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Érica S. Martins-Duarte obtained a degree in Pharmacy, master’s in Biological Sciences

(Biophysics), and PhD in Biological Sciences from the Federal University of Rio de Janeiro. Doctor

Martins-Duarte was a postdoctoral fellow at the University of Georgia in the USA and at the

Carlos Chagas Filho Institute of Biophysics at the Federal University of Rio de Janeiro, and has

been an Adjunct Professor with the Department of Parasitology at the Federal University of Minas

Gerais since 2018. Doctor Martins-Duarte has experience in the areas of parasitology, parasitic

chemotherapy, cellular and structural biology (with an emphasis on optical and electron microscopy),

and molecular biology.

vii





Preface

Parasitism is an ecological relationship in which an organism, a parasite, lives inside or on

another organism, the host, with the former depending on the latter to acquire shelter and essential

nutrients, and survive. Thus, it is a relationship that benefits the parasite at the expense of the host,

but does not necessarily result in the host’s death. In humans, parasitic diseases hamper development

and still cause high mortality, especially in children in developing countries. Parasitic infections in

poultry, cattle, or swine, for example, are responsible for economic losses in livestock. Indeed, the

proximity to infected animals puts humans at risk of zoonosis. Herein are thirteen publications

covering basic biology, genetics, new diagnostic tools and treatments, control strategies, disease

epidemiology, and the pathogenesis of protozoan and helminth parasites of medical importance.

Érica S. Martins-Duarte

Guest Editor
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Editorial

Parasites and Infection: Strategies to Control, Diagnose,
and Treat Parasitic Diseases
Erica S. Martins-Duarte

Departamento de Parasitologia, Instituto de Ciências Biológicas, Universidade Federal de Minas Gerais,
Belo Horizonte 31270-901, MG, Brazil; ericamduarte@ufmg.br

This Special Issue features thirteen publications on the basic biology, genetics, novel
diagnostic tools and treatments, control strategies, disease epidemiology, and pathogenesis
of medically significant protozoan and helminth parasites. Largely neglected, parasitic
diseases contribute to high global morbimortality, particularly in communities lacking
adequate sanitation, clean water, and healthcare. Consequently, reduced human work
capacity and quality of life are prevalent in endemic areas. Such infections are frequently
linked with malnourishment, iron deficiency, anemia, and compromised physical and
intellectual development, along with other organic chronic conditions that impede regional
growth [1].

However, fighting parasitic diseases presents considerable challenges, as local risk
factors are constantly changing and differ widely according to each region’s unique envi-
ronment, ecology, climate, culture, and socioeconomic conditions [2]. In addition, a critical
hurdle for eradication in endemic areas is the lack of fast, sensitive, and specific diagnostic
tools, effective treatments, and vaccines for most parasitic diseases. Therefore, continuous
efforts are essential to thoroughly investigate parasite biology, local genetic variations,
modes of transmission, main reservoirs, host immune responses, disease pathogenesis, new
treatments, and drug resistance patterns to establish effective and sustainable prevention
and control programs.

Helminth infections are common parasitoses in low- and middle-income countries.
Among these, Taenia solium (pork tapeworm) infection is one of the most prevalent and en-
demic in sub-Saharan Africa, Asia, Latin America, and the Caribbean regions [3]. Transmis-
sion can occur by ingesting larvae in undercooked pork or eggs through the fecal–oral route,
leading to various diseases. The ingestion of eggs, whether through self-contamination or
the consumption of contaminated food or water, causes neurocysticercosis, a disease that
can cause serious encephalic complications [4]. To better understand how oxidative stress
contributes to inflammation and the pathophysiology of the disease, Generoso et al. [4]
used a rat model that reproduces human extraparenchymal neurocysticercosis, a form of
the disease less responsive to treatment and more prone to complications [4]. The obtained
results showed a positive correlation between the presence of oxidative stress markers
and inflammation intensity. These results encourage future efforts to monitor oxidative
stress status during disease as a guide for better clinical intervention decisions for infected
patients [5]. Another common helminth infecting humans is Strongyloides stercoralis, which
causes high morbidity and possibly infects 600 million people globally [6]. It is an intestinal
worm, and transmission occurs through skin penetration by larvae that contaminate the
environment via shedding in the feces of infected individuals or animals. Based on previous
reports of the potential of Bacillus thuringiensis crystal protein toxins against S. stercoralis and
other gastrointestinal helminths, Pommare et al. (2024; [7]) conducted a pilot analysis using

Microorganisms 2025, 13, 1254 https://doi.org/10.3390/microorganisms13061254
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MALDi-TOF and a laboratory genomic pipeline study in stools of S. stercoralis infected and
non-infected dogs to identify the genes involved in the synthesis of B. thuringiensis crystal
toxins with possible larvicidal effect [7].

Intestinal parasitic diseases are globally distributed. However, they are most prevalent
in developing countries, such as sub-Saharan Africa (SSA), Asia, Latin America, and
the Caribbean [8]. These infections are commonly associated with malnourishment, iron
deficiency, and anemia in children. For that reason, Cuna et al. [9] investigated whether
intestinal parasites were the cause of the high anemia incidence in schoolchildren from
a rural area in Bolivia. Although the authors did not find a correlation between anemia
and intestinal parasite infections, a high rate of intestinal protozoan and helminths was
found in those children. The most prevalent were the protozoans Entamoeba coli (48.9%)
and Blastocystis hominis (40.2%). Still, other parasites of fecal–oral route transmission,
such as Ascaris lumbricoides, Giardia intestinalis, and Entamoeba histolytica, were also found,
suggesting precarious local sanitary structures [9].

The protozoan Blastocystis sp. is a common human intestinal parasite infecting humans
and animals worldwide through the fecal–oral route. Usually, infection by this parasite
is asymptomatic. However, some patients develop gastrointestinal symptoms, raising
questions about whether specific genetic subtypes of the parasite are more likely to cause
symptoms [10]. Matovelle et al. [11] explored the subtype diversity in fecal samples
obtained from hospitalized patients exhibiting gastrointestinal symptoms from Northern
Spain. They found two predominant (ST2 and ST3) and two minor (ST1 and ST4) subtypes.
All four of these had been previously identified in patients with gastrointestinal symptoms.
Mixed infections with different subtypes of Blastocystis were also found. The study of
subtype distribution in humans and animals across different countries, along with their
phylogenetic analysis and genetic diversity assessment, can help identify the primary
sources of parasite transmission and elucidate differences in pathogenicity observed in
some patients [11].

Cryptosporidium sp. is one of the world’s most frequent causes of diarrhea in humans
and animals. Cryptosporidiosis has both anthroponotic and zoonotic spread, and trans-
mission occurs through the fecal–oral route by consuming water or food contaminated
with the feces of infected humans or animals [12]. In several countries, it is highly preva-
lent in children younger than 2–5 years old, and it is recognized as life-threatening for
immunosuppressed individuals such as AIDS patients [13]. Diarrhea by Cryptosporidium
species is also the main cause of mortality in neonatal calves, leading to substantial eco-
nomic losses in dairy farms [14]. Two works published in this Special Issue examined the
incidence of this parasite in animals and humans. In a systematic review and meta-analysis,
Tawana et al. [15] showed a high infection rate of Cryptosporidium spp. from 1980 to 2020
in South Africa, with Cryptosporidium parvum being the prevalent species in both animals
and humans. Among humans, HIV+ individuals showed greater exposure to Cryptosporid-
ium than HIV- individuals, and higher infection rates were observed in regions where
sanitary conditions are poorer. However, they also observed a decline in Cryptosporidium
spp. infection prevalence from 2011 to 2020 compared to 2001–2010, indicating a possible
improvement in local sanitary conditions, medication access, and good animal practice [15].
In another study, Kaduková et al. [16] demonstrated that in calves up to five weeks old in
dairy farms in Eastern Slovakia, C. parvum is also the main infecting species of Cryptosporid-
ium. Genotypic analysis showed that the subtype IIaA17G1R1 was the most prevalent
in these calves. Considering that this subtype has already been reported in humans and
that calves are the main reservoir of C. parvum, these results highlight the importance of
preventive actions to reduce infection in those animals, environmental contamination, and
the zoonotic spread of the parasite to humans [16].
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Costa et al. [17] focused on the genetic diversity of Toxoplasma gondii by analyzing
the alleles of five virulence factors. Their study examined 103 atypical strains of T. gondii
isolated from humans, domestic, and wild animals from four different Brazilian States. The
results showed a positive relation between the allele 4 of ROP18 and increased virulence
and mortality in mice. These findings offer new perspectives for understanding how
atypical virulence markers of T. gondii modulate the immune system in mice or humans.
Further research in this direction could elucidate the higher virulence of atypical strains in
mice and their connection to more severe toxoplasmosis outcomes observed Brazil [17].

T. gondii is an important, globally distributed protozoonosis commonly related to
sequelae in congenitally infected newborns, ocular lesions, and encephalitis in immunosup-
pressed individuals [18]. Serological inquiry for this parasite infection is mandatory during
early pregnancy to prevent congenital transmission [19]. In a systematic review and meta-
analysis, Ribeiro et al. [20] determined the effectiveness of the main treatments and current
treatment protocols for gestational and congenital toxoplasmosis, drawing on 56 studies
from 16 countries. Their results demonstrated that treating acutely infected pregnant indi-
viduals with either spiramycin or triple therapy (sulfadiazine + pyrimethamine + folinic
acid) reduces the risk of neonatal vertical infection and sequelae. These findings show that
the serological monitoring of susceptible individuals during pregnancy, combined with
appropriate treatment, has a good prognosis for reducing congenital toxoplasmosis [20].

The search for novel therapies for toxoplasmosis was the focus of the work of
Costa et al. [21]. They employed a drug repositioning strategy to screen 160 drugs or
drug-like compounds from the Medicines for Malaria Venture COVID Box to identify
against T. gondii. A total of 23 molecules inhibited the tachyzoite forms of T. gondii in vitro
by more than 70% at 1 µM after seven days of treatment. For two of them (apilimod and
midostaurin), this was the first reported activity against this parasite. Morphological and
ultrastructural analysis by transmission electron microscopy and fluorescence microscopy
of tachyzoites treated with nine compounds showed that they all induced alterations in the
parasite organelles and cell division [21].

Santos et al. [22] sought to understand the role of SAG2A in the T. gondii immune
response by the peritoneal exudate cells (PECs) of susceptible and resistant mice. SAG2A
is an immunodominant antigen expressed on the surface of the tachyzoite stage and, for
that reason, is a promising candidate for vaccine and diagnostic development [23,24]. The
results showed that recombinant SAG2A differentially modulates the immune response in
the PECs of susceptible and resistant mice. PECs from susceptible mice were more sensitive
to modulation by rSAG2A and showed lower parasitism than PECs from resistant mice.
These results indicate that developing vaccines and new diagnostic tools for toxoplasmosis
requires a better comprehension of the immune response variations from different hosts to
T. gondii antigens [22].

The immune factors associated with the congenital transmission of the protozoan
Trypanosoma cruzi were investigated by Herrera Choque et al. [25]. Chagas disease is an
endemic zoonosis in South America, associated with poverty in rural areas and precarious
housing conditions. It is estimated that T. cruzi causes the death of 10,000 individuals
worldwide every year [26]. This parasite is primarily transmitted through contact with the
feces or urine of blood-sucking triatomine bugs. However, congenital transmission occurs
in around 10% of chronically infected pregnant individuals and poses a threat to disease
eradication, as it can sustain transmission over time [27]. The immune and genetic factors
involved in congenital transmission, however, remain unclear. The authors analyzed IFN-
gamma concentration in maternal, placenta, and cord blood samples from both uninfected
and infected mothers and their newborns. Higher levels of this cytokine were found in
infected, non-transmitting mothers compared to transmitting ones, suggesting a possible
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role of IFN-gamma in controlling parasite infection and proliferation in the placenta and,
consequently, in preventing fetal transmission [25].

Another highly relevant zoonotic disease is visceral leishmaniosis, caused by the
Leishmania infantum species, especially in Brazil, which accounts for 97% of the total cases
in America [28]. In endemic urban areas, dogs serve as the main reservoir for the parasite.
Therefore, faster and more accurate diagnosis of infection in these animals is essential to
enable timely treatment or, when necessary, euthanasia to prevent further transmission [29].
However, the protocols and diagnostic tools currently available in Brazil have limitations
regarding sensitivity and specificity, hindering the detection of early seropositive or asymp-
tomatic infected dogs [30]. To address this gap, Moreira et al. [31] used immunoinformatic
tools to discover new peptides with higher sensitivity and specificity for detecting canine
visceral leishmaniosis in asymptomatic dogs by ELISA assays. Two peptides were selected
and tested, both individually and in combination. The combination of peptides showed
100% specificity in detecting infection in asymptomatic dogs. Additionally, a high speci-
ficity (90%) was observed in distinguishing infections caused by other pathogens or in
vaccinated dogs. These data offer new possibilities for improving the management of
canine visceral leishmaniosis in endemic areas [31].

Lastly, the review of Muh et al. [32] summarized recent findings on the biology, natural
hosts and vectors, epidemiology, clinical presentation, and management of the simian
malaria parasite Plasmodium cynomolgi, an emerging zoonotic pathogen in Southeastern
Asia. P. cynomolgi was first reported in 2011, in a patient from the east coast of Peninsular
Malaysia. Since then, the number of reported cases has increased throughout the region.
However, to date, there has been no evidence that P. cynomolgi is naturally transmitted from
one human to another; instead, proximity to natural reservoir hosts (macaque monkeys)
remains the main risk factor for contracting P. cynomolgi malaria. The authors highlighted
that extensive deforestation has significantly impacted agriculture and human settlements,
likely bringing mosquito vectors into closer contact with both humans and reservoir hosts.
Further research into the primary vectors, reservoirs, and disease manifestations in humans
is essential to better understand this type of zoonotic malaria and to prevent potential, yet
unknown, risks to human health [32].

Of the 11 parasites discussed above, 8 are zoonotic—an unsurprising fact given that
approximately 60% of infectious diseases are of zoonotic origin, causing millions of deaths
annually [33]. Changes in the natural ecosystems, biodiversity, and climate contribute
to shifts in the distribution of pathogens, vectors, and hosts. As previously mentioned,
population growth over the last and this century has led to the establishment of human
settlements in deforested areas, bringing humans closer to wildlife, where the majority
of emergent zoonosis originates [34–36]. The risk of zoonotic disease introduction or
(re)-emergence is even more critical for the impoverished population, who are already
burdened by persistent neglected zoonotic diseases and the most vulnerable to the risk
of new zoonotic pathogens [37]. The adoption of a One Health strategy—which seeks to
balance human health through investments in food/nutritional security, access to clean
water, healthcare services, enhanced diagnostic tools and treatment, and improved housing
and education, alongside sustainable animal welfare and agriculture, ecosystem protection,
and biodiversity restoration—is crucial for eradicating the existing and preventing the
(re)-emergence of parasitic diseases.

Funding: ESMD is a CNPq research productivity fellow (308082/2023-0).

