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Preface

According to the World Health Organization (WHO), neglected tropical diseases
(NTDs) comprise 20 conditions, whose etiological agents include arboviruses

such as dengue and Chikungunya fever, parasitic diseases such as Chagas disease,
leishmaniasis, lymphatic filariasis, and bacterial diseases such as Buruli ulcer. NTDs
are associated with poverty, causing economic and social consequences by affecting
population health, principally in tropical and subtropical impoverished regions of
the world. Many NTDs are also associated with environmental degradation, and

the infectious agents present complex life cycles, including invertebrate vectors and
animal reservoirs, making their control challenging for public health institutions.

This book covers various important aspects of the fight against these complex NTDs:
scientific advances in the form of new biotechnological tools to promote their diagnosis,
control and treatment; knowledge of their eco-epidemiology and physiopathology to
promote efficient interventions to block transmission and treat diseases; and character-
ization of molecular targets to be employed in the development of diverse control and
treatment strategies.

In the first section of the book, the first chapter reviews the literature on the use of digital
PCR (ddPCR) and next-generation sequencing (NGS) to diagnose NTDs and to identify
hosts and reservoirs of a variety of pathogens, thus helping in the characterization of their
complex life cycles. A second chapter, which includes new findings on insects’ reproduc-
tive biology, considers how this information can be used in vector control strategies. The
eco-epidemiology of arboviruses in Latin America and the physiopathology of Burili
ulcer disease caused by Mycobacterium ulcerans are the subjects of the second section. The
third section contains two chapters that describe two molecular targets, the circumsporo-
zoite protein (CSP) from the malaria parasite Plasmodium vivax, and an ecotin-like serine
protease inhibitor of Trypanosoma cruzi (TcISP2), the agent of Chagas disease.

This book contributes to knowledge on new advances in NTDs and will inspire a
broad public to investigate these complex diseases which, according to the WHO,
affect more than one billion people globally. I am grateful to all the authors for their
important contributions and to IntechOpen for once more allowing me the privilege
of editing a book of high scientific value that will make a decisive contribution to
tackling serious global public health problems.

Marcia Aparecida Speranca

Centro de Ciancias Naturais e Humanas,
Universidade Federal do ABC,

Sdo Bernardo do Campo, Sdo Paulo, Brazil
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Chapter1

Metabarcoding and Digital PCR
(dPCR): Application in the Study
of Neglected Tropical Diseases

Maria de la Soldedad Lagunes-Castro, Avacely Lopez-Monteon,
Daniel Guzmdn-Gomez and Angel Ramos-Ligonio

Abstract

Neglected tropical diseases such as Chagas disease, dengue, Zika, chikungunya,
and malaria cause millions of deaths each year and they are caused by a variety of
pathogens whose diagnosis is very limited or subject to conventional testing, making a
treatment less accessible, accurate and timely diagnosis for choosing their treatments.
Traditional methods for pathogen detection have not been able to meet the growing
need for diagnosis and control. The incorporation of new technologies such as next-
generation sequencing (NGS) and digital PCR (dPCR) represent a better diagnostic
possibility due to their ability to absolutely quantify pathogens with high selectivity
and precision. Our planet is currently experiencing environmental changes of an
unprecedented magnitude and rate, including climate change, globalized pollution,
biodiversity loss, and land use changes, so neglected diseases require a comprehensive
understanding of the ecology of vectors in the different eco-epidemiological contexts,
as well as of the transmission cycles of pathogens and their transmission dynamics. In
this sense, NGS and dPCR open a new panorama for a better understanding of these
diseases with the aim of proposing new programs for their care.

Keywords: neglected tropical diseases (NTDs), DNA, metabarcoding, dPCR,
next-generation sequencing (NGS), diagnosis, pathogen detection,
digital droplet PCR (ddPCR), ecohealth

1. Introduction

Neglected tropical diseases (NTDs) can be caused by viruses, bacteria, parasites,
fungi, and toxins. They occur mainly in tropical areas of 149 countries on the planet,
mainly concentrated in Africa and Latin America, and are called “neglected” because
at the political, health, and research levels, what is necessary has not been done to
eliminate them, and, furthermore, the money allocated to serving them is practically
nil. According to the World Health Organization (WHO), there are 20 NTDs and
one-sixth of the world’s population suffers from at least one of these diseases [1, 2].
The majority of the affected population live in poor socioeconomic conditions, with
low income, low educational level, and precarious housing where, in addition to the
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beliefs, attitudes and behaviors of these people cause social exclusion. NTDs predomi-
nate in tropical and humid climates, mainly in rural areas, conflict zones, and regions
of difficult access. However, urban areas can also be affected. The presence of these
diseases has been increasing due to factors such as climate change [3-5]. The absence
of timely and accurate diagnoses, quality medical care, medicines, vaccines, and access
to drinking water and sanitation services are the factors that increase the presence of
NTDs and can only be faced with leadership and political effort economic as a whole
since they do not top the list of priorities in public health policies. The development in
the research of new and better medicines and diagnostic methods by the industry is
very scarce. In addition, reliable statistical data makes it difficult for these diseases to
be known by society [6-9].

These diseases are of increasing concern, as the geographic range of tropical
diseases is expanding due to climate change, urbanization, changing agricultural
practices, deforestation, and biodiversity loss [10]. Infectious diseases can be unpre-
dictable with the potential risk of global outbreaks. However, the way we characterize
pathogens has changed dramatically. Although increasingly sophisticated diagnostic
tools have improved the ability to detect the presence of the pathogens that cause
these diseases, this ability comprises only a small part of the set of tools necessary to
generate an accurate etiological diagnosis to manage these health threats. For this,
the ecoepidemiology of diseases must be taken into account, with an approach to the
interdependence of individuals and their connection with the levels of individual,
social, molecular, and environmental organization that participate in the causal
processes of diseases [11, 12]. Over the years, molecular methods have evolved and
improved, from conventional endpoint polymerase chain reaction (PCR) to real-time
quantitative PCR (qPCR), DNA microarrays, digital droplet PCR (ddPCR), loop-
mediated isothermal amplification (LAMP), and metagenomic approaches based
on high-throughput next-generation DNA sequencing (HT-NGS). Such technologi-
cal achievements have contributed to expanding the set of analytical tools used to
solve various research objectives, including disease diagnosis. The next-generation
sequencing (NGS) has generated a trigger in the discovery and characterization of
pathogens, leaving behind old culture methods and techniques and making it possible
to detect non-culturable pathogens that were previously difficult to diagnose. On the
other hand, due to its sensitivity and quantitative characteristics, digital polymerase
chain reaction (dPCR) is a potential candidate to become an attractive new method
among molecular technologies for parasite detection and quantitative analysis, favor-
ing a better understanding of the transmission dynamics of the pathogens that cause
these diseases [13-18].

2. Next generation sequencing (NGS)
2.1 DNA sequencing: history and current status

The description of the molecular structure of DNA in 1953 by Watson and Crick,
reported in their article “molecular structure of nucleic acids: A structure for deoxyri-
bose nucleic acid” [19], became the basis of genomic research allowing technological
development and research. At the beginning of the 70s, studies on DNA sequencing
began, Maxam and Gilbert in February 1977 stated that DNA can be sequenced by
a chemical procedure [20]. However, the first enzymatic method for DNA sequenc-
ing was proposed by Sanger and Coulson in 1975 [21]. In 1982, Caruthers and Hood
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developed the first automated method for sequencing DNA [22], which was capable
of sequencing fragments from 5 to 75 base pairs (bp), and in 1986, Hood and Smith
designed the first automatic sequencer that used laser beams that recognize fluores-
cent markers on DNA [23-25]. By 1985, the first automated sequencers using gels
(Applied Biosystems PRISM® 373) or polymer-coated capillaries (ABI PRISM® 310)
appeared [26]. Later, in 2004, new sequencing methods emerged, based on pyrose-
quencing and the so-called next generation sequencing (NGS) platforms. Currently,
due to the fact that new sequencers have appeared on the market that are capable of
applying other sequencing technologies in parallel, it is more appropriate to speak of
High-Throughput Sequencing (HTS) or massive sequencing. There are some variants
of this technology such as sequencing by ligation (sequencing by oligonucleotide liga-
tion and detection), sequencing by synthesis and semiconduction, and sequencing by
synthesis in clusters (sequence length up to 600 bp). A third generation of sequencers
is those that use single molecule sequencing (single molecule real-time [SMRT]) that
allows sequencing of much longer molecules, up to 30 kb [27-29]. There are other
sequencing technologies in the development phase, those based on nanopores; which
are based on the identification of the different bases of the DNA chain, thanks to an
optical signal or by the variation that occurs in an electric current when the chain
passes through a nanopore anchored to a membrane, in situ nucleic acid sequencing;
which is a progression of single-cell RNA sequencing methods, is performed intracel-
lularly within intact tissues, thus preserving the spatial context of gene expression
within and between cell types and sequencing based on direct observation with
microscopy that uses electron microscopy and allows the DNA sequence to be read
directly by optical methods without the need for amplification (Figure 1) [30, 31] .

2.2 Inside to the NSG methodology

High-throughput DNA sequencing techniques are capable of sequencing a large
number of different DNA sequences in a single reaction, which is why they are also
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Figure 1.

Seguenting technology timeline. Research in DNA sequencing technologies is in continuous development. In the last
decade, NGS tests have established their value as a diagnostic test, given their good performance for the detection
of genetic diseases and the discovery of new pathogenic variants. This technology has facilitated molecular
diagnosis, being a move efficient and faster tool in gene sequencing, and has facilitated the identification and
classification of multiple genetic variants together with their respective pathological association. Additionally,

the costs of sequencing and the duration in which the diagnosis is defined have been reduced, which allows timely
prevention measures to be established in patients with high risk in the future.
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known as “next generation” and “massive paralle]” DNA sequencing. In general, the
material to be sequenced is double-stranded DNA; however, genomic DNA, reverse
transcribed RNA or cDNA, immunoprecipitated DNA can be used [32]. Nucleic acid
templates are first prepared for sequencing (library generation), this step differs
according to the platform to be used. For a short read, three steps generally apply:

(1) fragmentation of DNA to application-specific template lengths, (2) ligation of
adapters to facilitate attachment of fragments to solid surfaces (such as microchips,
microspheres, or nanowells) or to circularize, and (3) amplification of templates

for provide enough copies of each template to allow the sequencer to detect them.
Libraries can be read from one end only (single-ended read), or from both ends
(double-ended reads). Some technical errors can occur when preparing libraries that
are related to the amplification and sequencing of the PCR products, mainly inher-
ent polymerase errors and inefficiencies associated with the guanine-cytosine (GC)
content of the template. To solve this, libraries have been prepared without the use
of the PCR reaction for short-read platforms, increasing the fidelity of the sequence.
Long read platforms do not require an amplification step.

After library preparation, which attaches adapters to approximately 450 bp DNA
fragments, the templates are annealed to a glass slide bearing complementary adapt-
ers. Once attached to the solid surface, the fragments are amplified by PCR from
either one end or both ends, producing billions of sets of DNA fragments from the
clonal template that can be sequenced simultaneously. Raw obtained sequence reads
are typically set to FASTQ format [33]. Subsequently, the sequences are aligned with
areference genome using an alignment tool [34] in order to obtain a map file of the
sequence alignment (read assembly and base sequence) (Figure 2). A typical whole
genome sequence will produce on the order of 5 million SNVs and 250,000 short

000000
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Genomic DNA Fragmentation adapter ligation . Analysis

Bridge
Amplification
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Cycles

T ovtes
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Figure 2.

Ngct generation sequencing (NGS) is a group of technologies designed to sequence large numbers of DNA
segments massively and in parallel, in less time and at a lower cost per base. The methodological approach can be
summariged in five steps: 1) segmentation of the DNA into several fragments, 2) labeling of the DNA by means
of primers or adapters that indicate the starting point for replication, 3) amplification of the DNA fragments
labeled with adapters by methods based on polymerase chain reaction, 4) sequencing or reading of the DNA
fragments, and 5) reconstruction of the complete sequence by means of reference sequences and export to data
storage files.
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indels. Ignoring common single nucleotide polymorphisms and short insertions or
deletions (indels), there are typically about 300,000 unique variants left to consider
(Figure 2) [31, 35, 36].

3. Digital polymerase chain reaction ({dPCR)
3.1 The evolution of PCR

Since the development of the polymerase chain technique (PCR) in 1971 when
Gobind Khorana described the technique by explaining the replication of a DNA frag-
ment using two primers [37]. But it was in 1983 that Kary Mullis and his colleagues
at the Californian company Cetus Corporation first carried it out while working on
making oligonucleotides and using primers for DNA sequencing. Used two primers
that aligned with each of the DNA strands, added Escherichia coli DNA polymerase I
and triphosphated nucleotides. As a result, they obtained the exponential replication
of the DNA fragment flanked by the primers [38]. This endpoint PCR technique has
evolved thanks to two factors, the discovery of the Taq polymerase and the thermal
cycler (Figure 3). Thus, today we can find variants such as: reverse transcription PCR
(RT-PCR) [39, 40], Circularized RT-PCR (cRT-PCR) [41], inverse PCR [42], nested
PCR [43], in situ PCR [44], multiplex PCR [45], multiplex-ready PCR [46], asym-
metric PCR [47], Ligation-anchored PCR [48], long fragment PCR [49], Fluorescent
Quantitative PCR (Real Time PCR; qPCR) [50], Immune PCR (IPCR) [51], and
digital PCR (dPCR) (Figure 3). dPCR was first conceptualized in the 1990s. It is
based on limiting dilutions, PCR and Poisson distribution [52]. dPCR is classified
into digital droplet PCR (ddPCR) and digital chip PCR (cdPCR). cdPCR presents a
challenge to achieve high throughput, however, ddPCR can overcome this impedi-
ment [53]. It is worth mentioning that isothermal amplification methods called LAMP
(LOOP-mediated isothermal amplification) have been developed that, unlike PCR
technology, amplify the target sequence at a constant temperature of 60-65°C. based
on strong strand displacement DNA polymerase and 4—6 specifically designed prim-
ers can be used that can recognize and amplify six or eight regions of a given target
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Figure 3.

Evolution of the PCR technique. PCR technology has undergone continual improvements. The applications of
PCR are multiple, encompassing from the evolution to the clinic, passing through the genetics, molecular biology,
and biotechnology; in addition to applications in agriculture and livestock. The applications of this new technique
seem to have no limits.
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gene to achieve higher analytical specificity. Amplification signals can be detected
by photometry of the turbidity of the reaction or by colorimetry of the fluorescent
intensity of the intercalated dyes. This approach offers a fast (1 h), a low-cost, easier-
to-use, thermocycler-free alternative method for PCR [54, 55].

3.2 Principles and benefits of dPCR

The basis of ddPCR is to distribute a nucleic acid-containing sample to thousands
of independent partitions. There are several ways to create these droplets: manual
partitioning, immiscible liquid chemistry, atomization, etc. The generated droplets
contain only one target DNA molecule or none at all [56]. To determine target DNA
copies without bias, templates with target DNA must be randomly distributed and
microdroplets must be produced in large numbers. These partitions can be individu-
ally amplified through thermal cycling. Unlike gPCR, which produces an exponential
signal and quantifies samples by comparing their CTs (threshold cycle) to a standard
curve generated by well-defined samples; by determining the concentration of the
sample using an “analog” method, ddPCR technology generates linear digital signals
that allow quantitative analysis of the PCR product, being able to detect very rare
mutations with high precision and sensitivity, and these amplicons can be quantified
without a curve standard [53]. Quantification of DNA molecules is performed by a
combination of Poisson distribution and dilution templates at the single-molecule
level. The number of templates correlates positively with positive wells, so the exact
number of template copies can be calculated. The use of the presence and absence
of signals to indicate the target DNA makes a direct “digital” measurement of the
samples [57] (Figure 4). Furthermore, due to high pipetting handling in sample
preparation and PCR conditions, even with a standard curve, the data disparity in
qPCR is greater than in ddPCR. ddPCR can be used to detect low concentrations of
DNA [58, 59].

3 4 |
\ . 'H' =1 Partition
) : — % + \\ l _‘ into + Amplification ""b‘ Analysis

droplet

E o e

NTD-causing
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Figure 4.

ngiml droplet polymerase chain reaction (ddPCR) is a highly sensitive quantitative polymerase chain reaction
(PCR) method based on fractionation of the sample into thousands of individual nano-sized water-in-oil
reactions. Recently, ddPCR has become one of the most accurate and sensitive instruments for DNA detection.
Consists of simple steps to follow: 1) prepare PCR-ready samples before starting ddPCR, 2) droplet generation, 3)
droplet amplification by PCR; 4) Reading of drops, and 5) analysis of vesults. Positive droplets, which contain at
least one copy of the target, exhibit greater fluorescence than negative droplets.
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4. Uses of NSG and dPCR in the diagnosis of the causal agents of NTDs

NTDs are caused by several types of common and rare pathogens. A common
concern with conventional testing methods is the limitation in the range of pathogens
that can be detected and the lack of sensitivity for their diagnosis. Obstacles such as
incomplete knowledge of natural history make it difficult to understand the ecology
and pathogenesis of rare and neglected diseases. Emerging technologies, including
NGS and dPCR, provide opportunities to accelerate the diagnosis and development of
treatments for these diseases [60, 61]. The application of NGS in Leishmania isolates
has allowed the characterization of populations through the identification and analysis
of variations. Information on population structure can reveal important insights into
disease dynamics and identify genetic backgrounds associated with parasite virulence
and ecology [62]. The metagenomic analysis of the Leishmania vectors revealed the
microbiota present in them, these studies will allow us to understand how the micro-
biota interacts with the parasite vectors and to develop tools for biological control [63].
Also by means of NGS, it has been observed that some HLA class I and class II genes
could be involved in the predisposition of cutaneous leishmaniasis [64].

Mycetoma is one of the neglected tropical diseases, characterized by painless
subcutaneous inflammation, multiple paranasal sinuses, and discharge containing
aggregates of the infectious organism known as pimples. Studies of host genetic varia-
tion in mycetoma susceptibility by NGS will allow the identification of new treatments
for mycetoma and will also improve the ability to stratify ‘at risk’ individuals, allowing
the possibility of developing preventive and personalized clinical care strategies in the
future [65]. The application of NGS in the study of malaria has greatly contributed to a
better understanding of Plasmodium biology as well as host—parasite interactions [66].

Trypanosoma cruzi, the etiological agent of Chagas disease, represents a challenge
due to its repetitive nature. Only three of the parasite’s six recognized discrete typ-
ing units (DTUs) have their draft genomes published, and, therefore, analyzes of
genome evolution in the taxon are limited, thus the assembly of short NGS reads can
be applied for the detection of highly repetitive genomes [67]. Also, single nucleotide
polymorphisms (SNPs) have been identified in the protein sequences of T. cruzi [68]
and studies have been carried out with an EcoHealth approach [69]. These results may
lead to a better understanding of Chagas disease and will provide further develop-
ment of biomarkers for the prognosis, diagnosis, and development of drugs for the
treatment of Chagas disease.

Comparisons of Treponema pallidum genomic sequences using NGS have revealed
a modular structure of several genomic loci. This diversification of T. pallidum
genomes appears to be facilitated by genome recombination events within the strain
[70]. On the other hand, unbiased sequencing of the Zika virus genome obtained
by NGS from the cerebrospinal fluid of one patient revealed that no virus mutations
associated with anatomical compartments were detected [71] and NGS has also been
used in different experimental and epidemiological settings to understand how the
adaptive evolution of dengue variants shapes the dengue epidemic and disease sever-
ity through its transmission [72].

ddPCR has been shown to be more accurate than qPCR; therefore, it has been
finely modified to detect low-abundance nucleic acids, which might be more suitable
for clinical diagnosis [59]. Human strongyloidiasis is one of the neglected tropical
diseases caused by infection with soil-transmitted helminth Strongyloides sterco-
ralis. Conventional stool examination, a method commonly used for diagnosis of



New Advances in Neglected Tropical Diseases

S. stercoralis, has low sensitivity, especially in the case of light infections. However, the
use of ddPCR showed high sensitivity and specificity for the detection of S. stercoralis
in stool samples. This technique can help improve diagnosis, especially in cases of
mild infection. In addition, the ddPCR technique could be useful for the detection

of patients before starting immunosuppressive drug therapy and the follow-up after
treatment of strongyloidiasis [73]. The usefulness of the ddPCR platform in the
detection of T. cruzi infection has also been evaluated. The clinical sensitivity and
specificity of the assay were both 100%, with perfect agreement between positive and
negative qPCR and ddPCR results in the clinical samples tested. However, the fact

of not performing a calibration curve in ddPCR offers an advantage for its use in the
diagnosis of T cruzi [74]. Moreover, RT-ddPCR in dengue diagnosis could help har-
monize DENV quantification results and improve field findings, such as identifying a
DENV titer threshold that correlates with disease severity [75, 76]. The use of ddPCR
to absolutely quantify human malaria parasites successfully detects Plasmodium
falciparum and Plasmodium vivax, and the sensitivity of ddPCR to detect P, falciparum
is significantly higher than qPCR [77].

