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Examples of inmovative therapeutic and immunomodulatory strategies against protozoan infections. 
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Human protozoan infections are an important target for development of new vaccines 
and drugs. No completely efficacious vaccines for human protozoan infections are 
available and in the case of malaria resistance to the most efficacious antimalarials 
has become a global challenge. In ocular toxoplasmosis complete eradication of 
the body is not possible, exposing patients to new reactivations.

The need of treatment or vaccines for and of less toxic drugs for Leishmania are 
urgent tasks for protozoologists research community. New research strategies have 
appeared that enlarged the possibilities for treatment and vaccine development. 
Reverse vaccinology, bioinformatic search of second use drug candidates and ex 
vivo analysis have afforded new fields for development.
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Editorial on the Research Topic

Innovative Therapeutic and Immunomodulatory Strategies for Protozoan Infections

In this special issue of Frontiers in Cellular and Infection Microbiology, we assembled a collection
of 9 original research articles and 3 reviews within the theme “Innovative Therapeutic and
Immunomodulatory Strategies for Protozoan Infections.” The intended goal of this Research
Topic was to present an updated view of current innovations for intervention strategies against
human protozoan infections. No completely efficacious vaccines for human protozoan infections
exist. For example, the current vaccines licensed for malaria, or those currently being investigated
in clinical trials, are not completely effective and their utility are controversial (Genton, 2008;
Thera and Plowe, 2012). This same limitation exists with respect to availability of drugs to treat
infected individuals. Often wholly effective medications are lacking, and effective medications are
suboptimal. New challenge is posed by artemisinin-based combination therapy (ACT)-resistant
strains of P. falciparum, making development of new drugs to save malaria patients ever
more urgent. In ocular toxoplasmosis, complete eradication of the parasite from the host is
not possible, exposing patients to persistent threat of disease reactivation (de la Torre et al.,
2009). Pyrimethamine and sulfadiazine, with folinic acid, are the mainstays of treatment for
toxoplasmosis, but do not treat the latent bradyzoite life-stage. In the case of South American
trypanosomiasis (Chagas disease) only two drugs (benznidazole and nifurtimox) compose the
armamentarium of physicians treating patients with this disease (Gomez-Marin, 2010). In light
of these challenges, new research strategies have appeared that enhance the possibility of treatment
and vaccine development including reverse vaccinology (Cardona et al., 2015), the bioinformatic
search of second-use drug candidates (Osorio and García, 2019), and ex vivo analysis of immune
response (Torres-Morales et al., 2014). This Research Topic evaluates these new possibilities
and brings together authorities in this field and experiences that will feed the next wave of
drugs and vaccines for this group of infections that have significant human health consequences.
In toxoplasmosis, Acosta Davila et al. reviewed and summarize the utility of peripheral
blood mononuclear cells (PBMCs) as a model to investigate the immunologic component of
host-parasite interaction. It also delineates technical limitations associated with handling and
subsequent processing of PBMCs. The authors highlight the importance of variables (e.g., time
of collection of PBMC), significant implications for data interpretation and conclusions related to
host-parasite interaction, and discuss some controversies related to this model and suggest possible
improvements to related protocols. This ex vivo model of infection is critical to obtain accurate
information about human response to infection, given notable differences in immune response
in mice (Gómez-Marin, 2000). Critical to the development of new therapies against T. gondii,
Rocha-Rao et al. reported the use of a thiazolodinone scaffold and its derivatives, all of which
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contain an imidazole ring, and how these compounds may
lead, in the future, to improved therapies targeted against
the parasite. The authors discuss in their manuscript different
scaffolds that they studied and how improvements might be
made, especially in terms of in silico design. Evaluation of
kinase inhibitors represents a novel strategy that may overcome
difficulties of cross-inhibition of host kinases. The paper of
the Argentinian group, led by López et al., demonstrated
interesting compounds that merit further exploration in vivo. In
this work, proteins involved in DNA replication or repair are
proposed as potential therapeutic targets of human pathogens.
The authors provide evidence demonstrating the effect of
phosphatidylinositol 3-kinase (PI3K) inhibitors (KU-55399),
showing that they block Toxoplasma tachyzoite replication.
They found an abolition of the phosphorylation of H2A.X,
proposing that ATM kinase can be a potential drug target for
abrogation of T. gondii growth. In the same vein, an international
interdisciplinary collaborative team including the University
of Chicago, the Center for Structural Genomics of Infectious
Diseases at Northwestern University, and collaborators across
the U.K., provides crystallographic structures of 5 Toxoplasma
small enzymes function in key metabolic pathways likely to
be vital for parasite survival for the international research
community to use (Lykins et al.). Moreover, the group
demonstrates that target-specific modulation via morpholino
inhibited parasite replication in vitro. The authors hope that
obtaining crystal structures of these enzymes will facilitate
discovery of drugs against Toxoplasma. Looking for new
compounds that block Toxoplasma at the bradyzoite stage
(responsible for disease reactivation across time) remains a
challenging task for scientists. Vaccine development, therefore,
represents a reasonable approach to would prevent infection
from becoming established. Considerable progress has been
made toward identification of vaccine prototypes that are
moving closer to clinical studies. This includes recombinant
protein that elicits CD8+ and CD4+ T cells response in HLA
transgenic mice (El Bissati et al., 2016); Self Assembling Protein
Nanoparticles (SAPN) (El Bissati et al., 2014, 2017). RNA
replicons and liposomes, amongst other methods, are other
vaccine platforms reported in the literature to improve mouse
survival against Toxoplasma challenges. One of the most
significant challenges in vaccine development is to trigger
adequate antigen presentation, requiring not only sufficient
quantity of antigen, but also a stable preparation, facilitating a
durable immune response. Guo et al. reported use of chitosan
microspheres as a system that offers these properties and confers
protection to mice against acute and chronic toxoplasmosis.
The authors employed bioinformatics to screen predominant
peptides that bind to T and B cells epitopes. The ones that
elicited IgG were selected to compose a multigenic peptide,
emulsified with chitosan and microspheres, allowing assessment
for immunogenicity. Similar efforts on antigenic selection was
used by Patarroyo’s group from Bogota (López et al.). In this
work, B- and T-cell epitopes of the P. vivax rhoptry neck protein
2 (PvRON2) were predicted in silico and then, the binding of
predicted epitopes to HLA-DR molecules was experimentally
assessed, with four peptides selected to test immunogenicity (i.e.,

T cell proliferation, cytokine production, and IgG production) in
cells from Plasmodium vivax-exposed individuals from two
endemic areas in Colombia. Authors concluded that two T-cell
epitopes and one B-cell epitope are promising vaccine candidates.
This work illustrates the difficulties to drawing conclusions from
immunological assays with human samples. In addition, Alti et al.
reviewed current knowledge about the use of leptin as adjuvant.
The role of leptin in immune regulation is an interesting topic
that should be considered given its implications on the efficacy
of vaccines in obese individuals, suggesting this factor should be
included in evaluations of vaccine efficacy.

Strategies of treatment against other protozoans were also
reported in this Research Topic. In malaria, given the discovery
of strains of Plasmodium with intrinsic resistance to the very
efficacious artemisinin (Aponte et al., 2017), new drugs are
urgently needed. El Bissati et al. explored the therapeutic
potential of targeting the polyamine pathway in Plasmodium
and, in particular, spermidine synthase as a target of a new
family of inhibitors. The polyamine pathway appears to be
a valid target for further exploration and small molecule
development, given its essential role in parasite survival, is
likely to bear therapeutic fruit. Testing analogs effective against
Microsporidia formed the basis of the authors’ initial approach
toward P. falciparum studies. Tetraamines and oligoamines have
previously documented efficacy in experimental murine models
of microsporidiosis. Surprisingly, these compounds showed no
or minimal antimalarial activity. The authors found that addition
of cyclohexylmethyl side groups to the tetramine backbone
conferred potent inhibitory activity in both chloroquine-
resistant (Dd2) and chloroquine-sensitive (3D7) strains at the
low nanomolar range. Furthermore, these polyamine analogs
decreased levels of spermine in infected cells, suggesting a
mechanism involving inhibition of spermidine synthase.

Urban transmission of trypanosomiasis and new foci for
Chagas’ transmission in South America have increased the
interest in development of optimized treatment approaches
(Rueda et al., 2014; Bello Corassa et al., 2016). The review by
Osorio-Méndez and Cevallos offers perspective regarding how
this might be achieved. The authors use current genetic and
bioinformatics tools for identifying new molecular targets for
chemotherapeutic treatment of T. cruzi, the causative agent
of Chagas disease, and follow up with in-depth descriptions
of possible targets enzymes in three metabolic pathways:
synthesis of surface glycoconjugates, ergosterol biosynthesis,
and neutralization of reactive oxygen species. Alberca et al.
chose to focus their work on an alternative pathway, instead
using a virtual ligand and structure-based screening to find
polyamine analogs that could bind to the T. cruzi polyamine
transporter putrescine permease TcPAT12. From the large
libraries submitted for docking analysis, the authors found
several hits with activities against T. cruzi and conclude that
virtual screening is effective in finding inhibitors of putrescine
uptake in T. Cruzi. In another study Gunjan et al., have
studied the effect of artemisinin derivatives (α/β artemether,
artesunate, and a synthetic 1, 2, 4 trioxane) on apoptotic
pathway of malaria parasite and its survival. Finally, the
work of the Mexican group on Giardia, Argüello-Garcia
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et al. and garlics derivatives, is an excel sum example about
how nature continues offering new possibilities to find anti
parasite compounds.

In conclusion, this Research Topic is a good sample of
how novel chemoinformatics and bioinformatics strategies
are revolutionizing the discovery and identification of new
compounds. The new tools such as CRISP arrayed libraries of
mutated genes have added recently new possibilities and we have
seen recently an explosion of new anti-protozoa compounds.
However, there is still the barrier to test such a large number of
compounds, the same is occurring with the vaccines candidates

and it is necessary to develop efficacious selective screening
methods for new drugs and vaccines. At this respect, the
organoids and tissue explant-based models of infection can offer
a new strategy to be developed for the evaluation of anti-
protozoan drug candidates (Broutier et al., 2017). This could
represent a pathway of hope to obtain better drugs and vaccines
for these important human diseases.
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Chagas disease is a neglected tropical disease endemic to Latin America, though

migratory movements have recently spread it to other regions. Here, we have applied

a cascade virtual screening campaign combining ligand- and structure-based methods.

In order to find novel inhibitors of putrescine uptake in Trypanosoma cruzi, an ensemble

of linear ligand-based classifiers obtained by has been applied as initial screening filter,

followed by docking into a homology model of the putrescine permease TcPAT12. 1,000

individual linear classifiers were inferred from a balanced dataset. Subsequently, different

schemeswere tested to combine the individual classifiers: MIN operator, average ranking,

average score, average voting, with MIN operator leading to the best performance. The

homology model was based on the arginine/agmatine antiporter (AdiC) from Escherichia

coli as template. It showed 64% coverage of the entire query sequence and it was

selected based on the normalized Discrete Optimized Protein Energy parameter and the

GA341 score. The modeled structure had 96% in the allowed area of Ramachandran’s

plot, and none of the residues located in non-allowed regions were involved in the active

site of the transporter. Positivity Predictive Value surfaces were applied to optimize the

score thresholds to be used in the ligand-based virtual screening step: for that purpose

Positivity Predictive Value was charted as a function of putative yields of active in the

range 0.001–0.010 and the Se/Sp ratio. With a focus on drug repositioning opportunities,

DrugBank and Sweetlead databases were subjected to screening. Among 8 hits,

cinnarizine, a drug frequently prescribed for motion sickness and balance disorder, was

tested against T. cruzi epimastigotes and amastigotes, confirming its trypanocidal effects

and its inhibitory effects on putrescine uptake. Furthermore, clofazimine, an antibiotic
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with already proven trypanocidal effects, also displayed inhibitory effects on putrescine

uptake. Two other hits, meclizine and butoconazole, also displayed trypanocidal effects

(in the case of meclizine, against both epimastigotes and amastigotes), without inhibiting

putrescine uptake.

Keywords: Chagas disease, Trypanosoma cruzi, putrescine uptake, drug repositioning, drug repurposing,

cinnarizine, virtual screening, positive predictive value

INTRODUCTION

World Health Organization (WHO) describes neglected tropical
diseases (NTDs) as a group of tropical diseases which mainly
affect people living in poverty, lacking adequate sanitary
conditions and in close contact with the infectious vectors
(World Health Organization, 2015). One the most important
NTDs—in numerical terms—is Chagas disease, a parasitic
disease endemic to Latin-America, caused by the infection
by the protozoan Trypanosoma cruzi. This parasite can be
transmitted to humans and more than 150 domestic and
wild mammals, making complete eradication of the parasite
practically impossible. The main route of transmission of T. cruzi
is through the feces of the insect vector, known as vinchuca, a bug
of the subfamily Triatominae. There are also other transmission
routes, as congenital transmission and blood transfusions (Rassi
et al., 2010), which are becoming increasingly important in the
last years. WHO estimates based on 2010 data indicate that more
than 6million people are infected withT. cruziworldwide, mostly
in Latin-American countries (World Health Organization, 2015).
However, several reports suggest that the actual number of
infected people could be quite higher, reaching 10 million people
(Ventura-Garcia et al., 2013; Stanaway and Roth, 2015; Browne
et al., 2017).

Chagas disease presents two clinical phases. The initial or
acute phase, which lasts between 4 and 8 weeks, is in general
asymptomatic or might present as a self-limiting febrile illness.
After the acute phase, an indeterminate, latent phase follows,
with absence of clinical symptoms. About 60–70% of these people
will remain in the indeterminate phase, but the remaining 30–
40% will develop the symptomatic chronic phase characterized
by damage to specific organs—particularly heart, esophagus, or
colon. The chronic phase remains throughout life drastically
reducing life expectancy among these patients (Nunes et al.,
2013).

The only two approved drugs for the treatment of Chagas
disease so far are Benznidazole and Nifurtimox, launched in
the early 1970s. Both compounds are well-tolerated in children
and effective during the acute phase. However, they present
considerable side effects in adults, different susceptibility among
T. cruzi strains and limited efficacy in adults in chronic phase
(Morillo et al., 2015; Bermudez et al., 2016).

Drug repositioning (also known as drug repurposing,
indication expansion and indication shift) represents an
interesting strategy to approach the development of new
medications for NTD (Ekins et al., 2011; Bellera et al., 2015;
Ferreira and Andricopulo, 2016; Sbaraglini et al., 2016). It

consists in finding novel medical uses for existing drugs,
including approved, experimental, discontinued and shelved
drugs. Drug repurposing has several advantages over the
search of de novo drugs. Since the new indication is built
on already available pharmacokinetic and safety data, drug
development time and costs can be considerably shortened.
Possible manufacturing issues have also been solved. There
are several successful cases of repositioned drugs in the field
of NTDs: the anticancer drug eflornithine has been approved
for the treatment of sleeping sickness and the antifungal
drug amphotericin B has been repurposed for treatment of
visceral leishmaniasis. To date, however, although there are
several reports of drug candidates to be repositioned for the
treatment of Chagas disease, none of these has yet been
approved (Andrews et al., 2014; Klug et al., 2016; Sbaraglini
et al., 2016). While initially drug repurposing stories arose
from serendipitous observations, the drug discovery community
has progressively adopted more systematic approximations
to indication expansion (Ekins et al., 2011; Jin and Wong,
2014; Ferreira and Andricopulo, 2016), including genomic and
structural biology tools, in silico screening and high-throughput
screening platforms.

Polyamines (putrescine, spermidine, spermine) are low
molecular weight polycations with crucial physiologic role in
all the eukaryotic cells. They take part in fundamental cellular
processes such as growth, differentiation, macromolecular
biosynthesis and protection against oxidative damage. The
polyamine metabolism in T. cruzi differs significantly from its
human counterpart since the parasite lacks the enzymes arginine
decarboxylase and ornithine decarboxylase, which are necessary
for the biosynthesis of polyamines (Figure 1; Carrillo et al.,
1999, 2003). Thus, T. cruzi depends on the incorporation of
polyamines from the host cell. These functions are carried out
by polyamine transporters such as the high-affinity putrescine
permease TcPAT12 (or TcPOT1.1) which does not present
homologous in the mammalian lineage (Carrillo et al., 2006). The
importance of polyamines for parasites survival, the inability of
the parasite to biosynthesize polyamines and the exclusivity of
the putrescine transporter in T. cruzimakes putrescine uptake an
attractive target for the search of new trypanocidal drugs (Hasne
et al., 2016).

Back in 2016, we reported the first in silico drug repurposing
campaign to discover novel inhibitors of polyamine uptake in
T. cruzi (Alberca et al., 2016); such study applied an ensemble
of ligand-based models to screen DrugBank 4.0 and Sweetlead
databases and resulted in the identification of three candidates
that impaired putrescine transport: paroxetine, triclabendazole
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FIGURE 1 | Comparative scheme of polyamine metabolism in human cells and T. cruzi. ARG, arginase; ADC, arginine decarboxylase; AGM, agmatinase; ODC,

ornithine decarboxylase; SAMDC, s-adenosylmethionine decarboxylase; SRM, spermidine synthase; PAO, polyamine oxidase; SSAT, spermidine acetyltransferase;

TryS, trypanothione synthetase; TryR, trypanothione reductase.

and sertaconazole. Here, we have improved our ligand-based
computational models and complemented them with molecular
docking based on a homology model of TcPAT12; the combined
screening has been applied to identify two newTcPAT12 potential
inhibitors: clofazimine and cinnarizine. We also report, for the
first time, the use of Positivity Predictive Value (PPV) surfaces
analysis to select the score threshold that will be used in the
virtual screening procedure. The two hits were assayed against T.
cruzi epimastigotes and trypomastigotes, and the inhibitory effect
on putrescine uptake was also determined.

MATERIALS AND METHODS

Ligand-Based Virtual Screening
Dataset Collection
Polyamine analogs previously assayed against T. cruzi were
compiled from literature. 256 polyamine analogs were found
and conformed the dataset used here for model calibration and
validation. Such dataset was curated using the standardization
tool available in Instant JCHEM v. 17.2.6.0. We have labeled
the 256 compounds as ACTIVE or INACTIVE according
to their half-maximal effective concentrations (EC50) against
T. cruzi. The ACTIVE category included compounds with
EC50 below 20µM; the remaining compounds were included
in the INACTIVE category. Considering such cut-off, the
dataset includes 116 actives and 140 inactives. The molecular
diversity of the whole dataset and within each category
can be appreciated in the heatmaps displayed in Figure 2,
which show, for every compound pair in the database,
the Tanimoto distance computed using ECFP_4 molecular
fingerprints. The heatmap was built using Gitools v. 2.3.1 (Perez-
Lamas and Lopez-Bigas, 2011) and Tanimoto distances were
calculated using ScreenMD—Molecular Descriptor Screening

v. 5.5.0.1 (ChemAxon, 2002-2011). The dataset is included as
Supplementary Information.

Dataset Splitting
The resulting dataset of 256 polyamine analogs was divided
into two groups using a representative sampling procedure: (a)
training set, that was used to calibrate the models and; (b)
test set, that was used to externally validate the models. The
representative partition of the dataset resulted from a serial
combination of clustering procedures: first, we have used the
hierarchical clustering method included in LibraryMCS software
(version 17.2.13.0–ChemAxon), which relies on the Maximum
Common Substructure (MCS). From the resulting clusters, a
compound from each cluster was randomly chosen and used as a
seed to perform a non-hierarchical clustering using the k-means
algorithm, as implemented in Statistica 10 Cluster Analysis
module (Statsoft, 2011). Such procedure was performed in an
independent manner for the ACTIVE and INACTIVE categories.

Seventy-five percent of the compounds in each cluster of the
ACTIVE category were kept for the training set (totaling 87
compounds); an equal number of compounds were taken from
the INACTIVE category clusters (62.14% of each INACTIVE
cluster). The remaining 29 active and 53 inactive compounds
were assigned to test set. Note that, to obtain the training set, we
have under-sampled the INACTIVE category, so that a balanced
calibration sample was obtained. In that way, model bias toward
predicting a specific category was avoided.

Molecular Descriptor Calculation and Modeling

Procedure
Three thousand six hundred sixty-eight conformation-
independent descriptors were computed with Dragon 6.0
software. A random subspace-based method was applied to
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FIGURE 2 | Heatmaps of dissimilarity of the whole dataset and within each category. (A) active compounds vs. inactive compounds; (B) active compounds vs. active

compounds; (C) inactive compounds vs. inactive compounds.

obtain 1,000 random descriptor subsets of no more than 200
potential independent variables each. In the random subspace
approach, the features (independent variables, e.g., molecular
descriptors) are randomly sampled and each model (learner)
is trained on one subset of the feature space (El Habib Daho
and Amine Chikh, 2015; Vyskovsky et al., 2016), which causes
individual models not to over-focus on features that display high
explanatory power in the training set.

A dummy, binary variable (class label) was used as dependent
variable. Such variable was assigned observed values of 1 for
compounds within the ACTIVE, and observed values of 0 for
compounds in the INACTIVE category.

Using a Forward Stepwise approach and a semi-correlation
approach (Toropova and Toropov, 2017), 1,000 linear classifiers
were obtained, one from each of the random subsets of features.
In order to avoid overfitting, only one molecular descriptor every
10 training instances was allowed into each model, with no
more than 12 independent variables per model. No regression
coefficient with p-value above 0.05 was allowed into the model.

R language and environment was used for all data analysis.
The R package data table (https://cran.r-project.org/package=
data.table) was used to handle datasets.

The robustness and predictive ability of the models were
estimated through randomization and leave-group-out cross-
validation tests. In the case of randomization, the class label
was randomized across the compounds in the training set. The
training set with the randomized dependent variable was then
used to train newmodels from the descriptor selection step. Such
procedure was repeated 10 times within each descriptor subset.
It is expected that the randomized models with perform poorly
compared to the real ones. Regarding the Leave-Group-Out
cross-validation, 18-compound subsets were randomly removed
from the training set in each cross-validation round and the
model was regenerated. The resulting model was used to predict
the class label for the 18 removed compounds. The procedure was
repeated 10 times, removing each of the training set compounds
once.

Ensemble Learning
Classifier ensembles are known to handle complex data and to
provide better generalization and accuracy than single model
classifiers (El Habib Daho and Amine Chikh, 2015; Carbonneau
et al., 2016; Min, 2016; Vyskovsky et al., 2016); they can be
particularly useful to prevent overfitting when handling datasets
that suffer from small sample size while their dimensionality is
large (Vyskovsky et al., 2016), a quite frequent scenario in the
drug design field.

The best individual classifiers were selected and combined
(selective ensemble learning approach) using the area under the
ROC curve metric (AUC ROC) as criterion of performance.
Systematic combinations of the 2–100 best performing classifiers
were analyzed. Four combination schemes were applied to obtain
a combined score: MIN operator (which returns the minimum
score among the individual scores of the combined models);
Average Score; Average Ranking and Average Voting. Voting was
computed according to the equation previously used by Zhang
and Muegge (2006). AUC ROCs were obtained with the pROC
package (Robin et al., 2011); the Delong method was used to
obtain 95% confidence intervals.

Pilot (Retrospective) Screening Campaign
Through simulated ranking experiments, Truchon et al.
demonstrated that the AUC ROC metric is dependent on the
ratio of actives/inactives, and the standard deviation of the metric
converges to a constant value when small yield of actives of the
screened library (Ya, also called ratio of actives or prevalence of
activity) are used (ratios of actives below 0.05 seem to provide
more robust results). Reasonably small Ya also ensures that the
saturation effect is constant or absent. A high number of decoys
(around 1,000 or higher) contribute to a controlled statistical
behavior, especially if poorly performing classifiers/methods
are applied (Truchon and Bayly, 2007). Accordingly, we have
performed pilot (retrospective) VS campaigns for the individual
classifiers and classifier ensembles. For that purpose, we have
dispersed the active compounds from each test set among a
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large number of decoys obtained with the help of the enhanced
Directory of Useful Decoys (DUD-E) (Mysinger et al., 2012).
Each of the test set active compounds from each dataset was
used as a query in the DUD-E website, thus generating paired
putative inactive compounds (decoys) for each of those active
compounds. As a result, the pilot database contained 29 known
active compounds dispersed among 1302 DUD-E decoys and
53 known inactive compounds, adding up a total of 1384
compounds and displaying a Ya of 0.021.

Building Positivity Predictive Value Surfaces and

Choosing an Adequate Score Threshold Value
A practical concern in virtual screening campaigns is to predict
the actual probability that a predicted hit will prove truly active
when submitted to experimental testing (the PPV). Estimation of
such probability is however obstructed due to its dependency on
the Ya of the screened library, which cannot be known a priori:

PPV =
(Se)(Ya)

(Se) (Ya) + (1− Sp)(1− Ya)
(1)

where Se represents the sensitivity associated to a given score
cutoff value and Sp represents the specificity. Equation (1) was
applied to build PPV surfaces. 3D plots illustrating the interplay
between PPV, the Se/Sp ratio andYawere built for each individual
model and for each model ensemble. Using the corresponding
pilot database (as described in previous subsections), Se and Sp
were computed in all the range of possible cutoff score values.
Note that there is no guarantee that the Se and Sp associated to
each score value (and thus, the ratio Se/Sp) will be the same when
applying the classifiers to other compound databases, e.g., in the
real virtual screening campaign; nevertheless, since controlled
statistical behavior is observed for database sizes of about 1000
compounds or more and Ya below 0.05, we can reasonably
assume that the ROC curve and derived metrics will be similar
when applying the models to classify other large chemical
databases with low Ya. In order to build the PPV surfaces,
and taking into consideration that in real VS applications Ya
is ignored a priori but invariably low, Ya was varied between
0.001 and 0.010. The R package plotly (https://cran.r-project.org/
package=plotly) was used to obtain all the PPV graphs. Visual
analysis of the resulting PPV surfaces allowed us to select a score
cutoff value with a desired range of PPV.

Virtual Screening
Based on visual inspections of the resulting of PPV graphs, we
have applied an 8-model ensemble using the MIN operator to
combine individual models for virtual screening, choosing 0.354
as score threshold (above 0.354 compounds from the screened
databases have labeled as predicted active compounds). Such
threshold corresponds to a Se/Sp ratio of 0.666. It was checked
that every hit belonged to the applicability domain of the model
from the model ensemble that assigned the minimum score
(which, was, according to our combination scheme, the one that
ultimately decided if a compound was or was not labeled as an
active). The leverage approach was used to assess if a hit belongs
to the applicability domain, using 3d/n as cutoff value, where d is

the number of descriptors in the correspondent model and n is
the number of compounds in the training set.

We have used the 8-model ensemble to screen two databases:
(a) DrugBank 4.0, an online database containing extensive
information about the US Food and Drug Administration (FDA)
approved, experimental, nutraceutical, illicit and investigational
drugs (Law et al., 2014); (b) Sweetlead, a curated database
of drugs approved by other international regulatory agencies,
compounds isolated from traditional medicinal herbs, and
regulated chemicals (Novick et al., 2013). These two databases
were curated using Standardizer 16.10.10.0 (ChemAxon). We
have applied the following actions to generate homogeneous
representations of the molecular structure for the virtual
screening: (1) Strip salts; (2) Remove Solvents; (3) Clear Stereo;
(4) Remove Absolute Stereo; (5) Aromatize; (6) Neutralize;
(7) Add Explicit Hydrogens; and (8) Clean 2D. Additionally,
duplicate structures were removed using Instant JCHEM v.
17.2.6.0. Based in the results obtained and considering the most
direct candidates for repositioning, two compounds were selected
for experimental evaluation. Hits submitted to experimental
testing were acquired from Sigma-Aldrich.

Structure-Based Virtual Screening
The 24 best solutions from ligand based virtual screening were
submitted to molecular docking calculations. To this end we
employed as target our 3D model of the putrescine permease
TcPAT12 previously constructed (Dietrich et al., 2018). This
model was based on the arginine/agmatine antiporter (AdiC)
from E. coli as template (Protein data bank accession code: 3L1L,
Feng et al., 2000), which was identified through Blast sequence
search and showed 23% of sequence identity and 64% coverage
of the entire query sequence. The model of TcPAT12 architecture
was achieved by Modeller Software (Webb and Sali, 2016). The
best model has been selected based on the normalized Discrete
Optimized Protein Energy parameter (z-DOPE) (Shen and Sali,
2006) and the GA341 score (which analyze the reliability of a
model based on statistical potentials) (Melo and Sali, 2007). This
structure had the highest number of residues in allowed area
(96%) on Ramachandran plot, and none of the residues located
in non-allowed regions were involved in the active site of the
transporter.

The docking conditions were defined according to our
previous studies, which pointed to Autodock4.2 (rigid mode) as
the best software to discriminate known inhibitors from non-
inhibitors of TcPAT12 through the docking score (Dietrich et al.,
2018). The “docking active site” was set according to previous
research of Soysa et al. (2013). They proposed the location of the
putrescine-binding pocket in a region that includes Gly69, Cys66,
Trp241, Ala244, Asn145, Cys396, Asn245, Tyr148, Tyr400 amino
acids. Autodock4.2 calculations were computed in a grid with the
default spacing (0.375A) between the 44 × 58 × 40 grid points
in x, y, z directions respectively. Additionally, we performed
the standard estimation for all the variables such as Marsilli-
Gasteiger partial charges. We computed 100 docking runs for
each compound, with a rigid target and flexible ligands (allowing
the rotation of all non-ring torsion angles of the candidates).
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Experimental Assays
Biological Activity Against Different T. cruzi Stages
For all assays, stock and working solutions of the candidate
drugs were prepared using DMSO as solvent and test or control
conditions were tested in triplicate.

Epimastigotes of the Y strain of T. cruzi were cultured at 28◦C
in BHTmedium supplemented with 20 ug/ml haemin, 10% heat-
inactivated fetal bovine serum (FBS), 100µg/ml streptomycin
and 100 U/ml penicillin. The antiproliferative activity of the
candidates was tested at concentrations from 1 to 100µM in
cultures initiated at 107 cells/ml. After 4 and 8 days, the number
of viable parasites were counted using a hemocytometer chamber
under the light microscope (Bellera et al., 2013). Controls
were performed under the same culture conditions with equal
concentrations of DMSO as for candidate drugs. The EC50 values
were determined from dose response curves fitted to a sigmoidal
equation (Boltzmann model) or extrapolated from linear fitting
plots (Fernández et al., 2013).

T. cruzi trypomastigotes were purified at the parasitemia peak
from peripheral blood of mice infected with the RA strain.
Trypomastigotes (1 × 104 per well) were cultured in a 96 well-
plate (final volume 200 µl) in RPMI medium supplemented with
10% FBS at 37◦C in 5% CO2 atmosphere. After 24 hours motile
parasites were counted in hemocytometer chamber under the
light microscope (Miranda et al., 2015). Results were expressed
as % viability of trypomastigotes at 20µM of the hits. Controls
were performed under the same culture conditions with equal
concentrations of DMSO as for candidate drugs. The negative
control was cultured with PBS and the positive control was
cultured with Benznidazole (20µM).

In vitro evaluation of drug activity against intracellular
amastigotes. J774 cells infected with bloodstream
trypomastigotes of RA strain were cultured at 37◦C in humidified
incubator with 5% CO2 in 24-well plates (1.5× 105 cells per well;
final volume of 500 µl in duplicate). After 24 h of incubation,
increasing doses of freshly prepared dilutions of benznidazole,
meclizine dihydrochloride, cinnarizine, or butoconazole were
added at final concentrations of 5, 20, and 50µM for meclizine,
and cinnarizine and 1, 5, and 20µM for butoconazole nitrate.
Seventy-two hours later, medium was drained and cells were
fixed for 10min in ice-cold methanol and stained with 10% v/v
of Giemsa solution for 15min. The number of amastigotes per
100 host cells was recorded. Control cultures were incubated in
medium alone or with equal DMSO concentrations. Citotoxicity
was analyzed in trypsinized cell suspensions, after addition of
Propidium iodide (PI) (Sigma, St. Louis, USA) (5µg/ml) 10min
prior to analysis by fluorescence and light microscopy of the
number of viable and dead cells.

Aminoacid/Polyamine Transport Assay
Aliquots of T. cruzi epimastigotes (3 × 107 parasites) starved
for 3 hs in 2% glucose—phosphate-buffered saline (PBS)
were collected, centrifuged at 1,500 g for 10min and washed
three times with PBS. Cells were then resuspended in 2ml
of PBS containing 5µM (14C)-putrescine, or (14C) arginine,
and candidates at a final concentration of 50µM previously
solubilized in DMSO. Aliquots were taken at different time

points, centrifuged and washed three times with 1ml of ice cold
10mM solution of unlabeled putrescine/arginine in PBS. Pellets
were resuspended and radioactivity determined in UltimaGold
XR (Díaz et al., 2014). All experiments were performed in
triplicate.

The effect of the candidate on parasite viability under
uptake assay conditions was evaluated through the tetrazolium
salt (MTT) reduction assay (Mosmann, 1983). Briefly, 10
µl of 5 mg/ml MTT dye (3[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) was added to the eppendorf tubes
containing 106 parasites in 100 µl of BHT and the drug
candidates at 50µM solubilized in DMSO. After incubation
for 3 h at 28◦C, the tubes were spin-dried (3,000 rpm) and
the pellet with the formazan crystals were dissolved with 100
µl of DMSO. The optical density (OD) was determined using
a microplate reader (Labsystems Multiskan MS, Finland) at
570/695 nm. Under such conditions, the OD is proportional
to the viable cell number in each well. All experiments were
performed in triplicate.

RESULTS

Model Development and Validation and
Virtual Screening
Two serial virtual screening methods were applied to find
out putative TcPAT12 inhibitors. First, we resorted to a
computationally inexpensive ligand-based approach. For that
purpose, 1,000 individual linear classifiers were obtained by
applying a random subspace approximation. The individual
models were externally validated by using an independent test
set and, for a more challenging and realistic simulation, by
retrospective screening of a simulated library where a small
proportion of active compounds was dispersed among a high
number of (mostly putative) decoys. 82, 57, and 25% of the
individual classifiers displayed AUC ROCs above 0.8 for the
training set, the test set and the simulated DUD-E database,
in that order. This suggests some degree of overfitting and
corroborates that the pilot (retrospective) screening campaign
against the DUD-E database is the more challenging task for
the classifiers. Table 1 shows the eight individual classifiers that
showed the best performance on the training and test sets, and
also on the DUD-E database.

The best individual model included the following features:

Model 348: Class = 3.12777 + 0.03474 ∗ F06[C-C] + 0.20805
∗ S-107 – 0.04291 ∗ F05[N-N] + 0.39611 ∗ C-039 – 0.34582
∗ SM5_B(s) + 6.25705 ∗ Eta_epsi_A + 0.53013 ∗ nSO2OH –
1.28338 ∗ SpMax_H2 + 0.44827 ∗Eig04_AEA(ri) – 1.73390 ∗

ATSC1e+ 0.05975 ∗ CATS2D_09_PL+ 0.02805 ∗ SaaO
Wilks’ Lambda: 0.59
F(12, 161) = 9.23
p < 0.0000

Dragon’s nomenclature for the molecular descriptors has been
kept in the previous expression. F06[C-C] refers to the count of
C-C at a topological distance of 6; S-107 represents the count
of R2S/RS-SR groups; F05[N-N] stands for the frequency of
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TABLE 1 | Values of the AUROC metric for the best eight individual models and the best 8-model ensemble.

Model Training set Test set DUD-E database

8-MODEL ENSEMBLE (MIN) 0.851 (±0.0281) 0.885 (±0.0367) 0.976*** (±0.0085)

8-MODEL ENSEMBLE (RANKING) 0.886 (±0.0239) 0.878 (±0.0375) 0.976*** (±0.0082)

8-MODEL ENSEMBLE (AVERAGE) 0.891 (±0.0234) 0.887 (±0.0357) 0.970*** (±0.0096)

8-MODEL ENSEMBLE (VOTING) 0.833 (±0.0283) 0.810 (±0.0516) 0.959* (±0.0173)

348 0.882 (±0.0250) 0.885 (±0.0360) 0.934 (±0.0123)

706 0.809* (±0.0319) 0.736** (±0.0565) 0.924 (±0.0205)

981 0.843 (±0.0298) 0.837 (±0.0467) 0.922 (±0.0254)

557 0.778** (±0.0343) 0.818 (±0.0482) 0.919 (±0.0203)

123 0.850 (±0.0285) 0.882 (±0.0382) 0.918 (±0.0185)

693 0.860 (±0.0280) 0.828* (±0.0459) 0.913* (±0.0171)

560 0.775** (±0.0348) 0.779* (±0.0525) 0.911* (±0.0185)

746 0.844 (±0.0288) 0.820 (±0.0456) 0.910 (±0.0195)

AUROCs statistically different from the correspondent column for the best individual model (model 348). *p < 0.05, **p < 0.01, and ***p < 0.001. The highest AUC for an individual

model is indicated in bold.

N - N at a topological distance of 5; C-039 refers to Ar-C(=X)-
R groups; SM5_B(s) corresponds to the spectral moment of
order 5 from the Burden matrix weighted by I-State; Eta_epsi_A
is the eta average electronegativity measure; nSO2OH stands
for the number of sulfonic (thio-/dithio-) acids; SpMax_H2 is
the leading eigenvalue from reciprocal squared distance matrix;
Eig04_AEA(ri) denotes the fourth eigenvalue from augmented
edge adjacency matrix weighted by resonance integral: ATSC1e
corresponds to the Centred Broto-Moreau autocorrelation of lag
1 weighted by Sanderson electronegativity; CATS2D_09_PL is
the CATS2D Positive-Positive at lag 09 and; SaaO corresponds
to the sum of aaO E-states.

Whereas the performance of the best individual classifiers
was quite satisfactory, we resorted to ensemble learning to
obtain meta-classifiers with improved accuracy and a more
robust behavior. The expectations on the model combination
approach were confirmed statistically: no matter which
combination scheme is applied, the model ensembles show a
statistically similar behavior to the best individual model when
classifying the training and test set compounds, while statistically
outperforming the individual models when considering the
DUD-E database (p < 0.05 in all cases). The MIN, RANKING
and AVERAGE combination schemes led to the best results
(Table 1), with p-values below 0.001. When considering the
influence of the number of combined models on the AUROC
metric, it was observed that although the ensemble learning
approach always seems to improve the results in comparison
with the individual classifiers, combinations above 10 models
tend to poorer behavior in terms of AUROC values but also
regarding the standard deviation of the mean, which increases
with the number of models included in the ensemble (Figure 3).

Since all the model combination approaches exhibited similar
behavior against the test set and the DUD-E database for
relatively low number (below 10) of combined classifiers, we
chose to move to the real virtual screening campaign with the
combination scheme based on the MIN. In our experience, this
is the most conservative approach which tends to display the
smallest false positive rate. This was confirmed when comparing

Sp and Se of the 8-model meta-classifier with those of the best
performing individual models, where a substantial improvement
in Sp was observed (Figure 4). This is a particularly good result in
our context (small academic group from a mid-income country,
with limited resources to invest in hit experimental validation);
we often prefer to reduce the false positive rate even if this
means losing sensitivity and sacrificing some active scaffolds.
However, in this particular case we have chosen to refine the
former criteria (prioritizing Sp) by resorting to what we have
called PPV surfaces.With the help of these surfaces, the evolution
of the most relevant metric for our purposes, the PPV value,
can be visually (or, eventually, mathematically) optimized as a
function of the Se/Sp ratio across a range of Ya values. For
this analysis, we have used the association between Se/Sp and
score values that have been observed in the pilot screening
campaign. The strongest assumption of our approach is that the
Se/Sp value observed for a given score during the pilot screening
campaign against the DUD-E database will hold when screening
other databases (e.g., the ones screened in real virtual screening
applications). This is of course not necessarily true. However,
since the AUROC values obtained for the DUD-E database are
unequivocally high (always above 0.9 for the individual models
and very close to the perfect value of 1 for the ensembles) while on
the other hand the DUD-E database Ya ratio (quite below 0.05)
and size (>1,000 compounds) speak of a controlled statistical
behavior, we believe it is a reasonable assumption in the present
setting.

When analyzing the PPV surface for the 8-model combination
based on the MIN operator, it was observed that in the current
scenario favoring Sp over Se has a positive impact on the PPV,
thus resulting in higher probabilities of confirming in silico hits
submitted to experimental validation (Figure 5). It should be
emphasized that such behavior is not general: other situations
linked to different PPV surface shapes might lead to an entirely
different conclusion (that is, the need to prioritize Se over Sp
to enhance PPV). The selection of the best cutoff value should
be based in the specific PPV surface obtained in each particular
modeling situation.
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FIGURE 3 | AUROC metric vs. the number of combined models in the DUD-E database (A) MIN operator; (B) Average score; (C) Average Ranking; (D) Average

Voting.

FIGURE 4 | Discriminating abilities of the individual models and the best model ensemble against the DUD-E database. The MIN combination scheme clearly

improves Sp (note the enhanced separation of the inactives from the actives in comparison with individual models).
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FIGURE 5 | PPV surface for the best 8-model ensemble.

Using the PPV surface, we chose 0.354 as score threshold to
be used in our real virtual screening campaign; such score is
associated to a Se/Sp ratio of 0.666 for the 8-model ensemble
based on the MIN operator. Whereas higher scores linked to
lower Se/Sp ratio would, according to the PPV surface, result
in improved PPVs, the resulting number of hits would also be
substantially diminished, leaving very few choices for subsequent
acquisition and experimental testing (the ligand-based screen
using the 0.354 cutoff score resulted in only 24 hits, with just 15 of
them being approved drugs, the most straightforward candidates
to drug repurposing).

The 24 hits emerging from the ligand-based screening stage
were submitted to the structure-based screening (docking into
the TcPAT12 homology model), with 17 of them surviving the
docking stage and only 9 of them having achieved approved
status. Table 2 shows the hits selected through the combined
ligand- and target-based approach, including the PPV range
for the correspondent score value of the 8-model ensemble
between Ya values of 0.001 and 0.010. Note that 3 of the hits,
namely clomifene, oxiconazole and clofazimine have previously
been assayed against T. cruzi, with positive results (Sykes and
Avery, 2013; Bellera et al., 2015; Kaiser et al., 2015). Most of the
compounds have a docking score lower than the value found
for the natural ligand putrescine (−6.0), which was calculated
previously in the same docking conditions. The results justify the
selection of the structures as promising candidates. The exception
was clofazimine, with a docking score of−1.58. In this particular
case, the drug has been identified as trypanocidal agent within
our research group, during an in silico screening to detect novel
cruzipain inhibitors. The drug later confirmed its potential both
in acute and chronic rodent models of Chagas disease (Bellera
et al., 2015; Sbaraglini et al., 2016). In that occasion, though, it
was observed that the potency of the drug against the parasite was
higher than the inhibitory potency against cruzipain, suggesting
multiple mechanisms of action besides cruzipain inhibition.

Based on access to the chosen compounds, we decided to
test clofazimine, cinnarizine, meclizine dihydrochloride, and
butoconazole nitrate (Sigma Aldrich) effects on putrescine
uptake in T. cruzi. Cinnarizine, meclizine, and butoconazole

were also tested against T. cruzi epimastigotes, trypomastigotes,
and amastigotes. The latter assays were omitted for clofazimine,
since as already discussed, this drug had previously been tested
against the different T. cruzi stages, with positive results. Before
acquisition, it was verified if the compounds obeyed different
druglikeness rules. All compounds satisfy Lipinski’s rules (they
satisfy three out of four of the Lipinski’s proposition, only
violating the proposition linked to clogP), Veber’s rule and the
druglikeness criteria adopted by Monge et al. in previous studies
(Lipinski et al., 2001; Veber et al., 2002; Monge et al., 2006). All
in all, these analysis suggest that they have high probabilities of
displaying good oral bioavailability (Lipinski’s and Veber’s rules)
while also excluding some undesirable properties such as highly
reactive chemical groups and possible toxicophores) (Monge’s
criteria). This is not a surprising result since all the hits submitted
to experimental validation are approved drugs. A summary of the
screening workflow and the number of hits surviving each step is
presented in Figure 6.

Experimental Testing
The effect of different concentrations of cinnarizine, meclizine
and butoconazole against T. cruzi epimastigotes was tested
(Figure 7) and the correspondent EC50 was calculated. The
three drugs showed a clear inhibition in a dose-depend
manner on the proliferation of epimastigotes, with a EC50 (at
day 4) of 6.05µM, 8.39µM and 3.08µM, respectively. The
reference drug benznidazole displayed a EC50 of 2.56µM against
epimastigotes. When tested against trypomastigotes at 20µM,
cinnarizine displayed a slight inhibition in viability (30%). No
inhibition was observed for the other two hits tested. When
testing its effects against amastigotes, butoconazole showed a
considerable cytotoxicity against J774 cells at all the assayed
concentrations (100.0%; 57.5 ± 0.6%; 48.3 ± 6.3% at 50µM;
20 and 5µM respectively), and it was therefore disregarded
for future investigations. Meclizine showed cytotoxicity against
J774 cells at 50µM (13.9 ± 2.0%), though no toxic effects
were observed at lower concentrations. Cinnarizine showed
no toxicity at any of the tested concentrations. Meclizine
significantly reduced the number of amastigotes per 100 cells
at the three assayed concentrations. Cinnarizine showed a weak
effect against amastigotes, displaying almost a 50% inhibition at
50µM (Figure 8).

To determine if the mechanism of action of the candidates
correlates with that predicted by our models, the inhibition
of putrescine uptake by T. cruzi epimastigotes was determined
(Figure 9A). A 10-fold molar excess of the candidate drugs were
tested. Cinnarizine and clofazimine showed a clear effect on
putrescine uptake with a significant initial velocity reduction
to 52.56 ± 4.84 and 30.85 ± 2.74% respectively, compared
with transport in control conditions. In contrast, meclizine and
butoconazole did not display any inhibitory effect on putrescine
uptake, which suggests that their trypanocidal effect is related
to other mechanisms of action. Meclizine has previously been
shown to inhibit cruzipain at lowµMconcentrations (Doak et al.,
2010).

The specificity of the putrescine uptake inhibition by
cinnarizine and clofazimine was checked by testing the effect
of both active hits on other transporter of the same family
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TABLE 2 | Candidates selected through the combined ligand- and target-based approach.

Name MIN Score PPV%

(Ya = 0.001)

PPV%

(Ya = 0.01)

Structure Score docking Current therapeutic

indication

Clomifene 0.4837 14.64 63.38 −9.37 Used mainly in female

infertility due to

anovulation

Butoconazole 0.4768 14.64 63.38 −9.87 Local treatment of

vulvovaginal

candidiasis

Meclizine 0.4546 12.30 58.61 −8.95, −6.64a Motion sickness and

vertigo

Clemizole hydrochloride 0.4544 12.30 58.61 −8.91 Allergies

Cinnarizine 0.4273 9.20 50.56 −7.43 Motion sickness and

vertigo

Centchroman 0.3798 5.67 37.76 −6.31 Primarily used as a

contraceptive

Oxiconazole 0.3751 5.00 34.68 −10.44 Dermal fungal

infections.

Astemizole 0.3666 4.25 30.96 −6.45 Allergies

Clofazimine 0.3605 4.06 29.92 −1.58 Leprosy

aThe docking scores of both isomers were calculated.

(Figure 9B). The MTT assay indicated that under the uptake
conditions (with 50µM of the drug and 1% DMSO), neither
cinnarizine nor clofazimine presented a cytotoxic effect on the
parasites (not shown).

DISCUSSION

Comparison With Previous Studies
Whereas studies to exploit polyamine transporters as molecular
drug targets for the development of new trypanocidal agents

are at an early stage, some interesting considerations may be
outlined from the considering the present study and the few
previous reports describing the screening of new inhibitors of
T. cruzi putrescine uptake. First, some of the hits identified in
earlier studies have shown to be more effective against T. cruzi
trypomastigotes than against other stages of the parasite (Reigada
et al., 2017, 2018). For instance, the reported IC50 of isotretinoin
against trypomastigotes (130 nM) is about 230-fold lower than
the one against epimastigotes (Reigada et al., 2017). The opposite
was observed in this study for cinnarizine, since epimastigotes
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FIGURE 6 | Screening workflow used in the present study. The number of compounds retained at each step for further studies is shown.

FIGURE 7 | Effect of cinnarizine on T. cruzi epimastigotes proliferation. Results

are expressed as the mean ± SD of triplicate experiments.

FIGURE 8 | Inhibitory effects of the three assayed hits against T. cruzi

amastigotes.

were more sensitive to the drug than trypomastigotes. There are
some possible explanations to these varying degrees of sensitivity
to putrescine uptake inhibition acrossT. cruzi stages. It is possible
that different forms of the parasite resort to different primary
transport mechanisms of polyamines (each of themwith different
drug specificities) (Seguel et al., 2016). A similar possibility
has been suggested in Leishmania, where it has been observed

that amastigotes and promastigotes use different transporters for
polyamine uptake (Müller et al., 2001; Colotti and Ilari, 2011).

The comparison of the present study with previous in silico-
guided drug repurposing campaigns targeting T. cruzi polyamine
uptake is hindered by the fact that very few earlier studies exist
and that different virtual screening approaches have been applied
in them. The first report of a virtual screening application to
identify putrescine uptake inhibitors came from Alberca et al.
who back in 2016 used an ensemble of six linear classifiers and
identified three novel confirmed hits (out of five hits submitted
to experimental screening): sertaconazole, triclabendazole, and
paroxetine (Alberca et al., 2016). The same 6-model ensemble
was later applied in parallel with a similarity-based screen and
in sequence with target-based screening, with one out of four hits
validating their predicted activity in vitro (Dietrich et al., 2018).
For their part, Reigada et al. used a combination of similarity-
based virtual screening and molecular docking, obtaining two
experimentally confirmed hits (isotretinoin and acitretin) out of
a total of three tested compounds (Reigada et al., 2017). The
statistical comparison of the true PPV (confirmed hits over total
number of hits tested) in the aforementioned virtual screening
campaigns has no point due to the small number of hits tested in
each occasion. Nevertheless, such PPV was in all cases, including
the current study, well above the median value of hit rate in
virtual screening studies (13%), as reported in a critical literature
analysis of virtual screening results published between 2007 and
2011 (Zhu et al., 2013).

From a visual comparison of the (theoretic) PPV surfaces of
the 6-model ensemble reported by Alberca et al. (2016) and the
currently reported 8-model ensemble, it is clear that the 8-model
ensemble reported here shows a more robust and predictable
behavior in the Se/Sp range that goes from 0.3 to 1.0. (Figure 10).

The Power of Ensemble Learning
The DUD-E database used as a validation tool in our
retrospective virtual screening campaign confirmed that
retrospective screening is the most challenging task (besides
prospective screening) for a model conceived for in silico
screening applications, as in the case of individual classifiers, the
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FIGURE 9 | Effect of 50µM cinnarizine and clofazimine on putrescine (A) and arginine (B) uptake in T. cruzi epimastigotes. Values are expressed as % mean ± SD in

comparison with control. Statistical analysis was performed by one-way ANOVA test followed by a post-hoc Dunnett’s multiple comparison test (***p < 0.005).

FIGURE 10 | Comparison of the PPV surface of the 8-model ensemble of classifiers reported here with that of the 6-model ensemble reported back in 2016.

AUROC tends to fall sharply when progressing from the training
set to the DUD-E database. In fact, whereas an astonishing
82% of the individual models achieved remarkable AUROCs
(above 0.8) when confronted to the training set, the percentage
of individual models that obtains such achievement against the
DUD-E falls to only 25%.

Echoing previous studies, though, the ensemble learning
approximation led to more robust results, improving accuracy
in the predictions and generalization (which, in our case, is
reflected by an improved behavior on the test set and the DUD-E
database).

Do We Have Good Repurposed
Candidates?
Despite two out of four hits did not confirm inhibitory effects
on putrescine uptake, all of them did confirm their trypanocidal
effects using concentrations in the low µM range. However, does
this mean that they are good candidates for drug repurposing?

Not necessarily. Cinnarizine, meclizine, and butoconazole
all belong to therapeutic classes that have shown potential as
antichagasic therapies in the past: calcium channel blockers
(Engel et al., 2010; Benaim and Paniz Mondolfi, 2012; Planer
et al., 2014), antihistaminic drugs (Engel et al., 2010; Planer et al.,
2014; Lara-Ramirez et al., 2017) and antifungals (Lepesheva et al.,
2011).

Butoconazole, however, is not a straightforward candidate
for repositioning, since it is only used topically as antifungal.
Accordingly, most of the advantages of drug repurposing will
be lost if the second indication (in this case, Chagas’ disease
chemotherapy) requires systemic administration (Oprea and
Overington, 2015). Furthermore, our experimental evidence
of cytotoxic activity discourages further investigation. The
advantages of drug repositioning will also be mostly lost if the
dose required for the second indication is above the dose range
clinically used for the original one (Oprea andOverington, 2015),
as would probably be the case for cinnarizine and meclizine,
which are currently administered in low daily doses. This is
especially true in the case of cinnarizine, which showed only
weak activity against the clinically relevant forms of T. cruzi. The
scenario is further complicated by the fact that free drug exposure
will be diminished by plasma protein binding: in the case of
cinnarizine, for instance, around 90% of the drug in plasma is
bound to plasma proteins.

The previous analysis does not imply that is impossible
to efficaciously repurpose meclizine (which showed a very
interesting effect against amastigotes, inhibiting 75% growth at
only 5µM concentration) or that both cinnarizine and meclizine
are not useful as starting points for hit-to-lead programs but, in
any case, many of the advantages of the strategy (i.e., bypassing
some preclinical and clinical studies) will probably be lost.
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CONCLUSIONS

A cascade virtual screening approach comprising an ensemble of
ligand-based classifiers and structure-based screening has been
applied, identifying two new inhibitors of putrescine uptake in
T. cruzi and reporting, for the first time, the trypanocidal effects
of butoconazole (and antifungal) and cinnarizine and meclizine,
two antihistaminic agents of the diphenylmethylpiperazine group
commonly used to treat motion sickness and balance disorders.
Interestingly, neither cinnarizine nor clofazimine modified
arginine uptake by another member of the putative amino acid
transporter (TcPAT) family.

This is, to our knowledge, the first report implementing PPV
surface analysis to select the score value to be applied in a virtual
screening campaign.
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Toxoplasma gondii is one of themost successful parasites due to its ability to infect a wide

variety of warm-blooded animals. It is estimated that one-third of the world’s population

is latently infected. The generic therapy for toxoplasmosis has been a combination of

antifolates such as pyrimethamine or trimethoprim with either sulfadiazine or antibiotics

such as clindamycin with a combination with leucovorin to prevent hematologic toxicity.

This therapy shows limitations such as drug intolerance, low bioavailability or drug

resistance by the parasite. There is a need for the development of new molecules

with the capacity to block any stage of the parasite’s life cycle in humans or in a

different type of hosts. Heterocyclic compounds are promissory drugs due to its reported

biological activity; for this reason, thiazolidinone and its derivatives are presented as

a new alternative not only for its inhibitory activity against the parasite but also for

its high selectivity-level with high therapeutic index. Thiazolidinones are an important

scaffold known to be associated with anticancer, antibacterial, antifungal, antiviral,

antioxidant, and antidiabetic activities. The molecule possesses an imidazole ring that

has been described as an antiprotozoal agent with antiparasitic properties and less

toxicity. Thiazolidinone derivatives have been reportedly as building blocks in organic

chemistry and as scaffolds for drug discovery. Here we present a perspective of how

structural modifications of the thiazolidinone core could generate new compounds with

high anti-parasitic effect and less toxic results.

Keywords: Thiazolidinone scaffold, new drug, Toxoplasma gondii, toxoplasmosis, in silico

INTRODUCTION

To date, pyrimethamine and sulfadiazine with corticosteroids continue to be the gold standard in
treating toxoplasmosis (Jasper et al., 2013); this therapy has presented reported cytotoxicity that
is minimized using leucovorin, nevertheless, hematologic toxicity is still a problem to overcome.
Literature reports show that in encephalitis caused by Toxoplasma, 62% of patients presented
toxicity and severe side effects (Porter and Sande, 1992), or discontinuation of pyrimethamine-
sulfadiazine in a group of patients (Dannemann et al., 1992; Katlama et al., 1996). When cases
of allergy to sulfa drugs appear, a replacement with clindamycin can be applied but the efficacy
is lower and the toxicity is similar (Katlama et al., 1996). As an alternative, trimethoprim-
sulfamethoxazole shows similar effect to pyrimethamine-sulfadiazine (Alday and Doggett, 2017).
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For ocular toxoplasmosis, for example, the most frequent
chemotherapeutic regime consists of pyrimethamine-
sulfadiazine plus corticosteroids; this classical approach
may have some risks that depend on patient susceptibility to
drug toxicity or allergic reactions (Park and Nam, 2013). Other
alternative therapy options are based on the use of atovaquone
or azithromycin in combination with pyrimethamine or
sulfadiazine but supported by less clinical data and similar rates
of patient intolerance (Alday and Doggett, 2017). In general
terms, evidence supports the idea that the actual drug regimen
used to treat toxoplasmosis could be improved, and the fact that
toxicity is the major problem reported strengthens the idea that
exploring new pharmaceutical alternatives that would improve
the care of patients is feasible.

TOXOPLASMA AND TOXOPLASMOSIS

Toxoplasma gondii is an obligate intracellular protozoan parasite
that belongs to the phylum Apicomplexa, it has the ability to
infect blood all warmed animals all around the world. Other
Apicomplexans medically important such as Cryptosporidium,
Babesia, and Plasmodium share biological similarities that make
them susceptible to antifolate drugs i.e., pyrimethamine and
sulfonamides (Alday and Doggett, 2017). It is estimated that
about one-third of the world’s population is latently infected
with T. gondii. The seroprevalence of infection with T. gondii is
influenced by cultural, hygienic, and nutritional habits, and by
climate and environmental conditions (Sroka et al., 2010); with
prevalence rates of infection among healthy people ranging from
7.5 to 80% worldwide (Peng et al., 2015).

Toxoplasma gondii presents a complex life cycle with a variety
of intermediate hosts. The parasite enters the human mainly
by four routes of infection: (i) by consumption of raw or
undercooked meat containing viable tissue cysts, (ii) eating food
products or drinking water contaminated with oocysts, (iii)
transmission of tachyzoites to the fetus through the placenta
and (iv) organ transplantation (Peng et al., 2015) or blood
transfusion (Alvarado-Esquivel et al., 2018). When acquired
via oral, bradyzoites and sporozoites are released from cysts
and oocysts invading intestinal cells, thereafter, tachyzoites are
differentiated which is the parasite-disseminated form that travels
via the blood or lymphatic system to different anatomic regions
inducing an acute or chronic infection (Wohlfert et al., 2017).

Host cell invasion is an important event in which three
parasite’s organelles are mainly involved: micronemes, rhoptries
(composed by two different substructures: rhoptry neck and
rhoptry bulb) and dense granules. Proteins secreted by
these three organelles are crucial in host cell attachment,
penetration, and in the formation of the parasitophorous vacuole.
Micronemes proteins (MICs) are involved in attachment to the
host’s membrane receptors. Rhoptries neck proteins (RONs) are
released following micronemes to form the moving junction,
this structure is important to form the parasitophorus vacuole
membrane (PVM) using the host’s membrane but without
proteins. Then, rhoptries bulb proteins (ROPs) are released
within vacuoles to the cytosolic face of PVM. Finally, dense

granules proteins (GRAs) are released into the PVM after
invasion (for a complete understanding of MICs, RONs, ROPs,
and GRAs function please review J. Laliberté and V. B.
Carruthers) (Laliberté and Carruthers, 2008). There are reports
that show the importance of proteins involved like ROP18, ROP5,
ROP16, and GRA15 in immune modulation depending on the
strain type, such as prolonged STAT3/6 activation, reduced IL-
12 production, and avoidance of parasite clearance which are
related to high virulence in type I strains; non-sustained STAT3/6
activation, high levels of IL-12 and enhanced parasite clearance
related to intermediate virulence in type II strains; and prolonged
STAT3/6 activation, reduced IL-12 production and enhanced
parasite clearance related to low virulence in type III strains
(Hunter and Sibley, 2012).

The importance of knowing the bulk of proteins that plays a
role as virulence factors or implicated in the host cell invasion
process is to have a broad panorama to select potential new drug
targets.

Infection with T. gondii brings clinical complications
such as ocular, neurological and systemic disease mainly in
immunocompromised patients and those infected congenitally.
Ocular toxoplasmosis is one of the most common causes of
posterior uveitis in 20–60% of cases and, in some countries it is
one of the most important causes of visual impairment (de-la-
Torre et al., 2014). Neurological complications are characteristic
of an acquired immunodeficiency syndrome (AIDS) and are
one of the causes of CNS mass lesions in AIDS. Cerebral
toxoplasmosis is also associated with high mortality and
morbidity in patients with states of immunocompromised
(Patil et al., 2011). In congenital toxoplasmosis, the infection
is acquired during pregnancy and can have devastating
consequences in the fetus; in some cases, the infection develops
an ocular form that can reactivate depending on different factors
(Wallon and Peyron, 2018).

THIAZOLIDINONES CORE ON

TOXOPLASMA GONDII AND DRUG

ALTERNATIVES

Due to the biological properties of thiazolidinones, this
pharmacologic core appears as a good alternative against
toxoplasmosis. One of the forms for obtaining the thiazolidinone
core arises after the combination of two precursors of which
important biological activities are known, hydroxyurea and
thiosemicarbazone (Tenório et al., 2005). Hydroxyurea have
shown a strong effect on the intracellular elimination of protozoa
such as T. gondii, T. cruzi, and L. amazonensis (de Melo
et al., 2000). On the other hand, it has been reported that
thiosemicarbazones are potential inhibitors of the ribonucleotide
reductase enzyme, which is responsible of deoxyribonucleotides
synthesis (Liu et al., 1992). The activity of thiosemicarbazones is
related to the capacity to chelate metal atoms that are important
for the survival of the parasite; this characteristic is also shared
with the group arylhydrazone, moiety that has been used for
the improvement of the biological activity of the thiazolidinone
core (Walcourt et al., 2004). From another point of view, it
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could be thought that the fact of gathering structural cores with
important biological activities is one of the factors that give the
thiazolidinone compounds a broad spectrum of pharmacological
activity; for this reason, thiazolidinone core derivatives have
become object of study due to its numerous biological activities,
becoming a promissory scaffold with pharmaceutical potential
and with anti-Toxoplasma effects (Kaur Manjal et al., 2017).

The first study to link thiazolidinone compounds with anti-
Toxoplasma activity was reported by Tenório et al. (2005), who
designed a series of substituted thiosemicarbazone compounds
in the arylhydrazone moiety with nitro substituents in the
ortho, meta and para positions; they also designed a series
of thiazolidinones substituted on the nitrogen atom of the
3-position with phenyl, methyl, ethyl and hydrogen groups,
in addition, nitrobenzene groups were substituted on the
moiety arylhydrazone that is attached to the carbon of the
2-position (Tenório et al., 2005). The 2-position has been
described for a long time as one of the most studied and
promising positions for the design of drugs based on the
thiazolidinone heterocycle (Hamama et al., 2008). In addition,
reports of a substitution of the carbon at 5-position for an
acetic acid group in the thiazolidinone heterocycle have been
made. After in vitro experiments, it has been shown that the
thiazolidinone derivatives were more efficient on the intracellular
elimination of T. gondii than the thiosemicarbazone derivatives
and hydroxyurea (reference drug), resulting in a lower percentage
of infected host cells; the treatment with thiazolidinones resulted
in up to 4 intracellular parasites, whereas thiosemicarbazones and
hydroxyurea treatment resulted in up to 72 and 186 intracellular
parasites, respectively (Tenório et al., 2005). In 2008, de Aquino
et al. (2008) continued with the scaffold designed by Tenório
et al. (2005); they kept the phenyl group on 3-position, the
arylhydrazone group on 2-position and the acetic acid group
on 5-position of the thiazolidinone heterocycle. At the same
time, they evaluated compounds resulting from the addition of
phenyl groups on positions 3 and 4 of the thiosemicarbazone
core on the aromatic rings of the arylhydrazone moieties of
thiazolidinones and thiosemicarbazone; additions of electron-
withdrawing or electron-donating radicals were also evaluated.
These modifications resulted in thiazolidinone derivatives that
had an effective action on intracellular parasite multiplication,
as a consequence, the mean number of normal tachyzoites
decreased. The concentration ≤0.1mM of some thiazolidinone
derivatives resulted in a 50% inhibition of parasite growth; this
concentration is represented in a range of 12.5–30µg/mL. In
contrast, effective sulfadiazine concentration in the same in
vitro conditions was 3mM. In conclusion, some thiazolidinones
reported in this work resulted to be more effective than
hydroxyurea at 0.5mM concentration (de Aquino et al., 2008).

More data of a new series of thiazolidinones and
thiosemicarbazones was reported by Carvalho et al. (2010).
They kept the arylhydrazone group on the thiosemicarbazones
and thiazolidinones and they did not retain the aromatic
ring on 3-position of the thiazolidinone core. On the phenyl
group of the moiety arylhydrazone they made additions of
hydrogen, chlorine, and nitro in the para position. The best
molecule derivatives were able to drastically decrease the average

number of intracellular parasites, effects that are very promising
compared to the pharmacological treatments currently used. In
addition, these authors suggest some morphologically effects
caused to the intracellular parasites, including the development
of a process of vesiculation in the cytoplasm of the T. gondii
ending up in altering the parasite’s cell cycle. This is a first
approach to the possible effects of this type of compounds on T.
gondii (Carvalho et al., 2010).

On the other hand, compounds such as benzinidazole,
miconazole, ketoconazole, metronidazole, and others, are
currently widely used as therapeutic agents; these have in
common the presence of a heterocyclic imidazole ring in its
structure, adding up to an extensive list of studies of derivatives
with powerful biological activity (Zhang et al., 2014). For this
reason, Liesen et al. (2010) mixed the imidazole ring with the
core thiosemicarbazide, thiazolidinone, and thiadiazole. In the
case of thiazolidinones, the imidazole ring was bound by the
region of the hydrazone group. These new compounds were
evaluated in Vero cells infected with tachyzoites of T. gondii,
showing elimination of parasites; the most active compounds
were thiosemicarbazide and thiadiazole derivatives at 0.1mM
concentration, while thiazolidinone derivatives showed anti-
Toxoplasma activity only at 1mM concentration. Although,
the compounds that showed activity on the elimination of
intracellular parasites with concentrations of 1mM are not
the best, they can be taken as starting point for further
studies in order to improve their activity and reach effective
concentrations in the scale of µM and even nM. In this study the
majority of the compounds presented high toxicity, and all the
compounds evaluated showed drastic changes in the morphology
of the parasite as the incubation time passed and also a better
activity in comparison with the standard drugs sulfadiazine and
hydroxyurea at 10mM concentration (Liesen et al., 2010).

In another work, Aquino et al. (2011) evaluated the addition
of 4-nitrobenzylidene as a new group located in the carbon
of 5-position of the thiazolidinone heterocycle and retained
the moiety arylhydrazone, in which some substitutions were
made in order to explore new pharmacological alternatives
with promising anti-proliferative effect of T. gondii cultivated
in vitro; resulting in new thiazolidinone derivatives that
showed elimination of parasites in Vero cells at 0.02–0.7mM
concentration and aMean Lethal Dose (LD50) at>10mM. These
derivatives were most effective compared with the reference
drugs hydroxyurea and sulfadiazine, which showed LD50 at
1mM and 8mM, respectively. Authors report that after drug
treatment the tachyzoites showed bigmorphologic damages prior
to complete elimination (Aquino et al., 2011). Alternatively,
D’Ascenzio et al. reported a different evaluation in 2014.
They evaluated two series of molecules with a total of 74
new thiazolidinone derivatives. The synthesis consisted of the
addition of linear, branched, cyclic and heterocyclic carbonyl
groups on the hydrazonic nitrogen-1 (moiety coupled to the
thiazolidinone core at 2-position). The main difference between
the two series was a substitution for a benzyl ring on the
nitrogen at 3-position of the thiazolidinone core. The data
reported by D’Ascenzio shows therapeutic index values (TI)
for thiazolidinone derivatives against T. gondii; each compound
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was tested for anti-Toxoplasma as well as for cytotoxic activity
in HFF (human foreskin fibroblast) resulting in compounds
with effective concentrations in the micromolar scale (≤10µM),
equalling and even overcoming the effect and cytotoxicity levels
of the control drug trimethoprim. In addition, some of these
compounds were able to decrease the attachment and invasion
of tachyzoites to the host cells, suggesting an extracellular effect
with potent anti-parasitic activity (D’Ascenzio et al., 2014).