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: Toxoplasmosis is a globally prevalent zoonotic parasitic disease. Neonates with
congenital infection can develop severe long-term sequelae, which can be mitigated or
prevented through early diagnosis and therapeutic approaches. In this context, the main
objective of this study was to describe the main treatments and evaluate the effectiveness
of the current treatment protocols for gestational and congenital toxoplasmosis to prevent
vertical transmission and to reduce clinical manifestations in neonates. This systematic
review with a meta-analysis searched digital databases (PUBMED, SCOPUS, WEB OF
SCIENCE, EMBASE, and COCHRANE) for observational cohort studies published between
1 January 2013 and 29 January 2025, evaluating treatment effectiveness in gestational
and congenital toxoplasmosis. Risk ratios (RRs) were calculated using random effects
models to assess infection risk and clinical manifestations in neonates. The study quality
was assessed following the Joanna Briggs Institute protocol and fifty-six studies from
16 countries were included, comprising 11,090 pregnant women and 4138 children. Studies
were predominantly from Brazil (38%), France, and Italy. Only 9% of the studies indicated
knowledge of the serological status of the pregnant woman before the gestational stage.
Of 10,148 women with confirmed toxoplasmosis, 8600 received treatment, with 18% of
their children infected, compared to a 58% infection rate in untreated mothers’ children.
Meta-analysis showed that treatment reduced infection risk (RR = 0.34 [0.21; 0.57]) and
clinical manifestations (RR = 0.30 [0.17; 0.56]). While spiramycin or triple therapy showed
similar effects, triple therapy demonstrated more consistent results (RR: 0.22 [0.15; 0.32])
compared to spiramycin alone (RR: 0.54 [0.06; 4.67]). In conclusion, treatment protocols for
congenital or gestational toxoplasmosis have proven to be effective in reducing the risk of
infection and clinical manifestations in neonates. Regarding the type of treatment, although
they have similar responses, the use of triple therapy shows more consistent responses than
isolated spiramycin. It can be also concluded that prevention and mitigation of congenital
toxoplasmosis require standardized treatment protocols, improved diagnostic methods,
and educational programs for women of childbearing age, as treatment initiation timing
and protocol choice are crucial factors in determining outcomes.

Keywords: congenital toxoplasmosis; maternal and newborn treatment; efficacy; therapeutic
failure; diagnostics; sequelae
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1. Introduction
Toxoplasma gondii is one of the most successful parasitic pathogens worldwide, capable

of infecting a remarkable range of avian and mammalian hosts, including humans [1].
This protozoan’s heteroxenous life cycle, with felids as definitive hosts, contributes to
its widespread distribution and significant public health impact [2,3]. Humans can be
infected by several routes, by eating undercooked meat of animals containing tissue cysts,
by consuming food or water contaminated with cat feces, by contaminated environmental
samples, by blood transfusion or organ transplantation, as well as transplacentally from
mother to fetus [1]. While typically asymptomatic in immunocompetent hosts, T. gondii
infection poses significant health challenges in two critical scenarios: immunocompromised
individuals, where it can cause severe neurological complications, and pregnant women,
where transplacental transmission puts the fetus at risk of congenital infection [3]. In
addition to these implications, socioeconomic factors such as lower socioeconomic status
and education of the population play a significant role in the prevalence of toxoplasmosis.
Although socioeconomic factors influence toxoplasmosis prevalence, congenital infection
can affect all demographic groups, making it a universal concern in maternal healthcare [4].

Considering this complex scenario, the therapeutic approach to toxoplasmosis is a
significant challenge [5]. Conventional treatment is limited to the acute phase of the disease,
with no effects on latent parasites; consequently, a cure is still not available. Furthermore,
considerable toxic effects and long-term therapy contribute to high rates of treatment
abandonment [6]. However, evidence from French studies suggests that preventive and
therapeutic approaches during pregnancy can reduce the risk of symptoms and sequelae
in children [7].

Regarding the type of treatment, anti-Toxoplasma chemotherapy consists of several
medications that can be used individually or in combination. These include sulfadiazine
(SDZ), pyrimethamine (PYR), sulfamethoxazole (SMT), trimethoprim (TMP), and spi-
ramycin [8]. Currently, the gold standard treatment involves a combination of SDZ and
PYR, with the option to use the combination of SMT and TMP, clindamycin, and spiramycin,
all of which present a synergistic effect affecting the replication of the tachyzoite form
of T. gondii [9,10]. New research on the impacts of toxoplasmosis highlights the need to
increase institutional awareness of infection pathways and implement comprehensive,
interdisciplinary actions to control transmission and optimize treatment [11].

Given the complex clinical context and varied therapeutic approaches, this systematic
review with a meta-analysis aims to evaluate treatment protocols for gestational and
congenital toxoplasmosis, focusing on their effectiveness in preventing vertical transmission
and reducing clinical manifestations in newborns.

2. Methods
2.1. Search Strategy and Selection Criteria

This systematic review and meta-analysis was conducted following the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA-P) guidelines [12],
and the method protocol used was previously published (Available online: https://www.
protocols.io/view/protocol-of-a-systematic-review-with-metanalysis-f-e6nvwddp2lmk/v1
accessed on 10 February 2025) and registered on the PROSPERO platform (Available
online: https://protocols.io/view/protocol-of-a-systematic-review-with-metanalysis-f-
cymnxu5e.pdf accessed on 10 February 2025).

Searches were conducted in PUBMED, SCOPUS, WEB OF SCIENCE, EMBASE, and
the COCHRANE Library, manually via Google Scholar, plus with reference lists of key
articles, for studies published between 1 January 2013 and 29 January 2025. The search
strategy combined three categories of terms (Treatment, Congenital toxoplasmosis, and
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Population) using Boolean operators ‘OR’ within categories and ‘AND’ between cate-
gories, as follows: (Treatment OR Drug OR Drugs OR Spiramycin OR Sulfadiazine OR
“Folinic acid” OR Pyrimethamine) and (“Congenital toxoplasmosis”) and (Maternal OR
Pregnant OR Children OR Child OR Newborn OR Baby OR Babies OR Pediatric OR Infant
OR Neonate).

Studies were eligible with the following characteristics: (1) population: human, preg-
nant, and newborn; (2) intervention: treatment of toxoplasmosis; (3) control/comparator:
children/mothers not treated for toxoplasmosis; (4) outcomes of interest: treatment pro-
tocols used and their effectiveness in reducing risk of vertical transmission and clini-
cal manifestations in neonates; (5) languages: there was no language restriction; while
no design restrictions were applied, only cohort studies (prospective or retrospective)
met the inclusion criteria of reporting both T. gondii infection status and treatment data;
(6) publication dates: within the specific time frame that has been set.

Excluded works included literature reviews, meta-analyses, letters to the editor, an-
imal studies, studies unrelated to toxoplasmosis and treatment, studies that treat other
comorbidities in addition to toxoplasmosis, full texts that were not accessible, and texts
published before 2013. To avoid bias in the results, studies whose mothers had co-infection
were excluded.

Regarding outcome assessment, vertical transmission was confirmed through sero-
logical tests (IgM and IgG), PCR in amniotic fluid, or placental examination. Clinical
manifestations were documented via ophthalmological examination, neurological assess-
ment, and imaging studies. Treatment effectiveness was evaluated by comparing infection
rates and clinical manifestations between treated and untreated groups. These standardized
outcome measures were used to ensure consistency in data extraction and analysis across
included studies.

First, the titles and abstracts of the research studies were evaluated independently
by two researchers. Duplicates and studies that did not meet the inclusion or exclusion
criteria were excluded from the analyses. Title and abstract screening were conducted using
Rayyan (https://www.rayyan.ai/), accessed on 10 February 2025, a software for organizing
and managing systematic reviews independently, where each reviewer performed article
selection blindly [13]. During the selection process, all data were cross-checked, and
discrepancies were resolved through consensus and, if necessary, by the senior researcher.
Finally, the full texts of eligible articles were read by the same researchers to decide on their
definitive inclusion. For articles considered relevant to the review but not available in full
for reading, authors were contacted to request the availability of the full article.

Data were collected using a standardized Excel spreadsheet (Microsoft Excel®, ver-
sion 2016). The data extraction included the following: (1) bibliometrics (country where
the study was conducted, title, journal, language, DOI, and publication year); (2) time
of diagnosis; (3) initiation phase of therapy, therapeutic options; (4) dosage form of
drugs; (5) dosage; (6) main clinical manifestations and sequels; (7) duration of treatment;
(8) patient follow-up; (9) number of treated and untreated patients; (10) idiosyncrasies of
the population or treatment.

After the selection phase, the data were extracted, and the quality assessment was
performed using the Joanna Briggs Institute (JBI) critical appraisal checklist for cohort
studies, which evaluates key methodological aspects including population selection, ex-
posure measurement, identification of confounding factors, outcome assessment, and
follow-up adequacy. Studies were rated on each criterion as ‘yes’, ‘no’, ‘unclear’, or
‘not applicable’ [14].
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2.2. Data Synthesis and Analysis

The data were evaluated using the programming language “R” [15] through the sup-
plements “meta” [16] and “metafor” [17]. The pooled effect estimates were computed from
risk ratio (RR) differences between treated and untreated groups using random effects
models due to expected clinical and methodological heterogeneity between studies. Statis-
tical heterogeneity among studies was evaluated by Cochran’s Q test and I2 inconsistency
test [18]. Data synthesis involved pooling RR for infection and clinical manifestations
separately, with subgroup analyses performed by treatment type. Subgroups analysis was
conducted through comparing the incidence of cases of congenital toxoplasmosis after
different treatments in pregnant women. Forest plots were generated to present the pooled
effect and the 95% confidence interval.

3. Results
3.1. Qualitative Results

From the initial selection of 1156 studies, 635 were duplicates. Out of the remaining
521, 465 were excluded for pre-defined reasons, such as studies unrelated to the treatment
of congenital toxoplasmosis, case reports, studies conducted on animals, reviews, and
presentations at scientific conferences, resulting in the selection of 56 studies that addressed
the treatment of congenital or gestational toxoplasmosis (Figure 1). No article was excluded
due to its inaccessibility.

All 56 eligible studies contributed to the construction of data to elucidate the evidence,
considering the following variables: time of diagnosis; initial phase of therapy, therapeutic
options; pharmaceutical form of medications; dosage; main clinical manifestations and
sequelae; treatment duration; patient follow-up; number of treated and untreated patients;
population or treatment idiosyncrasies. The characteristics of all studies included in the
qualitative analysis are shown in Supplementary Table S1. A total of 11,090 pregnant
women and 4138 children were enrolled in these studies. Eligible studies were published
between 2013 and 2025 in 16 countries. Out of the total number of studies analyzed,
20 were conducted in Brazil, followed by France and Italy, with 6 studies each. Moreover,
85% of the studies were conducted in Referral Centers.

Some studies have shown that the screening period for toxoplasmosis during preg-
nancy may vary from country to country, but indirect diagnostic methods for detecting
IgM and IgG immunoglobulins were unanimous, albeit with variations in serological
methodology [19–22]. In this regard, one of the mentioned diagnostic methods was the
Sabin Feldman test, considered the gold standard for toxoplasmosis diagnosis. Some
studies have demonstrated the use of other immunoglobulins such as IgA and IgE [23–32]
to complement the diagnosis of Toxoplasma infection. Another methodology addressed
in the studies was the avidity test, considered a useful tool for detecting the timing of
infection [33]. Ultrasound imaging examinations in pregnant women were also present in
all studies, while the PCR technique was present in 50% of the studies.

Regarding the knowledge of the pregnant woman’s serological status before the
gestational stage, a relevant factor in defining the timing of infection if the infection was
acquired during or early in pregnancy, which would facilitate the detection of the moment
of seroconversion. However, this analysis was addressed in only 9% of the studies.
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Figure 1. Follow-up flowchart.

A total of 2652 IgG avidity tests were conducted, with 1595 of them detecting low
avidity. Additionally, a total of 4284 PCR tests were performed, with 3724 on amniotic
fluid and 560 on placenta or umbilical cord, resulting in 442 positive results for a total of
995 children diagnosed with congenital toxoplasmosis with follow-up after one year of
age. Additionally, routine follow-up tests for pregnant women considered seronegative
for toxoplasmosis during prenatal care are monthly in France and Italy [3,28,31,34–36].
Ultrasounds were conducted on pregnant women as a complementary examination to
indirect diagnostic tests, and in children, fundoscopic eye examinations, transfontanelle
ultrasounds performed at birth, and physical and neurological examinations were carried
out in all studies conducted at reference centers.
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According to Damar et al. [20], in Turkey, specifically in the city of Sanlúrfa, there
is no established protocol considering that it is not a highly prevalent disease in the
country. Similarly, in Japan, the frequency of prenatal screening exams, according to
Hijikata et al. [37], is quarterly since it does not have a high incidence. In Vienna, Austria,
the frequency of exams is bimonthly [22]. According to Carral [19], in Buenos Aires,
Argentina, exams are repeated every trimester and during childbirth, and in Brazil, exams
are repeated quarterly [38–40].

Out of a total of 10,148 pregnant women diagnosed with toxoplasmosis, 8600 received
some form of treatment and had 1548 (18%) infected children, while 1586 untreated mothers
had 922 children infected with T. gondii (58%).

In 71% of the studies, the triple therapy regimen (sulfadiazine, pyrimethamine,
and folinic acid) associated or not with spiramycin is used as a treatment for gesta-
tional and congenital toxoplasmosis, with the following dosage regimens: pyrimethamine
25–50 mg/day, sulfadiazine 3 g/day, folinic acid 25–50 mg twice a week, and spiramycin
3 g/day. For neonates, the established regimen is pyrimethamine 3 mg/kg every 3 days,
sulfadiazine 25 mg/kg every 8 hours, and folinic acid 50 mg every 7 days orally [41].

Only five studies cited the pharmaceutical form adopted for the treatment of
neonates/children. The most common clinical manifestations in children of treated mothers
were ophthalmological, while in children of untreated mothers, the predominant clinical
manifestations were neurological. In total, 113 deaths were reported, of which 48% were
spontaneous abortions, and 25% were terminations of pregnancy after amniocentesis re-
sults [26,42,43], with the remainder being represented by 15% stillbirths, 11% postnatal
deaths, and 1% death during adolescence.

3.2. Quantitative Results

To perform the meta-analysis, only studies with groups larger than 10 individuals per
group and that did not include only infected individuals were considered. This approach
reduces the risk of bias associated with small sample sizes and studies in which both groups
would have all individuals infected, which would not allow for infection risk analyses. As
shown in Table 1, a total of 15 studies were included in the meta-analysis, some of which
contained infection risk data, while others presented clinical manifestation data, leaving
10 for each analysis. However, the timing of maternal infection, a potential important
confounder, could not be adequately analyzed as this information was not consistently
reported across studies. Although the exact timing of infection was uncertain, studies
reported mean treatment initiation at 24 ± 6 gestational weeks.

Regarding the risk of infection, out of the 2923 mothers treated during pregnancy and
the 516 who remained untreated, it was observed that a total of 276 (9%) and 231 (45%) had
infected newborns, respectively (Figure 2). Therefore, treatment reduces the possibility of
vertical transmission (RR = 0.34 [0.21; 0.57]; Figure 2). Additionally, no outlier values were
identified regarding the risk of infection.