NGS and ddPCR have recently shown great potential for pathogen detection,
however, in a comparative study between these techniques, the results were subject to
their respective limitations and strengths, the ddPCR method being more useful for
rapid detection of common isolated pathogens, while the mNGS test is more appro-
priate for diagnosis where classical diagnostic methods (microbiological or molecu-
lar) fail to identify the causative pathogens [78]. NGS is a new technology that holds
the promise of improving our ability to diagnose, interrogate, and track infectious
diseases. For its part, the third generation of the PCR; ddPCR can be used to directly
quantify and clonally amplify DNA, the latter has been widely used in the detection

NTD: Pathogen Study objective Method Reference

Anquilostomiasis — — —
Necator americanus Ancylostoma
duodenale

Ascariosis Identification of repeated NGS [79]
Ascaris lumbricoides sequences for diagnostic use

Schistosomiasis — — _
Schistosoma duodenale

Cysticercosis Diagnosis in cerebrospinal fluid NGS [80, 81]
Taenia solium Identification and characterization [82]
of microsatellites
Analysis and identification in soil ddPCR [83, 84]
samples
Chagas disease Detection of T cruzi infection ddPCR [74]
Trypanosoma cruzi Identification of trypanosomatid NSG [85]

species in mammalian reservoirs,
human patients, and sandfly
vectors from endemic regions of

leishmaniasis

Detection of T. cruzi-specific [86]
antibodies

EcoHealth/One Health approach [69]
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NTD: Pathogen Study objective‘ Method Reference
Leishmaniasis Identification of trypanosomatid NSG [85]
species in mammalian reservoirs,
human patients, and sandfly
vectors from endemic regions of
leishmaniasis
Assembling nuclear genomes [87]
Antimony resistance gene analysis [88]
Parasite-host interaction for the [89]
search for target proteins used in
prognosis and/or infection control
Descriptive analysis of genomes [62]
Diagnosis from Cutaneous ddPCR [90]
Leishmaniasis in patients
Leprosy Detection of Infections ddPCR [91,92]
Mycobacterium leprae Identification of risk genes that NSG [93]
affect susceptibility to leprosy
Trachoma Detecting and quantifying ocular ddPCR [94, 95]
Chlamydia trachomatis
Yaws Subspecies identification NSG [96]
Treponema pallidum Reconstruction of genomes [97]
Evolutionary origin [98]
study syphilis pathogenesis NSG and [99]
ddPCR
Rabies Phylogenetic analysis NSG [100]
Lyssavirus Genetic and antigenetic NSG [101]
characterization
Dracunculiasis — — —
(guinea-worm disease)
Buruli ulcer Mycobacterium Transcriptome analysis NSG [102]
ulcerans Analysis of recurrent infections [103]
due to continuous exposure
Trichuriasis Clinical diagnosis ddPCR [104]
Trichuris trichiura
Malaria Quantification in samples from ddPCR [77]
Plasmodium vivax Plasmodium asymptomatic patients
falciparum
Onchocerciasis Onchocerca analysis of the presence of NSG [105]
volvulus Wolbachia
Elephantiasis Identification of sequences for NSG [106]
(Lympbhatic filariasis) Wuchereria diagnostic use
bancrofti, Brugia malayi Detection and quantification in [107]
blood samples and mosquitoes
Differential gene expression ddPCR [108]
Fascioliasis Identification of virulence genes NSG [109]
iuscz'oﬁa hfep atica Sequencing of the complete [110]
asciola gigantica mitochondrial
genome
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NTD: Pathogen Study objective‘ Method Reference
Sleeping sickness Aneuploidy analysis NSG [111]
Trypanosoma brucei
Dengue Quantification in clinical samples RT-ddPCR [75]
DENV Identification of viral pathogens in NSG [112]
clinical samples from travelers
Zika Detection and quantification in RT-ddPCR [113]
ZIKZV swimming pool water
Chikungunya Identification and confirmation NSG [114]
CHIKV of pathogens in samples of known
etiology
CHIKYV, DENV, P, vivax, ZIKV Epidemiological surveillance NSG [115]

*Only the papers deposited in the PubMed database are presented.
DENYV, Dengue virus, CHIKV, Chikungunya virus; ZIKV, Zika virus.

Table1.
Use of NSG and ddPCR in the study of NTDs.

of low abundance nucleic acids, being useful in the diagnosis of infectious diseases
and may be a better option than qPCR for clinical applications in the future. However,
it is clear that to date there are few studies on the application of these technologies to
the study of NTDs (Table1).

5.NGS and dPCR as tools for understanding NTDs

Understanding health from different areas, based on the circumstances in which
people are born and develop their lives, health systems, public policy, and environ-
mental factors, among others, is to understand it from the approach proposed by
Ecohealth. This comprehensive vision takes into account the diversity of factors that
affect the presence or absence of any disease in humans and not only considers that
people’s health depends on the effects of pathogenic microorganisms or toxic sub-
stances. Ecohealth addresses what are known as social determinants of health [116,
117]. To analyze these determinants, it must be understood that there are singular,
particular, and general dimensions that condition the health status of individuals and
societies.

The control of NTDs requires novel visions and approaches that effectively
address the determinants of transmission of a group of very diverse and complex
pathologies that only share in some cases being transmitted by vector insects, but
that have very different clinical characteristics. Their diagnoses require techniques of
varying complexity and cost, they are transmitted in very specific contexts (urban,
rural, and jungle), they affect the general population to varying degrees, their treat-
ment varies in efficacy and cost, and control faces different technical challenges and
operations that make the success of the programs very uncertain. On the other hand,
frequent changes in environmental and ecological conditions, the dynamics of social
and economic forces and the influence of cultural and gender determinants dominate
the patterns of presentation and control of vector-borne diseases (endemic, epidemic,
emergency, deletion, etc.). That is why the traditional approaches focused exclusively
on the vector, based on the intensive and massive use of insecticides, with vertical
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programs isolated from health services and operational personnel far away or oblivi-
ous to the needs of the communities, are not having an impact on the profile epide-
miology of each of the NTDs such as dengue, Chagas disease, and malaria to mention
some NTDs [118, 119]. Based on these needs, the Ecohealth model emerges, incorpo-
rating a transdisciplinary approach in the study and care of DNTs, emphasizing social
participation as a central actor in the solutions to these health problems, and proposes
an approach to inequality of gender as an element to insert in prevention and control
programs. The model demands a multi- and intersectoral vision to contain them ina
sustainable manner and provides evidence to strengthen operational programs [120].
In this sense, NSG and dPCR can easily be very powerful tools for the comprehensive
study of DNTSs from an Ecohealth point of view. For example, using next-generation
sequencing metagenomic analysis, a variety of viral families in mammals and rodents
were studied, and the results obtained allowed us to know the viral community in
wildlife that at a given moment could become a critical point for the development
of an emerging disease [121]. Other work on the presence of enteroviruses (EV) in
nonhuman primates through phylogenetic analysis revealed that one virus strain was
related to human clinical isolates, suggesting zoonotic behavior [122]. Studies related
to Chagas disease vectors have made it possible to analyze the blood-feeding sources
of multiple species of triatomines with much greater sensitivity and also to identify
multiclonal infections with T. cruzi, which must be taken into account to develop
transmission networks and characterize the risk of human infection, eventually lead-
ing to better control of disease transmission [69, 123-125]. These studies represent a
powerful approach to unravel and understand transmission dynamics at microgeo-
graphic levels of Chagas disease.

On the other hand, ddPCR, which is considered a biotechnological refinement
of conventional polymerase chain reaction methods that can be used to directly
quantify and clonally amplify DNA, has been widely used in the detection of low-
abundance nucleic acids and is useful in diagnosing infectious diseases including

Complete genome
Gene polymorphisms
Feedeing sources

DTU’s Identification

Microbiota

ITS haplogroups

Natural infection

Parasitic load

Digestive tract
Chagas disease dissection DNA extraction
vector

Drug resistance genes

Insecticide resistance genes

ddPCR / RT-ddPCR

Figure 5.

The promotion of research with ecosystem approaches to human health (EcoHealth) is of great importance to
contribute to improving the health of communities in the poorest regions of the world, for example, in Chagas
disease, where new technologies, such as NSG and ddPCR, may have a better scope for a better understanding of
the disease and thus propose new intervention policies. This strategy should be applicable to the study of all NTDs.
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viral, bacterial, and parasitic infections, concluding that ddPCR provides a more
sensitive, accurate, and reproducible detection of low-abundance pathogens

[126, 127]. For example, Multiplex RT-ddPCR could help characterize defective
genomes by simultaneously quantifying multiple regions of the same DENV RNA
molecule, and in samples where quantities are limited, the application of RT-ddPCR
could identify patients with burdens. Elevated viral levels, especially during the first
days of the disease, could not be carried out with other methodologies due to the
scarcity of the sample [75]. Therefore, the inclusion of NSG and dPCR techniques
should be used jointly for the comprehensive study of NTDs so that in the future
they allow the generation of interventions or sustainable strategies for vector control
and transmission prevention of the NTDs (Figure 5).

6. Drawbacks of NSG and dPCR

One of the most common issues affecting the efficiency of NGS and dPCR is
sample quality. Although platforms are often tested and compared using highly
selected samples, real-life samples do not behave in the same way. Although “next
generation” massively parallel DNA sequencers have been shown to offer many
potential benefits in performing genetic analyses, especially for large-scale proj-
ects, one of the main drawbacks limiting their use is the relatively low error rate
highly compared to standard short-read methods. In general, the main disadvan-
tages observed in the different existing platforms are the presence of a bias in the
CG ratio, high cost, and errors in the homopolymers (substitution/deletion errors
in the readings) because their length is not correctly deduced from the electrical
signal, the introduction of new algorithms, post-sequencing correction tools and
the SNV/insertions-deletions (INDEL) tool [128], low output, short reads, and
high error rate [129]. Likewise, there are also problems with long-length reads. In
general, NSG and other long-read sequencing platforms suffer from a high error
rate [130]. On the other hand, accuracy stands out as the most important issue for
all recently developed technologies. For example, in metagenomic whole genome
sequencing (mWGS), which analyzes all of the DNA or RNA in a given sample,
in addition to high cost, an additional consideration for performing mWGS is the
abundance of human DNA present in many types of clinical samples, such as blood
and respiratory secretions [131]. Another barrier to the implementation of NGS
in the diagnosis of infectious diseases has been the time it takes to complete all the
steps for NGS, this turnaround time relative to conventional methods has limited
the clinical relevance of NGS results for decision-making decisions about patient
care [132].

On the other hand, although dPCR has numerous advantages over qPCR, it has not
yet been able to fully replace the use of qPCR. It has been reported that high concen-
trations of nucleic acid could saturate the dPCR reaction, highlighting the importance
of adequate dilution [133-136]. The low throughput compared to qPCR and the longer
response times of current dPCR systems have not allowed this technique to enter
routine analysis. On the other hand, the exclusivity of reagents based on the platform
used is another limitation as it does not allow working with a different platform,
including the multiplexing approach. Some dPCR protocols show a dynamic range
similar to or smaller than that offered by a qPCR assay, which in some cases decreases
the sensitivity of the assay, and lastly, the costs of equipment and reagents are still
somewhat inaccessible [74, 137].
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7. Conclusions

Reflecting on the public health problem that NTDs implies worldwide, improv-
ing the efficiency of the diagnosis of these pathologies is of vital importance for the
development of more effective treatments. At the same time, an accurate diagnosis
will limit the abusive use of drugs, thus reducing the appearance of resistance phe-
nomena in the pathogens that cause these diseases. The traditional clinical diagnosis
of infectious diseases consists of a differential analysis supported by a series of tests
in order to identify the causal pathogen, which ranges from microscopic observation,
the culture of microorganisms, and the detection of antibodies to the amplification
of nucleic acids. Although molecular diagnostic assays are a rapid way to diagnose the
most common infections, almost all current conventional microbial assays target a
limited number of pathogens, these limitations mean that pathogens are not detected
in up to 60% of cases and sometimes the use of cultures from clinical samples is
required, where many of these pathogens are difficult to culture. Although the
application of these molecular methods is a routine tool for the diagnosis of numerous
diseases, they have not yet been fully used for the diagnosis of NTDs. In this sense,
regardless of the current advantages and disadvantages of NGS and dPCR, these tech-
niques have a promising application to contribute to an improvement in the diagnosis
of NTDs, since they provide rapid results, allow the determination of parasitaemia
in asymptomatic infections and low density, as well as the detection of pathogens
difficult to cultivate. Both techniques have a higher sensitivity than conventional
techniques used for diagnosis. However, more evaluations are needed, and especially
the development of studies that combine NSG and dPCR technologies for the genera-
tion of comprehensive knowledge that allows a better understanding of NTDs in
different ecoepidemiological contexts, as well as in the dynamics of the transmission
cycles of the pathogens that cause these diseases and thus meet the goals, intermedi-
ate measures, and indicators of the roadmap on neglected tropical diseases 2021-2030
to prevent, control, and eliminate NTDs.
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Vector Control: Insights Arising
from the Post-Genomics Findings
on Insects’ Reproductive Biology

Isabela Ramos and Fabio Gomes

Abstract

The high prevalence of neglected vector-borne diseases, such as Chagas disease
and dengue fever, imposes enormous health and financial burdens in developing
countries. Historically, and still, to this day, the main effective methods to manage
those diseases rely on vector population control. Although early efforts in under-
standing vector-specific biology resulted in important advancements in the develop-
ment of strategies for the management of vector-borne diseases, studies regarding
the complex physiology of local vector species were weakened by the expanding use
of insecticide-based tools, which were, at the time, proven simpler and effective. The
rising threat of insecticide resistance and climate change (which can expand endemic
areas) has reemphasized the need to rely on thorough species-specific vector biology.
One approach to controlling vector populations is to disrupt molecular processes or
antagonize the metabolic targets required to produce viable eggs. Here, we discuss
new findings arising from post-genomics molecular studies on vector reproductive
biology and discuss their potential for the elaboration of new effective vector control
interventions.

Keywords: reproductive biology, post-genomics, evidence-based vector control

1. Introduction
1.1 Vector-borne diseases

Vector-borne diseases remain among the deadliest and most prevalent infectious
diseases worldwide. Mosquito-transmitted arboviral diseases inflict an enormous
burden in tropical areas of the world. A previous study estimated that almost 400
million people are infected by the dengue virus (DENV) every year [1]. While
tremendous progress on vector control has been made over the twentieth and twenty-
first centuries, we are now facing a critical moment. Record-breaking numbers of
dengue cases were detected in the Americas in 2019 [2]. This is aggravated by the fact
that multiple serotypes circulate in these regions, maximizing the risk of hemorrhagic
fever and other severe complications. Other arboviruses are also of concern. For
example, the Zika virus (ZIKV), transmitted by Aedes aegypti, rapidly spread in the
Americas in 2014-2015, where it was linked with a surge of newborn malformations,
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including microcephaly [3, 4], inflicting a lifelong impact on children, their parents,
and the health public system. Other viruses, like Mayaro (MAYV), chikungunya
(CHKV), and yellow fever (YFV), continue to circulate and periodically reemerge. In
addition to the arboviruses, vector-borne parasitic diseases, such as Chagas disease,
are also medically important. The triatomine bug Rhodnius prolixus is a primary
vector of Trypanosoma cruzi, the causative agent of Chagas disease, a neglected
disease endemic to Central and South America. Chagas disease remains the main
cause of death related to neglected infectious diseases in the Americas. Currently,
Chagas affects approximately 8 million people and migration among endemic and
non-endemic regions has expanded its occurrence to approximately 350,000 infected
carriers around the globe [5].

Overall, these diseases not only result in a high number of deaths and hospitaliza-
tions but also generate a huge economic impact due to the disability of people during
their learning and working ages [6, 7]. While most restricted to tropical areas, where
vectors meet the perfect conditions for mating and reproduction, models of climate
change predict an expansion of the global areas suitable for vector reproduction.
Under these models, areas of Europe and America have already seen an increase in the
suitability of vector populations and this trend is going to accelerate in the following
decades [8, 9]. This is of special concern as these pathogens meet an immunologically
naive local population lacking any previous exposure to such diseases.

2. Reproduction as a target for vector control

The interference in insect vector natural populations has remained one of the
key strategies for the control of vector-borne diseases. For the past 50 years, vector
control policies have relied on the utilization of insecticide-based tools. With the ris-
ing of resistance spreading across populations, a major threat to the ongoing success
of control programs has been acknowledged [10].

Although insects are the largest and most diverse group of animals on the planet,
most species are regarded as species with a high reproductive capacity. Females can
generally produce a large number of eggs in a short period, and the high rates of
embryo viability boost their natural populations. Blood-feeding (hematophagy) is
necessary for most human disease vectors to obtain the energy and nutrients required
for efficient oogenesis, enabling the abovementioned high rates of oviposition [11].
Within a vector reproductive cycle, the overall process of converting protein from the
blood meal into yolk protein precursors (YPPs), as well as coordinating their delivery
to developing oocytes is the most complex stage of reproduction and requires the
coordination of intricate metabolic and neuroendocrine pathways in the adult female.
As aresult, a comprehensive understanding of the complexity of egg production is
the most promising approach to designing safe tools for interference in vector repro-
duction (Figure1).

The molecular physiology of oogenesis is highly conserved within the different
insect vectors [11-13]. In brief, oogenesis is triggered by signals from nutritional
status and the blood meal. The levels of the sesquiterpene juvenile hormone (JH)
[14], secreted by the corpora allata in the brain, increase over the early periods of
insect maturity triggering changes in the fat body that become sensitive to the ovary-
producing steroid hormone ecdysone [15]. After the blood meal, the brain stops JH
synthesis and releases the ovarian ecdysiotropic hormone, signaling to the ovaries to
produce ecdysone. In the fat body, ecdysone is hydroxylated to 20-hydroxyecdysone
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Tﬂ%gets for intervention within the reproductive cycle of vectors. After digestion, adult females are able to

lay a large number of highly viable eggs, thus contributing to the increase and maintenance of vector natural
populations. The complex physiology process of transforming the contents of the blood meal into mature fertilized
eggs requires intricate coovdination to accomplish vitellogenesis, delivery of the yolk to the oocytes (yolk uptake),
eggshell biogenesis (choriogenesis), and fertilization (mating habits). Interference in any of those stages directly
impairs vectors' egg production capacity and embryo viability, rendering drastically reduced reproduction vates.

(20E) and binds to the 20E receptor EcR/USP to trigger vitellogenesis, that is, the
production of the YPPs (yolk protein precursors). YPPs are secreted to the hemo-
lymph and delivered to the developing oocytes in the ovaries via receptor-mediated
endocytosis. Apart from the huge metabolic challenge of transforming the blood
meal into a large number of eggs, the maximum capacity of egg production is also
dependent on successful mating, fertilization, and proper conditions for embryo
development [12, 16-23].

3. Potential targets for intervention within vectors reproduction
3.1 The molecular mechanisms of vitellogenesis and oogenesis

The conversion of protein from the blood meal into YPPs for eggs biogenesis is
avital component of the reproductive cycle and understanding how this process is
regulated is necessary to design safe, specific, and effective ways to block reproduc-
tion in vectors. Mosquito 20E has been shown to play multiple roles in Anopheles.
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Apart from regulating monogamy in Anopheles, the male-transferred 20E was shown
to be important in maintaining sperm viability over the female lifetime through
induction of the heme peroxidase 15 (HPX15) [24]. Accordingly, HPX15 knockdown
was shown to dramatically increase the ratio of infertile eggs. Upon insemina-
tion, the male 20E further interacts with the female Mating-Induced Stimulator of
Oogenesis (MISO) and induces an increase in fecundity by increasing the expression
of LP and oocyte numbers [25]. Finally, 20E was also shown to be necessary for
Anopheles egg-laying [26].

On that note, several genes that are somehow essential for oogenesis and gener-
ate unviable embryos have been identified and functionally tested in R. prolixus.
The orthologue of Bicaudal C (BicC), a gene originally identified in D. melanogaster
involved in embryonic patterning has shown to be maternally expressed and essential
for the arrangement of the follicle cells [27]. The control of iron and heme homeo-
stasis is particularly critical for hematophagous insects, especially for the strictly
hematophagous triatomines, such R. prolixus. In this model, the silencing of multiple
iron-related genes, namely, ferritin, iron responsive protein 1 (IRP1), heme oxygen-
ase (HO), and heme exporter feline leukemia virus C receptor (FLVCR), impairs
oogenesis and embryo viability [28, 29].

The role of receptor-mediated endocytosis in yolk uptake has been investigated
in oocytes of many insect species. The internalization of yolk proteins through the
presence of a specialized endocytic cortex in the oocytes, which includes prominent
microvilli, coated pits, coated vesicles, and endosomes have been shown in several
species, including Aedes [30-38] However, the regulations encompassing the recruit-
ment of the endocytic machinery to specific sites of the oocyte cortex and the signals
that govern the oocyte endocytic pathways and endosomal maturation are yet to
be addressed. In R. prolixus, ATG6/Beclinl class-III PI3K complexes I and II were
shown to be essential for YPP uptake. Insects silenced for the genes present in both
complexes produce yolk-deficient eggs generating unviable embryos due to the lack
of generated phosphatidylinositol-3P (PI3P) to recruit the endocytic machinery in
vitellogenic oocytes [39, 40].

3.2 Choriogenesis as an emerging target for safe interventions

The final checkpoint of oogenesis, before fertilization, is the triggering of the
choriogenesis program, in which the multiple layers of the chorion are secreted by
the follicle cells that envelop the developing oocytes. Remarkably, while the chorion’s
primary protective function is conserved in insects, its general composition and
structure have evolved in a highly species-specific manner, giving rise to a wide range
of morphologies and functional adaptations. The main chorion proteins in insects
have been identified in models, such as the silk moth Bombyx mori, the fruit fly D.
melanogaster, and the mosquito Aedes Aegypti, and revealed to be broadly unrelated
to their counterparts in each of these species [41, 42]. Proteins that are conserved in
a wide variety of organisms are not ideal target molecules as vector control agents
because of deleterious effects on non-target organisms, such as vertebrates, pollinat-
ing agricultural insects, and beneficial predators. As a result, studies on the molecular
biology of the chorion biogenesis in insect vectors are biotechnology strategic as
they are likely to unravel safe molecular targets that are at the same time essential for
reproduction and highly specific to one species.

