI tab at the right-hand
side). Finally, applying the Gaussian pre-filter can help improve the segmentation of noisy images.
Since the segmentation output are ROIs, we can obtain any descriptor directly from the ROI tab.
Here we show the perimeter, the area, the mean intensity, the roundness and the homogeneity inside
the ROIs, but many more shape descriptors can be selected using the “gear” button. ROI colors can
be chosen (see Tutorial 2)

Active Contours

Active Contours (Zimmer et al. 2002) (AC) are well adapted to study cell morpho-
dynamics; they provide accurate cell contours and are capable of segmenting cells
that are in close contact, as well as cells with inner heterogeneities. However, in
contrast to the more classical segmentation methods, AC need to be initialised. The
user has to specify an approximative initial contour (ROI) around the cell so that the
algorithm can pick up on it. This initialization can be done manually, by drawing
the ROI over the object of interest, or automatically, using other segmentation tools
(e.g. the above-described HKM). The initial ROI contours are then refined by the AC
method, which slowly deforms the contour. In this way, the contour is progressively
fitted to the cell shape in an attempt not only to separate the image into multiple
intensities, but also to find the edges of the cells in the gradient of the image. When
the segmentation spans a whole video sequence, the ROI resulting from segmenting
a given frame can be used as an initial ROI for the following frame (see ‘track objects
over time’ in the AC plug-in). Therefore, if the image acquisition is relatively fast,
initialising the ROIs at the very first frame is enough to segment the entire sequence.

In summary, whereas HKM is fast and does not need to be initialised, it is most
performant when image quality is good and cells are well separated; otherwise AC
take over at the price of initialisation and speed. In fact, we remark that a good
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Fig. 25.2 Manual drawing of approximative ROIs and automatic cell segmentation with
Active Contours. a The first step before running Active Contours is to draw approximative ROIs
around each of the cells; we do it manually here (green ellipses), but one could use HK-Means to
initialize the method automatically. b Active Contours can be opened from the detection tab or from
the search bar. In order to segment and track all of the time frames make sure to activate “tracks
objects over time”. Perhaps the twomost important parameters of the plug-in are the edge and region
weights, which control the balance between the importance of (1) the big intensity differences that
are expected at the border of the cell and (2) the homogeneous intensity that is expected inside the
cell as opposed to that of the outside. In addition, “contour inflation” might help compensate for a
lack of contrast between cell and background by adding an artificial expansion rate. On the other
hand, the set of evolution parameters are more technical but can help speed up the process and/or
make the final contours more accurate. All parameter settings can be readily stored and loaded using
the save icon on the bottom. The results of the segmentation are also presented as ROIs (see text
and Tutorial 3)

approach is to combine the two; that is to use HKM (only) on the first frame to
automatically set the initial ROIs required by AC. However, in this protocol we have
found it more pedagogic to set the initial contours manually.

A step by step guide to the AC plug-in in Icy can be found in Fig. 25.2 and is
accompanied by Tutorials 2, 3 and 4. Movie 2 shows the segmented cells with Active
Contours.

Cell Tracking with Track Manager

Using either of the segmentation plug-ins on a video sequence results in a time-series
of ROIs that can potentially be linked together to generate the track of a cell, i.e.
to draw the path that the cell followed. At our spatiotemporal resolution, it suffices
to associate a ROI at a given time point with the closest ROI at the following time
point to accurately track cells; more precisely, it is the centroids of the successive
ROIs that are concatenated into a cell track. However, more advanced tracking tools
such as Multiple Hypothesis Tracking (Chenouard et al. 2013) become necessary
for high-speed particle tracking. In either case, the resulting tracks can be analyzed
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with the Track Manager (TM) module in Icy, which is readily invoked from the very
segmentation plug-ins using the ‘send to track manager’ button.

TM displays the resulting tracks directly overlayed on the original sequence. The
tracks can also be analyzed through an accessible interface, for instance to investigate
motility parameters such as cell speed or mean squared displacement (MSD) and
compare them between populations or correlate them with other descriptors, for
example of cell morphology (see below). All these quantifications tasks are done
through so called Track Processors (TPs). Each TP has a specific function: from
filtering unwanted tracks, to quantifying movement, passing by a myriad of display
functionality such as color-coding the tracks (“TP Color”). In this protocol, we have
used several TPs. Briefly, (i) “Motion Profiler” computesmultiplemotion descriptors
such as the average speed or the linearity/persistence of the tracks; (ii) “Instant Speed”
displays the speed of the cell as a time curve; whereas (iii) “ROI Statistics” (ROIS)
displays time curves of several shape descriptors as is described in Sect. “Statistical
Tests with R”.