In an effort to find new compounds with better effect against
T. gondii using computational tools, Asadollahi and Mani in
2015 performed a predictive model of Quantitative-Structure-
Activity-Relationship (QSAR) using 68 of the molecules reported
by D’Ascenzio et al. (2014). The obtained QSAR model was
successfully trained for the prediction of therapeutic index
values for the new thiazolidinone derivatives used against T.
gondii. The authors suggest that this model can be used as a
complementary tool in the search for new therapeutic agents
with anti-Toxoplasma activity (Asadollahi-Baboli and Mani-
Varnosfaderani, 2015).

Carradori et al. (2017) synthesized and evaluated a series
of 33 new compounds derivatives, in which they kept the
thiazolidinone core and only different substituent groups varied
on the lactate nitrogen of the heterocycle and nitrogen-1 of
the moiety hydrazone. These compounds showed better effects
compared against sulfadiazine in vitro in terms of inhibition of
growth, invasion, and replication of T. gondii. Carradori et al
suggest that a substitution with a ferrocene group on nitrogen-
1 of the moiety hydrazone could be a candidate modification
to enhance the effect of the thiazolidinone core since the
compounds that presented this group showed high effectiveness
against the host cell invasion and the replication of the parasite,
also low cytotoxicity; reaching effective concentrations in the
micromolar scale. Some compounds showed better values of
Median Toxicity (TD50) at ≥320µM, compared with TD50 at
281µM of the reference drug sulfadiazine. The thiazolidinone
derivatives reached lower values of IC50 at 5µM, while the
control drug sulfadiazine showed an IC50 value of 43µM. In
addition, these new compounds had a promising effect over
attached extracellular T. gondii tachyzoites to host cell, as well as
the compounds described by D’Ascenzio et al. (2014), converting
them into encouraging compounds for an alternative therapy
against Toxoplasma (Carradori et al., 2017). Figure 1 summarizes
a timeline of all the modifications reported up to 2017 on the
thiazolidinone core against T. gondii.

Finally, it has been noted that the thiazolidinone core has
become a key candidate for the development of drugs with anti-
Toxoplasma activity. It was also observed that moiety hydrazone
was preserved in all studies, which suggests that thismoiety is also
part of a possible promising scaffold with antiparasitic activity,
and recent studies suggest that the presence of moiety hydrazone
on the drug would be potentiating its biological activity (Leite
et al., 2017; Vargas et al., 2018). It is worth to mention that there
are also numerous studies in which the use thiazolidinone-like
structural core against T. gondii are reported, for example the
thiazole core, for which a broad spectrum of biological activity,
including anti-Toxoplasma, has also been documented (Chimenti
et al., 2009; Hencken et al., 2010; McFarland et al., 2016).

IN SILICO APPROACHES FOR RATIONAL

DESIGN AND DEVELOPMENT OF DRUGS

AGAINST TOXOPLASMA GONDII

A good start point to describe the mode of binding of drug-
like molecules is to analyze structural crystallizations that
present derivatives of the thiazolidinone core in complex with
proteins of parasitic origin. For instance, in Plasmodiummalariae
crystallographic reports with thiazolidine derivatives includes the
crystal structure of an aspartic protease (PDB:2ANL) (Clemente
et al., 2006); in P. falciparum, 3 crystallized proteins of the
plasmepsin family (PDB: 3QS1, 3FNU, and 3QVI) (Bhaumik
et al., 2009, 2011a,b); these aspartic proteases have been described
as important for the life cycle of the parasite and also as a strategy
to decrease the survival and proliferation of T. gondii (Li et al.,
2012; Zhao et al., 2017). Another example is Leishmania major
with a N-myristoyltransferase protein (PDB:5AG4) (Spinks et al.,
2015). N-myristoyltransferase as well as palmitoyltransferase,
which cause post-translational changes, has been described as
keys for invasion, motility, cell morphology, and with a possible
role in the formation of daughter cells in T. gondii (Foe et al.,
2015; Caballero et al., 2016; Brown et al., 2017). However, it
should be mentioned that by means of X-ray crystallography
and NMR spectroscopy, molecular-targets of drug-like molecules
could not be identified. For thiazolidinones target identification
in parasites techniques such as enzymatic inhibition assay using
recombinant proteins and scintillation proximity assay (Xia et al.,
2016) has been used; these type of techniques are part of the so-
called direct biochemical methods, since they contemplate the
direct interaction between the drug and the purified protein.
There are also other methodologies such as genetic interaction
manipulation, which are based on the suppression or enhanced
expression of the gene of the molecular-target in the cell,
which allow generating target hypotheses of drug treatment.
Finally, there are computational approaches that are of great
help in obtaining a robust understanding of ligand-receptor
interactions. These three alternatives are complementary to each
other and can give an insight of possible pharmacological targets
of thiazolidinones compounds against T. gondii (Schenone et al.,
2013). Regarding computational approaches, some investigations
have explored the possible pharmacodynamics of thiazolidinone
derivatives in intracellular parasites, for example, the work by
Kumar et al. (2010) and Kaushik et al. (2015) in which they
studied proteins such as Lactate dehydrogenase and Enoyl-
ACP reductase of P. falciparum, respectively, and Cruzain
of Trypanosoma cruzi (Moreira et al., 2014) using molecular
docking techniques to elucidate the energy of interaction of
ligand-receptor. In T. gondii, such proteins could have homologs
that are worth the effort to analyze, as the case of Cruzain that
have a functional protein, the cysteine protease Cathepsin L
(Huang et al., 2009).

It is worth to mention that the discussed above proteins
or those implicated in attachment or invasion to the host cell,
like ROPs, RONs, MICs, or GRAs may become candidates for
new drug-targets in T. gondii, even opening the possibility of
a multi-target and multistage effect on the parasite, being this
a good approximation of the possible pharmacodynamics and
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FIGURE 1 | Structural modifications performed on the thiazolidinone core as an alternative for the search of new drugs with possible anti-Toxoplasma activity. In the

center of the figure, the thiazolidinone core is shown in red with its respective numbering and its conservation around it in all the studies in which they report activity of

thiazolidinone derivatives against T. gondii. In addition, the structure of moiety hydrazone conserved in position 2 of the heterocyclic thiazolidinone ring is highlighted in

blue.

one of the explanations of the potent biological activity of
thiazolidinone compounds on T. gondii. Traditionally, drugs has
been designed and directed to interact with a single target, giving
them specificity, but due to current incurable pathologies and
drug resistance, it has been clearly seen that in some cases a single
target is not an effective treatment, to overcome this, a multi-
target effect within the same pathogen is a promising alternative
to enhance a pharmacological effect (Ramsay et al., 2018; Sestito
et al., 2018).

Recent work in our research group using computational
experiments as a first approximation of the pharmacodynamics
of thiazolidinone compounds reported by other authors on T.
gondii (D’Ascenzio et al., 2014; Carradori et al., 2017), suggests a
possible preference of these derivatives for kinase proteins, such
as TgCDPK1 and especially TgROP18, which has been described
as unique and crucial for virulence of the parasite; the compounds
caused drastic conformational changes increasing the distance
between the catalytic residues, suggesting an inactivation of the
kinase activity caused by such changes, these analyses were
performed using molecular docking and molecular dynamics
simulations (unpublished data).

In general terms, the development path for new molecular
and biological entities approved by the FDA requires in average
7 years or more from the start of the clinical trials to

regulatory approval (Kaitin, 2010); additionally, the process of
drug discovery before the drug development takes up to 5
years (Figure 2), this initial process can be time improved in
terms of time using computational methods as a complementary
tools. In recent years, computational methods have played an
important role in efforts to obtain effective compounds that can
overcome the limitations of current pharmacological treatments
for various diseases. Obtaining these bioactive compounds is
based on a rational design, where bioinformatics tools are used
to provide crucial information to identify and describe a suitable
target. A large number of computational tools available provide
support to surpass different kinds of problems, for example, if
the structure of a target biomolecule such proteins, DNA or RNA
are unknown, it can be obtained through molecular modeling
techniques like Homology Modeling, which constructs a three-
dimensional model by combining the input information and the
experimental structures resolved previously (Khan et al., 2016),
generally recorded in the Protein Data Bank (https://www.rcsb.
org/) (Berman et al., 2000). It should be mentioned that in some
cases the drug discovery follow two routes: (i) drug design based
on the structure (when the structural specific site of the target is
known) and (ii) drug design based on the ligand (when starting
from a compound lead with known effect and the structure of
the receptor is unknown). Both routes generally start with an
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FIGURE 2 | Common timeline for drug discovery/drug development and the key role of the approaches of computational methodologies.

extensive number of lead compounds in order to reduce it to a
small group of molecules with the desired effect.

Methodologies such as molecular docking simulations
accompanied by a High Throughput Screening, QSAR
models are usually used. As the number of compounds
decreases, more precise and robust tools have to be used, like
Quantum Mechanics (QM) simulations, Molecular Mechanics
simulations and Hybrid or multi-scale simulations, as Quantum
Mechanics/Molecular Mechanics simulations; these techniques
allow us to obtain information in greater detail about the mode
of interaction of a ligand or about the general behavior of a
biological ligand-receptor complex; for example, QM/MM
simulations allow the study of enzyme reaction mechanisms,
as well as the understanding of electron and structural features
that control the reactivity of the molecules. Another type of
simulations are so-called Coarse Grained because its main
characteristic is the reduction of the number of particles,
allowing to simulate bigger biological systems for much longer
times, even in the millisecond scale, unlike All Atom simulations
(MM simulations) which usually is in the nanosecond and
microsecond scale. For more related information about the
Multiscale simulations please review the work of Dans et al.
(2016). It should be mentioned that the simulated time scale
is directly related to the biological phenomenon of interest,
for example, protein folding or unfolding, conformational
changes by ligand-receptor interaction or protein attachment to
plasmatic membranes, etc. (Ou-Yang et al., 2012; Sliwoski et al.,
2013; Mohd Hassan et al., 2014).

Based on all the above, a good option to find effective drugs
against Toxoplasma, would be to identify one of the many

molecular targets of thiazolidinone in T. gondii and to use in silico
approaches to adapt amore specific thiazolidinone derivative that
is highly selective for a molecular-target of interest, as in the same
mechanism as many kinase inhibitors that work in a specific way
despite the similarity among kinases (Ferguson and Gray, 2018).

CONCLUSION

The thiazolidinone scaffold has been showed as a promising
drug-like compound against T. gondii due to its demonstrated
biological effects and the experimental information reported
by several authors; these type of data facilitates to propose
studies with rational design approaches that can result in new
pharmacological alternatives using specific molecular targets
from the parasite; in addition, a bulk of evidence show that
in silico approaches linked with experimental work can result
in new workflow schemes that favor the process of design and
development of new drugs. The tools of modern drug discovery
using experimental and in silico techniques have the power
to analyze millions of compounds to determine their potential
association with a single or multiple target would contribute to
improve the activity of obsolete compounds or the generation
of new ones, allowing for substantially reduced time and costs
for the development and discovery of new drugs. Finally, the
better understanding of the mechanism of action of the drug can
lead to its improvement, granting specificity to the compound
and therefore increasing its effectiveness. These methodologies
respond to the call of the rational design of drugs against
toxoplasmosis and other pathologies.
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There is an urgent need to develop new treatments for Chagas’ disease. To identify drug

targets, it is important to understand the basic biology of Trypanosoma cruzi, in particular

with respect to the biological pathways or proteins that are essential for its survival within

the host. This review provides a streamlined approach for identifying drug targets using

freely available chemogenetic databases and outlines the relevant characteristics of an

ideal chemotherapeutic target. Among those are their essentiality, druggability, availability

of structural information, and selectivity. At themoment only 16 genes have been found as

essential by gene disruption in T. cruzi. At the TDR Targets database, a chemogenomics

resource for neglected diseases, information about published structures for these genes

was only found for three of these genes, and annotation of validated inhibitors was

found in two. These inhibitors have activity against the parasitic stages present in the

host. We then analyzed three of the pathways that are considered promising in the

search for new targets: (1) Ergosterol biosynthesis, (2) Resistance to oxidative stress, (3)

Synthesis of surface glycoconjugates. We have annotated all the genes that participate

in them, identified those that are considered as druggable, and incorporated evidence

from either Trypanosoma brucei, and Leishmania spp. that supports the hypothesis that

these pathways are essential for T. cruzi survival.

Keywords: Trypanosoma cruzi, chagas disease, chemotherapautics, drug discovery, drug validation

INTRODUCTION

Chagas’ disease, leishmaniasis, and human African trypanosomiasis are the three main parasitic
diseases caused by flagellated protists of the order Kinetoplastida. Chagas’ disease is caused
by Trypanosoma cruzi, and is considered as one of the most prevalent parasitic diseases
worldwide. Chagas’ disease is present mainly in rural and peri-urban areas of Latin America,
although migration has expanded its distribution to non-endemic countries. T. cruzi is a parasite
that infect multiple species of triatomine hematophagous bugs and several mammalian hosts,
including humans. At least four stages have been recognized during the T. cruzi life cycle:
epimastigotes, amastigotes and metacyclic, and bloodstream trypomastigotes (Tyler and Engman,
2001). Epimastigotes replicate extracellularly in the gut of the insect vector, where they differentiate
into non-replicative and highly infective metacyclic trypomastigotes. Parasites at this stage are
delivered by the feces of triatomines during a blood meal from a mammalian host, and reach the
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mucosa or the bloodstream through a vulnerable region of the
skin. There, the parasite invades nucleated cells and differentiates
into the amastigote stage, which replicates inside the cytoplasm
of the host cell. Then, the parasite egress from the host cells as
bloodstream trypomastigotes that may invade additional cells to
proliferate to other tissues or be transmitted to a new triatomine
vector. Other modes of transmission to the human include
congenital and oral infection, and blood transfusion or organ
transplantation from infected donors. In humans, the infection
starts with an acute phase that lasts 4–8 weeks. The host’s immune
response typically control the parasite replication, but is not
capable of clearing the infection. This leads to the chronic phase
of the disease, in which the parasite persists intracellularly mainly
in the heart, skeletal muscles, and gastrointestinal tissues. Around
30% of the chronically infected people develop serious cardiac
alterations, and up to 10% suffer neurological, digestive, or mixed
disorders (Nagajyothi et al., 2012). The mechanisms involved in
parasite persistence are not known. However, recently it has been
suggested that a form of “dormant” amastigotes may be involved
(Sánchez-Valdéz et al., 2018).

The efficacy of the two chemotherapeutic agents of current
use (nifurtimox and benznidazole) for the treatment of Chagas’
disease is highly variable and often limited, especially during the
chronic phase of the infection (Urbina, 2010). Both drugs require
long periods of administration and have significant side effects
that frequently force the physician to stop treatment (Castro et al.,
2006). Furthermore, resistant strains have also been reported
(Filardi and Brener, 1987; Bern, 2011). Most significantly, the
recently identified dormant forms of the parasite were resistant
to extended drug treatment in vivo and in vitro and remain able
to re-establish infection after as many as 30 days of drug exposure
(Sánchez-Valdéz et al., 2018). Thus, there is an urgent need to
develop new treatments that are safe and of low cost. In this
work, we discuss the characteristics required for a drug target to
be useful and review the candidate genes and pathways that have
been genetically or pharmacologically validated as essential and
druggable in T. cruzi and incorporate the data that is available
from T. brucei and Leishmania spp.

IDENTIFICATION OF NEW TREATMENTS
FOR CHAGAS’ DISEASE

The first stage for the discovery or repurposing of antimicrobial
agents is target identification. It usually involves the screening
of collections of compounds against a molecular target,
typically an enzyme (target-based screening), or against whole
organisms (cell-based or phenotypic screening). All candidates
must then be refined through a cyclic process of structure
modifications, until they achieve significant activity, typically
in an animal model of infection. Subsequently, the biological
activity, pharmacokinetics, and safety profile of the series are
optimized by a process that leads to the selection of candidate
drugs. Selected drugs are then submitted to a process of
regulatory toxicology and scale-up that enables their evaluation
in human studies (De Rycker et al., 2018). Unfortunately, the
probability of a drug entering the clinical testing phase and its

eventual approval is only about 12%, with an estimated out-of-
pocket cost per approved new compound of US $ 1,395 million
(DiMasi et al., 2016). Because of the cost of development of new
drugs, the relatively limited target population and the economic
power of the countries where Chagas’ disease is endemic, the
majority of pharmaceutical companies have shown little interest
in the development of new drugs for the treatment of parasitic
diseases (Tarleton, 2016). In the absence of adequate funding it is
vital to design research projects that take advantage of available
biological, bioinformatic, structural, and chemical data that is
being incorporated in large publicly available databases.

It has been recognized that to obtain a successful new
treatment it is important to understand, from the outset, the
essential attributes (target product profile) required for a specific
drug to be a clinically successful product and substantially
better than the existing therapies (Wyatt et al., 2011). The
ideal target product profile for Chagas’ disease was defined
as a drug that is effective in both acute and chronic disease,
that it is active against all strains and at all ages, with a
clinical efficacy superior to benznidazole (Chatelain, 2015). It
should be administered orally (once a day for 30 days) and
require no clinical evaluation, laboratory testing nor need for
electrocardiograms during treatment. It should not have any
contraindications or interactions with other drugs and lack
genotoxicity, teratogenicity, inotropic effect, and proarrhythmic
potential. There are many challenges to achieve such goals,
including the selection of the chemical compounds and the
suitability of the chosen target. To help in this goal, criteria
for the selection of suitable targets have been suggested (Wyatt
et al., 2011). Among them are essentiality, druggability, available
structural information, and selectivity over the host’s orthologs.
Here, we discuss bioinformatic and experimental strategies to
identify and validate chemotherapeutic targets based on them.

Essentiality
Essentiality refers to genetic and chemical evidence that the
target is indispensable for growth or survival. Ideally, proteins
that are essential for survival in the parasite stages present in
the host should be selected. To validate them is necessary to
demonstrate that the disruption or deletion of such genes causes
cell death. In trypanosomatids, studies on the essential role of
genes for cell viability are usually conducted in T. brucei. This
species have a RNA interference (RNAi) system that is widely
used to generate gene knock-downs in an inducible manner. The
induction of the RNAi against an essential gene product leads
to cell death, and thus to a rapid inhibition of cell proliferation.
In T. brucei this strategy is so efficient that has even been used
for a genome-scale screening for essential genes (Alsford et al.,
2011). T. cruzi lacks a functional RNAi pathway (Kolev et al.,
2011), so it cannot be used. An alternative would be extrapolate
the huge amount of information obtained in T. brucei to T.
cruzi. However, this is not possible when a given gene of T.
cruzi has not an orthologous counterpart in T. brucei. Also,
essentiality may depend on the species or on the developmental
stage of the parasite. As an example, in T. brucei, a highly
conserved protein such as actin is essential in the vertebrate
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bloodstream stage but not in the insect procyclic stage (García-
Salcedo et al., 2004). Thus, essentiality must be evaluated for each
species and at the relevant developmental stages of the parasite.
In T. cruzi, this has only been accomplished by gene knock-
out in epimastigotes, the insect stage of the parasite (see Burle-
Caldas et al., 2015 for a review). In this strategy, the endogenous
copy of the gene is replaced by a selectable marker using
homologous recombination. To evaluate other parasite stages it
is necessary to differentiate transgenic epimastigotes or infect
cells or animal models with the transformed parasites. There
are several limitations with this approach. When there is more
than one copy of the gene, several replacements are required
to obtain null-mutants. Thus, the essentially of multicopy genes
or those within multigenic families is difficult to evaluate.
On the other hand, deletion of essential genes often leads to
unviable cells, so null-mutants cannot be selected to analyze
the resulting phenotypes. T. cruzi is a diploid organism, and in
some circumstances only a single copy of an essential gene may
be needed (haplosufficiency), with the heterozygote displaying
an instructive phenotype. However, when this is intolerable, an
inducible, or transient copy of the gene has to be introduced
before the gene replacement (Jones et al., 2018). As a reflection
of these difficulties, only 16 T. cruzi genes have been shown to be
essential in reverse genetic experiments (Table 1). An alternative
to the mentioned traditional methods to evaluate essentially is
the use of inducible approaches such as Di-Cre or the DHFR
degradation domain, or genome edition tools such as CRISPR-
Cas9 or Zinc-finger endonucleases. These systems have been
adapted to T. cruzi in the last 5 years (Kangussu-Marcolino et al.,
2014; Peng et al., 2014; Lander et al., 2015; Ma et al., 2015;
Burle-Caldas et al., 2017), although recent work has focused
on the optimization of different CRISPR-Cas9 configurations
(e.g., Beneke et al., 2017; Lander et al., 2017; Soares Medeiros
et al., 2017; Burle-Caldas et al., 2018; Costa et al., 2018). The
future widespread use of CRISPR-Cas9 will help overcome the
current technical limitations for the genetic manipulation of T.
cruzi. It will allow the rapid evaluation of phenotypes resulting
from the disruption of essential genes in different stages of the
parasite, including those expressed asmulticopy genes and within
multigenic families.

Selectivity
Selectivity depends on the target not being either present in the
host, or being highly modified or not essential for its survival.
High affinity and selectivity are two of the characteristics of a
drug for its target that are routinely sought in the search of
new therapies. Selectivity can be difficult to achieve, especially
for targets that belong to large families of structurally and
functionally related proteins. Therefore, targets that are present
in the parasite and not in the host would be preferred. If a
homolog is present in humans, targets that differ the most would
be favored. In general, selectivity can be improved during drug
optimization by modifying the compound improving its affinity
toward the parasite target to a higher extent than it does to the
human homolog (Kawasaki and Freire, 2011). To achieve this,
it is necessary to have structural information of both parasitic
and human proteins. At October 2018 there are 286 T. cruzi

structures deposited at the Protein Data Bank (https://www.rcsb.
org/). Nearly half of them correspond to only six proteins that
are considered as promising drug targets: 58 of Dihydroorotate
dehydrogenase, 26 of Cruzain, 21 of Lanosterol 14-alpha-
demethylase, 10 of Dihydrofolate reductase-thymidylate, 15 of
Farnesyl diphosphate synthase, and 6 of Squalene synthase. Thus,
structural information of other T. cruzi proteins is urgently
needed.

Druggability
Druggability describes the ability of a protein to bind a drug-
like molecule, which in turn modulates its function in a desired
way. Druggable proteins should have a well-defined pocket
with suitable physicochemical attributes to allow drug binding-
sites prediction (Sosa et al., 2018). The druggability of a target
is usually estimated by comparing it with homologs in other
organisms that have been successfully targeted with specific
drugs. Another way to assess druggability is by the development
of mathematical algorithms that use structural information
about a protein’s binding site to estimate its potential as a
target. Several databases that contain such information are freely
available. Two of the databases that estimate the druggability
for T. cruzi proteins are: TDR Targets (Magariños et al., 2012,
http://tdrtargets.org/) and Target-Pathogen database (Sosa et al.,
2018, http://target.sbg.qb.fcen.uba.ar/patho/). TDR stands for
Tropical Disease Research, and it is part of a special program
within the World Health Organization that include several
tropical pathogens. The database gathers information from
multiple sources and published studies including essentiality,
functional, and structural information, pathway classification,
and information of compounds used to target them. Target-
Pathogen database was designed and developed to integrate
and give specific weight to protein information (e.g., function,
metabolic role, druggability, and essentiality) to facilitate not
only the identification of candidate drug targets in pathogens,
but also its prioritization. The algorithms employed by both
databases are different and therefore discrepancies in the results
are likely. The druggability index in both databases is measured
in a scale that goes from 0 to 1 and divided into four categories:
non druggable (≤0.2), poorly druggable (0.2–0.5), druggable
(0.5–0.7), and highly druggable (>0.7) (Sosa et al., 2018).

TRITRYPDB AS A TOOL FOR TARGET
SELECTION

TriTrypDB (http://tritrypdb.org) is an integrated genomic and
functional genomic database for pathogens of the family
Trypanosomatidae, including organisms in both Leishmania and
Trypanosoma genera. TriTrypDB is the result of continuous
collaborative efforts between EuPathDB, GeneDB, and the
Seattle Biomedical Research Institute (Aurrecoechea et al., 2017;
Warrenfeltz et al., 2018). EuPathDB release 40 (https://eupathdb.
org/eupathdb/) contains information about 330 genomes of 321
species that include eukaryotic parasites, relevant free-living non-
parasitic organisms and selected pathogen hosts. The current
version of the T. cruzi CL Brener genome, that was the first
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TABLE 1 | List of published essential T. cruzi genes as identified by Jones et al. (2018).

Criteria of

essentialitya
Gene Protein Biological process Druggability score Structure

TDR

Inhibitors

TDR

TPd TDRd

Failed 2KO

recombination

TcCLB.503527.40 GPI10 GPI

alpha-mannosyltransferase

III

GPI-anchor biosynthesis N.D. N.D.

TcCLB.511481.40 GPI12 N-Acetyl-D-

glucosaminylphospha-

tidylinositol

de-N-acetylase

GPI-anchor biosynthesis 0.302 N.D.

TcCLB.503419.30 TC52 Thioredoxin-glutaredoxin

like

Glutathione-mediated

detoxification

0.881 N.D.

TcCLB.507091.40 DHOD Dihydroorotate

dehydrogenase

‘De novo’ pyrimidine

nucleobase biosynthesis

0.758 N.D.

TcCLB.506811.190 GALE UDP-glucose 4′-epimerase Galactose metabolism,

UDP-galactofuranose

biosynthesis

0.238 0.1

TcCLB.509153.90 DHFR-TS Dihyrofolate

reductase—thymidylate

synthase

Folate metabolism 0.715 0.8

TcCLB.507547.40 ECH1 Enoyl-coenzyme A (CoA)

hydratase 1

Fatty acid beta oxidation 0.459 N.D.

TcCLB.508319.40 SUB2b RNA helicase DEAD-box

protein

RNA polymerase I core

binding; mRNA metabolism

0.270 N.D.

TcCLB.511277.450 GPI8 Cysteine peptidase, Clan

CD, family C13, putative

GPI-anchor biosynthesis Not found N.D.

TcCLB.509011.40 CRT Calreticulin Binding to misfolded protein 0.000 N.D.

TcCLB.509461.90 IP3Rb Inositol 1,4,5-trisphosphate

receptors

Transmembrane transport 0.875 0.7

TcCLB.510821.50 RPA2 Replication protein A DNA replication and repair Not found N.D.

TcCLB.509757.30 STI1 Stress-inducible protein 1 Protein binding 0.719 N.D.

2KO

recombination +

episomal copy

TcCLB.511283.90 NMT N-myristoyltransferase N-terminal protein

myristoylation

0.753 0.6

Failed 2KO

CRISPR-CAS9

TcCLB.511353.30 ?c Triose-phosphate

transporter

Transporter 0.727 N.D.

1KO

CRISPR-CAS9 +

Posaconazole S

TcCLB.510101.50 CYP51 Lanosterol

14-alpha-demethylase

Ergosterol biosynthesis 0.968 0.8

aCriteria of essentiality: Failed 2KO recombination, double knock out were not obtained by targeted disruption by homologous recombination. 2KO recombination + copy, double knock

out was obtained but only in the presence of an episomal copy of the gene; Failed 2KO, the double knock out was not obtained using CRISPR-Cas9, 1 KO CRISPR-Cas9 a single

knockout was obtained with increased sensitivity to the specific inhibitor posaconazole.
bThe Gene ID identified in the Jones et al. (2018) study correspond to an allele for which the complete sequence is not available. The Gene ID for the corresponding haplotype (with

complete sequence) is used instead.
cTcCLB.510821.50 is essential but its characterization as GALF is not. TcGalf is annotated as UDP-galactopyranose mutase (Oppenheimer et al., 2011), the targeted gene is a putative

transporter that has not been characterized.
dDruggability score: TP-found in the Target-Pathogen Database, TDR-found in the Tropical Disease Research Database. Green numbers indicate proteins classified as highly druggable

and red numbers those classified within other categories.
eStructures identified at the TDR database.
f Inhibitors identified at the TDR database.

N.D. indicates genes are included in the database but are not scored. Not found indicates that the gene has not been included in the database.

sequenced parasite strain (El-Sayed et al., 2005), identifies 21,702
genes. Of them, 13,325 (61%) have a deduced function from its
similarity to known genes, and 8,377 (39%) are hypothetical and

are therefore of unknown function. Basic research is needed to
understand the function and structure of these genes as they may
be essential and druggable. Unfortunately, because at least 50% of
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theT. cruzi genome corresponds to repetitive sequences, there are
DNA sequence fragments that have not been assembled. Because
this lack of sequence disrupts bioinformatics algorithms used to
identify open reading frames, many genes are annotated as two or
more independent open reading frames (863 genes are annotated
as fragments). EuPathDB makes it easy to search for biological
questions relating to issues such as stage-specific expression, and
to compile lists of genes that share multiple characteristics. As the
database includes information about the presence of orthologs
and paralogues, it can be easily compared not only across data
sets but also across organisms.

CANDIDATE GENES THAT HAVE BEEN
GENETICALLY VALIDATED AS ESSENTIAL
IN T. CRUZI

Ideal drug targets should be essential at least in the parasite stages
that are present in the host. However, the number of T. cruzi
genes that have been successfully deleted or disrupted is very
small. In a recent review Jones et al. (2018) were able to identify
reports where the double knockouts of 20 genes were obtained,
demonstrating that these genes were not essential. They also
identified papers where the double knockout were not possible
to obtain suggesting that the 16 genes studied are essential for
epimastigotes (Table 1). We reviewed the available information
about these genes to evaluate their potential as drug targets.
Based on transcriptomics data available from the TriTrypDB, we
found evidence that support the expression of the 16 genes in all
stages of the parasite (Li et al., 2016; Supplementary Figure 1).
Druggability scores were identified in 13 of the 16 genes, with
eight of them scored as highly druggable (score >0.7) and five
as poorly or non-druggable (score <0.5) (Table 1). Only three of
the encoded proteins have available structures. We then selected
three biological pathways known to be important for parasite
survival: (1) Ergosterol biosynthesis, (2) Resistance to oxidative
stress, and (3) Synthesis of surface glyconjugates. We describe
the genetic evidence for the essential role for each gene in the
pathway in T. cruzi or in other trypanosomatid species. We also
compare the pathway with its human counterpart in order to
identify enzymes whose inhibition might be selective for the
parasite. Finally, we describe the chemotherapeutic agents that
target each pathway. This information would help identify other
points of these pathways that may be chosen for further study.
Other aspects of discovery of new treatments for Chagas disease
have been recently reviewed in Field et al. (2017); Francisco et al.
(2017); Chatelain and Ioset (2018) and Scarim et al. (2018).

Ergosterol Biosynthesis
Sterols are lipids produced by all eukaryotic cells that are
essential for several processes, including the organization and
function of cell membranes. The sterols being synthesized by an
organism may vary according to the taxonomic group (Bloch,
1983). In trypanosomes, the main sterol component of the
parasite is ergosterol (reviewed in de Souza and Rodrigues,
2009). In T. cruzi, endogenously produced ergosterol is a vital
resource for the parasite as it cannot be replaced by sterols

scavenged from the host. Additionally, one of the clinically
relevant forms of the parasite (i.e., amastigotes) is particularly
sensitive to the pharmacological inhibition of this lipid (Urbina
et al., 1996; Liendo et al., 1999). Ergosterol is synthesized
through a biosynthetic pathway that is divided into two stages
(Figure 1): the isoprenoid pathway (from Acetyl-CoA to farnesyl
diphosphate) and the sterol pathway (from farnesyl-diphosphate
to sterols). Farnesyl diphosphate, which is the last product of
the first stage, is also the substrate for enzymes catalyzing the
production of ubiquinones (such as Coenzyme Q10), dolichols,
heme A, and prenylated proteins. The first committed step for
sterol biosynthesis begins with the head-to-head condensation
of two molecules of farnesyl diphosphate to produce squalene,
a two-step reaction catalyzed by squalene synthase. The complete
set of genes encoding for the enzymes involved in both stages
have been identified in the T. cruzi genome (Figure 1). There
is only one gene of this pathway whose requirement for the
parasite viability has been evaluated in this species (Table 1). In
contrast, it has been tested for four of the orthologous genes
encoded by T. brucei. As expected, silencing of the two first
enzymes of the sterol pathway (TbSQS and TbSQLE) resulted in
the depletion of cellular sterol intermediates and end products in
procyclic cells (Pérez-Moreno et al., 2012). This was associated
with impaired cell growth, aberrant cell morphologies, DNA
fragmentation and a profound modification of mitochondrial
structure and function. Similarly, silencing of the next enzyme on
the pathway (TbCYP51) completely stopped growth in procyclic
and trypomastigote forms of the parasite (Haubrich et al., 2015;
Dauchy et al., 2016). Furthermore, parasites with decreased
expression of the enzyme were less virulent for mice (Dauchy
et al., 2016). There is also evidence for the importance of
CYP51 in the viability of T. cruzi and Leishmania. In T. cruzi, a
combination of CRISPR-Cas9 gene edition and pharmacological
inhibition of the enzyme produced a concentration-dependent
growth decrease in epimastigotes (Soares Medeiros et al., 2017),
suggesting that the function CYP51 is essential for the parasite.
In L. donovani, genes encoding for this enzyme could only
be knocked out in the presence of episomal complementation
(McCall et al., 2015). L. major CYP51-null mutants were viable
but had defects in their growth and had hypersensitivity to heat
stress (Xu et al., 2014). Finally, inhibition of the last enzyme of
the pathway inT. brucei (TbSMT) showed contradictory evidence
regarding its role on parasite growth, as in one study it did
decreased it and in the other not (García-Salcedo et al., 2004;
Haubrich et al., 2015). The reason for this difference has not been
clarified, but it is possibly related with the presence of sterols in
the used experimental media that might be used for the parasite
to spark cell proliferation.

In contrast with trypanosomes and fungi, human cells
produce cholesterol instead ergosterol. For this reason, enzymes
from the ergosterol biosynthetic pathway are common targets
of inhibitors used to treat fungal infections (Figure 1), and
some of them have also been tested in trypanosomes. Within
the isoprenoid pathway, the HMG-CoA synthase and the
farnesyl pyrophosphate synthase are inhibited by statins and
biphosphonates, respectively. However, the intervention on
this pathway have the disadvantage of affecting the synthesis
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FIGURE 1 | Simplified ergosterol biosynthesis pathway in T. cruzi epimastigotes. Gene names are annotated with bold letters, followed by their current annotation in

the TriTrypDB. In brackets are the T. cruzi locus identifiers of complete genes, followed by the haplotype to which they belong (P = Non-Esmeraldo; S = Esmeraldo).

Sequences that have been identified as incomplete or pseudogenes are not included. In the case of TcIDI and TcNDSDHL complete sequences can be found in

GeneBank and their accession numbers were used in these cases. Sequences classified as highly druggable (druggability index >0.7) according to the

Target-Pathogen database (http://target.sbg.qb.fcen.uba.ar/patho/) are shown with green letters. Known drug classes that block enzymes within this pathway are

identified by yellow boxes with blue letters. The only inhibitors that have gone clinical evaluation are shown in a green box with white letters. In a red box is highlighted

the enzyme known to be essential in T. cruzi, and in orange boxes are highlighted enzymes that are essential in other trypanosomatids. Enzymes that have been

genetically manipulated to evaluate their potential role as therapeutic targets in T. cruzi (§), T. brucei (*), or Leishmania (♯) have been annotated with a symbol.

of downstream isoprenoid compounds that are essential
for other metabolic pathways in human cells. Squalene
synthase (SQS), squalene monooxigenase (SQLE), lanosterol 14-
alpha demethylase (CYP51) and sterol 24-C-methyltransferase
(24MST) are the major enzymes targeted for pharmaceutical
inhibition in the sterol pathway (Figure 1). Lanosterol synthase
(OSC) has been less studied, but its inhibition by amiodarone
has shown to affect ergosterol synthesis in T. cruzi (Benaim et al.,
2006). CYP51 is by far the enzyme of the ergosterol pathway that
has been studied inmore detail as a therapeutic target for T. cruzi.
This enzyme uses lanosterol or related compounds as substrates
to produce zymosterol, which is the precursor of ergosterol.
Azoles are highly effective antifungal drugs that work by

inhibiting the activity of CYP51. Several azoles have shown strong
anti-T. cruzi activity in vitro and in vivo (Lepesheva et al., 2011),
so they have been considered a priority for drug development.
Themechanism of action of these compounds against the T. cruzi
CYP51 has been studied at the structural level (Chen et al., 2010;
Lepesheva et al., 2010; Hoekstra et al., 2016). Also, the specificity
of inhibition of T. cruzi’s CYP51 by posaconazole, a strong anti-
fungal azole, has been evaluated using a CRISPR-Cas9 mediated
gene edition, which resulted in a 10-fold increase in sensitivity for
the drug compared with the wild-type strain (Soares Medeiros
et al., 2017). Unfortunately, clinical trials showed that two
promising azoles are ineffective to treat chronic Chagas disease
in humans. The CHAGASAZOL trial used posaconazole and
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ravuconazole monotherapy and failed to obtain a sustained
parasite clearance after treatment (Chatelain, 2015). Similarly, the
STOP-CHAGAS study showed that benznidazole was superior to
posaconazole, either as monotherapy or combined, in obtaining
a sustained serological response at 6 months in individuals with
asymptomatic T. cruzi infection (Morillo et al., 2017). Based on
these results, it has been suggested that CYP51 inhibition should
no longer be considered as a priority for drug development
against T. cruzi (Sykes and Avery, 2018). However, azoles such
as VNI, VNV, and VT-1161 may not discarded as feasible
candidates as they showed to be safe, and highly efficient, and
selective to eradicate T. cruzi infections from murine models
(Villalta et al., 2013; Lepesheva et al., 2015; Hoekstra et al.,
2016; Guedes-da-Silva et al., 2017). A relatively unexplored
and promising strategy is the inhibition of the last enzyme of
the ergosterol synthesis (Tc24SMT) by azasterols (Figure 1). In
contrast to other enzymes of the pathway, Tc24SMT is absent
in humans. T. cruzi parasites treated with the 24SMT inhibitors
22,26-azasterol (AZA) and 24(R,S) 25-epiminolanosterol (EIL)
showed not detectable levels of 24-alkyl sterols and strongly
inhibited parasite growth (Urbina et al., 1996). Interestingly,
amastigotes were more susceptible than epimastigotes to these
compounds and synergistic antiparasitic effects of AZA and
CYP51 inhibitors were observed in vitro and in a murine
model of acute Chagas disease. Other 24SMT inhibitors have
shown effects on epimastigote growth accompanied by severe
ultrastructural alterations (Braga et al., 2005).

In conclusion, enzymes from the ergosterol pathway are
common targets of effective inhibitory compounds to treat fungal
infections. Ergosterol is endogenously produced and essential for
T. cruzi, so these molecules have also been considered promising
anti-Chagasic drugs. Most studies in this direction have been
focused on the inhibition of CYP51 by azoles. Evidence from
these works suggested that these compounds were efficient to
combat the infection using in vitro andmurine models. However,
they failed when tested in clinical trials. Despite these results,
other azoles and inhibitors of distinct enzymes of the pathway,
speciallyTc24SMT, remain as plausible candidates as anti-T. cruzi
drugs that deserve further exploration.

Resistance to Oxidative Stress
In all organisms, molecular species with high redox potential
have important physiological roles (Sies et al., 2017), especially
in signal transduction. However, an excessive exposure to them
may lead to oxidative stress, which is detrimental to the cells.
Therefore, there are antioxidant mechanisms to deal with these
situations. Two major forms of them have been described: (1)
Enzymatic protection, (2) Low-molecular weight compounds
containing thiol groups (R-SH). The first is comprised by
enzymes that directly catalyze the reduction of these molecules.
In the second category, the thiol group acts as the reducing
agent. Within them, the most ubiquitous is glutathione (GSH),
a tripeptide composed by Glu, Cys, and Gly. Others include
α-tocopherol (vitamin E) and ascorbate (vitamin C) (Poole,
2015). T. cruzi is exposed to toxic oxygen and nitrogen species
derived from its aerobic metabolism and from the host immune
response. To overcome this, the parasite possess an antioxidant

system based on enzymatic protection, GSH, and the GSH-
containing molecule trypanothione (Turrens, 2004; reviewed in
Krauth-Siegel and Comini, 2008; Figure 2). The major enzymatic
mechanism expressed by T. cruzi are five iron superoxide
dismutases (FeSOD, two mitochondrial and three cytosolic)
that remove superoxide anions (O2

−) by converting them into
hydrogen peroxide (H2O2) and molecular oxygen (O2). The
H2O2 produced by the FeSODs, and from other sources, can
then be reduced in the endoplasmatic reticulum (ER) to water
by the ascorbate peroxidase (Apx) (Wilkinson et al., 2002). This
leads to the conversion of ascorbate (ASC) into dehydroascorbate
(dhASC). On the other hand, highly reactive hydroperoxides
(ROOH) can be reduced by two sets of enzymes: glutathione
peroxidases (cytosolic GPx I and the ER located GPx II) and
tryparedoxin peroxidases (cytosolic cTXNPx and mitochondrial
mTXNPx). Glutathione peroxidases oxidize two molecules of
GSH to glutathione disulfide (GSSG). Instead of using GSH,
tryparedoxin peroxidases uses the thiol groups of its cysteine
residues. Trypanothione [T(SH)2] is composed by two GSH
molecules bound by a polyamine named spermidine. T(SH)2
has a key role in the described trypanosomatid antioxidant
mechanism because it non-enzymatically reduces the generated
dhASC, GSSG, and TXN(S)2. This replenish the parasite with
molecules with the potential to keep the system working. The
process is assisted by two enzymes that catalyze the reduction
of GSSG (Thiol-dependent reductase, TcAc2) (Figure 2, inset)
and TXN(S)2 (tryparedoxin, TXN1 and 2). The oxidized form of
trypanothione [T(S)2] is returned back to T(SH)2 by the enzyme
trypanothione reductase, a reaction that requires NADPH.

The essential role of several of these enzymes has been
evaluated in T. cruzi and other trypanosomatids. Regarding the
FeSODs, there are studies for four of the five isoforms encoded
by the parasite genome (FeSOD-A, FeSOD-B1 and FeSOD-B2,
FeSOD-C) in T. brucei and Leishmania (Beltrame-Botelho et al.,
2016; Figure 2). In L. chagasi, a single-allele knockout of FeSOD-
B1 resulted in a decrease of growth when exposed to the O2

−

generating agent paraquat (Plewes et al., 2003), suggesting an
important role for this enzyme. Themutant parasites also showed
a reduced level of survival within macrophages. RNAi studies
in the bloodstream forms (BSFs) of T. brucei showed that the
RNAi mediated knockdown of FeSOD-B1/2, but not for FeSOD-
A and FeSOD-C, resulted in a significant reduction in parasite
growth (Wilkinson et al., 2006). However, in the presence of
paraquat, RNAi inhibition of FeSOD-A resulted in decreased
growth (Wilkinson et al., 2006). APx is an antioxidant enzyme
that is absent from the mammalian host, but unfortunately it
has been shown to be dispensable for the parasite. T. cruzi
null mutants for the enzyme had no defects on cell growth
and were able to complete their life cycle in vivo (Taylor et al.,
2015). In L. major, APx null mutants even shown hypervirulence
after infection in macrophages and inoculation into mice (Pal
et al., 2010). With the exception of GPx II, all tested glutathione
and tryparedoxin peroxidases have shown to be essential for T.
brucei or Leishmania (Figure 2). In T. brucei, a knockdown of
the GPx I genes was lethal to BSFs (Wilkinson et al., 2003).
A similar result was observed for the cytosolic cTXNPx, but
not for the mitochondrial mTXNPx (Wilkinson et al., 2003).
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FIGURE 2 | Pathways of defense to oxidative stress. Gene names are annotated with bold letters, followed by their current annotation in the TriTrypDB. In brackets

are the T. cruzi locus identifiers of complete genes, followed by the haplotype to which they belong (P = Non-Esmeraldo; S = Esmeraldo). Sequences that have been

identified as incomplete or pseudogenes are not included. Sequences classified as highly druggable (druggability index >0.7) according to the Target-Pathogen

database (http://target.sbg.qb.fcen.uba.ar/patho/) are shown with green letters. In a red box is highlighted the enzyme known to be essential in T. cruzi, and in orange

boxes are highlighted enzymes that are essential in other trypanosomes. Enzymes that have been genetically manipulated to evaluate their potential role as

therapeutic targets in T. cruzi (§), T. brucei (*), or Leishmania (♯) have been annotated with a symbol.

However, gene replacement studies showed that this last enzyme
is essential in L. infantum (Castro et al., 2011). As mentioned
above, the reduction of GSSG to GSH is thought to be largely
dependent on the oxidation of T(SH)2. However, in T. cruzi
TcAc2 is able to catalyze this reaction (Moutiez et al., 1995).
Interestingly, this activity seems to be essential for epimastigotes
as it was not possible to obtain null mutants for the encoding gene
(Allaoui et al., 1999). Tryparedoxins (TXNs) are oxidoreductases
found exclusively in trypanosomatids. There are two TXNs in
T. cruzi, one cytosolic (TXN1) and the other associated with
endomembranes (TXN2) (Arias et al., 2013). The essential role
of neither of them have been tested in T. cruzi, but in T. brucei
the knock-down of TXN1 reduced the growth BSF and procyclics
and in L. infantum it was required for cell survival (Wilkinson
et al., 2003; Comini et al., 2007; Romao et al., 2009). Given
its central role in the antioxidant system and its absence in
human cells, trypanothione reductase is considered an attractive
drug target (Figure 2). Additionally, RNAi and knockout studies
demonstrated that it is an essential gene in T. brucei, L. donovani,
and L. major.Additionally, in Leishmania a single allele knockout
of the gene resulted in reduced infectivity and capacity to survive
within macrophages (Dumas et al., 1997; Tovar et al., 1998;
Krieger et al., 2000). Although not directly involved in the
antioxidant system, we also search data on the essentiality of
the two enzymes required for the production T(SH)2 (Figure 2).

In BSF of T. brucei, knockdown of TryS resulted in growth
arrest and led to depletion of both T(SH)2 and its precursor
glutathionylspermidine (Comini et al., 2004). In L. infantum,
both promastigotes and amastigotes with deletion of GspS were
viable. In contrast, elimination of both TryS alleles was only
possible when parasites were previously complemented with an
episomal copy of the gene (Sousa et al., 2014).

Drugs of current use for the treatment of diseases caused by
T. cruzi and other trypanosomatids seems to have several modes
of action (Field et al., 2017). There is some evidence that one of
them is the induction of oxidative stress within the parasite, as
pharmacological and genetic inhibition of its antioxidant defense
mechanism have effects on the susceptibility to the drugs. For
example, treatment of different T. cruzi stages with buthionine
sulfoximine, an inhibitor of the synthesis of an indispensable
precursor of glutathione, increase the antiparasitic effects of
nifurtimox and benznidazole (Faundez et al., 2005). However,
the molecular targets of these drugs have not been elucidated,
as overexpression of some of antioxidant enzymes do not have
an effect on drug sensitivity (Wilkinson et al., 2000). Similar to
T. cruzi, some of the drugs currently used to treat leishmaniasis
may also target the antioxidant system. The levels of expression of
cTXNPx have been associated with drug resistance to antimonials
and amphotericin B in several species of Leishmania (Suman
et al., 2016; Das et al., 2017). Promastigotes of L. donovani, L.
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tarentolae, and L. brazilensis, but not L. infantum, overexpressing
cTXNPx increased their resistance to antimonials (Iyer et al.,
2008; Wyllie et al., 2008; Andrade and Murta, 2014; Das et al.,
2017). On the other hand, there have also been efforts to discover
and design drugs against enzymes of the antioxidant system,
particularly for those involved in the trypanothione synthesis and
recycling (Wyllie et al., 2009; Patterson et al., 2011; Spinks et al.,
2012).

The components of antioxidant system of T. cruzi are
attractive drug targets against the parasite, as many of them
are essential and absent in mammals. Also, they apparently
lack functional redundancy (Krauth-Siegel and Comini, 2008),
making them highly selective. Additionally, drugs currently used
to treat the diseases caused by trypanosomatids may act, at least
in part, by interfering in the antioxidant system of the parasite.
Identifying the precise molecular targets within this pathwaymay
open the possibility of designing more potent and selective drugs.

Synthesis of Surface Glycoconjugates
The GPI anchor is a glycolipid structure formed at the parasite
endoplasmic reticulum (ER). This moiety has a conserved
core of phosphatidylinositol (PI), linked to a trimannosyl-
non-acetylated glucosamine. This sugar core is linked to an
ethanolamine (Etn) phosphate that is attached to the C-terminus
of the protein via an amide bond. The two fatty acids within
the hydrophobic PI group anchor the protein to the cell
membrane (Cheung et al., 2014). There can be a wide variety
of substituents in the mannoside, inositol, or lipid moieties
depending on the particular protein, organism, or developmental
stage of an organism (Hong and Kinoshita, 2009). The GPI
anchor is synthesized by a variety of enzymes, which sequentially
transfer sugars and Etn to the PI. After synthesis, the GPI
anchor is attached to the protein by GPI transamidase before
being transported to the cell surface. The first two steps of
the synthesis of GPI anchors that result in the production of
the N-glucosaminyl-phosphatidylinositol (GlcNAc-PI) occur at
the outside face of the ER membrane and then it is flipped to
the inside. Similarly, dolichol-phosphate mannose (Dol-P-Man),
the donor molecule for the mannoses within the GPI core, is
synthesized in the outside face of the ER membrane, and then
flipped inside. The rest of the synthesis of the GPI core occurs
inside the ER.

All the enzymes involved in the T. cruzi GPI biosynthetic
pathway have been identified, with the exception of the enzyme
required for the addition a fourth mannose into the GPI core
(Cardoso et al., 2013; Figure 3). Several differences between
the mammalian and trypanosmatid pathways were identified.
The mammalian GPI-N-acetylglucosaminyltransferase complex
(GPI-GnT) has an element known as PIG-Y that is not
present in trypanosomatids (Murakami et al., 2005). There are
also differences in the composition of GPI transamidase, the
enzymatic complex in charge of adding and processing the
protein to the GPI core. The parasitic and the mammalian
enzymes have 5 elements, but only three are shared in both
complexes (GAA1, GPI8, and PIG-T) and the two others are
specific of the mammalian host (PIG-S and PIG-U) or of the
parasite (trypanosomatid transamidase 1 and 2) (Nagamune

et al., 2003). Also, mammalian cells require the acylation of
the inositol ring prior to the addition of the first mannose to
the non-N-acetylated glucosaminyl (GlcN)-PI by the enzyme
PIG-W. This acylation group is removed after the addition of
the sugar residue to the core and the attachment of the GPI
anchor to the protein (Cardoso et al., 2013). No orthologs of
PIG-W were identified in either T. cruzi or T. brucei. However,
orthologs involved in inositol deacylation are present in the T.
cruzi genome (Figure 3), as well as in T. brucei and Leishmania.
Mammalian GPI has extra ethanolamine phosphate groups (Etn-
P) in other residues, reactions that are catalyzed by different
enzymes. The enzymatic pathway that synthesize the donor
for ethanolamine group have been identified in T. brucei and
their orthologs can be identified (Gibellini et al., 2008). Reverse
genetics have been used to assess the potential of this biosynthetic
pathway as a therapeutic target identifying some differences
between species that deserve further study. In T. brucei, RNAi
studies have demonstrated that GPI8 (Lillico et al., 2003), GPI10
(Nagamune et al., 2000), and GPI12 (Chang et al., 2002) are
essential for the bloodstream form (BSF) of the parasite. In
contrast, in procyclic cells these enzymes are not essential for
growth in vitro and therefore knockouts of both alleles have
been achieved. GPI8, GPI10, and GP12 procyclic knockouts have
an abnormal surface glycocalix that do not allow these cells
to colonize the tsetse midgut (Nagamune et al., 2000; Güther
et al., 2006). The knockout of GPI16 (the ortholog of the human
PIG-T) in procyclic cells had normal morphology but reduced
growth rate (Hong et al., 2006). In Leishmania major, the GPI12
knockout has been obtained in the promastigote stage. Although
viable, the knockout had decreased ability to infect and multiply
into murine macrophages (Almani et al., 2016). In L. mexicana,
GPI8 null mutants were obtained that grew normally in liquid
culture, and were able to successfully infect macrophages in
vitro and mice (Hilley et al., 2000). In T. cruzi epimastigotes,
it was not possible to obtain null mutants for GPI3, GPI8,
and GPI10 by homologous recombination suggesting that these
enzymes are essential. Interestingly, it was not even possible to
obtain a single allele knockout of GPI3 and GPI10 suggesting
the need for both functional alleles of the genes (Cardoso et al.,
2013).

The pathways involved in the synthesis of mannose and Etn
donors for GPI synthesis are also required for parasite survival
(Figure 3). For the synthesis of Dol-P-Man, the GDP-mannose
pyrophosphorylase was found to be essential for the BSFs of T.
brucei (Denton et al., 2010). In L. mexicana procyclic forms,
knockouts of either GDP-mannose pyrophosphorylase, or Dol-P-
Man synthase were viable but demonstrated decreased virulence
(Garami and Ilg, 2001; Garami et al., 2001; Stewart et al., 2005).
With respect to glycerophosphoethanolamine (GPEtn) synthesis,
the locus annotated as encoding for the enzyme involved in
the first step of the pathway (the choline/ethanolamine kinase,
C/EK) contains only pseudogenes in the T. cruzi CL-Brener
genome (Figure 3). Interestingly, analysis of synteny of the
orthologs in other T. cruzi strains reveals the presence of full
length open reading frames. The absence of a complete gene
in one strain could suggest that the enzyme is not essential for
the parasite. However, in T. brucei two choline/ethanolamine
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FIGURE 3 | Simplified pathway for the synthesis of the GPI-core (based on Cardoso et al., 2013). Gene names are annotated with bold letters, followed by their

current annotation in the TriTrypDB. In brackets are the T. cruzi locus identifiers of complete genes, followed by the haplotype to which they belong (P =

Non-Esmeraldo; S = Esmeraldo). Sequences that have been identified as incomplete or pseudogenes are not included. Because the T. cruzi CL Brener sequences for

GPI13 are incomplete for both haplotypes (TcCLB.503979.10-P and TcCLB.507667.11-S), the ID for the complete GPI13 gene for the T. cruzi Dm28c is used.

Similarly, for the choline/ethanolamine kinase 2, for which both CL-Brener alleles encode for pseudogenes (TcCLB.487739.20-P;

TcCLB.508805.30-S/TcCLB.511181.160-S) and therefore the full sequence from the T. cruzi Dm28c strain is used. Sequences classified as highly druggable

(druggability index >0.7) according to the Target-Pathogen database (http://target.sbg.qb.fcen.uba.ar/patho/) are shown with green letters. Known drug classes that

block enzymes within this pathway are identified by yellow boxes with blue letters. With a red box are highlighted the enzymes known to be essential in T. cruzi, and in

orange boxes are highlighted enzymes that are essential in other trypanosomes. Enzymes that have been genetically manipulated to evaluate their potential role as

therapeutic targets in T. cruzi (§), T. brucei (*), or Leishmania (♯) have been annotated with a symbol.

genes are present, being initially named C/EK1 and C/EK2
(Gibellini et al., 2008). In vitro characterization of their
catalytic activities demonstrated that C/EK1 metabolize Etn
but not choline, and therefore they rename it TbEK1. In
contrast, TbC/EK2 metabolized both substrates. In the T. cruzi
CL-Brener genome there is only a functional ortholog for
TbEK1, with the locus encoding for the putative TbC/EK2
being a pseudogene. Thus, it is important to characterize the
catalytic abilities of the ortholog to TbEK1. In T. brucei the
three enzymes involved in the synthesis of GPEtn have been
evaluated in the procyclic form by reverse genetics (Gibellini
et al., 2008, 2009; Signorell et al., 2009). RNAi of the three
enzymes resulted in viable organisms. However, in the case
ethanolamine-phosphate cytidylyltransferase (ECT), depletion
of the enzyme was associated with abnormal mitochondrial
morphology, and with the accumulation of multinucleated cells
(Signorell et al., 2009). A TbECT conditional null mutant
of the BSF was obtained by homologous recombination
associated with the expression of an ectopic copy of the
gene demonstrated that this gene is essential (Gibellini et al.,
2009).

Several inhibitors of the GPI synthesis have been shown
to kill trypanosomatids. Analogs of the biosynthetic pathway
frequently inhibit both parasite and mammalian enzymes.
However, different type of substitutions have been evaluated
to obtain greater specificity for the trypanosomatid enzymes.
Inhibitors that affect GPI synthesis in trypanosomatids without
affecting the mammalian enzymes need to be found.

Glycosylation Steps Evaluated as Potential Drug

Targets
The specific type of glycoconjugates present in Trypanosoma
cruzi, T. brucei, and Leishmania major, are fundamentally
different, reflecting their disparate life cycles, modes of infection,
and disease pathologies (Turnock and Ferguson, 2007). The
addition of sugar moieties to their targets occurs in the
lumen of the ER and Golgi apparatus through the action
of glycosyltransferases using nucleotide sugars as substrates.
Translocation of the sugar nucleotide from the cytosol into
the Golgi lumen is mediated by a transporter specific for
each nucleotide sugar. Ten different sugar nucleotides have
been identified in trypanosomatids, but the repertoire present
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FIGURE 4 | Glycosylation pathways where essential genes have been identified in trypanosomatids. Genes are identified by their current annotation in the TriTrypDB.

In brackets are the T. cruzi locus identifiers of complete genes, followed by the haplotype to which they belong (P = Non-Esmeraldo; S = Esmeraldo). Sequences that

have been identified as incomplete or pseudogenes are not included. Sequences classified as highly druggable (druggability index >0.7) according to the

Target-Pathogen database (http://target.sbg.qb.fcen.uba.ar/patho/) are shown with green letters. Drugs that block hexokinase are highlighted in a yellow box with

blue letters. With a red box are highlighted the enzymes known to be essential in T. cruzi, and in orange boxes are highlighted enzymes that are essential in other

trypanosomes. Enzymes that have been genetically manipulated to evaluate their potential role as therapeutic targets in T. cruzi (§), T. brucei (*) or Leishmania (♯) have

been annotated with a symbol.

in each parasite is species-specific (Turnock and Ferguson,
2007). Five nucleotide sugars are common to the three species
[GDP-α-D-mannose, UDP-α-D-N-acetylglucosamine, UDP-α-
D-glucose, UDP-α-galactopyranose (UDP-Galp), and GDP-β-
L-fucose], three are identified only in T. cruzi (UDP-β-L-
rhamnopyranose, UDP-α-D-xylose, and UDP-α-D-glucuronic
acid), GDP-α-D-arabinopyranose is found only in L. major, and
UDP-α-D-galactofuranose (UDP-Galf ) is present in T. cruzi and
in L. major (Turnock and Ferguson, 2007). Mammalian cells
do not synthetize UDP-α-D-galactofuranose and therefore its
biosynthetic pathway is an attractive target for new drugs.

To act as glycosyl donors, the monosaccharides must
be conjugated with a nucleotide. In trypanosomatids the
biosynthesis of all nucleotide sugars initiate with glucose-6-
phosphate, with the exception of GDP-arabinose (present only in
Leishmania spp.) which is thought to be synthesized from glucose
by an unknown mechanism (Turnock and Ferguson, 2007).
The synthesis of glucose-6-phosphate from glucose is therefore
not only important in glycolysis, but also for the synthesis of
sugar nucleotides in T. cruzi (Figure 4). Hexokinase catalyzes the
conversion of the glucose that has entered the cell into glucose-
6-phosphate. The regulation of T. cruzi hexokinase differs from
the mammalian enzyme in that is not inhibited by glucose-6-
phohosphate, fructose-1,6-diphosphate, phosphoenol pyruvate,
malate, or citrate. Instead, the parasite enzyme, but not the
human, is inhibited by non-hydrolyzable analogs of inorganic
pyrophosphate (biphosphonates). Biphosphonate inhibitors of
the T. cruzi enzyme that are not toxic to human cell lines
have been identified (Hudock et al., 2006). It was proposed that
the lack of toxicity depends of the specificity of the analogs
which are highly specific of the hexokinase and poor inhibitors

of farnesyl diphosphate synthase (enzyme that is involved in
the Ergosterol synthesis pathway, see Figure 1). Lonidamine is
another inhibitor that reduces viability of T. cruzi, T. brucei, and
Leishmania (Chambers et al., 2008).

In T. cruzi, the major surface glycoproteins are mucin-
like proteins which are heavily O-glycosylated. A distinctive
property of this type of glycosylation in this organism is that
the sugar attached to the hydroxyl group of serine or threonine
residues is GlcNAc, whereas both T. brucei and Leishmania
attach GalNAc. The T. cruzi and T. brucei hexose transporters
do not transport D-galactose and therefore their only source of
galactose is through the epimerisation of UDP-Glc to UDP-Gal
by the UDP-glucose 4’epimerase (GalE) (Roper and Ferguson,
2003; Figure 4). Unlike the mammalian enzyme, the parasitic
enzyme is unable to interconvert UDP-GlcNAc and UDP-
GalNAc. Therefore, GalE is essential for the synthesis of UDP-
Galp and UDP-Galf abundant residues in the T. cruzi mucins.
The conversion of UDP-Galp to Galf depends on the activity of
UDP-Galp mutase, and this enzyme present only in T. cruzi and
Leishmania but not in mammals, which makes it an interesting
therapeutic target (Oppenheimer et al., 2011). The attachment of
mucins to the plasma membrane is through a GPI-anchor and
therefore synthesis of UDP-Man is essential.

Terminal β-Galp residues of T. cruzi mucins are sialylated
by a GPI-anchored trans-sialidase that catalyzes the transfer
of the host’s sialic acid to the parasite’s proteins. Sialylation
of mucins is important for the survival for T. cruzi. In
epimastigotes it has been implicated adhesion of the parasites
to the epithelial cells in the rectal ampoule of the insect. In
trypomastigotes, the terminal sialic acids mask parasite antigenic
determinants, thus protecting the parasite from host attack
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by anti-galactosyl antibodies and by complement (Giorgi and
de Lederkremer, 2011). Inhibitors of the trans-sialidase are
being developed as potential therapeutic agents. Reverse genetics
studies have demonstrated the importance of these pathways
in vivo (Figure 4). In T. brucei there are two hexokinase genes
in tandem encoding for proteins with hexokinase that are 98%
identical. Experiments with RNAi and ectopic expression of the
enzyme demonstrated that hexokinase activity is essential for
T. brucei procyclic and BSFs (Albert et al., 2005; Chambers
et al., 2008). Within the biosynthetic pathway for UDP-Galp,
tetracycline-inducible conditional GalE null mutants of T. brucei
procyclic and BSFs were found to be essential (Roper et al.,
2002, 2005). This also seems to be the case for T. cruzi
epimastigotes as it was not possible to obtain the double
allele knockout (MacRae et al., 2006). Unlike T. cruzi and
T. brucei, Leishmania can obtain galactose from extracellular
sources, and therefore GalE is not essential in these parasites
(Oppenheimer et al., 2011). In L. major, double knockout of
UDP-galactopyranose mutase (Galf ) has been obtained. The
null mutants were viable but had decreased virulence in mice
(Kleczka et al., 2007). In T. cruzi, the targeting of two alleles
encoding a conserved hypothetical protein (TcCLB.511301.50-
P;TcCLB.511353.30-S) that was considered a possible triose-
phosphate or UDP-galactofuranose transporter (Galf-transpoter)
was found to be essential (Soares Medeiros et al., 2017). However,
although the encoded protein could correspond to a sugar
nucleotide transporter, there is no evidence that the transported
sugar-nucleotide is indeed Galf. As this gene proved to be
essential it would be important to do a full characterization of
the encoded protein. The role in viability of all enzymes involved
in the synthesis of UDP-Man in Leishmania have been studied.
Promastigote mutants null for phosphomannose isomerase,
phosphomannose mutase, and GDP-Man pyrophosphorylase
are all viable, and with the exception of the phosphomannose
isomerase, the mutants lost their ability to infect macrophages
and mice (Turnock and Ferguson, 2007). As previously
mentioned, the GDP-mannose pyrophosphorylase is essential in
T. brucei (Denton et al., 2010). Reverse genetics in the pathway
of UDP-GlcNAc synthesis has only been determined for the
glucosamine 6-phosphate n-acetyltransferase of T. brucei. In
BSFs of T. brucei the conditional null mutant was unable to
sustain growth under non-permissive conditions, demonstrating
that there are no metabolic, or nutritional routes to UDP-
GlcNAc other than via GlcNAc-6-phosphate (Mariño et al.,
2011).

CONCLUSIONS AND PERSPECTIVES

New treatments for Chagas’ disease are required. More
information is needed not only of the molecular mechanisms
involved in the establishment of infection, but also about those
involved in parasite survival and persistence. The screening of
chemical libraries will undoubtedly identify new potential targets,
but they will also need to be individually curated and validated.
Unfortunately, it is still difficult to prove the essentiality of a
gene in T. cruzi, although the CRISPR-Cas9 technology appears
to be more efficient for gene disruption than the knockouts
by homologous recombination. Improved strategies for the
regulated expression of ectopic genes needs to be developed.
In the meantime, it is always useful to assess the information
available for other trypanosomatids. Public databases such as
TriTrypDB or TDR Targets present a great opportunity for data
mining and contain a wealth of information that can be easily
searched and analyzed. However, the genome sequence of the
parasite genome still contain gaps and some errors, so integrity of
the selected genes should always be assessed. Although molecular
modeling of T. cruzi proteins can be done from structural
information from orthologs of other species, to develop highly
selective inhibitors to target proteins it is necessary to obtain
crystal structures of the specific proteins. There is no doubt
that identifying and developing new treatments requires a large
team of specialists in multiple areas such as chemistry, biology,
engineering, informatics, and medicine. Ideally, several teams
should be assembled and organized so that every aspect of drug
development is met and, hopefully, each team should concentrate
in different potential targets.
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Toxoplasma gondii is an apicomplexan protozoan parasite with a complex life cycle

composed of multiple stages that infect mammals and birds. Tachyzoites rapidly replicate

within host cells to produce acute infection during which the parasite disseminates

to tissues and organs. Highly replicative cells are subject to Double Strand Breaks

(DSBs) by replication fork collapse and ATM, a member of the phosphatidylinositol

3-kinase (PI3K) family, is a key factor that initiates DNA repair and activates cell cycle

checkpoints. Here we demonstrate that the treatment of intracellular tachyzoites with

the PI3K inhibitor caffeine or ATM kinase-inhibitor KU-55933 affects parasite replication

rate in a dose-dependent manner. KU-55933 affects intracellular tachyzoite growth and

induces G1-phase arrest. Addition of KU-55933 to extracellular tachyzoites also leads to

a significant reduction of tachyzoite replication upon infection of host cells. ATM kinase

phosphorylates H2A.X (γH2AX) to promote DSB damage repair. The level of γH2AX

increases in tachyzoites treated with camptothecin (CPT), a drug that generates fork

collapse, but this increase was not observed when co-administered with KU-55933.

These findings support that KU-55933 is affecting the Toxoplasma ATM-like kinase

(TgATM). The combination of KU-55933 and other DNA damaging agents such asmethyl

methane sulfonate (MMS) and CPT produce a synergic effect, suggesting that TgATM

kinase inhibition sensitizes the parasite to damaged DNA. By contrast, hydroxyurea (HU)

did not further inhibit tachyzoite replication when combined with KU-55933.

Keywords: Toxoplasma gondii, DNA repair, cell cycle, fork collapse, antiparasitic drugs

INTRODUCTION

Toxoplasma gondii is a widespread protozoan parasite that infects humans and warm-blooded
animals. Although the course of toxoplasmic infection is usually asymptomatic, severe problems,
and even death can occur in immunocompromised individuals (e.g., AIDS, transplantation) or as a
result of congenital infection. In HIV patients, reactivation of the infection can cause neurological
defects, encephalitis, and chorioretinitis; congenital toxoplasmosis is responsible for neurological
defects, chorioretinitis, and in some cases abortion (Luft and Remington, 1992; Moncada and
Montoya, 2012). The life cycle of Toxoplasma includes the sexual stage (sporozoite), which occurs
only in the definitive host (felines), and asexual stages (tachyzoite and bradyzoite), both occurring
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in all mammals and birds (Dubey, 1994). It is generally accepted
that the highly replicative tachyzoites produce clinical symptoms
whereas the bradyzoites (which reside within intracellular tissue
cysts) cause the asymptomatic latent infection with the ability
to reconvert into tachyzoites. However, recent associations
have been made between chronic Toxoplasma infection and
neurological disorders, such as schizophrenia (Torrey et al., 2012;
Sutterland et al., 2015; Flegr and Horacek, 2017; Fuglewicz et al.,
2017; Yolken et al., 2017).