The A. aegypti eggshell is composed of different structural proteins, enzymes,
odorant-binding proteins, as well as many uncharacterized proteins of unknown
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function. Melanization proteins and enzymes of the eggshell have been identified
[43-49], and proteomics studies have been performed [42]. Isoe and colleagues

[50] designed in silico analyses to identify mosquito-specific genes that are essential
for successful embryo development. After systematic RNAi functional screening

of over 40 selected genes, the authors identified a chorion-related protein named
eggshell organizing factor 1 (EOF1), which is essential for eggshell biogenesis and
embryo development. The EOF1 sequence includes an F-box functional motif, which
is characterized by the interaction with the SKP1 protein in the SCF E3 ubiquitin
ligase complex [51]. Although its exact function in the eggshell has not been elu-
cidated, such findings are very promising in terms of designing safe strategies for
vector control.

In R. prolixus, some aspects of the chorion ultrastructure and permeability
properties were previously explored [52-54] and the identification of the specific
chorion proteins Rp30 and Rp45, the latter associated with antifungal activity, was
also described [55]. In this model, the cell biology of the follicle cells (FCs), the tissue
that synthesizes and secretes the chorion components, has been explored. Early
transcriptome analysis showed that the FCs are committed to transcription, transla-
tion, and vesicular traffic [56]. Accordingly, electron microscopy evidenced the FC’s
typical secretory cell morphology with a high content of vesiculated rough endoplas-
mic reticulum [57, 58]. Systemic RNAi experiments targeting the autophagy-related
genes ULK1/ATG1, the autophagy-dedicated E2-conjugating enzyme ATG3 [57, 59],
and El-activating and E2-conjugating ubiquitin enzymes [60] generated particular
phenotypes of chorion malformations due to alterations in the general protein
homeostasis of the FCs during choriogenesis, resulting in extremely lower rates of
embryo viability. Taken together, the data points to a high degree of complexity in the
chorion biogenesis program in R. prolixus, rendering the process extremely sensitive
to changes in proteostasis of the FCs, and, thus, an interesting target for slight but
effective interventions.

Resistance to desiccation is another potential intervention target. Although
mosquito eggs are laid in water, they are susceptible to dehydration in the first hours
of development. Thus, this property directly affects mosquito reproduction. In A.
Aegypti, the serosal cuticle secretion (an inner layer of the chorion secreted during
embryogenesis) coincides with an increase in dry resistance and the presence of chitin
as one of the serosal cuticle components has been detected [61-63]. In R. prolixus,
chitin was detected in the ovaries and the embryonic cuticle [64, 65]. Additionally,
exposure to lufenuron (a chitin synthesis inhibitor) and chitin synthase RNAi experi-
ments reduced oviposition and embryo viability [66]. Therefore, the synthesis and
deposition of chitin or chitin-like components in the eggshells are also promising
targets for reproduction interventions.

Altogether, and combined with the above-mentioned high degree of species-
specificity of the chorion proteins, choriogenesis has the potential to emerge as the
foremost target for the generation of new and environmentally safe strategies to
achieve vector control.

3.3 Molecular neuroendocrine control of egg production

Major advancements have been achieved in the understanding of the neuro-
hormonal control of egg production. In R. prolixus, a detailed model depicting the
control of oogenesis, ovulation, and oviposition has been designed and elegantly
reviewed by Lange and colleagues [13]. Post-genomics has allowed the identification
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and functional characterization of dozens of reproduction-related neuropeptide
receptor families, processing enzymes, and neurochemicals. Historically, R. prolixus
has been an important model, wherein the basics of insect physiology have been
determined [67-70]. Interestingly, the integration of the post-genomics findings with
the smartly designed early physiology experiments has allowed the elucidation and
depiction of many aspects of the global endocrinal integration in this vector.

3.4 Crosstalk between reproduction and immunity

A relationship between reproductive potential and immune status has been long
established. Collectively, these studies suggest a tradeoff between immune activation
and egg production, reflected by the identification of follicular atresia and other cell
death pathways [71, 72]. Recent advances are now highlighting the role of nutrient-
sensing pathways and vector immunometabolism [73]. Future studies will provide
further insight into how signaling pathways, such as TOR and Insulin pathways,
well-known vitellogenic and immune regulators, coordinate energetic balance during
infection. Interestingly, previous work using natural combinations of vector-parasite
has suggested that coevolution might have minimized the impact of infection [74],
possibly by the fact that immune tolerance can induce a less-energetic costly immune
response.

Rerouting of yolk components can be used as a nutritional factor for parasite
development. Mosquito LP has been incorporated into Plasmodium oocyst as a lipid
source [75]. While parasite development was accelerated by LP delivery, it did not
induce any detectable reproductive cost [76]. Interestingly, mosquito lipids influenced
not only total parasite numbers, but also Plasmodium sporozoite virulence upon trans-
mission to vertebrate hosts [77]. Similarly, VG is a key component for Plasmodium
survival. An interplay between YPPs and immune response has been demonstrated.
Both LP and VG were shown to reduce the efficiency of the binding of the major
parasite-killing TEP1 [78], increasing parasite survival following mosquito infection.

3.5 Interventions on mosquito mating and insemination

Mosquitoes are thought to use a set of sonorous, visual, and chemical cues to
identify and attract their partners. While the manipulation of such signals used to
guide mosquitoes is an interesting target to prevent mosquito mating, the molecular
identity of its components, such as sex pheromones and their odorant-binding
receptors are scant. In that sense, both Anopheles and Aedes mosquitoes can adopt a
swarming behavior during mating. Aggregation pheromones have been identified in
Anopheles [79]. Such compounds can be used to manipulate mating behavior in wild
vector populations and are a likely target of vector control strategies. More recently,
genes regulating cuticular hydrocarbon productions and the circadian cycle have
been described to be coordinated with light and temperature to guide swarming
in Anopheles [80]. Aggregation pheromones have also been described in A. aegypti
(Fawaz et al., 2014). Interestingly, Aedes swarming does not require swarming
before mate and Aedes mosquitoes have been shown to mate in pairs throughout
the day [81].

Upon mating, male sperm is transferred to a spermatheca (one in Anopheles, two in
Aedes) where it is stored for the lifetime of the female mosquito. The role of odorant
receptors in activating spermatozoa flagella has been previously shown [82]. While
several candidate agonists were shown to activate flagellar beating, its physiological
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ligand remains to be further defined. Upon insemination, females are thought to mate
once in their lifetime. In most Anopheles species, this is enforced by the formation of

a mating plug that forms a barrier to prevent further female insemination [83]. The
mating plug is composed of seminal secretions produced by the male accessory glands
[84], and 20-hydroxyecdysone (20E) embedded is thought to play a signaling role in
inducing monogamy in the female [26]. While a mating plug is not formed in Aedes, a
physical barrier is temporarily formed by components of the male sperm produced at
the male accessory gland [85]. Later, bioactive proteins collectively known as matrone
can modulate female behavior at the neuronal levels and induce monogamy [86, 87].
Nevertheless, the exact molecular composition of matrone remains to be defined. A
further understanding of the molecular basis for male-induced monogamy is of great
importance, as it could potentially identify chemicals that could be used (e.g., in
aerosols) to prevent virgin female mating.

3.6 Sterile insect technique (SIT)

General models from the middle of the twentieth century had already predicted
the potential of releasing sterile male releases to suppress insect populations [88].
This approach known as the sterile insect technique (SIT) has been originally accom-
plished by irradiation of mosquitoes. Sterile animals have been released, mostly by
preliminary investigations, in several locations around the world with varied success,
as previously discussed [89]. While claims of reduced competitive rates of irradiated
mosquitoes are still a matter of debate [90], the biggest issues facing SIT seem to rely
on the scalability and sustainability of such efforts [89]. An alternative approach has
been the release of transgenic-induced sterile mosquitoes. Still, the logistic chal-
lenges of such practices remain a major challenge for field implementations in large
geographic areas, with wild-type mosquito populations rapidly returning after release
interruption [91]. At present, the development of efficient and flexible gene drive
techniques, such as CRISPR/Cas9, remains a promising approach to the development
of efficient cost-effective SIT implementations independent of continuous mosquito
release [92].

3.7 Wolbachia-induced cytoplasmic incompatibility

The utilization of Wolbachia-induced cytoplasmic incompatibility remains one
of the most promising alternatives for insecticide-independent strategies of vec-
tor control. Wolbachia is an arthropod-specific bacteria that establish a systemic
infection and can be vertically transmitted by infecting the host oocytes [93].
Several strains of Wolbachia are known to induce a phenomenon known as cyto-
plasmic incompatibility (CI) where the progeny from infected males and unin-
fected females are turned nonviable [94]. While recent reports have identified
populations of A. aegypti carrying native Wolbachia infections [95], these seem
to be deviations from a general rule where Wolbachia strains are not naturally
able to infect A. aegypti. Nevertheless, Wolbachia strains have previously been
adapted to infect A. aegypti by trans-infection in the lab, and CI has been shown
to manifest in this model. In that sense, the release of CI-carrying Wolbachia-
infected males has been proposed as a strategy to suppress Aedes populations, and
field trials have been implemented [96, 97]. The molecular mechanisms mediat-
ing cytoplasmic incompatibility started to be elucidated and two key genes linked
with the prophage WO have been identified [98, 99]. Transgenesis of such genes
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would provide alternatives to induce CI in the absence of Wolbachia infections
[100]. Such strategies would be beneficial for the cases where stable Wolbachia
trans-infections have not been achieved, as is the case of many anophelines.

4. Concluding remarks

The control of vector populations has shrunk the map of many vector-borne dis-
eases [10, 101], but new strategies will need to be developed to continue this process.
Although the fundamental biology behind oocyte development is known and mostly
conserved, its molecular mechanisms are still to be explored. The recent completion
of multiple genome sequencing projects will allow comparative genomics studies that
not only increase our knowledge about reproductive processes but also facilitate the
identification of novel species-specific targets for vector control. Research directed to
understanding how this process is regulated and being able to manipulate the female’s
capacity to produce so many viable eggs will lead to safe and effective ways to block
reproduction in blood-feeding insects. To accomplish this, there is an urgent need to
integrate the post-genomics findings with the species-specific vectors’ physiology.
Such tactics are the safest path to unravel evidence-based information and design
customized tools to manage vector populations in different endemic areas.
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Neglected Arboviruses in Latin
America

Alfonso J. Rodriguez-Morales and D. Katterine Bonilla-Aldana

Abstract

Over the last decade, there has been an increasing concern for epidemics in Latin
America, as well as in other regions, due to arboviruses causing epidemics. Before
2013, dengue and yellow fever were of major preoccupation in urban and rural areas,
respectively. But after that year, the emergence of chikungunya (2013) and Zika
(2015) with their widespread in the region, affected millions of individuals, especially
in tropical countries. Nowadays, other alpha and flaviviruses, but also bunyaviruses,
have been circulating in the region causing small outbreaks, as is the case of Mayaro,
Madariaga, Rocio, Oropouche, and St. Louis encephalitis, among others. In the
current chapter, we address the situation regarding these other arboviruses that have
been neglected by also being a differential diagnosis and an etiology of febrile syndrome
in the region.

Keywords: Mayaro, Madariaga, Rocio, Oropouche, St. Louis encephalitis, alphavirus,
flavivirus, neglected, Latin America

1. Introduction

Vector-borne diseases and many zoonotic diseases remain significantly relevant in
tropical areas, such as Latin America. In the specific case of those caused by viruses,
arboviruses, this region, as well as Asia, are particularly affected over time, primarily
due to the widespread of competent vectors, as is the case of Aedes aegypti, but also
A. albopictus, and more recently A. vittatus [1, 2]. Then, as expected, an integrated
One Health approach, considering the environment, and animal and human health, is
needed for vector-borne diseases [3].

Over the last decades, multiple arboviral diseases caused by alphaviruses and flavi-
viruses have been a concern in Latin America [4]. However, since the introduction of
yellow fever and dengue, the epidemiological landscape in the region has significantly
changed [5]. Dutch slave traders brought yellow fever (YFV) to the America from
Africa during the mid-seventeenth century.

For the next two and a half centuries, the disease terrorized seaports throughout
the America [6]. Reports describe the possible first introduction in 1648 in Mexico
[5, 7-9]. Although some studies suggest dengue (DENV) was introduced in the
America, through the Caribbean islands in 1635 [5, 10, 11], before 1981, dengue was
considered a public health problem only in Asia and posed little or no threat to the
region of the America [11, 12]. This scenario shifted with the 1981 Cuban epidemic,

49 IntechOpen



New Advances in Neglected Tropical Diseases

the first significant dengue epidemic in the area. For the following decade, sporadic
cases of dengue were observed. Then, in 1990, Venezuela experienced the second
major epidemic in the region. These events marked dengue as an emerging disease

in the America [11, 12]. As observed, flaviviruses, such as dengue and yellow fever,
have been significant concerns regarding morbidity and mortality in the region [4,
13-27]. Additionally, many of them, as observed with Zika (ZIKV) and chikungunya
(CHIKYV), lead to chronic consequences, such as central nervous system (CNS) com-
promise (including congenital microcephaly and other complications of congenital
Zika syndrome) [28-32], as well as chronic rheumatic and non-rheumatic diseases
(CHIKV) [33-39].

Taxonomically speaking, the essential arboviruses are included in the genus
alphavirus, family Togaviridae (Figure 1), which consists of a total of 32 species; and
in the genus flavivirus, family Flaviviridae (Figure 2), where 53 species are currently
included.

Sprcies: Awaving  Genus Alphavns

Species: Eormah Forestuina  Genus Alphovires

Spectes: Bebaruving  Genus Alphavires

Species: Covinguavinus - Genus Alphavins

Species: Cobossouvirug  Genus Alphovirs

Specien: Chikungunyoving  Conu Alphavins

Species: Eostern equine encepholitis virus  Cenus: Alphavinus
Specien: lorvinus Genus: Alphovirus

Species: Everplodesvins  Denus: Alphavinn

Species: Fort Morgan s Ganus: Alphmiros

Specien: Gerahvirus  Geous: Aiphovin

Species: Mighlands J virs  Genus: Aiphavins
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Figure 1.
Taxonomical classification of viruses belonging to the genus alphavirus (family Togaviridae, order martellivirales,
class alsuvivicetes). (https://ictvglobal/taxonomy).
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Figure 2.
Taxonomical classification of viruses belonging to the genus flavivirus (family Flaviviridae, order amarillovirales,
class flasuviricetes). (https://ictvglobal/taxonomy).

Alphaviruses, originally endemic in Latin America, such as the Venezuelan equine
encephalitis (VEE) and the eastern equine encephalitis; were described in 1920 in
Venezuela and 1972 in Trinidad and Tobago, respectively [5]. Mayaro virus, another
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alphavirus from Trinidad and Tobago, was described in 1954. In Trinidad and Tobago,
an endemic orthobunyavirus, the Oropouche virus, was described in 1955 [5].

Then, as observed in the number of published articles available in PubMed
(Figure 3), many of these arboviruses in Latin America, such as Mayaro (MAYV),
Madariaga (MADV), Saint Louis encephalitis (SLEV), Rocio (ROCV), and
Oropuche (OROV) are neglected. Nevertheless, according to the World Health
Organization (WHO), only DENV and CHIKYV are formally included as neglected
tropical diseases (https://wwwwho.int/health-topics/neglected-tropical-diseases).

Even the total of articles of them (1364) is much lower than the total of DENV
(20.5 times higher), ZIKV (8 times), YFV (6 times), CHIKV (5 times), or VEE (1.4 times)
(Figure 3). So then, MAYV, MADV, SLEV, ROCV, and OROV may be considered neglected.
Asa consequence, such arboviruses will be analyzed in the current chapter.

2. MAYV, MADV, SLEV, ROCYV, and OROV: neglected arboviruses

Both alphaviruses and flaviviruses included neglected arboviruses. Nevertheless,
given the importance of DENV and YFV, flaviviruses have been studied more, and
even vaccines for a long time have existed for YFV [25] and recently for DENV [40].
However, there are no vaccines against alphaviruses for humans. Nevertheless, after
epidemics of CHIKV in 2014-2015 in the America, their importance increased.
However, as a group, the situation is worse regarding investigating orthobunyavi-
ruses. Epidemics of CHIKV and ZIKYV, as well as periodical outbreaks of YFV, espe-
cially in Brazil and Venezuela, have influenced the attention and research on these
alphaviruses and flaviviruses [26, 27].
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The region’s MAYV, MADV, SLEV, ROCV, and OROV can be considered neglected
arboviruses [41-44]. Even in most countries, such arboviruses are not under regular
surveillance, laboratory investigation, and confirmation.

2.1 Mayaro (MAYV)

MAYY, an enzootic virus [44, 45], is an alphavirus that shares epidemiological
features with YFV, having sylvatic cycles involving animal reservoirs and with sylvatic
and urban mosquito vectors. Clinically, MAYV shares characteristics with its genus
and family. It is an arthritogenic alphavirus, as occurs with CHIKYV, able to generate
immune-mediated chronic disease [46, 47] but overlaps in symptoms during the acute
phase with other arboviruses [48]. A few years ago, the ChikDenMaZika syndrome
was proposed as a mnemotechnic rule to keep in mind Mayaro and other more
frequently observed arboviruses, such as CHIKV, DENV, and ZIKV [48]. That would
help decrease the negligence of Mayaro, to be considered in the differential diagnosis
of febrile syndrome in the tropics or possibly caused by an arbovirus. MAYV is more
frequently detected in other countries, in addition to Trinidad and Tobago, Brazil,
and Peru. It has also been identified in Panama, French Guiana, Colombia, Argentina,
Venezuela, and Paraguay [49, 50]. Studies have reported MAY'V positivity in wild
mammals, birds, or reptiles, as well as in domestic animals. Also, 12 orders of wild-
caught vertebrates, most frequently in Charadriiformes and primate orders, have been
identified with MAYV. This alphavirus has been detected in wild-caught mosquito
genera, including Haemagogus, Aedes, Culex, Psorophora, Coquillettidia, and Sabethes
[49]. Although MAYV has been identified in urban vectors, there is no evidence of
sustained urban transmission. MAYV’s enzootic cycle could become established in
forested areas within cities, similar to the yellow fever virus [51]. Arboviruses in mos-
quito body pools sampled during the rainy season of 2018 in 21 bird-watching points
of Cuiabd and Varzea Grande, south central Mato Grosso, Brazil, highlights the pos-
sibility of MAY'V detection in urban areas of Latin America [52]. An investigation of
arboviruses in patients with acute febrile illness (n=453) for less than 5 days in Mato
Grosso state during the period of ZIKV and CHIKYV dissemination in Brazil found
multiple other neglected arboviruses [53]. Alphaviruses were detected in 2 (0.4%)
patients infected with CHIKV genotype ECSA, 1 (0.2%) with Madariaga (EEEV)
lineage III, and 34 (7.5%) with Mayaro (MAYV) genotype L. Four (11.4%) patients
presented dual infections with DENV-1/ZIKV, DENV-1/DENV4, DENV-4/MAYYV, and
ZIKV/MAYV. The majority—13/34 positive for MAYYV, one for Madariaga virus—are
residents in Varzea Grande, the metropolitan region of Cuiaba, the capital of Mato
Grosso [53]. Up to June 2015, only 121 articles were published in PubMed-indexed
journals, based on a bibliometric analysis [47]. After 7 years, only 230 additional
papers have been published on MAYV (Figure 3).

In countries, such as Peru, MAYV has become more critical in epidemiological
terms; even MAYV is under surveillance in that country (Figure 4). Although that,
there is still a lack of research from that country in MAY'V (only 28 articles, <8% of
the total on MAY'V in PubMed). Especially in jungle areas in the country’s north and
south border with Brazil, Peru has endemic areas where MAYV and other arboviruses
cause infection.

During 2017-2020, a total of 36 cases were reported by Peru (Table 1), most of
them (29, 81%) in 2017 and predominantly in the Madre de Dios department (16,
44%) that year (Table1). At least seven departments of Peru, from a total of 24,
reported at least one case of MAY'V during that period.
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Figure 4.
Geographical distribution of ZIKV, CHIKV, and MAYV in Peru, 2020. (Modified from https://www.dge.gob.pe/
epipublic/uploads/boletin/boletin_202043.pdf).

2.2 Oropouche (OROV)

In Peru, there is limited detection of OROV, an orthobunyavirus. But in 2016, at
least in three districts of Madre de Dios (2) and Cusco (1), OROV outbreaks were
detected (Tambopata, Ifiapari, and Ocobamba).

OROV is another neglected arbovirus [54]. OROV is a species in the genus
orthobunyavirus, the family Peribunyaviridae (Figure 5). That genus includes 103
species, but only OROV is considered of medical importance in Latin America. More
relevant in North America, this genus contains the La Cross virus (LACV), which has
not yet been identified in Latin America [55].

In another bibliometric study performed in June 2015 [54], only 83 articles were
recovered from PubMed (43% from Brazil, 18% from the United States of America,
and 6% from Peru) [54]. On May 2016, the Ministry of Health of Peru reported 57
cases of OROV [54]. Cases of OROV have also been reported in nearby countries, such
as Panama, Ecuador, French Guiana, Haiti, Suriname, Trinidad and Tobago, Brazil,
and Venezuela [56-60]. As occurs with MAYV, OROV is under surveillance in Peru
but not in most countries of Latin America. After 7 years of the unique bibliometric
assessment of OROV so far [54], only 95 additional articles have been published,
showing clearly the lack of research on this orthobunyavirus.

Nevertheless, recent studies (2021-2022) in Colombia have identified OROV as
an emerging cause of acute febrile illness in the country [61]. In a study with 2,967
individuals, OROV was identified in 87 of 791 (10.9%) viremic cases, where an
RT-qPCR dual-target assay was possible. Those cases were from Cali (the third largest
city in the country) (3/53), Cucuta (border with Venezuela) (3/19), Villavicencio
(easter lowlands) (38/566), and Leticia (Amazon jungle) (43/153). In parallel, an
automated anti-nucleocapsid antibody assay detected IgM in 27/503 (5.4%) and IgG
in 92/568 (16.2%) patients screened, for which 24/68 (35.3%) of PCR positives had
antibodies [61]. Such findings confirm OROV as an emerging pathogen and recom-
mend increased surveillance to determine its burden as a cause of acute febrile illness
in Colombia [61]. A previous assessment in Colombia diagnosed OROV in a woman
28 years of age from Turbaco, Bolivar department (near Cartagena), by viral isola-
tion, quantitative reverse transcription PCR, and phylogenetic analysis of the small,
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Figures.
Taxonomical location of the genus orthobunyavirus (family Peribunyaviridae). (https://ictvglobal/taxonomy).

medium, and large genomic segments. That virus was related to a strain isolated in
Ecuador in 2016 [62]. That means that in countries, such as Colombia, OROV should
be considered in the differential diagnosis of fever and investigated as part of the
surveillance [45, 63], especially in possibly endemic areas.