A step-by-step guide to the TM plug-in in Icy can be found in Figs. 25.3, 25.4
and 25.5 and is accompanied by Tutorial 5. Movie 3 shows the segmented cells with
Active Contours and their centroid tracks.

Fig. 25.3 Cell track analysis with Track Manager and Track Processors. a Track Manager can
be opened from the tabs or directly from most segmentation plug-ins (e.g. HK-Means or Active
Contours, see respective Figs. 25.1, 25.2 and Tutorial 4). The tracks for each of the cells are
automatically overlaid on the video sequence in the corresponding colors. b Each track is a separate
entity and can be filtered or quantified by adding Track Processors. Here we are displaying the
Color and Instant Speed Track Processors, but many others are available (e.g. see Figs. 25.4, 25.5
and 25.6). The red vertical bar displays the current time point, and can be dragged to navigate the
time sequence. Tracks can be saved into an.xml file
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Fig. 25.4 Descriptors and visualisation of cell tracks with the Motion Profiler Track Processor
in Track Manager. a By selecting Motion Profiler from the track processors in Track Manager,
we obtain multiple descriptors of the three tracks. For example, we can see typical minimum,
maximum and average speed values; and we can also quantify how straight the cells are moving
with the measures of linearity and search radius. In addition, the processor can take the metadata
into account to offer the values in real units. All these results can be exported to an Excel file.
b Motion Profiler also provides a graphical representation of all the tracks from a common origin,
from where we can visually assess whether motion is random or directed

Morphological Descriptors and Statistical Tests with ROI Statistics and R

Cell Descriptors with ROI Statistics

Different cell populations might be characterised by different morphologies. Given a
time sequence of already segmented cells in the form of ROIs (e.g. with AC), the ROI
Statistics (ROIS) processor in TM provides a wide range of geometrical properties
that describe the shape of each ROI. Together with a posterior statistical analysis,
these descriptorsmay help tell apart different populations or be used for phenotyping.
Many such descriptors are available in ROIS; in this study, we only consider the fol-
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Fig. 25.5 Time curves of cell speed with the Instant Speed Track Processor in Track Manager.
By selecting Instant Speed from the track processors in Track Manager, we obtain the time curves
of the speed at each time point along each of the cell tracks. These data can be used to explore the
cycles of acceleration and deceleration of the cells for example. The curves can be exported to an
Excel file

lowing: area (µm2), perimeter (µm), roundness (%), mean intensity values (a.u.) and
homogeneity (a.u.). “Perimeter” measures the perimeter of the ROI in micrometers
(here the scaling information is extracted automatically from the metadata). Equiv-
alently, “Area” measures the ROI area in micrometers squared. “Mean intensity”
averages the intensity values inside the ROI, whereas “Homogeneity” highlights the
internal variations of the intensity distribution within the cell. Lastly, “Roundness”
is a measure of how similar to a circle the ROI is. These data are displayed directly
in Icy, but can also be exported to an Excel file (Table 25.1) for further analysis,
for example to perform statistical tests that assess the correlation between each of
the descriptors. For instance, we study the correlations between the temporal mean
of all these parameters and the Speed (µm/s) resulting from TM. Alternative shape
descriptors can be extracted by rewriting the cell shape in different mathematical
basis such as Fourier (2D) or Spherical Harmonics (3D); these work well to separate
populations, but often lack biological interpretability (Ducroz et al. 2012).

A step-by-step guide to the TM plug-in in Icy can be found in Fig. 25.6.

Statistical Tests with R

In order to assess whether any trend or correlation exists between the extracted
descriptors we perform a visual pairwise comparison educated with Spearman’s
rank correlation coefficient. So-called Spearman’s “rho” attempts to quantify the
monotonicity of the relationship between a pair of variables, irrespectively of its
linearity. The coefficient spans the interval [− 1, 1], where the extremes correspond
to perfectlymonotonic functions, respectively decreasing or increasing (i.e. functions
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Table 25.1 Cell shape descriptors and speed for the 42 cells of the experiment. (25 × 40
illustrates the protocol, values are means)

Name Area Homogeneity Intensity Perimeter Roundness Speed

(µm2) (561) (561) (µm) (%) (µm/s)