Regarding the clinical manifestations of newborns from treated or untreated mothers,
it was observed that out of 2886 treated mothers, 183 (6%) had children who presented
some type of clinical manifestation (Figure 3). In contrast, out of 678 untreated mothers,
a total of 334 (49%) of their children presented one of the typical clinical manifestations
(Figure 3). However, the study by Conceição et al. [24] was identified as an outlier and
influential point without overlapping effects with other studies. By omitting this study, the
result changes from RR = 0.37 [0.18; 0.77] (Figure 3) to RR = 0.30 [0.17; 0.56].
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3.3. Comparative Analysis Between Treatments

As shown in Figure 4, although no significant difference between treatments was
observed in the overall analysis (p = 0.0833), the subgroup of studies involving mothers
treated with the triple regimen demonstrated lower heterogeneity (I2 = 23.2%, χ2 p = 0.18)
and statistically significant results (RR: 0.22 [0.15; 0.32]) compared to the group treated with
spiramycin alone (I2 = 84.1%, χ2 p < 0.01), which showed non-significant results (RR: 0.54;
[0.06; 4.67]). These findings suggest greater consistency in treatment effects for mothers
who received the triple regimen.
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3.4. Risk of Bias

The graphical summary of the bias risk assessment using the Joanna Briggs Institute
critical appraisal tool for all studies included in qualitative and quantitative analyses is
shown in Figure 5. Overall, the analyzed studies demonstrated robust methodological
quality, with 84% average adherence to the assessment instrument criteria. The risk of bias
evaluation revealed that most studies (81%) presented a low risk, while only 11% showed
moderate risk, and 8% were classified as high risk. This favorable distribution of bias
risk levels substantiates the methodological rigor of the included studies, enhancing the
reliability of the findings. No authors reported conflicts of interest. Regarding publication
bias, the Egger’s test did not show an increased risk; however, funnel plots with the trim-
and-fill method suggest the possible omission of three studies regarding the risk of infection
and four studies regarding the risk of clinical manifestations (Figure 6).
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Figure 5. Joanna Briggs Institute Critical Assessment Tool. Q1. Were the two groups similar and
recruited from the same population? Q2. Were the exposures measured similarly to assign people
to both exposed and unexposed groups? Q3. Was the exposure measured in a valid and reliable
way? Q4. Were confounding factors identified? Q5. Were strategies to deal with confounding factors
stated? Q6. Were the groups/participants free of the outcome at the start of the study (or at the
moment of exposure)? Q7. Were the outcomes measured in a valid and reliable way? Q8. Was the
follow up time reported and sufficient to be long enough for outcomes to occur? Q9. Was follow
up complete, and if not, were the reasons to loss to follow up described and explored? Q10.Were
strategies to address incomplete follow up utilized? Q11. Was appropriate statistical analysis used?
N/A—not applicable.
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Figure 6. Publication bias risk by the trim-and-fill method and funnel plots. (A) risk of infection;
(B) risk of clinical manifestations. Grey circles: Published studies included in the meta-analysis.
White circles: Hypothetical missing studies identified through trim-and-fill analysis. These represent
potentially unpublished studies that, if included, would balance the funnel plot and produce a more
symmetrical distribution around the estimated true effect size.
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4. Discussion
The most effective approach to preventing congenital toxoplasmosis requires com-

prehensive management from diagnosis through treatment of the mother–child pair. Our
meta-analysis demonstrated that maternal treatment significantly reduces both verti-
cal transmission risk (RR = 0.34 [0.21; 0.57) and clinical manifestations in newborns
(RR = 0.30 [0.17; 0.56]). While both spiramycin alone and triple therapy (sulfadiazine,
pyrimethamine, and folinic acid) showed similar efficacy, triple therapy demonstrated
more consistent results with lower heterogeneity between studies. In this systematic re-
view, only 9% of studies reported prior knowledge of women’s serological status during
the preconception period, highlighting a critical gap in preventive care. These findings
emphasize the urgent need to implement protocols promoting early serological screening
in women of childbearing age, particularly in countries with high toxoplasmosis incidence,
as determining the timing of infection is crucial for optimal therapeutic management [36].

The implementation of monthly serological monitoring represents a critical strategy
in preventing congenital toxoplasmosis. This is particularly evident when examining
data from certain regions of high-incidence countries like Italy [28] and Brazil [38], where
reported rates are 0.12% and 0.15%, respectively. While economic constraints in low- and
middle-income countries often challenge the feasibility of monthly testing during prenatal
care, the scientific evidence strongly supports that regular monitoring is essential for early
detection and appropriate intervention [32]. This is primarily because the effectiveness of
antiparasitic treatment significantly decreases once the parasite establishes intracellular
infection beyond the initial parasitemia phase.

The critical importance of comprehensive diagnostic approaches is further empha-
sized by discordant immunoglobulin levels as reported by Fricker-Hidalgo et al. [34],
demonstrating that interpretation of current tests extends beyond standard parameters.
Misinterpretation or relativization of results outside recommended levels may result in
irreversible fetal harm. Beyond standard IgG and IgM measurements, complementary
testing for anti-Toxoplasma IgA and IgE isotypes [27,29], PCR techniques [36], and proper
timing of diagnostic procedures are crucial for accurate diagnosis. The PCR test timing is
particularly critical, as it should be performed between the 16th and 30th weeks of gestation
and not exceed 4–6 weeks from the estimated infection date to avoid false-negative results.
However, the accuracy of the PCR method remains unclear, as the occurrence of true false
positive and false negative rates still need to be determined, even considering that diagnosis
of congenital toxoplasmosis using a combination of IgG avidity in maternal blood and
multiplex nested PCR in amniotic fluid and neonatal blood is helpful to detect a high-risk
pregnancy, as well as to diagnose T. gondii infection [32].

The number of infected cells and intracellular parasite concentration significantly
influence infection pathophysiology, emphasizing the importance of early and accurate
diagnosis for optimal prognosis [50]. Variations in PCR diagnostic outcomes may result
from multiple factors, including reduced test sensitivity, suboptimal timing of specimen
collection relative to infection onset [29,34,50], or treatment initiation effects [27]. These
technical challenges underscore why a comprehensive diagnostic approach is essential,
incorporating multiple methodologies to ensure accurate detection and monitoring.

While this multi-method diagnostic approach represents the ideal standard of care,
its implementation faces significant challenges, particularly in resource-limited settings.
Healthcare systems in low- and middle-income countries must balance the substantial
costs of comprehensive testing against the potential consequences of delayed or missed
diagnoses. This economic consideration becomes particularly relevant given that regular
monitoring remains fundamental for successful treatment outcomes, as the parasite’s
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intracellular behavior after initial parasitemia significantly reduces antiparasitic drug
efficacy.

The complexity is further compounded by the specificity of acquired immunity to
primary T. gondii genotype contact. Exposure to different genotypes requires develop-
ment of new immunological memory, highlighting the importance of continued sero-
logical monitoring throughout pregnancy to identify recent infections. This biological
characteristic, combined with the time-sensitive nature of effective intervention, reinforces
why sustained monitoring, despite its associated costs, remains a cornerstone of effective
prevention strategies.

When T. gondii infection is confirmed during pregnancy, treatment protocols should
follow a clear progression based on gestational timing and diagnostic findings [52]. Ini-
tial treatment with spiramycin is indicated until the 16th week of gestation. After this
period, the therapeutic approach should be guided by amniocentesis results and ultrasono-
graphic findings. Detection of parasitic DNA through PCR or identification of morpho-
logical changes via ultrasound suggests fetal infection, necessitating a transition to triple
therapy with sulfadiazine, pyrimethamine, and folinic acid. This protocol modification
considers the parasite’s complex immunological interactions, as acquired immunity is
genotype-specific [53]. The development of new immunological responses is required
when encountering different T. gondii genotypes, making sustained monitoring essential
throughout pregnancy for detecting potential new or reactivated infections. This biological
characteristic underscores the importance of a flexible therapeutic approach that can be
adjusted based on ongoing diagnostic findings and the specific nature of the infection.

Multiple factors influence the detection of fetal infection, including infection timing,
PCR sample collection timing, and treatment initiation, all of which can affect test sensi-
tivity [42]. While imaging studies provide valuable diagnostic information, they cannot
definitively rule out fetal infection, particularly retinal involvement. Our meta-analysis
demonstrates that maternal treatment reduces both transmission risk (42%) and clinical
manifestations (40%), with subgroup analyses indicating more consistent outcomes for
combination therapy (SPF or S/SPF) compared to spiramycin alone, aligning with findings
from Montoya et al. [4]. These results support transitioning from spiramycin monotherapy
to combination treatment after the initial gestational period, as spiramycin alone does not
effectively treat fetal infection.

The timing of the immunological response presents additional diagnostic challenges
in neonatal cases. The interval between placental and fetal infection allows anti-Toxoplasma
maternal IgG antibody transfer, which can suppress fetal antibody production. This
dynamic may result in negative anti-Toxoplasma IgM antibodies at birth despite infection,
even with highly sensitive testing methods. Conversely, when maternal infection occurs
near delivery, neonates may develop positive serology within weeks after birth, though
subsequent confirmatory testing may become negative. These variable serological patterns
emphasize the importance of comprehensive follow-up, as demonstrated by Lago et al. [54],
who found that initiating treatment within two months of life serves as a protective factor
against late-onset retinochoroiditis, which may manifest later in life [55].

Neonatal treatment during the first year of life aims to control infection until the child
develops a sufficient immune response to inhibit parasite proliferation. McLeod et al. [56]
emphasizes that treatment requires individually compounded formulations based on
the child’s weight, aligning with World Health Organization guidelines for patient
safety and pharmacotherapeutic principles [56,57]. The implementation of standard-
ized syrup formulations is particularly crucial as these medications are typically only
available in adult tablet form, helping optimize dosing while minimizing handling er-
rors and inappropriate administration. However, as Trotta et al. [33] note, even with

21



Microorganisms 2025, 13, 723

appropriate postnatal treatment, serious complications may occur, especially in cases of
first-trimester infection.

The lack of global consensus on toxoplasmosis screening during pregnancy presents
an ongoing challenge [58]. While some countries mandate comprehensive maternal moni-
toring, others do not recommend routine screening [32,59]. Our systematic review provides
evidence supporting standardized protocols that include therapeutic regimen modification
after the 16th–18th weeks of pregnancy, coupled with monthly serological monitoring.
This approach is particularly important given that congenital toxoplasmosis is primarily
associated with delayed maternal diagnosis and subsequent treatment initiation [39]. The
evidence from our analysis supports improving surveillance of women of childbearing
age, pregnant women, and infected children, as such measures have demonstrated re-
duced incidence of congenital toxoplasmosis [38]. Additionally, our findings reinforce
the importance of immediate postnatal treatment initiation and standardized medication
preparation protocols [44].

Our meta-analysis presents important limitations that should be considered. The high
heterogeneity observed could not be fully explained by our subgroup analyses. Important
clinical factors, such as the gestational age at infection, were not consistently reported
across studies, limiting our ability to control for this potential confounder. Additionally,
the included studies varied in design and diagnostic criteria, contributing to the observed
heterogeneity. Consequently, the aggregated results should be interpreted with caution,
especially since only observational studies were included. While our findings strongly
support monthly monitoring and comprehensive diagnostic approaches, we acknowledge
the economic challenges faced by healthcare systems, particularly in low- and middle-
income countries. Treatment approaches did not account for potential differences in
gestational infection by different genotypes, which could influence treatment resistance
and the immune response. Indeed, there are several studies showing that certain genotypes
display differential sensitivity to common treatments that are preconized nowadays [60,61].
For instance, type I strains, known for their high virulence in mice, may exhibit resistance
to some drugs due to differences in their metabolic pathways or drug target sites; type
II and III strains, which are more prevalent in human infections, may show varying
degrees of susceptibility based on their enzyme activity related to folate metabolism and
drug detoxification; and atypical strains found in specific geographic regions may have
unique genetic mutations that affect drug efficacy [60,61]. Understanding these genotype-
specific responses is crucial for optimizing treatment strategies and developing more
effective therapies against T. gondii infections. Future research should focus on developing
and validating cost-effective monitoring strategies that maintain clinical efficacy while
considering resource constraints in different healthcare settings. Thus, future studies on
congenital toxoplasmosis need to concentrate on new diagnostic tools, novel drugs with
efficacy against potentially resistant genotypes and fewer side effects, as well as innovative
strategies for health education aimed at women of childbearing age.

Overall, the qualitative analysis of this systematic review focused on the main as-
pects defined as useful to clinical practice and that may serve as guidelines for future
research. First, prior knowledge of the serological status of women of childbearing age,
and the detection of seroconversion in non-reactive pregnant women or those reinfected by
T. gondii, should be encouraged monthly. This contributes to more assertive and prompter
decision-making regarding treatment and better prognosis for infections caused by this
disease. Additionally, we suggest the implementation of adequate formulas specifically
prepared for neonates and children to minimize improper manipulation of these medica-
tions through home preparations. This allows for the optimization of medication doses,
reduces the risk of using these medications in inadequate doses, and promotes the rational
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use of these medications, contributing to the goal of minimizing clinical manifestations in
these children.

In conclusion:

• The occurrence of congenital toxoplasmosis remains a significant health problem in
numerous countries. There is no global consensus on the traceability of toxoplasmosis
during pregnancy. While some countries advocate monitoring all pregnant women,
others do not recommend it, and the choice of treatment conduct is not yet well-
established. The frequency of congenital toxoplasmosis is primarily associated with
late, inaccurate, or nonexistent diagnosis during pregnancy, leading to delays or the
absence of adequate treatment;

• This systematic review and meta-analysis of articles published from 2013 to 2025,
selected based on inclusion and exclusion criteria, reveals an urgent need to establish
standardization for therapeutic protocols. This is particularly crucial after the 16th or
18th week of pregnancy. Additionally, monthly monitoring of pregnant women with
serological tests is recommended as a predictor to reduce the vertical transmission
of Toxoplasma gondii. Ensuring proper healthcare access and promoting adequate
treatment will improve the overall health of pregnant women and their children;

• Future studies on congenital toxoplasmosis that address procedures in the
mother–child dyad should concentrate on new diagnostic tools, novel drugs with
efficacy against potentially resistant genotypes and fewer side effects, as well as
innovative strategies for health education aimed at women of childbearing age.
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Supplementary Materials.
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Abstract: Toxoplasma gondii is an obligate intracellular protozoan parasite distributed
worldwide that infects a wide range of warm-blooded animals, including humans. Recent
studies sought to clarify the relationship between the alleles GRA15, ROP5, ROP16, ROP17,
and ROP18 and the virulence of T. gondii isolates in mice. This work aims to analyze the
variability of genes that express T. gondii virulence proteins of 103 strains. Most strains
were virulent for mice (76/103–73.79%); within these, 30 were 100% lethal, and 46 caused
a cumulative mortality range from 20% to 93%. For the GRA15 marker, most strains
presenting allele 2 were non-lethal. For the ROP17 marker, allele 4 was associated with
mortality, compared to allele 1. For the ROP18 marker, alleles 1 and 4 were associated
with mortality, compared to alleles 2 and 3. A combined analysis of alleles showed low
cumulative mortality when the strains presented alleles 3 and 1 for ROP18 and ROP16,
respectively. On the other hand, allele 4 of ROP17 was a determinant for virulence when
associated with ROP18 allele 3 and ROP16 allele 1. Our analysis shows that ROP18 is
the primary determinant of the virulence of atypical strains in mice. Additionally, ROP17
genotyping should not be overlooked, as it has proven critical to enhance this prediction.