2.3 Saint Louis encephalitis virus (SLEV)

Saint Louis encephalitis virus (SLEV) is a flavivirus, a member of the Japanese
encephalitis virus serogroup, initially identified in 1933 in Saint Louis, Missouri, USA,
as encephalitis lethargica [64], during an outbreak involving 475 cases with 71 deaths
(14.9%) [65]. The encephalitis lethargica occurred in Saint Louis in 1919, 1924, and
1932 [65]. Studies on SLEV in Latin America also lack, regardless of its epidemiologi-
cal situation [66]. In a bibliometric study performed in December 2016 [64], only 955
articles were recovered from PubMed (44% from the United States of America, 4%
from Brazil, and 4% from Argentina) [64]. After 6 years of that bibliometric assess-
ment of SLEV, only 172 additional articles have been published, clearly showing the
lack of research on this flavivirus.

Culex species generally transmit SLEV as vectors and birds as animal hosts. Most
SLEV infections are asymptomatic, but clinical manifestations range from nonspe-
cific febrile syndrome to febrile headache, aseptic meningitis, and encephalitis, with
fatality ranging from 3 to 30% [67]. In the case of Latin America, SLEV is one of the
flaviviruses that circulate in Brazil [68]. Reports from Argentina [69, 70], Colombia
[71], Cuba [72], Ecuador [73], French Guiana [74], Guatemala [75], Mexico [76],
Panama [67, 77], Peru [78], and Uruguay [79] have also been published, among other
possible identifications in other Latin countries. The primary SLEV mosquito vec-
tors in some endemic areas include Culex tarsalis, C. pipiens, and C. quinquefasciatus
[80, 81]. Like most arboviruses that cause central nervous system (CNS) disease
in humans, most SLEV infections are asymptomatic or mild, with symptom onset
5-15 days after exposure and exhibiting a broad range of clinical presentations [80].
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Arboviruses

Clinical findings MAYV MADV ROCV OROV SLEV
Fever/chills vy + 4+ 4 .
Myalgia/arthralgia/fatigue et + 0 ++ +/0
Edema in limbs 0 0 0 0 0
Maculopapular rash ++ 0 0 0 0
Retro-ocular pain ++ 0 0 0 +/0
Conjunctivitis, non-purulent 0 0 + 0 0
Lymphadenopathies + 0 0 0 0
Hepatomegaly + 0 0 0 0
Leukopenia/thrombocytopenia ++ 0 0 0 0
Encephalitis 0 + + 0 et
Meningitis 0 0/+ ++ 0 4
Headache 0 4 4 4 e
Photophobia 0 0 0 +H+ ++
Hemorrhages 0 0 0 0 0

MAYYV, Mayaro; MADV, Madariaga; ROCYV; Rocio; OROV, Oropouche; SLEV, St. Louis Encephalitis.

Table 2.
Clinical findings of neglected arboviruses in Latin America and the proposed mnemotechnic of MAMA-ROS
syndrome (MAyaro, MAdariaga, Rocio, Oropouche and St. Louis encephalitis).

The discussed neglected arboviruses may overlap clinically, then, initial differentiation
between them, may be complex (Table 2). Unfortunately, major infectious and tropi-
cal diseases books do not cover some of them (e.g., MADV) [82, 83].

2.4 Madariaga (MADV)

Recent ecologic and genetic studies of eastern equine encephalitis virus (EEEV;
togaviridae: alphavirus) have demonstrated clear separation between North and
South American EEEV strains: North American EEEV cluster in a single genetic lin-
eage—lineage I, in the system proposed by Arrigo et al. [84]—with South American
EEEV strains (now known as Madariaga virus [MADV]) clustering in EEEV lineages
IL, I1I, and I'V. Although there is a reasonable understanding of North American
EEE’s clinical and epidemiologic features, much less is known about MADV infec-
tions. MADV is neglected in multiple ways [85]. Contrasting with other neglected
arboviruses, MADV has no previous bibliometric assessments nor for EEE. As shown
before, there is a significant lack of studies about it [85-94]. Recent studies in Panama
have clinically characterized this emerging encephalitis (Table 2) [90]. Studies from
that central American countries suggest that the lack of additional neurological cases
may indicate that severe MADV infections occur only rarely. Field studies suggest
that over the past five decades, alphavirus infections, such as MADV and VEEV, have
occurred at low levels in eastern Panama, but that MADV and VEEV infections have
recently increased-potentially during the past decade. In some of eastern Panama, the
endemic diseases and outbreaks of MADV and VEEV appear to differ spatially [95].
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These neglected arboviruses are usually neglected; in the past, the ChikDenMaZika
syndrome helped to decrease the neglect of thinking on Mayaro. Nevertheless, still,
that alphavirus, as well as others, and the rest of discussed arboviruses, should be
considered for an additional mnemotechnic, as MAMA-ROS syndrome (MAyaro,
MAdariaga, Rocio, Oropouche and St. Louis encephalitis) (Table 2) to think in them
as differential diagnoses, as also to assess their clinical presentations.

2.5Rocio (ROCV)

ROCV emerged as a cause of outbreaks of encephalitis in Brazil during 1975-1976.
However, as another neglected arbovirus, there are less than 1,000 articles in PubMed
(Figure 3), with no bibliometric studies.

After initial descriptions, sporadic reports have been identified; nevertheless,
no additional outbreaks have been reported. ROCV is probably circulating among
wild birds and transmitted by Psorophora ferox and Aedes scapularis [82, 83]. It has
an incubation period of 7-14 days, and illness begins with headache, fever, nausea,
and vomiting, sometimes with pharyngitis and conjunctivitis (Table 2). Meningitis
or encephalitis follows in many, with altered mental state and cerebellar tremor.
Convulsions are uncommon. The case fatality rate is about 10%. Death occurs in
patients of all ages with neurological sequelae. Gait disturbances may appear in sur-
vivors [1, 2]. Some of these neglected viruses are commonly detected during dengue
outbreaks, as with other arboviruses. Patients result negative for DENV and are inves-
tigated for multiple other flaviviruses and alphaviruses. Recent seroprevalence studies
in animals detected ROCV in regions of Brazil, indicating risk for reemergence of this
pathogen. A recent study identified ROCV RNA in samples from two human patients
for whom dengue fever was clinically suspected but ruled out by laboratory findings.
Then, such results suggest that testing for infrequent flavivirus infections should be
considered, including ROCV [96, 97].

A group of maps showing the distribution by countries where neglected arbovi-
ruses have been reported (Figure 6). Theses maps do not necessarily reflect the real
distribution, but just countries that have published cases or studies showing arboviral
circulation. In the case of countries, such as Bolivia and Paraguay, is particularly curi-
ous that they have not reported most of the neglected arboviral pathogens, although
have been described in most of their neighboring countries.

Cuba
. Guatemala o
F

e

Figure 6.
Distribution map of MAYV, MADV; ROCV, OROV, and SLEV in Latin America. This distribution indicates just
circulation in the country, but not necessarily that has been detected nationwide.
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Vector

Aedes  Culex  Culicoides H igogus  Psovophova  Cogquillettidia  Sabethes

Arbovirus MAYV X X X X X X
MADV ? X X
ROCV X ? X
OROV X X X
SLEV ? X

x, studies have reported the detection of the arbovirus; ?, potential vector.

Table 3.
Main reported vectors of neglected avboviruses in Latin America.

A significant problem in the diagnosis of these arboviruses includes the clinical and
epidemiological overlapping [4], even with possible coinfections [16, 22, 98], but also
the problems derived from potential antibody cross-reactivity that may yield serological
false-positive results, now even, including coinfections and cross-reactivity with SARS-
CoV-2 [18, 99-102]. Then, molecular diagnosis of them is critical, including multiplex
testing to search simultaneously many arboviruses and perform more specific serologi-
cal testing, using better antigens, such as plaque reduction neutralizing antibody testing
(PRNT) [103], especially in patients with risks for severe or complicated disease.

For the control of these neglected arboviruses, vector control is key, especially
on Aedes and Culex species that represent the main mosquito genuses related to their
transmission (Table 3).

As expected, no vaccines nor antivirals have been developed for these neglected
arboviruses [104-106], although there is hope for them in the future. Therefore,
symptomatic treatment is indicated with them after establishing a specific and
confirmed molecular diagnosis.

3. Conclusions

Vector-borne diseases, particularly those involving virus transmission, continue to
be a significant public health problem, especially in tropical countries, but even with
climate change in also in subtropical countries. Still, in multiple countries, problems
related to accurate diagnosis of the etiology of febrile syndrome are complex. That
is in large magnitude related to arboviral pathogens, many of them neglected, as
the case of MAYV, MADV, ROCV, OROV, and SLEV, among others. Therefore, after
considering major arboviral diseases, such as DENV, CHIKYV, ZIKV, YFV, VEE, and
EEE, among others, epidemiological and clinical suspicion of them is critical to
establishing a differential diagnosis, detecting them, and even identifying possible
coinfections. At the same time, as there is a significant gap in knowledge about
neglected arboviruses in Latin America, more research is needed to understand their
implications and acute and non-acute clinical consequences and impacts.
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Chapter 4

Mycobacterium ulcerans Disease and
Host Immune Responses

Michael S. Avumegah

Abstract

Mycobacterium ulcerans is the causative agent of the subcutaneous necrotic
condition known as Buruli ulcer (BU).BU is Neglected Tropical Disease. The bacillus
is the third most common mycobacteria disease-causing agent after Mycobacterium
tuberculosis and Mycobacterium leprae. M. ulcerans produces the toxin-Mycolactone,
which plays a key role in the pathophysiological features of the disease. Buruli ulcer has
been reported in 34 countries, mainly in the tropics and subtropics. Tropical countries
include Benin, Cameroon, Ghana, Democratic Republic of Congo and Nigeria. BU is
also prevalent in Queensland, a subtropical region, and in Victoria, a temperate area,
all within Australia. The exact mode of the transmission remains unclear. However,
M. ulcerans is believed to have an aquatic niche. Initial diagnosis of BU is based on the
experience of the clinician, but PCR targeting the M. ulcerans DNA, 1S2404, isolation
and culture of the bacillus and histopathology are used for confirmation. The cur-
rent, commonly used methods for confirmatory diagnosis have logistic and resource
challenges. Novel cell mediated immunity (CMI) and serology-based tests would be
beneficial to provide a more accurate assessment of population exposure.

Keywords: Mycobacterium ulcerans, Buruli ulcer disease

1. Introduction

Mycobacterium ulcerans is the causative agent of the subcutaneous necrotic
condition known as Buruli ulcer (Figure 1) [2, 3]. The bacillus is the third most
common mycobacteria disease causing agent after Mycobacterium tuberculosis and
Mycobacterium leprae [4].

M. ulcerans produces the toxin-Mycolactone (Figure 2), which plays a key role in
the pathophysiological features of the disease [6-8]. Buruli ulcer has been reported in
34 countries (Figure 3), mainly in the tropics and subtropics [10]. Tropical countries
include Benin [11], Cameroon [12-14], Ghana [15], Democratic Republic of Congo
[16] and Nigeria [17, 18]. BU is also prevalent in Queensland [19], a subtropical
region, and in Victoria, a temperate area, all within Australia [20].

The exact mode of the transmission remains unclear [10, 21]. However, M. ulcerans
is believed to have an aquatic niche [22-26]. Aquatic insects, belonging to the Family:
Belostomatidae and Naucoridae have been implicated as possible vectors in Africa
[22, 27, 28]. In Australia, mosquitoes [20] and possum [29] have been suggested as
vector and reservoir [20, 29] respectively. Initial diagnosis of BU is based on the
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Figure 1.
A severe Buruli ulcer on the upper limb. Image was taken from WHO website [1].

Figure 2.
Mycolactone structure [5].

experience of the clinician [30], but PCR targeting the M. ulcerans DNA, 152404 [31],
isolation and culture of the bacillus and histopathology are used for confirmation
[32-34].
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Figure 3.
Distribution of Buruli ulcer, worldwide, 2020 [9].

In Africa, the disease is common in the rural setting where access to medical facilities
and other infrastructure is limited [35, 36]. The opposite is true in Australia [10]. More
cases have been reported among people living near wetlands [21, 37]. Gender is not a
risk factor [10, 38], however age has been identified as a non-environmental risk factor
[10, 38]. BU is prevalence among children between 5 and 15 age group in Africa [38].
Whereas in Australia the >60 age group are most susceptible [39-41]. This has been
attributed to the ageing population in Australia, as well as immunosenescence [41-43].

2. Miycobacterium ulcerans infection

The time of infection or exposure to M. ulcerans to showing clinical symptoms
of BU ranges from 1 week to 9 months [44]. The median incubation period is
4.5 months [44]. Non-ulcerative and ulcerative are the two main forms of the dis-
ease. The non-ulcerative form manifests as either painless nodule, swelling, plaque or
oedema [45].

Opened necrotic lesion on the skin describes the ulcerative form and is categorised
into 3 forms. Category 1 ulcers are single lesion on the skin and 5 cm in diameter [46].
Ulcers with size 5 to 15 cm is characterised as category 2 [46]. Multiples ulcers on dif-
ferent part of the body and/or ulcers greater than 15 cm is clinically described as cat-
egory 3 [46]. African cohort usually report category 3 and 2 ulcers whereas category 1
are common in Australia [46]. This has been attributed to differences in geographical
strains and virulence factor of M. ulcerans [47]. Access to adequate medical services in
rural endemic regions in Africa and late presentation of condition to medical centres
is another reason [30, 48].

Rooket al., described 3 phases of immune response to M. ulcerans in murine
model in 1975 [49]. The first phase involves leucocyte migration and delayed

71



New Advances in Neglected Tropical Diseases

hypersensitivity response at the site of infection [49]. This response is usually cell-
mediated and involves proliferation of T-cells, monocytes and macrophages. In the
next phase, as M. ulcerans cells multiple at the site of infection, there is subsequent
reduction in the migration of inflammatory biomarkers at this site [49]. Though,
there appears to be reactive cells in the lymph nodes [49]. The last phase is marked
by depletion of T-cells [49]. This is attributed to excessive exposure to the bacillus
toxins (mycolactone) [49]. Studies in tuberculosis and BU patients also confirms
that individuals could have a negative skin-test while their lymph tissues is filled
with enormous responsive cells [50, 51]. These 3 phases describes the phenomena
of “sensitization” and “desensitisation” in mycobacteria infection. The latter being
the non-appearances of cell-mediated response to a previously encountered
antigen [49, 52].

3. Role of mycolactone in disease progression

Mycolactone is responsible for the necrotic nature of the disease [6, 7]. It is essen-
tially a lipid-like toxin [6]. The exact role in the bacillus is unknown [6]. However,
it is speculated to offer predatory protection from eukaryotic microorganisms [6].
Currently, 5 variants of mycolactone has been described and is grouped into A/B, C,
D, E and F [53, 54]. Mycolactone A/B which is the most virulent variant is produced
by M. ulcerans strains of African, Japan and Malaysia origin [55]. Ulcers are there-
fore, the most severe and difficult to treat [55]. Mycolactone C and D are localised
to strains in the pacific regions, specifically Australia and China, respectively [55].
Mycobacterium liflandii, a West African frog pathogen produces the “E” variants [56,
57]. Mycolactone F is synthesised by Mycobacterium pseudoshottsii and Mycobacterium
marinum [55].

Mycolactone has been observed to have cytopathic effect on host cells both in
vitro and in vivo [6, 7, 58]. M. ulcerans upon entry into the body establishes a localised
niche and multiplies along with mycolactone release [49]. The host mounts an initial
cell-mediated response to clear the infection [49]. However, mycolactone functions as
immune modulation and immunosuppressive agent [49, 59]. Thus preventing com-
munication and recruitment of other important immune cells to the site of trauma
[49, 60, 61]. Bacillus overload and dead inflammatory cells is usually seen as closed
nodule-like or painless swellings (non-ulcerative). At this early stage, infection may
clear or resolve naturally but persistent production of mycolactone eventually leads to
necrotic and open ulcers [46, 49, 51].

4. Mycobacteria genus

Mycobacteria species are among well-studied genus of microorganism and
M. tuberculosis has been an exemplar [62, 63]. The ubiquitous nature of organisms in
this genus has huge medical implication [64]. Over 100 species have been identified
and characterised from soil and water [64]. Mycobacteria could be divided into two
main categories namely, tuberculous and non-tuberculous mycobacteria (NTM) or
atypical [64]. Tuberculous mycobacteria causes diseases such as pulmonary tubercu-
lous disease and leprosy [63]. Non-tuberculous mycobacterial species include
M. ulcevans, M. avium, M. intracellularae, M. kansasii, M. xenopi, M. chelonae,
M. marinum and M. fortuitum [63].
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5. General overview of immune response in mammals

The natural and initial response of mammals to invading pathogens, including
mycobacteria is the innate immune response [65, 66]. This involves recruitment of
inflammatory cells (granulocytes) to the site of infection and subsequent ingestion
and disruption of the harmful agent, which then is engulfed by macrophages [67,

68]. These are necessitated by innate immune cells, hence the name cell-mediated
immunity [66]. Cell-mediate response is transient (acute) and last 1 day to 2 weeks
[66]. However, humoral (antibodies) response or immunity which forms after initial
expose to a pathogen is long lasting [66]. In adaptive immunity, two cells play key role
[66]. These are the T' (T-cell) and B (B-cell) lymphocytes [66]. T-cells develop in the
bone marrow and matures in the thymus, they recognises and fights viral particulates.
B-cells on the other hand matures in the bone marrow and work to eliminate bacteria
and viruses from the body [66].

5.1 T-cells

T-cell is divided into “helper T cell (Ty)”, “cytotoxic T cell (T,)”, “natural killer T
cell (NKT)” and “memory T cell (T,,)” [66]. T}, cells are responsible for activation and
proliferation of cytokines. They also assist in the maturation of B cells and activation of
T, and macrophages [66]. Helper T cell is divided into Type 1 (Ty1) and Type 2 (T42)
T-helper cells [66]. Cell-mediated response is usually aided by Ty1. Resulting in the
recruitment of macrophages to an infected site for action [66]. Interferon gamma (IFNy)
and macrophages are the main effector biomarkers of Tj,1 immune response [66]. T,1
response is usually mounted against intracellular bacteria and protozoa [66]. T2 on
the other hand aids in the activation and proliferation of B cells, and is a component of
humoral immunity [66]. T2 cells functions to clear extracellular bacteria from the body
[66]. Eosinophils basophils, and mast cells are important effector agents of T;,2 immune
response [66]. Cytotoxic T cell (T.) is responsible for the disruption and cytolysis of host
cells infected by virus [66]. They also play key role in tumour and cancer immunity [66].
Natural killer T cell (NKT) also assist in B cell activation and microbial defence [66].

5.2 B-cells

B cells is a component of the white blood cells and humoral immunity [66]. B
lymphocytes secrete antibodies which are critical in pathogen specific recognition
and elimination [66]. These cells are essential in the production of antigen-specific
immunoglobulin (Ig) which are the agents that binds to pathogens [66]. Major sites
of B cells in human include the blood and the lymph nodes [66]. Spleen and tonsil are
other areas B cell are be found [66]. B cells and T cells work in concert to eliminate
pathogens from the body [66]. After production and maturation in the bone marrow,
B cells circulate through the blood and lymphoid system. Upon encounter with a
specific pathogen, binding occurs. Subsequent assistance from the T cells lead to the
elimination of the invading cell from the host [66].

6. Immune profile of active BU patients, exposed and unexposed controls

Screening for cytokines and antibodies specific responses in BU patients is still
a matter of intense research [59, 60, 69-75]. This is because individuals with active
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disease are incapable of mounting an effective specific immune response to M. ulcer-
ans [63]. It is known that patients seem to have reduced expression of Ty1 cytokines
[49, 69, 70]. In comparison, T2 response is common among active ulcerative patients
and those with healed ulcers [69, 70]. The T2 cytokine cells include interleukin (IL)
4, IL-5, IL-6, and IL-10. Exposed household contact with no clinical symptoms also
have T}2 response [69, 70]. However, BU patients are more likely to express IL-4 and
IL-10 [69, 70, 76]. Ty1 immune response is characterised by expression of IFNy and
IL-12, critical mediators for macrophages recruitments [66, 69, 70, 76]. Interestingly,
previous studies have shown that histopathology of ulcerative tissue biopsy shows
macrophages with acid fast bacteria overload (likely to be M. ulcerans) [73, 77].
Mycolactone functions to either supress or deviate immune cells that could lead to the
effective clearance of M. ulcerans from the host [61, 78]. Therefore, first responder
cytokines such as tumour necrotic factors (TNF) is downregulated. TNF is respon-
sible for septic shock and it works in concert with IL-17 in the release of inflammation
infiltrates to infected areas and induces fever [60, 79].