25 × 54 316.08 0.08 24,203 75.58 40.05 1.16

2407.56 0.12 19,189 196.18 59.33 0.08

25 × 49 2779.13 0.13 24,801 208.46 59.11 0.24

308.78 0.15 15,070 69.42 48.16 1.21

25 × 47 771.28 0.13 16,320 119.90 34.82 0.17

411.95 0.13 21,341 81.62 49.3 0.43

25 × 44 760.11 0.10 25,160 114.79 45.55 0.40

684.88 0.10 25,544 100.88 68.20 0.12

545.58 0.11 21,754 90.64 58.77 0.97

689.35 0.10 23,625 108.82 48.97 0.25

658.80 0.10 23,308 109.13 46.66 0.49

929.79 0.10 23,857 119.42 61.02 0.16

25 × 40 713.25 0.18 42,758 109.02 54.33 0.42

438.46 0.32 46,123 88.07 42.48 0.60

773.17 0.15 17,600 118.27 36.11 0.18

25 × 38 362.51 0.11 18,333 73.27 59.32 1.05

1045.82 0.10 22,956 132.80 37.29 0.10

814.01 0.10 21,460 113.92 54.76 0.33

25 × 36 1093.23 0.10 21,429 135.41 52.52 0.14

525.07 0.08 27,100 92.00 50.12 0.31

2713.55 0.10 36,252 233.99 29.84 0.10

600.94 0.11 18,237 95.02 60.56 0.61

25 × 35 329.77 0.1 22,166 73.21 47.95 1.10

630.77 0.1 24,413 101.25 51.82 1.37

681.54 0.1 21,612 107.25 48.32 0.14

466.57 0.1 33,879 85.38 53.27 0.23

617.05 0.11 19,998 104.93 41.30 0.22

25 × 34 656.30 0.34 49,554 108.70 43.97 0.32

663.35 0.21 10,132 103.12 47.39 0.29

25 × 33 207.05 0.07 24,868 56.05 52.87 0.62

595.10 0.13 16,759 97.52 52.17 0.86

25 × 32 523.20 0.13 16,121 94.08 45.30 0.54

653.94 0.11 19,977 105.08 41.45 0.14

25 × 30 1084.28 0.11 23,447 130.04 30.10 0.15

(continued)
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Table 25.1 (continued)

Name Area Homogeneity Intensity Perimeter Roundness Speed

(µm2) (561) (561) (µm) (%) (µm/s)

887.42 0.09 23,499 128.19 39.44 0.24

738.61 0.12 17,261 107.66 51.55 0.30

791.83 0.08 26,903 115.63 47.52 0.15

515.45 0.10 20,549 85.64 70.17 0.12

25 × 29 430.99 0.09 23,945 90.56 35.33 0.54

532.69 0.12 17,155 93.70 49.06 0.47

437.21 0.12 16,415 85.08 47.43 0.37

799.27 0.10 22,078 118.07 42.83 0.64

Fig. 25.6 Cell shape descriptors with the ROI Statistics Track Processor in Track Manager. By
selecting ROI Statistics from the track processors in TrackManager, we obtain different descriptors
of cell shape (perimeter, roundness, etc.) for each time point along a cell track. Here are presented
the fluorescence average intensity values inside the ROIs. The data can be exported to an Excel file

that always go down, or up,without fluctuations); and 0 indicates a lack of correlation.
Precisely, the p-value associated with the coefficient results from testing whether this
coefficient is significantly different from 0.

Statistical analysis software can directly read the output values exported from Icy.
Here, we use a short R routine that can automatically generate the pairwise graphics
showing possible trends, as well as the correlation values and their corresponding
p-values (Fig. 25.7). This program uses some functionality from the ggplot2 library.
While it is not the aim of the paper to provide in-depth statistical insight, we remark
that it is important to check whether your data satisfies all the assumptions made
during the statistical analysis. For illustrative purposes, in Fig. 25.7 generated by
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Fig. 25.7 Statistical analysis of cell descriptors shows a significant correlation between cell
speed and size. The figure is a matrix quantifying the correlation between pairs of descriptors for
n = 42 cells from 13 different movies. On the upper triangular side, Spearman’s correlation values
resulting from descriptor pairs are displayed accompanied by their significance in the form of stars.
The values are also displayed using a color gradient (red positive, blue negative) to facilitate the
analysis. On the lower triangular side, we plot descriptor pairs on a normalised scale to show any
possible trend. The diagonal contains univariate density plots

the R routine, we display univariate descriptor density plots (diagonal) and pair-
wise descriptor plots (lower diagonal), but directly compute the pairwise correlation
coefficients and their associated tests (upper diagonal) with no prior analysis.