The frontline treatment for toxoplasmosis includes anti-folate
drugs, which are only effective against the tachyzoite stage and
produce serious adverse effects and allergic reactions (Luft and
Remington, 1992; Carlier et al., 2012). There is no effective
treatment for chronic toxoplasmosis as no drug is known to
eliminate tissue cysts. Newer, safer drugs effective in treating
toxoplasmosis are urgently needed.

Rapidly replicating cells such as tachyzoites must contend
with DNA damage. Toxoplasma tachyzoites cultured in vitro
show detectable basal levels of γH2A.X, a marker of DNA
damage, as revealed by Western blot and mass spectrometry
analysis (Dalmasso et al., 2009; Nardelli et al., 2013). Histone
H2AX is a H2A variant with a SQE C-terminal motif that can
be modified by a kinase, generating the phosphorylated form
γH2A.X. The spreading of γH2A.X at both sides of a double
strand break (DSB) is one of the earliest events involved in the
DNA damage response (DDR) to different genotoxic stresses
and occupies megabase chromatin domains (Rogakou et al.,
1998, 1999; Redon et al., 2002; Martin et al., 2003). H2A.X
phosphorylation is mediated by members of phosphatidyl-
inositol 3-kinase family (PI3K) such as Ataxia telangiectasia
mutated (ATM) kinase, ATM Rad-3-related (ATR), and DNA
dependent protein kinase (DNA-PK). ATM kinase and DNA-PK
are involved mainly in DSB repair whereas ATR is associated
with single strand DNA (ssDNA) and stalled replication forks
(Branzei and Foiani, 2008). ATM is the key kinase for H2A.X
phosphorylation after DSB, and also phosphorylates other cell
cycle and DDR proteins, allowing the γH2A.X foci generation
and DDR either by non-homologous end joining (NHEJ) or
homologous recombination repair (HRR) (Bakkenist and Kastan,
2003). DNA-PK is activated through its interaction with Ku
and is associated with the NHEJ pathway (Pannunzio et al.,
2017), however, DNA-PK and ATM kinase have overlapping
functions to phosphorylate H2A.X after ionizing radiation DNA
damage (Stiff et al., 2004; Wang et al., 2005). ATM kinase
also phosphorylates H2A.X and DNA-PK in response to DSB
produced by the topoisomerase I inhibitor camptothecin (CPT)
or topoisomerase II inhibitor mitoxantrone (Kurose et al., 2005;
Cristini et al., 2016). Various cellular mechanisms work to
ensure the integrity of the genome during DNA replication,
but sometimes fork stalling occurs and generates ssDNA. In
the event that the lesion cannot be repaired, the forks collapse,
generating one-end DSB that requires DDR. Among factors that
are recruited to one-end DSB are the Mre11-Rad50-Nbs1/Xrs2
complex and ATM kinase (Lee and Paull, 2005). DSBs produced
by fork collapse generated by topoisomerase I inhibitor topotecan
require ATM kinase for the completion of HRR (Kurose et al.,
2005; Tanaka et al., 2006; Kocher et al., 2013). γH2A.X can

also appear by chemical and environmental agents that do not
induce DSBs, such as benz[a]pyrene, which leads to formation of
covalent DNA adducts. In this case, H2A.X phosphorylation has
shown to be induced by ATM, ATR, or DNA-PK kinases (Yan
et al., 2011). Hyperthermia and heat shock can also cause ATM-
dependent γH2A.X induction (Hunt et al., 2007; Takahashi et al.,
2010). Among targets of ATM kinase is Hsp90a; phosphorylation
of Hsp90a at threonine 5 and 7 correlates with an increase in
γH2A.X (Elaimy et al., 2016).

The Toxoplasma ATM (TgATM) kinase (Vonlaufen et al.,
2010) seems to be essential as observed by a CRISPR-screen
assay (Sidik et al., 2016), along with other PI3Ks (Table 1). These
findings suggest an important biological role for such kinases
under normal growth conditions. There are several compounds
(caffeine, KU-55933 and derivatives) that have shown inhibitory
effects against PI3K kinases and were studied as promising
candidates for cancer therapy (Bode and Dong, 2007; Kuroda
et al., 2012; Batey et al., 2013; Teng et al., 2015). Caffeine is a
non-specific PI3K inhibitor whose targets include ATM kinase
at IC50 of 0.2mM, ATR kinase at IC50 of 1.1mM, DNA-PK at
IC50 between 0.2 and 0.6mM (Block et al., 2004), and other
targets (Bode and Dong, 2007). By contrast, KU-55933 is a potent
and selective ATP-competitor of ATM kinase at IC50 of 12.9 nM
(Hickson et al., 2004).

DNA replication and repair pathways are promising drug
targets for the development of novel antiparasitic. In the present
study, we analyzed the effect of the ATM kinase inhibitors
caffeine and KU-55399 on tachyzoites in vitro. We observed that
both inhibitors impair T. gondii replication. The presence of
KU-55933 also inhibits H2A.X phosphorylation in intracellular
tachyzoites cultured in presence of camptothecin (CPT), a
topoisomerase I venom (Hickson et al., 2004; Tomicic and Kaina,
2013; Botella and Rivero-Buceta, 2017). The combination of
KU-55933 and DNA damaging agents such as CPT or methyl
methane sulfonate (MMS) showed a synergic effect in slowing
parasite growth. The impact of our findings in light of the
discovery of future drug targets in toxoplasmosis is discussed.

MATERIALS AND METHODS

Parasite Culture
Wild-type RH strain parasites and RH RFP, which express red
fluorescent protein (van Dooren et al., 2008), were cultured
in standard tachyzoite conditions in vitro: human foreskin
fibroblast (HFF) monolayers were infected with tachyzoites
and incubated in Dulbecco’s modified Eagle medium (DMEM,
GIBCO) supplemented with 10% fetal bovine serum, penicillin
(100 UI/ml; GIBCO), and streptomycin (100µg/ml; GIBCO) at
37◦C and 5% CO2.

Chemicals and Antibodies
Camptothecin (CPT, Sigma-Aldrich Argentina, catalog number
C9911) was dissolved in DMSO at a concentration of 1mM
and stored at −20◦C as stock solution. Caffeine (Sigma-Aldrich
Argentina, catalog number C0750) was dissolved in water at a
concentration of 100mM and stored at −20◦C as stock solution.
KU-55933 (Calbiochem catalog number 118500) was dissolved in
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TABLE 1 | Domain structure of T. gondii phosphatidylinositol 3- and 4-kinase (PIKK) domain-containing proteins.

Gene ID (e.g., TGME49) NLS FAT PRD FATC MW (kDa) Blastp Phenotype Scorea

_248530 2 NO ND 1 246 HuATM −2.71

_266010 1 NO ND 1 964 DNA-PK −3.15

_268370 2 1 1 1 904 HuTRRAP −3.56

_283702 NO NO 1 1 647 HuATR −2.68

_316430 2 1 1 1 543 mTOR 0.21

These PI3,4K putative proteins were retrieved from www.toxodb.org based on Blast analysis by using Human ATM (AAB65827), ATR (CAA70298), and DNA-PK (AAB39925)

aminoacidic sequences. Domains and motifs were searched by using motifscan (http://hits.isb-sib.ch/cgi-bin/PFSCAN). FAT, FRAP (FKBP12-rapamycin-associated protein)-ATM-

TRRAP (Transformation/transcription domain-associated protein) domain; PRD, PIKK regulatory domain; FATC, FAT-C-terminal domain. HuTRRAP, transformation/transcription domain-

associated protein, isoform CRA_e (EAW76697). mTOR: mammalian Target Of Rapamycin (NP_004949). mRNA sequence is obtained by exon/intron prediction on genome sequence.

For this reason, the gene, ORF, and protein sequences are subjected to future modifications.

ND: not detected
a“Genome-wide loss of function screen (CRISPR) that measures each gene’s contribution to Toxoplasma gondii fitness during infection of human fibroblasts. Phenotype score = log2

(sgRNA of infected cultures/sgRNA composition of original library)” (www.toxodb.org). Negative score, fitness conferring; positive score, dispensable.

DMSO at a concentration of 10mM and stored at−20◦C as stock
solution. Hydroxyurea (HU, Sigma-Aldrich Argentina, catalog
number H8627-5G) was dissolved in water at a concentration
of 50 mg/ml as stock solution and disposed after use. Methyl
methane sulfonate (MMS, Sigma-Aldrich Argentina, catalog
number 129925-5G, liquid, 11,8M) was dissolved in DMEM
at the concentrations indicated for each assay and disposed
after use.

Anti-γH2AX antibody was obtained from Merck Argentina
(JBW301). Rabbit anti-Toxoplasma H2A.X and Hsp90 were
previously produced in our laboratory (Echeverria et al., 2005;
Dalmasso et al., 2009). Anti-actin antibody was kindly provided
by Jean F. Dubremetz (Université de Montpellier, Montpellier,
France). Murine anti-SAG1 antibody was kindly provided by
Marina Clemente (Albarracín et al., 2015). Mouse monoclonal
anti-H3 antibody was purchased from Abcam (10799). Alexa
fluor goat antibodies anti-mouse 594 (A-11032), anti-rabbit 594
(A-11037), anti-mouse 488 (A-11001), and anti-rabbit 488 (A-
11034) were purchased from Invitrogen.

Replication Assay
The replication rate was determined in infected monolayers,
treated or untreated with different doses of caffeine, KU-55933
or CPT. Coverslips with confluent HFFs were infected with 1
× 104 parasites (MOI: 0.1 Tachyzoites/host cell). After 1 h of
incubation, cells were washed three times with PBS and incubated
12–48 h in DMEM plus treatment, then cells were analyzed by
indirect immunofluorescence (IFA) to facilitate counting. Briefly,
they were fixed with 4% (v/v) paraformaldehyde and blocked
with 1% BSA. Primary antibodies anti-SAG1 diluted 1:100 with
0.5% BSA or anti-T. gondii Hsp90 1:2,000 were incubated at
room temperature for 1 h. After several washes with PBS, they
were incubated with secondary antibodies Alexa fluor goat anti-
mouse 594 or Alexa fluor goat anti-mouse 488 (Invitrogen).
Cover slips were washed three times andmounted in Fluoromont
G (Southern Biotechnology Associates) and viewed using a
Nikon Model Eclipse E600 (magnification 100X, numerical
aperture 1,40 at 24◦C). Green or red fluorescence were recorded
separately and the images were analyzed by Image-Pro Plus
version 5.1.0.20 and merged using Adobe Photoshop. Parasites

in 100 randomly chosen parasitophorous vacuoles (PV) were
counted in triplicate. Data are presented as the average number of
tachyzoites per PV. IC50 was obtained by GraphPad Prism 6: data
were normalized with 0 as the smallest value and transformed
to semi-logarithmic scale [x = log(x)]. After that, they were
analyzed as a nonlinear regression parameter-Dose-response
inhibition-log(inhibitor) vs. normalized response-variable slope.

RH RFP Fluorescence Assay
Fluorescence assay was carried out using an RH strain parasite
clone engineered to express Red Fluorescent Protein (RFP),
kindly provided by Silvia Moreno (University of Georgia,
Athens, Georgia). RH RFP tachyzoites were used to infect HFF
monolayer in a 96-well plate with or without the indicated
drugs. Fluorescence values were measured 4 days post-infection
and both excitation (544 nm) and emission (590 nm) were read
from the bottom of the plates in a microplate reader (Synergy
H1). Data were plotted and analyzed using GraphPad Prism
6 software.

Cell Cycle
HFF cells were grown to confluence in 6 well plates then infected
with 1 × 106 RH tachyzoites per well and treated with 60µM
pyrrolidine dithiocarbamate (PDTS) for 6 h in DMEM (Conde
de Felipe et al., 2008). Plates were then washed with PBS and
incubated with 5µM KU-55933, 4mM HU, or 0.1%v/v DMSO
for 7 h. Plates were washed with PBS and the cells were harvested
with trypsin, passed through different sizes of needles to lyse the
host cells and finally the parasites were filtered using a 3µmfilter.
Purified parasites were centrifuged at 2,000 RPM for 10min and
washed with PBS, then fixed with 70% ethanol, and incubated
24 h at−20◦C. Afterwards, samples were centrifuged and washed
with PBS supplemented at 2% with FBS. After centrifugation
again, they were resuspended in 1ml of supplemented PBS
+ 180 µg / ml RNAse and incubated for 10min at 37◦C.
Finally, they were incubated with Propidium Iodide (0.5mg
/ ml) for 10min before carrying out the measurement
in the BD FACS Calibur flow cytometer and analyzed by
FlowJo 7.6.
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Immunoblotting
Proteins from purified parasites were resolved by SDS-PAGE
and transferred onto a nitrocellulose membrane. Non-specific
binding sites were blocked with 5% non-fat-dried milk in
PBS containing 0.05% Tween-20 (PBS-T) and the membranes
were then incubated (1 h at room temperature) with primary
antibodies. The antibodies and dilutions used in this study were:
murine anti-γH2AX (1:1000) from Millipore (05–636), anti-
actin (1:500), anti-H3 (1:1,000), and antibodies produced by our
laboratory: rabbit anti-H2A.X (1:5,000) (Dalmasso et al., 2009).
The membranes were washed several times with TBS-T prior to
incubation with alkaline phosphatase–conjugated anti-rabbit or
anti-mouse secondary antibodies, diluted 1:10,000 (Santa Cruz
Biotechnology). Immunoreactive protein bands were visualized
by the NBT-BCIP method (Sigma-AldrichTM Argentina S.A).
Intensities of bands were quantified from scanned images using
ImageJ software.

RESULTS

Effect of Caffeine PI3K Inhibitor on
Tachyzoite Replication and Growth
The inhibition of PI3K kinases such as ATM and ATR can
block the correct DDR at DSB (Figure 1). There is evidence of
putative homologs of ATM, ATR, and DNA-PK PI3K kinases
in Toxoplasma [Table 1 and (Vonlaufen et al., 2010)]. Based on
human ATM domain organization (Stracker et al., 2013), the
most similar regions among ATM/Tel1 kinases involve the PI3K
domain (Figure S1). In order to test whether PI3K inhibitors
affect tachyzoite replication, infected monolayers were treated
with different doses of caffeine, which is a broad-spectrum kinase
inhibitor with known activity against ATM, and ATR kinases
(Sarkaria, 2003; Bode and Dong, 2007). Intracellular tachyzoites
were incubated with caffeine for 48 h and then the number of
parasites per parasitophorous vacuole (PV) was counted. Caffeine
significantly slowed the tachyzoite replication rate in a dose-
dependent manner with an IC50 = 370µM (Figure 2A). In
addition, the effect of caffeine on tachyzoite growth was also
determined. Figure 2B shows that doses higher than 200µM
significantly affect tachyzoite growth and completely abolished
it at 800µM. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) assay did not evidence impact of caffeine
on HFF metabolism (Figure S2). In addition, caffeine did not
disturb neither shape nor “rosette” organization of tachyzoites
within PV (Figure 2C).

Effect of ATM Kinase Inhibitor KU-55933 in
Toxoplasma Cell Cycle and Growth
As caffeine likely has multiple PI3K targets that could adversely
affect parasite replication, we sought to test whether KU-55933,
an established and selective ATM kinase inhibitor, had an
effect on tachyzoite growth in vitro. Our findings show that
Toxoplasma replication was affected by KU-55933 in a dose
dependent manner with an IC50 = 2.15µM (Figure 3A).

In order to study how KU-55933 affects the tachyzoite
cell cycle, intracellular parasites were grown in presence of

PDTS to synchronize the tahcyzoites in G1. After releasing of
PDTS treatment intracellular tachyzoites were grown for 7 h
in the presence of DMSO, 5µM KU-55933, or 4mM HU.
Following treatment with KU-55933, parasites show a significant
enrichment in DNA content compatible with G1-phase in
comparison with the observed in the control and similar to
the observed with HU and tachyzoites arrested in G1 (DMEM
group) (Figure 3B).

To confirm the effect observed in tachyzoites treated with
KU-55933, RFP expressing tachyzoites were cultured in presence
of KU-55933 or DMSO, showing a significant reduction of
tachyzoite growth in a dose-dependent manner and with IC50 =

2.49µM (Figure 3C).
The presence of KU-55933 at these concentrations did not

induce alterations in uninfected HFF monolayer morphology
and MTT assay did not evidence impact of KU-55933 on HFF
metabolism (Figure S2). In addition, KU-55933 did not disturb
neither shape nor “rosette” organization of tachyzoites within
PV (Figure 3D).

These results indicate that KU-55933 has a detrimental effect
on intracellular tachyzoite replication. However, the indirect
effect of PI3K inhibitors on tachyzoite replication due to HFF
alterations, specifically at high doses, cannot be ruled out.
To investigate if KU-55933 can have an effect directly on
Toxoplasma, extracellular tachyzoites were incubated 4 h in
presence of different doses of KU-55933 at room temperature.
After that HFF monolayers were infected and incubated in
absence of the drug for 12 h. Figure 3E shows a significant
reduction in tachyzoite replication from 2.5µM, suggesting that
KU-55933 has a direct impact on Toxoplasma.

KU-55933 Inhibits Toxoplasma H2A.X
Phosphorylation at Serine 132 Under Fork
Collapse
During cell replication DNA is duplicated in the S-phase,
and replication forks remain stable until completion of DNA
duplication. However, replication forks are subject to a variety
of insults (dNTP depletion, DNA damage, DNA secondary
structures, among others) that lead to fork stalling. The presence
of several ssDNA and/or regressed forks (a structure also named
“chickenfoot” in which complementary daughter ssDNAs regress
and pair between them) promotes the collapse of forks and
DSB (Postow et al., 2001; Alexander and Orr-Weaver, 2016).
Camptothecin (CPT) is a topoisomerase I inhibitor that generates
fork collapse, producing DSB and therefore γH2A.X, and
induction of the HRR pathway (Chanoux et al., 2009; Xu et al.,
2015; Rybak et al., 2016). We used CPT to further analyze KU-
55933 activity, using the generation of γH2A.X in Toxoplasma as
a marker of DSB in genomic DNA of tachyzoites. As it is known,
ATM is able to phosphorylate SQ/TQ motif (Weber and Ryan,
2015) which is present in T. gondii H2A.X (SQEF) and detected
by commercial γH2A.X (Dalmasso et al., 2009; Vonlaufen et al.,
2010). Despite we purified T. gondii tachyzoites through 3µm
nitrocellulose filters before Western blot analysis, we tested the
possibility to detect any contamination of HFF host cell. As
observed in Figure S3, in our conditions anti-γH2A.X only
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FIGURE 1 | Model of DNA damage at fork during replication. ATR binds to ssDNA at a stalled fork to stabilize the fork. ATM kinase binds to one-ended DSB at

collapsed fork. DNA damage activates ATM and ATR to phosphorylate DNA damage response (DDR) proteins such as H2A.X and checkpoint kinases, the latter

blocking the cell cycle until DNA is repaired (or apoptosis commences). The collision of replication fork and transcription fork can also generate DSB and recruitment

of DDR factors including ATM kinase. CPT is a topoisomerase I (topo I) venom and can cause fork collapse and DSB during DNA replication. Caffeine inhibits ATM and

ATR kinase activity and KU-55933 inhibits ATM kinase.

FIGURE 2 | Effect of caffeine on Toxoplasma replication and growth. (A) Intracellular tachyzoites were grown in culture with DMSO or different doses of caffeine during

48 h. After that, they were fixed and stained with anti-tubulin. Tachyzoites per parasitophorous vacuole (Tz/PV) were counted in 100 randomly chosen vacuoles.

Statistical analysis was performed by one-way ANOVA and Tukey’s Multiple Comparison Test. Results are the mean of three replicates plus SD. Different letters

indicate statistically significant differences between columns (p ≤ 0.05), according to one-way ANOVA, and Tukey’s multiple comparison test. Details: p ≤ 0.001: a vs.

b, c, d, and e; p ≤ 0.001: b vs. c, d, and e; p ≤ 0.001: c vs. d and e; p ≤ 0.001: d vs. e. The graph is representative of three independent experiments with similar

results. (B) Intracellular tachyzoites from RH RFP strain were treated with Caffeine at different doses during 96 h and their growth analyzed at 544 nM. Results were

plotted by GraphPad Prism 6. Results are mean of three replicates plus SD. (C) Arrangement of tachyzoites inside PV is visualized at different doses of caffeine. In

presence of DMSO, or caffeine up to 1,000µM the typical rosette organization could be observed. PV with similar number of tachyzoites were selected to compare.
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FIGURE 3 | Effect of ATM kinase inhibitor KU-55933 on Toxoplasma replication and growth. Intracellular tachyzoites were grown in culture with DMSO or different

doses of KU-55933 during 48 h. After that, they were fixed and stained with anti-tubulin. (A) Tachyzoites per PV (Tz/PV) were counted in 100 PV. Statistical analysis

was performed by one-way ANOVA and Tukey’s Multiple Comparison Test. Results are mean of three replicates plus SD. Same letters above the column indicate no

significant differences; different letters indicate statistically significant differences between columns (p ≤ 0.05), according to one-way ANOVA, and Tukey’s multiple

comparison test. Details: p ≤ 0.0001: a vs. b, c, d, and e; p ≤ 0.0001: b vs. c, d, and e; p ≤ 0.0001: c vs. d and e; p ≤ 0.01: d vs. e. The graph is representative of

three independent experiments with similar results. (B) Tachyzoites were added to confluent HFF host cells during 16 h and treated with PDTS for 6 h. Plates were

then washed with PBS and incubated with 5µM KU-55933, 4mM HU or 0.1%v/v DMSO for 7 h and propidium iodide used to stain DNA. The tachyzoites were

analyzed by FACS and DNA content was determined (G1: 1N). Statistical analysis was performed with one-way ANOVA and Tukey’s multiple comparison test

(*p ≤ 0.05; **p ≤ 0.01, and ***p ≤ 0.001). (C) Intracellular tachyzoites (RH RFP strain) were cultured in presence of DMSO or different doses of µM KU-55933 in

96-well plates for 4 days and then read at 544 nm (bottom of the plate) in a microplate reader. Results are means of six replicates plus SD. The graph is representative

of three independent experiments with similar results. (D) Arrangement of tachyzoites inside PV is visualized at different doses of KU-55933. In presence of DMSO or

the drug the typical rosette organization could be observed. PV with similar number of tachyzoites were selected to compare. (E) Extracellular tachyzoites were

incubated for 4 h with DMSO or different doses of KU-55933. After that, they were added to HFF monolayers and incubated for 12 h in normal conditions. Replication

rate was analyzed as in (A). Statistical analysis was performed with one-way ANOVA and Tukey’s multiple comparison test (*p ≤ 0.05; **p ≤ 0.01). Results are mean

of three replicates plus SD.

detected a band in T. gondii lysate but not in HFF (Figure S3),
suggesting that the experiment avoids putative false results due to
the presence of HFF γH2A.X. The treatment with CPT increases
the presence of γH2A.X in Toxoplasma as analyzed by Western

blot (Figure 4A). The treatment of intracellular tachyzoites with
KU-55933 did not block basal levels of γH2A.X, but the presence
of KU-55933 in combination with CPT reduced γH2A.X levels
compared parasites treated with CPT (Figure 4A).
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FIGURE 4 | Camptothecin effect on H2A.X phosphorylation and tachyzoite replication. (A) Extracts of intracellular tachyzoite treated with 5µM CPT, 5µM KU-55933,

both or DMSO for 24 h were analyzed by Western blot with anti-γH2AX antibody (α-γH2AX) and anti-Toxoplasma H2A.X. Anti-actin (α-actin) antibody was used as

control of loaded protein. Band density was measured and relativized to DMSO (rOD). The graph is representative of three independent experiments with similar

results. (B) Tachyzoites per PV (Tz/PV) were counted in 100 PV. Statistical analysis was performed by one-way ANOVA and Tukey’s Multiple Comparison Test. Results

are mean of three replicates plus SD. Same letters above the column indicate no significant differences; different letters indicate statistically significant differences

between columns (p ≤ 0.05), according to one-way ANOVA and Tukey’s multiple comparison test. Details: p ≤ 0.0001: a vs. b, c, d, e, and f; p ≤ 0.001: b vs. d;

p ≤ 0.0001: b vs. e and f; p ≤ 0.01: c vs. d; p ≤ 0.0001: c vs. e and f; p ≤ 0.001: d vs. f; p ≤ 0.05: e vs. f. The graph is representative of three independent

experiments with similar results. (C) Intracellular tachyzoites (RH RFP strain) were cultured in presence of DMSO or different doses of CPT in 96-well plates for 4 days

and then read at 544 nm (bottom of the plate) in a microplate reader. Results are means of six replicates plus SD. (D) Arrangement of tachyzoites inside PV is visualized

at 5µM CPT. In presence of DMSO or the drug the typical rosette organization could be observed. PV with similar number of tachyzoites were selected to compare.

CPT treatment of infected HFF showed an inhibition of
parasite replication rate and growth in a dose-dependent manner
with IC50 = 4.9 and 5.02µM, respectively, (Figures 4B,C).
CPT at these concentrations did not induce morphological
alterations in uninfected HFF monolayers but a strong reduction
of HFF metabolism was observed by MTT assay from 2.5µM
(Figure S2). However, the addition of 5µM CPT did not disturb
neither shape nor “rosette” organization of tachyzoites within
PV (Figure 4D).

Our findings show that CPT generates DSB in the Toxoplasma
genome, as evidenced by the increase in γH2A.X. The fact that
this phosphorylation event could be abolished by the inhibitor

KU-55933 during DNA damage suggests that it is mediated by
TgATM kinase.

Effect of CPT, Methyl Methane Sulfonate
(MMS) and Hydroxyurea (HU) in
Combination With KU-55933 on
Tachyzoites
In order to test the effect of other DNA damaging agents on
Toxoplasma replication, we analyzed methyl methane sulfonate
(MMS) and hydroxyurea (HU) (de Melo et al., 2000; Vonlaufen
et al., 2010) using Toxoplasma RFP parasites, treated alone or
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FIGURE 5 | Effect on Toxoplasma ATM kinase with different DNA damaging agents. Intracellular tachyzoites (RH RFP strain) were treated with 2.5µM CPT, 50µM

MMS, or 50µM HU alone or in combination with KU-55933 at different doses during 96 h and their growth analyzed at 544 nM. As control DMSO (CPT) or PBS (MMS

and HU) were used. Results were plotted by GraphPad Prism 6 (left panels). Combination of 5µM KU-55933 and 2.5µM CPT, 50µM MMS, and 50µM HU, and

controls, were plotted as bar graphs (right panels). Statistical analysis was performed by one-way ANOVA and Tukey’s Multiple Comparison Test. Results are mean of

three replicates plus SD. There were not significant differences between DMSO and CPT, normal and MMS or normal and HU. Only differences between KU-55933

and combination is shown. **p ≤ 0.01; ***p ≤ 0.001, according to one-way ANOVA and Tukey’s multiple comparison test. The graph is representative of three

independent experiments with similar results.

in combination with KU-55933. A dose of 2.5µM CPT in
combination with KU-55933 was also analyzed. HU and MMS
both block tachyzoite replication at concentrations higher than
50µM (Figure S4). KU-55933 treatment administered with CPT
or MMS increased the inhibitory effect of KU-55933 whereas
HU in combination with KU-55933 presented no synergistic
effect (Figure 5).

DISCUSSION

In this study, we demonstrated that PI3K inhibitors such as
caffeine and KU-55933 are able to block Toxoplasma tachyzoite

replication. A previous study has shown that caffeine, as
an agonist of ryanodine-responsive calcium-release channels,
increased the level of intracellular Ca2+ in Toxoplasma (Chini
et al., 2005). In our study, we found that caffeine also produces
a strong effect on intracellular tachyzoite replication. CGK
733, an ATM/ATR kinases inhibitor, has been shown to block
Toxoplasma tachyzoite growth in a recent small molecule screen
(Dittmar et al., 2016). These collective studies suggest that PI3
kinases, including ATM/ATR kinases, are important modulators
for parasite growth and replication, and thus serve as attractive
drug targets.

Whereas, caffeine targets a broad range of kinases and
phosphatases (Velic et al., 2015), KU-55933 is specific for human
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ATM kinase (IC50 = 12.9 nM) being able to inhibit DNA-PK and
ATR at IC50 = 2.5 and 16.6µM, respectively (Hickson et al.,
2004). KU-55933 blocks tachyzoite replication and generates
G1-phase arrest, suggesting that TgATM kinase may have a
role along Toxoplasma cell cycle. ATM kinase has a large
number of substrates associated with the DDR, especially those
involved in DSB repair (Matsuoka et al., 2007). Interestingly,
the effect of KU-55933 on tachyzoite replication and growth
was observed without any exogenous DNA damage treatment,
suggesting that ATM kinase is required during tachyzoite cell
cycle. Since ATM kinase is a key kinase that triggers the
DDR during checkpoints when DSBs are present in DNA, it
is possible that the demands of rapid tachyzoite replication
create DNA replication stress and fork collapse generating one-
ended DSB, similar to what is observed in cancer cells (Hickson
et al., 2004; Alexander and Orr-Weaver, 2016; Zhang et al.,
2016). Recently, it was observed that DDR associated with
ATM kinase and histone ubiquitination is required for proper
DNA replication in cells without S-phase perturbation (Schmid
et al., 2018). The presence of basal γH2A.X is consistent with
this conclusion.

When studying the effects of drugs on intracellular parasites,
it is hard to rule out their potential effect on the host
cells. One way to address this issue is to treat extracellular
parasites with the drugs prior to infecting host cells. For
example, the treatment of human retinal pigment epithelial
cells, ARPE-19 with different PI3K inhibitors such as LY294002,
wortmannin, GDC-0941, and ZSTK474, during 1 h prior to
T. gondii infection blocked tachyzoite replication by reducing
activation of host AKT (Zhou et al., 2013). We found that
pre-incubation of extracellular tachyzoite with KU-55933 led
to a significant reduction of tachyzoite replication following
infection of HFFs. This result suggests KU-55933 can act directly
on TgATM kinase and impede its ability to function during
infection. Since extracellular tachyzoite is not a replicative
stage, the effect of KU-55933 at this stage is intriguing. One
explanation could be that KU-55933 is affecting the fitness of
extracellular tachyzoites that need to recover after invasion.
In this sense, ATM kinase has also been described to have a
role in peroxisomes activating some proteins in response to
reactive oxygen species (ROS), among them TORC1 (Alexander
et al., 2010; Ditch and Paull, 2012; Zhang et al., 2015). Another
explanation may be that treated tachyzoites contains residual
traces of KU-55933 after host cell entry, requiring a time for
ATM kinase recovery, and its participation in DNA replication
process. Further analysis should be done to shed light on
this question.

Recently, Dittmar et al. (2016) screened 1,120 compounds
for an effect against Toxoplasma growth; in their study, KU-
55933 at 5µM showed no inhibitory effect, contrasting with
our results. We found that the IC50 for KU-55933 against
Toxoplasma was 2.15µM, a concentration below the usual dose
(10µM) that produces an effect on mammalian cells (Teng et al.,
2015; Tian et al., 2015). As ATM kinase is a known target of
KU-55933, our results are in agreement with a genome-wide
CRISPR screen suggesting that TgATM kinase is essential for
tachyzoite viability (Sidik et al., 2016). Importantly, treatment

of tachyzoites with KU-55933 impairs H2A.X phosphorylation,
indicating that TgATM kinase is sensitive to KU-55933
during DDR.

Our observations indicate that CPT is able to generate DSB
damage on parasite DNA, probably during tachyzoite replication,
since it induces an increase of γH2A.X. Our findings lend support
to the idea that DNA topoisomerases may also be promising
drug targets in Apicomplexan and trypanosomatid parasites
(Garcia-Estrada et al., 2010; D’Annessa et al., 2015). However,
in our conditions CPT induced a decay in HFF metabolism
as measured by MTT assay, suggesting certain toxic effect on
host cell. Interestingly, this toxicity did not impair tachyzoite
replication inside the host cell, but could affect our interpretation
of data relative to blocking T. gondii replication. Recently, a
novel plasmodial topoisomerase I venom was designed on CPT
derivative topotecan structure (Cortopassi et al., 2014). They
demonstrated that a compound named LQB223 has a high
selectivity for P. falciparum topoisomerase I in comparison with
human counterpart and reduced Plasmodium berghei parasitemia
in mice. In the future, a selective T. gondii topoisomerase
I venom should be analyzed to confirm the value of this
therapeutic strategy.

Interestingly, here we demonstrate in a first approach that KU-
55933 could have a synergic effect when used in combination
with DNA damaging agents such as MMS and CPT, even at
low doses. This could be due to the effect of these compounds
generating DSB combined with the inhibition of DSB repair
by KU-55933. This strategy, opens the possibility to investigate
the value of druggable HRR and DNA replication factors. As
mentioned above, in the future, a similar strategy could be used
but using a Toxoplasma specific topoisomerase I venom, possibly
LQB223, which could be used in combination with KU-55933,
analogs or HRR inhibitors (e.g., Mre11 targets) that are being
tested in human.

HU is known to generate fork stalling and activate DDR via
ATR kinase rather than ATM kinase (Abraham, 2001), which
may explain lack of synergy when combining it with KU-55933.
In fact, it was observed that at low doses (50µM), HU cannot
present synergic effect with KU-55933 as observed at high doses
(e.g., 1mM) in mammal cells, in which a ATM-associated G1/S-
phase arrest is occurring (Snyder et al., 2009).

In summary, we identified drugs effective in producing DSB
in the parasite, and others that affect the mechanisms of DDR.
Our findings imply that the mechanisms of DSB repair, for
example the HRR pathway that repairs DSBs during DNA
replication, could be replete with novel therapeutic targets to
combat toxoplasmosis.
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Twenty-two compounds belonging to several classes of polyamine analogs have been

examined for their ability to inhibit the growth of the human malaria parasite Plasmodium

falciparum in vitro and in vivo. Four lead compounds from the thiourea sub-series and

one compound from the urea-based analogs were found to be potent inhibitors of both

chloroquine-resistant (Dd2) and chloroquine-sensitive (3D7) strains of Plasmodium with

IC50 values ranging from 150 to 460 nM. In addition, the compound RHW, N1,N7-bis

(3-(cyclohexylmethylamino) propyl) heptane-1,7-diamine tetrabromide was found to

inhibit Dd2 with an IC50 of 200 nM. When RHW was administered to P. yoelii-infected

mice at 35 mg/kg for 4 days, it significantly reduced parasitemia. RHW was also assayed

in combination with the ornithine decarboxylase inhibitor difluoromethylornithine, and the

two drugs were found not to have synergistic antimalarial activity. Furthermore, these

inhibitors led to decreased cellular spermidine and spermine levels in P. falciparum,

suggesting that they exert their antimalarial activities by inhibition of spermidine synthase.

Keywords: polyamine, Plasmodium, malaria, spermidine, spermine, spermidine synthase, thiourea

INTRODUCTION

Malaria is a global health threat, especially in the developing world. Plasmodium falciparum
causes the most lethal form of the disease. It is responsible for a high number of clinical
cases and deaths annually. About 3.2 billion people remain at risk of malaria. In 2015
alone, there was an estimated 214 million new cases of malaria and 438,000 deaths (World
Health Organization, 2015). The number of malaria cases fell from an estimated 262 million
in 2000 to 214 million in 2015 (World Health Organization, 2015), due to employment of
artemisinin and drug-impregnated bed nets (White et al., 2014; World Health Organization,
2015). Artemisinin-based combination therapies ACTs have become widely adopted as
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first-line treatment in almost all countries where malaria is
endemic (White, 2008). However, recent studies report decreases
in parasite clearance rates following artesunate monotherapy
or artesunate-mefloquine combination therapy in Thailand and
Cambodia, suggesting increasing resistance to this therapeutic
approach (Dondorp et al., 2009; Amaratunga et al., 2012; Phyo
et al., 2012; Ferreira et al., 2013). In light of the challenge posed
by resistant strains of P. falciparum, development of new drugs to
combat this infection is increasingly necessary and will save lives.

The intraerythrocytic life cycle of P. falciparum is dynamic,
with the parasite undergoing numerous morphological and
physiological transformations throughout the course of infection.
Whilst actively dividing, the parasite is capable of generating
36 daughter parasites within 2 days. Innumerable parasitic
cellular processes offer diverse chemotherapeutic targets for the
inhibition of parasite replication and, thereby, abrogation of
disease. Among these targets, is the biosynthesis of polyamines.
There is a 10 to 20-fold increase in polyamine levels when
the parasite transitions from ring stage to schizonts in infected
erythrocytes and there is evidence of parasitic dependence
on the polyamine pathway for intraerythrocytic development
(Assaraf et al., 1984; Gupta et al., 2005). Moreover, inhibitors of
this pathway cause decreased polyamine levels, which, in turn,
results in transcriptional arrest (van Brummelen et al., 2009).
Consequently, the polyamine pathway appears to be a valid target
for further exploration and small molecular development, given
its essential role in parasite survival. Polyamines, which include
putrescine, spermidine, spermine, and cadaverine (an analog
of putrescine), are amine-containing, cationic, low molecular
mass compounds, and ubiquitous in eukaryotes and prokaryotes.
These polycation compounds interact electrostatically with
anionic macromolecules like RNA, DNA, ATP, proteins, and
phospholipids (Igarashi and Kashiwagi, 2000; Wallace et al.,
2003). These interactions regulate replication, transcription,
membrane biogenesis, maintenance of chromatin conformation,
specific gene expression, ion channels, and confer protection of
nucleic acids against oxidative stress (Igarashi and Kashiwagi,
2000; Wallace et al., 2003). Synthesis of polyamines in most
cells is initiated by the production of putrescine from ornithine
through the activity of ornithine decarboxylase (ODC). The
addition of either one or two aminopropyl groups to the
terminal amino groups of putrescine form spermidine and
spermine, respectively via S-adenosylmethionine (AdoMet)
decarboxylase. Most animal and yeast cells can take up
polyamines and convert them back to spermidine and putrescine
via spermidine/spermine-N-acetyltransferase and polyamine
oxidase (Pegg and McCann, 1982; Marton and Pegg, 1995). P.
falciparum lacks the capacity for polyamine interconversion, and
the parasite controls polyamine levels exclusively through de
novo spermidine synthase, which determines levels of spermidine
(Müller et al., 2001; Clark et al., 2010). This enzyme has the
additional unique function of producing low levels of spermine
(Haider et al., 2005).

Many inhibitors of both ODC and AdoMetDC have been
synthesized, with the goal of interfering with polyamine
metabolism in tumor cells as anti-cancer therapy and
prevention (Marton and Pegg, 1995; Casero and Marton,

2007). DFMO (alpha-difluoromethylornithine) was successfully
exploited against West African human sleeping sickness
(Trypanosoma brucei gambiense) (Bacchi et al., 1980; Burri
and Brun, 2003). Interestingly, the functions of AdoMetDC
and ODC are combined into a single unique bi-functional
protein (PfAdoMet/ODC) in P. falciparum (Müller et al.,
2000). This enzyme has formed the basis of multiple studies
assessing polyamine metabolism as a chemotherapeutic target
in this organism. Inhibitors of this enzyme, however, have
only cytostatic effects in vitro with cure achieved only with
co-administration with polyamine analogs in murine malaria
models (Bitonti et al., 1989).

Other polyamine analogs interfering with polyamine
functions and metabolism have been synthesized and
tested in different organisms. The tetraamines, homologs
of spermine in which the external aminopropyl groups
present in spermine were replaced by aminobutyl groups,
are shown along with oligoamines to be effective in the
treatment of microsporidiosis, an opportunistic infection
associated with severe HIV infection (Bacchi et al., 2002).
Spermine analogs were found to condense DNA and are
indeed powerful inhibitors of human cell proliferation
(Osland and Kleppe, 1977).

Based on these findings, we tested the oligoamines (SL-
11158 and SL-11144) and the tetraamine SL-11093, with
demonstrated efficacy against microsporidia, for their activities
against malaria parasites. Here we report the identification
of four lead compounds from the thiourea sub-series and
one compound from the urea-based analogs from the list of
twenty-two polyamine analogs effective against chloroquine-
sensitive and -resistant parasites, at nanomolar levels. Moreover,
these compounds were tested in vivo in a murine model with
Plasmodium yoelii and found to significantly reduce levels
of parasitemia. These effects are correlated with an observed
decrease in spermidine and spermine levels and highlight the
importance of this polyamine to the parasite.

METHODS

Strains
The P. falciparum strains 3D7 and Dd2 used in this study
were obtained from the Malaria Research and Reference Reagent
Resource Center (MR4). P. yoelii clones were obtained from
the WHO Registry Standard Malaria Parasites, University
of Edinburgh.

Chemicals
Hypoxanthine radiolabelled chemicals were purchased from
NEN Life Science Products. Compounds SL-11144, SL-11158,
SL-11091, and SL-11093 were synthesized by the Frydman group
as described elsewhere (Reddy et al., 1998; Valasinas et al., 2003).
All of the remaining compounds were synthesized by Dr. Patrick
M. Woster, Medical University of South Carolina, as previously
described (Zou et al., 2001; Bi et al., 2006; Verlinden et al., 2011;
Verlinden et al., 2015).
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Cell Culture and Materials
P. falciparum was cultured in vitro with erythrocytes using a
gas mixture of 3% O2, 3% CO2, and 94% N2 as described by
the method of Trager and Jensen (1976). Briefly, we used RPMI
medium 1,640 supplemented with 30 mg/liter hypoxanthine
(Sigma), 25mM Hepes (Sigma), 0.225% NaHCO3 (Sigma), 0.5%
Albumax I (Life Technologies, Grand Island, NY) and 10µg/ml
of gentamycin (Life Technologies) for the parasite growth.
Synchronization of the parasites was obtained by incubation
with 5% sorbitol treatments (Lambros and Vanderberg, 1979).
The stage of the parasite was confirmed by fixed smears of the
infected erythrocytes using Giemsa staining and observation by
bright-field microscopy.

Hypoxanthine Incorporation Assay
The susceptibility of parasites to different compounds was
assessed by tritiated hypoxanthine uptake as described by
Desjardins et al. (1979). Briefly, infected erythrocytes with 3%
at the ring stages were incubated with the compounds from the
list of twenty-two polyamine analogs at 0, 0.01, 0.05, 0.1, 1, 5, 10,
50, 100, 250, 500, and 750µM in a medium free of hypoxanthine
for 48 h. Two hundred microliter of the mixture was then added
to a 96-well plate with 3H-hypoxanthine at a concentration of
0.5 µCi/well. The cells were incubated for 24 h, washed on an
ultrafilter and radioactivity was counted using a scintillation
counter. IC50 values are calculated from the sigmoidal inhibition
curves using Prism and are represented in nM. Values are means
of three independent experiments each performed in triplicate.

Infection of Mice With Blood-Stage
Parasites and Drug Treatments
Naive 8-weeks-old female SwissWebstermice were intravenously
infected with 2 × 105 infected red blood cells (iRBCs) of P.
yoelii YM parasites; 3 mice were included in each infection
group. Two groups per treatment were performed. Drugs were
dissolved in dimethyl sulfoxide (DMSO). For example, to inject
35 mg/kg, we first dissolved 35mg of the drug in 1mL of
DMSO and then diluted it in 0.05% Tween 80 H2O, for a
total of 10mL. We then injected 200 µL of this solution into
mice with a body weight of 20 g. The polyamine compounds
and pyrimethamine were administered intraperitoneally. All
mice were treated for 4 days. Parasitemia was monitored by
Giemsa staining of blood smears obtained after the 4 days of
treatment and on a daily basis. Parasites were harvested by
collecting blood samples from the tail vein of infected mice.
The mice tolerated (without observable toxicity) up to 35 mg/kg
when the schedule described above was used. All mice studies
were performed with the Institutional Animal Care and Use
Committee at the Albert Einstein College of Medicine approval
and oversight.

Polyamine Quantification
Polyamine content was quantified as described previously
(Bacchi et al., 2004). Briefly, P. falciparum Dd2 strain infected
red blood cells were treated in the late schizont stage (42 h
post invasion) with 1µM of RHW (IC50 = 200 nM), 750 nM of
compound 13 (IC50 = 150 nM), and with 5mM DFMO (IC50 =

1mM), to ensure complete parasite arrest. Treated and untreated
cultures, at 10% parasitemia, were harvested at trophozoite phase
(18–24 h). Polyamine interconversion was assayed by incubation
infected red blood cells to 0.25 µCi (2.1 nmol) [1-14C]spermine
as described previously by Bacchi et al. (2001). After incubation,
mixtures were centrifuged and the supernatant was discarded.
Pellets were extracted with 10% TCA overnight and frozen.
Separation of polyamines was performed by HPLC equipped
with a 5µmC-18 reversed-phase column, samples and standards
were detected by a UV detector (Perkin Elmer), and signals
were integrated using a β-ram (IN/US Systems) Version 3.1
software package.

Molecular Modeling
The graphical user interface Maestro (version 10.3, Schrodinger
LLC, New York, NY, 2018) was used to visualize the Pf SpdS
protein (PDB IDs: 2I7C and 4CWA), which was prepared using
the Protein Preparation Wizard. Only chain A was used in both
crystal structures for further modeling. The ligand RHW was
prepared using the Maestro user interface. MacroModel force-
field based molecular modeling (MacroModel v10.3, Schrodinger
LLC, New York, NY, 2018) was used to predict the binding pose
of the ligand RHW (Harder et al., 2015). The obtained molecular
conformations were visualized using PyMoL (The PyMOL
Molecular Graphics System, Version 1.8 Schrödinger, LLC).

RESULTS

Effects of Polyamine Analogs on Growth of
3D7 and Dd2 of P. falciparum Strains
Previous studies have shown that polyamine analogs with a
backbone of repeating N-butyl subunits, such as pentamines,
oligoamines or bis-(aryl)-substituted 3-7-3 analogs (Figure 1A),
sterilized Encephalitozoon cuniculi-infected monolayer cells and
cured two murine model infections (Bacchi et al., 2002). The
IC50 of SL-11158 and SL-11144 against microsporidia was 8.2
and 0.62µM (Bacchi et al., 2002). In order to examine the
antimalarial activity of polyamine analogs, we have tested the
effect of increasing concentrations of these compounds on
the intraerythrocytic life cycle of P. falciparum in culture, by
following the incorporation of radiolabeled hypoxanthine into
parasite nucleic acids. We then determined the 50% inhibitory
concentration (IC50) that blocks the replication of P. falciparum
inside the red cells. The study was performed with two strains of
P. falciparum (3D7 and Dd2) with different levels of sensitivity to
the antimalarial drugs pyrimethamine and chloroquine (Figure 2
and Table 1). As a control, we confirmed the IC50 of chloroquine
in the two strains. As expected, the strain 3D7 was sensitive to
chloroquine with IC50 of 5± 0.2 nM andDd2was highly resistant
to chloroquine (IC50 300± 21 nM) (Supplementary Figure 1).

As shown in Table 1 and Supplementary Figure 1, RHW
exhibited antimalarial activity, with an IC50 of 2.6µM against
3D7 and 0.2µM against Dd2 parasite strains. This prompted
the testing of a variety of polyamine analogs for antiparasitic
effects. We tested 17 compounds belonging to three different
classes, namely ureas, thioureas, and amidines (Figures 1C–E).
The polyamines of the thiourea group were found to be the most
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FIGURE 1 | Structures of (A) various oligoamine and tetraamine analogs of

polyamines, (B) N1, N7-bis (3-(cyclohexylmethylamino) propyl)

heptane-1,7-diamine tetrabromide (RHW), (C) Urea, (D) Thiourea, (E) Amidine.

FIGURE 2 | In vivo study of the effect on P. yoelii-infected mice (n = 3 animals

per group) of polyamine analogs administered ip at 35 mg/kg/day as indicated

in Methods. Pyrimethamine was administered ip as a positive control at

10 mg/kg/day. A control untreated group received PBS. Activity was

determined by percentage of parasitemia at day 6-post infection relative to

untreated control. The results are shown as the means of three independent

experiments ± standard deviation. Significant differences relative to untreated

control are determined by student’s t-test.

potent in inhibiting parasite growth, with IC50 ranging from
160 to 3,200 nM for 3D7 strain and 150 to 3,600 nM for Dd2
strain (Table 1). Compound 13 was found to be more effective
in inhibiting parasitic growth of both 3D7 and Dd2 strains with
IC50 values of 160 nM and 150 nM, respectively. Both 3D7 and
Dd2 parasite strains exhibited varied sensitivity toward the urea
class of polyamine analogs, with compound 2 exhibiting the
strongest growth inhibition of the class, with an IC50 of 370 nM
for 3D7 and 440 nM for Dd2 strains (Table 1). The amidine class
of analogs showed the least effect on growth of both strains of P.
falciparum with an IC50 > 100µM (Table 1). To further confirm
the inhibitory effects of these classes of polyamine analogs on
P. falciparum growth, we employed the pLDH colorimetric
assay (data not shown), which measures parasite-specific
lactate dehydrogenase activity (Makler and Hinrichs, 1993;
Makler et al., 1993).

Efficacies of Polyamine Analogs in vivo
We tested the efficacy of the most potent compounds on the
growth inhibitory potential of Plasmodium employing a murine
model. We infected mice with P. yoelii, as described in materials
and methods, and the infected mice were treated with RHW
and compound 13, the compounds with the most efficacy in
vitro. PBS infected mice served as control and pyrimethamine
drug treated animals were used as a positive control group. As
shown in Figure 2, treatment of animals with RHW resulted
in a significant (p < 0.05) decrease in parasitemia compared
to the untreated control. Even though compound 13 decreased
parasitemia in vivo, the level of inhibition was not significantly
different (p > 0.05) to the PBS control group (Figure 2 and
Supplementary Figure 2). In conclusion, these in vivo results
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TABLE 1 | Structure of various analogs of polyamines and their affect on the

growth of 3D7 and Dd2 strains of P. falciparum under in vitro conditions.

Compounds No. IC50 (nM)*

3D7 strains Dd2 strains

SL-11144 >250,000 >250,000

SL-11158 >250,000 >250,000

SL-11091 >250,000 >250,000

SL-11093 >250,000 >250,000

RHW 2,600 ± 135 200 ± 12

Urea 1 1,700 ± 95 800 ± 23

Urea 2 370 ± 4.8 440 ± 3.2

Urea 3 530 ± 7.2 630 ± 11

Urea 4 2,900 ± 37 700 ± 21

Thiourea 5 3,200 ± 19 3,600 ± 7.9

Thiourea 6 590 ± 53 510 ± 4.8

Thiourea 7 220 ± 2 350 ± 6.1

Thiourea 8 170 ± 10.5 160 ± 8

Thiourea 9 560 ± 2.3 690 ± 1.9

Thiourea 10 570 ± 6.0 850 ± 10.5

Thiourea 11 650 ± 29 1,950 ± 18

Thiourea 12 240 ± 6.8 460 ± 3.7

Thiourea 13 160 ± 10.4 150 ± 24

Thiourea 14 1,200 ± 8 1,720 ± 125

Amidine 15 >100,000 >100,000

Amidine 16 >100,000 >100,000

Amidine 17 >100,000 >100,000

*IC50: The half maximal inhibitory concentration. IC50 values are calculated from the

sigmoidal inhibition curves using Prism. IC50 values are an average of three independent

experiments, each carried out in triplicate with ± standard deviations.

show the efficacy of RHW on the inhibition of parasitemia in the
murine model.

Polyamine Quantification
We examined the effects of polyamine analogs on overall uptake
of arginine and putrescine, and production of spermidine and
spermine. Table 2 shows the results of polyamine contents
in red blood cells [experiment was performed twice, each in
five replicate experiments, where the polyamine content of
Plasmodium infected red blood cells was compared to treated
cells with RHW, compound 13, and ornithine decarboxylase
inhibitor difluoromethylornithine (DFMO) as a control]. We
monitored the intracellular content of arginine, putrescine,
spermidine, and spermine. Data show that DFMO substantially
decreases the amount of spermidine. However, spermine levels
were similar for both untreated and DFMO treated. These results
were in concordance with previous data that show the same
effect of DFMO (Sugiura et al., 1984). In contrast, infected red
blood cells treated with RHW showed a significant decrease
in spermidine (p < 0.05) and spermine levels (p < 0.01).
These data suggest an effect of RHW on polyamine metabolism
in Plasmodium, including an effect on enzymes involved on
spermidine and spermine synthesis. In addition, when RHW or
compound 13 was assayed in combination with DFMO in both

TABLE 2 | Effect of treatment of RHW and compound 13 on the polyamine

contents of Plasmodium falciparum.

Sample Amount (nmoles/ml)

Arginine Putrescine Spermidine Spermine

Infected

untreated RBC

11.5 ± 3.9 8.0 ± 1.1 52.5 ± 1.9 13.0 ± 3.1

DFMO 32.5 ± 11 11.0 ± 2.4 32.0 ± 0.9 15.0 ± 2.9

Compound 13 12.0 ± 1.2 5.9 ± 1.7 50 ± 2.8 14.5 ± 1.7

RHW 41.0 ± 12.9 6.0 ± 2.1 41 ± 1.3 2.0 ± 0.8

Plasmodium falciparumDd2 strain infected red blood cells were treated in the late schizont

stage with 1µM of RHW (IC50 = 200 nM), 750 nM of compound 13 (IC50 = 150 nM),

and with 5mM DFMO (IC50 = 1mM, as a positive control). The treated parasites were

then extracted and monitored for intracellular polyamine levels. The results are presented

as mean ± SD for 2 separate experiments, each performed in 5 replicates. Significant

differences relative to untreated control are determined by student’s t-test.

Dd2 and 3D7 strains, the two drugs were found not to have
synergistic antimalarial activity (Figure 3).

Molecular Modeling of Compound RHW
In order to understand the putative binding conformations
of RHW to P. falciparum spermidine synthase (Pf SpdS) and
the observed biological activity, we utilized in silico molecular
modeling. Sprenger et al. proposed three areas of the active
site: the distal aminopropyl cavity, the putrescine site and the
larger dcAdoMet site (composed of the central aminopropyl
cavity and the MTA cavity) within Pf SpdS (Sprenger et al.,
2016). Because RHW showed potent activity in vitro and in vivo,
all our molecular modeling was performed with this inhibitor.
RHW is a long linear molecule consisting of 20 rotatable bonds
(Figure 1B). Attempts to dock and predict the binding mode
of RHW using Schrodinger Glide XP mode were unsuccessful.
Instead, we modified an existing ligand (5-(1H-benzimidazol-2-
yl) pentan-1-amine) within the Pf SpdS active site of PBD ID:
4CWA (Sprenger et al., 2015), and subjected it to MacroModel
minimization using force-field OPLS_2005, keeping the protein
backbone rigid (locked) and allowing the side chains to move
and generate a lower energy ligand:protein complex (Figure 4).
RHW is predicted to bind across all three areas of the active
site (Figure 4A), and when overlaid with inhibitor AdoDATO
from crystal structure 2I7C (Dufe et al., 2007), RHW showed
a similar mode of binding (Figure 4B). Some movement of
the amino acid side chains (W234, C266, I235, H236, E231,
M50, W51, and D178) was observed to accommodate the
terminal cyclohexylmethyl groups. Of these, only H236 and
D178 displayed significant movement (2.0 Å) of their side
chain positions.

DISCUSSION

Multiple polyamine analogs in this study have demonstrated
potent antimalarial properties, with IC50 at the nanomolar
range for P. falciparum strains, both sensitive and resistant
to chloroquine. Drug-resistance continues to present
challenges in treating P. falciparum infection, and medications
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FIGURE 3 | Inhibition of Dd2 and 3D7 strains by different concentrations of compound 13 (A,B) and RHW (C,D) in the absence of DFMO (closed squares), or in

presence of 500mM (open triangles), 1mM (open circles), and 3mM (closed triangles) of DFMO.

FIGURE 4 | (A) Putative binding conformation of RHW (pink) in PfSpdS (green) traversing the three areas of the active site. (B) Overlay of RHW modeled conformation

(pink) with 217C (wheat) and it’s co-crystal inhibitor AdoDATO (sky blue).

previously useful for treating drug-resistant isolates are
increasingly inadequate, as illustrated by the emergence of
artemisinin-resistance.

The utilization of polyamine analogs to treat infection has
been previously demonstrated in experimental murine models
of microsporidiosis, with several of the analogs demonstrating
significant efficacy (Bacchi et al., 2004). The compounds with the
most efficacies were shown to be tetraamines and oligoamines.
These tetraamine compounds, which are structural homologs of
spermine, have been studied extensively, and have been shown to

interrupt and modify DNA conformational structure, inducing
bends and kinks in the double helix (Hsieh et al., 1994). The
oligoamine compounds have been demonstrated previously to
contribute to the collapse of DNA, promoting condensation
of DNA. These compounds have also documented anti-tumor
activity (Frydman et al., 2003; Huang et al., 2003).

Given the importance of polyamine metabolism for
transcriptional activity and cellular replication microsporidia
and Plasmodium, testing analogs effective against microsporidia
formed the basis of our initial approach toward P. falciparum.
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Surprisingly, these compounds showed no or minimal
antimalarial activity. The lack of effect of the tetraamine
compounds on P. falciparum prompted further synthetic efforts.

The addition of cyclohexylmethyl side groups to the
tetraamine backbone resulted in the compound abbreviated
as RHW. This compound showed substantial promise, with
efficacy at the nanomolar range against chloroquine-resistant
P. falciparum, and further medicinal chemistry allowed for
additional modifications to these compounds. Some of these
modifications proved beneficial, enhancing antimalarial activity,
such as the urea and thiourea examples, while others were
detrimental (amidine analogs). It has also been noted previously
(Verlinden et al., 2011) that the compounds with aromatic rings
demonstrated enhanced efficacy when compared to matched-
pair compounds without these groups. The length of the carbon
chain between the two central amines appears to also be
important (see compounds 1–3). While the exact, mechanistic
underpinning of this difference requires further exploration, this
observation should inform any medicinal chemistry efforts with
these polyamine analogs. We present a putative model of RHW
bound to P. falciparum spermidine synthase (Pf SpdS) (Figure 4).

The observed differences in responsiveness to these
compounds between microsporidia and P. falciparum highlight
differences in the metabolic handling of polyamines by these
two pathogens. It has been noted previously that microsporidia,
including E. cuniculi, have an operative polyamine synthesis
and interconversion pathway, the latter of which is lacking in
Plasmodium (Müller et al., 2001). This difference in capacity
could, in part, explain the differences observed in response
to the tetraamine compounds. An alternative explanation
could be structural differences in particular enzymes targeted
by these compounds. The data presented here demonstrate
decreased levels of spermine in infected cells and argue in
favor of the polyamine analogs inhibiting spermidine synthase.
While functional studies demonstrating this relationship
are still needed, this seems a probable hypothesis for the
mechanism by which the action of these compounds is exerted.
Another potential target to inhibit polyamine synthesis is
through blocking the transport of these molecules. Polyamine

transporters have not yet been identified in the P. falciparum
genome, but a drug combination selectively inhibiting both
polyamine biosynthesis and transport may provide a promising
anti-malarial strategy (van Brummelen et al., 2009).

The polyamine analogs investigated in this study have been
demonstrated to hold promise as antimalarial agents and should
be further characterized with respect to kinetics and impact on
spermidine synthase. Moreover, following optimization, future
studies with respect to efficacy, toxicity, and delivery to infected
patients will be of value. Malaria is an enormous threat to
the health of populations globally, responsible for millions of
deaths annually. Novel therapeutic strategies are desperately
needed in the continued fight against Plasmodium, and these
polyamine analogs have the potential to represent one of these
strategies, with the goal of more effectively treating infections
and preventing the severe morbidity and mortality caused by this
parasite worldwide.
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Although over the last 15 years, prevalence of malaria became reduced by over half

but developing resistance against artemisinin derivatives and its combinations, which

are only ray of hope to treat resistant malaria set back the control efforts and the key

hinderence to achieve the goal of malaria elimination till 2030. In spite these artemisinins

are precious antimalarials, their action mechanism is yet to be fully understood. Reactive

oxygen species (ROS) produces by cleavage of endoperoxide bridge of artemisinin

derivatives are known to be its antimalarial efficacy. Since ROS could induce apoptosis,

here we had explored the effect of artemisinin derivatives on apoptotic machinery of

malaria parasite, Plasmodium falciparum and its survival. We have studied the effect

of a/β arteether, artesunate and a synthetic 1, 2, 4 trioxane on mitochondria, caspase

activity and DNA during asexual blood stages of Plasmodium falciparum 3D7. Results

have shown that cleavage of peroxide bridge of artemisinin derivatives and 1,2,4 trioxane

generate reactive oxygen species which depolarize mitochondrial membrane potential

and make it permeable which further followed by activation of caspase like enzyme and

DNA fragmentation, which are hallmark of apoptotic cell death. These findings suggest

that artemisinin derivatives and synthetic trioxane induce apoptosis like phenomena in

erythrocytic stage of malaria parasite; Plasmodium falciparum.

Keywords: arteether, artesunate, CDRI-97/78, apoptosis, Plasmodium

INTRODUCTION

Lots of efforts are carrying out to control the deadly disease, malaria but it is still a burden to human
health and∼3.2 billion people are at risk of malaria word wide. According toWHO 445,000 deaths
and 216millionmalaria cases were reported in 2015 but due to employment of artemisinin and drug
impregnated bed nets, 30% decrease in malaria cases and 47% in mortality rate was observed since
2000 (White et al., 2014; WHO, 2014, 2015). In spite of having these magic drugs, the decreasing
clinical efficacy and emerging resistance to artemisinin derivatives in Thailand and Cambodia
have raised an alarming situation about future treatment options (Price et al., 1996; Amaratunga
et al., 2012; Phyo et al., 2012; Ferreira et al., 2013). Peroxide bridge linkage of artemisinin, a
sesquiterpene trioxane lactone, is known to be responsible for its anti-malarial activity (Butler,
1992). Since artemisinin is poorly soluble in water as well as in oil, it becomes reduced into
dihydroartemisinin (DHA) and its derivatives such as the water-soluble artesunate and oil-
soluble artemether and arteether. Due to limited availability of artemisinins, continued efforts led
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to the development of synthetic trioxanes. A novel trioxane
97/78, developed by CSIR-Central Drug Research Institute
(CDRI), India, has shown promising antimalarial activity and is
currently under clinical trials (Singh et al., 2011). CDRI-97/78
contains 1, 2, 4-trioxane nucleus similar to endoperoxide lactone
of artemisinin. It emerged as lead compound with excellent
pharmacological antimalarial activity (Singh et al., 2004, 2011;
Griesbeck et al., 2005). Although, at the present time artemisinin
derivatives are the main stay of malaria therapy, its mode of
action is a topic of debate. Considering its importance, here we
explored the action mechanisms of artemisinin derivatives (ART,
ARS) and a CDRI compound- 97/78 during erythrocytic cycle
of parasites via apoptotic markers as apoptosis found to be a
novel cell death pathway in Plasmodium and multiple markers of
apoptosis have been observed in different stages of Plasmodium
life cycle that occur in vector and the host (Al-Olayan et al., 2002;
Meslin et al., 2007; Ch’ng et al., 2010; Gunjan et al., 2016).

MATERIALS AND METHODS

In-Vitro Cultivation of P. falciparum
In vitro culture of chloroquine sensitive strain (Pf 3D7) of
P. falciparum was carried out in fresh human erythrocytes at 5%
hematocrit in complete RPMI-1640 (HEPES modified) medium
(Sigma) supplemented with 0.5% AlbuMaxII, 0.2% glucose, 0.2%
NaHCO3 and 15µM hypoxanthine and incubated at 37◦C in
CO2 incubator (Trager and Jensen, 1976). Parasite growth rate
and stage was determined by the examination of Giemsa’s stained
thin blood smears of infected erythrocytes.

Evaluation of in Vitro Antimalarial Profile of
Drugs
To evaluate antimalarial activity of drugs on erythrocytic stages
of the P. falciparum 3D7, SYBRGreen I fluorometric assay was
carried out with some modifications (Johnson et al., 2007).
Briefly, two fold serial dilutions of drugs were prepared in
96 well plates and then 50 µl asynchronous culture (∼95%
ring) of infected erythrocytes with 0.8–1% parasitaemia and 1%
hematocrit was added to each well (100 µl-final volume). Eight
wells were treated as positive control (without drug) and 4 wells
as negative controls (without parasite and drug). Further culture
were incubated at 37◦C for 72 h in CO2 incubator. After 72 h,
100 µl of lytic buffer containing 1X SYBR Green was added to
each well and incubated for 2 h at room temperature in dark.
Fluorescence of SYBR Green was recorded using fluorescence
reader at Ex. 485 nm, Em. 535 nm. IC50 was calculated on the
basis of DNA content of the parasite by using MS-Excel template.

Computational Studies
Considering that the metacaspase protein (PLASMODB id -
PF3D7_1354800) may be potential drug target, we attempted 3D-
structural investigation on sequenced protein of P. falciparum.
Modeled protein was selected using methodology described
previously from our lab (Gunjan et al., 2016). Structure of
arteether, artesunate and parent compound CDRI 97/78 used for
docking studies were built andminimized using Gaussian version

09 (Dennington et al., 2009; Frisch et al., 2009). Computational
studies were performed on the metacaspase protein model to
get the molecular insights of how the drugs were bound to its
target protein. Binding site was generated using the SiteMap
module of Schrodinger package (Halgren, 2009). Further, the
grid around binding sites identified by SiteMap were generated
using Grid generating module of Schrodinger software package
(Schrödinger, 2016b). Van der Waals radius used for scaling
was 1.0 Å and default settings were used for other parameters.
Both protein and ligands (arteether, artesunate, compound CDRI
97/78) were prepared using the Ligand and Protein preparation
modules of Schrodinger software package (Schrödinger, 2016a,c).
Prepared ligands were then docked with Ubiquitin Proteasome
using Glide-7.1 module (Friesner et al., 2006). Docking was
performed using Extra precision mode and default setting were
used for docking. Ligand receptor interaction images were
generated using the “Ligand interaction” module of Schrodinger
software package. Poses for interaction studies were selected from
largest cluster. The interactions which were analyzed in this
module were “Hydrogen Bonding, Pi-Pi interaction, Pi-Cation
interaction, Salt Bridges” at cut-off radius of 2.50 Å. Coulomb
surface for model and ribbon view were generated using UCSF-
Chimera version 1.10 (Pettersen et al., 2004).

Caspase Assay
To measure the caspase-like protease activity during erythrocytic
stage in drug treated and untreated parasites EnzChek R© Caspase-
3 Assay Kit (Molecular probe) was used and assay was
performed according to the manufacturer’s instructions with
somemodification. In brief, infected erythrocytes (iRBCs) having
8–10% parasitaemia were exposed with 10 nM of ART/ARS and
100 nM of CDRI-97/78 for 24 h. Cell free parasites were prepared
by saponin lysis of drug treated and untreated iRBCs. Parasite
lysate were prepared by mild sonication and 2X reaction buffer
containing caspase substrate Z-DEVD–R110 was added into 1:1
ratio followed by incubation at room (25◦C) temperature for
30min. in dark (Gunjan et al., 2016). Increase in fluorescence
caused by cleavage of the Z-DEVD-R110 substrate was measured
at excitation and emission wavelengths of 485/20 and 530/20 nm,
respectively using micro plate reader (Synergy HT Biotek). In a
parallel set of reactions, the caspase inhibitor Ac-DEVD-CHO
was added to the reaction mixture before the addition of parasite
lysate. All the experiments were performed in duplicate.

Mitochondrial Membrane Potential (1Ψm)
To determine the effect of ART, ARS, and CDRI-97/78 on the
mitochondria of erythrocytic stages of P. falciparum, iRBCs were
exposed with these drugs for 6 and 24 h and further mature stage
enriched parasitized red blood cells were stained with 6µM JC-
1 dye (Sigma-Aldrich) for 20min. in dark at 37◦C. Cells were
washed twice and resuspend in 0.5ml assay buffer for acquiring
the fluorescence using flow cytometer.

Acquisition was carried out using FACS-CELLQUEST
software on FACS Calibur (BD Biosciences) and analysis of flow
cytometeric data was performed using Flow Jo software (Tree
star Inc., Ashland, OR). Dissipation in 1Ψm was measured by
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calculating the ratio between red and green fluorescence (i.e.,
590/530 nm) (Gunjan et al., 2016).