Keywords: toxoplasmosis; rhoptry proteins; genotyping; cumulative mortality; PCR-RFLP

1. Introduction
Toxoplasmosis is a worldwide zoonosis that presents various clinical conditions,

from asymptomatic infection to severe systemic manifestations. In immunocompetent
individuals, the disease, in general, is asymptomatic. However, latent toxoplasmosis may be
associated with neurological disorders such as schizophrenia [1]. In immunocompromised
individuals, sequelae caused by Toxoplasma gondii have been observed in individuals with
acquired immunodeficiency syndrome (AIDS), in treatment with immunosuppressive
drugs, or in those who have received an organ or bone marrow transplant. In congenital
toxoplasmosis, the parasite can cause abortion or the birth of children with ocular and
neurological disorders [2,3].

Studies carried out with strains of T. gondii isolated from patients or animals from
South America have shown a high rate of genetic polymorphism [4]. Recent studies sought
to clarify the relationship between the alleles identified by polymerase chain reaction–
restriction fragment length polymorphism (PCR-RFLP) of the protein virulence markers,
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such as dense granule protein 15 (GRA15), rhoptry protein 5 (ROP5), ROP16, ROP17, and
ROP18, with the virulence of T. gondii isolates in mice [5]. Among these proteins, ROP16
and ROP17 were associated with the modulation of the host’s immune response by the
parasite, and ROP18 and ROP5 were highlighted as the main determinants of T. gondii
virulence in mice [5]. Rêgo et al. [6] demonstrated that in Brazilian atypical strains of
T. gondii, the ROP18 protein, analyzed alone or in combination with ROP5, effectively
determined the parasite’s virulence for mice.

Different mouse strains, life cycle stages of the parasite, and routes of inoculation
are used in T. gondii virulence assays. These limit comparisons considering genotype and
virulence in mice and the integration of data [7]. Here, we analyze a large number of atypical
isolates obtained in Brazil, including those isolated from humans, with a standardized
methodology to evaluate the variability of genes that express T. gondii virulence proteins.

2. Materials and Methods
2.1. Toxoplasma gondii Strains

All 103 strains used in this work were previously isolated by our group (Supplemen-
tary Table S1) and have been maintained cryopreserved in N2 banks at the Laboratory of
Toxoplasmosis at the Universidade Federal de Minas Gerais—UFMG, Brazil. According
to Brazilian law, access to Brazilian genetic heritage was approved by SisGen protocols
A3F9195, AD3C00F, AA14CC9, AB9C3CF, A375FCF, AC52DBB, and AD3745E.

2.2. PCR-RFLP Genotyping of T. gondii

PCR-RFLP protocols for GRA15, ROP16, and ROP18 were performed according to
Dubey et al., 2014 [8]. PCR-RFLP protocols for ROP5 and ROP17 were performed according
to Shwab et al. [5].

Genomic DNA samples from T. gondii strains were obtained according to Carneiro et al. [9]
and provided by the Laboratory of Toxoplasmosis (UFMG). Briefly, DNA extraction of
the tachyzoites was performed using the Promega Wizard genomic DNA purification kit
following the manufacturer’s instructions. Genomic DNA stocks were stored at −20 ◦C
to 4 ◦C before analysis. The RH88 (type I), ME49 (type II), PTG (II), VEG (type III), and
MAS (atypical) strains were used as controls and references. The negative control was
distilled water in the presence of primers. For each locus, PCR was performed on parasite
genomic DNA using external primers, followed by a second round of PCR with nested
primers using external primer products as templates. Primer sequences and restriction
enzymes for PCR-RFLP genotyping of rhoptry gene loci ROP18, ROP5, ROP16, and ROP17
were the same as previously described [5,8]. The amplified products were digested using
restriction endonucleases (New England BioLabs, Ipswich, MA, USA) specific for each
marker according to the manufacturer’s instructions. The DNA of the digested products
was purified by extraction with an equal volume of phenol/chloroform (1:1), subjected to
polyacrylamide gel (5%) electrophoresis, stained with silver nitrate, and photographed.

2.3. Parasite Virulence Determination

Strain virulence information (Supplementary Table S1) was obtained from previously
published data from bioassays in mice [6,9–15]. Five female BALB/c mice, six to eight
weeks old, were inoculated intraperitoneally (i.p.) with 10, 100, or 1000 tachyzoites of each
strain in 0.2 mL of PBS (pH 7.2). A total of 15 mice per strain were used. Five animals
inoculated i.p. with PBS were maintained as negative controls. All efforts were made to
minimize animal suffering during the study. Mouse mortality was observed for a period
of 30 days. ELISA (anti-T. gondii IgG) was performed on all surviving mice to confirm
infection. The survivor mice that did not seroconvert were excluded from the experiment.
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RH (virulent) and ME49 (nonvirulent) strains were used as references for comparison.
According to Saraf et al. [7], cumulative mortality was calculated based on the number
of mice that died divided by the number of mice infected, analyzing three sequential
inoculation dosages, with the lowest dose resulting in only partial infection. The Animal
Ethics Committee (CEUA) of the Universidade Federal de Minas Gerais (UFMG), Minas
Gerais, Brazil, approved all experiments and procedures, including euthanasia and blood
collection (CEUA Protocols: 013/2007, 128/2010, 266/2012, 067/2016, and 048/2018).

2.4. Statistical Analyses

The analysis of the correlation between allele types (GRA15, ROP5, ROP16, ROP17,
and ROP18) and the median mouse cumulative mortality was performed using the non-
parametric Mann–Whitney U test (individual comparisons) and the Kruskal–Wallis test
(group analysis) followed by Dunn’s test for multiple comparisons. Statistical correlation
between lethality and genotype was analyzed using Pearson chi2. Analyses were performed
using GraphPad Prism version 5.0 (GraphPad Software, La Jolla, CA, USA), and p < 0.05
was considered significant.

3. Results
In total, we studied 103 atypical strains isolated from four different Brazilian states:

Espírito Santo state (ES) and Minas Gerais state (MG), both located in Southeast Brazil,
with a predominantly tropical climate, and Piauí state (PI) and Rio Grande do Norte state
(RN), both located in the Northeast region of Brazil with a predominantly semi-arid climate
(Figure 1A). Considering the hosts, 29 strains were obtained from humans (28.16%), 29
(28.16%) from chickens, 21 (20.39%) from pigs, 10 (9.71%) from goats, 8 (7.77%) from
dogs, and 6 (5.83%) from wild birds (Supplementary Table S1). Most strains showed some
virulence level for mice (76/103–73.79%); within these, 30 were 100% lethal, and 46 caused
a cumulative mortality ranging from 20% to 93%. Within the 103 strains, previous studies
showed that 39 different genotypes were identified, with 26 strains of unique genotypes,
17 identified as ToxoDB #163, 14 as #11(BrII), 7 as #108, 6 as #146, 6 as #206, 5 as #8 (BrIII),
5 as #109, 4 as #13, 4 as #24, 3 as #57, 2 as #6 (BrI), 2 as #41, and 2 as #19 (Supplementary
Table S1).

The atypical strains presented diverse combinations of virulence factors. Representa-
tive gel images of PCR-RFLP genotyping are presented in Supplementary Figure S1. There
was no difference between the accumulated mortality from strains obtained in different
geographic regions (p = 0.2083). The diversity of alleles found for the studied markers
GRA15, ROP5, ROP16, ROP17, and ROP18 in strains obtained from different geographic
regions is shown in Figure 1B. To validate the correlation of the allele types for GRA15,
ROP5, ROP16, ROP17, ROP18, and combinations of ROP18/ROP5 with the virulence of
T. gondii strains in mice, we plotted allele types against the cumulative mortality (Figure 2).
The cumulative mortality was calculated from published data (Supplementary Table S1).
Despite a large variation in the percentage of cumulative mortality within allele types, the
differences between the medians were significant for some virulence factor types. For the
GRA15 marker, most strains presenting allele 2 showed cumulative mortality of 0%, and
the median cumulative mortality in isolates that presented alleles 1 or 3 was around 90%
(Figure 2A). For the ROP17 marker, we observed that the median cumulative mortality
of the isolates presenting allele 4 was significantly higher than that of allele 1 (Figure 2B).
For the ROP16 and ROP5 markers, there were no differences in the cumulative mortality
within the different alleles (Figure 2C,E).
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Figure 1. Distribution of Toxoplasma gondii strains according to the Brazilian regions from which 
they were isolated. (A) Map of Brazil showing the four states where the 103 Toxoplasma gondii strains 
were isolated: ES (Espírito Santo state), MG (Minas Gerais state), PI (Piauí state), and RN (Rio 
Grande do Norte state). In total, 5 strains were obtained from chickens from ES; 54 strains were 
obtained from MG (29 from humans—25 from peripheral blood of newborns with congenital toxo-
plasmosis and 4 from amniotic fluid; 8 from dogs; 11 from chickens; and 6 from free-living wild 
birds); 25 strains were obtained from PI (16 from pigs and 9 from goats); and 19 strains were ob-
tained from RN (13 from chickens, 5 from pigs, and 1 from goat). (B) Distribution of alleles of the 
virulence protein genes GRA15, ROP5, ROP16, ROP17, and ROP18 identified by PCR-RFLP in 103 
strains isolated in the Northeast and Southeast regions of Brazil. 

The isolates that presented allele 1 of the ROP18 marker had 100% cumulative mor-
tality, a significantly different value from those that had the 2 or 3 (p < 0.001) allele (Figure 
2D). The median cumulative mortality for the isolates with alleles 1 or 4 of the ROP18 
marker was higher than that of isolates with alleles 2 or 3. Equally, analysis of the com-
bined alleles of ROP18/ROP5 with mouse virulence indicated that the combination had an 
overall stronger correlation. Six different combinations were identified (Figure 2F). Some 
combination segregation with high or low mouse virulence was statistically significant. 

The relation of alleles 4 and 3 of ROP18 with high or low cumulative mortality, re-
spectively, was evident when a combined analysis of alleles of ROP18 and ROP16 was 
performed. While no significant statistical difference was seen between the combinations 
of ROP18 allele 4 with ROP16 alleles 1 or 2 (Figure 3B), a significant difference was seen 
when the strains presented alleles 3 and 1 for ROP18 and ROP16, respectively, compared 
to those with ROP18 allele 4 (Figure 3B). The relation of allele 4 of ROP18 with cumulative 
mortality in strains presenting ROP16 allele 2 was irrespective of the ROP17 allele, as no 
significant difference was seen between the presence of ROP17 alleles 4 and 3 (Figure 3E). 
However, allele 4 of ROP17 was a determinant for the virulence of strains with ROP18 
allele 3 and ROP16 allele 1 (Figure 3D). In the strains harboring alleles 3 and 1 of ROP18 
and ROP17, respectively, the presence of alleles 1/3 or 2 of GRA15 did not influence viru-
lence (Figure 3C). 

Figure 1. Distribution of Toxoplasma gondii strains according to the Brazilian regions from which they
were isolated. (A) Map of Brazil showing the four states where the 103 Toxoplasma gondii strains were
isolated: ES (Espírito Santo state), MG (Minas Gerais state), PI (Piauí state), and RN (Rio Grande do
Norte state). In total, 5 strains were obtained from chickens from ES; 54 strains were obtained from
MG (29 from humans—25 from peripheral blood of newborns with congenital toxoplasmosis and
4 from amniotic fluid; 8 from dogs; 11 from chickens; and 6 from free-living wild birds); 25 strains
were obtained from PI (16 from pigs and 9 from goats); and 19 strains were obtained from RN (13 from
chickens, 5 from pigs, and 1 from goat). (B) Distribution of alleles of the virulence protein genes
GRA15, ROP5, ROP16, ROP17, and ROP18 identified by PCR-RFLP in 103 strains isolated in the
Northeast and Southeast regions of Brazil.

The isolates that presented allele 1 of the ROP18 marker had 100% cumulative mortal-
ity, a significantly different value from those that had the 2 or 3 (p < 0.001) allele (Figure 2D).
The median cumulative mortality for the isolates with alleles 1 or 4 of the ROP18 marker
was higher than that of isolates with alleles 2 or 3. Equally, analysis of the combined
alleles of ROP18/ROP5 with mouse virulence indicated that the combination had an
overall stronger correlation. Six different combinations were identified (Figure 2F). Some
combination segregation with high or low mouse virulence was statistically significant.

The relation of alleles 4 and 3 of ROP18 with high or low cumulative mortality,
respectively, was evident when a combined analysis of alleles of ROP18 and ROP16 was
performed. While no significant statistical difference was seen between the combinations
of ROP18 allele 4 with ROP16 alleles 1 or 2 (Figure 3B), a significant difference was seen
when the strains presented alleles 3 and 1 for ROP18 and ROP16, respectively, compared to
those with ROP18 allele 4 (Figure 3B). The relation of allele 4 of ROP18 with cumulative
mortality in strains presenting ROP16 allele 2 was irrespective of the ROP17 allele, as no
significant difference was seen between the presence of ROP17 alleles 4 and 3 (Figure 3E).
However, allele 4 of ROP17 was a determinant for the virulence of strains with ROP18 allele
3 and ROP16 allele 1 (Figure 3D). In the strains harboring alleles 3 and 1 of ROP18 and
ROP17, respectively, the presence of alleles 1/3 or 2 of GRA15 did not influence virulence
(Figure 3C).

31



Microorganisms 2025, 13, 301
Microorganisms 2025, 13, 301 5 of 11 
 

 

 

Figure 2. Virulence of T. gondii strains in mice, categorized by dense granule GRA15 gene and rhop-
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oplasma gondii strains with published bioassay results was categorized for alleles of GRA15 (A), 
ROP17 (B), ROP16 (C), ROP18 (D), ROP5 (E), and the ROP18/ROP5 (F) combinations. The percent-
age of mouse cumulative mortality was plotted per allele type, with each dot representing the per-
cent mortality reported for an individual parasite strain. The gray bars indicate the median cumu-
lative mortality for each allele type. The number (n) of strains representing each allele type is in 
parentheses below allele identification. Different letters above allele data (a or b) indicate statistical 
differences as determined by Mann–Whitney U tests. Differences between data are significant at p < 
0.001 for GRA15 and ROP18, p = 0.003 for ROP17, and p < 0.05 for the ROP18/ROP5 allele combina-
tions. 

To identify alleles that could be possible molecular markers of lethal strains, we also 
analyzed the frequency of alleles in two groups of strains according to their lethality (Ta-
ble 1). Only 2 isolates from 50 that presented ROP18 allele 4 were non-lethal. ROP18 allele 
1 and allele 2 were only found in lethal and non-lethal strains, respectively. Allele 4 of 
ROP5 and allele 3 of ROP17 were identified only in lethal strains, but all of them also 
harbored ROP18 allele 4. Strains harboring ROP17 allele 4 also showed a higher frequency 
of lethal phenotype. A higher frequency of non-lethal phenotype was observed in strains 
presenting GRA15 allele 2, ROP18 allele 3, and ROP5 allele 1 (Table 1). However, all 
strains with ROP5 allele 1 also harbored ROP18 allele 3, and the non-lethal phenotype is 
possibly associated with ROP18 alleles. Equally, most strains with ROP16 allele 2 pre-
sented a lethal phenotype; however, those also harbored ROP18 allele 4. In conclusion, 

Figure 2. Virulence of T. gondii strains in mice, categorized by dense granule GRA15 gene and rhoptry
genes ROP5, ROP16, ROP17, and ROP18 allele types. Cumulative mouse mortality for 103 Toxoplasma
gondii strains with published bioassay results was categorized for alleles of GRA15 (A), ROP17 (B),
ROP16 (C), ROP18 (D), ROP5 (E), and the ROP18/ROP5 (F) combinations. The percentage of mouse
cumulative mortality was plotted per allele type, with each dot representing the percent mortality
reported for an individual parasite strain. The gray bars indicate the median cumulative mortality for
each allele type. The number (n) of strains representing each allele type is in parentheses below allele
identification. Different letters above allele data (a or b) indicate statistical differences as determined
by Mann–Whitney U tests. Differences between data are significant at p < 0.001 for GRA15 and
ROP18, p = 0.003 for ROP17, and p < 0.05 for the ROP18/ROP5 allele combinations.