7. Immune profile of BU patients undergoing antibiotic treatment

BU is curable [80], but treatment could take months if not diagnosed early [80].
Like many bacterial infection, appropriate antimicrobial medications is required in
killing M. ulcerans to wane off mycolactone production [81, 82]. Currently, 8 weeks of
oral rifampicin, is the preferred antibiotic regimen in many medical centres [46, 83].
Like mycolactone, rifampicin is a polyketide, and functions to inhibit the ribonucleic
acid (RNA) polymerase activity of bacteria [84]. Thus leading to the shutdown of
important amino acids, protein synthesis and inhibiting the growth of the bacillus
[84]. Other medications/treatment tested or used in combination with rifampicin
include Streptomycin, Oral Fluoroquinolones [85], Amikacin [86], Clofazimine
[87], Co-trimoxazole [87], Ofloxacin [87], Cephalosporin [87], Penicillin [87],
Metronidazol [87], Minocyclin [87], dapsone [87], Phenytoin powder [88], Topical
nitrogen oxides, mycobacteriophage D29 [89], clay and local heat [87]. Cytokine
profile of patients undergoing antibiotic treatment have shown that there is gradual
re-establishment of Tj,1 immune response during the healing process [90]. These
inflammatory biomarkers include IL-4, IL-7 and IL-8 [90].

8. Paradoxical reactions in BU treatment

Paradoxical reaction in the healing process has also been reported [91]. This
describes a stage where instead of the ulcers healing during antibiotic treatment, it
rather becomes worst [91]. The exact mechanism underlining paradoxical reaction in
BU healing is poorly understood. It has been speculated that immediate restoration
of cytokine response to M. ulcerans antigens after mycolactone wash out could be the
plausible explanation.

9. BU vaccines

There is currently no specific vaccine for BU [92]. But Bacillus Calmette—Guérin
(BCG) vaccine has been used to check for cross-protection in M. ulcerans infection in

74



Mycobacterium ulcerans Disease and Host Immune Responses
DOI: http://dx.doi.org/10.5772/intechopen.103843

Uganda [50]. BCG is a purified protein derivative (PPD) from Mycobacterium bovis

[63]. It is the main vaccination regimen for TB and some non-tuberculous mycobacteria
(NTM) [63, 64]. It stimulates a strong T;,1 immune response. This include IFNy-
secreting CD4+ T cell response in recipient [64]. It was observed that BCG offered a
protective effect between 47 to 50% among those tested in Uganda [50, 93]. However,
this protection was short-lived, the reason is unclear [50, 94]. The main protective agent
in BCG vaccine is the peptide Ag85A [92]. It is a highly conserved motif and plays a criti-
cal role in cell wall synthesis [95, 96]. Ag85A homologue from M. ulcerans have also been
screened for cross-protection in BU disease and have shown prospect [96]. M. ulcerans
surface protein —18 kDa small heat shock protein (MUL_2232) [97] and MUL_3720 [98]
have also been used in vaccine formulation against M. ulcerans [99]. In a murine experi-
ment, a recombinant (r) vaccine formulation (rMUL2232 and rMUL3720) failed to
protect against BU even though antibodies were present [99]. It appears that M. ulcerans
specific antibodies fail to protect against developing overt disease [100]. Although
mycolactone is the culprit in this debilitating disease [6], vaccine based on it has been
thought off as a “goose chase”. The reason being, mycolatone is a polyketide, a lipid-like
derivative and not necessary immunogenic [92]. Animal experiment by Robert et al 1997
did not find mycolactone an ideal candidate for diagnosis or vaccine [58].

10. BU and host susceptibility

M. ulcerans is an environmental pathogen [64]. Several studies have reported M.
ulcerans DNA target both in BU endemic and non-endemic regions [21]. In addition,
Sero-epidemiological studies have also shown that antibodies for the immuno-domi-
nant protein, 18 kDa shsp is present in healthy controls [100]. This has raised numerous
questions and hypotheses on host genetics and susceptibility [36]. From previous
reports, it appears not all those exposed to M. ulcerans develop overt disease [36]. Some
genetic marks such as solute carrier family 11, member 1 (SLC11A1) [36], autophagy-
related genes E3 ubiquitin-protein ligase (PARK2) and autophagy-related protein 16-1
(ATG16L1) [36] nucleotide-binding oligomerization domain-containing 2 (NOD2)
have been suggested as key players in BU susceptibility [36]. If host susceptibility is at
play, it could change our perception on the mode of transmission and treatment of BU.
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Abstract

The circumsporozoite surface protein (CSP) is the most abundant polypeptide in
the sporozoite covering. This protein is involved in the motility and invasion of the
sporozoite during its entrance in the hepatocyte. Plasmodium vivax CSP sequences
analyses revealed that parasites have repeats belonging to three types of peptide
repeat units, named VK210, VK247 or P. vivax-like, this last differ from the two
previously described variants. All P, vivax CS genotypes have a worldwide distribu-
tion by genetic and serological evaluation. Studies have also reported differences
in the infectivity of anophelines to the variant genotypes, indicating that different
malaria vectors were more susceptible to the infection by VK210. These findings
could be a consequence of differences in the emergence of this genotype in specific
regions around the world. These polymorphisms are associated to the increase of
nonregulated inflammatory immune responses, which in turn may be associated with
the outcome of infection. Geographic coexistence of these variants increase drug
resistance and also recurrent parasite behavior. Knowledge of the P. vivax genome
contributed to several discoveries, however, new studies are still needed to evaluate
its potential as a promising vaccine target.

Keywords: epidemiology, treatment response, vaccine, plasmodium vivax

1. Introduction

Malaria remains an important public health problem in several countries
of tropical and subtropical regions of the world. In 2019, the disease caused an
estimated 229 million clinical cases and around 409,000 deaths worldwide [1].
Five Plasmodium species are more frequently associated with human infection:
Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae, Plasmodium
ovale, and Plasmodium knowlesi. The last species was recently related in a zoonotic
transmission in Asia [2]. Although, cases from an outbreak in the Atlantic Forest
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of Rio de Janeiro state, initially diagnosed as P. vivax infection, were in fact caused
by Plasmodium simium, a neotropical primate parasite [3], other simian malaria
parasites, morphologically, indistinguishable from P. vivax, the Plasmodium
cynomolgi, have also been shown to have the potential of zoonotic transmission to
humans through the bites of infected mosquitoes under natural and experimental
conditions [4, 5]. Among the natural human Plasmodium species causing malaria
in humans, P, vivax is the most widely distributed and prevalent outside of Africa
[6], producing more than 80 million cases per year in these regions. Once consid-
ered clinically mild when compared with P. falciparum infection, P. vivax malaria
causes debilitating effects that affect social and economic indices of the endemic
regions and has been associated with the occurrence of severe cases around the
world.

The circumsporozoite protein (CSP) of the infective sporozoite of all
Plasmodium species can be evidenced in the process of maturation and salivary
invasion in the vector as well as in human liver cells [7, 8]. Although it has been a
major target in the development of recombinant malaria vaccines, this approach
had to be re-evaluated because of the discovery of sequence variation in the repeti-
tive sequence of its central portion gene [9, 10]. All CSPs present a central repeat
region (CRR) and two conserved domains RI (region I - located in the amino
terminal) and RII (region II — located in the carboxyl terminal). Sequence analyses
of the P vivax CRR CSP showed two repeats GDRA(A/D)GQPA or ANGA(G/D)
(N/D)QPG belonging to one of the nonapeptide repeat units named VK210 or
VK247, respectively [11, 12]. Lately, the P. vivax-like was named by Qari et al. [10]
to describe an 11-mer repeat sequence, APGANQ(E/G)GGAA containing variant,
distinct from the two previously described, isolated from an infected individual
in Papua New Guinea (Figure 1, [10, 13]). However, phylogenetic analyses of the
SSU RNAr and Cyt B markers positioned both P. vivax CS genotypes in the same
clade after revealing high similarity and diversity equal to zero between VK210 and
P, vivax-like [14].

Finally, a high frequency of IgG antibodies against the N- and C-terminal regions
of the P, vivax CSP was detected in comparison to the immune response to the
VK210- and VK247-repetitive regions. Such difference was even more pronounced in
P, vivax-like variant-caused infection cases. So, it appears that differences among the
P, vivax CS variants are restricted to the central repeated region of the protein, mostly
generated by nucleotide variation, with important serological consequences. These
are information of great importance since such genetic diversity can be the product
of intra-specific biological signatures, with major implications for the P. vivax CSP
malaria vaccine trials [14].

RII

RI
NH, | INNNENNENEENNNNENENEE Bl |coon
[ |

CENTRAL REPEAT REGION

DRA(D/A)GQPAG (VK210)
ANGA(G/D)(N/D)QPG (VK247)

APGANQ(E/G)GGAA (P, vivax-like)

Figure 1.

Schematic representation of the civcumsporozoite protein (CSP) of P. vivax, comprising the central repeat region
(CRR) flanked by the N- and C-terminal domains, including the conserved regions I and II. The CRR can have
three forms denoted VK210, VK247, and P. vivax-like.
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2. Epidemiological aspects of the plasmodium vivax CSP variants in
endemic areas around the world

P, vivax is responsible for approximately 7 million malaria cases worldwide [1].

In 2017, 49 countries reported locally acquired cases of P, vivax, where it is estimated
that more than 2.5 billion people are at risk of infection [15, 16]. The control of P
vivax infections is more challenging compared with P. falciparum due to some unique
biological features, such as the existence of dormant liver forms (hypnozoites) and
early sexual parasite development. Thus, treatment of blood-stage infection is less
effective to reduce P. vivax transmission, and probably the vaccine development
against this species will be indispensable for elimination and eradication of disease.
Most efforts to develop a vaccine against P, vivax have focused on the CSP. For this
reason, it is important to evaluate polymorphisms in pvcsp gene and how its variants
are widespread in endemic areas [17].

Seroepidemiological and genetic studies performed in malaria endemic areas
could provide valuable information on parasite transmission and dispersion. The
genetic diversity of the CS gene has been useful in molecular epidemiological stud-
ies, understanding the transmission, dynamics, and evolutionary relationships [14].
Furthermore, eco-epidemiological conditions, biological and genetic characteristics
of the parasite, the host immunity, and local vectors may influence the different
patterns of demographic expansion. On the other hand, the human intervention
can become a factor to reduce the risk of malaria, without necessarily modifying the
environment [18]. Serologic surveys in P, vivax isolates from Thailand [19, 20] and
Myanmar [21] demonstrated the presence of antibodies that recognize recombinant
and synthetic polypeptides that represent the VK210 and VK247 (alone or mixed).
PvCSP antibodies in high-risk malaria areas in Korea [22] and sub-Saharan Africa
[23] were detected. The Korean findings suggest that antibody levels for the CSP anti-
gen could become deficient or reduced over the long-term incubation period. Mexican
[24, 25] and Peruvian [24] sera reacted with either VK210 or VK247 repeat domains.
It has been shown that the prevalent phenotype of the P. vivax parasite in the study
sites of Colombia is VK247, whereas VK210 accounts for one-third of the cases, and
few P, vivax malaria cases correspond to mixed infection [26]. Antibodies to these
three variants have been circulating in the Brazilian Amazon population [27-30].

In addition, Oliveira-Ferreira et al. [31] have observed the profile of IgG responders
to these PvCSP variants, where more responders to VK210 were found, followed by

P, vivax-like and VK247 in Rondénia state. Cross-sectional cohort study included
individuals from three different communities with malaria transmission in Acre state,
demonstrating that VK210 presented the highest prevalence of responders to IgG
antibodies, followed by P. vivax-like and VK247 [32]. Besides, the higher frequency
of antibodies to VK210 is according to studies that described this variant as the most
common in Amazon, while VK247 was rarely reported as a single infection [14, 27].
However, unlike previous reports from different areas of the Brazilian Amazon, the
VK247 variant was found in higher frequencies than VK210 in Goianésia do Par4,
Para State [29]. The higher frequencies of VK247 in current infections compared with
higher antibody responses to VK210 may suggest that VK210 protein is more immu-
nogenic than VK247 [33, 34], and also that the VK210 variant could have been more
prevalent in endemic area from Amazon region in the recent past, as the majority of
the patients had a previous history of malaria infections. Nevertheless, nucleic-acid-
based diagnosis evaluates the genotypes of the current infection while antibody-based
techniques are able to signalize positive results several months and even years after
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the end of the infection. Furthermore, there is a possibility that hypnozoites/relapses
do influence the antibody response to sporozoites, since the presence of a blood-stage
infection may not necessarily indicate a new infection [29, 34].

Using DNA techniques, the VK210 and VK247 sequences were found in P, vivax
isolates from Philippines [35] and Cambodia/Thailand [36]. The cosmopolitan
variant VK210 also predominate in Sri Lanka [37], Myanmar [38], Iran [39], Vanuatu
Island [40], and China [41]. VK247 seems to be more common in South-eastern
Asia [42, 43]. In fact, VK210 and VK247 genotypes have a worldwide distribution;
however, the P, vivax-like genotype has been only detected in Papua New Guinea,
Brazil, Indonesia, and Madagascar [13, 42, 44]. Sequence analysis of the C-terminal
nonrepeat region of Myanmar VK210 variants revealed 27 distinct haplotypes. The
sequence of haplotype 22 was identical with Sal I (GU339059) and accounted for
9.8% of all the VK210 sequences. The C-terminal nonrepeat region of VK247 variants
showed a lower level of genetic diversity than that of VK210 variants [45]. Moreover,
pvesp sequencing for samples collected in Oman displayed the VK210 type with a
single haplotype (six repeats of GDRADGQPA and nine repeats of GDRAAGQPA),
and the malaria vector in Oman is Anopheles culicifacies [46]. VK210 and VK247 ratio
in China was extensively investigated in several provinces, and the coexistence was
verified only in Yunnan, Hainan, and Liaoning provinces, whereas in Anhui, Hubei,
Guangxi, Guangdong, Guizhou, Sichuan, Jiangsu, also endemic, only the VK210 type
was detected. P, vivax was transmitted by distinct Anopheline species in China, in
Henan by An. Sinensis, and in Hainan by Anopheles divus and Anopheles minimus, but
these two provinces had the same genotypes [47].

Malaria transmission currently exists in 21 countries and territories of the
American continent, where 132 million people are at risk of infection [48]. In south-
ern Mexico, VK210 and VK247 CSP phenotypes were detected and associated to the
parasite infectivity to the local mosquito vectors Anopheles pseudopuntipennis and
Anopheles albimanus [49, 50]. In samples of P. vivax from Mexico, Nicaragua, and
Peru, it was observed that the genetic diversity of the CSP gene is restricted mainly to
the central repeat domain and 3’-terminal portion [18]. This variation occurs due to
changes in the type of nucleotides and number of repeats of the repeat region, and it
is possible that the repeat region of VK247 is more stable than VK210. The predomi-
nance of VK247 parasites was documented on the Pacific Ocean coast of Western
Colombia and in Piura, Peru [51]. An. nuneztovari infected with the VK210 and VK247
genotypes in Colombia, showing its importance for malaria transmission in areas
with anthropic intervention [52]. P. vivax samples in the North, North-West, and
South of Guatemala [53] and in municipalities of Honduras [54] were all of the VK210
genotype.

In Brazil, the detection of three P. vivax CSP genotypes has been observed in
different areas from Amazon [44, 55-58], pre-Amazon [59], as single and mixed
infections, and extra-Amazon region [60]. The VK210 genotype remains the most
prevalent, most likely because of the great susceptibility of the An. darlingi vector,
which is the most abundant in the country, to this variant [61]. The P, vivax-like
genotype had a low frequency of the genotyped samples; this frequency could be due
to its recent introduction into the region or due to differences in the development
of this genotype in the vectors present in the area [27, 55]. Furthermore, the VK210
and VK247 were detected in An. aquasalis and An. darlingi in endemic areas of Pard
State [61]. Although the VK210 genotype remains the most prevalent in Brazil, new
evidence reveals a strong adaptation of the VK247 variant in southeastern Para state,
as well as the association of this genotype with high parasitemia. An. albitarsis has
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been found in a natural infection with the VK247 genotype in Goianésia do Para [57],
Anopheles oswaldoi in Acre State [62, 63]. Despite the association between high para-
sitemia and the VK247 genotype, the introduction of the VK247 and VK210 genotypes
may have occurred at different times according to the endemic area [57].

3. CSP variants in plasmodium vivax isolates from malaria-endemic region
and to profile these variants based on sensitivity to antimalarial drugs

As described above, P. vivax has a complex life cycle distinct with different stages
between vector and host with a dormant liver stage. To achieve optimal results for
P, vivax infections, effective clearance of both blood-stage parasites to treat the
acute infection and liver-stage parasites (radical cure) to prevent relapse is required,;
however, the continual rise and propagation of resistance against antimalarial drugs
are of great concern to successfully [64]. Despite increasing reports of resistance,
chloroquine (CQ) remains highly effective for treatment of strains from temper-
ate South American countries, some parts of Eastern Mediterranean, and parts of
Southeast Asia [65]. The first evidence that P, vivax is developing resistance to CQ
was reported in Papua New Guinea by Rieckmann et al. [66]. It is difficult to ascer-
tain how common CQ resistance is in P. vivax infection, particularly as resistance
does not appear to be absolute [67]. On the other hand, reduction in susceptibility to
CQ was reported from Solomon Island [68], Papua New Guinea [69, 70], and India
[71]. Brazilian studies also assessed the efficiency of standard supervised therapy
or the in vitro profile of mefloquine (MQ ) and CQ resistance showing failure of the
treatment [72-74].

Another important issue is that the response to the treatment might possibly differ
depending on the genotype of the parasite. However, the influence of these variants
on drug response remains unclear. Studies conducted by Kain et al. [75] showed that
the response to CQ may vary depending on the type of P, vivax variant, as both single
VK210 and VK210/VK247 mixed infections took longer to clear when compared with
single VK247 infection in Thailand. Later, two studies conducted in Brazil showed
contradictory results. One demonstrates a correlation between the P. vivax variant
and the response to CQ [56], and the other does not observe any difference in the
frequency of the resistant isolates and in the ICsy mean for CQ or mefloquine, accord-
ing to VK210 subtypes [74]. Additional studies will be necessary to enable a better
understanding of whether individuals in endemic areas acquire P, vivax CSP variants
that have preferential ability to malarial drug resistance.

4. Vaccine containing the three allelic variants of the plasmodium vivax
circumsporozoite antigen

Immunologically, the course of infection by Plasmodium depends on the produc-
tion of pro- and anti-inflammatory cytokines. In cases where an inflammatory pat-
tern is prevalent, the disease tends to be more severe. Nonetheless, the upregulation
of anti-inflammatory cytokine appears to occur after the increase in inflammatory
cytokines, due to a regulatory mechanism, to prevent the exacerbation of inflam-
matory response and its deleterious effects [76, 77]. Moreover, P. vivax sporozoites
are covered with CSP, a highly immunogenic protein, recognized mainly by B
lymphocytes.
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The good-responder immune profile against CS repeats of VK247 in individuals
carrying the typically Amerindian HLA specificity DRB1*16 and the non-responder
profile against CS repeats of VK210 in individuals carrying HLA DRB1*07 was previ-
ously determined [31]. Patients with the VK210 variant showed a regulatory cytokine
profile in plasma, while those infected with the VK247 variant have a predominantly
inflammatory cytokine profile and higher parasite loads, which altogether may result
in more complications in infection. In other Brazilian Amazon areas (Maranhdo and
Pard state), the CSP polymorphism is associated with the increase of nonregulated
inflammatory immune responses, which in turn may be associated with the outcome
of infection [59]. In addition, Individuals with the rs16944 CC genotype in the IL1$
gene have higher antibody levels to the CSP of P. vivax of VK247 and P, vivax-like
variants [29].

The development of a vaccine with satisfactory efficacy for malaria would be an
important strategy for the control of the disease, mainly because it provides a tool for
the prevention of this parasitosis, with relevant aspects of the cost-benefit relation
and would bring a solution that overlays the adaptive strategies of parasites and
vectors. Despite the general obstacles that need to be overcome in the development of
vaccines against parasitic diseases, researchers who develop vaccines against P. vivax
face other adversities. One of them is the fact that these protozoa have the formation
of hypnozoites, which can cause relapses months and even years after the primary
infection [78]. In endemic areas of malaria transmission, individuals with repeated
exposure to the parasite tend to develop clinical immunity to both P. falciparum and
P, vivax malaria.

Since the central portion of CSP is highly immunogenic and the induction of
a protective response in animals immunized with sporozoites and in humans has
been observed in experimental models, CSPs are being investigated as candidates
for a human vaccine against malaria. However, despite decades of research, a
highly effective vaccine still remains elusive. To date, only one vaccine formulation
against P, falciparum has been licensed, RTS, S, manufactured by GlaxoSmithKline
(GSK), which showed limited protective efficacy in young children (approximately
36%). RTS, S is a recombinant vaccine produced in Saccharomyces cerevisiae, which
comprises the C-terminal portion of PfCSP and repeat regions fused to the surface
antigen (S) of hepatitis B virus. This vaccine may contribute substantially to the
control of malaria when used in combination with other control measures, espe-
cially in high-risk areas [79].

This vaccine is based on CSP, the major surface antigen present in sporozoites
that is critical in liver-stage development during the pre-erythrocytic life cycle [29].
CSP has a central immunodominant region of tandem repeats flanked by two highly
conserved regions that encode the amino terminal and carboxy terminal regions.
The most advanced vaccine candidate (phase II clinical trial) to prevent malaria by
the P, vivax also targets CSP. Nonetheless, differently from P, falciparum, the PvCSP
exhibits diversity in its central repetitive domain, defining the variants VK210,
VK247, and P, vivax-like. The P. vivax CSP vaccine was also combined into multiva-
lent formulations or chimeric synthetic molecules. Peptides based on the N-terminal,
central repeat, and C-terminal regions of PvCSP were immunogenic in individual
administrations of experimental models (mice and monkeys) as well as in healthy
human volunteers [80].