In Situ Detection of DNA Fragmentation by
Terminal Deoxynucleotidyl Transferase
(TdT)-Mediated dUTP Nick End Labeling
(TUNEL)
DNA fragmentation in malaria parasite during erythrocytic
cycle was analyzed using an in situ cell death detection kit
(Promega). Briefly, asexual stages of P. falciparum were treated
with ART (10 nM), ARS (10 nM), and CDRI-97/78 (100 nM) for
24 h followed by saponin enrichment to isolate cell free parasite.
Parasites were fixed with 1% paraformaldehyde for 1 h at 4◦C
followed by permeabilization with a solution of 0.2% Triton X-
100. Fixed and permeabilized parasites were labeled with the
TUNEL solution for 1 h at 37◦C. Reactions were terminated by
adding 20 nM EDTA. Finally cells were resuspended in PBS and
analyzed by LSRII flow cytometer (BD Biosciences) equipped
with 488 nm argon laser (Gunjan et al., 2016). Percentage of
TUNEL positive cells were calculated using Flow Jo analysis
software.

Measurement of ROS Level in Blood
Stages of P. falciparum
Intracellular ROS levels were measured in treated and untreated
cells as described previously (Gunjan et al., 2016). In Brief,
iRBCs having 8–10% parasitaemia were exposed with 10 nM

ART and ARS,100 nM of CDRI-97/78 for 24 and 48 h.
Further cells were incubated with 10µM concentration of
dichlorodihydrofluorescein diacetate (H2DCFDA) (Sigma) and
incubated in CO2 incubator at 37◦C for 30min in dark.
Samples were washed twice with 1X PBS and cell free parasites
were isolated by saponin lysis of iRBCs (Gunjan et al., 2016)
and resuspended in PBS for acquiring fluorescence of DCF.
Acquisitions were done on FACS caliber flow cytometer and data
were analyzed using FlowJo 8.1.0 software (Tree Star Inc., USA).

Statistical Analysis
The statistical analyses of the antimalarial effect of drugs on the
asexual stages of P. falciparum were performed using Student’s
t-test. The statistical analyses of other apoptotic markers were
performed using analysis of variance (ANOVA) and the Tukey
post hoc test.

RESULTS

In Vitro Antimalarial Profile of α/β Arteether
(ART), Artesunate (ARS) and CDRI-97/78
In vitro growth of P. falciparum 3D7 was inhibited by ART,ARS
and CDRI-97/78 in a dose dependent manner. The IC50 values
of ART, ARS and CDRI-97/78 were found to be 2.19 ±

0.9 nM, 4.79 ± 0.7 nM and 49 ± 2.8 nM (Figure 1). For further
studies to check the effect of these drugs on apoptotic markers;

FIGURE 1 | Typical dose response of ART, ARS, and CDRI-97/78 on growth of CQ sensitive strain of P. falciparum. (A) Graph showing ∼90 and 50% inhibition in

parasite growth at 25.6 and 2.19 nM conc. of ART respectively. (B) ∼90 and 50% parasite growth inhibition is shown at 26 and 4.79 nM of ARS respectively. (C) CDRI

synthetic compound 97/78 inhibits ∼90 and 50% growth of Plasmodium at 125 and 49 nM.
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mitochondrial outer membrane potential, caspase like activity
and DNA fragmentation∼IC90 concentration of drugs was used.

Computational Studies
Homology models were generated using structure of the yeast
metacaspase (YCA1) having PDB id - 4F6O (Wong et al., 2012).
Since, for our protein MCA-1 in P. falciparum we were unable
to retrieve any template having higher identity more than 50%.
Literature review does suggest that template structure having
identity greater than 30% can be utilized for homology modeling
(Xiang, 2006). Thus, homology modeling was performed using
template having 42% identity, 62% similarity. Ramachandran
plot analysis of best model indicated 82.8% residues in
favored region, 16.2% region in addition allowed region and
1.0% residues in disallowed region. Modeled protein indicated
presence of binding sites, as predicted by SiteMap (Figure 2A).
Of these, top 3 binding sites were used for generating grid and
docking was performed around it using GLIDE-7.1. Best pose of
ART, ARS, CDRI-97/98 parent compound indicated Glide Score
of −6.29, −4.02, −5.36 Kcal/mol respectively. These scores were
in agreement with the wet lab experimental data on Metacaspase
assay. For Arteether, protein residues found important for
interaction were Q249, N253, H273, K275, Q276, H277, S278,
K289, F290, N291, N314 (Figure 2B). Of these most prominent
interaction was hydrogen bonding of 2.02 Å with Ser278.
Similarly for Artesunate, residues important for interaction were
Q249, N253, H273, N279, K289, F290, and N314 (Figure 2C)
residues important for interaction were Asn253 having hydrogen
bond of 2.8 Å and Asn279 having hydrogen bond of 2.9 Å. For
compound 97/78, important residues for interaction were P239,
G240, T245, V248, Q249, K252, S278, N279, K289, F290, N291,
N314 (Figure 2D). Residues important for interaction were
Phe290 having 4.9 Å Pi-Pi stacking interaction, Gln249 having
2.7 Å hydrogen bond, Gly240 having 2.41 Å hydrogen bond,
Lys289 having 2.35 Å hydrogen bond and Asn314 having 2.00
Å hydrogen bond (Table S1). For arteether and artesunate the
binding of cyclo-hexadecane group was having same orientation
but variation in binding energies was observed owing to the
different ethoxy- and butanoic acid- side chains respectively.
This group was mimicked by the phenoxy-propoxy moiety
in compound 97/78. Residues namely Gln249, Ser278, Lys289,
Phe290, and Asn314 were found to be important for interaction
with compounds. Of these Gln249, His273, and Lys289 have been
previously characterized for interaction with the metacaspase
protein (Gunjan et al., 2016). They can be further utilized for the
rational design and synthesis of anti-malarial compounds.

Artemisinin Derivatives Activate Caspase
Like Enzyme in Malaria Parasites
DEVD-specific protease activities (Caspase-3) in drug treated
and untreated parasites was measured using rhodamine 110 bis-
N-CBZ-L-aspartyl-L-glutamyl-L-valyl- L-aspartic acid amide—
(Z-DEVD-R110). Upon enzymatic cleavage, the non-fluorescent
bisamide substrate is converted to fluorescent monoamide
Cytosolic fraction of artemisinin derivatives and synthesized
1,2,4 trioxane treated parasites has showed increased caspase
3 activity as compared to control viz. 164, 56, and 121% after

24 h treatment of 10 nM ART, 10 nM ARS, and 100 nM CDRI-
97/78 respectively (Figure 3). Moreover, the activity of caspase-3
was significantly inhibited in the presence of Ac-DEVD-CHO,
a potent inhibitor of caspase-3, indicating that P. falciparum
contains a protease having caspase-3-like activity.

Artemisinin Derivatives Reduces
Mitochondrial Membrane Potential of
Malaria Parasite
Mitochondrial membrane potential (1Ψm), which is an index
of mitochondrial function, was also examined to evaluate the
effect of artemisinin derivatives and 1,2,4 trioxane (CDRI-
97/78) on mitochondria of asexual blood stages of Plasmodium.
The detection of mitochondrial membrane potential in drug
treated/untreated parasites was done using JC-1, cationic
probe which aggregate in mitochondria due to electronegative
environment inside the mitochondria and give red color
fluorescence but at depolarization of mitochondrial membrane
(low mitochondrial membrane potential) JC-I remains in
monomeric form and give green color fluorescence.

Dot plot analysis showed that after 6 h treatment there is no
significant changes in green fluorescence intensity in comparison
to untreated parasites whereas after 24 h treatment, percentage of
JC-1 monomer were increased significantly.

In dot plot analysis, green fluorescence of JC-1 monomer was
measured in R2 gate (low mitochondrial membrane potential).
In untreated parasite, R2 gate contained 76% cells whereas ART,
ARS and 97/78 treated parasite have shown 90, 81, and 85% cells
respectively in R2 gate (Figure 4).

Red/Green ratios were obtained to determine the extent of
mitochondrial dysregulation. In untreated cells red: green ratio
is 0.33 ± 0.01 while it is found to be decreased to 0.11 ± 0.005,
0.20 ± 0.01 and 0.18 ± 0.004 after 24 h treatment of ART, ARS
and 97/78 respectively (Figure 4).

Increase in in Situ DNA Fragmentation in
Erythrocytic Stage of Plasmodium Under
Artemisinin Derivatives Treatment
To evaluate the effect of artemisinin derivatives on DNA
fragmentation in Plasmodium, parasites were exposed to 10 nM
conc. of ART/ARS and 100 nM of 97/78 for 24 h. Before TUNEL
staining, parasites were isolated by saponin lysis of iRBCs so
that fluorescence of the parasite itself could be clearly recorded.
Dot plot analysis has showed increase DNA fragmentation in
these artemisinin derivatives and CDRI-97/78 treated parasites
as compared to untreated (Figure 5).

Assessment of ROS Generation in
Artemisinin Derivative and CDRI-97/78
Treated/Untreated Parasites
Intracellular ROS production was measured by staining with
DCFDA in treated and untreated parasites. Results showed 12.5,
37.5, and 54.1% increase in reactive oxygen species in ART, ARS,
and 97/78 treated parasite respectively as compared to untreated
parasites (Figure 6).
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FIGURE 2 | (A) Ribbon view model of metacaspase modeled protein. Indicates coulomb surface model of receptor along with the best predicted binding site (green

color) by SiteMap module of Schrodinger version 2016-2. (B–D) indicates the ligand-interaction plots of ART, ARS, and compound CDRI- 97/78 respectively along

with interacting residues of Metacaspase protein identified using ligand interaction module of Schrodinger-2016-2. The color code of various interacting residues

indicates their physiochemical property. Blue stands for polar, red for charged negative, purple for charged positive, green for hydrophobic. Light shadows indicate

solvent exposed region.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org July 2018 | Volume 8 | Article 25671

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Gunjan et al. Apoptotic Cell Death in Plasmodium

FIGURE 3 | Effect of artemisinin derivatives and CDRI-97/78 on caspase like activity. Caspase-3-like activity was measured in the cytosolic fraction (100 µg protein)

from untreated and drug treated parasites. *p < 0.05; **p < 0.01.

FIGURE 4 | JC-1 staining of iRBCs shows reduction in mitochondrial membrane potential (1Ψm) in Plasmodium falciparum parasites treated with drugs. Flow

cytometry dot plot showing the gating of JC1 (red)-aggregates and JC1 (green)-monomer populations. Ratio of which represents the JC1-positive population. (A,C)

Parasites were treated with drugs for 6 h (B,D) parasites were treated with drugs for 24 h. *p < 0.05; **p < 0.01.

DISCUSSION

Artemisinin derivatives are known to be effective against both
erythrocytic stages; asexual schizontocidal as well as sexual
gametocytocidal and showing promise as antimalarial drugs with
transmission-blocking potential (Kumar and Zheng, 1990; Price
et al., 1996; Haynes and Krishna, 2004). Understanding the

mode of action for artemisinin derivatives is very important
to select their partner drugs and to overcome the problem of
resistance toward these drugs. Even though many cellular targets
have been identified, the mechanism of action of artemisinin
derivatives still remains vague. No single mechanism exists
for artemisinins’ action and it was suggested that it functions
through multiple modes (Pandey and Pandey-Rai, 2016).
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FIGURE 5 | Evaluation of DNA fragmentation using TUNEL assay. Flow cytometry dot plot showing shifting of population toward FITC channel (R2 gated), and percent

increase in DNA fragmentation after treatment of ART, ARS and 97/78 treated cells. Data is representative of duplicate sample of two separate experiments. p-value is

<0.001 for untreated vs. DNase, for ARS treated parasites, p-value is <0.01 whereas for ART and 97/78 treated parasites p-value is <0.05. *p < 0.05; ***p < 0.001.

A decade ago, PfATP6, the P. falciparum sarco-endoplasmic
reticulum calcium ATPase (SERCA) was identified as potential
target for artemisinin (Friesner et al., 2006). It has been
proposed that the endoperoxide bridge is responsible for
antimalarial activity as it generates free radical which alkylates
the different parasitic protein resulting in death of parasite
(Pettersen et al., 2004). Artemisinin are activated by binding
of Fe2+ of heme/non-heme and generate carbon centered
free radicals or reactive oxygen species which cause damage
to cellular targets in their vicinity through alkylation (Cui
and Su, 2009). Recently, Hartwig et al. have demonstrated
that artemisinin accumulates in neutral lipid of parasite
membrane and damage it (Price et al., 1996) which was
also advocated by Wang et al. who studied that artemisinin
depolarize the mitochondrial membrane via ROS generation
which lead to the mitochondria malfunctioning and parasite
cell death (Amaratunga et al., 2012). On the other hand
Gopalakrishnan and his group has revealed that artesunate
induces DNA double-strand breaks in P. falciparum with
simultaneous increase in intercellular ROS level in the parasite
ultimately causing parasite death (Phyo et al., 2012). DNA
damage caused by ROS generation in ARS treated mice and
impaired function of mitochondria in parasite due to artemisinin
treatment providing the premise for our hypothesis that in
addition to the above-mentioned effects, the antimalarial action

of artemisinin derivatives involves apoptotic cell death in
parasite.

Before going to check the apoptotic markers, first we have
studied the interaction of these artemisinin derivatives; ART/
ARS and 97/78 with metacaspase enzyme by in silico study and
results of docking studies have shown that these drugs effectively
bind with the metacaspase enzyme which was further confirmed
by in vitro studies. Although the P. falciparum genome contain
metacaspase instead of classical caspase-3 (PlasmoDB, 2013),
the cytosolic fraction of artemisinin derivatives and synthesized
1,2,4 trioxane treated parasites significantly cleaved the caspase-3
substrate, Z-DEVD-R110 whereas the same fraction of control
parasites (untreated) showed very little activity (Figure 3).
Moreover in the presence of caspase-3 inhibitor, caspase activity
found to be decreased. Finding of in silico and in vitro
studies indicate that parasite’s metacaspase has caspase 3 like
properties. Except the caspase activation, other markers of
apoptotic cell death; mitochondrial membrane potential and
DNA fragmentation were also studied to evaluate the apoptotic
cell death phenomena in asexual stages of malaria parasite.
Depolarization of mitochondrial membrane potential is the
characteristic feature observed in cells that are undergoing
programmed cell death. In the cells, which are going to apoptotic
cell death, mitochondrial membrane potential found to be low
which allow release of cytochrome c in cytoplasm. Cytoplasm
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FIGURE 6 | Flow cytometeric analysis of ROS generation in P. falciparum 3D7. Parasites isolated from all groups by saponin enrichment and loaded with DCFDA

probe to evaluate ROS generation. Flow cytometry histograms showing increase in DCF positive cells after treatment with 10 nM concentrations of ART/ARS and

100 nM of CDRI-97/78 compound. Bar graph is showing percent increase of H2O2 level in drug treated parasite as compared to untreated. The experiments were

performed twice (n = 2) and data expressed as mean values ± SEM. **P ≤ 0.01 vs. control: Tukey’s test.

activate caspases followed by apoptosome formation and cell
death (Gottlieb et al., 2003). Here we observed thatmitochondrial
membrane potential of malaria parasites was getting reduced
in the presence of artemisinin derivatives and CDRI 97/78.
Our results showed a significant decrease in JC-1 positive
cells which indicate the low mitochondrial membrane potential
in drug treated parasites as compared to untreated parasites
which advocate the findings of Wang and his coauthors (Wang
et al., 2010) and also indicate that mitochondrial machinery
of Plasmodium could be the target of artemisinin derivatives
and synthetic trioxane. Next, DNA fragmentation was quantified
from fixed and isolated parasites by the flow cytometeric TUNEL
assay as fragmentation in genomic DNA is considered as the
hall-mark of apoptotic cell death. Here we observed increased
number of fragmented DNA in drug treated parasites as compare
to untreated parasite, which resemble with the finding of
A.M Rama Gopalkrishna who had suggested that artesunate
induce ROS dependent DNA fragmentation in malaria parasite
(Gopalakrishnan and Kumar, 2014; Figure 5). These findings for
arteether/CDRI 97/78 are reported for the first time. Since the
mechanism of PCD induction usually includes an increase in the
levels of reactive oxygen species (ROS). Monitoring of oxidative
burst revealed significant increase in generation of reactive
oxygen species (ROS) in ART, ARS, and 97/78 treated parasites
after 24 h (P < 0.01) (Figure 6). These findings indicate that
artemisinin derivatives induce free radicals mediated apoptotic
cell death in asexual stages of malaria parasite.

In the present study we have concluded that these
drugs generate ROS due to the cleavage of endoperoxide

FIGURE 7 | A systematic flow diagram representing action mechanism of

artemisinin derivatives and 1,2,4 trioxane via apoptotic pathway. Cleavage of

endoperoxide bridge of these drugs generate ROS and further

permeabilization of mitochondrial membrane occur followed by activation of

metacaspase. Activated caspase like enzyme start to degrade proteins and

free to DNase.

bridge which cause depolarization of mitochondrial outer
membrane and lead to its permeabilization. Further
caspase like enzyme get activated and start degradation of
different proteins and free to DNase. In higher eukaryotes,
cytochrome c (Cyt C) release from mitochondria and
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induce the activation of caspases but in Plasmodium, role
of cytochrome c in apoptosis is still unknown so here we
have hypothesized that may be Cyt C or Cyt C like any other
protein could be involved in the activation of metacaspase
(Figure 7).
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CSGID Solves Structures and
Identifies Phenotypes for Five
Enzymes in Toxoplasma gondii

Joseph D. Lykins 1†‡, Ekaterina V. Filippova 2†‡, Andrei S. Halavaty 2†, George Minasov 2†,

Ying Zhou 3†, Ievgeniia Dubrovska 2, Kristin J. Flores 2, Ludmilla A. Shuvalova 2,

Jiapeng Ruan 2‡, Kamal El Bissati 3, Sarah Dovgin 4‡, Craig W. Roberts 5, Stuart Woods 5,

Jon D. Moulton 6, Hong Moulton 7, Martin J. McPhillie 8‡, Stephen P. Muench 9,

Colin W. G. Fishwick 10, Elisabetta Sabini 2, Dhanasekaran Shanmugam 11, David S. Roos 12,

Rima McLeod 3,13*, Wayne F. Anderson 2* and Huân M. Ngô 2,14*

1 Pritzker School of Medicine, University of Chicago, Chicago, IL, United States, 2Center for Structural Genomics of Infectious

Diseases and the Department of Biochemistry and Molecular Genetics, Feinberg School of Medicine, Northwestern

University, Chicago, IL, United States, 3Department of Ophthalmology and Visual Sciences, University of Chicago, Chicago,

IL, United States, 4 Illinois Math and Science Academy, Aurora, IL, United States, 5 Strathclyde Institute of Pharmacy and

Biomedical Sciences, University of Strathclyde, Glasgow, United Kingdom, 6Gene Tools, LLC, Philomath, OR, United States,
7Department of Biomedical Sciences, College of Veterinary Medicine, Oregon State University, Corvallis, OR, United States,
8Department of Molecular Biology and Biotechnology, University of Sheffield, Sheffield, United Kingdom, 9 School of

Biomedical Sciences, Faculty of Biological Sciences, and Astbury Centre for Structural Molecular Biology, University of

Leeds, Leeds, United Kingdom, 10 School of Chemistry and Astbury Centre for Structural Molecular Biology, University of

Leeds, Leeds, United Kingdom, 11Biochemical Sciences Division, CSIR National Chemical Laboratory, Pune, India,
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Diseases), Institute of Genomics, Genetics, and Systems Biology, Global Health Center, Toxoplasmosis Center, CHeSS, The
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Toxoplasma gondii, an Apicomplexan parasite, causes significant morbidity andmortality,

including severe disease in immunocompromised hosts and devastating congenital

disease, with no effective treatment for the bradyzoite stage. To address this, we

used the Tropical Disease Research database, crystallography, molecular modeling,

and antisense to identify and characterize a range of potential therapeutic targets for

toxoplasmosis. Phosphoglycerate mutase II (PGMII), nucleoside diphosphate kinase

(NDK), ribulose phosphate 3-epimerase (RPE), ribose-5-phosphate isomerase (RPI),

and ornithine aminotransferase (OAT) were structurally characterized. Crystallography

revealed insights into the overall structure, protein oligomeric states and molecular

details of active sites important for ligand recognition. Literature and molecular modeling

suggested potential inhibitors and druggability. The targets were further studied with

vivoPMO to interrupt enzyme synthesis, identifying the targets as potentially important to

parasitic replication and, therefore, of therapeutic interest. Targeted vivoPMO resulted in

statistically significant perturbation of parasite replication without concomitant host cell

toxicity, consistent with a previous CRISPR/Cas9 screen showing PGM, RPE, and RPI

contribute to parasite fitness. PGM, RPE, and RPI have the greatest promise for affecting

replication in tachyzoites. These targets are shared between other medically important

parasites and may have wider therapeutic potential.

Keywords: Toxoplasma gondii, PPMO, phosphoglycerate mutase, nucleoside diphoshate kinase, ribulose-3-

phosphate epimerase, ribose-5-phosphate isomerase, ornithine aminotransferase, crystallography
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INTRODUCTION

Toxoplasma gondii is one of the most significant parasites
that impacts human health, with estimates that as many as
one third to one half of the human population are infected
(Montoya and Liesenfeld, 2004; Furtado et al., 2011; Torgerson
and Mastroiacovo, 2013; Flegr et al., 2014; McLeod et al., 2014;
Lykins et al., 2016). A relative of the parasite that causes malaria,
T. gondii is an intracellular parasite that has two major life stages
in humans, tachyzoites and bradyzoites. Tachyzoites cause acute
infection, while bradyzoites are the encysted, dormant life stage
responsible for reactivation disease. While treatment is available
for the acute infection, there is currently no effective medication
for the bradyzoite stage (McLeod et al., 2014). Additionally,
parasites can be passed to a fetus in uterowhen a pregnant woman
is acutely infected during gestation. This can cause chorioretinitis
and neurological complications in the fetus (McLeod et al., 2012).
Moreover, there is increasing understanding of the potential
long-term sequelae of chronic infection with T. gondii on risk
of neurodegenerative disease and malignancy (Ngô et al., 2017).
Treatment for active infection exists but is limited by toxicity and
hypersensitivity. Thus, new therapeutic targets andmedicines are
needed, with several potential solutions in development (Zhou
et al., 2014; McPhillie et al., 2016; Sidik et al., 2016).

At the Center for Structural Genomics of Infectious Diseases
(CSGID), the first Toxoplasma Structural Genomics Pipeline
was established. Subsequently, CSGID began selecting parasite
proteins for structural characterization using established
approaches capable of successful identification of potential
drug targets, coupled with the Tropical Diseases Research
(TDR) Database (Anderson, 2009; Crowther et al., 2010;
Magariños et al., 2012). Herein, 5 soluble enzymes were selected
for further study. This process was made possible due to
the integration of large amounts of genomic, biochemical,
and pharmacological data by the TDR Database, which
provides evidence collectively generated by the scientific
community concerning potential molecular targets and
inhibitory compounds that have properties consistent with
Lipinski’s rules for orally available drugs (Lipinski, 2004). The
targets studied herein were crystallized and their structures
characterized, as structural studies have potential to inform
molecular targeting and medicinal chemistry can facilitate
development of novel anti-parasitic compounds.

We further hypothesized that using phosphorodiamidate
morpholino oligomers linked to a cellular delivery moiety, such
as either an octaguanidinium dendrimer [Vivo-Morpholinos
(vivoPMOs)], or arginine-rich peptide, we would decrease
expression of these enzymes, identified as potential drug targets
by the Toxoplasma Structural Genomic Pipeline, in YFP-
expressing T. gondii tachyzoites, and that down-regulation of
these enzymes would result in decreased replication as quantified
by fluorescent intensity. The approach of using morpholinos to
target specific parasitic enzymes has been successful in previous
studies (Lai et al., 2012; McPhillie et al., 2016). VivoPMOs are
typically used to decrease gene expression by one of two different
mechanisms, namely mechanical disruption of interactions
between RNA and snRNP, thereby preventing splicing of introns,
resulting in nonsense-mediated decay of the transcript and/or

defective protein upon translation, and through direct prevention
of translation by blocking interactions between mature mRNA
and the ribosome. In preventing effective protein expression,
we could determine whether a particular enzyme contributed
to parasite replication, suggesting its potential as a therapeutic
target.

Molecular transporters can deliver PMOs and small inhibitory
molecules of therapeutic value. Transductive peptides or
octaguanidinium dendrimer of a Vivo-Morpholino (Gene Tools,
Philomath, Oregon) deliver PMOs or other molecules across
cell membranes. Octaarginine can carry small molecules into
the retina (McLeod et al., 2013). Similar arginine-rich cell-
penetrating peptides can access other places where medication
transport is problematic; for example, rabies virus glycoprotein-
tagged small molecules are capable of passing through the blood-
brain barrier and octaarginine-conjugated small molecules, for
example, cross into encysted bradyzoites (Samuel et al., 2003; Liu
et al., 2009).

The enzymes selected from the TDR database as small
and tractable for expression and crystallization included:
phosphoglycerate mutase II (hereafter referred to as PGM),
nucleotide diphosphate kinase (NDK), ribulose phosphate 3-
epimerase (RPE), ribose-5-phosphate isomerase (RPI), and
ornithine aminotransferase (OAT). Information about candidate
inhibitors of these apicomplexan enzymes is summarized in
Table 1.

METHODS

Cloning, Expression, and Purification
Five genes from T. gondii ME49 (GI: 237843677, 237844373,
237835673, 237834547, and 237832613) corresponding to a
putative phosphoglycerate mutase II (TgPGM; residues 1–265
of the original CSGID entry; this entry was modified in 2012;
see original NCBI Reference Sequence: XP_002371136.1), a
putative nucleoside diphosphate kinase (TgNDK) (residues 1–
155), ribulose phosphate 3-epimerase (TgRPE) (residues 1–
230), a putative ribose 5-phosphate isomerase (TgRPI) (residues
1–259), and a putative ornithine aminotransferase (TgOAT)
(residues 17–441), respectively, were cloned into the ligation-
independent-cloning (Aslanidis and de Jong, 1990) isopropyl β-
D-1-thiogalactopyranoside (IPTG)-inducible pMCSG28 vector
for recombinant bacterial expression in BL21(DE3)/pMagic
Escherichia coli (E. coli). All clones were obtained from J. Craig
Venter Institute, a CSGID partner, and submitted into the CSGID
protein production pipeline (Figure 1) as IDP92076 (TgPGM),
IDP92074 (TgNDK), IDP92047 (TgRPE), IDP92040 (TgRPI),
and IDP92102 (TgOAT). The pMCSG28 vector possesses a
purification tag including 6×His affinity sequence and a Tobacco
Etch Virus (TEV) protease cleavage site. The E. coli cells were
induced with 1mM IPTG at 25◦C after the optical density of cells
in culture flasks reached 0.6 at 600 nm under 37◦C and constant
aeration at 200 rpm. Terrific Broth (TB) (PGM, NDK, and RPE)
and the Se-Met MCSG-M9 (Medicilon Inc.) (RPI) medium was
used. Overnight induction was completed by collecting cells at
6,000 rpm, 4◦C for 10min. Cells’ paste was resuspended in chilled
Lysis Buffer [43mM Na2HPO4, 3.25mM citric acid, 250mM
NaCl, 100mM ammonium sulfate, 5% glycerol, 5mM imidazole,
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FIGURE 1 | The Toxoplasma Structural Genomics Pipeline identified promising targets with good predicted druggability (Phase III) and outstanding interest to the

Toxoplasma research community (Phase I, II). Toxoplasma proteins were selected for Phase I from published work up to 2009 and communicated with the research

laboratories. Phase II included proteins from published and unpublished studies suggested by international researchers at the end of 2011. Phase III candidates were

selected from the Tropical Diseases Research Database (TDRT). Proteins judged very unlikely to crystallize based on analysis by XtalPred were eliminated (Slabinski

et al., 2007). Several structures solved have already been described (Ruan et al., 2015; Tonkin et al., 2015; Dubey et al., 2017). This crystallography pipeline remains

available for production and solution of structures of proteins for scientists in the Toxoplasma research community.

1.5mM magnesium acetate, 1mM CaCl2, 0.08% n-Dodecyl β-
D-maltoside (DDM), 5mM β-mercaptoethanol (BME)] pH 7.8
followed by sonication on ice. Crude sonication mixture was
centrifuged at 19,000 rpm, 4◦C for 40min to obtain soluble
fraction containing target protein, which was applied onto a
5-ml Ni-NTA column (GE Healthcare, Piscataway, NJ) for
purification. The column was washed with buffer containing
10mM Tris-HCl pH 8.3, 500mM NaCl, 25mM imidazole and
5mM BME to remove non-specifically bound E. coli proteins,
followed by elution of target protein with 500mM imidazole
in the 10mM Tris-HCl buffer pH 8.3 containing 500mM NaCl
and 5mM BME (buffer A). A HiLoadTM 26/60 SuperdexTM 200
column (GE Healthcare, Piscataway, NJ) was used to further
purify target protein in the buffer A. Purity of all proteins
was analyzed by SDS-PAGE. Pooled fractions were concentrated
and stored at −80◦C for further use or used in screening
crystallization conditions.

Crystallization, X-Ray Data Collection, and
Structure Determination
Each target protein was crystallized by the vapor-diffusion
sitting-drop method mixing 1 µL of the protein in buffer A and
1 µL of a crystallization screen solution at 22◦C. Single crystals
were soaked in a crystallization condition for cryoprotection and
flash frozen in liquid nitrogen for monochromatic X-ray data
collection. Data were collected at 100K from a single frozen
crystal at the LS-CAT beamline 21-ID-F (λ = 0.97872 Å) at the
Argonne National Laboratory (ANL), Advanced Photon Source
(APS). Diffraction images were collected in oscillation mode and
processed with HKL-3000 (Minor et al., 2006). Crystal structures
of TgPGM, TgNDK, TgRPE, and TgOAT were determined by
molecular replacement using Phaser (McCoy et al., 2007) from
CCP4 suite (Winn et al., 2011). Initial molecular replacement
solutions were rebuilt with ARP/wARP (Morris et al., 2003).
Crystal structure of TgRPI was determined by single-wavelength

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org October 2018 | Volume 8 | Article 35280

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Lykins et al. Therapeutic Target Characterization for Toxoplasmosis

anomalous dispersion (SAD) method in HKL-3000 (Minor
et al., 2006). Non-Crystallographic Symmetry (NCS) restrains
and Translation-Libration-Screw (TLS) groups refinement in
REFMAC v.5.7 (Murshudov et al., 2011) were used to improve the
quality of the structures. Coot (Emsley and Cowtan, 2004; Emsley
et al., 2010) was used tomanually check structures after each cycle
of refinement in REFMAC and correct for side chain rotamers
and fitting. The final models were validated with the Protein Data
Bank (PDB) validation server (ADIT validation server; https://
validate-rcsb-2.wwpdb.org/) and MolProbity (http://molprobity.
biochem.duke.edu/) (Davis et al., 2007; Chen et al., 2010). Figures
presenting crystal structures were prepared in the graphical
program PyMol (The PyMOL Molecular Graphics System,
Version 2.0 Schrödinger, LLC). Crystallization conditions, data-
collection, structure determination and refinement statistics are
summarized in Table 2. Crystal structures are described in
Figures 2–6.

Data Accessibility
Coordinates and structure factors of the determined crystal
structures were deposited to Protein Data Bank (www.rcsb.org)
(Berman et al., 2000). Diffraction images for the deposited crystal
structures can be found at the CSGID website (http://www.csgid.
org/csgid/pages/home).

Crystal Structure Data Analysis
We used CATH/Gene3D v4.1 (http://www.cathdb.info/) (Sillitoe
et al., 2015; Lam et al., 2016) to assess domain composition of
studied proteins. Oligomeric state of the proteins and buried
surface area (BSA) of multimers were estimated from crystal
structure coordinates using PISA (http://www.ebi.ac.uk/pdbe/
pisa/pistart.html) (Krissinel and Henrick, 2005, 2007; Krissinel,
2009). The number of intermolecular bonds that may contribute
to protein quaternary structure was estimated from the structure
coordinates using PDBsum (http://www.ebi.ac.uk/thornton-srv/
databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=index.html) (de
Beer et al., 2014). Assessment of metal binding sites was done
with help of the CheckMyMetal server (http://csgid.org/csgid/
metal_sites) (Zheng et al., 2017). Protein structure comparison
service PDBeFold at European Bioinformatics Institute (http://
www.ebi.ac.uk/msd-srv/ssm) was used to identify structural
homologs (Krissinel and Henrick, 2004). Pair-wise structural
alignments were performed with DaliLite v.3 (https://www.ebi.
ac.uk/Tools/structure/dalilite/) (Hasegawa and Holm, 2009).

Molecular Modeling
Schrödinger 2015-3, maestro v10.3 was used for binding site
identification (SiteMap) on the five enzymes, and therefore,
predict “druggability” by small molecules (Schrödinger Release
2015-3, 2018). A SiteScore threshold of 0.80 (with > 0.80
suggesting druggability) is used in this regard (Halgren, 2007).

Cell Culture
Human foreskin fibroblasts (HFF) were maintained in Iscove’s
Modified Dulbecco’s Medium (IMDM) supplemented with
10% fetal bovine serum (FBS) and PENSTRA (penicillin and
streptomycin). Cells were maintained at 37◦C and 5% CO2.

VivoPMO Design
The vivoPMOs were designed using genomic DNA sequences
obtained from ToxoDB (accession numbers for genomic DNA
sequences: PGM-TGME49_297060, NDK-TGME49_295350,
RPE-TGME49_047670, RPI- TGME49_039310, OAT-
TGME49_069110) with exon/intron junctions identified.
One of these junctions was identified in each target gene and
a vivoPMO was designed to be complementary to nucleotides
on both sides of said junction. A diagrammatic representation
of vivoPMO structure and RNA binding is in Figure 7A. The
sequences of these morpholinos can be found in Figure 7B.

VivoPMO Efficacy Assay
HFFs were grown in black, flat-bottomed 96-well microplates.
HFFs were infected with 3,200 Type I RH parasites expressing
yellow fluorescent protein (YFP). This allowed quantification of
parasites in vitro post-treatment with vivoPMO. The parasites
were incubated with the cells for 1 h, to allow sufficient time
for invasion of HFFs, and were then treated with vivoPMO.
Control triplicates with only fibroblasts and with pyrimethamine
and sulfadiazine (the current standard of treatment for T. gondii
infection) were also conducted. A concentration gradient of
YFP parasites was also established, allowing quantification
of knockdown. Several replicates of this efficacy assay were
completed applying different concentrations of vivoPMO (2.5,
5, 10, and 20µM). The cells and parasites were then incubated
at 37◦C for 72 h. This timing was previously established in other
work. Fluorescence wasmeasured using a Bio-Tek SynergyTM H4
Hybrid Multi-Mode Microplate Reader. This methodology was
consistent with previous work using morpholinos in T. gondii
(Lai et al., 2012).

VivoPMO Toxicity Assay
HFFs were grown in 96-well microplates, as in the efficacy
assay. A gradient of dimethyl sulfoxide (DMSO) was used to
quantify the amount of cell death caused by the vivoPMO
in vitro. Different concentrations of vivoPMO (3.5, 5, 10, and
20µM) were used to identify the level at which toxicity occurred.
Following 72 h of incubation at 37◦C, each well was treated with
10 µL WST-1, which reacts in metabolically active, viable cells
through a complex set of chemical reactions dependent upon
glycolytic NADPH production to form formazan dyes, which can
be detected via a colorimeter. This method is also consistent with
previous work (Lai et al., 2012).

Data Analysis of Knockdown With
VivoPMO
Knockdown was analyzed statistically using student T-test
comparing parasite fluorescence between enzyme-specific
vivoPMO and off-target vivoPMO. Additionally, the enzyme-
specific vivoPMOs were compared to the levels of fluorescence
at the standardized parasite load (2000 YFP-expressing parasites
per well). Student T-test was also used to analyze toxicity data,
comparing levels of optical density at 420 nm for untreated
fibroblasts to treated cells. Statistical analysis was performed
using STATA. Results were considered significant with p < 0.05.
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TABLE 2 | Crystallization conditions, data-collection, structure determination and refinement statistics of T. gondii proteins.

Protein name PGM NDK data set I NDK data set II RPE RPI OAT

CRYSTALLIZATION CONDITIONS

Screen conditions 0.2M MgCl2,

0.1M HEPES pH

7.5, 25%

PEG3350

0.2M ammonium

sulfate, 0.1M

Bis-Tris pH 5.5,

25% PEG3350

0.2M MgCl2,

0.1M MES, 20%

PEG6000

2M ammonium

sulfate, 0.1M citric

acid pH 3.5

2.1M DL-Malic

acid pH 7.0

0.2M ammonium acetate,

0.1M Bis-Tris pH 6.5, 25%

PEG3350

Protein concentration

(mg/ml)

7.5 7.5 6 7.4 7.1 22.8

DATA COLLECTION

Space group P21212 P212121 C2 H32 P4122 P1

Unit cell parameters (Å; ◦) a = 97.2,

b = 149.5,

c = 72.1;

α = β = γ = 90.0

a = 73.4,

b = 121.6,

c = 212.3;

α = β = γ = 90.0

a=236.8, b=73.4,

c=122.7; α =γ

=90.0, β = 116.8

a = b = 138.5,

c = 349.3;

α = β = 90.0,

γ = 120.0

a = b = 95.6,

c = 112.7;

α = β = γ = 90.0

a = 56.2, b = 61.3,

c = 63.7; α = 100.6,

β = 93.2, γ = 107.7

Resolution range (Å) 30.00–2.60

(2.64–2.60)

30.00–2.40

(2.44–2.40)

30.00-1.70

(1.73-1.70)

30.00–2.05

(2.09–2.05)

30.00–2.60

(2.64–2.60)

62.10–1.20 (1.22–1.20)

No. of reflections 33,033 (1,604) 75,092 (3,725) 202,729 (10,203) 81,012 (3,999) 16,774 (818) 224,574 (11,241)

Rmerge (%) 10.6 (64.5) 8.4 (52.3) 5.9 (48.2) 7.2 (61.5) 9.4 (61.6) 4.3 (37.0)

Completeness (%) 100.0 (100.0) 99.6 (99.8) 98.5 (99.9) 100.0 (100.0) 100.0 (100.0) 91.0 (91.0)

〈I/σ (I)〉 18.3 (3.3) 18.2 (3.2) 22 (3.2) 20.1 (2.4) 44.9 (5.4) 11.2 (2.0)

Multiplicity 7.3 (7.4) 5.7 (5.8) 4.9 (4.9) 4.5 (4.5) 14.2 (14.7) 2.0 (2.0)

Wilson B factor 52.0 51.0 28.0 32.6 61.4 14.4

STRUCTURE DETERMINATION

MR initial model (PDB ID) 1xq9 1ndl 3qc3 - 3lg0

REFINEMENT

Resolution range (Å) 29.72–2.60

(2.67–2.60)

29.49–2.40

(2.46–2.40)

29.98-1.7

(1.74-1.7)

29.88–2.05

(2.10–2.05)

29.53–2.60

(2.67–2.60)

62.1–1.2 (1.23–1.20)

Completeness (%) 99. 8 (98.2) 99. 5 (99.7) 98.2 (97.04) 99. 9 (99.9) 99. 8 (99.8) 90. 8 (90.0)

No. of reflections 31,317 (2,253) 71,019 (5,181) 192,440 (13,960) 76,865 (5,594) 15,802 (1,134) 213,305 (15,538)

Rwork/Rfree (%) 19.7/23.9

(25.9/27.7)

19.2/23.8

(26.1/34.3)

15.4/19.2

(20.8/24.6)

14.9/18.7

(21.9/26.8)

16.4/20.5

(25.8/34.4)

13.3/16.5 (20.9/23.8)

Protein molecules/atoms 2/6,560 12/14,699 12/14,647 4/6,761 1/1,866 2/6,560

Solvent atoms 1,041 548 1854 513 71 1,041

Mean temperature factor

(Å2)

56.3 48.7 33.4 39.9 56.8 18.4

COORDINATE DEVIATIONS

R.m.s.d. bonds (Å) 0.011 0.007 0.010 0.010 0.012 0.021

R.m.s.d. angles (◦) 1.626 1.219 1.398 1.434 1.711 1.927

RAMACHANDRAN PLOT†

Most favored (%) 90.2 92.8 95.0 91.8 95.4 90.2

Allowed (%) 9.0 6.4 5.0 8.2 4.1 9.0

Generously allowed (%) 0.3 0.8 0.0 0.0 0.5 0.3

Outside allowed (%) 0.5 0.0 0.0 0.0 0.0 0.5

PDB Accession Code 4odi 4o0n 5bxi 4nu7 4nml 4nog

Values in parentheses are for the highest resolution shell.
†
Statistics are based on PROCHECK (Laskowski et al., 1993).

Antibody Production
Antibodies were raised in mice at the University of Strathclyde
(CR, SW). Briefly, mice were given two injections of formulated
protein with NISV (non-ionic surfactant vesicle). The vesicles
were made by melting mono-palmitoyl glycerol, cholesterol and
dicetyl-phosphate (All from Sigma, UK) in a molar ratio of 5:4:1.
10 days after the final injection, serumwas collected and tested by
Western Blot using recombinant protein and Toxoplasma lysate.

Immunofluorescence Assay (IFA)
HFF cells were grown to confluence on sterilized coverslips
in 24-well plates. Cells were fixed in 3% paraformaldehyde
∼20–24 h after infection with Type I RH-strain tachyzoites
and permeabilized in 0.25% Triton X-100. Serum from
immunized mice, coupled with another primary antibody,
RPS13, was applied at 1:500 dilution in PBS 1x/3% BSA/Triton-
X-100 and detected using either Texas Red-conjugated goat
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FIGURE 2 | Crystal structure of TgPGM (A). Ribbon representation of TgPGM monomer (left side) colored blue (N-terminus) to red (C-terminus) and tetramer of

TgPGM (right side) (B). Domain structure of TgPGM [red—an α/β/α-sandwich domain (residues 12–107 and 169–257) and blue—a domain without any defined

folding motif (residues 108–168)] (C). Pairwise structural alignment of TgPGM (gray) and BpPGM (cyan) showing active site with residues of TgPGM shown in sticks

and labeled in one-letter code. Equivalent residues of BpPGM are displayed. BpPGM binds (2R)-2,3-diphosphoglyceric acid, DG2, in the active site.

anti-mouse antibody, or Alexa-488–conjugated goat anti-rabbit
antibody. DAPI was used to stain for DNA. Coverslips were
mounted with Antifade (Molecular Probes, Eugene, OR), and
images were analyzed by high-resolution fluorescence using
deconvolution protocols. Microscopy was performed with an
inverted microscope (IX81; Olympus).

Comparison to Predicted Essentiality via
Literature CRISPR/Cas9 Screen
As an approach to identify whether target enzymes might be
essential to parasite viability and fitness, a survey was done
of phenotypic scores previously published in a genome-wide
CRISPR/Cas9 screen (Sidik et al., 2016). Gene IDs were used
and the average of the three available scores was taken. Negative
scores were considered likely to be significant contributors
to parasite fitness. Data of the genome-wide CRISPR/Cas9

screen are subsequently annotated in ToxoDB (http://toxodb.
org/toxo/), including these gene IDs: TgPGM: TGME49_297060,
TgNDK: TGME49_295350, TgRPE: TGME49_247670, TgRPI:
TGME49_239310, TgOAT: TGME49_269110.

RESULTS

Structural Genomic Pipeline for
Toxoplasma
The NIAID Structural Genomics Centers selected 265 proteins
for the Toxoplasma Structural Genomic Pipeline in three phases
(Figure 1). Phase I and II were a collaborative effort between
CSGID and the Toxoplasma research community. Proteins were
selected from published and unpublished work up to 2011.
Selection was based on the mechanisms and pathways that are
important for parasite infection and survival in human and

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org October 2018 | Volume 8 | Article 35283

http://toxodb.org/toxo/
http://toxodb.org/toxo/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Lykins et al. Therapeutic Target Characterization for Toxoplasmosis

FIGURE 3 | Crystal structure of TgNDK (A). Ribbon representation of TgNDK monomer (left side) colored blue (N-terminus) to red (C-terminus) and trimeric and

hexameric assemblies of TgNDK (middle and right side) (B). Pairwise structural alignment of TgPGM (gray; SO4 is shown in sticks) and human NM23-H2 transcription

factor [cyan (chain E with bound 2′-deoxyguanosine-5′-monophosphate (DG) and 2′-deoxyadenosine-5′-monophosphate (DA)] and magenta [chain B with bound

2′-deoxyguanosine-5′-monophosphate (DG)] showing active site with residues of TgNDK shown in sticks and labeled in one-letter code. Equivalent residues of

human NM23-H2 transcription factor are displayed.

animal hosts. Protein sequences were analyzed by XtalPred and
final selection was also based on their crystallization feasibility
(Slabinski et al., 2007).

Phase III utilized the TDR Database (Anderson, 2009;
Crowther et al., 2010; Magariños et al., 2012). TDR integrated
and weighed candidate drug targets based on extensive
genetic, biochemical, pharmacologic, compound desirability
and computationally-predicted druggability characteristics.
Herein, 5 soluble enzymes were selected for further study.
The genes encoding these enzymes were cloned, proteins
expressed and purified, crystallized, and crystal structures were
determined (Figures 2–6). The crystal structures have been
deposited in the PDB database in accordance with CSGID

and NIH policies. PDB codes can be found in Figure 1 and
Table 2.

Phosphoglycerate Mutase II (PGM)
The crystal structure of a putative TgPGM1 was determined and
refined to 2.6 Å resolution (PDB 4odi) (Table 2 and Figure 2A).
The P21212 asymmetric unit comprises four PGM chains [∼0.4
Å root-mean-square-deviation (r.m.s.d.) over 240 Cα atoms]
assembled in two dimers with BSA of ∼1,900 Å2, while four
chains bury a surface area of∼ 6,800 Å2 (Figure 2A). Eleven salt
bridges, 15 hydrogen-bonded and 236 van derWaals interactions
hold the tetramer in place. A sodium ion-binding site (e.g.,
NA 301/A) was identified during structure refinement. Tyr155,
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FIGURE 4 | Crystal structure of TgRPE (A). Ribbon representation of TgRPE monomer (left side) colored blue (N-terminus) to red (C-terminus) and TgRPE dimer (right

side) (B). Pairwise structural alignment of TgRPE (gray; SO4 is shown in sticks and Zn2+ as green sphere) and human RPE with bound Fe2+ (yellow ribbon),

5-O-phosphono-D-xylulose (5SR; magenta ribbon), and ribulose-5-phosphate (5RP; cyan ribbon) showing active site with residues of TgRPE are shown in sticks and

labeled in one-letter code. Equivalent residues of human RPE are displayed.

Val158, and Asn160 coordinate NA 301/A. Residues 12–257
(chain A), 15–259 (chain B), 15–257 (chain C), and 17–248 (chain
D) are present in the deposited structure.

TgPGM has an α/β/α-sandwich domain that comprises
residues 12–107 and 169–257 (Figure 2A). The domain has a
six-stranded central β-sheet flanked by helices α1, α2, α3, α6,
α7, α8, and α9, and 310-helices η1 and η6. Residues 108–168
(helices α4 and α5, and four 310 helices; η2–η5) flank the α/β/α
domain without any defined folding motif (Figure 2B). Lys115
and Arg132 of this motif comprise a portion of the active site
and together with Arg25, His26, Asn32, Thr38, Glu104, Tyr107,
His199, and Asn201of the α/β/α domain shape the entrance to
the active site (Figure 2C). An interesting feature of the structure
is a “scorpion tail” segment (residues 136–168 belonging to 310-
helices η3, η4, and η5) that lies on top of the α/β/α domain
(Figure 2B). Position of this segment within the crystal lattice
suggests that it affects oligomerization and crystal packing. The
tip of the tail possesses the sodium ion-binding site.

The structure of the Plasmodium falciparum PGM (PfPGM;
PDB 3kkk; DOI: 10.2210/pdb3KKK/pdb) is the closest homolog
of TgPGM with estimated 75% sequence identity and ∼0.6 Å
r.m.s.d. over 229 Cα atoms. The structure of the homologous
bacterial enzyme from Burkholderia pseudomallei (PDB 3fdz;
67% sequence identity; r.m.s.d. ∼1.0 Å over 230 Cα atoms)
determined in the complex with (2R)-2,3-diphosphoglyceric
reveals that TgPGM possesses identical active site residues
with an essential phospho-acceptor residue His26 (Davies
et al., 2011). Preliminary validation of this active site in
Schrödinger SiteMap gave a favorable score of 0.98. Structural
alignment of BpPGM and TgPGM demonstrates significant
main- and side-chain conformational changes at the protein
active site that would most likely take place in TgPGM during
the interconversion of its substrate 3-phosphoglycerate to 2-
phosphoglycerate (Figure 2C). Conformational differences were
also observed for residues located on the tip of the scorpion-like
tail.
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FIGURE 5 | Crystal structure of TgRPI (A). Ribbon representation of TgRPI monomer (left side) colored blue (N-terminus) to red (C-terminus). Catalytic domain and

oligomerization domain of TgRPI with bound D-malate (MLT; sticks) and chloride ion (Cl−; green sphere) are shown on the right. (B). Unstable and stable TgRPI

dimers according to PISA prediction (C). Pairwise structural alignment of TgRPI (gray; MLT is shown in sticks and Cl− as green sphere) and TtRPI (cyan ribbon) with

bound arabinose 5-phosphate (A5P; sticks) showing active site with residues of TgRPI are shown in sticks and labeled in one-letter code. Equivalent residues of TtRPI

are displayed. Water molecules are shown as small red spheres.
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FIGURE 6 | Crystal structure of TgOAT (A). Ribbon representation of TgOAT monomer (left side) colored blue (N-terminus) to red (C-terminus). Catalytic and

N/C-termini domains with bound PLP are shown on the right (B). Dimer of TgOAT (C). Pairwise structural alignment of TgOAT (gray; PLP is shown in sticks) and hOAT

with bound PLP (cyan ribbon; PDB 1oat). Residues of TgOAT are shown in sticks and labeled in one-letter code. Equivalent lysine residues of hOAT are displayed.

Chain identifier in parentheses.

Nucleoside Diphosphate Kinase (NDK)
Crystal structures of a putative TgNDK were determined and
refined to 2.4 Å (PDB 4o0n) and 1.7 Å (PDB 5bxi) resolution

(Figure 3A and Table 2). Monomers in both TgNDK structures
are superimposed with ∼0.2–0.7 Å r.m.s.d. over 153 Cα atoms,
while monomers in 4o0n align with ∼0.2–0.7 Å r.m.s.d (153 Cα
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FIGURE 7 | (A) Schematic of Interaction Between vivoPMO and RNA. (B) Sequences for PMO. Sequences for all enzymes were designed to be complementary to

regions overlapping splice sites so as to prevent appropriate interaction between mRNA and the spliceosome predicted to lead to the production of a non-functional

protein product.

atoms) and monomers in 5bxi align with∼0.2–0.6 Å r.m.s.d (153
Cα atoms). In both structures, TgNDK forms a hexamer with an
average BSA of∼18,900 Å2 (Figure 3A). Comparison of TgNDK
with known crystal structures of homologs proteins suggests that
the TgNDK hexamer is likely a biologically functional assembly
(Min et al., 2002; Vieira et al., 2015).

Residues 156–160 (GENLY) of the C-terminal tag in chains
D and G only of the 5bxi structure were modeled, while they
are absent in all chains of the 4o0n structure. These residues
protrude to the solvent and make contacts with symmetry-
related hexamer. The side chain of Tyr160 is spatially positioned
in a nucleotide base-binding pocket of the active site of a
symmetry-related molecule (not shown). In addition, residues
56–64 (DLKGKPFFP; chain C of 5bxi) that belong to the C-
terminus of helix α3, 310 helix η1, η1–α4 loop, and the N-
terminus of helix α4 are disordered. This peptide stretch may
constitute a portion of a nucleotide base-binding pocket of
the active site. Superposition of all twelve chains in 5bxi and
4o0n structures revealed that this segment has similar secondary
structure conformations. Presumably, lack of favorable crystal
contacts resulted in its disorder in chain C of the 5bxi structure.

TgNDK adopts an α/β/α sandwich fold with four β strands
and eight surrounding α helices (Figure 3A). The putative active
site of TgNDK was identified based on a pairwise structural
alignment with the crystal structure of human NM23-H2
transcription factor in complex with the dinucleotide d(AG)
(PDB 3bbb; Dexheimer et al., 2009). The active site comprises
residues Lys14, Tyr54, Leu57, Lys60, Phe62, Leu66, Thr96,
Val114, and Gly115 (Figure 3B), where analysis by Schrödinger
SiteMap revealed a score of 0.99 (using PDB 4o0n), indicating

a “druggable” pocket. Crystals of TgNDK (PDB 4o0n) grew in
the presence of ammonium sulfate and, thus, several sulfate ions
were identified and modeled during refinement. Superposition
of TgNDK with the structure of human NM23-H2 transcription
factor (∼67% homology; ∼0.6 Å r.m.s.d. over 148 Cα atoms)
revealed that a sulfate ion (e.g., SO4 201/A) binds close to
a phosphate-binding pocket of the active site (Figure 3B). A
bicarbonate ion (e.g., BCT 201/A) was modeled at a similar
location in the 5bxi structure. Similar main- and side-chain
rearrangements of residues of the active site as seen in NM23-H2
are expected in TgNDK upon binding its substrate.

Ribulose Phosphate 3-Epimerase (RPE)
Crystal structure of TgRPE was determined and refined to 2.05
Å resolution (PDB 4nu7; Table 2 and Figure 4A). TgRPE adopts
an aldolase-type TIM-barrel α/β fold resembling homologous
RPEs. Four chains of TgRPE (∼0.3–0.5 Å r.m.s.d. over 225 Cα

atoms) in the H32 asymmetric unit form two dimers (A–C and
B–D; Figure 4A) each burying a surface area of ∼3,500 Å2. The
dimer is similar to one observed for known RPEs (Williamson
and Wood, 1966; Jelakovic et al., 2003; Caruthers et al., 2005;
Liang et al., 2011). Helices α1 and α2, and the β2–α2 and η1– α1
loops ofTgRPE comprise the dimer interface with 4 salt bridges, 8
hydrogen-bonded and 130 van der Waals contacts (e.g., between
chains A and C). PISA prediction and crystal packing analysis
revealed a hexameric assembly of TgRPE (BSA is∼13,300 Å2; not
shown) that has been reported previously for homologous RPEs
(Kopp et al., 1999; Wise et al., 2004; Akana et al., 2006).

A Zn2+ (e.g., ZN 303/A) ion was modeled per each chain of
TgRPE, with His37, Asp39, His71, Asp182 and a water molecule
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coordinating the metal (Figure 4B). Similar coordination has
been reported for D-xylulose 5-phosphate co-crystallized with
human RPE enzyme (PDB: 3ovr) (Liang et al., 2011) (Figure 4B).
PDBeFold identified human RPE as the closest homolog of
TgRPE (∼0.9 Å r.m.s.d. over 215 Cα atoms; 52% sequence
identity). The CheckMyMetal analysis identified that Co2+ and
Cu2+ may also bind in a similar position as zinc in TgRPE. It is
known that the RPE enzymes can utilize Fe2+, Co2+, and Mn2+

for catalysis (Jelakovic et al., 2003; Wise et al., 2004; Caruthers
et al., 2005; Akana et al., 2006; Liang et al., 2011). Residues of
the metal binding site are strictly conserved in the RPE enzymes.
Structural superposition revealed that Fe2+ in ferrous-, substrate-
and product-bound human RPE structures is ∼1.0 Å away from
the position of Zn2+ in TgRPE. We also compared TgRPE
structure with two other RPEs structures (PDBs 1tqx and 1h1z)
(Jelakovic et al., 2003; Caruthers et al., 2005) that have zinc and
SO2−

4 bound in similar locations as TgRPE. Positions of zinc and
side chains of the Zn2+-coordinating residues are similar in the
three compared structures (not shown). Other RPE structures
with bound Zn2+ and other than SO2−

4 ligands (e.g., PDBs 2fli,
3qc3, and 5umf) have similar positions of Zn2+ and side chains
of the metal-binding residues (Akana et al., 2006; Joint Center
for Structural Genomics, 2011; Dranow et al., 2017). Additional
experiments are needed to confirm the biological importance of
zinc in the TgRPE-based catalysis. This metal-binding region
was analyzed for “druggability” and scored 1.04 (Schrödinger
SiteMap).

Crystals of TgRPE grew in the presence of 500mM NaCl and
2M ammonium sulfate and, thus multiple sulfate and chloride
ions were modeled to interpret additional electron density.
Structure comparison analysis revealed that a sulfate ion (e.g.,
SO4 304/A) in TgRPE occupies the binding site of a phosphate
moiety of substrate or product observed in the structure of the
human RPE enzyme (PDBs 3ovq and 3ovr) (Figure 4B). In all
ligand-bound human RPE structures, a loop (e.g., the β6–α5 loop
in TgRPE) supports position of a ligand at the active site, i.e.,
moves from its ligand-free conformation to cap a ligand bound to
the enzyme. Thus, similar loop movement is expected for TgRPE
upon binding of the substrate, i.e., a ligand. Apparently, binding
of SO2−

4 sufficed the loop repositioning in TgRPE (Figure 4B).

Ribose 5-Phosphate Isomerase (RPI)
Crystal structure of a putative TgRPI was determined and
refined to 2.6 Å resolution with one protein molecule per
asymmetric unit (PDB 4nml; Figure 5A and Table 2). TgRPI
has a larger α/β/α sandwich catalytic domain (residues 1–127
and residues 225–259) with the Rossmann topology and a
smaller α/β sandwich oligomerization domain (residues 128–
224) (Figure 5A). Residues 180–186 between strand β8 and a 310-
helix (η3), Arg258, and Lys259 are absent in the structure due to
their disorder. BME was used in buffers during purification and
crystallization and is covalently linked to Cys82 in the structure.
One D-malate molecule and two chloride ions were modeled to
interpret additional electron density (Figures 5A,C). Applying
crystal symmetry operations PISA predicted that TgRPI might
exist as unstable dimer (BSA of ∼2,430 Å2) or stable dimer
(BSA of ∼3,340 Å2) in the crystal environment (Figure 5B).

Visualization of both dimers revealed that the first assembly is
held in place primarily by hydrogen-bonded interactions between
main-chain atoms of strand β13 of each monomer’s catalytic
domain (Figure 5B). The second dimer is stabilized by multiple
intramolecular contacts between residues from both TgRPI
domains. Homologous RPIs form similar stable dimers and, thus
stable TgRPI dimer may be considered biologically relevant.

PDBeFold identified several homologs of TgRPI, and we
used the crystal structure of RPI from Thermus thermophilus
(TtRPI; PDB 1uj6) (Hamada et al., 2003) determined in complex
with arabinose 5-phosphate to identify the active site of TgRPI
(Figure 5C). Both proteins share 45% sequence homology and
are superimposed with ∼1.0 Å r.m.s.d. over 218 Cα atoms. This
structural alignment revealed that D-malate and chloride ion
(e.g., CL 301/A) in TgRPI are bound in the protein’s active site,
mimicking parts of arabinose 5-phosphate in 1uj6 (Figure 5C).
D-malate makes hydrogen bonds with side chains of Lys8, Thr32,
and Thr33, and several van der Waals contacts with residues
of the phosphate-binding pocket of the active site (Schrödinger
SiteMap score 0.97). CL 301/A is bound in the oxyanion hole
of the active site and coordinated by main-chain nitrogen atoms
of Gly105 and Ala107, side chain carboxyl group of Glu111,
and two water molecules, HOH 415 and HOH 433 (Figure 5C).
The second chloride ion (e.g., CL 302/A) in TgRPI binds near
disordered residues 179–185 and makes bonds with main-chain
nitrogen atoms of Phe172 and Ile190, and the ε-amino group of
Lys154 (not shown).

The catalytic domain of homologous RPIs align well, while the
oligomerization domain has some distinct structural differences
among various species. For example, a peptide stretch between
residues Leu160 and Arg169 of the oligomerization domain
of TgRPI is longer than the equivalent region in TtRPI. In the
TgRPI, structure this segment is helix α6. We have found that
a similar helical element is present in E. coli RPI (Zhang et al.,
2003) (PDB 1o8b; 45% sequence homology; ∼1.4 Å r.m.s.d.
over 164 Cα atoms) and P. falciparum RPI (Holmes et al., 2006)
(PDB 2f8m; 45% sequence homology; ∼1.1 Å r.m.s.d. over 233
Cα atoms). Another example, strands β8 and β9 in TgRPI are
separated by a 310-helix (η3) and disordered residues 179–185,
while similar region in TtRPI, EcRPI, and PfRPI is shorter,
ordered, and extends toward the N-terminus of helix α4 of the
superimposed TgRPI. Thus, η3 and residues 179–185 seem to be
unique to TgRPI. Its length, proximity to the phosphate-binding
pocket, and potential flexibility suggest that it may participate in
the catalysis.

Ornithine Aminotransferase (OAT)
The crystal structure of TgOAT in complex with pyrodoxal-5′-
phosphate (PLP) was determined at 1.2 Å resolution (PDB 4nog;
Figure 6A and Table 2) and contains two protein chains in the
asymmetric unit (∼0.3 Å r.m.s.d. over 422 Cα atoms) that form a
well-studied functional dimer with BSA of∼5,770 Å2 (Shah et al.,
1997; Shen et al., 1998; Markova et al., 2005; Vedadi et al., 2007;
Jortzik et al., 2010) (Figure 6B). Each monomer has a mixed α/β
structural fold and consists of the cofactor PLP-binding domain
(residues 87–336), an N-terminal domain (residues 17–86),
and a C-terminal domain (residues 337–441) (Figure 6A). The
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PLP-binding domain comprises the eight-stranded central β-
sheet linked to 10 α-helices and 4 short α-helical segments. The
N- and C-terminal domain comprises three α-helices bounded
to a β-sheet of three and four β strands, respectively. The
difference between TgOATmonomers is observed at the position
of N-terminal α-helix and is likely affected by crystal packing.
BME used in the protein buffer solutions forms a covalent
bond to Cys353 in both TgOAT monomers. One 1,3,5-Tris(4-
carboxyphenyl)benzene (BTB), polyethylene glycol (PEG) and
acetate (ACT) molecule were modeled to interpret additional
electron density in chain B.

The dimerization interface is primarily formed between
residues of the PLP-binding and N-terminal domains of TgOAT.
The dimer is held by 3 salt bridges, Cys96–Cys96 disulfide
bond, 63 hydrogen bonds and 782 van der Waals interactions.
The TgOAT dimer bears structural similarities to homologous
enzymes from the aminotransferase class-III protein family
(Christen and Metzler, 1985; Mehta et al., 1993) and, thus,
may be considered biologically relevant. The list of homologous
structures with sequence identity >40% encloses structure of
OAT from human (r.m.s.d. ∼0.9 Å over 404 Cα atoms) (Shah
et al., 1997; Storici et al., 1999), OAT from P. falciparum (r.m.s.d.
∼1.2 Å over 384 Cα atoms) (Vedadi et al., 2007; Jortzik et al.,
2010) and OAT from P. yoelii (r.m.s.d. ∼1.0 Å over 369 Cα

atoms) (Vedadi et al., 2007). Among structures with similar
secondary structure fold and high r.m.s.d. value (∼1.9 Å over
395 Cα atoms) is the structure of GABA-OAT from E. coli
with sequence identity 31%. Recent reports indicate that TgOAT
shows a dual N-acetyl-ornithine (AcOrn) and γ-aminobutyric
acid (GABA) transaminase activity and may function in both
arginine and GABA metabolism (Astegno et al., 2017).

The cofactor-binding domain of TgOAT non-covalently binds
PLP molecule, i.e., PLP does not form the Schiff base with
conserve Lys286 (Figures 6A,C). Similarly to homologous OAT
structures obtained in complex with the cofactor (Shah et al.,
1997; Shen et al., 1998; Storici et al., 1999; Vedadi et al., 2007;
Jortzik et al., 2010), PLP interacts with Thr135, Gly136, Ala137,
Tyr171, Trp172, Glu224, Asp257, Ile259, Gln260, Lys286, Ser315,
and Thr316 (Figure 6C). Most of these residues are highly
conserved among TgOAT homologs and represent a viable,
“druggable” pocket (SiteMap score 1.03).

In vitro Studies of Targeted VivoPMO on
T. gondii Replication
HFFs were infected with YFP-expressing T. gondii tachyzoites
and treated with vivoPMOs targeted against all five enzymes
of interest. When treated at 10µM concentrations, each
morpholino resulted in approximately 50% reduction in
fluorescence in vitro (between 44% for PGM-targeted vivoPMO
to 56% reduction for OAT-targeted vivoPMO). This was
compared to the off-target, control morpholino, which resulted
in <10% fluorescence reduction. When compared statistically
using student T-test, levels of fluorescence in vitro were
statistically decreased (p < 0.05) when treating with targeted
vivoPMO relative to untreated fibroblasts infected with 2000
YFP-expressing tachyzoites as well as when compared to
infected cells treated with off-targetmorpholino. A representative
experiment showing these findings is in Figure 8A. Data

FIGURE 8 | (A) YFP/vivoPMO Efficacy Assay at 10µM. Targeted vivoPMOs

show statistically significant knockdown relative to off-target and to a

standardized parasite concentration as determined by student t-test. (B)

Wst-1 Cell Viability/ vivoPMO Toxicity Assay at 10µM. Targeted vivoPMOs do

not show statistically significantly (p < 0.05 by student T-test) different levels of

optical density relative to off-target vivoPMO or uninfected fibroblasts at 10µM

concentrations. (C) Ratio of On- to Off-Target vivoPMO for Replicate

Experiments Using 10µM of Targeted vivoPMO. The data presented here

represent five replicate experiments. Lower individual values suggest a larger

effect of the morpholino.

from all replicate experiments of the morpholino efficacy
assays, as well as statistical calculations and ratios reflecting
efficacy of targeted morpholino to off-target can be found in
Supplementary Table 1.

To confirm that these findings of decreased fluorescence
in vitro was not secondary to host-cell toxicity from the
vivoPMOs, a WST-1 assay was used. HFFs treated with
10µM concentrations of enzyme-targeted vivoPMOs were
statistically indistinguishable (p > 0.05) from untreated cells
by Student T-test. Toxicity was demonstrated at higher
vivoPMO concentrations of 20µM. A representative experiment
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demonstrating the absence of host-cell toxicity with vivoPMO
treatment at 10µM is in Figure 8B.

The ratio of targeted to off-target vivoPMO are displayed
in Figure 8C. This is shown for five replicate experiments
(Supplementary Table 1). This demonstrates that, in cultures
treated with on-target vivoPMO, parasitic replication was
reduced.

These findings were compared with the effect on tachyzoites
in a previously published full genome screen using CRISPR/Cas9
(Sidik et al., 2016). Three of the target proteins (TgPGM,
TgRPE, and TgRPI) that had a significantly reduced replication
phenotype in tachyzoites caused by vivoPMO knockdown
were found to contribute to parasite fitness when studied
using CRISPR/Cas9. The CRISPR/Cas9 data was annotated
and graphically presented in ToxoTB (http://toxodb.org/toxo).
TgPGM, TgRPE, and TgRPI show negative phenotypic/fitness
scores (−4.45,−0.31,−1.92, respectively) suggesting essentiality.
TgOAT appeared dispensable (fitness score of +1.2) in the
tachyzoite CRISPR/Cas9 assays consistent with TgOAT appeared
to be expressed predominantly in the oocyst stage (ToxoDB).
TgNDK (+2.45) also appeared to be dispensable in tachyzoites.

Immunofluorescence Assay
Recombinant protein for the five targets was also used to produce
antibodies in mice, which were used for immunostaining
to determine expression patterns within the parasite.
Immunolocalization was not successful with tachyzoites of
Toxoplasma for four of the five enzymes. For NDK, enzyme was
present in a granular pattern in the cytoplasm of tachyzoites,
located around the perimeter of the parasite and the posterior
part of the parasite. This can be seen in Figure 9.