Example to Illustrate the Proposed Protocol for Image Analysis

During the in vitro growth of E. histolytica, it is common to observe diverse pheno-
types regarding the size of the cells, their mobility, the heterogeneity of fluorescence
during labeling, etc. We wondered whether the protocol proposed here could help
us identify any correlations between these phenotypes. After acquisition of video-
microscopies of E. histolytica seeded on glass, the image analysis was performed on
n= 42 cells from 13 different video sequences. The data highlights several relation-
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ships: the obvious correlation between area and perimeter, a less evident correlation
between cell fluorescence intensity and homogeneity (as the image saturates), and
a strong and significant (***) correlation between the size of the cell and its mean
speed (Table 25.1 and Fig. 25.7). For instance, the five smallest cells moved at 62±
14 µm/min, whereas the five largest cells moved at 9 ± 4 µm/min. Therefore, this
experiment allows to conclude that the smaller cells have a higher average speed in
the amoeba population moving on glass. This original observation opens the door
to further studies on the molecular mechanisms sustaining the correlation between
size and speed of E. histolytica when moving on a planar and neutral surface such
as glass.

Conclusion

We expect this protocol to serve as a beginner’s guide for cell biologists that would
like to capture the morphodynamical characteristics of their live cell populations in
a quantitative manner by using image analysis. The results are any potential correla-
tions between multiple morphodynamical descriptors (in the present case, we found
a link between cell size and speed), as well as the possible discovery of criteria that
can tell apart subpopulations of cells.

Materials and Basic Methods

Biological Materials

– Trophozoites of Entamoeba histolytica strain HM1:IMSS growing in TYI-S33
media (Diamond et al. 1978).

– Cell Tracker™ Red CMTPX (ThermoFisher, catalog number C34554, final con-
centration 2.5 µM). Before use, suspend the dessicated dye (50 µg) in 8.33 µl of
DMSO to obtain a 10 mM stock solution. An intermediate dilution (1/200) has to
be prepared to avoid aggregates of DMSO and Cell Tracker in the media.

– 35 mm high glass-bottom Ibidi dish (catalog number 81158, Ibidi, France).

Equipment

– Microbiological safety station with laminar flow to manipulate the cells; wearing
a blouse and gloves is mandatory during the experimental steps.

– Spinning disk confocal microscope (UltraVIEW VoX, Perkin Elmer, USA;
excitation: 561 nm; objective: 25×; temperature control set to 37 °C).
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Softwares

– Volocity (Perkin Elmer, USA) to perform imaging.
– Icy (Institut Pasteur, France) to perform image analysis.

Summary of the Protocol
Procedure—The protocol can be summarised as a general workflow (Fig. 25.8) in
the following steps: culture the cells and label themwith a fluorescent cytoplasm dye;
image the cells with a temporal resolution that is appropriate to the cell movement.
Save the video sequences on the hard-disk; open the Icy software and allocate RAM
according to the expected image size, open the sequence, and double-check the
metadata; draw initial ROIs over the cells and run the Active Contours plug-in; send
the resulting segmentation to the Track Manager, use the different track processors
to analyse cell movement and shape and export them to Excel; perform statistical
and correlation tests on the data, for example using R.

Timing—Cell labelling and preparation takes between one and two hours. Live
imaging only involves setting up the sample on the microscope and taking multiple
video sequences of around 240 frames (i.e. around 4min). Segmentation and tracking
takes a fraction of a second per frame. Statistical analysis takes well under an hour.

Troubleshooting—1. Check that the Java version in your computer is compatible
with Icy. 2. From within the preferences tab in Icy assign RAM memory to the
software according to the potential size of your images. 3. Check that your temporal
resolution is adequate: if there are toomany frames per second compared to the speed
of the cells, remove frames in constant intervals in order to lift some computational
burden. 4.All stages of the quantification can be saved in their corresponding formats.
For example, image sequences can be saved in.tif, whereas ROIs and tracks are saved
in.xml. This guarantees complete reproducibility, as slightly different ROIs can result
in slightly different segmentations.

Data availability—All data presented in this protocol (files as.tif,.xml,.avi,.mov)
and tutorials are available online (Manich 2020) so that any potential user can
reproduce the results by following the protocol.
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Fig. 25.8 Summary of the protocol. See text for a complete description of the protocole
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