Another major difficulty that must be overcome is the absence of P. vivax infection
in rodents, and in this way, preclinical evaluations on the vaccine protective efficacy
are mainly restricted to nonhuman primates. In addition to the ethical issues, these
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animals must undergo a surgery to remove the spleen in order to promote adequate
parasitemia. This procedure may add significant result interpretation bias since organ
removal causes immunological changes [81]. Thus, vaccine formulations against

P, vivax malaria are based on chimeric parasites expressing parasite proteins [82].
The use of transgenic parasites of CSP-based vaccine formulations for the pre-
erythrocytic phase of infection has allowed the analysis of functional inhibition of
the exogenous CSP, expressed in replacement of the endogenous protein. Likewise,
chimeric P, berghei parasites expressing the VK210 and VK247 were used to determine
the protective efficacy of vaccine formulations consisting of viral vectors carrying P
vivax CSP alleles [82]. The results showed that this vaccine could induce protective
and effective immune responses against P. vivax and that these findings could con-
tribute to the development of a potential vaccine against malaria.

Another subunit vaccine against P. vivax malaria is also undergoing clinical trials.
Named VMPO0O01, this vaccine was expressed in Escherichia coli and encodes a chimeric
CSP containing repeated sequences of the two alleles VK210 and VK247. The first
Phase 1 trial with VMP0O01 showed that the vaccine was well tolerated and immuno-
genic, generating robust humoral and cellular responses to the vaccine antigen. The
results did not demonstrate a protective sterilizing immunity; however, a delay to
significant parasitemia was observed in more than 50% of the vaccinated individuals,
compared with that seen in the control group [83].

Another study for P. vivax vaccine [79], which performed the expression in Pichia
pastoris two chimeric proteins by merging the three central repeat regions of dif-
ferent CSP alleles (VK210, VK247, and P, vivax-like), after challenge with P. berghei
ANKA transgenic parasites expressing Pb/PvVK210 or Pb/PvVK247 sporozoites.
Significant time delays to parasitaemia were observed in all vaccinated mice. Thus,
these formulations have potential for clinical evaluation due to their potential
as protective vaccines against P, vivax malaria. Then, a group in Brazil describes
the immunogenicity analysis of the vaccine formulations composed only by the
PvCSP-AlIFL chimeric and the influence of the PvAMA-1 combination [80]. The
PvAMA-1 recombinant protein has also been previously described. The recombinant
protein PvCSP-AIIFL contains both N- and C-terminal and also the central repeats
sequence of the P, vivax allelic variants while the central region contains six copies
of the VK210 sequence (GDRA[A/D]GQPA), followed by six copies of P. vivax-like
repeats (APGANQEGGAA) and five copies of the VK247 sequence (ANGAGNQPG).
Laboratorial analyses using sporozoites from the P. vivax strain VK210 and blood-
stage isolates demonstrated that these vaccine-elicited antibodies can recognize the
native proteins. Immunization using this vaccine induced approximately a five fold
decrease in parasitemia as assessed at day 5 post challenge, however, was not enough
to neutralize the VK210 sporozoite infection.

5. Concluding remarks

Plasmodium vivax is the most widespread and the second most prevalent malaria-
causing species in the world. CSP, although highly informative, is not a perfect
measure of this parasite genetic diversity. However, this could provide interesting
baseline data that allow identifying potential new cases infected by parasites diverse
from those currently circulating in a determined area. Individuals residing in malaria-
endemic areas may be infected with different parasite genotypes, resulting from
multiple bites from infectious mosquitoes or bites from mosquitoes infected with
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multiple parasite genotypes. This fact can also vary considerably based on differences
in the epidemiological scenarios. More investment and a greater effort toward the
development of P, vivax vaccine components for a multispecies vaccine are required.
This is due to the wide geographic coexistence of these Plasmodium vivax variants,
but also to increased drug resistance, recent observations of severe and lethal cases of
P, vivax, and recurrent parasite behavior. Knowledge of the P. vivax genome contrib-
uted to several discoveries; however, new studies to evaluate vaccines still need to be
designed.
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Abstract

Enzymes called proteases play important roles in the physiology of all living organ-
isms and in the interaction of a parasite/symbiont with its host. Different types of pepti-
dases act on specific substrates and are regulated by specific inhibitors. Ecotins, described
firstly in Eschericchia coli, are inhibitors of serine peptidases (ISP) from S1A family includ-
ing trypsin, chymotrypsin, neutrophil elastase, and cathepsin G. Ecotin-like inhibitors
are present in parasites from Trypanosomatidae family, including Trypanosoma cruzi,
the causative agent of Chagas’ disease. This chapter explores the evolutive origin of the T
cruzi TcISP2 and its possible interactions with proteins of the human immune system and
in Chagas’ disease. The phylogenetic relationship of TcISP2 with trypanosomatids ISPs,
comparative loci analysis among trypanosomatids, and the occurrence of bacteria endo-
symbionts in the group strongly suggest horizontal transfer as the main origin mechanism
for trypanosomatids ISPs, followed by duplication events and losses that could explain
its current genomic pattern. The relationship of TcISP2 with the vertebrate host immune
system can be inferred by its antigenicity in Chaga’s disease murine model, presenting
high antibody titer after 60 days post-infection, which could indicate the inhibition of
TcISP2 activity associated with chronic phase of the Chaga’s disease.

Keywords: Trypanosoma cruzi, ecotin, serine-protease inhibitor, recombinant protein,
neutrophil elastase
1. Introduction

Chagas disease, despite the success of public policies for vector control, still has
aworrying annual incidence in Brazil, especially in the precarious and growing
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frontiers of the legal Amazon [1]. The etiologic agent of Chagas’ disease is the proto-
zoan Trypanosoma cruzi, transmitted through the bites of insects of the Triatominae
subfamily, in blood transfusions, or orally through the ingestion of contaminated
food with the waste of vector insects [2]. The incidence of the disease through classi-
cal transmission by triatomines cohabiting human residences has been significantly
reduced as a result of the effectiveness of public vector control and housing improve-
ment programs [3]. However, there is a growing number of cases in the states of the
Legal Amazon, where there are wild triatomines that, as they do not invade human
dwellings, cannot be easily controlled by traditional containment measures [4]. The
frequent result is oral contamination through ingestion of products contaminated

by vectors infected with Trypanosoma cruzi, such as agaf pulp [5], in addition to the
expansion of vector transmission by wild triatomines, whose incidence only should
grow as deforestation continues in the region [6]: between 2000 and 2016, more than
2000 confirmed acute cases in Belém in the State of Pard, Brazil, Amazon region [7].

T. cruzi belongs to the order Trypanosomatida, which also harbors the genus
Leishmania, another widely distributed human parasite that causes leishmaniasis,
also, an important neglected disease. Genetic analysis of members of this order
revealed the presence of genes that encode serine peptidase inhibitors (ISPs), in the
genera Leishmania and Trypanosoma. The ISPs observed in these trypanosomatids are
orthologs of ecotin, an inhibitor found only in gram-negative bacteria [8], suggesting
a possible lateral genetic transfer at some point in the evolution of these taxa. This
fact, quite interesting in itself, becomes more intriguing when we consider that the
sequencing did not reveal the presence, in the genome of the studied parasites, of
serine peptidases of the types that ecotin inhibits, as it indicates that trypanosomatid
ISPs have exogenous targets [9].

In bacteria, especially those that invade arthropod and vertebrate tissue, a growing
variety of studies indicates that ecotin is a key factor in defense against the immuno-
logical barriers of infected organisms. Recent evidence indicates that ISPs synthesized
by Leishmania major, which are also ecotin orthologs, have an exogenous function,
facilitating the parasite’s survival against the host immune system. Drawing a paral-
lel between studies with ecotin-bearing bacteria and ISPs of L. major —a parasite
that belongs to a sister group of T. cruzi—it is clear the fundamental role that these
serine peptidase inhibitor proteins play in modulating the immune response of these
parasite hosts. Next, we compared the position of ecotin in various members of the
Kinetoplastida group to reinforce the hypothesis of its possible common origin from
horizontal transfer. Besides, the interaction of ISP2 from T. cruzi (TcISP2) with the
vertebrate host immune system will be demonstrated by its antigenicity property in
the murine model of Chagas’ disease.

1.1 General taxonomic aspects and life cycle of Trypanosoma cruzi

Kinetoplastida is a class of unicellular eukaryotes characterized by the presence of
the kinetoplast, a feature formed by circular concatenated DNA molecules (kDNA)
inside a solitary mitochondrion [10]. Trypanosomatida is an order of kinetoplastids
composed of obligatory parasites of invertebrates, plants, and all classes of verte-
brates [11, 12]. This order includes genera that are exclusive arthropod parasites, such
as Crithidia [13, 14] and Herpetomonas [11], and also genera with heteroxenous life
cycles (involving more than one host), such as Leishmania and Trypanosoma. These
two genera are of great medical importance as they contain species that are etiological
agents for serious human diseases, such as sleeping sickness, Chagas’ disease, and
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visceral and cutaneous leishmaniasis. Some Trypanosomatida genera have obligate
endosymbiont bacteria, which have been used as model organisms in studies on
unicellular symbiosis [15, 16].

Species in the Trypanosoma genus are heteroxenous and usually have complex life
cycles [17]. In trypanosomatids belonging to the Stercoraria section, trypanosomes
are transmitted to vertebrate hosts by hemipteran insects in the Reduviidae fam-
ily [18], such as Trypanosoma cruzi, the etiological agent of Chagas’ disease. Motile
metacyclic trypomastigote infective form of T cruzi penetrates the skin or skin lesion
of the vertebrate host after being expelled with the feces of the insect. Once inside the
vertebrate host, the infective metacyclic trypomastigotes transform into bloodstream
trypomastigotes, which invade cells of various tissues and, differentiate into amas-
tigotes, static forms that multiply inside the cells by binary fission. After a number
of division cycles, T. cruzi amastigotes transform into bloodstream trypomastigotes
and are released into the circulatory system, infecting other cells in the body. When a
triatomine insect vector feeds on an infected vertebrate with the motile trypomasti-
gotes present in the blood, the ingested parasite differentiates into epimastigote forms
that multiply by binary fission and migrate to the posterior intestine of the insect
where it transforms to vertebrate infective metacyclic trypomastigotes, completing
the parasite cycle. In members of the Salivaria section of Trypanosoma genera, such
as Trypanosoma brucei, the metacyclic trypomastigote is injected directly from the
salivary gland of the insect host, flies from Glossina genus, into the bloodstream of
the vertebrate host [19, 20]. T brucei trypomastigotes can directly multiply by binary
fission in the vertebrate blood. When a hematophagous insect vector feeds on the
blood of an infected vertebrate it consumes bloodstream trypomastigotes forms,
which differentiate inside the insect into procyclic trypomastigotes and then into
epimastigotes, which are capable of multiplying by binary fission. The cycle is closed
with the transformation of epimastigote forms into metacyclic trypomastigote forms
in the salivary gland of the insect fly that infects a new vertebrate host during blood
feeding [18].

The heteroxenous life cycle in trypanosomatids may have an evolutionary his-
tory beginning before the start of the tertiary period, but the overall Kinetoplastida
phylogeny is still filled with uncertainty, even more so among trypanosomatids
[21]. The existence of bacterial endosymbionts in the group is of marked interest to
researchers, possibly being related to the transition from free to parasitic life cycles
or being involved in lateral gene transfers between bacteria and eukaryotes [22].
Trypanosomatids have polycistronic DNA transcription which tends to keep cod-
ing sequences conserved in contiguous groups, resulting in multiple gene loci being
preserved between different species [23].

1.2 Serine protease inhibitors: ecotins and Trypanosomatida I1SPs

Ecotins are serine protease inhibitors initially described in E. coli bacteria and
named for their capacity to inhibit the digestive enzyme trypsin—E. coli trypsin
inhibitor [8]. The E. coli ecotin has a molecular weight of 18 kDa and is expressed in
the cellular periplasm with a homodimeric active form. It inhibits serine proteases of
family S1A, including trypsin, chymotrypsin, neutrophil elastase, and cathepsin G
[24, 25]. Ecotin activity protect cells against exogenous serine peptidases involved in
various biological processes, including coagulation and fibrinolysis; this capacity for
inhibiting a considerable number of different proteins differentiates ecotin from most
other serine protease inhibitors, which generally are highly specific [26-29].

103



New Advances in Neglected Tropical Diseases

Trypanosomatids are the only eukaryotes with genes coding for ecotin analogs,
described for the first time in 2005 by Ivens et al. in L. major, with three variants that
were named ISP1, ISP2, and ISP3 [9, 30]. In L. major, the ISP1 and ISP2 ecotins have
16.5 and 17.5 kDa, respectively, and while structurally similar to the E. coli ecotin,
their amino acid sequence identity is only 36% [31], and they have different patterns
of expression and inhibitory activity in the various stages of the parasite life cycle
[30]. In L. major, the ISP1 variant is expressed in larger quantities in the life cycle
forms living in the insect host, and knockout studies with this gene suggest that it
has endogenous functions, mainly in the flagellar formation process [31]. Also in L.
major, ISP2 expression occurs in all life cycle stages and there are evidences that this
enzyme participates in the parasite macrophage infection process in hosts, by inhibit-
ing serine proteases such as neutrophil elastase in vertebrates. There is evidence that
Leishmania parasites with knocked down ISP2 suffer more intense phagocytosis by
host macrophages [30, 32, 33]. E. coli and other bacteria that have periplasmic ecotin
use it to evade hosts’ immune systems, and L. major employs its ISP2 inhibitor in a
similar fashion [26, 34]. The lack of genes coding for ecotin target enzymes (the S1A
family of serine proteases) in both E. coli and L. major is a strong indicator of the
probable role of ecotins in these species’ interactions with vertebrate hosts [30].

An ISP2 homolog has been found in T. cruzi with a high degree of sequence
similarity to the L. major gene [35]. BLAST searches in the NCBI GenBank database
reveal that other members of the genus Trypanosoma also possess ISP2 homologs, as
well as close relatives in the order Trypanosomatida such as Leptomonas spp., most
papers published on the subject have focused on Leishmania ISPs. It is probable that,
due to both its conservation in various species of trypanosomatids and its flexible
functional properties, ecotin homologs have offered some fitness gain to trypanoso-
matids with vertebrate hosts. Also, the conservation of ISPs in various species indi-
cates an origin in the common ancestor of Trypanosomatida. The similarity between
trypanosomatid ISPs and bacterial ecotins makes us raise the hypothesis of a lateral
gene transfer between E. coli-like bacteria and the common ancestor of the various
Trypanosomatida genera as the origin of ISPs [30, 36]. Recent research suggest that
this kind of lateral gene transfer has been essential in this group’s evolutionary history
[22]. The bacterial endosymbionts in Kinetoplastida are in class Betaproteobacteria
[37]. This group contains vertebrate infecting species that not only possess ecotin-
encoding genes, but that depends on those ecotins being expressed to maintain their
virulence [34], which may be another hint of ancestral lateral gene transfers between
Betaproteobacteria and Trypanosomatida.

Leishmania and Trypanosoma parasites are responsible for a number of severely
neglected tropical diseases, as officially listed by the World Health Organization [38].
Multiple sources indicate that ecotin and its homologs are connected to these para-
sites’ infective capacity, but research in this specific subject is still timid, especially in
the Trypanosoma genus. Neglected tropical diseases like Chagas’ disease (caused by
T cruzi) and African sleeping sickness (caused by T. brucei) are neglected for socio-his-
torical reasons, as these afflictive diseases rarely, if ever, occur in developed countries.

The evolution of the genes encoding for trypanosomatid ISPs can shed light not
only on the group’s evolutionary history but also on the overall importance of this
enzyme for future researchers. In the next few pages, we show evidence for a common
ancestry of ISPs in extant trypanosomatids using both phylogenetic inferences and a
novel method for gene loci analysis. Also, we demonstrate the antigenicity of T. cruzi
ISP2 in the murine model of Chagas’ disease and the presence of a higher concentra-
tion of antibodies against TcISP2 in the chronic phase of infection.
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2. Methodology
2.1 Phylogenetic methods

Amino acid sequences of ISPs were obtained from the NCBI database (National
Center for Biotechnology Information, U.S. National Library of Medicine) using their
BLAST search package using E. coli ecotin as a BLAST target [39]. Sequence alignment
using the MUSCLE algorithm and phylogenetic maximum likelihood analysis was
done in SeaView [40], with the selection of best-fit amino acid substitution matrices
done with PROTTEST 3 [41]. Resulting tree files were manually edited to standardize
terminal labels, and cladogram image files were exported using the iTol web tree tool
(Figure 1) [42].

For the loci viewer project database input, complete genomic sequences for loci
analysis were obtained from the same database using tBLASTn, a tool that takes
amino acid sequences as input and searches for corresponding nucleotide sequences,
with the search limited to RefSeq annotated genomes [39]. Data was input and
manipulated into custom software developed for the author’s master thesis [43]. The
complete list of sequences with respective web links and NCBI GenBank IDs is listed
in Table 1. After data input was completed, the database was manually manipulated
using SQL queries to identify close genes to the left or right of the ecotin homologs in
various species, aided by the visual map generated showing that ISPs occurred in two
different loci around 50 kbp apart in most species. One of these genes is a putative
katanin-encoding gene, and the other three are conserved hypothetical protein-
encoding genes that were called CHP1, 2, and 3. Using the L. bragiliensis genome as a
reference, these four amino acid sequences were run through the NCBI tBLASTn tool
using the same settings used for the ecotin homologs, and resulting CDSs were manu-
ally labeled CHP1, CHP2, CHP3, and katanin-like in the loci viewer database.

Trypanosomatides ISPs amino acid sequences obtained by BLAST search

!

Sequence alignment using MUSCLE

|

selection of best-fit amino acid substitution matrices done with PROTTEST 3

|

phylogenetic maximum likelihood analysis in SeaView software

|

Resulting tree files were manually edited to standardize
terminal labels, and cladogram image files were exported
using the iTol web tree

Figure 1.
Scheme on methodology employed in the phylogenetic reconstruction of ISPs from trypanosomatids.
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Leishmania braziliensis MHOM/BR/75/ NC_009307.2 https://www.ncbi.nlm.nih.gov/nuccore/

M2904 NC_009307.2

Leishmania braziliensis MHOM/BR/75/ NC_018242.1 https://www.ncbi.nlm.nih.gov/nuccore/

M2904 NC_018242.1

Leishmania infantum JPCM5 NC_009399.2 https://www.ncbi.nlm.nih.gov/nuccore/
NC_009399.2

Leishmania major strain Friedlin NC_007256.2 https://www.ncbi.nlm.nih.gov/nuccore/
NC_007256.2

Leishmania mexicana MHOM/GT/2001/ NC_018319.1 https://www.ncbi.nlm.nih.gov/nuccore/

U1103 NC_018319.1

Leishmania panamensis NC_025860.1 https://www.ncbi.nlm.nih.gov/nuccore/
NC_025860.1

Leptomonas pyrrhocoris NW_015438382.1 https://www.ncbi.nlm.nih.gov/nuccore/

NW_015438382.1
Leptomonas pyrrhocoris NW_015438394.1 https://www.ncbi.nlm.nih.gov/nuccore/
NW_015438394.1

Trypanosoma brucei TREU927 NC_007278.1 https://www.ncbi.nlm.nih.gov/nuccore/
NC_007278.1

Trypanosoma brucei gambiense DAL972 NC_026738.1 https://www.ncbi.nlm.nih.gov/nuccore/
NC_026738.1

Trypanosoma cruzi strain CL Brener NW_001849489.1 https://www.ncbi.nlm.nih.gov/nuccore/

NW_001849489.1

Trypanosoma grayi NW_008825978.1 https://www.ncbi.nlm.nih.gov/nuccore/
NW_008825978.1

Trypanosoma grayi NW_008826261.1 https://www.ncbi.nlm.nih.gov/nuccore/
NW_008826261.1

Table 1.
List of RefSeq genomic records inserted into the loci image generator database.

2.2 Purification of recombinant TcISP2 (TcISP2r) from Escherichia coli

The construction of recombinant plasmid to express TcISP2r in E. coli and extrac-
tion of TcISP2r were previously described by our research group [44]. Initially, a
culture of E. coli from DH5a strain was transformed with pET28a plasmid containing
TcISP2r construction with a histidine tag at N-terminus, in the presence of 50 ug/

mL of Kanamycin at 600 nm optical density of 0,5, following expression induction
with 1 mM of IPTG and incubation for more 16 hours in the shaker at 37°C. For
protein extraction, 50 mL of bacteria culture was precipitated by centrifugation and
the pellet was dissolved in 6 mL of 20 mM of phosphate buffer pH 7.4 and 0.024 g of
lysozyme (Sigma, USA), and incubated at room temperature for 15 minutes. Then

6 ml of lysis buffer (20 mM phosphate buffer pH 7.4 and 0.5% Tween 20) was added
and incubated for 30 minutes at 37°C. Finally, the bacterial lysate was centrifuged at
8000 x g for 15 minutes at 4°C to precipitate cell debris. The protein present in the
supernatant was purified on an affinity chromatography column containing nickel,
HisPur Ni-NTA Spin 0.2 ml (Thermo Fisher Scientific, USA), following the supplier’s
instructions. After passing the entire supernatant through the column by successive
centrifugations at low speed (4000 x g) for 1 min, the column was washed with 10
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volumes of 20 mM phosphate buffer pH 7.4 with 20 mM Imidazole. Subsequently, the
protein was eluted from the column with 150 mM Imidazole. The purified TcISP2r
protein was subjected to concentration by filtration on 10 KDa cellulose filters to
replace the 20 mM phosphate buffer pH 7.4 containing 150 mM imidazole with

20 mM phosphate buffer pH 7.4 without imidazole. The final protein concentration
was determined by absorbance at 280 nm in a UV light spectrophotometer. The
quality and quantity of protein obtained were also verified by protein electrophoresis
in 12% acrylamide gel. Protein specificity was verified by Western Blotting using an
anti-histidine antibody.

2.3 Obtention of sera from murine model of acute and chronic Chagas’ disease

The murine model of acute and chronic Chagas’ disease is already established in
the Chagas Disease laboratory of the Instituto Dante Pazzanese. For the proposed
study, a total of 8 male mice, Black-C57, 20 days old, were inoculated intraperitone-
ally with 1x10* parasites per milliliter (mL) in 0.9% saline, pH 6.0, and three animals
were used as negative controls.