DISCUSSION

The work characterized herein presents a detailed
characterization of enzyme structure that can be used
for modeling inhibitors of these targets and also presents
approaches for studying target phenotype with vivoPMO and
CRISPR/Cas9 which in combination develops a system to move
forward candidate targets (Figure 10). The targeted vivoPMOs
demonstrated statistically significant perturbation of parasitic
replication when compared to off-target morpholinos, without
concomitant host-cell toxicity, confirmed for some of these
with CRISPR/CAS9 screen. Inhibition of target enzymatic
function via small molecules or anti-sense might be a novel
therapeutic modality, should such small molecules exist.
Given the current limitations of anti-parasitic medicines for
the treatment of toxoplasmosis, new pharmacotherapy is of
significant interest. The multi-step approach, detailed here, of
in vitro inhibition through anti-sense techniques accompanied
by detailed structural characterization to identify possible
exploitable differences between host and parasite enzymes.
Confirmation by referring to a recently published CRISPR/Cas9-
based analysis, can also help to suggest importance of targets in
T. gondii tachyzoites (Sidik et al., 2016). This provides another
level of evidence that particular targets may be important for
the parasites replication. This approach was performed for
each of five enzymes identified as having potential biologic

importance and with favorable predicted druggability using
the TDR methodology. This favorable druggability was also
confirmed with in silico modeling using Schrödinger SiteMap,
which indicated each target demonstrated “druggable” pockets.
Each enzyme will be considered sequentially hereafter.

Phosphoglycerate mutase II, an enzyme at the core of
the glycolytic pathway, catalyzes the transition from 3-
phosphoglycerate to 2-phosphoglycerate, an important
preparatory step upstream of enolase and pyruvate kinase.
Although little work had been done on this Apicomplexan
enzyme as a potential drug target, we inferred that interrupting
glycolysis would prevent the production of pyruvate by
glycolysis, and thereby reduce input into the Kreb’s Cycle.
This, in turn, will reduce the number of electron carrying
compounds (NADH, FADH2), which would markedly reduce
ATP production. Interestingly, glycolysis has been targeted
successfully in other parasites, and also has been demonstrated
to have importance to host cell egress, as well as maintenance
of energy reserves when the parasite is found outside of host
cells (Ananvoranich et al., 2006; Fleige et al., 2007; Pomel et al.,
2008; Lin et al., 2011; Singh et al., 2013). These observations,
coupled with our own, are consistent with the observed effect
on parasite replication. It appears that putative inhibitors could
make this a robust tachyzoite molecular target with a compound
easily available to test. With the present crystal structure, further
structure-based molecular design approaches (such as virtual
screening) is possible given the favorable SiteMap score (0.98).

Nucleotide diphosphate kinase catalyzes the movement
of phosphate from a nucleoside triphosphate to a nucleoside
diphosphate (e.g., GTP + ADP –> GDP + ATP). Naturally,
disruption of this process could have an impact on the energy
economy within the parasite, as ATP would not be available
for important cellular tasks related to DNA replication and
the production of more parasites. Additionally, this is a stress
kinase, and thus its impact on the stressed organism (through
a tetracycline-dependent gene expression construct, RPS-13)
would be useful to explore. An immunofluorescence assay
revealed peripheral and posterior concentration of staining.
Interestingly, another intracellular pathogen, Leishmania
amazonensis, has been shown to secrete NDK to prevent
host-cell autolysis (Kolli et al., 2008). It would be of interest
to determine whether this enzyme plays a similar role in
Apicomplexans like T. gondii. Of note, NDK inhibition by
candidate compounds has been demonstrated to have efficacy
against certain species of Leishmania in vitro (Vieira et al.,
2015; Mishra et al., 2017). Crystal structure of TgNDK suggests
that the protein forms a hexamer with conserved nucleotide
binding sites. Pairwise structural alignment revealed that active
site of TgNDK may undergo similar conformational changes
as its closest homolog, humanNM23-H2 transcription factor
(Figure 3B). High structural homology to human transcription
factor (NM23-H2) in the residues in the catalytic site indicate
that selective inhibitors that do not act on human NM23-H2 will
be needed. Possible strategies that will facilitate such selectivity
include antisense, CRISPR, aptamer-based approaches where
the DNA/RNA sequences are divergent, among others. When
the dinucleotide is present in the active site, the residues in
both Tg and Hs structures have similar side chain orientations
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FIGURE 9 | Immunofluorescence Assay. This series of images depict the localization of nucleoside diphosphate kinase, one of the molecular targets herein discussed.

Note the concentration of red fluorescence at the periphery of the parasite. This is consistent with the localization of secreted proteins like Gra1, suggesting that NDK

could be secreted by the parasite. This has precedents in other pathogens, including M. tuberculosis and Leishmania.

FIGURE 10 | Summary figure showing the T. gondii drug discovery pipeline as described herein. The TDR Database provided important initial insights into potentially

important parasite proteins (Agüero et al., 2008; Magariños et al., 2012). Identification of proteins amenable to crystallographic analysis, solution of their structures,

abrogation with vivoPMO and confirmation of essentiality by querying the CRISPR/Cas9 database completed the pathway, identifying enriched targets with improved

therapeutic potential.

(Figure 3B), suggesting inhibitor selectivity between the species
might be difficult to achieve. On the other hand, when the
dinucleotide is absent, the active site loop comprising of
residues G59-F62 (Tg numbering) is shifted significantly (3–4
Å) between species. Additionally, TgNDK residue K60 is residue
R58 in the human ortholog, offering different hydrogen-bond
capacities to putative ligands. These observations suggest

opportunities for the selective design of TgNDK inhibitors
using structure-based molecular modeling techniques. Wang
et al. reported selective NM23-H2 (human ortholog) inhibitors
based on an isaindigotone scaffold (Wang et al., 2017). These
compounds were subjected to molecular docking studies and
were predicted to bind to the dinucleotide pocket. More so,
they offer an obvious starting point for biological evaluation in
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in vitro parasite models and the subsequent design of selective
TgNDK chemical probes/ligands.

The next two enzymes, due to their sequential placement
within the pentose-phosphate pathway, should be considered
together. Ribulose phosphate 3-epimerase functions in the
conversion of ribulose-5-phosphate into xylulose-5-phosphate,
which is a reaction in the Calvin cycle. It is just downstream
of the next target enzyme, ribose-5-phosphate isomerase, and
is important for the development of a pool of NADPH, as
well as in the pentose phosphate pathway that can convert
monosaccharides like glucose into nucleotide precursor pentose
sugars. This pathway has been of interest in targeting various
organisms, including P. falciparum and Trypanosoma cruzi
(Barrett, 1997; Bozdech and Ginsburg, 2005; Igoillo-Esteve et al.,
2007). The biology of RPE has proven to be of particular interest
in T. cruzi (Gonzalez et al., 2017). Indeed, the structure of RPE
had already been characterized in P. falciparum (Caruthers et al.,
2005). Determined crystal structure of TgRPE revealed that
Zn2+ binds in a putative active site. In addition, the presence
of SO2−

4 in the active site induces the β6–α5 loop to move from
its presumed apo conformation in the absence of ligand, as
seen in the human RPE homolog, to holo conformation in the
ligand bound state (Figure 4B). Ribose-5-phosphate isomerase
is the enzyme in the pentose phosphate pathway just upstream
of ribulose phosphate 3-epimerase, and it has similar functions,
though it catalyzes the transition from ribose-5-phosphate to
ribulose-5-phosphate. It has been identified as a potential drug
target in P. falciparum, one of the causative agents of malaria,
due to its necessity in creating nucleotide precursors for DNA
synthesis and for maintaining a large pool of NADPH for rapid
replication and the metabolism necessary for the maintenance
thereof (Holmes et al., 2006). It has also been of interest and
targeted in Mycobacterium tuberculosis where inhibitors have
been identified (Roos et al., 2005). Additionally, this pathway
has been suggested as a drug target in trypanosomes, with
identified compounds and multiple mechanisms of inhibition
having been demonstrated, with current patents existing (de V.
C. Sinatti et al., 2017). Perhaps the most interesting feature of the
determined crystal structure of TgRPI is the disordered region
between residues 179–185 that comprises a part of what may
appear to be an active site loop. These residues and 310-helix
η3 are unique to TgRPI and might be important for catalysis
(Figure 5A).

Ornithine aminotransferase, the final enzyme considered
herein, is an enzyme involved in the urea cycle, TCA
cycle, polyamine synthesis, and other pathways. It catalyzes
a reversible reaction allowing interconversion of intermediates
from ornithine to amino acids. Other enzymes which act in this
pathway have been suggested as potential drug targets, and it
is critical for maintaining proper amounts of free amino acids,
so it was a good candidate for further study. Herein we found
a modest phenotype on replication but raised antibody did not
immunostain tachyzoites. Ornithine aminotransferase will be
studied further in the future to resolve some of these questions
and attempt to develop effective inhibitors, were it to prove
to be essential. Structural analysis reveals that TgOAT shares
similar structural folds to known OAT enzymes (Figure 6). We
have identified that TgOAT shares a conserved cofactor and

substrate-binding site with its closest homolog human GABA-
AT. To gain insights into function of TgOAT, we attempted
to crystallize this enzyme with several different inhibitors and
inactivators. As a result, three additional crystal structures of
TgOAT in complex with gabaculine (a potent inhibitor of human
GABA-AT) and (S)-4-amino-5-fluoropentanoic acid have been
determined (PDBs 5DJ9, 5E5I, and 5E3K). Therefore, we have
performed a full kinetic and structural analysis. The details of the
structure, substrate binding site, kinetic mechanism and function
of TgOAT will be described in our subsequent works.

Our approach described herein is a productive way to
identify molecular targets and could potentially be useful for
identifying small molecule inhibitors. In silico analysis of each
enzyme’s surface pockets/active sites suggest “druggable” areas
for binding of putative small molecules. The recent discovery
that CRISPR/Cas9 has future potential for treating HIV (Yin
et al., 2017) also raises the possibility that expression of simply
validated molecular targets can be eliminated by CRISPR/Cas9.
SiRNA is another possible therapeutic modality, and is being
studied in several infectious diseases, including Hepatitis C,
Ebola, and viral encephalitis, among others (Kumar et al., 2006;
Wan et al., 2014; Watanabe et al., 2014; Thi et al., 2015). As
our studies suggest, vivoPMO inhibited T. gondii replication;
antisense PMO is, therefore, another potential therapeutic
modality that might effectively treat parasitic infection. The
data presented in Figure 8 and CRISPR/Cas9 screen suggest
a phenotype for TgPGM, TgRPE, and TgRPI, but do not
yet prove the targets are essential. With confirmation in the
future, vivoPMO-based therapy with a less toxic molecular
transporter has promise. The safety of PMO is well-documented
in several clinical trials in treating genetic, cardiovascular, and
infectious diseases including Duchenne muscular dystrophy
(DMD), restenosis, and Marburg and Ebola hemorrhagic fevers
(Kipshidze et al., 2007; Kinali et al., 2009; Cirak et al., 2011;
Heald et al., 2014). It has even shown efficacy against a relative
of T. gondii, the causative agent of malaria, P. falciparum
(Augagneur et al., 2012). Eteplirsen (ExonDys51) is an FDA-
approved PMO drug for treatment of DMD in patients who have
confirmed mutation of the DMD gene that is amenable to exon
51 skipping. A clinical trial is underway using a cell-penetrating
peptide conjugated eteplirsen (the PPMO technology) to increase
intracellular delivery of eteplirsen for greater efficacy, lower
dose and less frequent dosing (clincialtrials.gov: NCT03375255).
With the advent of novel modalities, including antisense and
small molecule inhibition, for the treatment of both active and
latent infection, it may be possible to eradicate human T. gondii
infection, and the successes achieved by physicians and scientists
in combatting smallpox and dracunculiasis might extend to
toxoplasmosis as well.
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Fresh aqueous extracts (AGEs) and several thioallyl compounds (TACs) from garlic

have an important antimicrobial activity that likely involves their interaction with exposed

thiol groups at single aminoacids or target proteins. Since these groups are present in

Giardia duodenalis trophozoites, in this work we evaluated the anti-giardial activity of

AGE and several garlic’s TACs. In vitro susceptibility assays showed that AGE affected

trophozoite viability initially by a mechanism impairing cell integrity and oxidoreductase

activities while diesterase activities were abrogated at higher AGE concentrations. The

giardicidal activities of seven TACs were related to the molecular descriptor HOMO

(Highest Occupied Molecular Orbital) energy and with their capacity to modify the –SH

groups exposed in giardial proteins. Interestingly, the activity of several cysteine proteases

in trophozoite lysates was inhibited by representative TACs as well as the cytopathic

effect of the virulence factor giardipain-1. Of these, allicin showed the highest anti-giardial

activity, the lower HOMO value, the highest thiol-modifying activity and the greatest

inhibition of cysteine proteases. Allicin had a cytolytic mechanism in trophozoites with

subsequent impairment of diesterase and oxidoreductase activities in a similar way to

AGE. In addition, by electron microscopy a marked destruction of plasmamembrane and

endomembranes was observed in allicin-treated trophozoites while cytoskeletal elements

were not affected. In further flow cytometry analyses pro-apoptotic effects of allicin

concomitant to partial cell cycle arrest at G2 phase with the absence of oxidative stress

were observed. In experimental infections of gerbils, the intragastric administration of

AGE or allicin decreased parasite numbers and eliminated trophozoites in experimentally

infected animals, respectively. These data suggest a potential use of TACs from garlic

againstG. duodenalis and in the treatment of giardiasis along with their additional benefits

in the host’s health.
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INTRODUCTION

Giardiasis is the intestinal parasitosis of highest incidence in
developed countries with a global distribution of 280 million
cases per year. Nearly 200 million people with symptomatic
infections have been reported in Asia, Africa and Latin America
where some 500,000 new cases per year are reported (Adam,
2001; Lane and Lloyd, 2002; WHO, 2006). Infection initiates
when a vertebrate host consumes water or food containing
infective cysts of Giardia duodenalis (syn. Giardia lamblia,
Giardia intestinalis) and in the acidic gastric environment
excystation is induced releasing excyzoites that divide to form
trophozoites. These latter adhere to duodenum and jejunum
epithelia triggering the pathogenic onset associated to giardiasis.
At jejunum-ileum lumen trophozoites are exposed to high bile
and low cholesterol concentrations at a slightly alkaline pH
conditions that induce encystation. Cysts are shed in feces where
theymature and remain viable for long periods of time until these
are ingested by a new host. This infection may be symptomatic
with acute signals characterized by diarrhea and abdominal
complaints that may lead to malabsorption syndrome eventually
associated to chronic outcomes. However, asymptomatic carriers
have been found as a major group in hyperendemic areas
(Redlinger et al., 2002).

The main strategy for the control of infections caused by
G. duodenalis, comprises the use of a variety of antimicrobial
drugs including acridines, (quinacrine), aminoglycosides
(paromomycin) and most commonly drugs uses are 5-
nitroheterocyclic compounds [metronidazole (MTZ),
furazolidone, and nitazoxanide] and benzimidazoles
[albendazole (ABZ) and mebendazole]. Most of these drugs
have mild-to-severe secondary effects (revised by Gardner
and Hill, 2001). Further, the use of sublethal concentrations
of antigiardial drugs in vitro or suboptimal therapy regimes,
which include single-dose regimes of benzimidazoles given
in communitarian programs to deworm children in endemic
localities, may derive into selection of drug resistant parasites
and increased incidences of giardiasis (Northrop-Clewes et al.,
2001; Argüello-García et al., 2004). Thereby a better knowledge
of therapeutic targets in Giardia is needed to develop more
effective drugs for the treatment of giardiasis. In this context,
compounds derived from natural products such as garlic (Allium
sativum L.), may be considered as promising and alternative
perspective for treatment of giardiasis (Anthony et al., 2005).

Garlic, a perennial crop common in the human diet, has
been used since ancient times in folk medicine of different
cultures as a panacea. Likewise aqueous and oil extracts of
garlic bulbs provide benefits in the prevention and treatment
of gastrointestinal disorders including carcinogenesis and some
infections (Ankri and Mirelman, 1999; Anthony et al., 2005;
Bhagyalakshmi et al., 2007), however the basis of its effectiveness
have not yet been completely unraveled. In this context, there
are reports on the anti-tumoral activities of a number of
organosulfur compounds contained or derived from garlic.
This is most likely due to the modulatory activity of these
compounds on carcinogen metabolizing enzymes combined with
the pro-apoptotic, antioxidant and radical scavenging properties

(Milner, 2001; Yang et al., 2001; Argüello-García et al., 2010;
De Gianni and Fimognari, 2015). Also, garlic compounds were
reported to have a direct activity against bacterial, protozoan,
fungal and viral pathogens (reviewed by Bhagyalakshmi et al.,
2007). Although this broad antimicrobial activity is not readily
explained by the aforementioned activities, there is accumulating
evidence that organosulfur compounds are able to interact with
highly reactive or unshielded thiol moieties of target proteins
or aminoacids (e.g., enzymes or cysteine, respectively) forming
the corresponding thioallyl adducts (R-SCH2CHCH2), an event
potentially life threatening for the cell. Components from
garlic that may be involved on these thiol-disulphide exchange
reactions are the thioallyl compounds (TACs) that include S-allyl
cysteine (obtained by long-time organic fermentation of whole
bulbs in ethanolic solutions), allyl thiosulfinates (e.g., allicin,
obtained by crushing o macerating bulbs in water) and some
products of allicin decomposition (allyl sulfides and ajoenes)
(Lawson and Wang, 1993; Rabinkov et al., 1998; Gallwitz et al.,
1999; Gupta and Porter, 2001; Pinto et al., 2006).

Garlic has been shown to have an effect in children suffering
from giardiasis when used at 1:20 dilutions of aqueous extract
in 2 doses per day for 3 days (Soffar and Mokhtar, 1991)
and in vitro studies have shown that whole garlic extract
and allyl alcohol have an effect on the physiology of Giardia
trophozoites. These include cell surface rigidity, adhesion,
flagellar activity, cytoskeletal components, and endomembrane
elements (vesicles and vacuoles) while allyl mercaptan (AM, a
TAC) preferentially induced vesicle distension and cell swelling,
possibly related to a primary effect onmembrane osmoregulation
(Harris et al., 2000). Based on these observations it is likely
that several garlic components do have different electivity in
G. duodenalis trophozoites, however the mechanisms involved
in their giardicidal activity are still undefined. Although this
microaerophilic protozoan is devoid of glutathione as major non-
protein thiol,Giardia possesses a plethora of cysteine-rich surface
proteins, cysteine-type proteinases and other sulfur-containing
intracellular proteins (Ali and Nozaki, 2007) that may be targets
of TACs. In this work, we carried out an analysis on the
structure-activity relationship (SAR), mode of action and efficacy
in experimental giardiasis of representative TACs from garlic.

MATERIALS AND METHODS

Parasites
G. duodenalis trophozoites from the WB strain (ATCC #
30957) were axenically cultured in modified Diamond’s TYI-S-33
medium (Keister, 1983) without bile at 37◦C. Cell harvests were
carried out by chilling flasks at the log phase of growth reached
after 72–96 h routine subcultures. Detached trophozoites were
either directly counted in a haemocytometer or washed 3 times
with phosphate buffer saline (PBS) prior to counting and the cell
number was adjusted as required in the assays.

Garlic Extracts and Compounds
Fresh, aqueous garlic extract (AGE) was prepared by crushing
peeled, chopped and weighed garlic bulbs (A. sativum L.) in
distilled water (0.1 g/mL) at pH 6.5 using a mortar. After
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resting for 10min, homogenate was filtered through a 0.45µM
pore size MilliporeTM membrane. The filtrate was recovered
and used at the required concentrations. Regarding the garlic
components the following compounds were used: alliin (S-allyl
cysteine sulphoxide, ALI), diallyl sulfide (DAS) and dipropyl
sulfide (DPS) from Fluka Chemika AG (Buchs, Switzerland);
diallyl disulphide (DADS), dipropyl disulphide (DPDS), allyl
methyl sulfide (AMS) and allyl mercaptan (AM) from Aldrich
Chem. Co. (Milwaukee, WI, USA); methyl methanethiosulfonate
(MMTS) and sodium p-hydroxymercuribenzoate (pHMB) from
Sigma Chem. Co. (St. Louis, MO, USA); S-allyl-L-cysteine (SAC)
from TCI (Tokyo Kasei Kogyo Co., Tokyo, Japan) and diallyl
trisulfide (DATS) from MP Biomedicals Inc. (Solon, OH, USA).
Allicin (diallyl thiosulfinate, ALC) was obtained by oxidation
of DADS using the protocol originally reported by Lawson
(Lawson, 1996; Argüello-García et al., 2010). In this, 1 g DADS
was dissolved in 5mL acetic acid under stirring on an ice bath.
Hydrogen peroxide (1.5mL, 30% v/v) was added stepwise and the
reaction was allowed to proceed for 30min. Then, the reaction
was kept at 13◦C for 20min then it was placed on an ice bath
for 5 h to minimize the content of remaining DADS. Reaction
was stopped by adding 15mL distilled water at pH 6.5 and it was
extracted with 30mL dichloromethane. Acetic acid was removed
by 5 extractions with 5% (w/v) sodium bicarbonate (20mL each)
then by 3 extractions with distilled water (20mL each). The
solvent was left to evaporate until yellowish oil (ALC, yield of
∼600–800 µL per assay) was obtained. For stabilization and
storage of ALC, the oily product was resuspended in water at
1.5% (w/v) and kept in 1mL aliquots at −70◦C until analyzed
and used. Under these conditions, ALC retained its full activity
for up to 6 months. The identification of ALC was performed
by Nuclear Magnetic Resonance (13C- and 1H-spectra) using a
Jeol EclipseTM spectrometer with deuterated carbon trichloride
(CDCl3) as solvent and tetramethylsilane as reference solution.
Chemical shifts were recorded in ppm at 300 MHz in a Brucker
system. Purity of ALC was determined by High Performance
Liquid Chromatography (Waters model 996 coupled to a pump
Waters model 600) using 4.6 × 250mm SpherisorbTM columns
(10µM particle size), mobile phase 30% methanol:70% water,
flow rate 0.4 mL/min and UV detection at 254 nm, rendering an
average time retention of 3.61min and a mean purity of 90–92%
for synthetic allicin.

In vitro Susceptibility Assays
When complete TYI-S-33 medium (final cysteine
concentration = 12.4mM) was used, it was no older than
10 days to avoid cysteine oxidation. In these assays, 1 × 106

trophozoites were exposed to increasing concentrations of AGE
or TACs for 24 h at 37◦C in 4.5mL screw-capped vials. Positive
controls included trophozoites treated with metronidazole at
3.0 and 5.9µM (corresponding to its IC50 and MLC; Argüello-
García et al., 2004) and as a negative control for the vehicle, 20µL
distilled water, pH 6.5 were included in all experiments to discard
significant variabilities in standard drug susceptibility of the WB
strain used in this study. Parasites were harvested and counted
and trophozoite’s viability was determined by physiological
methods to determine the growth capacity of trophozoites

after drug exposure (subculture in liquid medium SCLM)] or
trophozoite and membrane integrity [direct cell count (DCC)
and trypan blue exclusion (TBE), respectively]. Also, enzyme
activity–based methods were used and these included fluorescein
diacetate-propidium iodide staining (FDA-PI) that relies on the
ability of cellular esterases in living cells to hydrolyse FDA into
fluorescein while PI form complexes with nucleic acids of dead
cells (Breeuwer et al., 1995); the 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2-H-tetrazolium bromide (MTT) reduction assay
that is based on the crystallyzation of the formazan derivative
of MTT in living cells by the action of cellular oxidoreductases
(NAD(P)H-dependent dehydrogenases, reductases) (Liu et al.,
1997). All these protocols have been described elsewhere
(Argüello-García et al., 2004) except that DCC values were
calculated from total cell numbers of compound-exposed
trophozoites divided by the initial trophozoites’ inoculum (1 ×

106) and TBEwas performed by incubating PBS-washed parasites
in a trypan blue solution (0.4% [w/v] final concentration) for
5min at room temperature followed by microscopic count
of “stained” (non-viable) parasites. As reference, the “gold
standard” method (SCLM) consisted in the back growth of 1 ×

105 parasites for 48 h at 37◦C after exposure to compounds and
the interpolation of cell counts into a standard growth curve run
in parallel using increasing number of parasites (5,000–250,000)
non exposed to any drug.

In each method, the inhibitory concentration at 50% (IC50)
and the minimal lethal concentration (MLC) corresponding to
the lower concentration of compound that caused mortality
in all cells were calculated using the concentration-viability
curves in which the minimal-square method was used. Statistical
significance between the data obtained in two or more
experiments was determined by paired, two-tailed t-Student’s test
(Microsoft ExcelTM).

Electron Microscopy Studies
Trophozoites were exposed to TACs in two ways: under
long (24 h, standard toxicity) and short (3 h, acute toxicity)
incubations at 37◦C using concentrations corresponding to the
experimental MLC (as determined at 24 h) and twofold the
MLC, respectively. For scanning electron microscopy, PBS-
washed parasites were fixed with 2.5% glutaraldehyde in 0.1M
sodium cacodylate buffer, pH 7.2, dehydrated under increasing
concentrations of ethanol, critical-point dried using a Samdri
apparatus, gold coated in an ion sputtering device (JEOL-
JFC-1100), and examined with a JEOL 35-C scanning electron
microscope. In transmission electron microscopy (TEM) studies,
washed cells were fixed with 2.5% glutaraldehyde and post-
fixed with 1% osmium tetroxide in cacodylate buffer. Following
sequential dehydration in ethanol, samples were embedded with
epoxy resins. Thin sections were observed in a JEOL 100-SX
transmission electron microscope.

SAR Analyses
The values of four electronic and two molecular transport
(absorption prediction) descriptors have been previously
determined for most TAC used herein (see Table 2 in Argüello-
García et al., 2010). Briefly, the chemical structures of the
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ten compounds were constructed using Chemdraw Ultra 8.0
software (Cambridge soft Corp. Cambridge, MA, USA) and
imported into SPARTAN’04 package (Wave function Inc. Irvine,
CA, USA). The ab initio approach was used in this software to
minimize structures and obtain equilibrium geometry in vacuo
using the semi-empirical AM1module. Thus, theminimal energy
conformations (Boltzmann conformers) of each compound were
obtained by default parameters in order to determine values for
electronic properties that included HOMO (highest occupied
molecular orbital, EHOMO) and LUMO (lowest unoccupied
molecular orbital, ELUMO) eigen values, dipole moment (Debye)
and total energy (ETOTAL). Regarding the two descriptors related
to absorption prediction, the octanol/water partition coefficient
(log Poct) values were retrieved from other studies while the
molecular polar surface area (PSA) was calculated following
the fragment-based contribution procedure. The relationship
between the values of each of these molecular descriptors and the
giardicidal activity (expressed as MLC values) were determined
by multiple regression analysis (MLR) using the 16.0.18 version
of Statgraphics Centurion XVI software.

Thiol-Modifying Activity of TACs
The technique reported by Lawson and Wang (1993) was
followed. In these assays trophozoites were collected from
60mL flasks, washed 3 times with PBS and resuspended in
500 µL PBS containing a 1:12.5 dilution of a commercial
mixture of protease inhibitors (CompleteTM, Roche Diagnostics
GmbH, Indianapolis, IN, USA) and lysed by sonication
at 12 microns/60% amplitude (Ultrasonic apparatus Sonic
UVX1130PB). Soluble proteins were recovered by centrifugation
at 15,400 × g for 30min at 4◦C and protein concentration
was determined by the Bradford technique. These samples were
adjusted to a concentration of 1 mg/mL. Reactions were carried
out in 1.5mL microcentrifuge tubes with a mixture of 100
µg protein (100 µL) and NaH2PO4 45mM pH 7.0mM (800
µL) to which increasing volumes of TACs stocks or a positive
control with the thiol derivatizing agent MMTS prepared at
50mM in the same buffer, were added and total volume was
adjusted to 1mL. After incubation for 10min at 37◦C, 100 µL
of 1.5mM dithionitrobenzoic acid (DTNB, Ellman’s reagent)
were added to each tube and following incubation for 10min
at room temperature the absorbances (yellow solutions) were
recorded at 412 nm (Smart Spec 3000TM, Bio-Rad, Hercules,
CA, USA). A calibration curve was obtained using increasing
volumes (0–100 µL) of 15.5mM cysteine instead protein extracts
and the maximal blocking concentration (MBC) corresponding
to a complete absence of thiol-DTNB complexes produced by
TACs were calculated using the least-square method (Microsoft
ExcelTM).

Proteolytic Activity Assays
Trophozoite lysates were prepared as mentioned above except
that cell lysis was carried out by sonication in 1.5mL
microcentrifuge tubes under ice bath using eight 15-s pulses
at 80% amplitude with resting periods of 30 s (Ultrasonic
Processor mod. CV19). Protein concentration was adjusted to
2 mg/mL and aliquoted in 25 µL fractions that were incubated

for 30min room temperature with 2–5 µL stock solutions
of representative TACs (ALC, DADS, and AM). The reaction
mixtures were diluted in Laemmli’s sample buffer, loaded in
wells of 10% acrylamide-02% gelatin slab gels and these were
electrophoretically analyzed using 80 V/4◦C. After this, gels
were incubated in a solution of triton X-100 2.5% (v/v) in
water for 1 h and washed 3 times with distilled water. Bands
with proteolytic activity were detected as follows: gels were
incubated in acetate buffer pH 5.5 with 1mM DTT for 16 h
at 37◦C under constant stirring, washed 3 times with distilled
water and stained with Coomassie blue (BioRad) for 2 h at 37◦C
under constant stirring. Finally, gels were washed with distilled
water and incubated with a solution of 5% acetic acid/40%
methanol (v/v). Gel images were documented with a UVP High
Performance Ultraviolet Transilluminator and software Launch
DocItLS.

Effect of Representative TACs as Possible
Inhibitors of the Cytolytic Effect of
Giardipain-1 on IEC6 Cell Monolayers
Based on the inhibitory concentrations of TACs over the activity
displayed by the ≈25-kDa sized band containing giardipain-1 in
zymograms, this protease purified by affinity chromartography
from trophozoite lysates at a cytotoxic concentration (16µg/mL;
Ortega-Pierres et al., 2018) was pre-incubated for 30min
at room temperature in 200 µL DMEM medium alone or
containing ALC (5.3mM), DADS (275mM), AM (514mM),
or E64 (20µM). Additional assays were carried out using the
MLCs of TACs (without giardipain-1) previously obtained in
trophozoite cultures to monitor their toxicity. These solutions
were added to monolayers of the intestinal cell line IEC6 grown
in 1 cm2-microwells and incubated for 100min at 37◦C. After
incubation, supernatants were discarded and monolayers were
fixed with 2% paraformaldehyde in PBS. The effects of TACs and
E64 on the cytolytic effect of giardipain-1 were evaluated by light
microscopy using Nomarski optics (Axioskop 40, Zeiss).

Flow Cytometry Analyses
The identification and quantitative determinations of
trophozoites were carried out as follows: (a) apoptosis or
necrosis were determined using anti-annexin V-fluorescein
isothiocyanate (FITC) antibodies or PI as respective markers, (b)
oxidative stress was determined by formation of reactive oxygen
species (ROS) with the fluorescent ROS-complexing agent
5-(and 6)-carboxy 2′7′-dichlorodihydrofluorescein diacetate
(H2DCFDA), and (c) determination of trophozoites cell cycle
stages (G1, S, G2, and G2/M) after exposure to ALC or to a
control drug (albendazole, ABZ) was carried out as previously
described (Martínez-Espinosa et al., 2015). In all these assays
20,000 cells per sample were recorded.

Efficacy of Age and TACs in Experimental
Giardiasis
Mongolian gerbils (Meriones unguiculatus) used in this study
were kept at CINVESTAV’s bioterium facilities under regulated
conditions of temperature, humidity, and filtered air. Animals
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were fed ad libitum with rodent pellets (PurinaTM) and water
and monitored daily. The management of gerbils was performed
according to the Mexican official norm NOM-062-ZOO-1999
for the production, care and use of laboratory animals (UPEAL-
CINVESTAV). Eighty male Mongolian gerbils (M. unguiculatus)
6–10 weeks old, weighted 45–60 g and sentinel-checked gerbils
free of intestinal parasites were kept in individual cages and
distributed in 12 groups of 6 animals per treatment and
experimental infections were performed as described elsewhere
(Argüello-García and Ortega-Pierres, 1997). In brief, animals
were inoculated intragastrically with 1 × 106 G. duodenalis
trophozoites in 500 µl sterile PBS per os using gavage under
ether anesthesia. Control animals received 500 µl sterile PBS
each. At day 10 post-infection (p.i.), gerbils were treated with
AGE at single doses of 385, 770, 1,155, and 1,550 mg/kg or two
doses of 770 mg/kg (days 10 and 11 p.i.) or a selected TAC (here
ALC at 35, 70, 138, or 276 mg/kg at single dose). As additional
control, one group of animals received MTZ (38.4 mg/kg at
single or double dose). Only the higher, single doses of AGE
(1.55 g/kg) and ALC (276 mg/kg) caused a noticeable irritation
in intestinal epithelium as assessed by surgical examination of
treated, non-infected animals (n = 1 per single dose). Treatment
efficacy was evaluated by determining the presence or absence of
trophozoites in intestinal contents of control and treated gerbils
at day 13 post-infection. For this, gerbils were euthanized by an
intraperitoneal injection of pentobarbital at a dose of 150 mg/kg
to minimize stress and to reduce suffering, then a 10 cm-long
section of intestine (from stomach ending, equivalent to nearly
the entire small intestine) was excised after laparotomy, and it
was longitudinally opened and rinsed in 20mL PBS at 4◦C for
20min under shaking (720 rpm, HeidolphTM rotatory shaker) to
determine trophozoites number after parasite detachment from
microvilli. Supernatant was collected and centrifuged at 750 ×

g for 10min at 4◦C, cell pellet was resuspended in 1mL PBS and
trophozoites were counted using a haemocytometer. Gerbils were
scored as cured if no trophozoites were recovered from infected
animals.

Molecular Modeling and Docking Studies
The three-dimensional protein structure of giardipain-1 was
obtained from the sequence of GL50803_14019 deposited in
GiardiaDB using the Swiss Model server (https://swissmodel.
expasy.org/). To predict the ability of garlic TACs (ALC, DADS,
and AM) as possible inhibitors of the protease activity of
giardipain-1 by interaction with its catalytic moiety, in silico
approaches of molecular docking were performed using the
Swiss Dock web service (http://swissdock.ch). This platform
delivers a set of 256 viable positions between rigid target
(mGiardipain-1) and one flexible ligand (TACs) that are
input in PDB and MOL2 formats, respectively. Of these
predictions, only those involving a likely interaction of inhibitor
with the catalytic Cys27 in giardipain-1 were selected and
from these, the most favored docking corresponded to the
lowest (i.e., negative value) Gibbs free energy (1G). In these
analyses, the crystal structure of human Cathepsin B (PDB
ID: 2PBH) was used as structure of reference. All structures
and predictions obtained from Swiss Model, SwissDock and

ZINC archives of TACs (www:// http://zinc.docking.org/) were
visualized and edited using the UCSF chimera package v.
1.10.1

Statistical Analyses
In all experiments involving concentration-response curves the
values obtained were adjusted with the least-square method
to linearize calibration curves (Microsoft Excel 2010TM) and
differences in mean ± SD values between two or more groups
were assessed by the t-student test at a significance of P < 0.05.

RESULTS

Efficacy and Mode of Action of Age
Against Giardia Trophozoites
In all drug susceptibility assays, positive controls with 3.0 and
5.9µM metronidazole inhibited trophozoite growth by 45–55%
and more than 95%, respectively, as expected while distilled
water pH 6.5 did not affect parasite’s growth. In a first set of
experiments, fresh AGEs were prepared and added at increasing
concentrations to trophozoite cultures to assess parasite’s viability
by physiological (SCLM and DCC) and enzyme activity–based
(FDA-PI and MTT) methods. It is worth mention that garlic
components in the 0-400µg/mL range produced a progressive
decay (up to >80%) in the number of trophozoites with ability
to either re-grow, maintain cellular integrity or reduce MTT;
however even at 400µg/mL AGE more than 60% of remaining
cells were still positive for FDA-PI staining (Figure 1A). IC50

and MLC calculations confirmed a similar sensitivity of SCLM,
DCC, and MTT assays and a significantly lower sensitivity of the
FDA-PI method (Figure 1B), indicating that components from
garlic extracts induce primary effects on trophozoite integrity
concomitant to loss of oxidoreductase activities and a delayed
detriment of esterase activities.

SAR of TACs
To evaluate the giardicidal activity of the six garlic’s TACs
initially included and its relation to the compound structure
the SCLM method was chosen considering its aforementioned
higher sensitivity and from reports using well-known antigiardial
compounds that include 5-nitroimidazoles and bencimidazoles
(Argüello-García et al., 2004, 2009). These TACs have defined
modifications in their chemical structure mainly involving
increasing hydrocarbon chains with carbon-carbon double bonds
and additions of sulfur and/or oxygen atoms or even α-
aminoacidic groups thus rendering AM as the simplest and
SAC as the most complex TAC evaluated herein. As shown in
Table 1 the thioallyl group displayed in bold in each chemical
formula and comparing experimentalMLC values, the giardicidal
efficacy of AM was drastically lowered (3.06 vs. 74.28mM)
by replacing the sulfur-attached Hydrogen by a methyl group
as in AMS; however the replacement of this Hydrogen by
an allyl group as in DAS partially recovers the efficacy in
one order of magnitude (23.71mM) below to that of AM.
Interestingly the further addition of a second sulfur atom, as
in DADS, recovers fully the efficacy to a comparable level of
that displayed by AM (2.66mM). Further the addition of a

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org October 2018 | Volume 8 | Article 353102

https://swissmodel.expasy.org/
https://swissmodel.expasy.org/
http://swissdock.ch
http://zinc.docking.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Argüello-García et al. Effects of Garlic Thioallyl Compounds on Giardia

FIGURE 1 | Evaluation of susceptibility of G. duodenalis trophozoites to

aqueous garlic extract (AGE) using four methods. (A) Parasites (1 × 106) were

exposed to increasing quantities of 200µg/mL AGE for 24 h and cellular

viability was determined by four methods: subculture in liquid medium (open

circles), FDA-PI staining (filled squares), direct cell count (filled diamonds), and

MTT reduction (open triangles). Values correspond to results from three

independent experiments. (B) The values of the inhibitory concentrations at

50% (IC50) and 100% (MLC) were calculated by the least square method.

*Significantly higher than any of the other methods at P < 0.05.

sulfur-attached oxygen atom, as displayed in ALC increased the
giardicidal activity to sub-milimolar concentrations (0.6mM)
being ALC (allicin or diallyl thiosulfinate) the most effective
TACs tested. In contrast, the presence of one α-amino carboxylic
group (cysteine) in SAC decreased the efficacy of TACs to
similar levels as that of AMS (69.1 vs. 74.28mM). These
assays indicated the importance of the dithiol moiety (-S-
S-) to potentiate the activity of TACs against G. duodenalis
trophozoites.

In further analysis in which the activity of TACs were
compared, an in silico approach based on MLR was used to
determine if some of the four electronic (ETOTAL. EHOMO, ELUMO,
dipole) and two molecular transport (logPoct, TPSA) descriptors
calculated for these compounds (Supplementary Table 1) could
be directly related to the giardicidal efficacy observed. In these
analyses an additional TAC, diallyl trisulphide (DATS), was
included as a “test” compound to evaluate the predictive value
of the best structure-activity model raised. After these analyses,
the molecular descriptor EHOMO was the unique parameter
associated to MLCs of the six TACs used as “drivers” to
standardize the regression model. This latter rendered the lower
variance (S = 0.177) and the highest regression coefficient
(R = 0.9827) that were useful for this purpose (Figure 2). When
the EHOMO value calculated for DATS (−209.33 kcal/mol) was

TABLE 1 | Experimental MLC values of six TACs against G. duodenalis

trophozoites determined by SCLM.

Thioallyl

compound

Chemical formula IC50 (mM) ± SD MLC (mM) ± SD

Allyl Mercaptan

(AM)

H2C=CH-CH2-SH 0.83 ± 0.2 3.06 ± 0.7

Allyl Methyl

Sulfide (AMS)

H2C=CH-CH2-S-CH3 40.3 ± 3.5 74.28 ± 12.3

Diallyl Sulfide

(DAS)

H2C=CH-CH2-S-

CH2-CH=CH2

14.5 ± 2.3 23.71 ± 6.0

Diallyl Disulfide

(DADS)

H2C=CH-CH2-S-S-

CH2-CH=CH2

1.4 ± 0.6 2.66 ± 0.8

Allicin (ALC) H2C=CH-CH2-S-S(O)

-CH2-CH=CH2

0.32 ± 0.02 0.60 ± 0.1

S-Allyl Cysteine

(SAC)

H2C=CH-CH2-S-

CH2(NH2)-COOH

40.82 ± 6.3 69.10 ± 13.1

interpolated in this model a MLC = 1.41mM was predicted.
This value was closer to the experimental MLC = 1.35 ±

0.18mM that was determined independently for this compound.
Thus based on this approach we concluded that EHOMO is
a useful tool to predict the giardicidal activity of garlic’s
TACs.

Differential Thiol-Disulphide Exchange
Capacity of TACs
Since TACs could modify thiol groups exposed in G. duodenalis
trophozoite proteins into di-(thioallyl) derivatives thus
hampering the further derivatization of these groups by
DTNB, the blocking capacity of seven TACs was evaluated
using parasite’s total soluble extracts. The data obtained were
in general compatible with their already known giardicidal
activity, this is ALC was the most potent thiol-modifying
compound tested (MBC = 93.8 mmol/mg protein) followed by
DATS and DADS with MECs slightly higher to 200 mmol/mg.
DAS had an intermediate efficacy (351.3 mmol/mg) and AMS
and SAC exhibited a much lower efficacy (845.9 and 1260.9
mmol/mg, respectively) (Figure 3). Interestingly AM, in spite
of its high giardicidal activity, it did not react with parasite
extracts as noted by the increasing absorbance when higher
concentrations of this compound were added and instead
it formed complexes with DTNB. Indeed, the presence of
increasing sulfur atoms and sulfur-attached oxygen influenced
the higher efficacy of TACs to derivatize thiol groups exposed in
giardial proteins.

Differential Inhibition of Trophozoite’s
Proteolytic Activities by Garlic TACs
Considering the thiol-modifying activity of TACs on trophozoite
protein extracts, three representative compounds showing high
(ALC), intermediate (DADS), and low (AM) activities were
chosen to evaluate their inhibitory effect on cysteine protease
activities in trophozoite lysates. Zymogram analysis showed that
lysates displayed several bands of proteolysis (mostly between
25 and 110 kDa; Figure 4A) of which bands of 75, 60, and 25
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FIGURE 2 | Linear regression model for the MLC-EHOMO relationship of thioallyl compounds (TACs). The values of giardicidal activity (MLC) and the electronic

descriptor EHOMO of the six TACs included as “drivers” were processed by multiple linear regression and the value of EHOMO calculated for the “test” compound

diallyl trisulfide (DATS) was interpolated in the model (dotted line) to predict the MLC of this compound and to compare it with its experimetal MLC. Abbreviations of

compound names are as indicated in section Materials and Methods.

kDa were the most prominent. Some of these activities (110, 60,
75, and 25 kDa) were strongly inhibited by 3.5mM ALC while
DADS at a much higher concentration (275mM) could diminish
similar activities except for the one at 60 kDa. Intriguingly
AM produced a significant increase of activity in bands of 75,
60, and 25 kDa though this might reflect its lack of reactivity
toward protein –SH groups and its “cooperative” activity with
DTT. As expected, a full inhibition of all proteolytic bands
was observed with the unspecific thiol-active inhibitor pHMB
at 10mM. On the other hand the typical cathepsin B protease
inhibitor E64 displayed a selective inhibition on the 25 kDa
band that contains the processed form of the cathepsin B-like
protease named as giardipain-1 (Ortega-Pierres et al., 2018).
By molecular modeling and docking approaches, the higher
inhibitory activity of ALC toward proteases like giardipain-1
could be at least partially explained by the predicted ability of
its Oxygen atom to form an electron bridge with the Hydrogen
G3 of the catalytic Cys26 (Figure 4B) thereby interfering with
protease activity. This is reinforced by the similar entropy
values predicted for these TACs (1GALC = −5.561 kCal/mol;
1GDADS = −6.093 kCal/mol; 1GAM = −5.554 kCal/Mol).
Taken together, these data are concurrent with the notion
that garlic TACs target several types of cysteine proteases in
G. duodenalis trophozoites.

Inhibition of Cytopathic Effects of
mGiardipain-1 by Representative Garlic
TACs
Once the concentrations of ALC, DADS and E64 used in
zymograms were shown to inhibit a specific cysteine protease

of G. duodenalis trophozoites, namely giardipain-1 (≈25 kDa),
next it was assessed if these compounds could also block
the already reported cytopathic effects of giardipain-1 as
are shrinkage, detachment from surface, rounding and/or
profuse vacuolisation (Ortega-Pierres et al., 2018). As shown in
Figure 5, giardipain-1 causes a strong destruction of monolayers
beginning with cell shrinkage and profuse blebbing (arrows)
and the subsequent appearance of zones with absence of cells
reflecting extensive destruction (asterisks) that are consistent
with the pro-apoptotic damage reported for this secreted
cysteine protease (Ortega-Pierres et al., 2018). However, the
pre-incubation of giardipain-1 with ALC and AM noticeably
blocked these effects while DADS reduced the frequency of
cells displaying apoptotic damage. In general, these observations
support a correlation between the inhibitory ability of garlic
TACs on the proteolytic activity of giardipain-1 and the
damage blockade exerted by these compounds. As expected,
the potent cathepsin B inhibitor E64 efficiently inhibited the
giardipain-1 induced damage in IEC6 cell monolayers. Of
interest, with the exception of DADS concentration used in
zymography analyses (275mM) that affected some cells, none
concentrations of TACs tested either at protease-inhibiting
level or at MLCs that kill trophozoites in culture, were
harmful to cell monolayers (Supplementary Figure 1). These
results suggest that TAC’s have a pharmacologically favorable
and selective toxicity against trophozoites over epithelial
cells.

Based on these comparative analyses, ALC was the garlic’s
derivative with the highest antigiardial activity, with the lower
HOMO value, with the highest thiol-modifying activity and with
the higher cysteine protease inhibitory capacity. Due to these
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FIGURE 3 | Inhibition of formation of thiol- dithionitrobenzoic acid (DTNB)

complexes in protein extracts of G. duodenalis trophozoites by thioallyl

compounds (TACs). (A) Parasite extracts (100 µg) were incubated with

increasing concentrations of the indicated TACs then the thiol-derivatizing

agent DTNB was added to the mixture. Samples without TAC were taken as

controls with 100% thiols. Points represent the mean values of two

independent experiments. Lines are as follows: S-allyl Cysteine (filled

diamonds), Allicin (filled squares), Diallyl Sulfide (open triangles), Allyl

Mercaptan (taches), Diallyl Trisulfide (astereisks), Diallyl Disulfide (open circles),

Allyl-Methyl Sulfide (crosses), and Methyl Methanethiosulfonate (closed

circles). (B) The values of the maximal blocking concentrations (MBC) for each

TAC were calculated using a standard curve using cysteine.

properties, ALC was chosen in further studies to analyse its
mechanism of action over trophozoites at different levels.

Allicin Has a Primary Cytolytic Mode of
Action Like Age Against Giardia
Trophozoites
Since AGE had previously showed a detrimental effect on
trophozoite’s integrity followed by a decreased functionality of
metabolic enzymes, we tested if ALC could have an effect
as observed with whole garlic extracts. In these assays, the
TBE protocol was also included in order to assess whether
the integrity of trophozoite’s membrane is primarily targeted
by ALC. As expected, SCLM was the most sensitive method
where cell viability completely decreased at concentrations below
0.8mM ALC while all other methods still displayed viability
rates of>20% (Figure 6A). Thus parasite replication was initially
suppressed at 600µMALC; the other two physiological methods
(DCC and TBE) showed a concomitant decrease of viability (1.08
and 1.12mM, respectively) and the two enzyme-based assays

(FDA-PI and MTT) showed the lowest sensitivity (Figure 6B),
suggesting that ALC primarily affected the cellular replication
by impairing membrane permeability hence cellular integrity,
with a secondary effect on the activity of metabolic enzymes
as oxidoreductases and diesterases. When compare the AGE
with ALC the latter had a primary cytolytic mechanism on
trophozoites albeit oxidoreductases (MTT) were affected more
lately by ALC.

Electron Microscopy Analyses of the
Damage Caused by Allicin on Giardia

Trophozoites
To further analyse the effect of ALC on trophozoites a standard
toxicity (24 h-exposure to 1 MLC) and an acute (3 h-exposure
to 2 MLC) procedures were used. By SEM, control trophozoites
exhibited the typical half a pear-shaped morphology with four
pairs of flagella and a relatively smooth surface at ventral
(Figure 7A-A) and dorsal (Figure 7A-B) planes. During standard
toxicity, ALC provoked the appearance of multiple “holes”
particularly in the so-called bare area of the ventral disk, which
retained its normal contour (Figure 7A-C, arrow) along to the
presence of small protrusions in flagella. The dorsal surface
also presented a rough texture that resembled a membrane
blebbing process with profuse holes and even nuclear membranes
had severe damage (Figure 7A-D, arrows). In other cells the
contour of the ventral disk appeared as less rigid and flagella
displayed rounded tips (Figures 7A-E,F, asterisks). In parasites
under acute ALC toxicity, the bare area showed severe damage
in which cell surface presented multiple protrusions (blebbing)
and flagella also showed rounded tips (Figure 7A-G, arrow and
asterisks) while dorsal surface showed holes with a greater size
and damaged areas that allowed the release of cytoplasmic
material (Figure 7A-H). Of note, cell shrinkage was not a
typical feature because ALC-treated cells did not display a
contracted size (compare images Figure 7A and Figure 7B with
the corresponding ventral or dorsal views).

At the intracellular level, in control cells the TEM analyses
showed integrity of plasma membrane, peripheral vacuoles,
nuclei and cytoskeletal elements as ventral disk microtubules
and associated microribbons and flagellar axonemes with the
typical 9+2 arrangement (Figures 7B-1,3). Regardless of the
standard or acute toxicity protocols, ALC treatment leads to a
complete loss of electron density of the intracellular elements
and the integrity of plasma membrane, a diffuse destruction of
cytoplasmic content rendering a granulose appearance and even
nuclear envelopes seemed to be compromised (Figures 7B-2,4).
In this context, a profuse condensation of chromatin at the inner
periphery was seen (Figure 7B-4). As a consequence, a profuse
vacuolisation pattern that occurs frequently with antigiardial
drugs was not observed with ALC. Under these conditions, all
cytoskeletal elements at ventral disk, cell periphery and flagella
remained structurally unaltered and also cell shrinkage was not
observed by SEM. These observations reinforced the presence of
a cytolytic effect of ALC on Giardia trophozoites that promoted
alterations at cellular (and even nuclear) membrane(s)’s integrity
associated to further destruction of intracellular structures. To
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FIGURE 4 | Effect of representative TACs on the proteolytic activity of G. duodenalis trophozoite lysates and docking with giardipain-1. (A) Trophozoite lysates (50 µg)

were electrophoretically separated in 10% acrylamide-0.2% gelatin gels and cysteine protease activities were developed and detected by DTT treatment at pH 5.5

and Coomassie blue staining. Lanes in which extracts were pre-incubated with the three TACs tested (ALC, DADS, and AM) are indicated along with the

concentration values (mM) used in each case. The thiol-active inhibitor pHMB (10mM) and the cathepsin B-specific inhibitor E64 (20µM) were included as controls.

Molecular weight standards and its relative mobility (Mr) are as indicated at the left. The arrow points to the band containing the cysteine protease giardipain-1. (B) The

most favored docking position of representative TACs (in stick conformation, green: ALC, orange: DADS, blue: AM) at the proximity of the catalytic Cys27 of

giardipain-1 in which the Oxygen atom of ALC is predicted to form a bridge with the Hydrogen G1 of Cys27 at a distance of 2.425 Å (green line). The three catalytic

residues (Cys26, His171, and Asn192) are represented in ball-and-stick conformation.

FIGURE 5 | Effect of garlic TACs on the cytolytic damage caused by giardipain-1 in epithelial IEC6 cell monolayers. Confluent IEC6 cells were exposed for 100min at

37◦C to affinity chromatography-purified giardipain-1 alone or pre-incubated with the concentrations indicated (in mM) of representative TACs that caused inhibition of

its protease activity in zymograms and monolayers were observed by Nomarski optics. Asterisks denote zones of monolayer destruction and arrows point to cells

undergoing apoptotic death as indicated by membrane blebbing, shrinkage, and shape degeneration. Bars: 20µm.

gain more insights on the ALC-mediated damage, we tested
whether programmed cell death, oxidative stress and cell cycle
arrest could be induced by ALC and then we compared these

data with those obtained using ABZ which effects under similar
conditions have been already described (Martínez-Espinosa et al.,
2015).
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FIGURE 6 | Evaluation of suceptibility of G. duodenalis trophozoites to allicin using five methods. (A) Parasites (1 × 106) were exposed to increasing quantities of

2.5% ALC for 24 h and cellular viability was determined by several methods as previously described (Argüello-García et al., 2004). Values correspond to results from

three independent experiments. Lines are as follows: subculture in liquid medium (open circles), fluorescein diacetate-propidium iodide staining (FDA-PI) staining (filled

diamonds), direct cell count (taches), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) reduction (open triangles) and trypan blue exclusion

(open squares). (B) The values of IC50 and MLC were calculated by the least square method. *Significantly lower than any of the other methods at P < 0.05.

**Significantly higher than SCLM, DCC, and TBE (P < 0.05).

Pro-apoptotic, Non-prooxidant and
G2-Arresting Effect of Allicin on
Trophozoites
Based on the fact that ALC caused cytolysis in G. duodenalis
trophozoites, it was of interest to determine the way by
which parasites were killed by this TAC. To assess if ALC
at increasing concentrations induces apoptotic or necrotic cell
death in G. duodenalis trophozoites, anti-annexin V antibodies
coupled to FITC and PI were used as markers of apoptosis and
necrosis, respectively. In these assays, ABZ was used as control
because of its known ability to induce apoptosis-like death in
G. duodenalis (Martínez-Espinosa et al., 2015). As can be seen in
a representative experiment shown in Figure 8, upon exposure
to ALC at MLC (0.6mM) 10.2% of trophozoites were at early
apoptosis and 18.6% displayed late apoptosis and by increasing
ALC concentration up to twice the MLC (i.e., 1.2mM) three-
times more cells were at apoptosis (46.6% in early and 44.0% in
late stage, respectively). In all samples the percentages of cells
in necrosis was always <2.5%. Control trophozoites exposed to
ABZ even at 1.5 times its MLC (0.48µM) only induced 41.0%
cells in apoptosis and 5% cells were necrotic. These results
indicated that ALC leads to a marked apoptosis-like cell death in
trophozoites.

Next, we tested if apoptosis-like death induced by ALC was
associated with oxidative stress. In this, ROS were monitored
in ALC-exposed trophozoites using the fluorescent tracer
H2DCFDA. Figure 9 shows representative results in which,

as compared to controls, only 0.75% cells were positive for
ROS even using twice the MLC of ALC (1.2mM) while
using the control drug ABZ up to 33.85% of trophozoites
displayed ROS formation as previously reported (Martínez-
Espinosa et al., 2015). With the well-known ROS inducer tert-
butyl hydroperoxide (TBHP) up to 17.1% cells were ROS-
positive. These results demonstrated that ALC does not induce
oxidative stress in G. duodenalis trophozoites as a death-
associated mechanism.

Further flow cytometry analyses to determine the point(s)
at which ALC interrupts cell cycle progression of vegetative
trophozoites (Figure 10) showed that in control cells most of
these were at G2 phase (53.3%) followed by a subpopulation
at S phase (26.2%) whereas a lower proportion of cells were
at G1 phase (13.4%) and the boundary G2/M contained 6.9%
of cells. When trophozoite cultures were exposed to MLC
and twice the MLC of ALC (0.6mM and 1.2mM) there
were some changes: a marked decrease in G1 subpopulation
with both ALC concentrations (7.4 and 2.2%, respectively),
a significant decrease in S subpopulation with 1.2mM ALC
(5.7%) and an important increase in cells at G2 phase (61.0
and 75.3%, respectively). Interestingly, cells at G2/M phase
did not significantly change (4.4 and 5.7%). As a reference,
1.35µM ABZ partially decreased cells S at phase (22.1%)
and partially arrested cells at G2 phase (69.9%) as previously
reported (Martínez-Espinosa et al., 2015). All these data suggest
that cytotoxic ALC concentrations allow an exit of G1 and
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FIGURE 7 | Analysis by scanning (A) and transmission (B) electron microscopy of G. duodenalis trophozoites exposed to allicin. (A) Parasites (1 × 106) were either

not exposed (A,B) or exposed to 600µM ALC (C–F) for 24 h or 1.2mM ALC for 3 h (G,H) at 37◦C. Trophozoites are shown in ventral (A,C, E–G) and dorsal (B,D,H)

views. The higher roughness of cell surface in images C–H as compared to A,B, except over the ventral disk, are indicative of a degree of membrane blebbing. Arrows

denote the so-called “bared area” of the ventral disk and asterisks point to tip rounding at flagella. (B) Parasites not exposed (1, 3) and exposed to 600µM ALC (2, 4)

for 24 h at 37◦C. Trophozoites are shown in longitudinal (1, 2) and cross-sections (3, 4). Arrows indicate the plasma membranes, asterisks show flagellar axonemes

and crosses show inner peripheral areas of nucleus with chromatin condensation. N, nuclei; VD, ventral disk. Bars correspond to the indicated size.

S phases but most parasites were partially arrested at the G2
phase.

Antiparasitic Efficacy of AGE and ALC in
Experimental Giardiasis
The pre-clinic and potential therapeutic effectiveness of AGE
and ALC to treat giardiasis was evaluated in this work using the
well-established model of experimental infections in Mongolian
gerbils (Belosevic et al., 1982; Argüello-García and Ortega-
Pierres, 1997). As shown in Figure 11, AGE-treated animals
exhibited a significant reduction in trophozoite numbers with
all doses tested as compared to PBS-treated, control gerbils.
However only partial cure rates were obtained with 385 (2 out
of 6 gerbils), 770 (3 out of 6), 1,155 (5 out of 6) and 770 mg/kg
twice (5 out of 6) while none gerbil was cured with 1,515 mg/kg.
Interestingly in ALC-treated animals, a progressive decrease in
parasite numbers was observed upon increasing doses and cure
rates increased as follows: 3 out of 6 gerbils with 35 mg/kg, 5 out
of 6 with 70 mg/kg, 6 out of 6 with 138 mg/kg and 5 out of 6 with
276 mg/kg. These two latter doses were even more effective than
the control drug MTZ that cured 3 out of 6 gerbils with 36 mg/kg
and 5 out of 6 animals at twice dose.

All these data showed that ALC at increasing single doses had
a dose-dependent and consistent giardicidal effect that caused

a complete elimination of trophozoites in infected animals and
a partially effective action using AGE. In spite that ALC is
a major thiosulfinate in garlic extracts (Lawson, 1996) these
differences are likely attributed to a distinct availability of ALC at
intestinal lumen of infected animals to reach its targets in resident
trophozoites.

DISCUSSION

Garlic has widely proven to be a rich source of nutraceutical
compounds (Bhagyalakshmi et al., 2007) that are mostly
organosulfur compounds as TACs. Indeed, garlic’s TACs have
a double benefit, i.e., health promoting and illness fighting,
upon dietary or supplementary consumption. In recent years
TACs contained in aqueous (e.g., ALC), ethanol (e.g., SAC)
or oily (e.g., allyl sulfides as DATS, DADS, DAS, AMS, AM)
garlic extracts have been studied in relation to the treatment of
infectious diseases because of their direct effects over a plethora
of pathogens (Ankri and Mirelman, 1999; D’Souza et al., 2017).
In this work, the seven TACs mentioned above were evaluated
in G. duodenalis trophozoites regarding its cytotoxic mechanism
and therapeutic potential in experimental giardiasis.

Our results showed that the AGE’s MLC as determined in
this work (425 ± 47µg/mL) is slightly higher than the value

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org October 2018 | Volume 8 | Article 353108

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Argüello-García et al. Effects of Garlic Thioallyl Compounds on Giardia

FIGURE 8 | Allicin promotes apoptosis-like death in G. duodenalis trophozoites. Parasites (1 × 106) were exposed to 1.0% double distilled water pH 6.5 (Control) or

the indicated concentrations of ALC for 24 h at 37◦C then stained with annexin V-PI and processed by flow cytometry. Data shown in the figure are as follows:

quadrant R1 are cells positive for necrosis (PI+); quadrant R2 are cells positive for late apoptosis (annexin V+/PI+); quadrant R3 are cells negative for both markers

and quadrant R4 are cells positive for early apoptosis (annexin V+). As a positive control, trophozoites were exposed to the indicated cytotoxic concentration of

albendazole (ABZ). Percentages of total cells are indicated within each quadrant. The dot plots are representative of two independent experiments.

of 300µg/mL previously determined (Harris et al., 2000). It
is tempting to speculate that the use of two parasite strains
(WB vs. Portland-1) along to different garlic sources (fresh
cloves macerated in water vs. freeze-dried powder vortexed in
culture medium) may account for the differences obtained in
both studies. In addition, values of MLCs of four similar TACs
used in our study and in another work (AM, AMS, DAS, and
DADS) differed quantitatively, albeit AM andDADSwere in both
cases more active against trophozoites than either DAS or AMS.
When its effect was compared to the one observed against other
pathogens, AGE had a lower effectivity against enteral bacteria
e.g.,Helicobacter pylori (MLC: from 5 to 25–400 mg/mL) (Cellini
et al., 1996; Moghadam et al., 2014) or even anaerobic protozoa
as Trichomonas gallinae (MLC: 75 mg/mL) (Seddiek et al., 2014)
thus highlighting the importance of the conspicuous repertoire
of thiol-containing proteins and the dependence on cysteine
import and metabolism in G. duodenalis (Ali and Nozaki, 2007)
concomitant to its higher susceptibility to garlic constituents.

The use of physiological and enzyme activity based
protocols were useful to determine that AGE had a cytolytic

mechanism (i.e., TBE and DCC assays displayed high sensitivity)
concomitant to an impaired oxidoreductase capacity as assessed
by MTT assays and a further impairment of diesterase activity
in trophozoites as shown by the lower sensitivity of FDA-PI
assays. The effect of garlic components on the integrity of cell
membranes were in agreement with a previous report (Harris
et al., 2000) that showed a collapse in the electrochemical
potential of trophozoite plasma membranes exposed to AGE
and allyl alcohol. In this context, the abundance of cysteine (i.e.,
thiol)-rich proteins in Giardia surface proteins (Adam, 2001;
Pinto et al., 2006; Ali and Nozaki, 2007) play a direct role as
primary targets of garlic constituents, especially organosulfur
compounds as TACs. Likewise, it is possible that some enzymes
having a rate-limiting role in glucosemetabolism ofG. duodenalis
and harboring cysteine residues critical for activity modulation
(e.g., triosephosphate isomerase) (Reyes-Vivas et al., 2007)
are also affected by garlic components. Further assays using
recombinant or purified target molecules may be useful to
provide more data on the effects of garlic components onGiardia
trophozoites.
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FIGURE 9 | Allicin does not cause reactive oxygen species (ROS) formation in G. duodenalis trophozoites. Parasites (1 × 106) were exposed to 1.0% double distilled

water pH 6.5 (Control) or the indicated concentrations of ALC, tert-butyl hydroperoxide (TBHP, positive control) or prooxidant ABZ for 24 h at 37◦C then incubated

with the ROS-monitoring agent H2DCFDH and processed by flow cytometry. Data shown in the figure are as follows: quadrants R2-R3 are cells positive for ROS and

quadrants R4-R5 are cells negative for ROS. Percentages of total cells are indicated within each quadrant. The dot plots are representative of two independent

experiments.

The relation between TAC structure and giardicidal activity
showed that the increasing numbers of sulfur atoms are
important for this effect and remarkably, points out that the
presence of the sulfur-attached oxygen atom in ALC accounts
for its maximal efficacy. When comparing the relative giardicidal
activity of these seven TACs (ALC> DATS> DADS> AM>

DAS> SAC> AMS) with its HOCl-scavenging capacity (SAC>

DATS> DAS> ALC> DAS> AM>AMS; Argüello-García
et al., 2010) it was observed that garlic’s TACs have a wide
biological mechanisms suggesting that there is a need to choose
the best compound for a defined benefit, either therapeutic (e.g.,
anticancer and antimicrobial) or antioxidant that will finally
induce health-promoting activities upon consumption (Capasso,
2013). As examples, AMS could provide low beneficial effects
whereas DATS (sell as Dasuansu in China) could give multiple
benefits while ALC could also provide several benefits but with
a higher efficacy as antimicrobial agent. Nevertheless, it is still
necessary to compare these TACs in other systems to obtain
compelling data on the effects of TACs. In addition, themolecular
descriptor EHOMO was useful to predict the antigiardial effect of

TACs and interestingly it was a partial contributor for HOCl-
scavenging activities of these TACs (Argüello-García et al., 2010).
Considering that HOMO are electron orbitals that could act as
electron donors and LUMO are electron acceptor orbitals in
a given molecule, these data suggest that ALC exhibiting the
highest EHOMO value (−211.71 kcal/mol) is a strong electron
donor that could hence act as a nucleophile toward parasite’s
molecules bearing electron-acceptor groups e.g., thiols (R-SH) at
a greater extent as compared with all other TACs used leading to
trophozoite death.

There is a growing body of information regarding the efficacy
of ALC against other protozoan pathogens. For example, in the
human intestinal parasite Entamoeba histolytica the reported
IC60 (500µM; Ankri et al., 1997) is similar to the IC50 value
obtained for G. duodenalis in this work using the same assay
(686µM) again reflecting the cysteine-rich content and thiol–
dependent metabolism of these mitosome-containing parasites
(Ali and Nozaki, 2007). In the also diplomonad but aerotolerant,
hydrogenosome-containing fish parasite Spironucleus vortens
ALC has a higher IC50 value (>1.12mM; Millet et al., 2011) that
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FIGURE 10 | Allicin partially arrests G. duodenalis trophozoites at G2 phase. Parasites (1 × 106) were exposed to 1.0% double distilled water pH 6.5 (Control) or the

indicated concentrations of ABZ (positive control for cell cycle arrest) or ALC for 24 h at 37◦C. Nuclei of permeabilised and RNAse A-treated cells were stained with PI

and processed by flow cytometry. The areas under curve (AUC) corresponding to G1, S, G2, or G2/M cell cycle phases are indicated in the control histogram.

Percentages of cells within each AUC are shown in the table at the bottom of histograms. Data are representative of two independent experiments.

is likely linked to a lower susceptibility of its glutathione-based
metabolism (Williams et al., 2014) to this TAC. In contrast, the
small intestinal chicken parasite Eimeria tenella displays a poor
susceptibility to ALC (IC99 = 11.1mM; Alnassan et al., 2015) due
at least in part to its diverse metabolism highlighted by several
shunt-off pathways like the mannitol cycle (Schmatz, 1997).

As far as the mechanism of cytotoxic action of ALC
is concerned, its cytolytic, membrane-damaging effects
were evidenced by the higher sensitivity of physiological
methods (DCC and TBE) and electron microscopy analyses.
In contrast with AGE, the MTT reduction assay displayed the
lowest sensitivity of all methods used, suggesting that cellular
oxidoreductases are not primary targets of ALC. Although ALC
behaved as AGE did against trophozoite’s integrity, it had a thiol-
disulfide exchange capacity that correlated to and accounted for
its highest giardicidal efficacy as compared to all other TACs

tested. Therefore, the derivatizing reaction mediated by TACs on
giardial proteins exposing thiol-groups to form S-allylmerecpto
adducts (R-SH → R-S-S-CH2-CH=CH2) was proven to be
a major mechanism promoting trophozoite’s death. However,
this general reaction of ALC (Rabinkov et al., 1998) could take
place at certain proteins that have important implications for
cell viability, proliferation, and differentiation in G. duodenalis.
Among these are cysteine proteases that intrinsically have
the catalytic triad Cys-His-Asn. These constitute a repertoire
of around 10 proteins in this parasite, participate in host
cell damage and are feasible candidates for new therapeutic
strategies in giardiasis (DuBois et al., 2006; Ali and Nozaki, 2007;
Ankarklev et al., 2010; Gargantini et al., 2016; Cabrera-Licona
et al., 2017; Ortega-Pierres et al., 2018). The zymogram anlaysis
presented in Figure 4 indicates that garlic TACs are effectively
inhibitors of several cysteine proteases in trophozoite lysates
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FIGURE 11 | AGE and allicin diminish and eliminate G. duodenalis trophozoites in small intestines of infected gerbils. Male M. unguiculatus were intragastrically

inoculated with 1 × 106 trophozoites per os. At day 10 p.i. gerbils were treated with AGE (single or doubled doses), ALC at single doses or metronidazole (MTZ) at

single or double dose as indicated. At day 13 p.i. trophozoites in intestinal contents (10 cm-long sections) were counted. Punctuated lines indicate the mean values of

intestinal trophozoites for each group. Asterisks indicate counts significantly lower than control group (PBS) at P < 0.05.

with ALC displaying a remarkably higher inhibitory action
than DADS in good agreement with their thiol-modifying
activities determined herein and in recent reports in other
parasite models (Waag et al., 2010). Of particular interest was the
marked inhibition of the proteolytic activity of giardipain-1, a
secreted virulence factor of G. duodenalis trophozoites, observed
with ALC, DADS, and E64 in zymograms, Giardipain-1 has
recently been reported to exert pro-apoptotic effects in epithelial
cells monolayers including membrane blebbing, external
phosphatidylserine exposure, loss of barrier function, caspase 3
activation, and altered localization of tight junction proteins as
occludin and claudin-1 (Ortega-Pierres et al., 2018). Moreover,
representative TACs as are ALC, DADS and AM were not
only able to reduce the cytopathic effects of giardipain-1 but
to display a much more marked effect in trophozoites’ viability
over epithelial cell integrity. These facts suggest that ALC is a
promising candidate in further studies at preclinical level in
giardiasis.