To identify alleles that could be possible molecular markers of lethal strains, we also
analyzed the frequency of alleles in two groups of strains according to their lethality
(Table 1). Only 2 isolates from 50 that presented ROP18 allele 4 were non-lethal. ROP18
allele 1 and allele 2 were only found in lethal and non-lethal strains, respectively. Allele 4
of ROP5 and allele 3 of ROP17 were identified only in lethal strains, but all of them also
harbored ROP18 allele 4. Strains harboring ROP17 allele 4 also showed a higher frequency
of lethal phenotype. A higher frequency of non-lethal phenotype was observed in strains
presenting GRA15 allele 2, ROP18 allele 3, and ROP5 allele 1 (Table 1). However, all strains
with ROP5 allele 1 also harbored ROP18 allele 3, and the non-lethal phenotype is possibly
associated with ROP18 alleles. Equally, most strains with ROP16 allele 2 presented a lethal
phenotype; however, those also harbored ROP18 allele 4. In conclusion, our analysis shows
that ROP18 is the major determinant of the virulence of atypical strains in mice.
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ROP18 identified by PCR-RFLP in Brazilian atypical strains according to lethality in mice. 
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Figure 3. Cumulative mouse mortality for 103 Toxoplasma gondii strains categorized for
ROP18/ROP17/ROP16 (A,D,E) ROP18/ROP16 (B), and GRA15/ROP18/ROP17 (C) allele combina-
tions. Percentage of mouse cumulative mortality is plotted against allele type, with each individual
dot representing the percentage of mortality reported for an individual parasite strain. The gray bars
indicate the median cumulative mortality for each allele type. The number (n) of strains representing
each allele type is given in parentheses below allele identification. Different letters above allele
data (a, b, or c) indicate statistical differences as determined by Mann–Whitney U tests. Differences
between data are significant at p < 0.0001 for the ROP18/ROP16 allele combinations (B) and at p =
0.0004 for the ROP18/ROP16/ROP17 allele combinations (D).

Table 1. Distribution of alleles of the virulence protein genes GRA15, ROP5, ROP16, ROP17, and
ROP18 identified by PCR-RFLP in Brazilian atypical strains according to lethality in mice.

Lethal Strains Non-Lethal Strains

GRA15 n (f ) n (f ) Total p value *
1 or 3 75 (98.7%) 14 (51.9%) 89 (86.4%)

<0.0012 1 (1.3%) 13 (48.1%) 14 (13.6%)
Total 76 27 103

ROP5
1 1 (1.3%) 3 (11.1%) 4 (3.9%)

0.043 71 (93.4%) 24 (88.9%) 95 (92.2%)
4 4 (5.3%) 0 (0.0%) 4 (3.9%)

Total 76 27 103
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Table 1. Cont.

Lethal Strains Non-Lethal Strains

ROP16
1 46 (60.5%) 23 (88.5%) 69 (67.6%)

0.0072 30 (39.5%) 3 (11.5%) 33 (32.4%)
Total 76 26 102 a

ROP17
1 11 (15.1%) 17 (63.0%) 28 (28.0%)

<0.001
2 2 (2.7%) 3 (11.1%) 5 (5.0%)
3 4 (5.5%) 0 (0.0%) 4 (4.0%)
4 56 (76.7%) 7 (25.9%) 63 (63.0%)

Total 73 27 100 b

ROP18
1 10 (13.3%) 0 (0.0%) 10 (9.8%)

<0.001
2 0 (0.0%) 3 (11.1%) 3 (2.9%)
3 17 (22.7%) 22 (81.5%) 39 (38.2%)
4 48 (64.0%) 2 (7.4%) 50 (49.0%)

Total 75 27 102 a

a incomplete ROP16 and ROP18 genotyping for one strain. b incomplete ROP17 genotyping for three strains.
* Pearson’s chi2.

4. Discussion
Toxoplasma gondii is a successful protozoa parasite due to its ability to manipulate

host cell behavior [16]. Rhoptry proteins (ROPs) function at the parasitophorous vacuole
to inhibit the recruitment of immunity-related GTPases (IRGs) and guanylate-binding
proteins (GBPs), playing a critical role in host–parasite interactions [17,18]. ROP5 and
ROP18 work synergistically to block innate immune mechanisms triggered by IFN-γ in
murine hosts and serve as predictors of strain virulence in mice [5,19]. Consistent with our
findings, previous studies have shown that the combined analysis of ROP18 and ROP5 can
predict high virulence in mice from Brazilian strains isolated from pigs, goats, and even
cases of human congenital toxoplasmosis [6,20]. However, most strains analyzed in this
study exhibited ROP5 allele 3, which made it difficult to assess the contribution of this
allele to the observed virulence.

In this work, we found ROP18 allele 4 in 49 isolates; in contrast, only 9 isolates had
allele 1. Additionally, the combination of ROP18 allele 2/ROP5 allele 3 had not been
previously reported, and strains carrying these alleles showed low cumulative mortality.
The ROP18 allele 4/ROP5 allele 4 combination was first identified in T. gondii samples from
Misiones province, Argentina, leading the authors to propose a possible regionalization
of the ROP18/ROP5 profile [21]. However, in our study, we analyzed many strains and
detected the same ROP18 allele 4/ROP5 allele 4 combination in four strains from Minas
Gerais, Brazil. This finding underscores the importance of analyzing isolates from different
regions to validate the predictive value of the ROP18/ROP5 profile for T. gondii virulence
in mice, especially considering that standardized bioassays in mice are time-consuming,
costly, and not feasible in all laboratories [7,22].

ROP5 forms complexes with the ROP18 and ROP17 kinases, working together to
regulate acute virulence in mice [23]. ROP16 allele 1/2 can phosphorylate STAT3 and
STAT6, leading to the alternative activation of macrophages (M2), which promotes parasite
replication within host cells [19]. When analyzed together, our results indicate that ROP18
alleles 1 and 4, irrespective of the ROP5 or ROP16 background, are strongly associated with
the virulence of Brazilian strains, showing a high predictive value for cumulative mortality
in mice.
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In contrast, ROP18 allele 3 is associated with lower virulence and may be influenced
by the ROP17 background. Etheridge et al. [23] showed that while ROP17 is not directly
responsible for mortality in mice, it contributes to the enhanced virulence associated with
the ROP18/ROP5 combination. Hamilton et al. [24] suggested that ROP17 may play
a role in determining virulence, which could explain cases where strains predicted to
be non-lethal based on the ROP18/ROP5 allele combination are found to be virulent in
mouse bioassays. This makes ROP17 a priority gene for genotyping analysis [25]. Thus,
determining virulence may be more complex when examining only a few alleles.

GRA15 allele 2 emerged as an important marker in the non-lethal strains identified
in this study. In clonal type II strains, it facilitates NF-kB nuclear translocation, induces
macrophages toward a classically activated (M1) phenotype, and enhances the host’s innate
immunity against T. gondii infection [26]. Notably, the only lethal strain with GRA15 allele
2 also harbored ROP18 allele 4 and ROP17 allele 4, both key virulence markers, despite the
presence of ROP16 allele 2.

Like the current study, most research has focused on the mechanisms by which ROP
proteins confer virulence in mice. However, how those virulence factors would impact
the outcome of T. gondii infection in humans still needs to be discovered [27]. However,
type I and atypical strains are frequently associated with symptomatic and severe forms of
toxoplasmosis [28–32], and some studies shown the possible association of ROP18 with
congenital and ocular diseases in humans [33–35].

To date, strain virulence cannot be reliably assessed using PCR-RFLP genotyping alone,
except for the three archetypal strains [36]. Virulence protein polymorphisms were accessed
in our study using the PCR-RFLP technique. This methodology limits the detection of
single nuclear polymorphisms (SNPs) that are recognized by restriction enzymes and may
not be sufficient to detect all polymorphisms in key genes that contribute to phenotypic
and pathogenic differences in T. gondii strains [16]. So, a future perspective is to sequence
the virulence proteins of isolates that presented alleles related to virulence but were non-
lethal to mice or vice versa. However, a growing body of research, including our study,
indicates that the combination of ROP18 and ROP5 loci offers a strong predictive capacity
for virulence in mice, as proposed by Shwab et al. [5].

Our analysis shows that ROP18 is the major determinant of the virulence of Brazilian
atypical strains in mice, and highlights the higher prevalence of strains with allele 4.
However, how that allele would modulate the immune system in mice or humans has yet
to be found. Additionally, ROP17 genotyping should not be overlooked, as it has proven
to be a key factor in enhancing virulence prediction. Establishing the fundamental roles
of these genetic markers in identifying the virulence of T. gondii will allow, in the future,
the identification of virulent strains circulating in the environment, especially in livestock.
Consequently, more appropriate measures to control the parasite will be adopted.

A limitation of our study is that we evaluated 103 isolates of T. gondii of only 39 geno-
types. Thus, it is necessary to study more strains, with different genotypes obtained from
both animals and humans, from other Brazilian regions and worldwide, to confirm our
findings. We expect this work to stimulate other research groups to include similar or other
analyses with more strains of identical or different genotypes from different world regions.
Thus, over time, this analysis will gain strength and will support whether ROP18 is the
major virulence determinant of T. gondii in mice and, potentially, in humans.
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Abstract: Toxoplasma gondii is a protozoan, and the etiologic agent of toxoplasmosis, a disease
that causes high mortality in immunocompromised individuals and newborns. Despite the medical
importance of toxoplasmosis, few drugs, which are associated with side effects and parasite resistance,
are available for its treatment. Here, we show a screening of molecules present in COVID-Box to
discover new hits with anti-T. gondii activity. COVID-Box contains 160 molecules with known or
predicted activity against SARS-CoV-2. Our analysis selected 23 COVID-Box molecules that can
inhibit the tachyzoite forms of the RH strain of T. gondii in vitro by more than 70% at 1 µM after
seven days of treatment. The inhibitory curves showed that most of these molecules inhibited the
proliferation of tachyzoites with IC50 values below 0.80 µM; Cycloheximide and (-)-anisomycin
were the most active drugs, with IC50 values of 0.02 µM. Cell viability assays showed that the
compounds are not toxic at active concentrations, and most are highly selective for parasites. Overall,
all 23 compounds were selective, and for two of them (apilimod and midostaurin), this is the first
report of activity against T. gondii. To better understand the effect of the drugs, we analyzed the
effect of nine of them on the ultrastructure of T. gondii using transmission electron microscopy. After
treatment with the selected drugs, the main changes observed in parasite morphology were the
arrestment of cell division and organelle alterations.

Keywords: toxoplasmosis; drug repositioning; cycloheximide; bortezomib; midostaurin; (-)-anisomycin;
almitrine

1. Introduction

Toxoplasma gondii is the etiologic agent of toxoplasmosis, a zoonosis with a high
proportion of seropositive individuals worldwide [1]. The importance of this disease for
humans is related to the high morbidity of immunocompromised individuals, such as
AIDS patients and newborns [2]. T. gondii infection is asymptomatic in 80% of infected
individuals. However, primary infection in AIDS patients can cause the cerebral form of
the disease [3].

Congenitally infected newborns can develop neurological problems and eye dis-
eases [4]. In Europe, a risk of eye damage cases of 0.3% to 1% has been observed in
adults one or two years after acquiring the infection, and retinochoroiditis results in higher
damage in America than in Europe or North America [5,6]. It is believed that 400 to
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4000 children are born with toxoplasmosis each year in the United States [7]. In Brazil,
the incidence of congenital transmission can reach 1:770 live births [4], and the estimated
prevalence of toxoplasmosis is 42 to 92%, depending on the region of the country [8].

Despite the medical importance of toxoplasmosis, few drugs are available for its
treatment [9]. The combination of pyrimethamine (PYR), sulfadiazine (SDZ), and folinic
acid has been administered for approximately 70 years. This association is still the first
choice for all clinical conditions of the disease [10]. However, this therapeutic scheme
has some critical flaws, such as frequent and non-tolerated side effects, which lead to
the abandonment of treatment. In addition, there are reports of therapeutic failures with
T. gondii strains possibly resistant to these drugs, as well as low absorption and the need for
high therapeutic doses or a long-period treatment, making it challenging to manage the
treatment [11–13].

In this context, drug repositioning has been a promising strategy for new treatments
for infectious and neglected diseases. This strategy consists of redirecting an active phar-
maceutical compound with commercial use or in development and reusing it for a new
therapeutic indication. The development and discovery of medicines are long and high-
investment processes [14,15]. Based on this, the Medicines for Malaria Venture (MMV)
develops and offers several promising drug libraries with potential repositioning for treat-
ing neglected diseases and infections that can cause epidemics. The first drug box provided
by MMV was in 2014, Malaria-Box. The anti-T. gondii activity of the compounds available
in Malaria-Box has already been described in the literature [16–18]. Several compounds
in other MMV boxes, such as Pathogen and Pandemic, have also shown anti-T. gondii
activity [19–22].

In 2020, with the advent of the COVID-19 pandemic, MMV made available a new
box with 160 drugs and compounds, COVID-Box. The drugs and compounds in this
box have structurally different therapeutic classes, selected by experts and initially tested
against the new coronavirus (SARS-CoV-2). As COVID-Box compounds are in various
stages of pharmacological research and development, it is interesting to identify new
potential treatments for toxoplasmosis. Previous work demonstrated the activity of those
compounds in T. gondii, confirming the potential of COVID-Box [23,24]. Thus, in this work,
we aimed to expand the study of the activity of those compounds against the tachyzoites
of T. gondii and characterize the mode of action of the best ones by morphological analysis
using fluorescence and transmission electron microscopy.

2. Materials and Methods
2.1. Drugs and Compounds of COVID-Box

The 160 drugs and compounds were provided free of charge by MMV: https://www.
mmv.org/mmv-open/covid-box/covid-box-supporting-information (accessed on 12 August
2024). The compounds were provided solubilized in DMSO at 10 mM in two 96-well plates
(A and B) containing 80 compounds each. For storage in this box, the drugs and compounds
were dissolved in reserves of 2 mM with 100% DMSO (Merck, Darmstadt, Germany).

2.2. Parasites

Toxoplasma gondii tachyzoites of the RH strain were used. The parasites were main-
tained in vitro through serial passages in 25 cm2 culture flasks containing confluent neona-
tal normal human dermal fibroblastic cells (NHDF; Lonza, kindly donated by Dr. Sheila
Nardelli, Fiocruz Paraná) in RPMI 1640 (Gibco) medium supplemented with 2% fetal
bovine serum (Gibco), penicillin/streptomycin, amphotericin B (Life Technologies, Eugene,
OR, USA), and 2 mM glutamine (complete medium). Cells and parasites were maintained
at 37 ◦C in a humid atmosphere of 5% CO2.