After infection, 200 to 400 uL of blood samples were collected from the mice
on days 7, 15 (acute phase of infection), 30, 45, and 60 (chronic phase of infection)
after infection, through submandibular vein puncture, and centrifuged at 1200 x g
for 10 minutes at 25°C, to obtain the serum, which was stored at —20°C until analysis.
On day 60, the mice were euthanized in a chamber with cotton soaked in Sevoflurane
(C4H3F70), following cervical dislocation to ensure death. After euthanasia, a
necropsy of brain tissue, liver, spleen, kidneys, and heart was performed. The heart
was washed with saline and cardiac tissue and saline lavage were stored at —20°C. The
euthanasia method was performed according to the recommendations of the Brazilian
guide to good practices for the euthanasia of animals established by the consultants
of the Ethics, Bioethics and Animal Welfare Committee of the Federal Council of
Veterinary Medicine (CEBEA/CFMV). All handling of the animals was carried out in
accordance with the Brazilian guideline for the care and use of animals for scientific
and educational purposes (DBCA), of the National Council for the Control of Animal
Experimentation (CONCEA) (https://www.sbcal.org.br/download/download?ID_
DOWNLOAD=58). The protocol was approved by the Animal Research Ethics
Committee of the Instituto Dante Pazzanese (Registration number 020/2019).

T. cruzi infection was confirmed by reading slides containing blood
smears and by polymerase chain reaction (PCR) with the oligonucle-
otides Tc121 (5" AAATAATGTACGGGKGAGATGCATGA 3') and Tc122 (5
GGTTCGATTGGGGTTGGTGTAATATA 3'), which amplifies a 330 bp fragment
corresponding to T. cruzi KDNA [45, 46]. The PCR reaction was performed with the
enzyme Platinum Taq DNA polymerase (ThermoFischer Scientific), according to
the supplier’s instructions. The cycles used for amplification were 3 min 94°C/40x
94°C 1 min; 62°C 1 min; 72°C 1 min/7 min 72°C. PCR products were analyzed on 2%
agarose gel stained with ethidium bromide.

2.4 Standardization of TcISP2 enzyme-linked immunosorbent assay (ELISA)

To perform the indirect ELISA test for antibodies against TcISP2r, the bind-
ing efficiency of the recombinant protein was initially verified in 96-well plates
with low, medium, and high binding capacity (Figure 2). Each of the plaque
types was sensitized with 1.0, 2.0, and 5 pg of TcISP2r protein diluted in 0.2 M
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High binding

1 2 3 4 5 6 7 8 9 10 11 12
A 0,216 0,086 0,074 0,286 0,088 0,073 0,203 0,079 0,066 408
B 0,34 0,162 0,084 0,08 0,187 0,092 0,08 0,314 0,167 0,081 0,128 408
[*] 0,28 0,121 0,078 0,07 0,358 0,14 0,091 0,076 0,232 0,101 0,086 0,089 408
D 0,234 0,101 0,074 0,069 0,317 0,114 0,085 0,085 0,171 0,08 0,08 0,069 408
E 0,19 0,085 0,072 0,069 0,228 0,095 0,082 0,075 0,121 0,085 0,091 0,076 408
F 0,142 | 0,098 | 0074 | 0084 | 0,165 | 0,102 | 0,137 | 0,095 | 0,093 | 0007 | 0,094 | 0,095 | 0%
G 0,112 0,004 0,067 0,073 0,1 0,087 0,098 0,076 0,102 0,073 0,074 0,075 | d4os
H 0,09 0,117 0,106 0,099 0,107 0,085 0,162 0,072 0,094 0,075 0,092 0,072 | 408

Medium binding

1 2 3 4 5 6 7 8 9 10 1 12
A 0,532 0,229 0,081 0,061 0,877 0,421 0,141 0,071 0,352 0,132 0,062 408
B 0,385 0,128 0,073 0,06 0,644 0,188 0,09 0,062 0,281 0,121 0,062 408
c 0,273 0,093 0,068 0,064 0,456 0,11 0,083 0,059 0,964 0,153 0,102 0,058 408
D 0,216 0,077 0,063 0,064 0,323 0,091 0,073 0,06 0,69 0,148 0,09 0,061 408
E 0,134 0,074 0,064 0,061 0,204 0,076 0,068 0,061 0,382 0,09 0,078 0,059 408
F 0,095 0,064 0,063 0,058 0,14 0,078 0,072 0,062 0,214 0,081 0,083 0,059 408
G 0,076 0,065 0,058 0,057 0,1 0,068 0,069 0,067 0,134 0,074 0,075 0,059 408
H 0,08 0,065 0,065 0,06 0,086 0,068 0,065 0,059 0,122 0,068 0,073 0,066 408

Low binding

1 2 3 4 5 ] 7 8 9 10 11 12
A 0,095 0,062 0,062 0,095 0,075 0,065 0,096 0,069 0,061 408
B 0,231 0,073 0,062 0,061 0,207 0,091 0,073 0,062 0,211 0,083 0,066 0,064 | 408
(o] 0,131 0,07 0,061 0,064 0,188 0,076 0,064 0,059 0,164 0,068 0,063 0,062 | 408
D 0,103 0,066 0,067 0,061 0,148 0,072 0,062 0,063 0,12 0,068 0,064 0,062 408
E 0,085 0,067 0,07 0,062 0,098 0,065 0,062 0,062 0,091 0,06 0,062 0,06 408
F 0,073 0,065 0,07 0,06 0,09 0,062 0,064 0,061 0,082 0,068 0,066 0,068 408
G 0,069 0,061 0,063 0,059 0,079 0,061 0,063 0,057 0,07 0,068 0,067 0,065 408
H 0,069 | 0,071 0,063 | 0059 | 0,073 | 0,061 0,06 0,064 | 0071 | 0062 | 0,064 | 0,061 | 408

Figure 2.

Indirect ELISA to standardize the ligation of TcISP2r in 96 wells plates with different binding capabilities using
anti-histidine antibody. TcISP2r histidine tailed protein, purified by histidine affinity chromatography, were
ligated to plates of high, medium, and low binding capabilities as indicated in the figure. Columns 1 to 4 contain
1 ug of protein per well; 5t0 8, 2 ug; and 9 to 12, 5 ug. Columns 1, 5, and 9 started with 1 ug of anti-his antibody;
columns 2, 6 e 10, started with 0,1 ug of anti-his antibody; colunms 3, 7, and 11, started with 0,05 ug of anti-his
antibody; in columns 4, 8, and 12 no anti-his antibody were used. From a to H, anti-his antibodies were serially
diluted in order of 2 (1:2; 1:4; 1:6; 1:8; 1:10; 1:12: 1:14; 1:16).

carbonate-bicarbonate buffer, pH 9.2. The plates were filled with 100 pL of buf-
fer containing 1, 2, or 5 pg of protein and kept in the refrigerator for 16 hours.
Subsequently, the plates were washed with 20 mM of phosphate buffer pH 7.4 and
0.05% of tween 20 and subsequently incubated with blocking solution (5% skim
milk, 20 mM of phosphate buffer pH 7.4 and 0, 05% tween 20) for 30 minutes. Then,
the blocking solution was removed and different dilutions of the anti-histidine mono-
clonal antibody (1 ug, 0.1 ug, and 0.05 ug/mL) produced in mice (Invitrogen) in 50
uL of blocking solution were added per well. Serial dilutions in the order of 2 of the
anti-histidine antibodies were also made in columns A to H, followed by incubation
for 2 hours at room temperature. After washing three times with 20 mM of phosphate
buffer pH 7.4 and 0.05% tween 20, 0.1 ug/mL of the anti-mouse IgG second antibody,
bound with alkaline phosphatase, was added to 50 uL of blocking solution and incu-
bated for 1 hour at room temperature. The plate was then washed 3 times with 20 mM
phosphate buffer pH 7.4 and 0.05% tween 20 and 2 times with 20 mM phosphate
buffer pH 7.4 without tween 20. Reactions were developed with PNPP substrate for
alkaline phosphatase (Invitrogen), according to the manufacturer’s instructions and
the plates were incubated for 30 minutes at room temperature and read in a spectro-
photometer at a wavelength of 405 nm.

ELISA tests were performed in 96-well plates with medium binding capacity
and three concentrations of TcISP2r protein (2, 5, and 10 pg). Recombinant protein
binding was carried out for 16 hours in 100 uL of 0.1 M carbonate-bicarbonate buffer
pH 9.2, in the refrigerator. Subsequently, the plates were washed with 20 mM of
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phosphate buffer pH 7.4 and 0.05% of tween 20 and subsequently incubated with
blocking solution (5% skim milk, 20 mM of phosphate buffer pH 7.4 and 0, 05%
tween 20) for 30 minutes. Then, the blocking solution was removed and 50 uL of
serial dilutions of serum from 3 mice collected at 7-, 15-, and 60-days post-infection
were added to the wells and the plate incubated for 2 hours at room temperature.
After three washes with 20 mM of phosphate buffer pH 7.4 and 0.05% tween 20, 0.1
ug/mL of the anti-mouse IgG second antibody, bound with alkaline phosphatase,
was added to 50 uL of blocking solution and incubated for 1 hour at room tem-
perature. The plate was then washed 3 times with 20 mM phosphate buffer pH 7.4
and 0.05% tween 20 and 2 times with 20 mM phosphate buffer pH 7.4 without
tween 20. Reactions were developed with PNPP substrate for alkaline phosphatase
(Invitrogen), according to the manufacturer’s instructions and the plates were
incubated for 30 minutes at room temperature and read in a spectrophotometer at a
wavelength of 405 nm.

3. Results and discussion
3.1 Phylogenetic inferences and TcISP2 origin and role in Chagas’ disease

Maximum likelihood phylogenetic inference resulted in the tree represented in
Figure 3, with E. coli ecotin as the outgroup and color-coded ISPs 1, 2, and 3. The tree
topology strongly indicates that the ISP ecotin homologs have differentiated from
each other a long time ago, and it is probable that at least ISP1 and ISP2 have been
with these organism’s genome at least since the split between the Leishmania and
Trypanosoma genera.

Using the loci image generation software described in detail in the author’s master
thesis [43] resulted in the images in Figures 4 and 5, showing the full chromosomes
and a zoomed-in area of interest respectively. Figure 4 is only useful for comparing
Leishmania records as to the overall position in the chromosome: ecotin homologs
occur only in chromosome 15 of these species, and the data for other species is either
incomplete or badly annotated, resulting in huge contig sequences. Figure 5 clears
the image a little, but data for T grayi and Leptomonas pyrrhocoris sequences is still
fragmentary.

The images show up to five ecotin homologs in various Leishmania species. This
duplication was not reported in previous papers. Sequence data analysis and visual
genomic context inspection give strong support to the idea that ecotin homologs suf-
fered various duplications and/or multiple events of lateral gene transference before
the differentiation of modern Trypanosomatida genera. Closely examining Figure 5,
it can be seen that Leishmania spp. mostly retained all five ISP copies, while trypano-
somes lost at least a few of them. In these figures, the conserved hypothetical coding
sequences (CHPI-3) and katanin-like labels are accessory labels: they serve to identify
the complete ecotin loci and were helpful to identify possible genomic evolutionary
events involving ISP1, ISP2, and ISP3.

We know ISPs came from bacteria by horizontal gene transfer in Kinetoplastida
because they appear in no other eukaryotes. The unanswered question is “how.”
Looking at Figures 4 and 5 and keeping the cladogram in Figure 3 in mind,
we can form a hypothesis for how trypanosomatids acquired ecotin homologs. The

next paragraph is speculative, but given the evidence, it probably is not too far
off-base.
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Angomonas deanei. SSUPI7/8-131
Strigomonas culicis. S9VYU3/54-179
Leptomonas pyrrhocoris. AOAOMSFSR2/58-182
Leptomonas seymouri. AOAON1PES0/13-137
Leishmania panamensis. AOA0S8RL71/13-138
Leishmania braziliensis. A4H823/13-138
Leishmania major. Q4QFD4/17-141
Leishmania infantum. AAHWES/17-141
Angomonas deanei. S9VLF4/8-132
Strigomonas culicis. S9ULP4/9-130
Leishmania braziliensis. A4H824/10-130
Leishmania panamensis. AOA0OSS8RLH7/10-130
Leptomonas seymouri. AOAON1IHZS51/9-130
Leptomonas pyrrhocoris. AOAOM9FSN4/9-130
Leishmania mexicana ESAQA49/9-130
Leishmania major. Q4QFD3/9-130
Leishmania donovani E9BC95/9-130
Leishmania infantum. AAHWF0/9-130
Trypanosoma cruzi Q4D4Y5/12-135
Trypanosoma rangeli AOA0611VJ0/14-135
Trypanosoma vivax GOTVF8/13-131
Trypanosoma brucei C9ZNZ2/12-131
Trypanosoma congolense FOW391/13-131
Trypanosoma rangeli AOA061I5P3/49-171
Trypanosoma vivax GOTVES8/13-116
Trypanosoma brucei C9ZNX6/34-153
Trypanosoma congolense FOWF27/32-151
Angomonas deanei. S9VBAS/9-135
Strigomonas culicis. S9WOR4/9-135
Leptomonas pyrrhocoris. AOAONODQPS/8-135
Leptomonas seymouri. AOAONLIILO/8-136
Leishmania braziliensis. AAHB804/8-136
Leishmania panamensis. AOA0OS8BRLGS5/9-137
Leishmania major. Q4QFF0/8-136

Leishmania mexicana E9AQ32/8-136
Leishmania donovani E9BC76/8-136
Leishmania infantum. AAHWD2/8-136
Escherichia coli AOAOFECER5/30-152

Figure 3.
Maximum likelihood cladogram of ecotin homologs (ISPs), with ISP1, labeled in orange, ISP2 labeled in green,
and ISP3 labeled in blue.

The ancestor of all trypanosomatids either participated in multiple lateral gene
transfers with ecotin-possessing bacteria or this event occurred only once and was fol-
lowed by multiple gene duplications. If multiple gene transfers occurred, they prob-
ably happened no more than three times for ISPs 1, 2, and 3, and the additional ISP2
and ISP3 copies carried by Leishmania spp. are the result of a subsequent duplication.
The positions of ISP1 and ISP2 in T. brucei, in the first and second ecotin loci respec-
tively, with the ISP2 being probably homologous to T cruzi ISP2, points to an early
locus duplication, occurring before the two genera split. In this scenario, Trypanosoma

110



Exploring the Evolutionary Origin and Biological Role of the Trypanosoma cruzi Ecotin-Like...
DOI: http://dx.doi.org/10.5772/intechopen.109929

e | ecotin CHP1 CHP2 CHP3 katanin-like
Z80kbD va va vaA Ya
—— now i
Rl H || H\Il!lll !\IH‘IIHIII [ AN 5
hd w
L oo e || \Illlﬂﬂl lIIIIIIIIIII [T
¥ w
L e £ 000 O
aA A
. W W .
e H ||| \Illlll ﬂlllllll\ R MO
i v b 4 = &
L medeans #1100 0 A
A WA
. oYY W )
L panigmentls i | ||II\I1II I]‘IIIIIIIIII\ A T €
A . . 5
] - Illlﬂllllﬂllllllllzlllll! i
vy
Epyrocors 8 HI[IIII’II ||
vy
by -1I|!|I\III\III\IIIII\III]IIIIIII.*H!‘llIIIIIIIIII-III-IIIII'IIH\|! g
v
g
& bouen] <[l 1 EAI IIIIUIIIIIIIIIII!!HI AN ) N O MR
vy v
Nw_aor'a.ggz.f = ﬂl‘l.‘lllH E
v
PN ﬁ! g
T. i 1
NW _onésg’!;gn % l‘E

Figure 4.

Loci image generator result showing full GenBank records and all selected labels. Conserved hypothetical protein
(CHP) 1 to 3, presenting highly similar amino acid sequences are vepresented by the same colov. Seta direction
indicates the orientation of the encoding gene according to genome annotation in GenBank.

spp. subsequently lost copies of the gene. Their sequences show a much more compact
genome when compared to Leishmania spp. in the images presented, leading to the
suspicion that more deletions occurred in Trypanosoma species than in Leishmania,
which would lend credence to the idea that T. cruzi and T. brucei lost some of their ISP
copies. A possible sequence of events based on this limited dataset is this: the common
Trypanosomatida ancestor had three ISP copies in the first locus (at around position
120 kbp in chromosome 15), get either via lateral transfers with bacteria or via a single
lateral transfer followed by contiguous duplication. The ISP2 and ISP3 ancestors in
this locus then suffered a simultaneous duplication event, creating the second locus at
around 190 kbp. Subsequently, various species lost some of these copies.

The preservation of ISP2 in almost all species is an interesting fact and makes
sense given the ample evidence of its importance against hosts’ immune systems.
Another interesting fact is that T. brucei parasites preserved the ISP1 variant in all
cases, while T cruzi lost the ISP1 gene. Since ISP1 seems to be involved in the develop-
ment of motility and flagellar development in promastigotes inside the insect vector
in Leishmania species [31], this could be a reason for its preservation in T brucei
and loss in T cruzi. These species are members of section Salivaria and Stercoraria,
respectively, with different life cycles and methods of transmission. While T. cruzi is
transmitted by hemipterans, with infecting parasites deposited with their feces on the
vertebrate host, T brucei lives in the salivary gland of dipteran insects and is injected
by their proboscis like the Leishmania species. It could be that the ISP1 ecotin variant
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Figure 5.

Lo%i image genevator result created with the same data as Figure 4 with a higher vesolution and individual ISPs
identified as ISP1, ISP2, and ISP3 with numbers; conserved hypothetical protein (CHP) 1 to 3, presenting highly
similar amino acid sequences are represented by the same color; seta dirvection indicates the orientation of the
encoding gene according to genome annotation in GenBank.

gives some advantages to trypanosomatids with dipterans as their arthropod hosts.
This association needs further investigation, resulting in data with potential public
health applications.

These speculations are given to encourage further research. As tempting as it is
to affirm their validity, our data set is very limited in scope and of very poor quality
in some cases making bold affirmations. Automated genomic annotation can only
go so far, and some of these sequences have errors, omissions, and other problems.
Looking closely at the L. mexicana data in Figure 5, for example, it seems that the
coding sequences between the first ISP occurrence and the CHP2 labeled gene should
clearly be labeled as ISP2 and ISP3, but in the automated annotation, they appear as
“unknown proteins.” Nevertheless, since the amount of available genomic data grows
so fast, these speculations can be further developed as more data becomes available.

One thing this work clearly shows without a doubt is the ubiquity of large amounts
of unreviewed genomic data online. The amount of retrievable information at very
little monetary cost and using free-to-use bioinformatics tools is huge, and in this
world of big data and exponentially falling sequencing costs, this fact will become
more obvious as time passes. The next generation of budding biologists may well have
to learn to program before they learn the names of all the plant and animal families.

T. cruzi presents only ISP2 in its chromosome 15, and its structural and biochemi-
cal characterization revealed high structural similarity with ecotin and strong
inhibitory activity on human neutrophil elastase (NE) [44]. Ecotin appears to be a
potent prokaryotic tool in evading the immune system. A classic example is that of
the inhibition of NE: in humans, a serine peptidase produced in neutrophil granu-
locytes is one of the main immune defenses in combating pathogenic invaders. In
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bacteria, one of the ways of action of NE is the cleavage of outer membrane protein
A (OmpA, from English outer membrane protein A) in phagocytosed gram-negative
bacteria, hindering their multiplication [47, 48]. This makes ecotin an important
target for pharmacological research [49].

3.2 TcISP2 is immunogenic in mice with chronic infection

To verify the immunogenicity of the recombinant form of the TcISP2 protein
produced in E. coli, the indirect ELISA method was initially standardized.
Recombinant proteins have different biochemical properties that determine the
best conditions for coating ELISA plates with histidine-tagged TcISP2. Three
different types of microplates were tested, each with a binding capacity and with
different concentrations of recombinant protein. To assess the distribution of the
protein in the wells, serial dilutions of mouse-produced anti-histidine antibodies
obtained from Invitrogen were also analyzed. The results obtained showed that the
medium binding capacity plate with 2 ug of recombinant protein per well pre-
sented the best results.

To confirm the infection of mice with the Y strain of T cruzi, after 7 and 15 days,
PCR was performed using the Tc121/122 oligos from a fraction of the clot obtained
by puncturing the submandibular vein. The four mice infected after 7 days with
the Y strain of T. cruzi were PCR negative, while the same mice were PCR positive
after 15 days (Figure 6). After 60 days of infection, nucleic acids extracted from
the cardiac lavage of two euthanized mice with infection confirmed by PCR and
light microscopy were positive by PCR (Figure 6). These results indicate that blood
parasites can only be detected 15 days post-infection in Black mice.

Serum from mice infected by T. cruzi strain Y, and collected after 7, 15, and
60 days, with results confirmed by PCR and light microscopy, was used in an ELISA
experiment to evaluate the immunogenicity of TcISP2r. The results are shown in
(Figure 7). The identification of TcISP2r was observed in the serum samples of mice

Days post infection Days post infection
MC 7 7 151560 C- 7 7 15 15 60 C+

Figure 6.

Electrophovesis in 2% agarose gel stained with ethidium bromide containing the PCR products of the Trigonoscuta
cruzgi moleculay test with the Tt121/122 oligonucleotides that amplify a 330 bp fragment corvesponding to the

gene encoding the parasites kDNA. Blood clots of 4 infected mice after 7 and 15 days and the washing of cardiac
tissue from 2 mice euthanized after 60 days of infection, were evaluated as indicated in the wells. C-, corresponds
to the negative control of the PCR reaction; C+, corresponds to the positive control with genomic DNA obtained
from T. cruzi of the Y strain; M — 100 bp ladder from synapse biotechnology.
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Figure 7.