Other likely targets of ALC and remainder TACs in Giardia
are the variable surface proteins (VSPs) that are a family
with over 230 members having 10–12% of cysteine residues
in their sequence that are involved in antigenic variation and
other functions, the high-cysteine membrane proteins (HCMp)
family with role in epithelium-trophozoite interactions and cell
differentiation along with the iron-sulfur cluster containing
protein family (e.g., ferredoxins) involved in redox metabolism.
Studies in our group on these interactions are now under
progress.

At the level of cellular processes, ALC induced apoptotic-like
cell death and arrest at G2 phase with thiol but not oxidative

stress as shown by flow cytometry studies. When the effects
of ABZ, a potent antigiardial agent currently prescribed, it
was observed that ALC also promoted apoptosis-like death as
many other antigiardial agents from synthetic or plant resources;
nevertheless ALC did not cause ROS formation suggesting
that TACs are not significantly metabolized by trophozoites
unlike most of prescribed drugs as ABZ, MTZ, furazolidone or
nitazoxanide (Gardner and Hill, 2001). On the other hand, the
putative induction of thiol stress in G. duodenalis trophozoites
caused by ALC and other TACs bymodification of thiol groups to
S-allylmercapto adducts (Figure 3) is similar to that reported in
Escherichia coli; however, in these bacteria ALC induced oxidative
stress as assessed by the upregulation of antioxidant enzymes
such as OxyR, alkyl hydroperoxide reductase and thioredoxins
1 and 2 (Müller et al., 2016). Interestingly ALC also induced
oxidative stress with the same probe used here (H2DCFDA)
in the mitochondria-containing protozoan parasite Leishmania
infantum albeit the absence of phosphatidylserine externalization
at cell membrane as assessed by annexin V and positive staining
with PI indicated a necrotic process of cell death (Corral
et al., 2016). All these studies shed light on the multiplicity
of microbicidal effects of ALC regardless of its well-recognized
mode of action on cellular thiols.

In the experimental gerbil model of giardiasis ALC
demonstrated a potential utility at single doses of 70 (5/6
gerbils cured) and 138 mg/kg (6/6 gerbils cured) while AGE was
effective using two doses of 770 mg/kg (5/6 gerbils cured). In
our experience ALC by intragastric route shows a lethal dose in
gerbils of >400 mg/kg and in other rodents this TAC displays
oral lethality at 300 mg/kg (mouse) and 980 mg/kg (rat). In
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spite of this apparently narrow margin of therapeutic security
for ALC, in further studies splitting into two or more days the
treatment could reduce these doses. Some encouraging examples
on this regard have been reported with experimental infections
of mice by systemic protozoa as Babesia microti where 30 mg/kg
ALC orally for 5 days significantly reduced parasitemia and with
Plasmodium berghei in which 4 daily doses of ALC at either 9
mg/kg (orally) or 8 mg/kg (intravenously) markedly reduced
mortality (Coppi et al., 2006; Salama et al., 2014). Concurrent to
these purposes is the possibility to improve the bioavailability of
ALC or AGE components at intestinal milieu using carriers such
as nanoparticles (Pinilla et al., 2017; Soumya et al., 2017).

In summary, the results obtained in this study highlight the
cytolytic mechanism involved in the cytotoxic activity of AGE
and particularly TACs as ALC that also produce thiol stress,
apoptosis-like cell death as a consequence of targeting multiple
proteins in G. duodenalis including cysteine proteinase activities
as shown in this work. The identification and characterization
of interactions of garlic components/derivatives with giardial
biomolecules deserves future studies and indicates that ALC is
a promising antigiardial agent with concomitant benefits for host
health.
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Supplementary Figure 1 | Determination of the effect of representative TACs on

epithelial IEC6 cell monolayers. Confluent IEC6 cells were exposed for 100min at

37◦C to affinity chromatography-purified giardipain-1 alone (control for cell

cytotoxic effect) or to concentrations (in mM) of representative TACs causing

inhibition of its protease activity in zymograms (center panels) or corresponding to

the MLCs in trophozoites (right panels) of representative garlic TACs (ALC, Allicin;

DADS, Diallyl disulfide; AM, Allyl mercaptan). Monolayers were analyzed by

Nomarski optics. Asterisks denote zones of monolayer destruction and arrows

point to cells undergoing apoptotic death as indicated by membrane blebbing,

shrinkage and shape degeneration. Bars: 20µm.

Supplementary Table 1 | Values of electronic and molecular transport

descriptors calculated for garlic’s TACs used in this study.
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In biology, models are experimental systems meant to recreate aspects of diseases

or human tissue with the goal of generating inferences and approximations that

can contribute to the resolution of specific biological problems. Although there are

many models for studying intracellular parasites, their data have produced critical

contradictions, especially in immunological assays. Peripheral blood mononuclear cells

(PBMCs) represent an attractive tissue source in pharmacogenomics and in molecular

and immunologic studies, as these cells are easily collected from patients and can serve

as sentinel tissue for monitoring physiological perturbations due to disease. However,

these cells are a very sensitive model due to variables such as temperature, type of

stimulus and time of collection as part of posterior processes. PBMCs have been used

to study Toxoplasma gondii and other apicomplexan parasites. For instance, this model

is frequently used in new therapies or vaccines that use peptides or recombinant proteins

derived from the parasite. The immune response to T. gondii is highly variable, so it

may be necessary to refine this cellular model. This mini review highlights the major

approaches in which PBMCs are used as a model of study for T. gondii and other

apicomplexan parasites. The variables related to this model have significant implications

for data interpretation and conclusions related to host-parasite interaction.

Keywords: PBMCs (peripheral blood mononuclear cells), immunologic research, toxoplasma gondii, model of

study, apicomplexa

INTRODUCTION

The phylum Apicomplexa consists of approximately 6,000 species of intracellular protozoan
parasites, including various important human and animal pathogens such as Plasmodium, the
causative agent of malaria; Cryptosporidium, the causative agent of cryptosporidiosis; Theileria,
Babesia and Eimeria, which are important pathogens in cattle and fowl; and T. gondii, which
is responsible for toxoplasmosis in birds, marsupials and mammals including humans (Tenter
et al., 2000; Dubey, 2010). T. gondii has emerged as a model system for the study of intracellular
parasitism; it is one of the most studied parasites due to its medical and veterinary importance,
its wide range of distribution and its suitability as a model of study in pharmacogenomics, cell
biology, molecular genetics and immunology. T. gondii infections are generally subclinical in
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healthy individuals but can be major problems for
immunosuppressed adults and fetuses (Dubey, 2008). The
severity of such infections can vary greatly, perhaps based on
the status of the host immune system (Lahmar et al., 2009),
the genotype of the infective parasite strain (Ferreira et al.,
2011) and the host’s genetic background (Sullivan and Jeffers,
2012). There has been significant progress, but no vaccine is
currently available that will prevent T. gondii infection; indeed,
very few drugs effectively reduce T. gondii’s presence in infected
individuals (Zhou et al., 2016a). Researchers frequently select
models for studying T. gondii based on their similarity to humans
in terms of genetics, anatomy, and physiology; this includes the
cellular models that have been used to study T. gondii (Szabo
and Finney, 2017). However, many studies make use of mouse
models (Alfonzo et al., 2002; Martens et al., 2005; Tanaka et al.,
2013; Unno et al., 2013; Dzitko et al., 2015; He et al., 2015). There
have been highly controversial results associated with some of
these models because they do not completely mimic human
toxoplasmosis (Hunter and Sibley, 2012; Niedelman et al., 2012;
Seok et al., 2013). In fact, some scientists have argued that new
approaches must be explored; some have even proposed new
models for studying T. gondii (Cornelissen et al., 2014; Tanaka
et al., 2016; Nau et al., 2017).

The PBMC cellular model includes T and B cells (∼80%),
natural killer cells (∼10%) and monocytes (∼10%) (Autissier
et al., 2010). These blood cells play an important role in
the immune response that is meant to preserve the host’s
homeostasis and defend it against parasite infection (Zhou
et al., 2016a). Researchers have used PBMC to study T. gondii
with various goals, but especially to improve diagnostic, drug-
screening and immunogenetic approaches (Vendrell et al., 1992;
Dzitko et al., 2015). Although PBMCs do not completely mimic
an infection in vivo, they can be taken directly from affected
individuals and can generate certain qualities that when added
to the recommendations (Figure 1) discussed below can improve
the quality of the experimental data regarding toxoplasmosis.
Therefore, understanding and improving models is imperative
to the appropriate interpretation and translation of this work
into clinical setting (Szabo and Finney, 2017). In this review,
we present a summary of how PBMCs have been used to
study T. gondii and other apicomplexan parasites, discuss some
controversies related to this cellular model and then describe
possible improvements to the related protocols.

IMMUNE RESPONSE IN PBMCs
STIMULATED WITH T. GONDII

PBMCs have mainly been used to model T. gondii as part
of the evaluation of potential new vaccines or drugs, as well
as to understand the relationships between the host’s immune
system and the parasite (see Table 1). The studies using these
models have shown that cytokine levels can vary according
to the evaluated clinical condition, the type of strain and the
culture conditions which can include the type of media culture
supplement; the time of data collection; and the temperature
variations during storage, shipping and handling (Weinberg

et al., 2010). In chronic asymptomatic individuals, the PBMCs’
immune responses against total lysate antigen and against
peptides derived from T. gondii are predominantly characterized
by high levels of interferon gamma (IFN-γ) (Prigione et al.,
2006; Bayram Delibaş et al., 2009; Cong et al., 2011; Cardona
et al., 2015; Meira et al., 2015); in ocular toxoplasmosis and
Toxoplasma-seronegative individuals, however, the level of this
cytokine is much lower (Alfonzo et al., 2005; Meira et al., 2014;
Maia et al., 2017). PBMCs have also been useful in studying the
immune response of HIV-infected individuals and of pregnant
women with toxoplasmosis. In one study on HIV patients
who had been coinfected with T. gondii, researchers measured
the IFN-γ expression of stimulated total lysate antigen using
PBMCs, both before and after treatment with antiparasitic drugs
(sulfadiazine, pyrimethamine, folinic acid, trimethoprim-sulfa-
methoxazole, and corticosteroids); the infection’s evolution was
correlated with the restoration of the IFN-γ response and with
decreased inflammation (Meira et al., 2015). In another study,
researchers showed that, during pregnancy, tumor necrosis
factor alpha (TNF-α) and interleukin (IL)-12 had decreased
expression when cells were stimulated with live tachyzoites
(Rezende-Oliveira et al., 2012). Interestingly, the addition of
the prolactin hormone to the cells seemed to restrict the
parasite’s proliferation (Dzitko et al., 2012). In similar works,
researchers have shown the importance of IFN-γ production in
the congenital transmission of T. gondii through the upregulation
of intercellular adhesion molecular 1 (ICAM-1) (Pfaff et al.,
2005). Stimulating PBMCs with complete or partial antigens
of T. gondii seems to reveal important aspects of the host’s
immune response. However, T. gondii and other apicomplexans
secrete proteins in a highly regulated manner that is involved
in the parasite’s immune evasion mechanisms (Tosh et al.,
2016). These processes are not seen when parasite antigens are
used, so we recommend the use of live parasites to stimulate
PBMCs (Figure 1).

On the other hand, the vaccine candidates for T. gondii are
typically parasite proteins or the peptides that elicit protective
immune responses in mice. However, vaccine candidates that
are effective in mice are not necessarily effective in humans.
PBMCs are potentially very useful tools for identifying and
characterizing novel vaccine candidates for T. gondii. Cells from
individuals with varied genetic and immunological backgrounds
can be easily isolated and stimulated with the antigens of interest,
thus allowing measurement of the desired cytokine profile or
cell response. However, to our knowledge, few researchers have
used this strategy (Tan et al., 2010; Cong et al., 2012; Cardona
et al., 2015). The studies mentioned above have identified novel
parasite derived peptides that induce strong production of IFN-γ
in people who express one of the most common human leukocyte
antigen (HLA) supertypes (HLA-A02, HLA-B07, and HLA-A11),
making those peptides attractive vaccine candidates. PBMCs have
also been used to evaluate the efficacy of two phytoecdysteroids
(α-ecdysone and 20-hydroxyecdysone) in controlling T. gondii
infections. These drugs are effective against Babesia gibsoni but
have no effect on T. gondii’s proliferation and do not elicit a
Th1 protective immune response against the parasite (Dzitko
et al., 2015). Thus, all these studies show that PBMCs may
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FIGURE 1 | Workflow and aspects to keep in mind to work with PBMCs and Toxoplasma gondii.

represent an important and undervalued model for vaccine and
drug development.

TECHNICAL ASPECTS TO CONSIDER
BEFORE WORKING WITH PBMCs AND
T. GONDII

To obtain scientifically valid data, the experimental conditions
and the study’s model must be closely controlled. PBMCs are
one of the best sources for assessing the differences or changes
associated with diseases or with drug responses and therapies;
in addition, these cells are relatively easy to obtain from whole
blood through isolation (Burczynski and Dorner, 2006). A major
challenge in the monitoring of PBMCs’ quality is establishing
protocols that define the proper isolation, shipping and storage
methods so that they can be tested without changes in cellular
functionality. For researchers who work with PBMCs, it is
very important to note that many variables affect these cells.
This model can be used to study Toxoplasma under clinical
or non-clinical conditions; however, the whole procedure—
from blood withdrawal to experimentation—must be highly
standardized. PBMCs are perishable living cells, and some
of them begin to die immediately after their isolation from
whole blood. Scientists have compared isolation techniques,
but they have found no differences with respect to the
generally used methods, which include Ficoll-Paque density-
gradient centrifugation and BDVacutainer cell-preparation tubes
(Corkum et al., 2015).

However, after isolation of PBMC, early apoptotic events are
present in both in vitro and ex vivo experiments; as a result,
it is very important to determine apoptosis before using these
cells in the experiments (Wunsch et al., 2015). Various methods

have been used to measure apoptosis, including the YO-PRO-
1/7-AAD method, which has been proposed as a good, low-cost
alternative for sensitive detection of early apoptosis in PBMCs
and >80% of viability is recommended before starting to work
(Glisic-Milosavljevic et al., 2005). Working with freshly isolated
PBMCs is not always possible; thus, the cells are generally frozen
and thawed for processing at later times (see Table 1); this allows
for the batched thawing of samples and for direct comparability
in assays, thus reducing inter-assay variability and allowing for
future analysis of later-emerging issues (Riedhammer et al.,
2016). As a consequence, both apoptosis and necrosis happen;
this phenomenon has been well documented to occur during
cryopreservation (Fowke et al., 2000; Baust, 2002; Cosentino
et al., 2007; Mallone et al., 2011). For example, in a recent study
on how storage temperature affects PBMCs and cryopreservs
PBMCs’ viability, recovery and gene expression patterns were
all affected, as compared to those of freshly isolated PBMCs
(Yang et al., 2016). In a cell infected with Toxoplasma, each
hour represents a specific differential gene-expression profile (He
et al., 2015; Zhou et al., 2016b), which indicates that the best
possible method for handling missing data is to prevent the
problem by properly planning each study and by collecting the
data carefully (Wisniewski et al., 2006). The goal is to eventually
have studies with comparable data. Along the same order of
ideas, the time variable is important to consider when working
with PBMCs, as it can lead to missing data. The problem of
missing data is relatively common in most fields of research,
and it can significantly affect the conclusions drawn from the
data (Little et al., 2012). Accordingly, some medical researchers
have focused on handling missing data and related problems
using methods that prevent or minimize missing data (O’Neill
and Temple, 2012). One of the main problems with using the
PBMC model for T. gondii is that the majority of studies are
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TABLE 1 | Characteristics and use of PBMC as a study model for T. gondii and other Apicomplexan parasites during the last 10 years.

Organism Technical observations PBMC culture (number of cells/final

volume/culture plates)

Main findings References

Human PBMC

and Toxoplasma

gondii

Stimulus: RH strain (TLA, 1µg/mL)

Technic: RT-qPCR

Process time: 48 h after collection

Cryopreserved: No

Supplemented: 10% FCS

1 × 106/500 µL/48-well High levels of TGF-β, IL-6, IL-10

in OT individuals

Maia et al., 2017

Stimulus: RH strain (TLA, 1µg/mL)

Technic: RT-qPCR

Process time: 48 h after collection

Cryopreserved: No

Supplemented: 10% FBS

1 × 106/500 µL/48-well TATA box-binding protein (TBP)

and ubiquitin C (UBC) are the

most stable genes for mRNA

analysis in PBMCs

Meira-Strejevitch

et al., 2017

Stimulus: ND

Technic: Radioactivity

Process time: 168 h in incubation

Cryopreserved: No

Supplemented: 5% human AB serum

ND Despite high proliferation,

lymphocytes from meth users

had a lower proliferative capacity

Massanella et al.,

2015

Stimulus: Peptides from P30 and ROP 18

(10µg/mL)

Technic: ELISPOT

Process time: 24 h in incubation

Cryopreserved: Yes

Supplemented: No

2 × 105/100 µL/96-well Four peptides induced IFN-γ

expression

Cardona et al.,

2015

Stimulus: RH strain (TLA, 1µg/mL)

Technic: ELISA

Process time: 48 h in incubation

Cryopreserved: No

Supplemented: 10% FBS

1 × 106/500 µL/48-well Restoration of IFN-γ response

and a decrease of the

inflammatory cytokines TNF-α

and IL-10

Meira et al., 2015

Stimulus: RH strain (Live)

Technic: Radioactivity

Process time: ND

Cryopreserved: ND

Supplemented: ND

2.5 × 105/100 µL/96-well Phytoecdysteroids did not inhibit

Toxoplasma and did not affect

the cytokine response (IFN-γ.

IL-12, IL-10)

Dzitko et al., 2015

Stimulus: TLA (ND)

Technic: ELISPOT

Process time: 120 h in incubation

Cryopreserved: No

Supplemented: No

3 × 105/200 µL/ND No association was observed

when PBMCs were stimulated

with TLA or mitogen

Nogueira et al.,

2014

Stimulus: BK strain (Live)

Technic: ELISA

Process time: 48 h in incubation

Cryopreserved: No

Supplemented: 0.1% BSA

2.5 × 106/ND/ND Correlation between Prolactine

and the level of IL-10, but not

with IFN-γ

Dzitko et al., 2012

Stimulus: RH and ME49 strains (Live)

Technic: ELISA

Process time: 48 h in incubation

Cryopreserved: No

Supplemented: No

2 × 106/ND/24-well T. gondii-seronegative

non-pregnant women produced

significantly higher levels of

TNF-a and IL-12

Rezende-Oliveira

et al., 2012

Stimulus: T. gondii peptides

Technic: ELISPOT

Process time: ND

Cryopreserved: Yes

Supplemented: No

2 × 105/100 µL/96-well Peptides induced significant

IFN-γ production by PBMCs

from 4 HLA-A*0201 persons

infected with T. gondii

Cong et al., 2011

Stimulus: TRRH strain (TLA, 5 mg/mL)

Technic: ELISA

Process time: 72 h in incubation

Cryopreserved: No

Supplemented: 10% FBS

1 × 106/200 µL/96-well IL-5 was higher than IFN-γ in the

initial phase of the infection; as

the IgG started to rise, IFN-γ

increased and suppressed the

synthesis of IL-5

Bayram Delibaş

et al., 2009

(Continued)
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TABLE 1 | Continued

Organism Technical observations PBMC culture (number of cells/final

volume/culture plates)

Main findings References

Pigs PBMC and

Toxoplasma

gondii

Stimulus: IPB-G/LR strain (TLA, 10µg/mL)

Technic: Flow cytometry

Process time: 72 h in incubation

Cryopreserved: No

Supplemented: 10% FBS

1 × 106/ND/ND High levels of IFN-γ
Jennes et al., 2017

Stimulus: RH strain (TLA)

Technic: RNAseq

Process time: 8, 24, 48 h in incubation

Cryopreserved: No

Supplemented: 10% FBS

ND More than 2,400 differentially

expressed genes Zhou et al., 2016a

Human PBMC

and Plasmodium

sp.

Stimulus: P. falciparum crude lysate (50mg)

Technic: Flow cytometry and RT-qPCR

Process time: 168 h in incubation

Cryopreserved: No

Supplemented: 10% FCS

1 × 106/ND/ND Crude antigens exhibited strong

heterogeneity in the cytokine

production

Kijogi et al., 2018

Stimulus: P. falciparum crude lysate (50mg)

Technic: Flow cytometry and RT-qPCR

Process time: 10 h in incubation

Cryopreserved: No

Supplemented: 2% FCS

ND Decreased parasite growth and

expression of PD-1 and IL-10

genes using L-citrulline

supplemented media

Awasthi et al.,

2017

Stimulus: Peptide Pooling Scheme

Technic: ELISPOT

Process time: 18 h in incubation

Cryopreserved: ND

Supplemented: 10% FCS

1 × 106/ND/96-well Highest immunogenicity was

identified at 7 days after boosting

with 932 SFC compared with 57

SFC among control vaccinees

Mensah et al.,

2016

Stimulus: Recombinant RAMA protein

Technic: ELISA

Process time: ND

Cryopreserved: ND

Supplemented: ND

ND High levels of interferon (IFN)-γ

and interleukin (IL)-10 cytokines

were detected

Changrob et al.,

2016

Stimulus: Peptides from CSP and AMA1

protein (10µg/ml)

Technic: ELISPOT

Process time: 36 h in incubation

Cryopreserved: No

Supplemented: No

1 × 106/100 µL/96-well CSP and AMA1 peptides

recalled IFN-γ responses from

naturally exposed individuals

Ganeshan et al.,

2016

Stimulus: TLR1/2 ligand PAM3CSK4 (20 ng)

Technic: ND

Process time: 72 h in incubation

Cryopreserved: Yes

Supplemented: ND

2 × 105/100 µL/96-well IL-1β and TNF-α were

significantly higher in severe

malaria cases compared with

healthy controls

Manning et al.,

2016

Stimulus: CelTOS (10 ng) or other single

(1.25µg/ml) peptide pools

Technic: ELISPOT

Process time: 36 h in incubation

Cryopreserved: No

Supplemented: No

4 × 105/100 µL/96-well Natural malaria transmission

induces CelTOS-specific ex vivo

IFN-γ

Anum et al., 2015

Calves PBMC

and

Cryptosporidium

parvum

Stimulus: Recombinant C. parvum p23

vaccine antigen

Technic: Flow Cytometry

Process time: ND

Cryopreserved: ND

Supplemented: ND

ND Recombinant p23 vaccine

antigen can stimulate a

Type-1-like immune response

Wyatt et al., 2005

Human PBMC

and Eimeria sp.

Stimulus: Recombinant Eimeria Antigen (rEA)

Technic: Flow Cytometry

Process time: 72 h in incubation

Cryopreserved: ND

Supplemented: 5%FCS

25 × 106/ND/6-well rEA stimulates human NK cell

effector functions including

increasing levels of IFN-γ and

Granzyme B

Aylsworth et al.,

2013

(Continued)
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TABLE 1 | Continued

Organism Technical observations PBMC culture (number of cells/final

volume/culture plates)

Main findings References

Sheep PBMC

and Babesia sp.

Stimulus: BdE or BQ1E (10 µg/well)

Technic: ELISA

Process time: 120 h in incubation

Cryopreserved: No

Supplemented: 10% autologous plasma

2 × 105/ND/96-well Production of IFN-γ and IL10

have key roles in the course of

infection by Babesia sp.

Guan et al., 2010

Bovines PBMC

and Theileria sp.

Stimulus: Sporozoites in homogenized

infected tick

Technic: RT-qPCR

Process time: 48 h in incubation

Cryopreserved: No

Supplemented: 40% FBS

4 × 106/ND/6-well MHC-DQ, SIRPA, PRNP, TLR10,

cMAF and MAFB genes showed

no change in mRNA expression

after T. annulata infection

Panigrahi et al.,

2016

Stimulus: Sporozoites in homogenized

infected tick

Technic: RT-qPCR

Process time: 48 h in incubation

Cryopreserved: No

Supplemented: 40% FBS

2 × 106/ND/6-well Up-regulation in SIRPA, PRNP

and MHC DQα genes and

down-regulation in TLR10, cMAF

and MAFB genes in crossbreds

as compared to indigenous

cattle was observed

Dewangan et al.,

2015

Stimulus: MPSP Peptides

Technic: ELISPOT

Process time: 42 h in incubation

Cryopreserved: Yes

Supplemented: No

1 × 106/100 µL/96-well IFN-γ and IL-10 were detected in

infected Holsteins but weak

responses were exhibited by

infected Angus and Japanese

Black cattle

Yamaguchi et al.,

2010

TLA, T. gondii Lysate Antigen; ND, Not determine; OT, Ocular Toxoplasmosis; NC, Negative Control; FCS, Fetal Calf Serum; MPSP, Major piroplasm surface protein; RAMA,

Rhoptry-associated membrane antigen; SFC, Spot Forming Cells (SFC)/106; CSP, Plasmodium falciparum circum- sporozoite protein; AMA-1, Apical membrane antigen-1.

not comparable, as researchers do not usually consider the time
aspect when obtaining data. Most studies have shown that the
time spent collecting data from cells after a stimulus varies; for
example, no one has argued that a supernatant for cytokine
measurement should be performed in an exact period of time. In
the bulk of the studies, there are differences in the time accorded
to the PBMC culture (varying from 48 h to 7 days) and even
in the collection of supernatant for the measurement of IFN-γ
after 12, 24 or 48 h (see Table 1). In this sense, the time between
the making of the culture and the collection of data should be
methodologically explained.

PBMCs IN OTHER APICOMPLEXAN
PARASITES

Although apicomplexans comprise a large phylum of parasitic
organisms (with more than 5,000 species), only a few have
been studied in detail. Most of these studies focus on parasites
that produce disease in humans such as T. gondii, Plasmodium
spp. and Cryptosporidium. There are fewer studies on parasites
that do not affect humans directly (e.g., Eimeria, Babesia, and
Theileria). One of the most studied apicomplexan parasites is
Plasmodium, the pathogen that causes malaria, one of the most
important public health problems worldwide. Nearly all studies
regarding this parasite that have used PBMCs have focused on
the development of vaccine candidates, particularly those using
the peptide polling scheme (Anum et al., 2015; Ganeshan et al.,
2016; Mensah et al., 2016) or recombinant proteins (Garraud

et al., 2002; Garg et al., 2008; Gitau et al., 2014; Changrob
et al., 2016). These studies have shown that, when PBMCs
are challenged with molecules derived from Plasmodium, the
immune response is characterized by Th1 cytokines such as IFN-
γ, IL-1β, and TNF-α. The nuclear transcription factor kappa
B (NF-kB) is what mainly regulates these proinflammatory
cytokines. However, patients with complications of malaria
have much lower levels of NF-kB than healthy controls do;
as a consequence, these low levels limit the Th1 cell response
(Punsawad et al., 2012).

Similarly, low levels of IL-1β and TNF-α have been
found in patients with severe malaria. In one study,
researchers analyzed 29 single-nucleotide polymorphism
(SNPs) in the PBMCs of patients with various clinical
conditions and found that only the “toll-like receptor-1”
variant could contribute to this reduced cellular phenotype
(Manning et al., 2016). Although this and other studies
have shown that malaria infections inhibit the immune
response, in one recent study, PBMCs from asymptomatic
school children showed a strong heterogeneity of cytokine
production, which suggests suppress immune responses
could be related only with active infections (Kijogi et al.,
2018). The donors’ immunological histories could influence
this strong heterogeneous response because these PBMCs
could present cross-reactivity with other infections such
as schistosomiasis, leishmaniosis, toxoplasmosis, and
Chagas disease. For this reason, other authors have
proposed alternatives to the use of PBMCs in studying
the primary immune response; one such alternative are
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hematopoietic stem cells (naïve cells), which would reduce
the discrepancies in mononuclear cell quality between studies
(Chitsanoor et al., 2017).

In a study of Cryptosporidium parvum in calves recovering
from cryptosporidiosis, scientists used PBMCs to evaluate the
immunogenic potential of a specific protein (p23) as a vaccine
antigen; in the first step, the researchers infected the calves with
the parasite’s oocysts, and in the next step, the PBMCs from the
calves were stimulated with recombinant p23, showing that this
antigen can stimulate a Type-1-like immune response among T
cells (Wyatt et al., 2005). A similar response occurred in HIV-
positive people infected withCryptosporidium; their PBMCs were
used to evaluate the cytokine profile after stimulation with the
parasite crude extract, and this showed that INF-γ is one of
the most important cytokines in the immune response against
this parasite (Gomez Morales et al., 1999). With the help of
IL-15, INF-γ eliminates this intracellular parasite by activating
natural killer cells (Dann et al., 2005). In the case of Eimeria,
PBMCs have been used to evaluate the parasite’s proteins as
adjuvants for vaccines or for immunostimulatory therapeutic
agents in the treatment of human cancer (Aylsworth et al., 2013).
For Babesia, PBMCs have been utilized to evaluate the cytokine
profile response in cattle vaccination (East et al., 1997) and
to identify the immune mechanisms involved in this parasite’s
pathogenicity (Guan et al., 2010).

With respect to Theileria, researchers have evaluated the
mRNA levels of six immunological markers in PBMCs from
crossbred, Tharparkar and Buffalo cattle after a parasite
challenge. The markers included MHC class II DQ-α (BoLA-
DQ), signal-regulatory protein alpha, prion protein, toll-
like receptor 10, c-musculoaponeurotic fibrosarcoma oncogene
homolog and V-maf avian musculoaponeurotic fibrosarcoma
oncogene homolog B. For crossbred and Tharparkar cattle,
significant differences occurred in the expression of genes in
infected and uninfected cells (Dewangan et al., 2015), whereas
the genes in Buffalo cattle did not show significant differences,
suggesting that those genes had little effect in the progression of
tropical theileriosis in the Buffalo species (Panigrahi et al., 2016).
These results indicate that, although PBMCs are a good model
for studying immunological phenomena, using them to make
inferences or generalize results across species is not advisable,
regardless of how evolutionarily close those species are.

The evidence suggests that PBMCs could be a good model for
studying the immune response in apicomplexan parasites and for
evaluating the efficiency of vaccine candidates, therapeutic agents
and immunomodulatory molecules. However, these cells are
not the most appropriate model for studying primo-infections
(Chitsanoor et al., 2017). Therefore, despite all the benefits
of the PBMC model, precautions should be taken related
to its limitations and the type of immune response that is
being evaluated.

PBMCs, OMICS, AND TOXOPLASMA

Omics techniques are powerful tools in modern biology, as they
enable high-throughput measurements of many genes, proteins
and metabolites in samples. A limited number of studies with

Toxoplasma have employed PBMCs in global transcriptional
profiling, with only one using PBMCs from pigs (Zhou et al.,
2016a; see Table 1). Some other studies have applied omics
in research on Toxoplasma and cortical neurons, astrocytes,
skeletal muscle cells, fibroblasts, and other cells; almost all of
these were derived from murine models (Tanaka et al., 2013;
Pittman et al., 2014; He et al., 2016; Zhou et al., 2016b). All
these studies show that gene expression—and consequently,
protein and metabolite levels—can undergo changes based on
physiological conditions. The results of other studies suggest
that the gene expression patterns in PBMCs greatly depend on
temporal and interindividual variations and also show strong
evidence that these cells’ gene-expression profiles are very
sensitive to long incubation periods (Baechler et al., 2004)
in addition to being dramatically affected by cryopreservation
(Yang et al., 2016). As yet, no reports in the literature exist
regarding the analysis of global transcriptional profiling using
human PBMCs stimulated with T. gondii. Therefore, omics
techniques, including dual RNAseq (Westermann et al., 2017)
in PBMCs from healthy individuals and toxoplasmosis sufferers,
could provide excellent opportunities to obtain important and
relevant data on this infectious disease. Given the number of
methodological differences among studies, ex vivo assays can
be considered a suitable model for the analysis of what occurs
during infection with Toxoplasma in humans. These assays
emerge as a good alternative for these main reasons: (i) an ex
vivo experiment should usually be done within a 24 h period
in order to minimize the effect that stress generates on the
cells; (ii) PBMCs’ characteristics are very interesting because they
are primary cells, are not immortalized and have the genetic
backgrounds of real patients; and (iii) ex vivo experiments have
the advantage of being analyzable very shortly after sampling,
which is particularly critical in studies of gene expression, where
data can be altered dramatically with the time factor.

CONCLUSION

PBMCs allow for the study of the immune-system response
to infections with apicomplexan parasites, the evaluation of
vaccine candidates and the development of immunotherapeutic
strategies. To obtain reproducible and comparable results,
several variables must be optimized when working with
this model. The evaluated response of human PBMCs in
apicomplexans has also been restricted to a few cytokines,
so it is highly advisable to include additional immunological
techniques that can comprehensively reflect the host’s response to
the pathogen.
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1 School of Life Sciences, University of Hyderabad, Hyderabad, India, 2 BIO5 Institute, University of Arizona, Tucson, AZ,

United States

Deficiency of leptin (ob/ob) and/or desensitization of leptin signaling (db/db) and elevated

expression of suppressor of cytokine signaling-3 (SOCS3) reported in obesity are also

reported in a variety of pathologies including hypertriglyceridemia, insulin resistance, and

malnutrition as the risk factors in host defense system. Viral infections cause the elevated

SOCS3 expression, which inhibits leptin signaling. It results in immunosuppression

by T-regulatory cells (Tregs). The host immunity becomes incompetent to manage

pathogens’ attack and invasion, which results in the accelerated infections and

diminished vaccine-specific antibody response. Leptin was successfully used asmucosal

vaccine adjuvant against Rhodococcus equi. Leptin induced the antibody response

to Helicobacter pylori vaccination in mice. An integral leptin signaling in mucosal gut

epithelial cells offered resistance against Clostridium difficile and Entameoba histolytica

infections. We present in this review, the intervention of leptin in lethal diseases caused

by microbial infections and propose the possible scope and challenges of leptin as an

adjuvant tool in the development of effective vaccines.

Keywords: leptin, obesity, malnutrition, immunity, infections, vaccination

INTRODUCTION

Leptin and Leptin Receptors
Leptin was discovered as the product of obese (ob) gene (Zhang et al., 1994), which is located on the
long arm of 7th chromosome at the position 31.3 (7q31.3) of about ∼20Kb length (Considine and
Caro, 1997). The nascent non-glycosylated protein has aM.W. 16 kDa, with anNH2 terminal signal
peptide (21-amino acids). Biologically active form of leptin is 146 amino acids peptide. Leptin freely
circulates in the blood and exerts its actions viamembrane bound leptin receptors (LEPRs) (Ceddia,
2005). Leptin receptor gene (Ob-R) comprises four short-isoforms (Ob-Ra, Rc, Rd, and Rf ), one
long-isoform (Ob-Rb) and one soluble-isoform (Ob-Re) (Tartaglia, 1997). Six isoforms of Ob-R
are identical to each other and contain 805 amino acids and 1–14 exons present in extracellular
domain. Ob-Rb isoform consist of long intracellular domain that resembles the type-I cytokine
receptor signaling domain and transduces via Janus tyrosine kinase/signal transducer and activator
of transcription (JAK/STAT) pathway (Houseknecht and Portocarrero, 1998; Licinio et al., 1998). In
fact, most of the biological functions of leptin are exerted by Ob-Rb-JAK/STAT signaling cascade,
which is present predominantly in hypothalamus but hasmoderate presence in other tissues. Ob-Ra
and Ob-Rc isoforms regulate the transportation of leptin across the blood-brain barrier (BBB) to
hypothalamus and Ob-Rf also performs the same function to a lesser extent. Ob-Re isoform is
a soluble binding protein and lacks the transmembrane and cytoplasmic domains (Figure 1). It
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FIGURE 1 | Isoforms of the leptin receptor and ob-Rb signaling pathways. Six isoforms (Ob-Ra to Ob-Rf) of LEPR are existed, all are identical in extracellular ligand

binding domains but differ in C-terminus. Out of six isoforms, only Ob-Rb encodes protein motifs involve in the activation of JAK-STAT signaling pathway. Ob-Rb has

three tyrosine conserved regions (Y985, Y1077 & Y1138) in cytoplasmic domain. Later, it functions as a docking site for STAT3. Binding of leptin to ob-Rb leads to

receptor homodimerization, in turn activates JAK/STAT pathways that result in the activation of c-fos. Ob-Rb also phosphorylates JAK to the activation of insulin

receptor substrate-1 (IRS-1) and MAPK.

binds to the plasma leptin and inhibits its glomerular clearance,
but it does not interfere with the binding of leptin to Ob-Rb.
Ob-Re infusion into ob/ob null mice enhances the activity of
leptin and its overexpression independent of the adipose leptin
expression (Huang et al., 2001).

Functionally, leptin is a hormone derived from adipocytes
(La Cava and Matarese, 2004), in response to the food

intake and energy balance. It conveys the signals to the
hypothalamus/central nervous system (CNS) and peripheral
organs, to maintain the metabolic homeostasis. The systemic
leptin concentrations are influenced by the total fat mass
(Grinspoon et al., 1996) and body mass index (BMI). They
are also influenced by metabolic hormones, sex, and body
energy demands. Congenital leptin deficiency in humans is
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rare and limited to <5%, reported in obese population in the
United States. Diet-induced obesity in humans’ results in the
increase in systemic leptin levels and its resistance is due to
the desensitized LEPRs (Burguera et al., 2000; Morrison, 2008);
conversely, the systemic leptin levels are reduced in malnutrition
and in starvation. Malnutrition is a burning issue and affects
around 826 million people of the world population (Katona and
Katona-Apte, 2008). Children, <5 years of age, are the major
victims of malnutrition, which accounts for 2.2 million annual
deaths globally (Black et al., 2008). Malnutrition affects both
innate and acquired immunity (Woodward, 1998; Schaible and
Stefan, 2007), and the ratio of CD4+/CD8+ T cells (Chandra,
1992). People with malnutrition are vulnerable to infections
because of immunosuppression (Faggioni et al., 2000b) and
defective cytokine production (Zhang et al., 1997).

In this article, we discuss in detail about the leptin dependent
regulation of immune responses, relation between microbial
infections and leptin signaling; and discuss the potential of leptin
as vaccine adjuvant.

LEPTIN IN IMMUNE SYSTEM

Leptin bridges a link between nutrtional status and immune
system of individuals. Human leptin has four α-helices similar
to that of long-chain α-helical cytokine family, which includes
interleukin (IL)-6, IL-11, IL-12, leukemia inhibitory factor
(LIF), granulocyte-colony stimulating factor (G-CSF), ciliary
neurotrophic factor (CNTF), and oncostatin (Zhang et al., 1997).
LEPRs exhibit homology with the glycoprotein (gp)-130 signal
transducing subunit of the IL-6 type cytokine receptor (Tartaglia
et al., 1995; Baumann et al., 1996; Lee et al., 1996). Because of
the structural similarities with the above-mentioned immune
components, leptin acts as a cytokine. It is also called “adipokine”
since it is derived from adipose tissue. As an adipokine,
leptin regulates the normal development of hematopoiesis,
angiogenesis, and innate & adaptive immunity (Loffreda et al.,
1998; Santos-Alvarez et al., 1999; Martín-Romero et al., 2000; La
Cava and Matarese, 2004; Matarese et al., 2005) (see Table 1).
In immune cells, leptin and LEPRs predominantly activates
JAK2/STAT3 signaling cascade, in which the phosphorylated
tyrosine-1138 (pTyr1138) of Ob-Rb intracellular domain acts as
a docking site for STAT3 (Papathanassoglou et al., 2006). Beside
this, leptin also triggers SH2-containing tyrosine phosphatase
(SHP2)-dependent mitogen-activated protein kinase (MAPK)
and phosphoinositide 3-kinase/serine/threonine protein
kinase/mammalian target of rapamycin (PI3K/Akt/mTOR)
pathway in which, the pTyr985 residue acts as a docking site
for SHP-2 (Fernández-Riejos et al., 2010). Leptin signaling is
inhibited by the overexpression of SOCS3 (Krebs and Hilton,
2001), which affects JAK/STAT pathway by binding to the
pTyr985 of Ob-Rb and induces dephosphorylation of JAK2
(Bjørbæk et al., 2000). Protein tyrosine phosphatases (PTPs), the
phosphatase and tensin homolog (PTEN), receptor-type PTPe
(RPTPe), and PTP1B also induce dephosphorylation of JAK2
and inhibit leptin signaling. The expression of PTP1B and T
cell PTP (TCPTP) upregulates in high-fat diet and obesity, and

TABLE 1 | Adipokine action of leptin on the cells of both innate and adaptive

immunity.

Immune cell type Observation References

LEPTIN ACTION ON DIFFERENT CELLS OF INNATE IMMUNITY

Neutrophils + Activation La Cava and Matarese,

2004

+ Chemotaxis Mancuso et al., 2002

+ Phagocytosis Fernández-Riejos et al.,

2010

+ H2O2, O
−

2 production Caldefie-Chezet et al.,

2001

Monocytes/

Macrophages

+ Proinflammatory cytokines

(IL-1, IL-6, TNF) production

+Phagocytosis

+ Leukotrienes B4

+ Antigen presentation

+ MHC expression

+ Acute inflammation

+ Adhesion molecules

Loffreda et al., 1998

Santos-Alvarez et al.,

1999

Bruno et al., 2005

La Cava and Matarese,

2004

Natural Killer cells + Cytotoxicity

+ Perforin production

+ IL-2 secretion

La Cava and Matarese,

2004

Tian et al., 2002

Dendritic cells + Activation

+ IL-12 secretion

+ Th1-priming

Spencer and Daynes,

1997

Mattioli et al., 2005

LEPTIN ACTION ON DIFFERENT CELLS OF ADAPTIVE IMMUNITY

Thymic T-cells + Proliferation

+ Maturation & Homeostasis

+ CD4+CD8+ & CD4+CD8-

+ Bcl-2 & Bcl-XL,

− Apoptosis

Matarese et al., 2005

Howard et al., 1999

Bruno et al., 2005

Naive T-cells

(CD4+CD45RA+)

+ Proliferation

+ Activation of MAPK & PI3K

+ IL-2 production

Lord et al., 1998

Memory T-cells

(CD4+CD45RO+)

– Proliferation Lord et al., 1998

Th1-cells + Stimulation

+ IFN-γ & TNF production

+ DTH response

+ IgG2a switching by B-cells

Martín-Romero et al.,

2000

Napoleone et al., 2007

Th2-cells or Tregs + Inhibition

+ IL-4 & IL-10

– IgG1 switching by B-cells

Martín-Romero et al.,

2000

Napoleone et al., 2007

Cytotoxic T-cells + Activation & proliferation

+ Granzyme production

– PD-1, CTLA-4 expression

Dayakar et al., 2017

inhibits leptin-mediated STAT3 phosphorylation (St-Pierre and
Tremblay, 2012). The PTP1B mediated endoplasmic reticulum
(ER) stress induces leptin resistance (Hosoi et al., 2008; Ozcan
et al., 2009), possibly by inhibiting STAT3 phosphorylation.

In innate immunity, leptinmodulates the activity and function
of neutrophils by increasing chemotaxis and secretion of oxygen
radicals such as hydrogen peroxide (H2O2) and superoxide (O

−

2 ).
In mice, directly acts on neutrophils, whereas, in humans, its
action is mediated by tumor-necrosis factor (TNF) secreted
from monocytes. The stimulation of human monocytes by leptin
induces the production of TNF-α and IL-6 (Santos-Alvarez et al.,
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1999). Leptin enhances phagocytosis by macrophages, secretion
of pro-inflammatory mediators of acute-phase response, and
expression of adhesion molecules. In natural killer (NK) cells, it
increases cytotoxic ability and secretion of perforin and IL-2. In
adaptive immunity, leptin promotes the generation, maturation,
and survival of thymic T cells, Leptin inhibits the apoptosis of
thymocytes by inducing tyrosine phosphorylation of sam68 and
insulin receptor substrate (IRS)-1, which associates with p85
regulatory subunit of SH2-domain, and PI3K signaling (Sung
et al., 1994; Sánchez-Margalet and Najib, 1999). In naive T cells,
leptin increases proliferation and IL-2 secretion via the activation
of MAPK and PI3K pathways. In memory T cells, leptin triggers
Th1 polarization by increasing interferon (IFN)-γ and TNF-α
secretion. It also promotes delayed type hypersensitivity (DTH)
response and immunoglobulin class-switching to produce IgG2a.
This process sustained by an autocrine loop of leptin secretion by
Th1 cells. Leptin has anti-apoptotic effects on mature T cells and
hematopoietic precursors (La Cava and Matarese, 2004).

Studies on ob/obmice revealed that they produce low amount
of IL-2, IFN-γ, and IL-18, and large amount of Th2 cytokines
(IL-4 and IL-10). Leptin regulates thymic homeostasis and
induces Th1 response by increasing the production of IFN-γ
and TNF-α, which in turn activates monocyte or macrophages
and dendritic cells (DCs) (Zhang et al., 1997; Loffreda et al.,
1998; Santos-Alvarez et al., 1999; Martín-Romero et al., 2000;
Matarese et al., 2005; Mattioli et al., 2005). Leptin induces
granulocyte-macrophage colony stimulating factor (GM-CSF)
and G-CSF production from murine peritonial macrophages
(Gainsford et al., 1996) and leptin-deficient mice exhibit
phenotypic abnormalities in macrophages (Lee et al., 1999).
Leptin signaling in immature DCs upregulates surface expression
of chemokine receptor CCR7 and induces structural changes
by facilitating the remodeling of actin microfilaments in the
cytoskeleton and in turn migratory potential of DCs (Mattioli
et al., 2008). Leptin directly activates DCs to secrete IL-12, which
is a key cytokine that facilitates the shifting of T cells toward
Th1 phenotype (Spencer and Daynes, 1997). The ob/ob mice
have shown impaired function of DCs and their altered steady-
state number (Macia et al., 2006) and db/db mice have shown
obese diabetic phenotype with increased number and suppressive
function of Tregs (Taleb et al., 2007). Leptin stimulates the
expression of toll-like receptor (TLR)-2 on primary human
monocytes in hyperleptinemia to potentiate innate immunity and
inflammation but had no effect on TLR-4. Leptin induces CD14
expression on THP-1 monocytes but not on primary human
monocytes to potentiate lipopolysaccharide (LPS) mediated
proinflammatory cytokine response (Jaedicke et al., 2013). An
impaired cytotoxic activity of NK cells, lymphopenia, increased
number of blood monocytes, reduced antigen-specific T cell
proliferation, and thymic atrophy are common features to both
ob/ob and db/db mice (Fernández-Riejos et al., 2010). These
findings are consistent in human patients with congenital leptin-
deficiency (Farooqi et al., 2007). On the other hand, malnutrition
induces anti-inflammatory cytokines IL-4 and IL-10 and impairs
pro-inflammatory cytokines IL-2 and IFN-γ production from
CD4+ and CD8+ T cells in children. However, leptin
administration in these children substantially reversed the above

effects and induces the expression of CD25 and CD69 activation
markers on peripheral blood T cells (Rodríguez et al., 2007). A
drastic fall in systemic leptin levels during starvation for 48 h
increases susceptibility to LPS and TNF-induced toxicity in mice.
However, leptin replacement therapy markedly reverses these
deleterious effects and protects the mice from fasting-induced
lymphopenia (Faggioni et al., 2000b). Both malnutrition and
fasting are associated with nutrients insufficiency, which limits
the availability and uptake of glucose by effector T cells to fuel
their maintenance and activity results in immunosuppression
and incompetency to produce inflammatory cytokines. In fasting
animals, an intraperitoneal injection of leptin induces the
activated T cell’s glucose-uptake by upregulating the expression
of glucose transporter-1 (Glut1) and intrinsic glucosemetabolism
through glycolysis and mitochondrial respiration, which results
in activated T cell proliferation and inflammatory cytokines
production. However, such a metabolic regulation in naive T
cells and Tregs did not require the leptin action. On the other
hand, at sufficient nutritional level, an abundant expression
of leptin receptors and peripheral T cell activation facilitates
leptin signal to metabolically license T cells for activation.
In such a way that, leptin links the nutritional status with
immunity by regulating the intrinsic metabolism of T cells
(Saucillo et al., 2014).

Leptin induces the expression of CD25 and human leukocyte
antigen (HLA)-DR on peripheral blood B-lymphocytes and in
turn activates JAK2/STAT3and p38MAPK/ERK 1/2 to produce
IL-6, IL-10, and TNF-α (Agrawal et al., 2011). Leptin receptor
expression was significantly higher in Tregs compared to
CD4+CD25- effector T cells and leptin directly acts on Tregs
to inhibit their function and proliferation (De Rosa et al., 2007).
The persistence of high systemic leptin levels triggers the mTOR
signaling to inhibit Tregs proliferation. Tregs-derived leptin
acts in autocrine fashion to maintain their hyporesponsiveness.
In db/db mice, Tregs show a decreased mTOR activity and
increased proliferation (Procaccini et al., 2012). Leptin regulates
the survival and proliferation of autoreactive CD4+ T cells
by modulating the activity of Bcl-2 and Th1/Th17 cytokines
via nutrient/energy-sensing Akt-mTOR pathway (Galgani et al.,
2010). In animal models with autoimmunity and infectious
diseases, leptin regulates Th1/Th2/Treg balance to control the
disease (Procaccini et al., 2012). Acute leptin during infection
and inflammation may be a protective module of the host
response to inflammation (Sarraf et al., 1997). Leptin induces
the proliferation of naive T cells (CD4+CD45RA+) but inhibits
memory T cells (CD4+CD45RO+) in mice model (Lord et al.,
1998). Leptin facilitates a survival signal to CD4+CD8+ and
CD4+CD8– T cells during maturation (Howard et al., 1999). T
cells skewing toward Th1 response by leptin seems to bemediated
by inducing the synthesis of IL-2, IL-12, and IFN-γ and inhibiting
the production of IL-10 and IL-4 (Martín-Romero et al., 2000;
Napoleone et al., 2007). The isoform type and quantity of LEPRs
expression on immune cells is based on cell type. For example,
Ob-Rb expresses on 25% of monocytes and 12% of neutrophils
(Zarkesh-Esfahani et al., 2001). A variety of functions of immune
cells mediated by leptin is orchestrated by different isoforms of
LEPR and CD4+ T cell population alone express three different
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isoforms of LEPR (Walduck and Becher, 2012). Therefore, leptin
shows differential activity on CD4+ effector T cells and Treg cells
at the same time.

LEPTIN INDUCES PHAGOCYTOSIS IN
MICROBIAL INFECTIONS

Phagocytosis is a key event executed by certain immune cells
to internalize the foreign particles (may be pathogen) inside the
cell and subsequent killing. Leptin induces phagocytic activity
of macrophages and prevents the apoptosis of a variety of
immune cells involved in innate and adaptive immune response
by delaying the cleavage of Bid and Bax, release of cytochrome-
c from mitochondria, and activation of both caspase-8 and
caspase-3 (Bruno et al., 2005). Upon binding to the Ob-Rb
expressed on the cell surface, leptin can induce the phagocytic
activity of neutrophils (Fernández-Riejos et al., 2010). Leptin
was able to induce the macrophages phagocytic activity caused
by Leishmania major infection in mouse model (Gainsford
et al., 1996) and in vitro L. donovani infection in human
macrophages (THP-1) and peripheral blood mononuclear cells
(PBMCs) (Dayakar et al., 2016). Leptin stimulates neutrophils
to increase the intracellular reactive oxygen species (ROS)
within the phagosomes (Caldefie-Chezet et al., 2001; Fernández-
Riejos et al., 2010). It activates the phagosomes by inducing
actin polymerization and rejuvenating actinomyosine interaction
(Attoub et al., 2000), which eventually enhances neutrophilic
phagocytosis (Mancuso et al., 2002; Shirshev and Orlova, 2005).
During Klebsiella pneumonia infection, leptin knock-out mice
exhibited defective phagocytic response, in which, neutrophils
have shown decreased expression of CD11b on their surface.
With exogenous leptin supply, the CD11b expression was
normalized, and CD11b-dependent phagocytosis induction by
leptin in neutrophils enabled the animals to recover from
K. pneumonia infection (Moore et al., 2003). Leptin induced
CD11b expression and phagocytosis in neutrophils during
uptake of Listeria monocytogenes was mediated by TNF-α
produced from monocytes (Tian et al., 2002). In Escherichia
coli infection, leptin-deficiency impaired the phagocytosis by
peritoneal macrophages; adequate supply of leptin inhibited
the normal lymphocytes apoptosis by FAS-mediated pathway,
and protected the starved mice from the loss of lymphocytes
(Merrick et al., 1997). Steroids induced apoptosis in lymphocytes
was reversed by leptin administration (Papathanassoglou et al.,
2006). K. pneumonia infection has amplified the mortality rate
in leptin-deficient mice by impairing bacterial clearance, and
an in vitro study demonstrated that leptin supplementation
reduced this infection by increasing the phagocytic activity of
alveolar macrophages. Pre-treatment of peritoneal macrophages
of leptin-deficient mice with higher concentrations of murine
leptin restored the cysteinyl-leukotriene synthesis, which helped
in improving phagocytosis. The systemic administration of leptin
by intraperitoneal route in septic ob/ob and septic wild-type mice
improved the neutrophil phagocytosis of E. coli by 21 and 10%
respectively compared to untreated ob/ob mice (Tschöp et al.,
2010).

Leptin induces the phosphorylation of Akt kinase and
intracellular ROS production from L. donovani infected THP-
1 to stimulate the macrophage phagocytic activity (Dayakar
et al., 2016). In consistence, similar results were published with
sodium-antimony gluconate treatment to L. donovani infection,
which is a first-line drug to cure visceral leishmaniasis (VL)
in the Indian subcontinent (Basu et al., 2006). As mentioned-
above in neutrophilic phagocytosis, the intracellular ROS helps
in rapid internalization of parasites by the host cells via
inducing the fusion of phagosome with lysosome (Gueirard
et al., 2008) for oxidative killing (Laufs et al., 2002). Leptin
was also shown to promote the host defense in pulmonary
bacterial infection of mouse model (Mancuso et al., 2002). These
studies support the view that leptin administration could be a
novel approach for protection against the bacterial infections,
and may prove beneficial to human population susceptible to
bacterial pneumonia under certain pathological conditions like
HIV infection, malnutrition, and diabetes mellitus (Jubiz et al.,
1984; Skerrett et al., 1990; Coffey et al., 1996; Cederholm et al.,
2000).

FATE OF LEPTIN IN MICROBIAL
INFECTIONS

Generally, leptin-deficiency is associated with enhanced
susceptibility to several infections. At the same time, certain
infections also caused the downregulation of systemic leptin
levels and mimics malnutrition like situation. Fever, diarrhea,
malabsorption, low appetite, loss of nitrogen, and nutrients
induce the malnutrition state and increase the mortality rate by
infections (Müller et al., 2003). A few such infections; bacteria
(Table 2A), virus and fungus (Table 2B), and parasite (Table 2C)
infections and their pathogenicity in either low systemic leptin
or leptin-deficiency and impaired leptin signaling conditions are
presented below in detail.

Plasma Leptin Levels and Disease Severity
of Pulmonary Infections
Several studies reported that plasma leptin levels are lower
in TB patients than in healthy controls. Certain clinical
conditions like muscle wasting, inflammation, and decreased
energy intake in TB patients results in high severity of
disease (van Crevel et al., 2002). Furthermore, leptin levels
were higher in female patients with higher body fat mass
than in male patients with equal body weights suffering
with TB infections (Çakir et al., 1999). Even at the normal
physiological conditions, leptin levels (5–10 ng/ml) were two-
folds higher in females compared to those of males at
equal BMI (Thomas et al., 2000). Leptin-deficient mice with
pulmonary TB were deficient in CD4+ and CD8+ T-
lymphocytes number and activation. They were unable to
generate IFN-γ and DTH responses, the exogenous leptin
supply restored the lymphocyte trafficking, IFN-γ production,
and granuloma formation successfully, and disease severity was
substantially reduced (Wieland et al., 2005). Leptin-deficient
mice also exhibited greater susceptibility and prolific lethality
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TABLE 2 | Leptin and/or its signaling associated events in multiple microbial

infections.

(A) Leptin vs. bacterial infections

Infection type Observation References

Mycobacterium

tuberculosis (TB)

• Low systemic leptin levels

During leptin deficiency;

• Defective granulomas

• Reduced CD4+ & CD8+

T-cell

proliferation & activation

• Impaired DTH response

• Depleted IFN-γ levels

• Increased disease

severity

van Crevel et al., 2002

Wieland et al., 2005

Klebsiella pneumonia

(Pneumococcal

pneumonia)

During leptin-deficiency;

• High susceptibility

• Impaired leukotriene

synthesis

& phagocytosis by

neutrophils

• Low CD11b on

neutrophils

• Impaired bacterial

clearance

& increased mortality

Moore et al., 2003

Mancuso et al., 2002

Streptococcus

pneumoniae

(Pulmonary pneumonia)

During leptin-deficiency;

• Impaired phagocytosis

by alveolar macrophages

• Impaired killing by PMNs

• High TNF-α, MIP-2, PGE2
in the lung

• Failure of host defense

system

Hsu et al., 2007

Clostridium difficile Q223R

(Colitis) (rs1137101)mutation;

• Impaired Stat3 signaling

• Inadequate inflammation

• High rate of infection

ob-Rb intracellular

domain

Tyr 1138 Ser mutation;

• Switch on Stat3/SOCS3

signaling

• low chemokines

production

& immune cells

recruitment

Madan et al., 2014

Sepsis (SIRS) Leptin deficiency;

• Highly fatal

• CNS leptin signaling

induces

protective immunity

against

this infection

Takahashi et al., 2004

Tschöp et al., 2010

Staphylococcus aureus

(Sepsis arthritis)

• Reduced leptin

production

• Higher susceptibility &

IL-6 levels

in db/db

Hultgren and

Tarkowski, 2001

(Continued)

TABLE 2 | Continued

(A) Leptin vs. bacterial infections

Helicobacter pylori

(Gastric ulcers)

• Increased gastric leptin

• No change in systemic

leptin

• Reduced gastric leptin

after cure

• Db/db exhibited high

susceptibility

Azuma et al., 2001

Khosravi et al., 2015

Bacterial peritonitis

Listeria monocytogenes

LEPR Q223R mutation in

CRH1 domain

• higher susceptibility to

infection

• Downregulation of

MCP-1 in db/db

and ob/ob, and KC

mRNA n db/db

mice liver

Bracho-Riquelme et al.,

2011

Ikejima et al., 2005

(B) Leptin vs. virus and fungal infections

Infection type Observation References

HIV (AIDS) • Increased expression of

LEPRs on monocytes

• Low systemic leptin

levels

• Leptin inhibited ROS and

oxidative

burst by HIV+ monocyte

• Monocytes

desensitization &

Impaired immunity

• During anti-retroviral

therapy leptin

positively correlated with

CD4+ T-cells

• Induced SOCS3

expression

• Inhibited IFN-α/β

JAK/STAT signaling

Sánchez-Margalet

et al., 2002

Estrada et al., 2002

Sánchez-Pozo et al.,

2003

Najib and Sánchez-

Margalet, 2002

Karp et al., 1998

Azzoni et al., 2010

Matarese et al., 2002

Akhtar et al., 2010

Influenza A/H1N1

Pneumonia

• Acute raise in pulmonary

leptin levels

• Increased neutrophil

survival

• Increased neutrophilia

• In obesity, global

reduction of LEPRs

• Reduced viral clearance

• Impaired CD8+ T-cell

memory

• Induced SOCS3

expression

Ubags et al., 2014

Morgan et al., 2010

Radigan et al., 2014

Karlsson et al., 2010

Pauli et al., 2008

Adenovirus • Induced obesity

• Increased risk of

influenza

• Decreased leptin &

nor-epinephrine

• Increased appetite &

glucose uptake

& corticosterone

• Decreased lipolysis

Hur et al., 2013

(Continued)
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TABLE 2 | Continued

Hepatitis-B & Epstein

Barr virus

During obesity /

hyperleptinemia;

• Induced SOCS3

expression

• Inhibited IFN-α/β

JAK/STAT signaling

Michaud et al., 2010

Tian et al., 2012

Encephalomyocarditis • Impaired expression of

cardiac

adiponectin

• Induced expression of

TNF-α

• Severe inflammatory

myocardial

damage

Takahashi et al., 2006

Coxsackie virus B4 • Higher susceptibility in

db/db animals

Webb et al., 1976

Candida albicans

(Fungus)

Leptin receptor-

deficiency in obesity;

• Impaired immunity

During stress;

• low systemic leptin levels

• High TNF-α levels

Rodríguez-Galán et al.,

2010

(C) Leptin vs. intra and extracellular parasite infections

Infection type Observation References

Entameoba histolytica

(Amoebiasis)

• Low serum leptin levels in

amoebic liver abscess

LEPR Q223R mutation in

CRH1 domain;

• High disease severity

LEPR E233R mutation;

• High susceptibility 2012

Leptin deficiency;

• Intermediate susceptibility

• Intensive epithelial

denudation

• Integral leptin signaling

protects via

• Sat3 and Erk or Akt

pathways

• Leptin promotes

regeneration & mucin

secretion from intestinal

epithelium

• Inhibits apoptosis &

maintains

integrity in intestinal

epithelium

Alam et al., 2016

Duggal et al., 2011

Vedantam and

Viswanathan, 2012

Sukhotnik et al., 2009

El Homsi et al., 2007

Brun et al., 2007

Leishmania major &

L. donovani

• Low serum leptin levels

• Reduced phagocytosis by

macrophage

• Leptin induces pErk1/2 &

pAkt in macrophages &

Phagocytosis

• Increased Th1 cytokine

response

• Induced protective

immunity

Dayakar et al., 2016

Gainsford et al., 1996

Shivahare et al., 2015

(Continued)

TABLE 2 | Continued

in ob/ob liver

• Increased IFNγ, IL12, IL1β

• Increased CD8+ T-cell

count

• Increased IgG2a levels

• Decreased IgG1 levels

• Increased granuloma

• Repaired tissue

degeneration

• Controlled weight loss

• Reduced parasite load

• Reduced PD-1 & CTLA-4

expression

Maurya et al., 2016

Dayakar et al., 2017

E. Histolytica & Giardia • Higher leptin levels

• Damage of gut epithelial

cells

• Activation of mesenteric

lymphnodes & adipose

tissue

• Eosinophilia & extensive

tissue

invasion & High

pathogenicity

Desreumaux et al.,

1999

Yahya et al., 2016

Taenia taeniaformis • Low systemic leptin levels Krebs and Kacelnik,

1991

• Anorexia

• High PGE2 & Inhibition

IL-12 & Th2 immunity

• Inhibition of skin

Langerhans

cells to lymphnodes

Lõhmus and

Sundström, 2004

Leid and McConnell,

1983

Heligmosomoides bakeri • Higher serum leptin levels

• Acute inflammation

• High IL-1β, TNF-α, and

IL-6

Tu et al., 2007

Noah et al., 1994

Malaria • Higher serum leptin levels Pulido-Mendez et al.,

2002

to pneumonia infection, caused by either K. pneumonia or
Streptococcus pneumoniae. Leptin supply to ob/ob animals
improved host defense against pneumococcal pneumonia caused
by K. pneumonia by increased pulmonary bacterial clearance
and host survival. Pulmonary bacterial load during S. pneumonia
infection in leptin-deficient individuals results in the failure
of host defense system, which is associated with abundant
production of TNF-α, macrophage inflammatory peptide (MIP)-
2 and prostaglandin-E2 (PGE2) in the lung tissue. The
key innate immunity events like phagocytosis by alveolar
macrophages and killing by neutrophil polymorphonuclear
leukocytes (PMN) were impaired. It results in successive
evasion of S. pneumonia infection, in vitro. However, exogenous
leptin has tremendously improved the survival rates in leptin-
deficient mice- by inducing substantial clearance of bacteria from
pulmonary tissue as well as from blood (bacteraemia). Likewise,
in vitro S. pneumonia infection was controlled by exogenous
leptin through inducing reconstitution of alveolar macrophage
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phagocytosis and PMN-mediated H2O2 production (Hsu et al.,
2007).

Role of Leptin in Mucosal Immunity
C. difficile is a leading cause of nosocomial infection, which
results in the development of colitis. Earlier studies have
reported that Q-to-R mutation at position 223 in the LEPR
cytokine receptor homology 1 (CRH1) domain (LEPR Q223R)
is associated with increased susceptibility to bacterial peritonitis
(Bracho-Riquelme et al., 2011) and to infectious colitis as well
as liver abscess caused by E. histolytica in humans (Duggal
et al., 2011). Similarly, the risk of C. difficile infection in
humans is higher in LEPR Q223R (rs1137101) model, which
is a homozygous allelic mutation that results in impaired
STAT3 signaling and increased dissemination of infection. In
murine model, the mechanism of susceptibility to C. difficile
was elucidated as the animals being deficit in functional LEPR
and adequate inflammation to clear the infection from the
gut lumen. In addition to this, a mutation (Tyr 1138 Ser)
in tyrosine 1138 residue located in the intracellular domain
of LEP-Rb isoform mediates STAT3/SOCS3 signaling, which
results in decreased chemokine production and immune cells
recruitment at the site of infection in mucosal gut tissue. Leptin
was shown to be protective against C. difficile colitis by inducing
STAT3 inflammatory pathway, which is impaired in LEPRQ223R
mutation (Madan et al., 2014). Similarly, the db/dbmice exhibited
greater susceptibility to H. pylori infection. In humans, H. pylori
infection substantially increased the localized gastric leptin levels
but their levels were significantly diminished after cure. However,
the systemic circulating leptin levels in serum were not altered
during this infection (Azuma et al., 2001). Similarly, in pigs, the
enteric Salmonella typhimurium challenge did not alter the serum
leptin levels (Jenkins et al., 2004). In another study, H. pylori
infection induced the gut leptin levels in specific pathogen-free
mice by interacting with gut microbiome (Khosravi et al., 2015).

Leptin Offers Protection Against Sepsis
Sepsis is another systemic inflammatory response syndrome
(SIRS) in certain infection states (Santos-Alvarez et al., 1999). It is
responsible for multiple organ failure and high rate of mortality.
Leptin deficiency is highly fatal in mice suffering from sepsis due
to severe organ damage (Takahashi et al., 2004). Systemic leptin
replacement modulated the immune response against sepsis and
increased survival in both leptin-deficient and wild-type mice.
It has also been reported that endogenous CNS leptin signaling
is necessary to induce adequate anti-septic immune response.
In sepsis, the leptin infusion via intracerebroventricular route
into the CNS of ob/ob mice significantly reduced IL-6 levels in
serum thereby controlled systemic inflammation and improved
survival. Genetic rescue of leptin signaling in the CNS of db/db
mice improved the survival in sepsis compared to non-rescued
db/db mice. In humans, three-fold higher leptin levels were
reported in the patients’ recovered from sepsis compared to that
of non-survivors. These observations reveal the neuroendocrine
regulation of systemic immunity and therapeutic potential of
leptin in infectious disease (Tschöp et al., 2010). Septic arthritis
is caused by Staphylococcus aureus; leptin production was found

to be downregulated during this infection, in murine model. The
db/dbmice exhibited greater susceptibility to S. aureus infection.
Though exogenous recombinant leptin supply failed in restoring
the basal leptin levels and clearance of bacterial load in these
animals, it substantially reduced the severity of septic arthritis
by regulating the production of inflammatory cytokine IL-6
(Hultgren and Tarkowski, 2001).