2.3. Antiproliferative Assays Against Tachyzoite Stage

For assessing the proliferation of tachyzoites, we used the classical plaque assay.
For preliminary evaluation of the 160 drugs and compounds in the COVID-Box, 6-well
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plates with monolayers of NHDF cells in complete RPMI-1640 medium were infected with
1000 newly egressed tachyzoites of T. gondii and treated with 1 µM of each drug. For
antiproliferative curves, 12-well plates were used, and cells were infected with 600 tachy-
zoites. After adding the parasites, decreasing concentrations of drugs and compounds
(1–0.0078 µM in two-fold serial dilutions) were added to each well. In the control wells,
0.1% DMSO was added. During the treatment period, the plates were maintained sta-
ble and without disturbing to not spread the egressed parasite from the infection focus
(plaques). After 7 days of treatment, the cells were fixed with 70% ethanol and stained with
crystal violet. Stained plates were imaged with ChemiDoc MP Imaging System (Bio-Rad,
Hercules, CA, USA), and then plaque areas were analyzed with the ImageJ® software (ver-
sion 1.52e). The destruction areas of treated cells were quantified and compared with the
untreated (control) to determine the percentage of proliferation and inhibition of T. gondii.
For the calculation of the inhibitory concentration of 50% (IC50), the growth inhibition
percentage was plotted as a function of drug concentration by fitting the values to the
standard curve analysis. The regression analyses were performed using GraphPad Prism 8
Software (GraphPad Inc., San Diego, CA, USA).

2.4. Cytotoxicity Assay in NHDF Cell

The cytotoxic effect of COVID-Box drugs and compounds against NHDF cells was
evaluated by the MTS assay [25,26]. For this, 96-well tissue plates containing NHDF cells
were treated with different concentrations of drugs and compounds for seven days. At the
end of the treatment, the cells were washed with phosphate-buffered saline (PBS, pH 7.4),
each well was filled with 100 µL of 10 mM glucose in PBS, and 20 µL of MTS reagent
(Promega, Madison, WI, USA) was added. The absorbance was read at 490 nm after three
hours of incubation at 37 ◦C. Cytotoxicity was calculated as the percentage of viable cells
versus untreated cells (control). The cytotoxic concentration of 50% (CC50) for the host cells
was calculated as for IC50. The selective index (SI) was calculated as the ratio of CC50/IC50.

2.5. Druggability Analysis of Drugs and Compounds

For the in silico analysis, the chemical structures of the simplified molecular line
input system (SMILES) code from all drugs were obtained from the plate map available at
https://www.mmv.org/mmv-open/covid-box/covid-box-supporting-information and
loaded into the online programs pkCSM (https://biosig.lab.uq.edu.au/pkcsm/prediction)
and SwissADME (http://www.swissadme.ch/) for physicochemical, toxicity and pharma-
cokinetics properties analysis of the drugs and compounds of COVID-Box. Pyrimethamine
(PYR), sulfadiazine (SDZ), clindamycin (CLI), azithromycin (AZT), and atovaquone (ATO)
were analyzed as reference drugs.

2.6. Twenty-Four Hours Antiproliferative Assay

To validate the antiproliferative effect of the compounds with the highest activity
present in COVID-Box, 24-well plates containing NDHF cell monolayer coverslips were
infected at a 5:1 ratio (tachyzoite/cell) with fresh infusions of the RH strain for two hours.
The cells were then washed twice with PBS pH 7.4 to remove non-invaded parasites and
incubated for another two hours with fresh medium. At the end of this time, the cells were
treated with 1 µM almitrine, 62.5–125 nM (-)-anisomycin, 0.5–1 µM apilimod, 31.2–62.5 nM
bortezomib, 31.2–125 nM cycloheximide, 1 µM ivermectin, 1.5 and 2.0 µM merimepodib,
0.25–1 µM midostaurin, 125–250 nM mycophenolic acid, and 31.2–250 nM salinomycin for
24 h. At the end of this time, the washing, fixation, and cell counting steps were followed
as described above [21]. The proliferation index is the product of the total number of
tachyzoites and the total number of cells divided by the percentage of infected cells [27].

2.7. Transmission Electron Microscopy (TEM)

NHDF cultures infected with T. gondii were treated with compounds and fixed with
2.5% glutaraldehyde (EM Grade—Ted Pella Inc., Redding, CA, USA) in 0.1 M sodium
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cacodylate buffer pH 7.4 (Ted Pella Inc.). Cells were post-fixed with 1% osmium tetrox-
ide, 1.25% potassium ferrocyanide, and 5 mM CaCl2, in 0.1 M sodium cacodylate buffer
(pH 7.4). The sample fixation and processing for microscopy were performed as previously
described [28]. Samples were dehydrated in alcohol solutions of increasing concentrations
(35–100%) and embedded in epoxy resin (Polybed 812, Polysciences). Ultrathin sections
were collected in copper grids 300 mesh (Ted Pella Inc.), stained with uranyl acetate and
lead citrate, and then observed in a Fei TecNai G2 120 kV Spirit Electron Microscope (FEI
Company, Eindhoven, The Netherlands).

2.8. Immunofluorescence Microscopy

For the immunofluorescence microscopy, NHDF cells were infected with newly
egressed tachyzoites of T. gondii in the ratio 5:1 and treated for 24 h with 1 µM iver-
mectin, 0.25–0.5 nM midostaurin, 125 nM salinomycin, 1.5 µM merimepodib, 62.5–125 nM
(-)-anisomycin, 31.2–62.5 nM bortezomib, and 1 µM almitrine. When completing the treat-
ment, the cells were prepared as previously described [28]. Rabbit anti-IMC1 (1:1000) and
anti-ARO (1:1000) (kindly provided by Dr. Dominique Soldati, Universite de Geneve,
Switzerland) were used to label the mother cell and daughter cell pellicles throughout the
endodyogeny process and rhoptries, respectively. Mouse anti-SAG1 (1:200; kindly donated
by Dr. Tiago Mineo, Universidade Federal de Uberlândia) was used to label the parasite
plasma membrane. DAPI (2 µg/mL; Sigma-Aldrich, St. Louis, MO, USA) was used to
label the DNA. Goat anti-rabbit IgG conjugated to Alexa-488 and goat anti-mouse IgG
conjugated to Alexa 546 were used as secondary antibodies (Life Technologies, Eugene,
OR, USA). After labeling with antibodies, the coverslips were mounted onto slides using
Prolong gold (Life Technologies), and samples were examined on a Zeiss Axio Observer Z1
microscope (Baden-Württemberg, Germany) or Olympus BX60 microscope (Shinjuku City,
Tokyo, Japan).

2.9. Statistical Analysis

Data were analyzed using GraphPad Prism 8.0 software (GraphPad Inc., San Diego,
CA, USA). IC50 and CC50 calculations were performed by fitting the values of prolifera-
tion/viability in percentage to a non-linear curve followed by dose-response inhibition
analysis through log(inhibitor) vs. normalized response. One-way ANOVA and t-test were
used for the quantitative analysis.

3. Results
3.1. Drugs of COVID-Box Showed High Activity and Selectivity Against T. gondii Tachyzoites

The antiproliferative effect of 1 µM of each of the 160 drugs and compounds present in
the COVID-Box (Supplementary Table S1) was screened against tachyzoites of the RH strain
of T. gondii for seven days of treatment. Thirty compounds inhibited parasite proliferation
by at least 70% (Supplementary Figure S1). Of the thirty best drugs, seven were excluded
from the studies. Two (amiodarone and proscillaridin) were initially excluded because they
presented signs of cytotoxicity for the host cells during the initial screening. Five other
drugs (itraconazole, doxycycline, cyclosporine, doxorubicin, and digitoxin) were excluded as
their activity against T. gondii has been extensively studied before [24,29–34]. Details of the
plaque assay of the best selected 23 compounds and drugs are in the Supplementary Figure S2.
The chosen drugs (Supplementary Figure S3) were studied for the IC50 determination and
cytotoxicity analysis (Supplementary Figures S4 and S5 and Table 1).

The drugs Cycloheximide, Bortezomib, Digoxin, and (-)-Anisomycin were the most
active, inhibiting the proliferation of T. gondii with IC50s values lower than or equal to 30 nM
(Table 1). Salinomycin, mycophenolic acid, abemaciclib, midostaurin, emetine, and LY2228820
inhibited T. gondii proliferation with IC50 lower than 100 nM (Table 1). The drugs ivermectin,
almitrine, apilimod, bemcentinib, niclosamide, regorafenib, and merimepodib were also
highly active against T. gondii, presenting IC50 in the range of 0.15–0.48 µM (Table 1).
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Table 1. IC50 values and cytotoxicity of drugs and compounds of COVID-Box.

Plate
Position

Trivial
Name Disease Area Target Status a IC50 (µM) in

Tachyzoites

Cytotoxicity for
NHDF Anti-T. gondii

Activity c
CC50 (µM) SI b

AA02 Niclosamide Antiparasitic
Anaerobic

phosphorylation
inhibitor

Approved 0.36 ± 0.02 3.05 ± 0.08 8 [23,35]

AA04 Bemcentinib Immune agent Tyrosine kinase Phase II 0.15 ± 0.03 0.97 ± 0.15 6 [23]

AB03 Apilimod Antitumor PIKfyve inhibitor Phase II 0.22 ± 0.06 2.12 ± 0.12 10 New

AB04 Regorafenib Antitumor Tyrosine kinase Approved 0.25 ± 0.04 3.03 ± 0.01 12 [23]

AC10 LY2228820 Antitumor agent

p38
mitogen-activated

protein kinase
inhibitor

Phase II,
discontinued 0.04 ± 0.00 nd nd [23]

AD02 Digoxin Antiarrhythmic Na+/K+-ATPase
inhibitor Approved 0.03 ± 0.01 0.34 ± 0.32 11 [24]

AE06 Emetine Antiparasitic Unknown Approved 0.05 ± 0.01 1.02 ± 0.19 20 [36]

AF05 Ivermectin Antiparasitic
Agonist of

glutamate-gated
Cl−channels

Approved 0.21 ± 0.01 nd nd [37]

AF09 Sorafenib Antitumor Tyrosine kinase
inhibitor Approved 0.56 ± 0.03 nd nd [23]

AG03 Manidipine Antihypertensive Calcium channel
blocker Phase III 0.74 ± 0.09 nd nd [23]

AG04 Almitrine Respiratory system Mitochondrial ATP
synthase Approved * 0.33 ± 0.04 nd n.d [23,24]

AG08 Midostaurin Antitumor Tyrosine kinase Approved 0.08 ± 0.00 0.24 ± 0.02 3 New

AG11 Abemaciclib Antitumor Cyclin-dependent
kinase Approved 0.09 ± 0.01 # # [23]

AH03 Tetrandrine Antitumor P-glycoprotein Preclinical 0.35 ± 0.07 4.77 ± 8.25 14 [23]

BA07 Ponatinib Antitumor Tyrosine kinase Approved 0.33 ± 0.03 4.84 ± 0.89 15 [34]

BA09 Berbamine Antitumor CAMKII inhibitor Preclinical 0.31 ± 0.03 4.61 ± 7.52 15 [23]

BB10 Mycophenolic
acid Immunosuppressant

Inosine
monophosphate
dehydrogenase

Approved 0.07 ± 0.01 23.81 ± 31.97 340 [38,39]

BD02 Salinomycin Anti-microbial agent Alkali ion carrier Approved 0.07 ± 0.01 1.14 ± 0.17 16 [40]

BD08 Merimepodib Antiviral agent
Inosine

monophosphate
dehydrogenase

Phase II 0.48 ± 0.08 nd nd [23]

BD11 Cycloheximide Agricultural agent–
Fungicide

Protein synthesis
inhibitor Research 0.02 ± 0.00 6.08 ± 4.63 304 [41,42]

BF06 (-)-
Anisomycin Anti-infective agent Protein synthesis Approved 0.02 ± 0.00 0.25 ± 0.13 13 [43]

BG06 Bortezomib Antitumor Proteasome inhibitor Approved 0.03 ± 0.00 0.72 ± 0.24 24 [24,34]

BG07 Pimozide Antipsychotic Dopamine receptor Approved 0.64 ± 0.15 nd nd [24,33]

nd = not determined. Concentrations up to 3 µM did not affect NHDF cell proliferation. # There was not enough
to perform this assay. a Approved: FDA-approved drug; Phase I or II or III: Clinical candidate drug in Phase 1, 2,
or 3 clinical trials; * Almitrine was withdrawn in some countries. b Selectivity index. c We searched PubMed for
the trivial name of each compound plus “Toxoplasma gondii”. If available, the reference for a previous study was
included. The term “New” indicates when no results were retrieved from the search.

The cytotoxicity assay showed that most compounds were highly selective against
T. gondii, and the SI ranged from 3 to 304 (Table 1). Drugs with IC50s less than 30 nM
(cycloheximide and bortezomib) had the highest SI. Overall, all 23 compounds were
selective, and for two of them (apilimod and midostaurin), this is the first report of activity
against T. gondii (Table 1).

3.2. COVID-Box Drugs Show Potential Oral Druggability

Through the SwissADME [44] platform, it was possible to obtain information about
the physical-chemical properties of the drugs that showed the best activity against T. gondii.
From these analyses, it was possible to predict whether these compounds are by the
predictors of Lipinski’s rule of five (RO5) and Veber (Table 2). We also compared PYR, SDZ,
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CLI, AZT, and ATO, which are currently used for treating toxoplasmosis. The RO5 states
that drugs with more than 5H-bond donors, more than 10H-bond acceptors, a molecular
weight (MW) greater than 500, and a calculated LogP (a measure of lipophilicity) greater
than five are less likely to have good oral absorption and permeation. In addition to the
RO5 of Lipinski et al. (1997) [45], the two predictors of Veber et al. (2002) [46] also indicate
that compounds with total polar surface area (TPSA) equal to or <140 Å2 and with ten or
less rotating bonds have a greater chance of success in oral bioavailability.

Table 2. Physical-chemical properties of drugs and compounds of COVID-Box according to Lipinski’s
RO5 and predictors of Veber.

Identification LogP a H-Bond
Donors

H-Bond
Receptors MW b Violations

Lipinski TPSA (Å2) c nº
Rotations

Violations
Veber

Pyrimethamine 2.84 2 4 248.7 0 77.83 2 0
Sulfadiazine 0.86 3 5 250.3 0 98.57 3 0
Clindamycin 0.39 4 7 424.9 0 102.25 7 1
Azithromycin 2.50 5 14 749.0 2 198.54 7 1
Atovaquone 5.34 1 3 366.8 1 54.70 2 0
Niclosamide 3.85 2 4 327.1 0 128.62 3 0
Bemcentinib 4.88 2 8 506.7 2 92.35 4 0

Apilimod 3.08 1 8 418.5 0 84.77 8 0
Regorafenibe 4.39 3 7 482.8 0 92.35 5 0

LY2228820 5.51 2 5 420.5 1 85.41 5 0
Digoxin 2.22 6 14 780.9 3 203.06 7 1
Emetine 3.04 1 6 480.7 0 52.20 7 0

Ivermectin 4.37 3 14 875.1 2 170.06 8 1
Sorafenib 4.10 3 7 464.8 0 92.35 9 0

Manidipine 4.04 1 8 610.7 1 116.94 12 1
Almitrine 4.34 2 6 477.6 0 69.21 10 0

Midostaurin 4.05 1 4 570.6 1 77.73 4 0
Abemaciclib 4.04 1 8 506.6 1 75.00 7 0
Tetrandrine 5.49 0 8 622.7 2 61.86 4 0
Ponatinib 4.30 1 8 532.6 1 65.77 6 0
Berbamine 5.13 1 8 608.7 2 72.86 3 0

Mycophenolic acid 2.72 2 6 320.3 0 93.07 6 0
Salinomycin 4.98 4 11 751.0 2 161.21 12 2

Merimepodib 2.36 3 7 452.5 0 123.96 11 1
Cycloheximide 1.23 2 4 281.4 0 83.47 3 0

Anisomycin 1.00 2 5 265.3 0 67.79 5 0
Bortezomib 0.22 4 6 384.2 0 124.44 11 1
Pimozide 5.67 1 5 461.5 1 41.29 7 0

a LogP: octanol–water partition coefficient; b MW: molecular weight; c TPSA: total polar surface area.