Indirect ELISA test with different concentrations of TcISP2r and serum from mice infected with Trigonoscuta
crugi strain Y after 7, 15, and 60 days. A. Experimental design to verify the immunogenicity of TcISP2r in mouse
sera collected 7, 15, and 60 days after infection with the Y strain of T. cruzi; negative control serum was obtained
from uninfected mice; 2 ug; 5 pg and 10 pg are the amount of TeISP2r per well; B. absorbance results obtained
after indirect ELISA test with alkaline phosphatase-labeled second antibody against mouse IgG, developed with
P-nitrophenyl phosphate substrate.

60 days post-infection, suggesting an immune response against ISP2 from T cruzi in
the chronic phase of the disease. In ELISA tests, using mouse serum, the best protein
concentration for antibody detection was also 2 ug.

The ELISA test revealed antibodies against TcISP2 in serum samples from T cruzi-
infected mice only after 60 days post-infection, during the chronic phase. The high activ-
ity of TcISP2 on neutrophil elastase indicates its inhibiting action on the immune system
[44, 50]. In this way, inflammation would occur in infected organs and tissues during the
chronic phase, when cardiomyopathy and mega syndromes (megaesophagus and mega-
colon) develop. Thus, we could infer that the activity of TcISP2 is to inhibit inflammatory
activity and thus facilitate the colonization of tissues and organs by the parasite.

According to Faria et al. [33], ISPs are responsible for inhibiting the neutrophil
elastase present in macrophages, through the toll-like receptor 4. Thus, cells with
phagocytic activity can be used by the protozoan for their proliferation and escape
from the immune system. In Chagas’ disease, macrophages are infected and carry the
parasite into tissues. The phagocytic action of macrophages is more relevant in tissues
compared to other professional phagocytic cells, due to their ability to migrate from
the bloodstream to different tissues and organs [51]. Thus, the TcISP2 can play an
essential role in acute and chronic Chagas’ disease.

4, Conclusions

Ecotin, a serine peptidase inhibitor (ISP), found first in E. coli, is a key factor in
bacterial defense against the immunological barriers of vertebrate host organisms.
Genomic studies demonstrated that parasites from the Trypanosomatida taxon
are unique eukaryotic organisms harboring different ecotin-like encoding genes.
Considering existence of trypanosomatida species with bacterial endosymbionts
and the genomic context of ISPs demonstrated in this chapter, the evolutive origin of
ecotin-like genes in trypanosomatids probably occurred by horizontal transfer from a
symbiont bacterium, in a common ancestor of the clade, and this event was followed

114



Exploring the Evolutionary Origin and Biological Role of the Trypanosoma cruzi Ecotin-Like...
DOI: http://dx.doi.org/10.5772/intechopen.109929

by successive duplications and losses that would explain the current pattern. T. cruzi
present only one copy of ISP (TcISP) with high structural similarity to ecotin from

E. coli and a strong inhibitory activity on human neutrophil elastase, indicating an
exogenous activity and interaction with vertebrate host serine peptidases involved in
the modulation of the immune system. The recombinant TcISP2 protein was immu-
nogenic in a murine model, allowing the detection of antibodies in the chronic phase
of Tcruzi infection, which suggested that this protein can also be tested as a target for
serological diagnosis and for investigation of disease prognosis.

Acknowledgements

This work was funded by Fundagido de Amparo a Pesquisa do Estado de Sdo Paulo
(FAPESP) (Grant number 2016/14514-4; and by UFABC. MMF and CMS were the
recipient of a Master’s scholarship from CAPES.
Conflict of interest

The authors declare no conflict of interest.

Additional information

Parts of this book chapter were initially presented in the Master thesis of Max
Mario Fuhlendorf available on the UFABC library platform, titled Loci image genera-
tor and the evolution of trypanosomatid ecotin: customized software as a tool for
evolutionary analysis, 2018, Programa de pés-graduagio em Evolugdo e Diversidade.
The thesis has not been peer-reviewed and published.

115



New Advances in Neglected Tropical Diseases

Author details
Carla Moreira Santana', Max Mario Fuhlendorf?, Felipe Baena Garcial,
Edmar Silva Santos!, Angela Maria Lourengoz, Cristiane Castro Faccini?,

Abilio Augusto Fragata Filho®, Aline Diniz Cabral® and Marcia Aparecida Speranga™

1 Center for Natural and Human Sciences, Federal University of ABC, Sdo Paulo,
Brazil

2 Outpatient Clinic for Chagas Disease, Dante Pazzanese Cardiology Institute,
S3o Paulo, Brazil

3 Department of Parasitology, Federal University of Uberlandia, Minas Gerais, Brazil
*Address all correspondence to: marcia.speranca@ufabc.edu.br

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

116



Exploring the Evolutionary Origin and Biological Role of the Trypanosoma cruzi Ecotin-Like...

DOI: http://dx.doi.org/10.5772/intechopen.109929

References

[1] Aguilar VHM. Reflections on

Chagas disease in the Amazon.
Memodrias do Instituto Oswaldo Cruz.
2022;117:€200409chgsa. Epub 20220520.
DOI: 10.1590/0074-02760210409chgsa

[2] Alvarez-Hernandez DA, Garcia-
Rodriguez-Arana R, Ortiz-Hernandez A,
Alvarez-Sanchez M, Wu M, Mejia R,

et al. A systematic review of historical
and current trends in Chagas disease.
Therapeutic Advances in Infectious
Disease. 2021;8:1-17. Epub 20210804
DOI: 10.1177/20499361211033715

[3] de Sousa PH, Scofield A, Junior PSB,
Lira Dos Santos D, de Sousa Siqueira J,
Chaves JF, et al. Chagas disease in urban
and peri-urban environment in the
Amazon: Sentinel hosts, vectors,

and the environment. Acta Tropica.
2021;217:105858. Epub 20210212.

DOI: 10.1016/j.actatropica.2021.105858

[4] Sarquis O, Carvalho-Costa FA,
Toma HK, Georg I, Burgoa MR,

Lima MM. Eco-epidemiology of Chagas
disease in northeastern Brazil: Triatoma
brasiliensis, T. pseudomaculata

and Rhodnius nasutus in the

sylvatic, peridomestic and domestic
environments. Parasitology Research.
2012;110(4):1481-1485. Epub 20111007.
DOI: 10.1007/s00436-011-2651-6

[5] Barbosa RL, Dias VL, Pereira KS,
Schmidt FL, Franco RM, Guaraldo AM,
et al. Survival in vitro and virulence

of Trypanosoma cruzi in acai pulp

in experimental acute Chagas

disease. Journal of Food Protection.
2012;75(3):601-606. Epub 2012/03/14.
DOI: 10.4315/0362-028X JFP-11-233

[6] Brum-Soares LM, Xavier SS,
Sousa AS, Borges-Pereira ], Ferreira JM,
Costa IR, et al. Morbidity of Chagas

117

disease among autochthonous patients
from the Rio Negro microregion,

state of Amazonas. Revista da
Sociedade Brasileira de Medicina
Tropical. 2010;43(2):170-177. Epub
2010/05/14. Morbidade da doenca

de Chagas em pacientes autoctones

da microrregiao do Rio Negro,

Estado do Amazonas. DOI: 10.1590/
s0037-86822010000200013

[7]1 Santos V, Meis ], Savino W,
Andrade JAA, Vieira ], CouraJR, et al.
Acute Chagas disease in the state of
Para, Amazon region: Is it increasing?
Memodrias do Instituto Oswaldo Cruz.
2018;113(5):€170298. Epub 20180507.
DOI: 10.1590/0074-02760170298

[8] Chung CH, Goldberg AL. Purification
and characterization of protease

s0, a cytoplasmic serine protease in
Escherichia coli. Journal of Bacteriology.
1983;154(1):231-238. Epub 1983/04/01.
DOI: 10.1128/jb.154.1.231-238.1983

[9] Ivens AC, Peacock CS, Worthey EA,
Murphy L, Aggarwal G, Berriman M,
etal. The genome of the kinetoplastid
parasite, Leishmania major.

Science. 2005;309(5733):436-442.
Epub 2005/07/16. DOI: 10.1126/
science.1112680

[10] Kaufer A, Ellis J, Stark D, Barratt J.
The evolution of trypanosomatid
taxonomy. Parasites & Vectors.
2017;10(1):287. Epub 2017/06/10.

DOI: 10.1186/s13071-017-2204-7

[11] Borghesan TC, Ferreira RC,

Takata CS, Campaner M, Borda CC,
Paiva F, et al. Molecular phylogenetic
redefinition of Herpetomonas
(Kinetoplastea, Trypanosomatidae),

a genus of insect parasites associated
with flies. Protist. 2013;164(1):129-152.



New Advances in Neglected Tropical Diseases

Epub 20120829. DOI: 10.1016/j.
protis.2012.06.001

[12] Borges AR, Engstler M, Wolf M.

18S rRNA gene sequence-structure
phylogeny of the Trypanosomatida
(Kinetoplastea, Euglenozoa) with special
reference to Trypanosoma. European
Journal of Protistology. 2021;81:125824.
Epub 2021/08/06. DOI: 10.1016/j.
€jop.2021.125824

[13] Dollet M, Sturm NR, Campbell DA.
The internal transcribed spacer

of ribosomal RNA genes in plant
trypanosomes (Phytomonas spp.)
resolves 10 groups. Infection, Genetics
and Evolution. 2012;12(2):299-308.
Epub 2011/12/14. DOI: 10.1016/j.
meegid.2011.11.010

[14] Sturm NR, Dollet M, Lukes J,
Campbell DA. Rational sub-division of
plant trypanosomes (Phytomonas spp.)
based on minicircle conserved region
analysis. Infection, Genetics and Evolution.
2007;7(5):570-576. Epub 2007/05/15.
DOI: 10.1016/j.meegid.2007.04.002

[15] de Souza SSA, Catta-Preta CM,

Alves JMP, Cavalcanti DP, Teixeira MMG,
Camargo EP, et al. Expanded repertoire
of kinetoplast associated proteins and
unique mitochondrial DNA arrangement
of symbiont-bearing trypanosomatids.
PLoS One. 2017;12(11):e0187516. Epub
2017/11/14. DOI: 10.1371/journal.
pone.0187516

[16] Motta MCM, Catta-Preta CMC.
Electron microscopy techniques
applied to symbiont-harboring
Trypanosomatids: The Association of
the Bacterium with host organelles.
Methods in Molecular Biology.
2020;2116:425-447. Epub 2020/03/30.
DOI: 10.1007/978-1-0716-0294-2_26

[17] Fraga ], Fernandez-Calienes A,
Montalvo AM, Maes I, Deborggraeve S,

118

Buscher P, et al. Phylogenetic analysis
of the Trypanosoma genus based on the
heat-shock protein 70 gene. Infection,
Genetics and Evolution. 2016;43:165-
172. Epub 2016/05/18. DOI: 10.1016/j.
meegid.2016.05.016

(18] Rey L. Parasitologia. 4th ed. Rio de
Janeiro: Guanabara Koogan; 2008

[19] Tyler KM, Engman DM. The life
cycle of Trypanosoma cruzi revisited.
International Journal for Parasitology.
2001;31(5-6):472-481. Epub 2001/05/04.
DOI: 10.1016/s0020-7519(01) 00153-9

[20] Hendriks E, van Deursen FJ,
Wilson J, Sarkar M, Timms M,
Matthews KR. Life-cycle differentiation
in Trypanosoma brucei: Molecules

and mutants. Biochemical Society
Transactions. 2000;28(5):531-536. Epub
2000/10/25. DOI: 10.1042/bst0280531

[21] Votypka ], dAvila-Levy CM,

Grellier P, Maslov DA, Lukes J,
Yurchenko V. New approaches to
systematics of Trypanosomatidae:
Criteria for taxonomic (Re)description.
Trends in Parasitology. 2015;31(10):460-
469. Epub 2015/10/05. DOI: 10.1016/j.
pt.2015.06.015

[22] Alves JM, Klein CC, da Silva FM,
Costa-Martins AG, Serrano MG,
Buck GA, et al. Endosymbiosis in
trypanosomatids: The genomic
cooperation between bacterium and
host in the synthesis of essential
amino acids is heavily influenced by
multiple horizontal gene transfers.
BMC Evolutionary Biology.
2013;13:190. Epub 2013/09/11.

DOI: 10.1186/1471-2148-13-190

[23] Jackson AP. Genome evolution

in trypanosomatid parasites.
Parasitology. 2015;142(Suppl. 1):540-
S56. Epub 2014/07/30. DOI: 10.1017/
S0031182014000894



Exploring the Evolutionary Origin and Biological Role of the Trypanosoma cruzi Ecotin-Like...

DOI: http://dx.doi.org/10.5772/intechopen.109929

[24] McGrath ME, Gillmor SA,

Fletterick R]. Ecotin: Lessons on survival
in a protease-filled world. Protein
Science. 1995;4(2):141-148.

DOI: 10.1002/pro.5560040201

[25] Yang SQ, Wang CI, Gillmor SA,
Fletterick R], Craik CS. Ecotin: A serine
protease inhibitor with two distinct and
interacting binding sites. Journal of
Molecular Biology. 1998;279(4):945-957.
DOI: 10.1006/jmbi.1998.1748

[26] Eggers CT, Murray IA, Delmar VA,
Day AG, Craik CS. The periplasmic
serine protease inhibitor ecotin protects
bacteria against neutrophil elastase. The
Biochemical Journal. 2004;379 (Pt 1):107-
118. Epub 2004/01/07. DOI: 10.1042/
BJ20031790

[27] Eggers CT, Wang SX, Fletterick R],
Craik CS. The role of ecotin dimerization
in protease inhibition. Journal of
Molecular Biology. 2001;308(5):975-991.
DOI: 10.1006/jmbi.2001.4754

[28] Jin L, Pandey P, Babine RE,
Gorga]JC, Seidl KJ, Gelfand E, et al.
Crystal structures of the FXIa catalytic
domain in complex with ecotin
mutants reveal substrate-like
interactions. The Journal of Biological
Chemistry. 2005;280(6):4704-4712.
Epub 2004/11/17. DOI: 10.1074/jbc.
M411309200

[29] Seymour JL, Lindquist RN,
Dennis MS, Moffat B, Yansura D,
Reilly D, et al. Ecotin is a potent
anticoagulant and reversible tight-
binding inhibitor of factor Xa.
Biochemistry. 1994;33(13):3949-3958.
DOI: 10.1021/bi00179a022

[30] Eschenlauer SC, Faria MS,
Morrison LS, Bland N,

Ribeiro-Gomes FL, DosReis GA, et al.
Influence of parasite encoded inhibitors
of serine peptidases in early infection

119

of macrophages with Leishmania
major. Cellular Microbiology.
2009;11(1):106-120. Epub 20081029.
DOI: 10.1111/j.1462-5822.2008.01243.x

[31] Morrison LS, Goundry A, Faria MS,
Tetley L, Eschenlauer SC, Westrop GD,
etal. Ecotin-like serine peptidase
inhibitor ISP1 of Leishmania major
plays a role in flagellar pocket dynamics
and promastigote differentiation.
Cellular Microbiology. 2012;14(8):1271-
1286. Epub 20120508. DOI:
10.1111/j.1462-5822.2012.01798.x

[32] Ribeiro-Gomes FL, Moniz-
de-Souza MC, Alexandre-Moreira MS,
Dias WB, Lopes MF, Nunes MP, et al.
Neutrophils activate macrophages for
intracellular killing of Leishmania
major through recruitment of TLR4
by neutrophil elastase. Journal of
Immunology. 2007;179(6):3988-3994.
Epub 2007/09/06. DOI: 10.4049/
jimmunol.179.6.3988

[33] Faria MS, Reis FC,
Azevedo-Pereira RL, Morrison LS,
Mottram JC, Lima AP. Leishmania
inhibitor of serine peptidase 2 prevents
TLR4 activation by neutrophil elastase
promoting parasite survival in murine
macrophages. Journal of Immunology.
2011;186(1):411-422. Epub 20101122.
DOI: 10.4049/jimmunol.1002175

[34] Ireland PM, Marshall L, Norville I,
Sarkar-Tyson M. The serine protease
inhibitor Ecotin is required for full
virulence of Burkholderia pseudomallei.
Microbial Pathogenesis. 2014;67-68:55-
58. Epub 2014/01/28. DOI: 10.1016/j.
micpath.2014.01.001

[35] El-Sayed NM, Myler PJ,

Blandin G, Berriman M, Crabtree J,
Aggarwal G, et al. Comparative genomics
of trypanosomatid parasitic protozoa.
Science. 2005;309(5733):404-409. Epub
2005/07/16. DOI: 10.1126/science.1112181



New Advances in Neglected Tropical Diseases

[36] Opperdoes FR, Michels PA.
Horizontal gene transfer in
trypanosomatids. Trends in Parasitology.
2007;23(10):470-476. Epub 2007/09/11.
DOI: 10.1016/j.pt.2007.08.002

[37]1 Andrade IDS, Vianez-Junior JL,
Goulart CL, Homble F, Ruysschaert JM,
Almeida von Kruger WM, et al.
Characterization of a porin channel in
the endosymbiont of the trypanosomatid
protozoan Crithidia deanei. Microbiology
(Reading). 2011;157(Pt 10):2818-

2830. Epub 2011/07/16. DOI: 10.1099/
mic.0.049247-0

[38] Molyneux D. Neglected tropical
diseases. Community Eye Health.
2013;26(82):21-24. Epub 2013/09/12

[39] Boratyn GM, Camacho C, Cooper PS,
Coulouris G, Fong A, Ma N, etal.
BLAST: A more efficient report with
usability improvements. Nucleic

Acids Research. 2013;41(Web Server
issue):W29-W33. Epub 2013/04/24.

DOI: 10.1093/nar/gkt282

[40] Gouy M, Guindon S, Gascuel O.
SeaView version 4: A multiplatform
graphical user interface for sequence
alignment and phylogenetic tree
building. Molecular Biology and
Evolution. 2010;27(2):221-224. Epub
2009/10/27. DOI: 10.1093/molbev/
msp259

[41] Darriba D, Taboada GL, Doallo R,
Posada D. ProtTest 3: Fast selection of
best-fit models of protein evolution.
Bioinformatics. 2011;27(8):1164-
1165. Epub 2011/02/22. DOI: 10.1093/
bioinformatics/btr088

[42] Letunic I, Bork P. Interactive tree of
life v2: Online annotation and display of
phylogenetic trees made easy. Nucleic
Acids Research. 2011;39(Web Server
issue):W475-W478. Epub 2011/04/08.
DOI: 10.1093/nar/gkr201

120

[43] Fuhlendorf MM. Loci Image
Generator and Ecotin Phylogenetics:
Customized Software as a Tool for

Evolutionary Analysis. Santo André,
Brazil: Federal University of ABC; 2018

[44] Garcia FB, Cabral AD,

Fuhlendorf MM, da Cruz GF, Dos
Santos JV, Ferreira GC, et al. Functional
and structural characterization of an
ecotin-like serine protease inhibitor
from Trypanosoma cruzi. International
Journal of Biological Macromolecules.
2020;151:459-466. Epub 20200218.
DOI: 10.1016/j.ijpiomac.2020.02.186

[45] Sturm NR, Degrave W, Morel C,
Simpson L. Sensitive detection and
schizodeme classification of
Trypanosoma cruzi cells by amplification
of kinetoplast minicircle DNA

sequences: Use in diagnosis of Chagas'
disease. Molecular and Biochemical
Parasitology. 1989;33(3):205-214.

DOI: 10.1016/0166-6851(89)90082-0

[46] Telleria J, Lafay B, Virreira M,
Barnabe C, Tibayrenc M, Svoboda M.
Trypanosoma cruzi: Sequence analysis
of the variable region of kinetoplast
minicircles. Experimental Parasitology.
2006;114(4):279-288. Epub 20060530.
DOI: 10.1016/j.exppara.2006.04.005

[47] Belaaouaj A, Kim KS, Shapiro SD.
Degradation of outer membrane protein
a in Escherichia coli killing by neutrophil
elastase. Science. 2000;289(5482):1185-
1188. Epub 2000/08/19. DOI: 10.1126/
science.289.5482.1185

[48] Weinrauch Y, Drujan D, Shapiro SD,
Weiss J, Zychlinsky A. Neutrophil
elastase targets virulence factors

of enterobacteria. Nature.
2002;417(6884):91-94. Epub 2002/05/23.
DOI: 10.1038/417091a

[49] Myint SL, Zlatkov N, Aung KM,
Toh E, Sjostrom A, Nadeem A, et al.



Exploring the Evolutionary Origin and Biological Role of the Trypanosoma cruzi Ecotin-Like...
DOI: http://dx.doi.org/10.5772/intechopen.109929

Ecotin and LamB in Escherichia coli
influence the susceptibility to type

VI secretion-mediated interbacterial
competition and killing by vibrio
cholerae. Biochimica et Biophysica Acta -
General Subjects. 1865;2021(7):129912.
Epub 2021/04/24. DOI: 10.1016/j.
bbagen.2021.129912

[50] Levy DJ, Goundry A, Laires RSS,
Costa TFR, Novo CM, Grab D], et al.
Role of the inhibitor of serine

peptidase 2 (ISP2) of Trypanosoma
brucei rhodesiense in parasite virulence
and modulation of the inflammatory
responses of the host. PLoS Neglected
Tropical Diseases. 2021;15(6):€0009526.
Epub 20210621. DOI: 10.1371/journal.
pntd.0009526

[51] van Furth R, Cohn ZA. The origin
and kinetics of mononuclear phagocytes.
The Journal of Experimental Medicine.
1968;128(3):415-435. DOI: 10.1084/
jem.128.3.415

121



Edited by Marcia Aparecida Speranga

Advances in the understanding of neglected tropical diseases (NTDs) are inspiring
the scientific community to investigate their eco-epidemiology and physiopathology,
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pathogenic role of a serine protease inhibitor of Trypanosoma cruzi (TcISP2), the
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