Leptin Offers Resistance to
L. monocytogenes Infection
L. monocytogenes is an intracellular bacterium, which severely
affects immunodeficient individuals and neonates to causing
listeriosis, meningitis, and endocarditis (Economou et al., 2000;
Portnoy et al., 2002; Chan et al., 2005). “ListeriolysinO” produced
by this bacterium inhibits antigen-processing by inducing the
lysis of phagosome membrane in macrophages, which results
in abundant intracellular growth of bacteria (Carrero et al.,
2004; Birmingham et al., 2008). In addition to this, “Listeriolysin
O” also cause death in antigen-presenting cells (APCs) by
inducing the production of inflammatory mediators (Savill et al.,
1993; Carrero and Unanue, 2006) and this bacterial infection
leads to the apoptosis in T-lymphocytes (Leib et al., 1996;
Zychlinsky and Sansonetti, 1997). The db/db and ob/obmice were
highly susceptible to this infection and incapable to clear the
bacteria from liver. The hepatic infection of L. monocytogenes
downregulates the expression of chemokines such as monocyte
chemoattractant protein (MCP)-1 and KC mRNA in db/db
mice and MCP-1 in ob/ob mice when compared to their
heterozygote (db/m and ob/?) phenotypes. Leptin administration
in ob/ob mice restored the expression of MCP-1 and offered
the resistance to L. monocytogenes. On the other hand, insulin
treatment in db/db mice restored the expression of MCP-1 and
KC mRNA and enhanced the rate of infection clearance. The
hyperglycaemia in leptin-deficiency impairs the host system to
clear the bacteria from liver but leptin therapy may corrected
the blood glucose levels by increasing insulin sensitivity and
improved host resistance to this bacterial infection (Ikejima et al.,
2005).

Leptin Diminishes Oxidative Burst in HIV+

Monocytes
Generally, certain levels of leptin can stimulate the monocytes
to produce ROS via activation of membrane-bound NADPH
oxidase (Rossi, 1986). Intracellular ROS can act as a second
messenger in LEPR signaling of monocytes (Martín-Romero and
Sánchez-Margalet, 2001; Sanchez-Margalet and Martin-Romero,
2001) and also maintain acute proinflammatory conditions
(Chaudhri and Clark, 1989). It was reported that the HIV
infection can also induce ROS production from monocytes and
macrophages (Kimura et al., 1993; Trial et al., 1995; Elbim et al.,
1999). The ROS production is an indicator of programmed
cell-death in monocytes (Um et al., 1996). Interestingly, HIV+
monocytes have increased expression of LEPRs, displaying
their hyperactive state (Matarese et al., 2002). However, leptin
stimulation of these HIV+ monocytes partially inhibited the
production of ROS (Sánchez-Pozo et al., 2003), this could be
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either the desensitization of HIV+ monocytes for leptin as
observed in other hyper-inflammatory states such as sepsis, in
which the monocytes skewed into hypo-inflammatory/anergy
state by LPS stimulation (Karp et al., 1998) and results in the
attenuation of oxidative burst (Von Knethen and Brüne, 2001)
or the consistency of anti-apoptotic function of leptin with the
inhibition of oxidative burst in HIV+ monocytes (Najib and
Sánchez-Margalet, 2002). The low systemic leptin levels in HIV
patients (Estrada et al., 2002) due to reduced adiposity may
contribute to immunodeficiency (Kotler et al., 1985). However,
during active anti-retroviral therapy, leptin levels were correlated
with CD4+ T cells in HIV patients (Matarese et al., 2002).

Leptin Resistance or Impaired Signaling
Induces SOCS3 and Susceptibility to Virus
Infections
It was demonstrated that the impaired leptin signaling is
attributed to defective immunity for influenza A/H1N1 (Morgan
et al., 2010) and HIV infections (Azzoni et al., 2010) due to
the loss of interdisciplinary regulation among immunologic,
metabolic, and neuro-endocrinological aspects. However, an
acute induction of pulmonary leptin levels during H1N1
pneumonia in both mice and human models directly increased
the neutrophilia and neutrophils survival without inducing any
secondary cytokines (Ubags et al., 2014). Global reduction of the
LEPRs, results in reduced viral clearance and worse outcomes
against influenza A challenge in obese mice. However, these
outcomes are not specific to the reduced LEPR in lung epithelial
cells or macrophages but may be associated with impaired leptin
signaling in non-myeloid populations such as NK and T cells
(Radigan et al., 2014). For instance, during influenza virus
infection in diet-induced obesity, the CD8+ T cell memory was
depleted and pulmonary SOCS3 mRNA expression was induced
when compared to infected lean mice (Karlsson et al., 2010).
Apart from influenza, other viruses such as hepatitis-B, HIV, and
Epstein Barr virus can also induce SOCS3 expression to ensure
their survival and evade the host immunity by inhibiting IFN-
α/β JAK/STAT signaling (Pauli et al., 2008; Akhtar et al., 2010;
Michaud et al., 2010; Tian et al., 2012). IFNs are potent anti-
viral substances, capable of inducing maturation and activation
of DCs, and bridging both innate and adaptive immunity, is in
contrast to the function of SOCS3, which typically inhibits T cells
proliferation and activation by directly targeting CD28 (Kubo
et al., 2003). Altogether, the induced SOCS3 levels either in viral
infection or hyperleptinemia state of over-nutrition directing to
host immune dysfunction. Therefore, in obesity the potential
failure of vaccination, especially against viral infections could
be regulated by SOCS3 antagonists. A recent study proposed
that the saponins derived from fungal endophytes could be
potential inhibitors of leptin and may repair its resistance in
obesity, and may modulates immune response in favor of host
against multiple diseases (Mouli et al., 2016). On the other hand,
adenovirus infection can induce obesity, which is a high risk
factor for influenza caused morbidity and mortality. During
adenovirus infection induced obesity, the cellular uptake of
glucose is induced, and simultaneously lipolysis is reduced

through the stimulation of corticosterone secretion. In addition,
this infectionmay increase the appetite and substantially decrease
the levels of nor-epinephrine and leptin, which tends to immune
dysfunction (Hur et al., 2013).

During leptin-deficiency, encephalomyocarditis virus
infection in mice contributed to the development of severe
inflammatory myocardial damage due to impaired expression
of cardiac adiponectin and induced expression of TNF-α
(Takahashi et al., 2006). Inbred male C57BL/Ks homozygous
db/db mice exhibited higher susceptibility to Coxsackie virus B4
infection than that of heterozygous normal (db/+) and normal
(+/+) genotypic mice (Webb et al., 1976).

Cyclic-Relationship of Malnutrition With
Parasite Infections Regulates Leptin
Production
Malnutrition in children is directly linked to the enteric parasite
infections, which causes damage to intestinal mucosal epithelial
cells by inducing inflammation and ulceration, it eventually
leading to multiple pathological conditions like anorexia,
indigestion, malabsorption, and nutrient loss (Vermeulen et al.,
1998; Saldiva et al., 2002), and responsible tomimicmalnutrition.
Malnutrition is the hall mark of low systemic leptin levels
(Sánchez-Margalet et al., 2003) and gut parasite infections may
induce this state. A recent study on Bangladesh population
suffering from amoebic liver abscess caused by E. histolytica,
provides a significant correlation between disease severity and
low serum leptin levels to malnutrition (Alam et al., 2016).
The reduced systemic leptin levels found in Taenia taeniaformis
infected mice may be the result of increased hunger rate induced
by parasites (Krebs and Kacelnik, 1991; Lõhmus and Sundström,
2004). This infection also tended to produce lower body mass
(anorexia) in animals, which is a symptom of malnutrition.
A positive correlation between leptin levels and body mass
was consistent in normal animals but such a relationship was
absent in infected animals, unveiling the possible effect of the
parasite on leptin biosynthesis and production (Lõhmus et al.,
2012). A similar condition was reported on enteric parasitic
infections in humans (Yahya et al., 2016). Helminths evolved
many strategies to evade host immunity for their endurance
(Maizels and Yazdanbakhsh, 2003); a report suggested that the
larval stage of T. taeniaformis induced PGE2, which inhibited
IL-12 and skewed the host immunity to Th2-type (Leid and
McConnell, 1983). As was discussed earlier in S. pneumonia
infection, the elevated levels of PGE2 inhibited the infiltration of
skin Langerhans cells to the lymph nodes (LNs), which is a crucial
step in the initiation of immunity (Maizels and Yazdanbakhsh,
2003).

There are few contradictory reports, which suggest that
leptin levels increased during parasitic infection in children
(Zaralis et al., 2008). For example, higher serum leptin levels
were reported in malaria (Pulido-Mendez et al., 2002) and in
gastrointestinal nematode infection by. Heligmosomoides bakeri
(Tu et al., 2007). It is possible that low endogenous leptin levels in
children (Howard et al., 1999) might result in short-time increase
of leptin levels due to acute inflammation and production of
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IL-1β, TNF-α, and IL-6 caused by the gut infections (Noah
et al., 1994). A significant increase in leptin levels was observed
during E. histolytica, Strongyloides, and Giardia co-infections.
These parasites are reported to cause damage to the gut epithelial
cells, which results in the activation of mesenteric LNs and
then adjacent adipose tissue to secrete the leptin (Desreumaux
et al., 1999). Leptin functions as an eosinophil survival factor
in humans (Conus et al., 2005), which plays a key role in the
host defense system against gut parasitic infection. The level
of eosinophilia indicates the relative severity of the disease
due to tissue invasion by the parasites (Park and Bochner,
2010). Co-infection of E. histolytica and Strongyloides positively
correlated with increased leptin suggests it promotes pathogen
tissue invasion and pathogenicity. This is however, not found
in infections with Giardia, Hymenolepis nana, and Oxyuris,
but reappeared with E. histolytica and Giardia co-infection
suggesting that E. histolytica is a crucial player of tissue invasion
(Yahya et al., 2016).

LEPR Signaling and E. histolytica Infection
Enteric leptin plays a crucial role in the immunity to E. histolytica
(Guo et al., 2011). Apart from this, it promotes regeneration
and inhibits apoptosis in intestinal epithelium (Sukhotnik et al.,
2009), stimulates mucin secretion (El Homsi et al., 2007) and
maintains intestinal epithelium integrity (Brun et al., 2007). Its
secretion into the gastric juice regulates digestion and absorption
(Morton et al., 1998). Furthermore, intact leptin signaling plays a
key role in offering protection against gut parasite infections e.g.,
E. Histolytica caused amoebiasis. However, a mutation (E233R)
or polymorphism in LEPR is likely to enhance the susceptibility
for E. Histolytica infection by four-folds in children, irrespective
of their nutritional status. In mice, leptin-deficiency has shown
intermediate susceptibility and leptin-receptor deficiency has
shown high susceptibility to this amoeboid infection, and mice
ceca developed intensive epithelial denudation. An integral leptin
signaling in intestinal epithelial cells via STAT3 and Erk or
Akt pathways was found to be protective against these amoebic
infections, which is governed by non-adipokine action of leptin
(Vedantam and Viswanathan, 2012).

Leptin Induces Protective Immunity to
Intracellular Parasite Infections
Leishmaniasis is a vector-borne intracellular infectious disease
caused by the protozoan Leishmania sp., For the first time,
we have hypothesized the possible role of leptin in human
VL (Dayakar et al., 2011). Thereafter, several studies on the
relationship between leptin and disease outcome in leishmaniasis,
indicated that exogenous recombinant leptin augmented the
host protective immunity with the combination of miltefosine
in mouse macrophages (J774.1 cell line) during in vitro L.
donovani infection (Shivahare et al., 2015). We have also—
demonstrated that leptin induced the host protective Th1-type
cytokine response in human THP-1 macrophages and PBMCs.
Leptin was able to maintain the defense against L. donovani
infection through the classical activation of macrophages by
inducing the phosphorylation of Erk1/2 and Akt kinase (Dayakar
et al., 2016). In addition, leptin was shown to induce protective

immunity in normal C57BL/6 mice; it reduced the parasite
load in visceral organs such as spleen, liver, and bone marrow
derived macrophages, induced IgG2a, IFN-γ, IL-12, IL-1β, and
nitric oxide (NO) production. However, leptin failed to restore
protective immunity and reduce parasite load in the spleen of
ob/ob mice but succeeded to reduce the parasite load in liver
(Maurya et al., 2016). In malnourished BALB/c mice, leptin
induced Th1 immune response and IgG2a class-switching against
L. donovani challenge. In this study, the fascinating outcome
is the serum leptin levels significantly reduced by the parasite
infection irrespective of malnutrition i.e., systemic leptin levels
were reduced in well-nourished infected animals also (Dayakar
et al., 2017). We assume that perturbations in host lipid profile
could disturb the host immunity and promote the parasite
growth and diffusion inside the lymphoid tissues (Ghosh et al.,
2013). It could be a novel mechanism exhibited by the Leishmania
parasite to evade the host immune defense.

Interaction Between Leptin and Candida

albicans Infection
Leptin receptor-deficient obese (fa/fa) rats show impaired host
defense against C. albicans infection whereas, in stressed rats this
infection caused a prompt reduction in systemic leptin levels and
increased TNF-α levels (Rodríguez-Galán et al., 2010). However,
it has been suggested that the leptin can activate healing the
critical illness in stress-related activities (Bornstein et al., 1998).
Leptin regulates the production of endogenous cortisol through
hypothalamic-pituitary-adrenal (HPA) axis, which induces stress
response, and hematopoiesis.

SCOPE AND CHALLENGES OF LEPTIN IN
VACCINES FORMULATION

To the best of our knowledge, several vaccines failed to prove
their efficacy in preclinical studies, and the lack of appropriate
immuno-adjuvant could be one of the potential reasons.With the
advancement of scientific knowledge and innovative technology,
it becomes easier to identify and develop novel vaccine or
adjuvant tools (Kennedy and Poland, 2011; Poland et al., 2011).
The goal of adjuvant is to elicit robust vaccine-specific immune
response and immune homeostasis. Leptin is one such molecule,
which can restore inflammatory response without eliciting
adverse side-effects since it is produced endogenously. For
example, a long-term leptin replacement therapy in congenital
leptin-deficient children restored the Th1/Th2 cytokine balance
and proliferation of lymphocytes, neutrophils, and monocytes
(Farooqi et al., 2002). The 7 days of leptin treatment in these
children had no effect on body weight loss, though it reduced
energy intake (Farooqi et al., 2007). In contrast, the intra-
cerebroventricular route of leptin (1 µg/day) infusion for 7
days in C57B6/J and ob/ob mice substantially reduced the
daily intake of food and body weight (Tschöp et al., 2010).
The peripheral leptin administration does not affect either
food intake or body weight (Bryson, 2000). It acts directly on
immune cells. In consistence with this hypothesis, we observed
that the subcutaneous route of recombinant leptin (5 µg/day)
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administration into the malnourished BALB/c mice infected by
L. donovani did not alter the amount of food intake or weight
gain; in fact, it controlled the further loss of body weight. In
addition, an increased infiltration of CD8+ T cells and their
activity was observed in the spleen tissue in terms of Granzyme-
A expression and cytotoxic T lymphocyte Antigen (CTLA)-
4 and programmed death protein (PD-1) repression (Dayakar
et al., 2017). Collectively, our study suggests that leptin can be a
potential adjuvant tool in kala-azar vaccination strategies. It was
also shown that the peripheral administration of recombinant
leptin markedly reduced food intake and body weight in ob/ob
and diet-induced obese mice without apparent toxicity and had
no effect on db/db mice (Campfield et al., 1995; Halaas et al.,
1995). But these observations in wild-type lean mice are quite
lesser and had not reported on alteration in metabolic parameters
(Pelleymounter et al., 1995), suggesting clinical perspectives
of leptin treatment in weight related complications. However,
exogenous leptin therapy may not be beneficial to the obese
individuals (Heymsfield et al., 1999) having hyperleptinemia and
leptin resistance i.e., impaired leptin signaling due to LEPR
deficiency or transport saturation. But the administration of
chemical chaperons such as 4-phenylbutyric acid (4-PBA) and
tauroursodeoxycholic acid (TUDCA) has reduced the ER stress
in diet-induced obesity and increased the leptin sensitivity by
ten-folds beside to weight loss during high-fat diet (Ozcan
et al., 2009). The clinical investigation on obese and type-
2 diabetic phenotypes is required to confirm the therapeutic
potential of TUDCA as it known to regulate the weight-
loss and leptin/insulin sensitivity (Ozcan et al., 2006), and
interact directly with immune cells. The molecular chaperon
heat-shock protein 60 (HSP60) may have potential role in the
regulation of obesity related chronic ER stress and its expression
is correlated with circulatory leptin (Märker et al., 2012). In
in vitro, leptin stimulates the expression of HSP60 (Bonior
et al., 2006), which exerts pro/anti-inflammatory response by
interacting with TLR-2 and TLR-4, unveiling the interaction
between leptin and chaperons. However, the food and drug
administration (FDA) approval of TUDCA for the treatment
of primary biliary cirrhosis (Invernizzi et al., 1999) and its
inhibitory potential against influenza A viral replication by
inducing ER stress (Hassan et al., 2012) are to be controversial
for its application in leptin/leptin signaling impaired pathologies.
Hence, there is a great scope for active research to identify a
specific pharmacotherapy candidate to improve leptin signaling
in obesity. Targeting SOCS-3 expression and PTPs activity
using appropriate inhibitors and implying ER stress reducing
measures could help in reversing leptin insensitivity in
obesity.

Studies have shown that immature DCs primed with leptin
were licensed to skew the immune response toward Th1-type by
upregulating the production of IL-12p70 uponCD40 stimulation.
It was also able to induce the activity of autologous CD8+
T cells in terms of perforin and IFN-γ production (Mattioli
et al., 2008). The reinfusion of leptin-pulsed autologous DCs
into the patients with cancer may induce anti-tumor specific
CD8+ T cell response by infiltrating into the LNs. In view
of this, there is a scope to develop vaccines against multiple

infections e.g., HIV using leptin as an adjuvant in immune cell-
based therapy (Martín-Romero et al., 2000; Mattioli et al., 2005).
Leptin resistance or desensitization of signaling in obesity (BMI
≥ 30 kg/m2) and over-nutrition impaired antigen-specific IgG
response as well as reduced CD69, IFN-γ, and Granzyme-B in
CD8+ T cells to influenza vaccination (Sheridan et al., 2012).
Similarly, hepatitis-B vaccination failed due to reduced HBsAg
specific IgG response (Weber et al., 1985) and tetanus vaccination
also failed due to low anti-tetanus IgG and high IL-6 (Eliakim
et al., 2006). Overall impaired antibody response may be due
to the sharp reduction in B-lymphocytes count, for example in
ob/ob mice, a firm reduction in pre-B-cells count for 21% and
immature B-cells count for 12% was noticed. However, this was
further repaired by exogenous leptin supply, unveiling the role
of leptin in B-cells generation and activation (Claycombe et al.,
2008).

Despite the lack of investigations on leptin-based therapies,
the immunostimulatory potential of leptin cannot be neglected
in vaccines development, as an adjuvant (White et al., 2013).
Certain investigators tried to explore the adjuvant role of leptin in
mucosal vaccination against a gram-positive bacterial pneumonia
caused by R. equi infection in foals and immunodeficient humans
(Cauchard et al., 2011). In this study, mice were vaccinated with
LL-VapA (a native Lactococcus lactis vector expressing virulence-
associated protein-A of R. equi) alone or with the combination of
LL-leptin (a recombinant L. lactis strain for leptin production)
through an intra-gastric or intranasal route against R. equi.
However, only the co-immunization (combination of LL-VapA
+ LL-leptin) was able to produce protective immunity, when it
was ingested through gastric route. On the other hand, LL-VapA
alone was able protect against bacterial challenge when it was
vaccinated through intranasal route but the co-immunization has
stimulated the immune response. Similarly, the LEPR-deficient
mice were not protected by prophylactic vaccination in spite of
mild gastritis and pathogen specific antibody response during H.
pylori infection (Wehrens et al., 2008), indicating the importance
of leptin and its signaling in the generation host protective
immune response. Leptin signaling in mucosal epithelium of
vaccinated stomach possibly trigger the infiltration of effector
CD4+ T cells, neutrophils and macrophages, and reduce CD4+
Treg cells to H. pylori challenge. CD4+ T cells produced leptin
stimulates their own proliferation by autocrine mechanism as
well as epithelial cells to induce protective immune response
and suppress Tregs mediated pathogenic response (Walduck and
Becher, 2012). Acute systemic inflammation induced by S. typhi
vaccination in humans doubled the plasma IL-6 levels but it did
not affect the leptin levels within 24 h, indicating that leptin is not
a key molecule in early systemic inflammation (Ekström et al.,
2015).

In conclusion, the current knowledge suggests a finite role of
leptin signaling in immunity, but the data is insufficient at clinical
standards. It is based on measuring the concentration of systemic
leptin levels, which is not a well-defined marker of actual leptin
signaling. In addition, the current eating habits and sedentary
lifestyle of developed countries and of urban population in
developing countries are becoming real hurdles to control the
obesity in children and adults. They are the risk factors for
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fruitful vaccination attempts to various infections, which emerges
in hypo or hyperleptinemia state and in impaired Th1/Th2
balance state shown in Figure 2. However, there is an increasing
evidence that leptin is a part of immunopathology of certain
physiological conditions. For instance, high systemic leptin in
mice associated with T cell mediated hepatotoxicity (Faggioni
et al., 2000a) liver fibrosis (Leclercq et al., 2002) autoimmune
encephalomyelitis (Matarese et al., 2001; Sanna et al., 2003)
intestinal inflammation (Siegmund et al., 2002), coronary heart
disease (Yudkin et al., 1999), and type-2 diabetes (Pickup
et al., 2000; Matarese et al., 2002). In humans, it associated
with pancreatitis (Konturek et al., 2002), sepsis and septic
shock (Arnalich et al., 1999) suggests that non-physiological
excess levels of leptin are toxic to the host system due to
excessive proinflammatory cytokine response and inflammation,
which causes tissue damage. The strategies following to
preserve the number, proliferation and activity of naturally
occurring Foxp3+CD4+CD25+ Tregs may help to counteract
the excessive inflammation. As the leptin is a negative regulator
of Tregs, the neutralization of leptin with monoclonal antibody
in Tregs unlocks their hyporesponsiveness or anergic state by
the rapid degradation of cyclin dependent kinase inhibitor p27
(p27kip1) and phosphorylation of Erk1/2, and increases IL-2

dependent Foxp3+ Tregs proliferation without altering their
suppressive role (De Rosa et al., 2007). This phenomenon may
help to protect from autoimmunity but increases susceptibility
to intracellular infections. Therefore, the strategic usage of
Tregs with the manipulation of leptin signaling may provide
a new opportunity to control infectious and autoimmunity
disorders. In addition to this, a better understanding the network
of underlying mechanisms that connected with the impaired
leptin signaling or central vs. peripheral leptin resistance in
obesity-related disorders, autoimmunity, and infectious diseases
may empower our knowledge toward identifying potential
therapeutics to increase the leptin sensitivity as wells as vaccine
response to infections. Despite the insulin therapy to improve
the cellular uptake of glucose and hyperglycaemia and resulting
diabetes in db/db individuals, it would be a fascinating discovery
if we address a novel strategy to improve leptin signaling
in db/db cases besides to conventional receptor gene cloning
approach in target cells. The lack of functional leptin in
ob/ob and insufficient leptin in malnutrition or starvation
obviously responds to exogenous leptin treatment. However,
the route of administration is also critically important. By
considering the type of disorder (i.e., metabolic, immunological,
endocrine, infectious, and lifestyle) and molecular basis of

FIGURE 2 | A possible link of differential leptin levels of altered physiological conditions with the rate of susceptibility to infections and vaccination. Adipose tissue of

normal individuals produces adequate levels of leptin that offers resistance to multiple infections by maintaining the immune homeostasis. In diet-induced obesity,

adipose tissue produces leptin in huge amount (hyperleptinemia) that causes desensitization of target cells for leptin signaling (leptin resistance) results in refractive

T-cells response and huge expression of SOCS3, which increases susceptibility to infections and autoimmunity. In malnutrition, reduced mass of adipose tissue

produces inadequate systemic leptin that cannot hold the Th1-Th2 balance and increases incidence of multiple infections. Both obesity and malnutrition causes

impaired vaccination due to inefficient antibody response and T-cell priming.
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pathogenicity, leptin can be targeted as a potential therapeutic
molecule as well as an adjuvant tool to improve the vaccines
efficiency without affecting anti-inflammatory or autoimmune
responses.

Our further goal is to find out the correlation between
systemic leptin levels and disease severity of VL by using clinical
samples of pre/post-treated and disease relapsed patients from
endemic regions of India. Though DCs are potential APCs
and produce antileishmanial immune response, the studies on
DC-based immunotherapy for VL remains low. Antigen-pulsed
DCs in conjugation with Antimonial drug was tried against
established murine VL. However, the drug conjugation may
repeat the complications of toxicity and resistance. The DC-
based therapy alone was tried against cutaneous leishmaniasis
(CL) but it was proved inefficient to heal the disease, highlighting
the importance of an adjuvant in immunotherapy. Therefore,
in future prospective, we proposed to investigate the adjuvant
potential of recombinant leptin in DC-based immunotherapy
for VL.
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Malaria caused by Plasmodium vivax is a neglected disease which is responsible for

the highest morbidity in both Americas and Asia. Despite continuous public health

efforts to prevent malarial infection, an effective antimalarial vaccine is still urgently

needed. P. vivax vaccine development involves analyzing naturally-infected patients’

immune response to the specific proteins involved in red blood cell invasion. The

P. vivax rhoptry neck protein 2 (PvRON2) is a highly conserved protein which is

expressed in late schizont rhoptries; it interacts directly with AMA-1 and might be

involved in moving-junction formation. Bioinformatics approaches were used here to

select B- and T-cell epitopes. Eleven high-affinity binding peptides were selected using

the NetMHCIIpan-3.0 in silico prediction tool; their in vitro binding to HLA-DRB1∗0401,

HLA-DRB1∗0701, HLA-DRB1∗1101 or HLA-DRB1∗1302 was experimentally assessed.

Four peptides (39152 (HLA-DRB1∗04 and 11), 39047 (HLA-DRB1∗07), 39154

(HLADRB1∗13) and universal peptide 39153) evoked a naturally-acquired T-cell immune

response in P. vivax-exposed individuals from two endemic areas in Colombia. All four

peptides had an SI greater than 2 in proliferation assays; however, only peptides

39154 and 39153 had significant differences compared to the control group. Peptide

39047 was able to significantly stimulate TNF and IL-10 production while 39154

stimulated TNF production. Allele-specific peptides (but not the universal one) were

able to stimulate IL-6 production; however, none induced IFN-γ production. The

Bepipred 1.0 tool was used for selecting four B-cell epitopes in silico regarding

humoral response. Peptide 39041 was the only one recognized by P. vivax-exposed

individuals’ sera and had significant differences concerning IgG subclasses; an IgG2

> IgG4 profile was observed for this peptide, agreeing with a protection-inducing role

against P. falciparum and P. vivax as previously described for antigens such as RESA
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and MSP2. The bioinformatics results and in vitro evaluation reported here highlighted

two T-cell epitopes (39047 and 39154) being recognized by memory cells and a B-cell

epitope (39041) identified by P. vivax-exposed individuals’ sera which could be used as

potential candidates when designing a subunit-based vaccine.

Keywords: Plasmodium vivax, PvRON2, HLA-DRB1 typing, antigenicity, synthetic peptide, epitope, cellular and

humoral response

BACKGROUND

Malaria is one of the most important public health problems in
tropical and subtropical regions worldwide. Nearly 3.3 billion
people globally are at risk of contracting the disease; 214 million
new cases appeared and 438,000 deaths occurred in 2015. Malaria
is caused by parasites from the phylum Apicomplexa, genus
Plasmodium. Plasmodium vivax is the second most prevalent
known species and has the greatest geographical distribution as
it can develop in its vector at lower temperatures and survive at
higher altitudes. It also has a latent form known as hypnozoite;
this remains in the hepatocytes, enabling parasite survival in a
host for a long time (Mueller et al., 2009; Guerra et al., 2010;
WHO, 2016).

Although malarial cases in Latin America decreased during
the last decade, a rise in cases reported from Venezuela and
Colombia has been reported in 2015 and 2016 (PAHO/WHO,
2017), Colombia being listed as the fourth regarding incidence
during 2015 (i.e., 10% of malarial events) (WHO, 2016). A
passive surveillance study of malarial transmission in Colombia
between 2011 and 2013 showed that 50.7% of cases were
caused by P. vivax, 48.9% by P. falciparum and 0.4% mixed
infection (Arévalo-Herrera et al., 2015). A severe malaria study
on Colombia’s Pacific coast showed that P. vivax induced acute
anemia in children and P. falciparum patients had high renal and
hepatic damage rates (Arévalo-Herrera et al., 2017).

Since P. vivax has wide-scale global distribution, some
strategies used to combat malaria involve using insecticide-
impregnated mosquito nets and drugs such as sulphadoxine-
pyrimethamine, artemisinin, and chloroquine (WHO, 2016);
despite such efforts, vector insecticide resistance and parasite
resistance to anti-malarial drug has increased during recent
years (Rieckmann et al., 1989; Fairhurst and Dondorp, 2016).
Administering anti-malarial drugs, together with developing an
effective antimalarial vaccine, is considered a relevant control
strategy for preventing and eradicating malaria (WHO, 2016).

Abbreviations: aa, amino acids; AMA, apical membrane antigen; APC,
antigen presenting cell; BSA, bovine serum albumin; CBA, Cytometric Bead
Array; CFSE, carboxyfluorescein diacetate N-succinimidyl ester; CPD, citrate
phosphate dextrose; DAPI, 4′, 6-diamidino-2-phenylinodole dihydrochloride;
DNA, deoxyribonucleic acid; DBP, Duffy binding protein; ELISA, enzyme-
linked immunosorbent assay; FITC, fluorescein isothiocyanate; GAMA,
GPI-anchored micronemal antigen; gDNA, genomic deoxyribonucleic acid;
GPI, glycophosphatidylinositol; HA, hemagglutinin antigen; HABPs, high activity
binding peptides; HLA, human leucocyte antigen; HPLC, high-performance
liquid chromatography; IEDB, immune epitope database; IFA, indirect
immunofluorescence assays; IFN-γ, interferon gamma; IgG, immunoglobulin
G; IL, interleukin; MHC, major histocompatibility complex; MJ, moving
junction; Mrz, merozoites; MSP, merozoite surface protein; NGS, next generation

More than 50 proteins have been described to date as
being involved in malarial parasite’s red blood cell (RBC)
invasion; most have been identified at molecular level and
characterized immunologically in P. falciparum (Bozdech et al.,
2003; Cowman and Crabb, 2006). Conversely, studying P. vivax
proteins involved in host invasion has been difficult, mainly due
to technical restrictions such as the lack of a continuous in vitro
parasite culture, leading to inadequate study of parasite biology
(Udomsangpetch et al., 2008; Mueller et al., 2009).

Parasites from the phylum Apicomplexa have specialized
organelles such as rhoptries which contain a large amount of
proteins involved in host cell invasion (Counihan et al., 2013). Six
P. vivax rhoptry neck proteins have been identified to date: Pv34,
PvRON1, PvRON2, PvRON4, PvRALP and PvRON5 (Mongui
et al., 2009; Arévalo-Pinzón et al., 2011, 2013, 2015; Moreno-
Perez et al., 2011; Cheng et al., 2015). They have been described
as possible targets for blocking P. vivax invasion of RBC (Mongui
et al., 2009).

P. vivax rhoptry neck protein 2 (PvRON2) is 2,204 amino
acids (aa) long and is expressed in late schizont rhoptries
(Arévalo-Pinzón et al., 2011). It is a highly conserved protein
which is secreted by specialized organelles and forms part
of the complex of proteins called RONs. This protein, like
its orthologs in T. gondii (TgRON2) and P. falciparum
(PfRON2) interacts directly with the AMA-1 protein. The
RON complex is involved in forming the moving junction
(MJ) (electro dense ring-shaped structure) which allows parasite
entry to a host cell (Aikawa et al., 1978; Lamarque et al.,
2011). RON2’s crucial role during merozoite (Mrz) invasion of
erythrocytes, moving junction (MJ) formation and subsequent
parasitophorous vacuole (PV) formation (Cao et al., 2009;
Collins et al., 2009; Srinivasan et al., 2011) makes it a good
vaccine candidate. Moreover, Srinivasan et al. have shown
that vaccination with the PfAMA1-RON2L complex induce
protection in Aotus monkeys, mediated by high neutralizing

sequencing; NK, natural killer; NKT, natural killer T-cells; OD, optical density;
P. falciparum, Plasmodium falciparum; P. vivax, Plasmodium vivax; PBMC,
peripheral blood mononuclear cells; PBS, phosphate buffered saline; PBST,
PBS-0.05% Tween 20; pg, picograms; PHA, phytohemagglutinin; pNPP, p-
nitrophenylphosphate; pRBC, parasite red blood cells; PV, parasitophorous
vacuole; RALP, rhoptry-associated leucine (Leu) zipper-like protein; RBC, red
blood cells; RON, rhoptry neck proteins; RPMI, roswell park memorial institute;
RT, room temperature; SE, standard error; SEM, standard error of the mean;
SI, stimulation index; T. gondii, Toxoplasma gondii; TBS, tris-buffered saline;
TBSA, TBS-1% BSA; TCR, T-lymphocyte receptor; Th1, T helper 1; Th2, T
helper 2; TMB, 3,3′,5,5′-tetramethylbenzidine; TNF, tumor necrosis factor; TRAg,
tryptophan-rich antigen; TT, tetanus toxoid; VDR, vitamin D3 receptor; µM,
micromolar.
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antibody titers that prevent the invasion of RBC (Srinivasan et al.,
2017).

The development of bioinformatics tools during the last few
decades has enabled predicting vaccine candidates based on
peptide binding affinity for major histocompatibility complex
(MHC) class I or class II (Sturniolo et al., 1999; Nielsen and Lund,
2009;Wang et al., 2010; Zhang et al., 2012; Andreatta et al., 2015).
The immune system’s function is to recognize and differentiate
between self and non-self-antigens so as to trigger cellular and/or
humoral immune responses. MHC class II proteins (HLA-II in
humans) are expressed on antigen presenting cells’ (APC) surface
(i.e., macrophages, dendritic cells and B-lymphocytes). These
recognize extracellular antigens and can bind 13- to 18-aa-long
peptides. One of the main difficulties in designing a vaccine is the
high HLA polymorphism, especially fromHLA-DRB1, this being
the most polymorphic locus. Antigen binding capability varies
from one allele to another, increasing or reducing affinity and
driving immune responses. Selecting peptides as good vaccine
candidates relies on their ability to be recognized by HLA-DRB1
alleles to ensure a protection-inducing immune response (Stern
and Calvo-Calle, 2009). T-cells can trigger stronger immune
responses after their APC recognition, depending on the peptides
bound to MHC receptors (Blum et al., 2013).

Antigen-antibody interaction plays an essential role in
humoral immune responses against pathogens. Bioinformatics
tools are extremely useful for identifying antigenic determinants
or B-cell epitopes when designing vaccines (Bergmann-Leitner
et al., 2013; Panda and Mahapatra, 2017). Predicting linear B-cell
epitopes (contiguous aa in a protein sequence) is based on several
methods for determining aa physicochemical properties, such as
solvent accessibility, hydrophilicity and flexibility (El-Manzalawy
et al., 2017; Solihah et al., 2017).

This paper describes naturally-acquired T-cell and antibody
immune responses to PvRON2 in P. vivax-exposed individuals
from two of Colombia’s endemic areas (Córdoba and Chocó), in
the search for vaccine candidates. Eleven high-affinity epitopes
were selected by NetMHCIIpan-3.0 (Andreatta et al., 2015)
in silico prediction and their in vitro binding to at least
one of HLA-DRB1∗0401, HLA-DRB1∗0701, HLA-DRB1∗1101
and HLA-DRB1∗1302 was assessed by competition assays. The
Bepripred 1.0 tool was used for selecting four B-cell epitopes
in silico. A good immune response was observed against two
T-cell and one B-cell epitopes; further studies aimed at testing
these peptides as components of a subunit vaccine against
P. vivax are thus recommended.

MATERIALS AND METHODS

In Silico B-Cell and T-Cell Epitope High
Binding Prediction
The PvRON2 aa sequence (PlasmoDB database code:
PVX_117880) was used for predicting T-cell epitopes having
high binding affinity for the HLA-DRB1 alleles most frequently
occurring in endemic areas worldwide (HLA-DRB1∗0401,
HLA-DRB1∗0701, HLA-DRB1∗1101, and HLA-DRB1∗1302)
(Marsh et al., 1999). NetMHCIIpan-3.0 (Andreatta et al., 2015)

was used for predicting these epitopes and confirmed by IEDB
(Sturniolo et al., 1999; Nielsen and Lund, 2009;Wang et al., 2010)
and TEPITOPE software (Zhang et al., 2012). Three epitopes
per HLA-DRB1 were selected for in vitro analysis according to
highest predicted binding values (Table 1).

Bepipred 1.0 (Larsen et al., 2006) and Antheprot 2000
V6.0 (Deléage et al., 2001) were used for predicting B-cell
epitopes. Four epitopes were chosen as they agreed with average
high Parker antigenicity, hydrophilicity and solvent accessibility
values obtained with Antheprot software, and the high values
obtained with the Bepipred tool (0.35 default threshold and
75% specificity); such peptides were further used for analyzing
humoral responses in vitro (Table 2).

Synthetic Peptides
Peptides selected in silico were purchased from Twenty First
Century Biochemicals Inc. (260 Cedar Hill Street Marlboro,
MA 01752 USA) and characterized by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS). The biotinylated peptides used as control
for HLA peptide binding in competition assays were synthesized
using sulfo-NHS-LC-Biotin (Pierce Chemical, Rockford).

HLA-DR Molecules Purification
HLA-DRB1∗ molecules were purified from human HLA-
DRB1∗0401 (IHW09025), HLA-DRB1∗0701 (IHW09051),
HLA-DRB1∗1101 (IHW09043) and HLA-DRB1∗1302
(IHW09055) homozygous lymphoblastoid B-cell lines
(International Histocompatibility Working Group) and
cultured in RPMI-1640 (Gibco) with 10% FBS (Gibco), at 37◦C
in a 5% CO2 atmosphere. The purification was carried out as
previously described by Vargas et al. (2003), briefly 5 × 109 cells
were lysed at 1 × 108 cell/mL final density in lysis buffer with
10µg/mL protease inhibitors [antipain, pepstatin A, soybean
trypsin, leupeptin, and chymostatin (SIGMA-ALDRICH)]. The
lysate was mixed with Protein A-Sepharose CL-4B beads (GE
Healthcare) linked to mAb L243 (ATCC HB-55; anti-DR was
purified by affinity chromatography using Protein A-Sepharose
CL-4B beads) overnight, HLA-DRB1∗ molecules were obtained
by affinity chromatography. HLA-DRB1 protein purity was
confirmed by native SDS-PAGE (12%) and Western-blot;
positive aliquots’ concentration was determined by the Micro
BCA protein assay kit (Thermo Scientific); HLA-DRB1 proteins
were stored at−80◦C until use.

In Vitro Peptide-Binding Assays and IC50
Values
Peptide binding competition assays were performed to test
PvRON2 high-affinity binding peptides selected by in silico
analysis using NetMHCIIpan 3.0 software. Selected unlabeled
peptides competed with biotinylated control peptide in
binding to HLA-DRB1∗. The biotinylated peptides used were
haemagglutinin antigen HA306−318 (PKYVKQNTLKLAT) for
HLA-DRB1∗04 andHLA-DRB1∗11 (Hammer et al., 1994; Saravia
et al., 2008) and tetanus toxoid (TT) (QYIKANSKFIGITE) for
HLA-DRB1∗07 and HLA-DRB1∗13 (Doolan et al., 2000).
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TABLE 1 | T-epitopes selected in silico and PvRON2 in vitro binding.

Peptide code Sequence CoreF HLA-DRB1* allele NetMHCIIpan 3.0 (%Rank) Binding percentage* IC50 µM* IC50 ratio

39147 LKPFYSLETMLMANS FYSLETMLM DRB1*0401 0.3 92.6 4.6 0.2

DRB1*0701 2.5 83.2 26.0 1.1

DRB1*1101 10.0 79.3 23.0 4.8

DRB1*1302 34.0 63.0 79.0 10.6

39148 NVRKFFLNDVSSIRH FFLNDVSSI DRB1*0401 1.0 83.0 11.9 0.6

DRB1*0701 5.0 79.9 39.7 1.7

DRB1*1101 19.0 73.8 83.4 17.5

DRB1*1302 1.4 94.2 7.4 1.0

39149 DKSFISEANSFRNEE FISEANSFR DRB1*0401 3.5 85.8 26.3 1.4

DRB1*0701 17.0 42.8 ND ND

DRB1*1101 26.0 36.5 ND ND

DRB1*1302 24.0 33.5 ND ND

39150 QTAFRKFFKKIISLG FFKKIISLG DRB1*0401 17.0 83.6 33.7 1.7

FRKFFKKII DRB1*0701 6.5 67.2 51.8 2.2

DRB1*1101 1.2 87.6 83.4 17.5

DRB1*1302 48.0 7.7 ND ND

39151 KLKYIFKRRKTMKKK FKRRKTMKK DRB1*0401 37.0 65.3 40.0 2.1

DRB1*0701 6.0 36.0 ND ND

YIFKRRKTM DRB1*1101 0.1 78.5 51.1 10.7

DRB1*1302 27.0 13.1 ND ND

39152 LFYVNLFIMSSLSRK LFIMSSLSR DRB1*0401 3.0 65.8 2.8 0.1

FIMSSLSRK DRB1*0701 2.0 11.0 ND ND

DRB1*1101 1.4 91.8 1.9 0.4

DRB1*1302 27.0 94.7 8.0 1.1

39153 MKLLQHIPANLLENI LLQHIPANLL DRB1*0401 0.5 61.2 57.0 2.9

DRB1*0701 0.1 85.4 7.5 0.3

DRB1*1101 6.5 72.7 52.1 10.9

DRB1*1302 0.1 91.9 10.7 1.4

39154 LKFIVRGNNLKFLNN IVRGNNLKF DRB1*0401 11.0 22.2 ND ND

DRB1*0701 4.5 43.7 ND ND

FIVRGNNLK DRB1*1101 3.0 24.9 ND ND

IVRGNNLKF DRB1*1302 0.2 90.1 6.5 0.9

39046 NYEIYIASSSNIYLM YIASSSNIY DRB1*0401 0.8 91.8 28.4 1.5

DRB1*0701 0.3 91.5 23.3 1.0

DRB1*1101 13.0 82.9 120.0 25.2

IYIASSSNI DRB1*1302 0.2 92.8 29.6 4.0

39047 RGPVNYHFSNYMNLD VNYHFSNYM DRB1*0401 16.0 59.8 54.5 2.8

YHFSNYMNL DRB1*0701 10.0 90.4 6.0 0.3

DRB1*1101 37.0 0.0 ND ND

VNYHFSNYM DRB1*1302 13.0 37.8 ND ND

39048 TPIIVKYDNTHAKNR IIVKYDNTHA DRB1*0401 12.0 90.7 11.9 0.6

DRB1*0701 41.0 10.5 ND ND

DRB1*1101 24.0 16.8 ND ND

DRB1*1302 8.5 3.3 ND ND

Peptide code and sequence are shown; core and %rank according to NetMHCIIpan 3.0 predicted HLA-DRB alleles and values. Binding assays and IC50 values were obtained from

the methodology for all peptides. IC50 was assessed for peptides having ≥50% binding, IC50 values were expressed as ratios (IC50 peptide/IC50 control peptide), and good binders

were considered when their ratio was ≤10. Specific peptides were selected as those having the lowest ratio value for each allele and a universal peptide had to have the lowest mean

ratio value.

*Data from this study; ND means that a peptide had less than 50% binding so that its IC50 value was not evaluated. %Rank values were considered as follows: weak binders rank ≤10

and strong binders ≤2. IC50 values were calculated for each control peptide with each DRB1* allele, the controls HA-DRB1*0401 IC50 = 19.44 µM; TT-DRB1*0701 IC50 = 23.37 µM;

HA-DRB1*1101 IC50=4.77 µM; TT-DRB1*1302 IC50 = 7.46 µM. Peptides having a IC50 ratio ≤10 were considered good binders.
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TABLE 2 | Humoral response to PvRON2 B-cell epitopes.

B epitope code Amino acid sequence Average response

39041 YGRTRNKRYMHRNPGEKYKG 0.159 (SE = 0.026)

39042 KLQQEQNELNEEKERQRQEN 0.104 (SE = 0.016)

39043 QEQEEEEDDNDPNGSKKNGK 0.142 (SE = 0.018)

39044 EKIRKQEEEEEERINNQRRA 0.094 (SE = 0.015)

PvGAMA-CT 434–749 aa 0.475 (SE = 0.071)

IgG absorbance readings for individuals exposed to natural P. vivax infection from endemic

areas of Colombia. B-cell epitope code, aa sequences, control protein and average

response (OD) are shown. SE, standard error.

HLA-DR molecules (0.1µM) were incubated for 24 h with
5µM biotinylated HA or TT peptides and a 50-fold excess
of unlabeled peptide (250µM). The mix was incubated for
2 h in Maxisorb NUNC-immune modules (Thermo Scientific)
covered with anti-DR. The complex was incubated with alkaline
phosphatase streptavidin (Vector Labs) and as substrate alkaline
phosphatase yellow (pNPP) liquid substrate (Sigma-Aldrich).
Optical density (OD) was determined at 405 nm using a
Multiskan GO (Thermo Scientific, Waltham, Massachusetts,
USA) ELISA reader. Inhibition was calculated as a percentage,
by using the following formula:

100 ∗

[

1−

(

1OD in the presence of competitor

1OD in the absence of competitor

)]

IC50 values (50% concentration inhibition) were determined for
peptides able to inhibit high-affinity control peptide binding to
a particular HLA-DR by more than 50% (Saravia et al., 2008).
The peptides and control peptides were tested in 5–250µM serial
dilutions for the competition assays; Mathematica (version 10.1)
software (Wolfram Research, Inc., Mathematica, Champaign, IL
2015) was used for calculating IC50 values, using two-phase
exponential decay. IC50 values were calculated as a relative value
using the following formula:

1−

[

(

1OD in the presence of competitor
)

(

1OD in the absence of competitor
)

]

Study Population
Peripheral blood was obtained from 79 people living in the
Colombian departments of Chocó and Córdoba (known P. vivax
malaria endemic areas, having the highest case incidence) who
had suffered previous episodes of malaria. Inclusion criteria
consisted of being over 18 years-old, residing in a P. vivax-
endemic area, having had 1 or more episodes of P. vivax
malaria (the last one 6 months beforehand) and having received
suitable treatment for the disease. Although a stronger immune
response would have been expected in acutely-infected P. vivax
individuals, the construction of study groups required a prior
HLA typing and thus, a second sample had to be taken
from individuals matching the alleles of interest to assess
antigenicity. Taking this into account, the antigenicity sample
was taken from people that had suffered P. vivax malaria at

least 6 months earlier. A control group of 50 individuals was
selected; this consisted of healthy adults residing in Bogotá,
Colombia, who had never lived in malaria-endemic areas and
who had never experienced malarial infection. This study was
performed according to the legal framework for research in
Colombia and Ministry of Health’s Resolution 8430 of 1993.
The patients had the least risk, all data were kept confidential
and were rigorously protected. The samples were collected
after all individuals signed an informed consent form; all
procedures were evaluated and approved by FIDIC’s ethics
committee.

HLA-DRB1 Typing
Genomic DNA (gDNA) from 300 µL peripheral blood samples
was extracted using a Wizard Genomic DNA Purification
Kit (Promega Corporation, Madison, USA), following the
manufacturer’s instructions. gDNA was used for high resolution
HLA-DRB1 typing by Histogenetics (Ossining, NY, USA)
through Next Generation Sequencing (NGS) technology using
Illumina MiSeq.

PBMC Isolation
Twenty-nine people carrying HLA-DRB1 typing for HLA-
DRB1∗04, HLA-DRB1∗07, HLA-DRB1∗11 and HLA-DRB1∗13
alleles were selected from P. vivax endemic areas of Colombia’s
Córdoba and Chocó departments. Eight people carrying
the same HLA-DRB1∗ alleles from a non-endemic area
formed the control group. About 40mL peripheral blood was
collected in citrate phosphate dextrose (CPD) tubes and 6mL
peripheral blood in BD vacutainer serum collection tubes
(BD Vacutainer Oakville, ON). Thick blood smears were used
for confirming samples negative for malaria. Peripheral blood
mononuclear cells (PBMC) were isolated by Ficoll-Paque PLUS
(GE Healthcare) gradient centrifugation. Briefly, the buffy coat
was resuspended in RPMI 1640 (Gibco) and separated by
Ficoll, spinning at 1,000 g for 30min at room temperature
(RT). Mononuclear cells were collected, washed and spun at
800 g for 10min, twice. Cell viability was evaluated by trypan
blue exclusion test and cells were counted in a Neubauer
chamber.

T-Cell Proliferation
Briefly, 2 × 105 PBMC were cultured in 200 µL RPMI-1640
(Gibco), 2mM glutamine, 1mM sodium pyruvate, 2 g/L sodium
bicarbonate, 100µg/mL streptomycin and 100 U/mL penicillin
(all Gibco) and 10% heat-inactivated autologous plasma in 96-
well round-bottomed plates (Costar, Corning Incorporated).
Proliferation activity was evaluated by flow cytometry using
carboxyfluorescein diacetate N-succinimidyl ester (CFSE, 5µM)
(CellTrace CFSE cell proliferation kit, Molecular Probes, Eugene,
Oregon, USA) reduction in replicating cells.

The cells were left without stimulation (unstimulated control)
or were stimulated by co-culture with synthetic peptides
(10µg/mL) or 2% mitogen phytohemagglutinin (PHA) (Sigma)
or 5µg/mL P. vivax lysate as positive controls. Pv12 low binding
peptide was selected (39115) by binding assay and used as
negative control (manuscript in preparation). The 96-well plates
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were incubated in 5% CO2 at 37◦C for 5 days; 100 µL culture
supernatant was then collected per well and stored at−80◦C until
analysis for cytokine production. Duplicate assays were carried
out.

The CD4-Pacific Blue-stained cell stimulation index was
calculated by proliferative cells’ relative percentage loss of
carboxyfluorescein succinimidyl ester (CFSE) in the presence of
antigen, divided by percentage relative CFSE loss for proliferative
cells without antigen (Racanelli et al., 2011). Data was averaged
for each antigen and for both exposed individuals and control
groups. SI≥ 2 was taken as antigen-specific positive proliferation.
A Pacific Blue-labeled mouse anti-human CD4 (RPA-T4 clone)
antibody (BD Biosciences), was used for CFSE-cell cluster
measure. The samples were then read on a FACS Canto II flow
cytometer; FlowJo software (v7.6.5, Ashland, Oregon, USA) was
used for analyzing the results.

Cytokine Secretion
IFN-γ, TNF, IL-10, and IL-6 levels in lymphocyte culture
supernatant were determined with a BD CBA Human Th1/Th2
Cytokine Kit II (San Jose, CA, USA), following themanufacturer’s
instructions. Supernatants were read on a FACS Canto II flow
cytometer; FCAP Array software (v3.0.1) was used for analyzing
the results. Results were expressed in pg/mL for each cytokine;
data were compared between unstimulated and stimulated
PBMC supernatant culture. Two standard deviations higher than
that for control group were taken as positive antigen-specific
production.

Indirect Immunofluorescence Assays (IFA)
IFA followed that previously described by Moreno-Pérez et al.
(2013) with some modifications. Briefly, blood samples from
individuals having active P. vivax infection were spun at 1,750 g
for 12min at RT. Both plasma and buffy coat were recovered
and parasite red blood cells (pRBC) were washed with saline
solution. pRBC were passed through a 60% Percoll gradient and
spun at 1,750 g for 20min. P. vivax-pRBC were diluted until 5–
7 schizonts per field and confirmed by acridine orange. Twenty
µL of diluted pRBC were placed into multitest microscope
slide wells (Tekdon Incorporated) and incubated for 30min.
The supernatant was then removed, and microscopic slides left
overnight (ON) at room temperature (RT) to air dry. The slides
were then blocked for 30min at RT with tris-buffered saline
(TBS) 1% bovine serum albumin (TBSA) solution and washed
three times. The serum samples from 30 exposed individuals
and 8 sera from the control group were diluted in TBSA at 1:50
dilution and incubated for 1 h in a humid chamber. Reactivity
was observed by fluorescence microscopy using anti-human
IgG-FITC antibody (Sigma-Aldrich) diluted 1:50 in TBSA for
45min in a humid chamber. The parasite nuclei were stained
with 4′, 6-diamidino-2-phenylinodole dihydrochloride (DAPI)
(0.25µg/mL) for 5min at RT and washed twice with 0.05% TBS-
Tween 20 and three washes with TBS to remove excess reagent.
The slides were visualized on an Olympus BX51 fluorescence
microscope, using 100X oil immersion objective; DP2-BSW
software (v2.2 Olympus Corporation) was then used to take

images and ImageJ 1.51n software (National Institutes of Health,
USA) for merging images.

Enzyme-Linked Immunosorbent (ELISA)
and Subclass IgG Assays
Total IgG antibodies were measured in serum from exposed
individuals and control group. Maxisorb NUNC-immune
modules (Thermo Scientific) were coated with 1 µg of each
epitope and of rPvGAMA (10µg/mL) (Baquero et al., 2017)
in phosphate-buffered saline (PBS), pH 7.2, and incubated
ON at 4◦C. The immune modules were washed three times
with PBS-0.05% Tween 20 solution (PBST) the next day and
then blocked with 2.5% (wt/vol) non-fat powdered milk in
PBST solution for 1 h at RT. Serum at 1:100 dilution was
incubated for 2 h (100 µL per well) in duplicate. Secondary
antibody horseradish peroxidase-conjugated goat anti-human
IgG (Vector labs) was added at 1:10,000 dilution in blocked
solution and incubated for 1 h at RT. TMB 2-Component
Microwell Peroxidase Substrate (Sera-Care) was added at 100
µL/well to detect monoclonal antibody binding. The reaction
was stopped by adding an equal volume of 1M phosphoric
acid (H3PO4); OD was measured at 450 nm using a Multiskan
GO (Thermo Scientific, Waltham, Massachusetts, USA) ELISA
reader. Cut-off value was determined as negative control serum
samples’ mean plus two standard deviations; IgG subclasses were
determined for positive total IgG serum.

The ELISA protocol described above was followed to
evaluate IgG subclasses with minor modifications, as follows:
3% (wt/vol) bovine serum albumin (BSA, Sigma) in PBST was
used as blocking agent/solution and serum at 1:100 dilution
was incubated for 2 h in duplicate. A 1:1,000 dilution of
monoclonal anti-human IgG1–biotin antibody produced in
mouse (clone 8c/6-39), 1:15,000 monoclonal anti-human IgG2–
biotin antibody produced in mouse (clone HP-6014), 1:40,000
monoclonal anti-human IgG3–biotin antibody produced in
mouse (clone HP-6050) and 1:60,000 anti-human IgG4–biotin
antibody, mouse monoclonal (clone HP-6025) (Sigma Aldrich)
were used. ImmunoPure streptavidin, horseradish peroxidase
conjugate (Thermo Scientific), at 1:5,000, dilution, was used
as secondary antibody and TMB 2-Component Microwell
peroxidase as substrate. The reaction was stopped by adding
an equal volume of 1M phosphoric acid (H3PO4). OD was
measured at 450 nm, using a Multiskan GO ELISA reader
(Thermo Scientific, Waltham, Massachusetts, USA).

Statistical Analysis
GraphPad Prism software (version 5.0, San Diego, CA, USA) was
used for analysis and constructing graphs. A Mann-Whitney test
was used for comparing two groups regarding non-parametric
data and Kruskal-Wallis test (with Dunn’s multiple comparison
post-test) for comparing more than two groups. Student’s t-test
was used for comparing two groups of data having a normal
distribution. A 95% confidence interval was used. p ≤ 0.05 was
considered significant. Significance level has been highlighted on
all graphs by asterisks, as follows: ∗p < 0.05; ∗∗p < 0.005, and
∗∗∗p < 0.0005.
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RESULTS

T-Epitope Selection According in Vitro

Binding Profile
Table 1 gives PvRON2 antigenic epitope prediction results.
Eleven epitopes were selected in silico for HLA-DRB1∗04, ∗07,
∗11, and ∗13 alleles (3 epitopes for each allele and 2 epitopes
for the ∗07 allele). These epitopes were evaluated in vitro for
their ability to bind all alleles of interest; those having greater
than 50% binding were carefully chosen as high-binding peptides
(Figure 1).

In vitro results showed that 10/11 (90.9%) peptides bound
to the HLA-DRB1∗04 allele (73.45% mean binding), being the
most promiscuous allele studied; 7/10 (70%) peptides bound
to HLA-DRB1∗11 (64.47% mean binding); 6/11 (54.5%) of the
peptides bound to HLA-DRB1∗07 (58.33% mean binding) and
HLA-DRB1∗13 (56.55% mean binding). Four of the eleven
peptides bound to all alleles studied here and were thus
considered universal epitopes (39046, 39147, 39148, and 39153).
Experimental binding assays and in silico binding predictions
agreed in a 70.45% for the alleles studied (Table 1).

The IC50 value was calculated for all high-binding peptides
to select the ones displaying higher affinity. Different peptide

concentrations (µM)were used and the point at which 50% of the
control peptide was displaced was thus calculated. IC50µMvalue
was calculated using a second order exponential decay function
(Figure 2). IC50 assays demonstrated that epitope 39152 had the
lowest IC50 ratio for HLA-DRB1∗04 (0.15) and HLA-DRB1∗11
(0.4), so it was thus selected as a good epitope for both alleles.
Epitope 39047 (0.26) was selected as specific epitope for HLA-
DRB1∗07 and epitope 39154 (0.88) for HLA-DRB1∗13. Of the
four universal epitopes, peptide 39153 had the lowest IC50 mean
value (Table 1, Figure 2). The selected epitopes were screened
for antigenicity according to their HLA-DRB1∗ binding profile
in previously typed patients.

Evaluating T-Cell Response Against
Selected Epitopes
The people in the study had to have resided in the area for at
least the last 5 years (average 29 years) and have had 1 or multiple
episodes of P. vivaxmalaria, the last episodes dated between 2011
and 2015. It is well known that a naturally-acquired response
requires a long period of time and multiple exposures to the
parasite (Wipasa et al., 2002). HLA-DRB1∗ allele distribution for
the 79 people here typed is shown in the Supplementary Table 1.

FIGURE 1 | PvRON2 peptides in vitro binding to purified HLA-DRB1* molecules. A cut-off line is shown at 50% binding, used for selecting high-binding peptides for

further evaluation of IC50 value. Each plot shows percentage epitope binding to HLA-DRB1* in this study and that for their control peptide.
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FIGURE 2 | In vitro assays for calculating a PvRON2 peptide’s IC50 value. Different epitope concentrations were evaluated for calculating the value at which control

peptide was displaced by 50% (using a second order exponential decay function). Each point under the curve represents evaluated epitope concentration-dependent

control peptide (µM) binding.

Among the alleles of interest, HLA-DRB1∗04 had a frequency of
12.66%, HLA-DRB1∗07 a frequency of 12.03%, HLA-DRB1∗11 a
frequency of 8.23% and HLA-DRB1∗13 a frequency of 9.49%.

PBMC from individuals exposed to P. vivax infection (and
control group) were stimulated with 10µg/mL PvRON2 peptides
and incubated for 5 days to evaluate proliferative response.
Both universal epitope 39153 and DRB1∗ allele-specific peptides
induced proliferation (≥2 Stimulation Index) in individuals from
endemic areas, whereas there was no proliferation regarding
specific peptides for each allele or parasite lysate in the
control group (Table 3 and Supplementary Table 2). There were
statistically significant differences for universal epitope 39153
(p = 0.0075), DRB1∗13-specific peptide 39154 (p = 0.0387)
and DRB1∗07-specific peptide 39047 (p = 0.0260) between
the group of exposed individuals and the control group. This
response to the different antigens used in the lymphoproliferation
assay, was compared with a Kruskal-Wallis test (with a Dunn’s
multiple comparison post-test), where no statistically significant
differences were found in response to the different peptides.

Low-binding control peptide 39115 showed the lowest
proliferative response (SI= 2.018) and was significantly different
regarding the control group (p = 0.0289). P. vivax lysate also
induced a greater proliferative response in exposed individuals,
despite no statistically significant differences were observed
when compared to the control group (Figure 3). However,
peptide 39115 induced T cell proliferation in 7 of the 29
exposed individuals, despite no binding to HLA-DRB1∗ was
either predicted or observed in vitro. Considering that this
peptide is a T epitope from the Pv12 protein as shown by the

lymphoproliferation assays, further analyses to assess whether it
is being presented by other class II molecules such as HLA-DP or
HLA-DQ are worth carrying out.

P. vivax lysate also induced a greater proliferative response
in exposed individuals; however, no statistically significant
differences were observed when compared to control group
(Figure 3). The mean SI = 12.47 ± 1.636 SE is for exposed
individuals and mean SI = 5.45 ± 1.138 SE for the control
group. Despite the SI values of PMBCs stimulated with PHAwere
significantly higher between exposed individuals and control
group (p = 0.0103), 96.6% of exposed individuals and the 100%
of control group responded to PHA (data not shown).

PvRON2 Epitope-Dependent Cytokine
Secretion
IFN-γ, TNF (Th1 profile) and IL-10, IL-6 (Th2 profile)
production in culture supernatant was quantitatively measured
after stimulating PBMCs with peptides selected for HLA-DRB1∗

by binding assays. P. vivax-lysate and PHA were used as positive
controls and unstimulated PBMCs as a baseline. Statistical
analysis between unstimulated and stimulated PBMCs from
exposed individuals showed that IFN-γ was only significant after
stimulation with P. vivax-lysate (p = 0.0001). TNF production
was significantly different for peptides 39047 (p = 0.01), 39154
(p = 0.04) and P. vivax-lysate (p = 0.0001). IL-10 had higher
production with peptide 39047 (p = 0.001) and P. vivax-lysate
(p= 0.0001). IL-6 responses were significantly greater to peptides
39047 (p = 0.01), 39152 (p = 0.0025), 39154 (p = 0.002) and
P. vivax-lysate (p = 0.0001) (Figure 4). Cytokine levels were
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TABLE 3 | A summary of PBMC proliferative response to PvRON2 T-cell epitopes.

Antigen HLA-DRB1* Average response (SI) p-value

Exposed individuals Control group

39153 Universal epitope 3.354 (SE 0.578) 0.935 (SE 0.282) 0.0075**

39152 DRB1*04 DRB1*11 3.052 (SE 1.09) 1.004 (SE 0.198) 0.1751

39047 DRB1*07 3.108 (SE 0.737) 1.156 (SE 0.267) 0.0260*

39154 DRB1*13 3.697 (SE 1.17) 0.888 (SE 0.327) 0.0387*

39115 Low-binding control peptide 2.018 (SE 0.347) 0.87 (SE 0.231) 0.0289*

Parasite lysate Positive control 3.664 (SE 0.607) 1.474 (SE 0.255) 0.0735

Data regarding individuals exposed to P. vivax infection and control group. (SI, stimulation index; SE, standard error). Mann-Whitney’s test and Student’s t-test p-values were determined

for exposed individuals compared to control group. *p < 0.05, **p < 0.005.

compared with the Kruskal-Wallis test (with a Dunn’s multiple
comparison post-test) between 39115 and all other peptides
in exposed individuals, a significantly higher TNF and IL-6
production was observed for peptide 39154 (p < 0.0001).

Control group data was also analyzed; significant differences
were found for IFN-γ production after PBMCs had been
stimulated with peptides 39047 (p = 0.002), 39154 (p = 0.0006)
and P. vivax-lysate (p = 0.0006). IL-6 production was greater
after being stimulated with peptides 39152 (p = 0.0006), 39047
(p = 0.002), 39154 (p = 0.01) and P. vivax-lysate (p = 0.0001).
This suggests that naïve T-cells and/or other innate cells, such
as macrophages, natural killer (NK), natural killer T-cells (NKT)
and non-cytotoxic innate lymphoid cells recognized peptides
and lysate and produced cytokines (Artis and Spits, 2015)
(Supplementary Figure 1).

Cytokine levels were compared between exposed individuals
and control group, significant differences being found regarding
TNF production for epitope 39153 (p = 0.0127). Significant
differences were found for epitope 39047 (p = 0.005) and 39152
epitope (p= 0.010) IL-6 production (Figure 5).

Detecting Antibodies Against
P. vivax-Infected RBC by IFA
Naturally-acquired anti-malarial antibodies were detected using
Multitest slides (MP Biomedicals) coated with parasitized RBC.
The thirty exposed patients’ sera reacted against P. vivax but the
control group’s sera did not. Supplementary Figure 2 shows the
fluorescence pattern obtained with these sera.

An Analysis of PvRON2 B-Epitope Humoral
Immune Response in P. vivax-Exposed
Individuals
Antibody response against four in silico selected PvRON2 B-
epitopes was evaluated in sera from 30 individuals exposed
to natural P. vivax infection (Figure 6, Table 2). The highest
number of seropositive samples was for the 39041-epitope (6/30,
20% of samples), followed by 39042 and 39043 (3/30, 10% of
samples) and 39044 (2/30, 6.6% of samples). Peptides 39041
and 39043 showed the highest mean response (0.1598 and
0.1422, respectively), and significant differences were observed
regarding 39044 which had the lowest mean response (0.0949)

out of all four peptides. The Kruskal-Wallis test (with Dunn’s
multiple comparison post-test) was used for statistical analysis,
there were significant differences regarding epitope response
(p = 0.003). Although there were no statistically significant
differences between exposed individuals and control group,
there was a tendency for a greater response in the first group
(data not shown). rPvGAMA was used as positive control,
70% of samples being seropositive (21/30 samples); significant
differences with control group were observed (p = 0.0004)
(Supplementary Figure 3).

The ELISA results were analyzed by endemic area, showing
an evident tendency for a greater response in the samples from
the Chocó department compared to the Córdoba department
(Figure 7). The Mann-Whitney test gave a significantly higher
response for peptides 39041 (p = 0.0135), 39042 (p = 0.0171),
39043 (p = 0.0007) and 39044 (p = 0.0492) in P. vivax-exposed
individuals. Samples from Colombia’s Chocó (n = 13) and
Córdoba (n = 17) departments. From these samples, six reacted
positively to at least one PvRON2 B-epitope, where 83% (n = 5)
of the samples were from Chocó’s department. Positive sera
reacted to the four peptides, 83% were from samples from the
Chocó department. Although 39041, 39042, and 39044 peptides
had no significant differences between exposed individuals from
the Chocó and control group, 39043 had a significantly higher
response (p = 0.0186). Differences between endemic areas
were only observed in response to PvRON2 B-cell epitopes
since there were no significant differences between both areas
regarding PvGAMA (p = 0.4265), as it was expected to occur
when a whole recombinant protein is used as antigen (several
epitopes present within it, could be differentially recognized by
exposed individuals, and a similar overall response was thus
detected). Seropositive samples were selected for evaluating IgG
subclasses.

The Prevalence of IgG Subclass Response
Against PvRON2 B-Epitopes in Individuals
Exposed to Natural P. vivax Infection
Seropositive samples from exposed individuals recognizing B-
epitopes were selected for IgG subclass evaluation. Of the
four peptides evaluated, only 39041 had significant differences
between IgG subclasses (p = 0.0004) while there were no
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FIGURE 3 | Gating strategy for the proliferation assays and PBMC proliferative response to PvRON2 epitopes from individuals exposed to P. vivax infection compared

to control group. (A) P. vivax-exposed individuals’ PBMC stimulated with universal peptide (39153). (B) Non-stimulated P. vivax exposed individuals’ PBMCs. (A,B)

Upper left plot, selected lymphocyte population (SSC-A vs. FSC-A), upper right plot selection of single cells from lymphocyte population (FSC-H vs. FSC-A). The lower

left-hand plot shows gated CFSE label lymphocytes (Comp-FITC-A) for analyzing CD4+ T-cells (Comp-Pacific Blue-A). Lower right-hand plot shows CD4+

lymphocyte proliferation analyzed by FlowJo software (v7.6.5, Ashland, Oregon, USA) using 7 peaks or cell generations. (C) Mann-Whitney and Student’s t-tests were

used for assessing statistically significant differences between exposed individuals and control group. Universal peptide 39153 (n = 29), DRB1*04 and DRB1*11

peptide 39152 (n = 15), DRB1*07-specific peptide 39047 (n = 8), DRB1*13-specific peptide 39154 (n = 6), low-binding control peptide 39115 (n = 29) and P. vivax

lysate (n = 29) responses are shown. The CD4+ cells were labeled with Pacific Blue mouse anti-human CD4 (RPA-T4 clone) antibody. Statistically significant

differences (p ≤ 0.05) are shown and data represents the means ± SEM for all values. *p < 0.05 and **p < 0.005.

significant differences for the other peptides. 39041 had
clear IgG2 predominance regarding other subclasses, having
statistically significant differences with IgG1 and IgG4 (the latter
having the lowest mean response) (Figure 8).