The analyses were carried out for the 23 drugs from the COVID-Box selected in the
antiproliferative assay and those used as the gold standard (PYR and SDZ) and alternatives
(AZT, CLI, and ATO) for toxoplasmosis. As expected, PYR and SDZ results agreed with Lip-
inski’s RO5 and Veber’s predictors. Among the drugs used as alternative treatments, only
AZT violates two of Lipinski’s rules (MW and 5H-bond donors) and one Veber predictor
(TPSA < 140 Å2) (Table 2). Of the 23 selected from the COVID-Box, 10 (niclosamide, apil-
imod, regorafenib, emetine, sorafenib, mycophenolic acid, merimepodib, cycloheximide,
(-)-anisomycin, and bortezomib) showed compliance with the RO5 and Veber’s predictors
(Table 2). The other drugs and compounds showed at least one or more non-compliances
with the RO5 and Veber (Table 2).

Information on the pharmacokinetic properties of selected drugs from the COVID-
Box and drugs already used in treating toxoplasmosis was obtained using the platform
pkCSM (Supplementary Table S2). Caco-2 permeability values (log Papp at 10−6 cm/s)
above 0.90 predict high intestinal permeability. The drugs bemcentinib, apilimod, borte-
zomib, manidipine, almitrine, midostaurin, abemaciclib, and ponatinib had a log Papp
at 10−6 cm/s above 0.90, and regorafenib, emetine, sorafenib, tetrandrine, and mycophe-
nolic acid showed values of log Papp at 10−6 cm/s > 0.70– < 0.90, from which it can
be inferred that these also have the potential to present high intestinal permeability [47].
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The other drugs showed values below 0.60 log Papp at 10−6 cm/s (Table S2). It should
also be noted that even the compound cycloheximide, presenting a Caco-2 value below
0.90 (0.553 log Papp at 10−6 cm/s, intestinal absorption (human) = 69.8%) (Table S2) was
the compound selected in the in vitro tests that most inhibited parasite proliferation with
an IC50 value = 0.02 µM (Table 1).

The volume of distribution value (VDss) predicts the drug distribution in tissue. It is
known that the lower the interaction of drugs with plasma proteins, the faster they will
be absorbed, and, therefore, the faster they will be directed to their site of action. Thus,
the higher the VDss value above 0.45 log L/kg, the more the drug is distributed in tissues
than in plasma, and values below −0.15 log L/kg are considered poorly distributed [47].
Seven drugs or compounds selected from the COVID-Box (bemcentinib, emetine, ivermectin,
manidipine, almitrine, abemaciclib, and ponatinib) showed high distribution. Two drugs used
for the treatment of toxoplasmosis (SDZ and atovaquone) and 0.329), and the COVID-Box
drugs niclosamide, LY2228820, digoxin, sorafenib, salinomycin, merimepodib, cycloheximide,
(-)-anisomycin, and pimozide showed VDss between −0.15 and 0.45 log L/kg (Table S2).
Fraction unbound analyses showed that (-)-anisomycin and cycloheximide were the drugs
with a higher proportion of free state in the plasma (Table S2).

The central nervous system (CNS) is a common site of infection of T. gondii; thus,
we evaluated the predictors for CNS and BBB permeability of the COVID-Box drugs
(Table S2). For CNS permeability, compounds with logPS > −2 are predicted to penetrate
but with logPS < −3 are unable to penetrate. From the COVID-Box, six drugs (niclosamide,
LY2228820, sorafenib, midostaurin, rapamycin, and pimozide) showed a prediction of CNS
penetration, and twelve drugs presented predicted logPS between −3 and −2 and have the
potential for penetration too (Table S2).

For BBB permeability, LogBB values above 0.3 predict that a compound could read-
ily cross the BBB, and the ones with <−1 are poorly permeable [47]. None of the drugs
and compounds selected from COVID-Box and most of the current ones used for toxo-
plasmosis treatment showed prediction for a high crossing into the brain. However, thir-
teen (niclosamide, bemcentinib, emetine, manidipine, almitrine, midostaurin, tetrandrine,
ponatinib, berbamine, mycophenolic acid, cycloheximide, (-)-anisomycin, and pimozide)
showed values > −1. Of the drugs already used in the treatment of toxoplasmosis, the only
one with a value above 0.3 was ATO (0.401 log BB). PYR presented a value close to the
expected value (0.278 log BB) (Table S2).

Using the SwissADME platform, we obtained the boiled-Egg graph, which also
predicts if the drugs have the potential to cross the BBB and have high gastrointestinal
absorption (HIA). The BBB permeability data provided by pkCSM were compared with
the data provided in the Swiss ADME boiled-Egg plot [44]. Of the analyzed drugs used
for toxoplasmosis treatment, only PYR and ATO showed characteristics with potential
BBB permeability at the points drawn above the egg yolk in the graph (yellow color)
(Supplementary Figure S6). The pkCSM program predicted that only ATO could cross
the BBB (Supplementary Table S2). On the same graphic, those that are plotted in the
egg white region (SDZ and CLI) would be more easily absorbed in the gastrointestinal
tract by passive transport than the compounds that were plotted in the gray area of the
graph (AZT) (Figure S6A). In addition, the graph provides information such as whether the
drugs are glycoprotein inhibitors. Only PYR, SDZ, and ATO drugs are not P-gp substrates
(marked with red dots in the graph) (Figure S6A). Compounds that are P-gp inhibitors
show increased absorption, while P-gp substrates reduce their absorption [48].

Of COVID-Box, almitrine (Figure S6B), emetine, and ponatinib (Figure S6C) presented
characteristics with potential permeability through the BBB (points drawn in the upper
part of the yolk of the graph) (Figure S6B,C); this information complies with the results
obtained for BBB permeability presented in Table S2. According to the results obtained
in this analysis, none of the others are predictable for readily crossing the natural pro-
tections of the CNS [49]. The drugs niclosamide, bemcentinib, apilimod, LY 2228820,
digoxin, manidipine, midostaurin, abemaciclib, tetrandrine, berbamine, mycophenolic acid,
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merimepodib, cycloheximide, (-)-anisomycin, bortezomib, and pimozide (Figure S6B,C)
show potential for easier absorption in the gastrointestinal tract by passive transport. Of
the COVID-Box drugs, niclosamide, apilimod, regorafenib, sorafenib, almitrine, tetran-
drine, berbamine, mycophenolic acid, salinomycin, cycloheximide, and (-)-anisomycin
are predicted as non-P-gp substrates (marked with red dots in the graph) (Figure S6B).
Bemcentinib, LY 2228820, digoxin, emetine, ivermectin, manidipine, abemaciclib, ponatinib,
merimepodib, bortezomib, and pimozide are P-gp substrates (marked with blue dots in the
graph Figure S6C).

In agreement with the ADME in silico analysis, pharmacokinetics in in vivo studies
showed that the selected drugs are absorbed and available in the plasma (Table S3). Brain
availability was confirmed for abemaciclib, (-)-anisomycin, apilimod, bemcentinib, emetine,
ivermectin, ponatinib, regorafenib, salinomycin, sorafenib, and tetrandrine (Table S3).

3.3. Twenty-Four-Hour Antiproliferative Assay

For the drugs with the best IC50 value (cycloheximide, bortezomib, (-)-anisomycin,
mycophenolic acid, and salinomycin), good predictable druggability in the in silico anal-
ysis (almitrine and merimepodib), or first reported for anti-T. gondii activity (apilimod
and midostaurin), we carried out a proliferation assay to verify the inhibitory capac-
ity of the compounds after only 24 h of treatment (Figure 1). As a positive control, we
used PYR (Figure 1A). The treatment with 125 nM (-)-anisomycin (Figure 1B), 31.2 nM
bortezomib (Figure 1F), 0.25 µM midostaurin (Figure 1D), and 62.5 nM cycloheximide
(Figure 1B) inhibited the proliferation around 75–80%. The treatment with 250 nM salino-
mycin and 62.5 nM bortezomib reduced the proliferation of the parasite by more than 90%
(Figure 1E,F). Treatment with 1.5 and 2.0 µM merimepodib (Figure 1C), 1000 nM almitrine,
250 nM mycophenolic acid, and 1000 nM ivermectin (Figure 1E) inhibited the parasite
proliferation around 55–60%. Apilimod only showed a modest inhibition after 24 h of
treatment (Figure 1E).
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It is possible to observe structures of the apical complex rhoptries (Rp), conoid (C), and 
micronemes (m). The nucleus (N), dense granules (DG), apicoplast (A), acidocalcisome 
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Figure 1. Proliferation index of the best drugs of the COVID-Box after 24 h of treatment with
different concentrations of (A) Pyrimethamine, (B) Cycloheximide, Anisomycin, (C) Merimepodib,
(D) Midostaurin, (E) Salimomycin, (F) Bortezomib, Mycophenolic acid, Apilimod, Almitrine, and
Ivermectin. Values represent mean ± SD of three experiments, except for merimepodib, salinomycin,
and pyrimethamine (two experiments).
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3.4. Analysis of the Effect of the Drugs and Compounds of COVID-Box on the Parasite
Morphology by Transmission Electron Microscopy (TEM) and Fluorescence Microscopy

To verify the direct effect and to determine the mode of action on T. gondii of the drugs,
the effect on the ultrastructure of T. gondii after treatment with those with best IC50 value
or good performance in the in silico analysis or first reported for anti-T. gondii activity was
analyzed by TEM and immunofluorescence microscopy (Figures 2–8).

Microorganisms 2024, 12, x FOR PEER REVIEW 10 of 24 
 

 

endodyogeny (Figure 2B), with the nucleus presenting a horseshoe shape involved by 
constructing two new daughter cells delimited by the inner membrane complex (IMC; 
arrows). 

Tachyzoites treated with 62.5 nM cycloheximide showed an increased endoplasmic 
reticulum area (stars) and alterations on the parasite plasma membrane structure, as evi-
denced by the presence of regions with only a single pellicle (arrowhead) instead of the 
three-membrane structure composed by the plasmalemma and IMC (Figure 2C). When 
tachyzoites were treated with 125 nM cycloheximide, it was observed that vacuoles con-
taining parasites were completely lysed; the asterisk evidences a disrupted parasite and 
its content spread inside the PV (Figure 2D). 

 

Figure 2. (A–F). Transmission electron microscopy and analysis of the ultrastructure of tachyzoites 
after treatment with cycloheximide and bortezomib. The parasites were treated with the compounds 

Figure 2. (A–F). Transmission electron microscopy and analysis of the ultrastructure of tachyzoites after
treatment with cycloheximide and bortezomib. The parasites were treated with the compounds for 48 h.
(A,B) Untreated parasites showed typical morphology (A,B) and division process by endodyogeny
(arrows in (B)). (C) Parasites treated with the drug 62.5 nM cycloheximide showed an increase in
the endoplasmic reticulum area (stars) and alterations in the structure of the plasma membrane,
with regions with a lack of inner membrane complex (black arrowhead). (D) Parasites treated with
125 nM cycloheximide were destroyed; it is possible to observe parasite content spread through the PV.
(E,F) Parasites treated with 62.5 nM bortezomib showed cell division alterations, as seen by the Golgi
complex surrounded by the nucleus envelope (arrowhead) and a parasite presenting three nucleus
profiles without constructing new daughter cells. Mitochondrial swelling (M) and regions of parasite
devoid IMC were also observed (arrows). A—apicoplast, Ac—acidocalcisome, C—conoid; DG—dense
granules, GC—Golgi complex, Lb—lipid body, M—mitochondrion, m—micronemes, N—nucleus,
Rp—rhoptries, PV—parasitophorous vacuole, V—vacuolar compartment.
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Figure 3. Fluorescence microscopy of untreated parasites (A) or after treatment with 31.2 nM (B) and
62.5 nM (C) of bortezomib. Parasites were labeled with anti-IMC1 for inner membrane complex (IMC,
green) and DAPI for DNA (blue). (A) Untreated parasites showed typical morphology (arrow) and
division process (arrowhead). (B,C) treated parasites showed an aberrant cell division process with
large parasites harboring two or more nuclei (arrow), daughter cells without nuclei (arrowheads),
and regions of the cells without IMC coverage (asterisks). (D) Quantitative analysis of the number
of PVs presenting parasites with aberrant cell division. Results in (D) are the mean ± SD of two
independent experiments. * p < 0.05; **p < 0.01; *** p < 0.001. Bars = 2.5 µm.

TEM analysis of the untreated control showed a parasitophorous vacuole (PV) with
parasites presenting normal morphology and ultrastructural organization (Figure 2A,B).
It is possible to observe structures of the apical complex rhoptries (Rp), conoid (C), and
micronemes (m). The nucleus (N), dense granules (DG), apicoplast (A), acidocalcisome (Ac),
Golgi complex (GC), lipid body (Lb), vacuolar compartment (V), and mitochondria (M) are
also evident (Figure 2A,B). Tachyzoites showed a typical division process by endodyogeny
(Figure 2B), with the nucleus presenting a horseshoe shape involved by constructing two
new daughter cells delimited by the inner membrane complex (IMC; arrows).

Tachyzoites treated with 62.5 nM cycloheximide showed an increased endoplasmic
reticulum area (stars) and alterations on the parasite plasma membrane structure, as
evidenced by the presence of regions with only a single pellicle (arrowhead) instead
of the three-membrane structure composed by the plasmalemma and IMC (Figure 2C).
When tachyzoites were treated with 125 nM cycloheximide, it was observed that vacuoles
containing parasites were completely lysed; the asterisk evidences a disrupted parasite and
its content spread inside the PV (Figure 2D).

Treatment with 62.5 nM bortezomib affected the parasite cell division, with parasites
presenting a nucleus with altered morphology, as evidenced by the enclosure of the Golgi
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complex by the nucleus (arrow in Figure 2E). The arrestment of the division process was also
evidenced as single parasites presenting multiple nucleus profiles without the construction
of new daughter cells were observed (Figure 2F). Treatment with bortezomib also caused
mitochondrial swelling (M in Figure 2E) and affected the pellicle of the parasite, where it is
possible to observe regions devoid of the IMC coverage (arrows in Figure 2F).