DISCUSSION

Developing countries desperately need strategies aimed at
preventing malaria (especially that caused by P. vivax), such as
approaches for developing specific drugs and protective vaccines

which are currently unavailable. Although there are P. vivax
vaccines in phases I and IIa (López et al., 2017), they have not
induced sterile protection (Bennett et al., 2016). Developing a
P. vivax vaccine requires studies analyzing naturally-infected
patients’ immune response regarding proteins involved in
erythrocyte invasion. Several P. vivax vaccine candidates’ binding
regions have been characterized to date, such as reticulocyte
binding proteins (RBPs) (Urquiza et al., 2002), the Duffy binding
protein (DBP) (Ocampo et al., 2002), the P. vivax GPI-anchored
micronemal antigen (PvGAMA) (Baquero et al., 2017), some
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FIGURE 4 | Exposed individuals’ supernatant culture in vitro cytokine production. Individual data shows the mean value of non-stimulated and PBMCs stimulated

with universal epitope (39153), specific epitopes 39047, 39152, and 39154, and P. vivax lysate. IFN-γ, TNF, IL-10, and IL-6 levels were measured by CBA kit; cytokine

concentration is expressed in pg/mL. Statistically significant differences (p ≤ 0.05) are shown and data represents the means ± SEM for all values. *p < 0.05, **p <

0.005 and ***p < 0.0005.

proteins from the tryptophan-rich antigen (PvTRAg) family
(Zeeshan et al., 2014), merozoite surface protein-1 (PvMSP-
1) (RodríGuez et al., 2002) and apical membrane antigen-1
(AMA-1) (Arévalo-Pinzón et al., 2017). Important mediators
in AMA-1 erythrocyte binding have also been identified, such
as rhoptry neck proteins (RONs), including PvRON5 (Arévalo-
Pinzón et al., 2015), PvRON4 (Arévalo-Pinzón et al., 2013) and
PvRON2 (Arévalo-Pinzón et al., 2011). RONs have been strongly
associated with MJ formation, thereby helping parasite entry into
erythrocytes; RON2 is a vaccine candidate since anti-AMA1 and
anti-RON2 antibodies can block erythrocyte invasion (Arévalo-
Pinzón et al., 2011; Lamarque et al., 2011; Srinivasan et al., 2011;
Tyler et al., 2011; Vulliez-Le Normand et al., 2017).

The data presented here has described naturally-acquired T-
cell immune responses to PvRON2 high-affinity binding-MHC-
II DRB1∗ peptides in P. vivax-exposed individuals from two
endemic areas of Colombia. Certain requirements are involved
in protection-inducing vaccine design; for example, the proper
antigen presentation by MHC-II and MHC-I molecules to T-
cell receptors, so as to induce strong immune responses. MHC
class II and I molecules are critical in host–pathogen interactions
as they determine host immune response quality. High-affinity
peptide-MHCII-TCR binding time or peptide-MHCII complex
amount is critical for mounting protective T-cell responses (Blum
et al., 2013; Tubo et al., 2013). Post-genomic era bioinformatics
tools and reverse vaccinology approaches have drawn scientists’
attention, since an individual antigen can be screened from
one or several microorganisms and the highest affinity epitopes

be determined from these might induce protective immune
responses (Sette and Rappuoli, 2010).

This study has analyzed the PvRON2 sequence aa to
determine high-binding HLA-DRB1∗ T-cell epitopes in silico.
NetMHCIIpan 3.0 (Andreatta et al., 2015) predicted eleven
high-affinity HLA-DRB1∗ epitopes where at least one epitope
bound to one HLADRB1∗ molecule; this was confirmed
by in vitro competition assays using biotin-control peptides.
However, some predicted epitopes have not bound to HLA-
DRB1∗, according to other studies (Bergmann-Leitner et al.,
2013), while HLA-DRB1∗04 bound to 10/11 peptides here. A
previous study has shown a strong naturally-acquired humoral
response inHLA-DRB1∗04 people living in the Brazilian Amazon
against 5/9 recombinant P. vivax proteins (Lima-Junior et al.,
2012). HLA-DRB1∗04 is one of the most frequently occurring
alleles in Colombian Amerindian groups, accompanied by DR2
(DRB1∗1602), DR6 (DRB1∗1402) and DR8 (DRBl∗0802). The
patients’ blood samples used in this study were mostly taken from
Amerindians from Córdoba and Chocó. Tule (5 HLA-DRB1∗04
alleles) is the main Amerindian population in Córdoba and the
Waunana (4 HLA-DRB1∗04 alleles) in the Chocó region, having
more diverse DRBl alleles than other groups (Trachtenberg et al.,
1996).

Previous studies had suggested that some alleles’ over
dominance in a population could be due to the spread of
advantageous alleles (positive selection) after pathogen-driven
selection. This has been shown by Hill et al., in a study of West
African alleles (HLA-DRB1∗1302-DQB1∗0501) which were not
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FIGURE 5 | Exposed individuals and control group supernatant culture in vitro

cytokine production. Individual cytokine values from PBMCs stimulated with

universal peptide (39153), specific epitopes 39047, 39152, and 39154, and

P. vivax lysate. TNF and IL-6 levels were measured by CBA kit and cytokine

concentration is expressed in pg/mL. Statistically significant differences (p ≤

0.05) are shown and data is the means ± SEM for all values. *p < 0.05 and

**p < 0.005.

present in other racial groups andwere associated with protection
against severe malaria, i.e., directional selection (Hill et al., 1991).

Several factors (e.g., parasite evasion mechanisms and
immunemolecule polymorphism) can affect protection-inducing
immune responses to malarial parasites and, consequently,
malaria vaccine development. Parasite evasion mechanisms
include immunodominant antigen polymorphism, antigenic
variation and diversion, epitope masking and the smoke-screen
strategy. P. vivax and P. ovale have additional escapemechanisms
which are mediated by long-lasting hypnozoites, as well as using
different erythrocyte invasion pathways (Rénia and Goh, 2016).
MHC Class I and II have enormous allele polymorphism and
aa sequence variation in the peptide binding region, thereby
enabling peptides to bind to different alleles (Blum et al., 2013).
Such variability hampers a single epitope-based vaccine against
Plasmodium parasites being developed; however, in silico analysis
of T- and B-cell epitopes could be useful for identifying vaccine
candidates represented by different epitopes which could provide
coverage of the whole target population. The exposed patients
studied here were grouped according to their HLA-DRB1∗ to
cover the most frequently occurring alleles in the endemic
population worldwide, such as HLA-DRB1∗04, HLA-DRB1∗07,
HLA-DRB1∗11, and HLA- DRB1∗13. Cell-mediated immune

FIGURE 6 | IgG antibody response against four PvRON2 B-cell epitopes

(n = 30). Seropositive samples were those above the cut-off point (0.218,

dotted line), calculated as control group’s mean plus two standard deviations.

The Kruskal-Wallis test was used for analyzing differences between each

B-epitopes response in P. vivax-exposed individuals’ samples. *p < 0.05.

responses were investigated based on MHC class II peptide
binding specificity and humoral immune responses by detecting
antibody levels against linear B-cell epitopes.

Antibodies against P. vivax blood-stage proteins are important
elements for blocking RBC invasion (Wipasa et al., 2002);
such antibodies thus play an important role in identifying and
validating P. vivax vaccine candidates (Soares et al., 1999; Lima-
Junior et al., 2008; Storti-Melo et al., 2012; Changrob et al., 2017;
Rodrigues-Da-Silva et al., 2017). We confirmed the presence of
naturally-acquired humoral responses against four PvRON2 B-
epitopes which were recognized by IgG antibodies and subclasses.
Low individual PvRON2 B-epitope responder frequency was
observed (20% 39041, 10% 39042, 6.6% 39043 and 39044); such
low responses have previously been reported for other blood-
stage antigens such as PvMSP8. A loss of mean response to
a target protein has been observed as time has elapsed when
average response has been about ten times greater to recombinant
protein than linear epitopes in acute-infection patients (Cheng
et al., 2017). This has been associated with short-lived antibodies,
due to short-lasting memory responses or parasite-induced B-
cell dysregulation (Rénia and Goh, 2016) and parasite genetic
variations or in exposed populations.

Antibody response differences against PvRON2 B-cell
epitopes between exposed individuals from Chocó (83%) and
Córdoba (17%), could be attributed to several factors, including
the level of parasitemia and the number of episodes (Druilhe
and Pérignon, 1994). The last 3 SIVIGILA reports (2015–2017),
showed a higher incidence of P. vivax infection in Chocó
regarding Córdoba (Instituto-Nacional-De-Salud, 2017). Other
intrinsic factors from the responders such as their HLA, sex,
age, psychological stress, nutrition and other infectious diseases
could also be involved in such differences (Van Loveren et al.,
2001).
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FIGURE 7 | IgG antibody response to PvRON2 B epitopes by endemic area. Significant differences (calculated by Mann-Whitney test) between samples from

Colombia’s Chocó (n = 13) and Córdoba (n = 17) departments are shown. The dashed line indicates the cut-off point for seropositive samples. *p < 0.05 and ***p <

0.0005.

Two of the selected B-epitopes (39042 and 39044) were
located on an α-helical coiled motif protein and other studies
have shown that selected in silico peptides related to these
motifs have been recognized by naturally-acquired antibodies
and have been immunogenic in mice (Villard et al., 2007;
Arévalo-Pinzón et al., 2011); however, 39042 (10%) and 39044
(6.6%) epitopes had the lowest recognition values in our study.
39041 had significant differences in the IgG subclasses analyzed;
IgG2 predominated while low IgG4 and IgG1 levels were
observed. A predominant IgG2 response and low IgG4 reactivity
in previous studies has been associated with P. falciparum
infection resistance and clearance, IgG2/IgG4 relationship being
associated with a protective role (Aucan et al., 2000). Similar
results have been found in PvMSP8 studies recording IgG2 non-
cytophilic antibody predominance which has been associated
with resistance to P. vivax malaria (Cheng et al., 2017). 39041
has been seen to be immunogenic in mice (Arévalo-Pinzón
et al., 2011) and its potentially protective role makes this peptide
a pivotal PvRON2 epitope for inclusion in a subunit-based
vaccine.

It has been thought that antibodies would be enough to protect
against malaria and that T-cells do not play an important role
during the erythrocyte stage. Advances in immunology-related
knowledge have demonstrated that B-cells must be activated
by CD4+ T-helper cells to prompt good humoral responses,
thereby inducing cytokine, memory cell and antibody production

(Batista and Harwood, 2009; Tubo et al., 2013; Yuseff et al.,
2013). The role of exposed patients’ T-cell response against
PvRON2 high-affinity binding peptides was studied in cytokine
proliferation and production assays. Only exposed individuals’
PBMC cultures showed proliferation induced by universal and
specific binding peptides, suggesting that PvRON2 induced
memory T-cells against high-affinity peptides. However, Th1 and
Th2 cytokine responses were low, except for IL-6. Low cytokine
responses/production have been observed in other studies; Silva-
Flannery et al., found that immunization with monomeric
peptide did not result in peptide-specific IFN-γ-secreting cell
expansion and was not protective. They also reported that the
monomeric peptide was less taken up by antigen-presenting cells
and was not going through the phagolysosome (Silva-Flannery
et al., 2009).

Cytokine production by unexposed individuals’ PBMCs
against PvRON2 synthetic peptides may have been due to
dendritic or macrophages cells priming naïve T-cells and
inducing effector T-cell cytokine production; nevertheless,
secretion was very low for some of them.

Unlike the other cytokines tested here, IL6 was highly
secreted by exposed patients’ PBMCs; this was not surprising,
since one of IL6’s multi-functions is to stimulate hybridoma
and plasmacytoma cell growth and help antibody production
(Matsuda et al., 1988). IL6, together with IL12 and VDR,
have been associated with reduced parasitemia, its severity and
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FIGURE 8 | Evaluating IgG subclass response to the 39041 epitope (n = 6).

The Kruskal-Wallis test was used for analyzing differences between each IgG

subclass response in P. vivax-exposed individuals’ samples. **p < 0.005 and

***p < 0.0005.

gametocytemia clearance in P. vivax-exposed individuals (Sortica
et al., 2014). P. vivax lysate-induced cytokine responses in
unexposed individuals’ PBMCs could be explained by innate
immune cell cytokine production, i.e., macrophages, dendritic
cells, NK, NKT and naïve T-cells which become effector cells
(Stevenson and Riley, 2004). High cytokine induction in healthy
individuals compared to P. vivax-exposed individuals might be
related to a parasite evasion mechanism for inhibiting effective
immune responses able to eliminate the parasite (Rénia and Goh,
2016). Nonetheless, the healthy individuals had not been exposed
to P. vivax since immunofluorescence assays did not show their
antibodies’ reactivity to the parasite.

Taken together, the in silico T-cell and B-cell epitope selection
results highlighted two T-cell epitopes (39047 and 39154) and
one B-cell epitope (39041) as promising vaccine candidates.
Despite the significant differences observed in immune responses
evoked in the exposed individuals compared to the control
group, overall the responses were relatively low. All selected
peptides were conserved among the 11 P. vivax strains which
may also explain such low immune responses. This has been
demonstrated in P. falciparum studies where conserved high
activity binding peptides (HABPs) were poorly antigenic and
poorly immunogenic (Patiño et al., 1997; Lougovskoi et al.,
1999; Ocampo et al., 2000; Parra et al., 2000; Hensmann
et al., 2004). It should be stressed that caution must be taken,
since using these 3 promising peptides in a multi-epitope
vaccine in their unmodified state would probably mean that
they could induce low immunogenicity and not provide long-
lasting protection; however, proven approaches have shown that
modifying their critical residues should induce a strong and long-
lasting protection-inducing immune response (Patarroyo et al.,
2010).

HABPs have been seen to be P. falciparum vaccine candidates
during the last two decades (Rodriguez et al., 2008); however,

they must be modified to make them antigenic and protection-
inducing by replacing critical aa with others having the same
mass but different polarity (Cifuentes et al., 2008; Patarroyo
et al., 2011). Such HABPs can only be used in a tailor-made
vaccine targeting a specific HLA-DRB1∗ endemic population;
however, a universal protection-inducing vaccine will require
studying other peptides which can bind to other HLA-DRB1∗

alleles. Future studies should be carried out using modified
peptides aimed at assessing immunogenicity and protection-
inducing ability in theAotus experimental model to confirm their
suitability as P. vivax vaccine candidates. Likewise, additional
peptides should be included to cover all parasite stages, aiming at
a 100% protection-inducing, multistage, multi-epitope, minimal
subunit-based vaccine.
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and 39154) and P. vivax lysate. IFN-γ, TNF, IL-10, and IL-6 levels were measured

by CBA kit and cytokine concentration is expressed in pg/mL. Statistically

significant differences (p ≤ 0.05) are shown and data is the means ± SEM of all

values.

Supplementary Figure 2 | Immunofluorescence patterns for exposed individuals

from Colombia’s P. vivax-endemic areas and the control group. The upper panels

show one Bahía Solano’s exposed individual serum recognition of pRBC. Nuclei

were stained with DAPI, the parasite with anti-parasite FITC and then, both were

merged. The bottom panels show serum from one non-exposed individual.

Supplementary Figure 3 | IgG antibody response against PvGAMA control

recombinant protein. Significant differences (calculated by Mann-Whitney test) are

shown between samples from exposed individuals and control. The dashed line

indicates the cut-off point for seropositive samples.

Supplementary Table 1 | Exposed-individuals’ HLA-DRB1∗ allele frequency

Supplementary Table 2 | Non-exposed individuals’ lymphoproliferation assay

using PvRON2 peptides.
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Multiple antigenic peptide (MAP) vaccines have advantages over traditional Toxoplasma

gondii vaccines, but are more susceptible to enzymatic degradation. As an effective

delivery system, chitosan microspheres (CS) can overcome this obstacle and act as

a natural adjuvant to promote T helper 1 (Th1) cellular immune responses. In this

study, we use chitosan microparticles to deliver multiple antigenic epitopes from GRA10

(G10E), containing three dominant epitopes. When G10E was entrapped within chitosan

microparticles (G10E-CS), adequate peptides for eliciting immune response were loaded

in the microsphere core and this complex released G10E peptides stably. The efficiency

of G10E-CS was detected both in vitro, via cell culture, and through in vivo mouse

immunization. In vitro, G10E-CS activated Dendritic Cells (DC) and T lymphocytes by

upregulating the secretion of costimulatory molecules (CD40 and CD86). In vivo, Th1

biased cellular and humoral immune responses were activated in mice vaccinated with

G10E-CS, accompanied by significantly increased production of IFN-γ, IL-2, and IgG,

and decreases in IL-4, IL-10, and IgG1. Immunization with G10E-CS conferred significant

protection with prolonged survival in mice model of acute toxoplasmosis and statistically

significant decreases in cyst burden in murine chronic toxoplasmosis. The results from

this study indicate that chitosan microspheres used as an effective system to deliver a

linked antigenic peptides is a promising strategy for the development of efficient vaccine

against T. gondii.

Keywords: Toxoplasma gondii, chitosan microspheres, peptides, epitopes, vaccine

INTRODUCTION

Toxoplasma gondii is an important medical pathogen that infects approximately 30% of the global
population. Generally, toxoplasmosis is asymptomatic in immune-competent hosts, however, it can
result in severe symptoms in immunocompromised individuals due to cerebral cyst reactivation.
Another potentially fatal presentation is vertical transmission in the fetus, which can result in
encephalitis, neonatal malformations, or spontaneous abortion (Blader et al., 2015; Dimier-Poisson
et al., 2015). Current drug treatment cannot control this disease completely because of the inability
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of drugs to kill bradyzoites (Henriquez et al., 2010). Therefore,
the advantages of a preemptive vaccine for preventing
toxoplasmosis are obvious (Innes, 2010). Traditional vaccine
development strategies against T. gondii mainly focused on
subunit and DNA vaccines. Their use raises several issues, since
subunit vaccines have poor stability and may cause undesired
immune responses (Skwarczynski and Toth, 2014), and DNA
vaccines have the theoretical risk of genomic integration into
host cells (Kofler et al., 2004).

Peptide-based vaccines could overcome these weaknesses.
They use minimal antigenic epitopes to induce desired immune
responses, and are less likely to trigger allergic or autoimmune
responses (Skwarczynski and Toth, 2016). In recent years, there
has been increasing interest in the study of peptide-based
vaccines (Dudek et al., 2010). T. gondii is an intracellular parasite
with a complex life cycle, so synthetic multiple antigenic peptide
(MAP) vaccines containing different epitopes may prove a highly
efficacious strategy in the development of T. gondii vaccines
(Henriquez et al., 2010).

Successful T. gondii infection requires active invasion and
the formation of the parasitophorous vacuole (PV) (Braun
et al., 2008). Dense granules are secretory organelles involved in
maturation and modification of both the PV and its membrane
(PVM) (Nam, 2009). Dense granules proteins (GRAs) are major
components of the vacuole surrounding tachyzoites and encysted
bradyzoites, and are related to host-parasite interactions and
immune responses (Cesbron-Delauw and Capron, 1993). Dense
granule protein 10 (GRA10) which is released into the PV shortly
after invasion and then localizes to the PVM (Ahn et al., 2005),
is essential for parasite growth with potential immunogenic
capability. Researchers found that there is severe inhibition of
T. gondii growth in human fibroblasts cells when GRA10 is
knocked out (Witola et al., 2014). Of note, immunogenic peptides
from GRA10 in a vaccine formulation have not been previously
explored.

However, peptides are very susceptible to enzymatic
degradation. Thus, a delivery system is needed to protect
protease-sensitive epitopes from degradation (van Riet et al.,
2014; Skwarczynski and Toth, 2016). Recently, microparticles
as a delivery system to load antigens has emerged as one of the
most promising strategies to induce a strong immune response
(Kwon et al., 2005; Reddy et al., 2007). In this way, the peptides
are delivered by microspheres, thereby inducing enhanced
recognition by the immune system compared with naked easy
degradation peptides (van der Lubben et al., 2001). Thus far,
many types of microparticles have been tested, and chitosan
has attracted particular interest. Chitosan is the deacetylated
form of chitin, a naturally occurring and abundantly available
biocompatible polysaccharide (Shrestha et al., 2014). Chitosan
microspheres have many advantages over traditional vaccine
microsphere formulations with starch, gelatin, or albumin.
They are easy to load with peptides, thereby circumventing
protein denaturation (Lin et al., 2013). Compared to other
biodegradable polymers, chitosan is the only one that has
a cationic (Bernkop-Schnürch and Dünnhaupt, 2012) and
mucoadhesive character, increasing residual time at the site of
absorption, therefore prolonging the release time of protein

antigens (Agnihotri et al., 2004). When chitosan degrades, the
amino sugars produced are nontoxic and easily removable
from the body without causing side reactions (Wang et al.,
2016). More importantly, chitosan is a demonstrated natural
adjuvant to promote dendritic cell (DC) activation and T helper
1 (Th1) cellular-associated immune responses via cGAS-STING
signaling pathway (Carroll et al., 2016; Riteau and Sher, 2016).
Collectively, as an attractive carrier and adjuvant, chitosan has
been used extensively in vaccine applications (Islam and Ferro,
2016).

Herein, we present a novel attempt to combine highly
immunogenic MAP from GRA10 with chitosan microspheres
in the design of a vaccine against T. gondii. In this study,
three dominant epitopes from GRA10 were screened from
nine potential epitopes and were used to synthesize the
MAP of GRA10 (G10E). The release efficiency of these
chitosan microparticles containing the MAP of GRA10
(G10E-CS) was detected in terms of peptide loading and
releasing efficiency. As an adjuvant, the capacity of chitosan
to activate dendritic cells and T lymphocytes was tested
in vitro. Furthermore, the protective effect of G10E-CS
vaccination on acute and chronic toxoplasmosis murine models
was evaluated. This study aims to make a contribution to
peptides vaccines against T. gondii by exploring chitosan
microspheres, an effective delivery system, to enhance MAP
vaccine immunogenicity.

MATERIALS AND METHODS

Animals
Female 6–8weeks-old BALB/c and C57BL/6mice were purchased
from Shandong University Laboratory Animal Centre (Jinan,
China) and housed in SPF conditions. All the mice were housed
5 per cage under pathogen-free conditions and were adequately
supplied with sterilized water and food.

Ethical Approval
Experiments were carried out in accordance with animal ethics
approved by the Institutional Animal Care and Use Committee
of Shandong University under Contract LL201602044. Humane
endpoints were chosen to terminate the pain or distress of
experimental animals via euthanasia.

Parasite
Tachyzoites of the high-virulence RH strain (type I) (Howe and
Sibley, 1995) of T. gondii were propagated in human foreskin
fibroblast (HFF) cells in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma-Aldrich, USA) supplemented with 10% fetal
bovine serum (FBS) (Clark Biosciences,USA) as previously
described (Shen and Sibley, 2014). Pru (Prugniaud) strain (type
II), a low-virulence strain of T. gondii, (Saeij et al., 2005)was a
kind gift from Professor Xingquan Zhu at Lanzhou Veterinary
Research Institute, China. The cysts of the type II Pru strain were
maintained in Kunming mice by oral passage of infectious cysts
in mice as previously described (Zhou et al., 2016).
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Screening of Candidate Epitopes From
GRA10
The PROTEAN subroutine in the DNASTAR software
package was used to predict the B cell epitopes of GRA10
(TGME49_268900, ToxoDB) as described previously (Wang
et al., 2014). Three B cell candidate epitopes, GRA10192−215

(P1), GRA10221−244 (P2), and GRA10310−332 (P3), were selected
with good hydrophilicity, high conformational flexibility, surface
accessibility and strong antigenicity.

To predict the CD8+ and CD4+ T cell epitopes of GRA10,
the complete amino acid sequence of the protein was analyzed
using consensus algorithms available at the Immune Epitope
Database and Analysis Resource (IEDB, http://www.iedb.org/)
as described previously (Cong et al., 2010). GRA1049−57 (P4),
GRA10161−169 (P5), and GRA10300−308 (P6) were chosen based
on their predicted binding affinity to MHC I supertype molecules
(those with a percentile rank lower than 10 were selected;
Moutaftsi et al., 2006). GRA1080−94(P7), GRA10170−184(P8), and
GRA10180−194(P9) were chosen based on their predicted binding
affinity to MHC II (Wang et al., 2008). The peptides (P1-P9)
sequences are shown in Table 1 and were synthesized (>95%
purity) by Synpeptide Co., Ltd. (Shanghai, China) and stored at
−80◦C.

ELISA analysis of serum samples from T. gondii infected mice
was used to screen three GRA10 B cell epitopes as previously
described (Cardona et al., 2009). IgG OD value was recorded
as the absorbance at 450 nm detected by a Thermo Scientific
Multiskan FC Microplate Photometer (Thermo Scientific, USA).
Meanwhile, lymphocyte proliferation assays of infected mice
were used to screen GRA10 CD8+ T cell epitopes and CD4+ T
cell epitopes as previously described (Wallace et al., 2008).

Construction of Multiple Antigenic Peptide
(MAP) of GRA10 (G10E)
T. gondii GRA10 MAP (G10E) was designed by linking the
selected epitopes with the spacer sequence Gly-Ser (Figure 1) and

TABLE 1 | Candidates of B cell or T cell epitopes predicted from GRA10 of

T. gondii.

Type Epitope Sequence

B cell epitopea GRA10192−215 TQSPPESRKKRRRSGKKKRGKRSV(P1)

GRA10221−244 GSGTLPSDEPVDGCDRVREEAERE(P2)

GRA10310−332 GDKNDTDTTQNKDTGSTQSQRAN(P3)

CD8+ T cell epitopeb GRA1049−57 LPKKGVPVG(P4)

GRA10161−169 LGYCALLPL(P5)

GRA10300−308 VPPVLKISR(P6)

CD4+ T cell epitopec GRA1080−94 SGFSLSSGSGVSVVE(P7)

GRA10170−184 LTEEQFRHIRRLQKR(P8)

GRA10180−194 RLQKRAMVLCGYTQS(P9)

aThree B cell candidate epitopes, GRA10192-215 (P1), GRA10221-244 (P2), and

GRA10310-332 (P3 with good hydrophilicity, high conformational flexibility, surface

accessibility and strong antigenicity, were selected via DNASTAR software.
b,cCD8+ and CD4+ T cell epitopes of GRA10 were analyzed using consensus algorithms

available at the Immune Epitope Database and Analysis Resource (IEDB, http://www.iedb.

org/).

then synthesized by Synpeptide Co., Ltd. (Shanghai, China) and
stored at−80◦C.

Preparation of Chitosan Microspheres
Loaded With G10E (G10E-CS)
Chitosan microspheres loaded with G10E were prepared by
emulsion crosslinkingmethod as previously described (Jose et al.,
2013; Pichayakorn and Boonme, 2013) withminormodifications.
Briefly, chitosan solution (3% w/w) was prepared by dissolving
chitosan in 2% aqueous glacial acetic acid as aqueous phase. G10E
peptides were mixed in this solution. Oil phase was paraffin oil
containing 5% Span80. The aqueous phase was gradually added
into the oil phase and continuously mixed at 1,000 rpm for 2h
to form water-in-oil (w/o) emulsion. Subsequently, genipin was
added into the mixture and mixed further for 2 h. The obtained
microspheres were then separated by centrifugation at 3,000
rpm and the sediment was washed thrice with petroleum ether,
isopropanol and deionized water and finally dried using a freeze
dryer (CHRIST ALPHA 1-4 LSC, Germany) (Figure 1).

G10E-CS microspheres were characterized for morphological
shape by a scanning electron microscope (JSM6610LV SEM,
JEOL Ltd., Japan) as previously described (Wang et al., 2005). The
samples were dusted on an adhesive carbon tape and coated with
a thin layer of gold. Samples were then imaged at magnification
of 15,000. The particle size and zeta potential of chitosan
microspheres was determined by dynamic light scattering on a
Zetasizer NanoZS (Malvern, UK). Measurements were carried
out in triplicate.

Loading Capacity and Encapsulation
Efficiency
1–5 mg/ml G10E peptides were mixed with 3% (w/v) chitosan
microspheres and crosslinked by genipin as above described. The
suspension was centrifuged (3,000 rpm for 30min) to collect
the supernatant. Then, the non-bound G10E concentration
in the supernatant was determined by Protein Quantitative
Reagent Kit-BCA Method (Beyotime, China) (Wang et al.,
2016). Loading capacity (LC) and encapsulation efficiency (EE)
in chitosan microspheres were determined by applying the
following equations:

Loading capacity (%LC) =
(

total amount G10E
)

−
(

free G10E
)

weight of microparticles
× 100%

Encapsulation efficiency (%EE) =
(

total amount G10E
)

−
(

free G10E
)

total G10E
× 100%

Evaluation of Release Characteristics of
G10E in Vitro
G10E release from chitosan microparticles in vitro was
determined in PBS (pH 7.4) as previously described (Skop et al.,
2013) with minor modifications. Genipin-crosslinked G10E-CS
microspheres and G10E peptides were dispersed in PBS (pH
7.4) at 37◦C under mild shaking (100 rpm). At specific time
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FIGURE 1 | Construction of T. gondii G10E-CS vaccine and potential immune mechanism involved in vaccination with G10E-CS in vivo. In this study, dominant B cell,

CD8+ and CD4+ T cell epitopes from GRA10 protein of T. gondii were selected by bioinformatics and immunological analysis. Then the G10E-CS microsphere vaccine

formed by three dominant epitopes and linked by sequence GS was loaded onto chitosan microspheres by emulsion cross-linking method. When BALB/c mice were

immunized with G10E-CS, the G10E peptides released from the microspheres induced specific humoral and cellular response. At the same time, chitosan as an

attractive adjuvant could induce activation of dendritic cells (DCs) via cGAS-STING signaling pathway and then promote T helper 1 (Th1) cellular immune responses.

intervals, 250 µl of the supernatant containing the released G10E
was taken by centrifugation and stored at −20◦C in tubes. The
chitosan microspheres that settled at the bottom of the tube were
resuspended in PBS (pH 7.4) after each collection. After the last
time point, the protein concentration of all the collected G10E
was analyzed using the Protein Quantitative Reagent Kit-BCA
Method.

The degradation of released G10E was analyzed by gel
electrophoresis. Briefly, G10E-CS microspheres were dispersed
in PBS (pH 7.4) using a shaking air bath (37◦C, 100 rpm) for
15 d. After centrifuging (5,000 rpm, 20min), the microsphere
precipitate at the bottom of the tube was collected to be analyzed
by gel electrophoresis.

The Expression of Costimulatory
Molecules on the Surface of Stimulated
Dendritic Cells
Bone-marrow derived dendritic cells (DCs) were prepared as
previously described (Molavi et al., 2010). Briefly, C57BL/6 mice
were euthanized, intact femurs were removed, and purified of
surrounding muscle tissue. The bones were washed with sterile
PBS, the bone marrow cells were harvested by repeated flushing
with RPMI 1640 using a syringe with a 0.45mm diameter
needle. To derive conventional DCs, bone marrow cells (2× 106

cells/ml) were cultured for 7 days in 6-well plate (Corning Inc.,

USA) in RPMI 1640medium (Hyclone, USA) supplemented with
10% FBS (Hyclone, USA), 50µM penicillin and streptomycin,
and 20 ng/ml GM-CSF and IL-4 (Sigma-Aldrich, USA). Half of
the medium was replaced with fresh complete medium on day 3
and 5. At day 7, non-adherent cells were harvested and ready for
use as mature DCs.

To analyse costimulatory molecule expression, dendritic cells
(2 × 106 cells/ml) were seeded in 96-well plate (Corning Inc.,
USA) in the same medium as described above (including GM-
CSF and IL-4) and cultured with CpG (4µg/mL), CS, G10E
or G10E-CS (10µg/mL each) for 48 h. CpG, a TLR agonist
that generally enhances CD40 and CD86 surface expression,
served as a positive control. Cell suspension was subsequently
stained with 0.3µg/ml of anti-CD11c, 1.25µg/ml of anti-CD86
and 2.5µg/ml of anti-CD40 antibody (BD Biosciences, USA)
(Carroll et al., 2016). Samples were detected by Cytoflex S Flow
Cytometer (Beckman Coulter, USA) and the data were analyzed
by CytExpert software.

Activation of Dendritic Cells and
Lymphocyte in Vitro Induced by G10E-CS
Microspheres
Dendritic cells (DCs) were plated at 2 × 105 cells per well and
stimulated as described above. At the same time, lymphocytes
isolated from the spleen of C57BL/6 mice were plated in 96-well
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plates, at a density of 2 × 106 cells/ml, in 100 µL RPMI-1640
medium supplemented with 10% FBS, 50µM penicillin and
streptomycin. Then, induced DCs were cocultured with these T
cells (1:10 ratio) for 72 h (Höpken et al., 2005), and lymphocyte
proliferation was measured by CCK-8 assay. In the meantime,
supernatants of mixed cells were assayed for IL-2 and IFN-γ
using a commercial ELISA Kit (R&D Systems, USA) following
the procedure recommended by the manufacturer.

Cytotoxicity of G10E-CS Microspheres
The cytotoxicity of the G10E-CS microspheres in vitro was
evaluated by CCK-8 assay (Dojindo, Japan) conducted on the
aforementioned dendritic cells (DCs) and T lymphocytes as
previously described (Shrestha et al., 2014). Briefly, these cells
were added to 96-well plates of 2 × 106 cells/ml at 100 µL per
well and incubated overnight. The culture medium was then
replaced by serum-free medium with different concentrations
(125, 250µg/mL and 500µg/mL) of G10E-CS microspheres and
incubated for 48 and 72 h at 37◦C. Ten micro liters CCK-
8 was added to the wells and the absorbance of the solution
was measured at 450 nm in a Thermo Scientific Multiskan FC
Microplate Photometer (Thermo Scientific, USA). Cell viability
(%) was defined as the OD ratio in test group relative to controls.
All experiments were carried out five times.

Immunization and Challenge Infection in
Mice
BALB/cmice were randomly divided into four groups (n= 23 per
group) and were immunized thrice via intramuscular injection
at 2-week intervals with G10E (100 µg), G10E-CS microspheres
containing 100 µg of G10E (667 µg) (LC = 15%) or empty CS
microsphere (667 µg) (Zhou et al., 2007; Jose et al., 2012). Mice
that received 100 µl PBS were used as non-immunized control.

Two weeks after the last immunization, the protection of
G10E-CS microspheres against acute and chronic T. gondii
infection was investigated as previously described (Wang J. L.
et al., 2017). Ten mice per immunized group were infected
intraperitoneally with a lethal dose of RH strain (1 × 103

tachyzoites). The challenged mice were monitored over a period
of 21 days and observed daily for mortality.

At the same time, 10 mice per group were challenged orally
with a sublethal dose of cysts (30 cysts) of the PRU strain (type
II) to evaluate the effect of vaccination in mice with chronic
toxoplasmosis. All surviving mice were euthanized at 45 days
after challenge. Brains were collected and homogenized in 1ml
PBS. The number of cysts per brain was confirmed by counting
eight 10µl samples of each cerebral homogenate under an optical
microscope.

Detection of Total IgG and Antibody
Isotypes in Vaccinated Mice
Serum samples were collected from the mice by retro-orbital
bleeding at 0, 2, 4, and 6 weeks after immunization. Standard
ELISA assay was used to determine the levels of T. gondii-
specific IgG, IgG1 and IgG2a antibodies in the serum samples
as previously described (Tang et al., 2016). Briefly, 96-well plates
were coated with the 100µL (10µg/mL)G10E peptides in 50mM
carbonate-bicarbonate buffer (pH 9.6) and were incubated at

4◦C overnight. After washing three times with PBS plus 0.05%
Tween 20 (PBST), the coated plates were blocked with 1%
low fat milk in PBST for 1 h at 37◦C. The mouse serum was
diluted in PBS (1:25) and incubated at 37◦C for 1 h. Then
plates were washed, and anti-mouse-IgG, IgG1 or IgG2a HRP-
conjugated antibodies (Sigma-Aldrich, USA) were added to each
well. Peroxidase activity was revealed by 10 mg/ml 3, 3′, 5, 5′-
tetramethylbenzidine (TMB, Sigma–Aldrich, USA) and stopped
by adding 50 µl of 2M H2SO4. The results were recorded as
the absorbance at 450 nm and detected by a Thermo Scientific
Multiskan FC Microplate Photometer (Thermo Scientific, USA).
For each serum sample the assay was done in triplicate and
average values were calculated.

Lymphocyte Proliferation Assay
Two weeks after the last immunization, three mice per group
were euthanized to obtain single splenocyte suspensions as
described previously (Luo et al., 2017). After erythrocytes were
lysed, the splenocytes were adjusted to a concentration of 2 ×

106 cells/ml in RPMI-1640 medium with 10% FBS and plated
in 96-well plates in presence of the G10E peptides (10µg/mL).
Plates were incubated for 72 h at 37 ◦C. Lymphocyte proliferative
activity wasmeasured by a Cell Counting Kit-8 (CCK-8, Dojindo;
Japan) according to manufacturer’s instructions. The absorbance
was detected at 450 nm and the stimulation index (SI) was
calculated.

Flow Cytometry Analysis of T Cell Subsets
and Cytokine Production
The percentages of CD4+ and CD8+ T lymphocytes subsets and
the production of cytokine in the splenocytes of immunized mice
were determined using flow cytometry techniques as described
previously (Zhang et al., 2015b; Wang S. et al., 2017). Briefly,
splenocytes (2× 106cells/ml) of vaccinated mice were stimulated
with G10E peptides (10µg/mL) for 72 h. Then the suspensions
were stained with anti-mouse CD3-APC, anti- mouse CD4-FITC
and anti-mouse CD8-PE (eBiosciences, USA) for 30min at 4 ◦C
in the dark.

Splenocytes (2× 106 cells/ml) were also stimulated with G10E
peptides for 72 h in the presence of Cell Stimulation Cocktail
(eBiosciences, USA) containing Phorbol myristate acetate (PMA,
20 ng/ml), Ionomycin (2µg/ml), Brefeldin A (1µg/ml), and
Monensin (1µg/ml) to inhibit the secretion of cytokine into the
extracellular space. The cells were fixed using an Intracellular
Fixation & Permeabilization Buffer Set Kit in accordance with the
manufacturer’s protocol (eBiosciences, USA) and then stained
directly with anti-mouse CD4-FITC, anti-mouse CD8-PE, anti-
mouse IL-2 (APC), anti-mouse IFN-γ (PerCP-Cyanine 5.5), anti-
mouse IL-4 (APC), and anti-mouse IL-10 (PerCP-Cyanine5.5)
(eBiosciences, USA) for 30min at 4◦C. All these cell population
were analyzed by Cytoflex S Flow Cytometer (Beckman
Coulter, USA) and the data were analyzed by CytExpert
software.

Statistical Analysis
Statistical analysis was carried out using SPSS19.0 (SPSS Inc.,
Chicago, IL, USA) and GraphPad Prism 7.0 (GraphPad Software
Inc., San Diego, USA). Differences between groups were analyzed

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org May 2018 | Volume 8 | Article 163165

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Guo et al. Chitosan Microsphere Delivered Antigenic Peptides

using one-way ANOVA analysis. Student’s t-test was used
for comparison between levels of IgG1 and IgG2a isotypes.
Survival percentage was analyzed by the Kaplan-Meier test and
survival curves were compared using the Log-rank test. Data are
expressed as means ± SD. Values of p < 0.05 were considered
statistically significant.

RESULTS

Epitopes Screened From TgGRA10 and
Construction of Multiple Antigenic Peptide
The peptide sequences of candidate epitopes from GRA10
showing high affinity in the prediction algorithm in Table 1 were
further tested in mice. The IgG test showed that all the B cell

epitopes from GRA10 could recognize the IgG in the serum of
BALB/c mice infected by T. gondii, in which GRA10192−215 (P1)
was demonstrated to induce highest level of IgG (Figure 2Aa).
Lymphocyte proliferation testing showed that GRA10161−169

(P5) and GRA1080−94 (P7) stimulated the highest level of
proliferation of lymphocytes in infected mice (Figure 2Ab).

Thus, GRA10192−215 (P1), GRA10161−169 (P5), and
GRA1080−94 (P7) were chosen to construct the MAP G10E
with linker GS (Figure 1). Mice immunized with P1(B cell
epitope), P5(CD4+ T cell epitope), P7(CD8+ T cell epitope) or
G10E were tested for B cell antibody level and T cell proliferation
ability. The results showed that significant enhanced B cell and T
cell immune responses were achieved in G10E vaccinated group
(Figures 2Ba,b).

FIGURE 2 | Screening of dominant epitopes from GRA10 and characteristic of G10E-CS. (A) Screening of the dominant B cell epitopes (a) and T cell epitopes

(b) from TgGRA10. Positive serum samples from T. gondii infected mice were used to screen dominant B cell epitopes by ELISA analysis. Lymphocyte proliferation

test was used to identify dominant CD8+ T and CD4+ T cell epitopes from spleen cells of infected mice by CCK-8 assay. P1(TQSPPESRKKRRRSGKKKRGKRSV)(B

cell epitope), P5(LGYCALLPL) (CD8+ T cell epitope) and P7(SGFSLSSGSGVSVVE) (CD4+ T cell epitope) were selected to construct the multiple antigenic peptide

(MAP) of T. gondii GRA10 (G10E). Values represent mean ±SD (n = 5). *p < 0.05. (B) Immunogenicity of P1, P5, P,7 and G10E peptides. Mice immunized with P1(B

cell epitope), P5(CD4+ T cell epitope), P7(CD8+ T cell epitope) or G10E (P5-P7-P1) were tested for B cell antibody (a) and T cell proliferation ability (b).**p < 0.01. (C)

The purity of G10E peptides detected by high performance liquid chromatography (HPLC) (a) and the molecular weight of G10E peptides analyzed by electrospray

ionization mass spectrometry (ESI-MS) (b). (D) Scanning electron microscopy (SEM) images of G10E-CS microspheres prepared by emulsion crosslinking method.

G10E-CS microspheres were then imaged at magnification of ×15,000 (bar represents 1µm). (E) The diameter (a) and zeta of G10E-CS (b) microparticles was

detected by Malvern particle size potentiometer. (F) Loading capacity (%LC) and encapsulation efficiency (%EE) of G10E-CS microspheres amongst 1–5 mg/ml

concentration of total G10E peptides (a). Release profile of G10E peptides from free G10E peptides and crosslinked chitosan microparticles (G10E-CS) in vitro over a

15-day period (b). The amount of G10E in the supernatant was measured using BCA assay. Values represent mean ± SD (n = 3).
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Physical Characterization and Release of
Chitosan Microspheres Loaded With G10E
Chitosan microspheres loaded with G10E peptides (G10E-CS)
were prepared by emulsion cross-linking method. The purity
of G10E was 98.4% detected by high performance liquid
chromatography (HPLC) (Figure 2Ca), and its molecular weight
was 5450.9 daltons, analyzed by electrospray ionization mass
spectrometry (ESI-MS) (Figure 2Cb). The morphology of G10E-
CS microspheres formed using 3% chitosan was spherical in
shape with a smooth surface, as observed by scanning electron
microscopy (SEM) (Figure 2D). The average diameter of G10E-
CS microparticles was 1283 nm with the low dpi detected by
Malvern particle size potentiometer, suggesting that G10E-CS
were uniform in size (Figure 2Ea).

The zeta potential of the CS microspheres was positive 37.1
± 5.2mV while the G10E peptides was negative 31.7 ± 9.1mV
(Table S1). After loading G10E into chitosan microspheres,
the G10E-CS’s zeta potential were positive 36.0 ± 5.48mV
(Figure 2Eb). Size and zeta analysis of G10E-CS formulations
confirmed that G10E was completely loaded into the core of the
CS microspheres, and not simply adherent to their surfaces.

The loading capacity and encapsulation efficiency of the
chitosan microparticles were analyzed. When the concentration
of G10E reached 4 mg/ml, a high encapsulation efficiency (EE) of
71% was achieved, and the peptide loading was almost saturated
(15.3%). Therefore, 4 mg/ml G10E peptides were selected as the
optimal concentration (Figure 2Fa).

We further evaluated the release of the entrapped G10E
peptides from the chitosan microparticles. The crosslinked
G10E-CS microspheres showed the more favorable and steady
release profile (Figure 2Fb). Only 22.4% of the total encapsulated
G10E peptides were released within the first day and slowly
released 2.4–6.9% peptides daily over the next 14 days. While
G10E peptides released 80% in the first 2 days in the freedom style
This was further supported by PAGE and SDS-PAGE analysis of
released G10E (Figure S1).

G10E-CS Microspheres Induce the
Activation of Dendritic Cells and
Lymphocyte in Vitro
In order to determine if chitosan can induce dendritic cells
(DC) activation in vitro, the expression of the co-stimulatory
molecules CD40 and CD86 was detected by flow cytometry
in stimulated DCs. Dramatic upregulation of CD40 and
CD86 in DCs was observed after incubation with G10E-CS,
G10E, CS, CpG (positive control) compared to PBS groups
(p < 0.05; Figure 3A). G10E-CS microspheres achieved the
highest level of the co-stimulatory molecules in dendritic cells
(p < 0.01).

We further confirmed that CD86 and CD40 could provide
activate lymphocytes. Hence, we assessed T cell proliferation and
cytokines levels in supernatant of C57BL/6 mice lymphocytes
after coculture with the above stimulated DC cells in vitro. As
shown in Figure 3B, stimulated DCs provided more efficient
co-stimulation of T cell proliferation, especially for G10E-CS
stimulated cells (p < 0.01).

Supernatants of lymphocytes cocultured with the DCs showed
that the CpG, G10E-CS, G10E microparticles could induce
substantial production of IFN-γ and IL-2 compared to other
groups (p < 0.05). The level of IFN-γ induced by G10E-
CS microspheres (p < 0.01) was particularly noteworthy
(Figure 3C).

Further, we studied the cytotoxic activity and biocompatibility
of G10E-CS. Using CCK-8 assay, the viability of dendritic cells
and T cells was analyzed by exposing them to different
concentrations of G10E-CS (125, 250, and 500µg/ml)
for different incubation times (48 or 72 h). For DCs and
lymphocytes, the results demonstrated that all the G10E-CS
microspheres showed cell viabilities higher than 90% of the
negative control (Figure 3D). Hence, G10E-CS microspheres
were suggested to be safe for the mouse vaccine.

G10E-CS Induced Robust T. gondii Specific
Humoral Immune Responses
Specific IgG in the sera of mice vaccinated intramuscularly
with G10E-CS, G10E, CS, was measured every 2 weeks. A
dramatically higher level of total IgG was observed in the
sera of mice immunized with G10E-CS and G10E after the
third immunization, in contrast to the other groups. G10E-CS
immunized mice had the highest level of T. gondii specific IgG
(p < 0.05) (Figure 4A).

Furthermore, the level of specific IgG1 and IgG2a sub-classes
against G10E peptides was measured. As shown in Figure 4B,
significant production of IgG2a and IgG1 was observed in the
sera of mice immunized with G10E-CS (p< 0.01) compared with
G10E group. These results indicated that mice immunized with
G10E-CSmicrospheres generated Th1 polarize immune response
with more IgG2a than IgG1.

G10E-CS Induced Robust T. gondii Specific
Cellular Immune Response
Antigen-specific proliferative responses of lymphocytes from
immunized mice were detected by CCK-8 2 weeks after the third
immunization and represented by the SI value as illustrated in
Figure 5A. The level of lymphocyte proliferation in the mice
immunized with G10E-CS (p < 0.01) and G10E (p < 0.05)
was significantly higher than those of other groups. This result
indicated that the T lymphocytes proliferation of mice vaccinated
with G10E-CS was successfully stimulated.

To determine CD8+ or CD4+ T cells numbers after
vaccination, the percentages of CD4+ and CD8+ T lymphocytes
subsets in the spleen of immunized mice were evaluated by flow
cytometry analysis. As shown in Figures 5Ba,b. the percentages
of CD8+ and CD4+ T cells were both increased in mice
immunized with G10E-CS and G10E compared to other groups
(p < 0.05). G10E-CS-immunized mice also had the highest ratio
of CD8+/CD4+ (p < 0.05). G10E-CS microspheres, therefore,
could elicit more activation of CD8+ and CD4+ T cells in
immunized mice than other vaccine formulations.

The production of cytokines in splenocytes supernatants of
immunized mice was evaluated by Flow Cytometry. Significantly
higher levels of IFN-γ and IL-2 were secreted by lymphocytes of
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FIGURE 3 | G10E-CS induce the activation of dendritic cells and lymphocyte in vitro. (A) The expression of the co-stimulatory molecules CD40 and CD86 on the

surface of stimulated dendritic cells (DCs). DCs of C57BL/6 mice were incubated withG10E-CS, G10E, CS, CpG, or PBS for 48 h and the expression of CD40 and

CD86 were detected by flow cytometry. Values represent mean ±SD (n = 5). *p < 0.05, **p < 0.01. (B) The analysis of T lymphocyte proliferation induced by

stimulated DC cells. DCs of C57BL/6 mice were incubated with CpG, G10E-CS, CS, G10E, or PBS for 48 h and then they were cocultured with lymphocyte from

C57BL/6 mice for 72 h. The lymphocyte proliferation was measured by CCK-8 assay. (C) The expression of cytokines (IFN-γ, IL-2) in the supernatant of lymphocytes

induced by the stimulated DC cells. The supernatants of mixed cells were assayed for IL-2 and IFN-γ using ELISA assay. Data represent mean ±SD representative of

three independent experiments. *p < 0.05, **p < 0.01. (D) Cytotoxicity of G10E-CS microparticles on dendritic cells (DCs) (a) and T cells (b). DCs and T cells were

incubated with different concentrations (125, 250, and 500µg/ml) of G10E-CS microsphere for different incubation times (48 and 72 h) and cytotoxicity of G10E-CS

was assessed by CCK-8 assay (mean ± SD, n = 5).

the G10E-CS (p < 0.01) and G10E (p < 0.05) immunized mice
compared to that of CS and PBS (Figures 5Ca,b). Interestingly,
spleen cells from mice immunized with G10E-CS produced
more IL-10 and IL-4 compared to other groups (p < 0.05;
Figures 5Da,b).

G10E-CS Immunization Against Acute and
Chronic Toxoplasmosis
In order to evaluate if G10E-CS could confer effective protection
against T. gondii acute and chronic infection, immunized mice
were challenged with RH tachyzoites, 10 mice per group were
challenge with 1 × 103 RH tachyzoites 2 weeks after the
last immunization. The survival curves of immunized mice
challenged with 1 × 103 RH tachyzoites 2 weeks after the last
immunization were illustrated in Figure 6A. All mice vaccinated
with PBS, G10E, or CS succumbed within 10 days of infection.
In contrast, a significantly prolonged survival time (21 days)
was observed in mice vaccinated with G10E-CS microspheres
compared to other groups (p < 0.01). While only 3 days survival
extension when mice immunized with only G10E without CS (10
days) compared to control group (p > 0.05).

The efficacy of this vaccine formulation in the context of
chronic infection with T. gondiiwas also evaluated by challenging
the immunized mice with 30 cysts of the PRU strain orally.
On day 45 post challenge, as shown in Figure 6B, G10E-CS
immunized mice had fewer cysts (882 ± 194 cysts) in brain than
G10E (1852 ± 245 cysts), CS (1966 ± 183 cysts) and PBS (2091
± 215 cysts) treated mice (p< 0.01). This result suggests that the
G10-CS microsphere vaccine could significantly reduce the cyst
form in mice chronically infected with T. gondii.

DISCUSSION

In this study, we first screened and constructed a MAP
encoding three dominant B, CD8+ and CD4+ cell epitopes
from T. gondii GRA10 (G10E). Chitosan microspheres were
loaded with adequate G10E in an effort to protect the peptides
from enzymatic degradation and release the G10E peptides
stably. This complex was referred to as G10E-CS. In vitro,
G10E-CS microspheres induced DC maturation and T cell
activation with enhanced expression of costimulatory molecules
(CD40 and CD86). In vivo, significantly prolonged survival and
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FIGURE 4 | Humoral immune response induced in BALB/C mice after vaccination with G10E-CS. (A) Detection of total anti-GRA10 IgG antibody in the sera of

immunized BALB/C mice. The mice were immunized intramuscular injection three times at 2 weeks interval with G10E, CS, G10E-CS, or PBS. Sera were collected

from mice by retro-orbital bleeding at 0, 2, 4, and 6 weeks after immunization. The levels of T. gondii-specific IgG antibody in the sera of samples was used to

determine by ELISA assay. (B) Detection of IgG subclass IgG1 and IgG2a antibodies in the sera of the immunized mice. Sera were collected at 2 weeks after the last

vaccination. The level of IgG1 and IgG2a antibodies were measured by ELISA. Results are expressed as the mean of OD450 ± SD (n = 15) and are representative of

at least three independent experiments. *p < 0.05, **p < 0.01.

decreased brain cyst burdern were observed in mice vaccinated
with G10E-CS, accompanied by strong humoral and cellular
responses.

To control outbreaks of toxoplasmosis, caused by this
intracellular protozoan parasite with its complex life cycle,
the MAP vaccine, containing multiple epitopes, has many
advantages over traditional vaccines (Henriquez et al., 2010;
Skwarczynski and Toth, 2016). Currently, individual B (Darcy
et al., 1992), CD4+ T (Grover et al., 2012), CD8+ T
(Blanchard et al., 2008) cell epitopes have been able to induce
partially protective immune responses against toxoplasmosis,
and MAP vaccines are more likely to confer more robust
protection (Bastos et al., 2016). GRA proteins of T. gondii,
major components of both tachyzoites and bradyzoites, are
related to host-parasite interaction and immune response.
Dense granule protein 10 (GRA10) is essential for parasite
growth with potential immunogenic capability, and it had
not been studied as a candidate vaccine antigen prior to the
work presented herein. In this study, we used bioinformatics
and immunological methods to select nine B cell or T
cell mimotopes of GRA10. Among them, three strongest
immunogenic B and T cell epitopes, namely B cell epitope
(TQSPPESRKKRRRSGKKKRGKRSV), CD8+ T cell epitope
(LGYCALLPL), and CD4+ T cell epitope(SGFSLSSGSGVSVVE),
were selected to construct the MAP, G10E. Peptide-based
vaccines have some weaknesses. For example, they are poor
immunogens, in and of themselves, and very susceptible to
enzymatic degradation. Therefore, they need the assistance of an
effective delivery system (Salvador et al., 2011; Skwarczynski and
Toth, 2016).

Recently, a variety of delivery systems have been used
for the formulation of peptide vaccines against T. gondii.
Of particular interest, usage of nano- and micro-particles for
vaccine delivery has rapidly become popular (Skwarczynski and
Toth, 2016). Poly(lactide-co-glycolide) (PLG) has been tested
as safe delivery systems to encapsulate recombinant SAG1
protein (Chuang et al., 2013) or rhoptry proteins (ROP18 and

ROP38) (Xu et al., 2015) as controlled-release microparticle
vaccines. Nanosized carriers have also been used to deliver
parasite antigens to immune competent cells. Assembled GRA7-
derived HLA-B∗0702 -restricted epitopes into nanospheres
(SAPN) (El Bissati et al., 2014) or loaded T. gondii extracts
protein in porous nanoparticles (DGNP) (Dimier-Poisson
et al., 2015) have been developed. All these delivery systems
could protect protein epitopes against enzymatic degradation,
and microspheres can sustain the stable release of antigen.
Chitosan has particular advantages because easily assumes
a spherical conformation, and is positively charged. It has
been widely studied for vaccine delivery systems to increase
the response to immunization with protein antigens, DNA
plasmids, and bacterial derived toxins (Arca et al., 2009; Chua
et al., 2012). There is comparatively little assessment of the
utility of chitosan-based microparticles as vaccine carriers for
peptides.

In our study, G10E-CS microspheres prepared by emulsion
cross-linking were spherical in shape and had uniform diameter
around 1,283nm. Size and zeta analysis of G10E-CS formulations
confirmed that G10E was completely loaded into the core
of the CS microspheres, and not simply adherent to their
surfaces. These properties ensured no obvious degradation of
G10E peptides during loading and release processes. This was
further supported by PAGE analysis of released G10E. As a
cationic polymer, chitosan can bind strongly to cell surfaces
with a predominantly negative charge, thereby increasing
residence time and releasing peptides in a sustained fashion
in targeted cells (Koppolu et al., 2014). In this study, we
observed a slow-release effect of G10E-CS microspheres. It is
worth noting that nano- or micro-particles used in vaccines
are often limited by their toxicity and the difficulty with which
they are manufactured (Zhang et al., 2015a). These effects
have been observed with chitosan microspheres in the past.
Glutaraldehyde, the traditional cross-linking agent used in the
production process of CS microparticles may be built into the
vaccine carrier and show cell cytotoxicity (Agnihotri et al., 2004).
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FIGURE 5 | Cellular immune response induced in BALB/C mice after vaccination with G10E-CS. BALB/c mice were immunized with G10E-CS, CS, G10E, or PBS

three times at 2-week intervals. Then splenocytes were harvested from three mice per group 2 weeks after the final immunization. Cellular immune responses were

analyzed after stimulation with G10E peptides (10µg/ml) for 72 h. (A) The lymphocyte proliferative response in immunized mice was measured by CCK-8 assay. The

absorbance was detected at 450 nm and the stimulation index (SI) was calculated. (B) The percentages of T lymphocyte subsets (a) and ratio of CD8+/CD4+ (b) in

immunized mice. The G10E stimulated splenocytes were stained with anti-mouse CD3-APC, anti- mouse CD4-FITC and anti-mouse CD8-PE for 30min and cell

population was analyzed by flow cytometry. (C,D) The production of cytokines (IFN-γ, IL-2) (C) and cytokines (IL-4, IL-10) (D) in the immunized mice. The splenocytes

were stimulated with G10E peptides for 72 h in the presence of Cell Stimulation Cocktail to inhibit the secretion of cytokine into the extracellular and were fixed using

an Intracellular Fixation & Permeabilization Buffer Set Kit. After stained with anti-mouse CD4-FITC, anti-mouse CD8-PE, anti-mouse IL-2 (APC), anti-mouse IFN-γ

(PerCP-Cyanine 5.5), anti-mouse IL-4 (APC) and anti-mouse IL-10 (PerCP-Cyanine5.5) for 30min, the cells population was analyzed by flow cytometry. Data

represent the mean ± SD and splenocytes from three mice in each group were tested individually. *p < 0.05, **p < 0.01.

To overcome this problem, we replaced glutaraldehyde with
genipin, an aglucone of geniposide extracted from gardenia fruits
and used in traditional Chinese medicine with demonstrated
low cell cytotoxicity (Lin et al., 2013). Moreover, its low

crosslinking speed with chitosan could avoid the occurrence
of agglomeration (Jin et al., 2004). This difference led to
the more uniform particle size observed herein. As expected,
all concentrations of G10E-CS microspheres studied showed
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FIGURE 6 | Protection of G10E-CS immunized mice against acute and chronic Toxoplasma gondii infection. (A) Survival rate of vaccinated mice after lethal RH strain

tachyzoites challenge. Two weeks after the final immunization, 10 mice per group were intraperitoneally infected with 1 × 103 tachyzoites of RH strain and observed

daily for mortality. (B) The cyst number in the brain of mice after sublethal PRU strain cyst challenge. 10 mice per group were challenged orally with a sublethal dose of

cysts (30 cysts) of the PRU strain (type II). Cyst load was counted from whole brain homogenates of mice 45 days after challenge. Data are representative results of

three independent experiments and are represented as the means ± SD. *p < 0.05, **p < 0.01.

almost no cytotoxicity, a direct result of the choices of
molecules with studies supporting good biocompatibility and low
cytotoxicity.

Generally, immune responses mediated by CD4 + Th1
cell, especially the cytotoxic T lymphocyte (CTL) response,
can directly suppress the growth of dividing tachyzoites and
reactivation of the cysts of T. gondii (Ching et al., 2016).
Thus, activation of T cells and production of Th1 cytokines
are pivotal for the control of the parasite (Wang J. L. et al.,
2017). Given the effective delivery system of the chitosan
(CS) microspheres, the MAP (G10E) were stably released,
inducing a strong cell-mediated immune response. In this
study, we observed that T lymphocyte proliferation in mice
immunized with G10E-CS microspheres was significantly higher
than other groups. Meanwhile, percentages of CD8+ and
CD4+ T lymphocyte were both increased dramatically in
this group, together with the highest ratio of CD8+/CD4+

T cells. The ability of G10E-CS microspheres to stimulate
T lymphocytes proliferation and differentiation was similar
to that noted in a previous study (Xu et al., 2015), which
encapsulated T. gondii ROP38/18 into PLG microparticles.
The CD8+ T lymphocyte subset is important in responding
to T. gondii infection and the helper CD4+ T subgroup
appears to cooperate in the control of chronic infection by
producing IFN- γ and redundant CD8+ T cells (Caetano et al.,
2006).

IFN-γ plays amajor role in protecting the infected host against
T. gondii infection. Its secretion is directly proportional to the
mortality rate of infected mice, because it can inhibit tachyzoite
propagation during the early stages of infection by activating
phagocytes such as macrophages, provide the appropriate
cytokine environment (Innes et al., 2009; Sonaimuthu et al.,
2016). IL-2 is essential for the development of cytotoxic CD8+

lymphocytes (Sa et al., 2013). As expected, we found that mice
injected with G10E-CS generate the highest levels of IFN-γ and
IL-2 in all immunized mice. Thus, we speculate that G10E-CS
induces a stronger cell-mediated immune response than G10E

due to enhanced delivery via the CS delivery system, and the
response is stronger than CS alone due to the immunogenicity
of the MAP, G10E. IFN-γ and IL-2 are critical for coordinating
protective immunity against T. gondii (Luo et al., 2017). Many
nano- and micro-particle vaccine formulations against T. gondii
have observed similar results (Chuang and Yang, 2014; El
Bissati et al., 2014; Dimier-Poisson et al., 2015; Xu et al.,
2015).

Previous studies have also indicated a key role for vesicle
size in determining the Th1/Th2 bias of the resulting immune
response. Vaccination using influenza A antigen entrapped in the
larger bilosome formulation (980 nm) resulted in a more biased
Th1 response as measured by antigenspecific IgG2a serum levels
and splenocyte IFN-γ production than vaccination using the
smaller bilosomes (250 nm) (Mann et al., 2009). In this study, the
size of G10E-CS microparticles was about 1,000 nm which result
in Th1 bias immune response.

Th2-related IL-4 and IL-10 possess the antagonistic effect
to IFN-γ (Bessieres et al., 1997), making this observation
compelling. Interestingly, we also found spleen cells from mice
immunized with G10E-CS produced slightly more IL-4, IL-10
than other groups. It has found that the early mortality of
infected mice in the acute phase of toxoplasmosis is caused
by severe inflammatory effects and lethal immunopathology
provoked by IFN-γ, rather than parasitic infection itself (Ching
et al., 2016). Even it has been recognized that a protective
immune response against T. gondii infection requires a Th1
predominance response (Kumar et al., 1998; Meira et al., 2014).
Th2-related cytokines play a vital role in downregulating this
short-term deleterious inflammatory effect and reduce fatality
following T. gondii infection (Neyer et al., 1997; Pinzan et al.,
2015). Our findings are consistent with this conclusion. It is
worth mentioning that GRA10 is found to translocate into
the host cell nucleus and interact with signal transducers and
promote activation of transcription factor 6 (STAT6). STAT6
plays a central role in the activation of the IL-4 response,
triggering the expression of anti-apoptotic factors. In sum,
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mice immunized with G10E-CS have induced a combined
Th1/Th2 immune response, skewed predominantly toward a Th1
response.

The critical role of antibody in immunity against T. gondii
has long been recognized (Correa et al., 2007). Antigen-
specific antibody can inhibit the tachyzoite directly and impair
attachment to host cells (Sayles et al., 2000). In the present
study, the increased production of total IgG, IgG2a and IgG1
were all observed in the sera of mice immunized with G10E-
CS microspheres. As IgG1 is Th2 related and IgG2a is associated
with Th1-driven immunity (Germann et al., 1995; Wang S. et al.,
2017), our data supports the idea that G10E-CS microspheres
generated Th1 polarize immune response with more IgG2a than
IgG1.

Although there are some effective nano- or micro-particles
vaccines against T. gondii, almost no delivery system can
simultaneously act as a good adjuvant. A potent adjuvant
required for T. gondii vaccines is able to elicit a Th1-type
immune response (Verma and Khanna, 2013). It is exciting
to find that chitosan can also serve as an attractive candidate
adjuvant to induce dendritic cells (DCs) activation and, thereby,
promote Th1 cellular immune responses (Riteau and Sher,
2016). In particular, internalized chitosan induces mitochondrial
stress and increase reactive oxygen species (ROS) production,
which act as a trigger for cGAS-STING pathway (Carroll
et al., 2016). This pathway could mediate the production
of IFN-γ, responsible for triggering the activation of DCs
and T helper type 1 (Th1) immunity responses (Dubensky
et al., 2013). DC activation is characterized by elevated surface
expression of costimulatory molecules CD40 and CD86 (Reis
e Sousa, 2006). The costimulatory molecules also have a key
role in regulating T cell proliferation, cytokine production and
generation of CTL (Chen and Flies, 2013). In our study, we
found that bone-marrow-derived DCs exposed to G10E-CS
microspheres in vitro showed drastically increased expression
of CD40 and CD86. G10E-CS stimulated DCs could both
induce efficient costimulation of T cell proliferation and
substantial production of IFN-γ and IL-2. Therefore, G10E-CS
microspheres could induce DC maturation and T cell activation
in vitro by upregulating the expression of costimulatory
molecules.

The survival rate of vaccinated mice against T. gondii
challenge is considered the most direct way to assess a candidate
vaccine (Zheng et al., 2017). In the present study, we found that
mice vaccinated with G10E-CS microspheres have significantly
prolonged survival time (21 days) against lethal challenge
with the virulent RH strain of T. gondii. In contrast, mice
immunized with PBS, G10E, or CS had all succumbed within
10 days after infection. Evaluation of the ability of G10E-CS
to protect against chronic infection was also of interest. After
challenging with a sublethal dose of cysts of the PRU strain, cyst
burden in mice vaccinated with G10E-CS was greatly decreased
(57.8% reduction) compared to the other groups. These results,
taken together, proved that our G10E-CS microsphere vaccine

was able to protect against both acute and chronic T. gondii
infection.

In summary, in this study, G10E-CS microspheres have
triggered a strong, mixed Th1/Th2 cellular and humoral immune
response in immunized mice. At the same time, CS as a potent
adjuvant, has also enhanced cellular immunity by eliciting Th1-
type immune responses. Therefore, the humoral and cellular
immune responses induced by G10E-CS microspheres were
interrelated and synergistic in strengthening protection against
T. gondii. Our results proved that chitosan microparticles
loaded with MAPs could be a promising approach to vaccine
development against T. gondii.

A limitation of this study was that the loading capacity (LC%)
of the chitosan microsphere was low (15.3%). This may be due
to liquid paraffin on the surface of the microspheres, which
was hard to clean completely, potentially affecting the peptides
contact with the microspheres. Interestingly, this loading
capacity was slightly higher than that observed with chitosan-
based microspheres loaded with other protein (Li et al., 2017).
It will be necessary to increase the loading capacity to improve
the protection efficiency of G10E-CS vaccine. Therefore,
other optimized published methods for manufacturing
protein-loaded chitosan particles can be used in future
research.
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Table S1 | Size and zeta potential of G10E-CS, CS and G10E. Size and zeta

potential of chitosan microspheres loaded with G10E peptides (G10E-CS),

chitosan microspheres (CS) and free G10E peptides.
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