To confirm the effect of bortezomib on the parasite cell division, we analyzed tachy-
zoites treated with 31.2 and 62.5 nM for 24 h after labeling with IMC1 and DAPI by
immunofluorescence microscopy (Figure 3A–D). Untreated cells (Figure 3A) showed typi-
cal morphology (arrow 3) and division process (arrowheads), where it is possible to observe
the construction of two new daughter cells delimited by the IMC, with each containing a
divided nucleus (arrowheads in Figure 3A). The effect of bortezomib on cell division was
observed even when parasites were treated with 31.2 and 62.5 nM (Figure 3B–D). Treated
parasites showed large cells with mitotic nuclei without the construction of new daughter
cells (arrows). Areas without IMC cover (asterisks) and daughter cells without nuclei
(arrowheads) were also observed (Figure 3B–D). Quantification analysis showed that the
effect on parasite division is significantly concentration-dependent, as 23.6% and 48.0%
of the PVs had parasites with aberrant division after treatment with 31.2 and 62.5 nM,
respectively (Figure 3D).
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Figure 4. Transmission electron microscopy of T. gondii after treatment for 48 h with (-)-anisomycin
(A,B) and ivermectin (C,D). (A) Treatment with 100 nM (-)-anisomycin induced changes in the para-
site’s endoplasmic reticulum (star in inset) and (B) 100 nM (-)-anisomycin also induced impairment
of the cell division, making it possible to observe a single parasite with two nuclei and causing
discontinuation of the inner membrane complex (black arrows). (C) Parasites treated with 1 µM
ivermectin induced the formation of myelin-like figures (inset—white arrowhead). (D) In this figure,
it is also possible to observe an intense vacuolization process in parasites treated with 1 µM ivermectin
(asterisks). M—mitochondria; N—nucleus; GC—Golgi complex; ER—endoplasmic reticulum.
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Figure 5. Fluorescence microscopy analysis of tachyzoites treated with 62.5 nM and 125 nM (-)-
anisomycin (A–C) and 1 µM ivermectin (D,E). Parasites were labeled with anti-IMC1 for inner
membrane complex (IMC, green) and DAPI for DNA (blue). (A) Parasites treated with 62.5 nM
(-)-anisomycin showed daughter cells’ budding arrestment, forming a large mass of tethered daughter
cells (arrow). (B) Treatment with 125 nM (-)-anisomycin led to a large round mass of cells with a
nucleus of increased size and disorganized profiles of IMC (arrowheads). The arrow points to a
parasite region without the IMC coverage. (C) Quantitative analysis of the number of PVs presenting
parasites with aberrant cell division after treatment with (-)-anisomycin. (D) Parasites treated with
1 µM ivermectin showed a divided nucleus without the construction of daughter cells (arrows).
(E) Quantitative analysis of the number of PVs presenting parasites with aberrant cell division after
treatment with ivermectin. Results in (C,E) are the mean ± SD of two independent experiments.
* p < 0.05; ** p < 0.01. Bars = 2 µm.

The tachyzoites treated with 100 nM (-)-anisomycin for 48 h showed alteration of the
ER architecture (Figure 4A,B). Figure 4A,B show that the ER has a disorganized architecture
extending through a large cytoplasmic area. The treatment with 100 nM (-)-anisomycin
also arrested parasite division and the plasma membrane structure (Figure 4B), as seen by
a PV containing a single large tachyzoite with two divided nuclei (N) without constructing
new daughter cells and the lack of IMC at portions of the plasma membrane (arrows),
respectively (Figure 4B).

Treatment with 1 µM ivermectin (Figure 4C,D) induced the formation of myelin-like
structures [49,50] (arrowhead in Figure 4C and inset), resembling a process of cell death
by autophagy. In Figure 4D, tachyzoites show large vacuoles containing membranous
material (asterisks) and a lobular nuclear shape. In one parasite, it is possible to observe the
construction of two daughter cells (arrowheads in Figure 4D), but a nucleus lobule (arrow)
is not involved by one of the daughter cells.

The effects of (-)-anisomycin and Ivermectin on tachyzoite cell division were analyzed
with immunofluorescence microscopy after labeling with IMC1 and DAPI (Figure 5A–D).
Treatment with 62.5 nM (-)-anisomycin significantly increased the number of PVs containing
parasites with aberrant division (22.5%; Figure 5C). The arrow in Figure 5A points to a
mass of tachyzoite containing four non-budded daughter cells. The effect of 125 nM
(-)-anisomycin was more drastic (Figure 5B,C), leading to the complete arrestment of cell
division with PVs containing a sizeable round mass of cells with a nucleus of increased
size and with disorganized profiles of IMC through the cytoplasm (arrowheads). As seen
by TEM (Figure 4B), parasites presenting regions lacking IMC cover (arrow in Figure 5B)
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were also observed. Parasites treated with 1 µM ivermectin also presented significant cell
division arrestment (Figure 5D,E), with PVs presenting tachyzoites containing a divided
nucleus (arrows in Figure 5D) without the formation of new daughter cells.

Treatment of the tachyzoites with 1 µM almitrine also induced myelin-like structures
(Figure 6A and inset) and impairment of the parasite’s cell division (Figure 6B). Figure 6B
shows the mass of the mother cell with a large vacuole (asterisks) containing two non-
budded daughter cells. Large vacuoles with membranous material were also observed
(asterisks in Figure 6B). Treatment with 250 µM midostaurin caused drastic effects on the
parasite ultrastructure (Figure 6C,D). Parasite masses with daughter cells and IMC profiles
spread in the cytoplasm (arrowheads) were observed (Figure 6C). Parasites presenting
alterations suggestive of the cell death process, such as the fragmented nucleus (large arrow
in Figure 6C), structures resembling the autophagy process (asterisk in Figure 6C), and
large masses of parasites with a disrupted cell division process (arrowheads) and in an
advanced vacuolization process (asterisks in Figure 6D) were also observed.
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The effect on cell division after treatment with almitrine was confirmed after analysis 
of treated parasites labeled for the IMC and DNA (arrow in Figure 7A). Quantification 
analysis showed that 23.9% of the vacuoles contained tachyzoites with cell division alter-
ation (Figure 7C). Treatment with Midostaurin was even more drastic (Figure 7B), as more 
than 80% of vacuoles had aberrant parasites (Figure 7D). Large tachyzoites containing 

Figure 6. Transmission electron microscopy of T. gondii tachyzoites after treatment with almitrine
and midostaurin for 48 h. (A) Parasites treated with 1 µM almitrine showed myelin-like structures
(arrowhead in inset). (B) Treatment with one µM almitrine also induced the formation of large
vacuoles containing membranous material (asterisks) and disruption of cell division, as seen by a
large mother mass harboring two non-budded daughter cells (asterisks). (C,D) Parasites treated
with 250 nM midostaurin for 48 h. (C) Vacuole containing a mass of tachyzoite with several arrested
daughter cells and IMC profiles through the cytoplasm (arrowheads). A parasite presenting a
fragmented nucleus (large arrow), and a process similar to autophagy (asterisks) was observed too.

51



Microorganisms 2024, 12, 2602

Microorganisms 2024, 12, x FOR PEER REVIEW 15 of 24 
 

 

increased-size nuclei (asterisks), regions of the parasite body without IMC cover (arrows), 
or daughter cells without a nucleus (arrowheads) were observed (Figure 7B). 

Treatment with 1.5 µM merimepodib induced Golgi complex fragmentation (GC in 
Figures 8A), as the stacked membranes were absent and replaced by numerous vesicular 
structures. Treatment also caused alteration in rhoptry organization and morphology (Rp 
in Figure 8A and inset). Tachyzoites presenting large vacuoles containing membranous 
material were also observed after treatment with merimepodib (asterisks in Figure 8B). To 
better characterize the effect of merimepodib on the rhoptry morphology, parasites 
treated with 1.5 µM for 24 h were labeled with the antibody against the rhoptry protein 
ARO, and fluorescence images of six–ten different focal planes (Z) were acquired and an-
alyzed (Figure 8C,D). While untreated parasites showed vacuoles with parasites harbor-
ing rhoptries with typical morphology, around 25% of PVs (Figure 8D) showed parasites 
with rhoptry alteration (arrowheads in Figure 8C) after treatment with merimepodib. 

 
Figure 7. Fluorescence microscopy analysis of tachyzoites treated with almitrine and midostaurin. 
Parasites were labeled with anti-IMC1 for inner membrane complex (IMC, green) and DAPI for 
DNA (blue). (A) Parasites treated with 1 µM almitrine showed cell division alteration with tachyzo-
ites presenting large nuclei (asterisks) and masses with incomplete division process (arrow). (B) 
Treatment with 0.25 µM midostaurine caused a large round mass of cells with a nucleus of increased 
size (asterisk), tachyzoites showing regions without the IMC cover (arrows), and daughter cells 
without a nucleus (arrowheads). (C) Quantitative analysis of the number of PVs presenting parasites 
with aberrant cell division after treatment with almitrine. (D) Quantitative analysis of the number 
of PVs presenting aberrant parasites after treatment with midostaurin. Results in C and D are the 
mean ± SD of two independent experiments. * p < 0.05; ** p < 0.01. Bars = 2.5 µm. 

Treatment with 250 nM mycophenolic acid affected the tachyzoites’ division process 
(Figure 9A,B). Parasites in the division process presenting multiple lobules (arrowheads 
in Figure 9A) or mitotic nuclei (horseshoe shape) without the construction of new daugh-
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Figure 7. Fluorescence microscopy analysis of tachyzoites treated with almitrine and midostaurin.
Parasites were labeled with anti-IMC1 for inner membrane complex (IMC, green) and DAPI for DNA
(blue). (A) Parasites treated with 1 µM almitrine showed cell division alteration with tachyzoites
presenting large nuclei (asterisks) and masses with incomplete division process (arrow). (B) Treatment
with 0.25 µM midostaurine caused a large round mass of cells with a nucleus of increased size
(asterisk), tachyzoites showing regions without the IMC cover (arrows), and daughter cells without
a nucleus (arrowheads). (C) Quantitative analysis of the number of PVs presenting parasites with
aberrant cell division after treatment with almitrine. (D) Quantitative analysis of the number of PVs
presenting aberrant parasites after treatment with midostaurin. Results in (C,D) are the mean ± SD
of two independent experiments. * p < 0.05; ** p < 0.01. Bars = 2.5 µm.

The effect on cell division after treatment with almitrine was confirmed after analysis of
treated parasites labeled for the IMC and DNA (arrow in Figure 7A). Quantification analysis
showed that 23.9% of the vacuoles contained tachyzoites with cell division alteration
(Figure 7C). Treatment with Midostaurin was even more drastic (Figure 7B), as more than
80% of vacuoles had aberrant parasites (Figure 7D). Large tachyzoites containing increased-
size nuclei (asterisks), regions of the parasite body without IMC cover (arrows), or daughter
cells without a nucleus (arrowheads) were observed (Figure 7B).

Treatment with 1.5 µM merimepodib induced Golgi complex fragmentation (GC in
Figure 8A), as the stacked membranes were absent and replaced by numerous vesicular
structures. Treatment also caused alteration in rhoptry organization and morphology (Rp
in Figure 8A and inset). Tachyzoites presenting large vacuoles containing membranous
material were also observed after treatment with merimepodib (asterisks in Figure 8B).
To better characterize the effect of merimepodib on the rhoptry morphology, parasites
treated with 1.5 µM for 24 h were labeled with the antibody against the rhoptry protein
ARO, and fluorescence images of six–ten different focal planes (Z) were acquired and ana-
lyzed (Figure 8C,D). While untreated parasites showed vacuoles with parasites harboring
rhoptries with typical morphology, around 25% of PVs (Figure 8D) showed parasites with
rhoptry alteration (arrowheads in Figure 8C) after treatment with merimepodib.
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Figure 8. Morphological analysis of tachyzoites of T. gondii after treatment with 1.5 µM merimepodib.
(A) Treatment with 1.5 µM induced Golgi complex fragmentation (vesiculation) and rhoptry disorga-
nization, which can be seen at higher magnification in the inset. (B) Tachyzoites treated with 1.5 µM
merimepodib also presented large vacuoles containing membranous material (asterisks). (C) Fluores-
cence microscopy analysis of tachyzoites treated with 1.5 µM merimepodib for 24 h. Parasites were
labeled with anti-ARO for rhoptries (green), anti-SAG1 for parasite plasma membrane (red), and
DAPI for DNA (blue). Images represent the projection of different Z focal planes. (D) Quantitative
analysis of the number of PVs presenting parasites with rhoptry- altered morphology (arrowheads
in (C)). Results are the mean ± SD of two independent experiments. * p < 0.05. M—mitochondria;
N—nucleus; GC—Golgi complex; Rp—rhoptries. Bars = 2 µm.

Treatment with 250 nM mycophenolic acid affected the tachyzoites’ division process
(Figure 9A,B). Parasites in the division process presenting multiple lobules (arrowheads in
Figure 9A) or mitotic nuclei (horseshoe shape) without the construction of new daughter
cells were observed (arrow in Figure 9A). Even daughter cells presented a mitotic nucleus
before completing the division process (N in Figure 9B). Tachyzoites treated with 125 and
250 nM salinomycin showed an extensive vacuolization process (asterisks), suggesting an
advanced cell death process (Figure 10A,B, respectively). PVs containing lysed parasites
(arrow in Figure 10B) were also observed. Analysis by fluorescence microscopy after
treatment with 125 nM salinomycin and labeling the parasite plasma membrane (red) and
host cell lysosomes (green) showed that differently from untreated cells that had PVs with
parasites’ typical morphology and organized in rosettes (Figure 10C), treated parasites
showed vacuoles containing fragmented parasites (Figure 10C′). PVs with lysed parasites
did not show fusion with lysosomes.
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(A) Treatment with 125 nM caused an extensive vacuolization process (asterisks) on the parasite. 
(B) Tachyzoites treated with 250 nM showed an extensive vacuolization process (asterisks) and cell 
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Figure 9. Transmission electron microscopy of T. gondii tachyzoites after treatment with 250 nM
mycophenolic acid for 48 h. (A) Tachyzoites in the division process present multiple lobules (arrow-
heads) or mitotic nuclei (horseshoe shape) without the construction of new daughter cells (arrow).
(B) Daughter cells without the completion of the division process with mitotic nuclei. A—apicoplast;
M—mitochondria; N—nucleus.
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Figure 10. Morphological analysis of T. gondii tachyzoites after treatment with salinomycin for
24 h. (A) Treatment with 125 nM caused an extensive vacuolization process (asterisks) on the
parasite. (B) Tachyzoites treated with 250 nM showed an extensive vacuolization process (asterisks)
and cell lysis (arrow). (C,C’) Fluorescence microscopy analysis of tachyzoites treated with 1.5 µM
merimepodib for 24 h. Parasites were labeled with anti-LAMP1 for host cell lysosomes (green),
anti-SAG1 for parasite plasma membrane (red), and DAPI for DNA (blue).
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4. Discussion

In vitro tests were performed to evaluate the potential of applying the drugs and
compounds present in the COVID-Box against T. gondii infection and to demonstrate the
possibility of the antiproliferative effect of the drugs and compounds in the COVID-Box.
After these, we selected 23 drugs and compounds that could inhibit the proliferation of
the parasite by more than 70%. The discovery of new uses of drugs previously used
for other pharmaceutical purposes is a cheaper solution for treating neglected diseases.
The antiproliferative analysis showed that the selected compounds inhibited T. gondii
proliferation with values of IC50s ranging from 0.02 µM to 0.74 µM, and ten showed IC50
lower than 100 nM (Table 1). Cytotoxicity analysis by the MTS assay also showed that most
compounds were highly selective for T. gondii (Table 1). Of the 23 drugs, 11 were recently
reported in a study of the anti-T. gondii effect of COVID-Box compounds, but two (apilimod
and midostaurin) have been reported here for the first time. However, this is the first
work to demonstrate the ultrastructural alterations caused by cycloheximide, bortezomib,
(-)-anisomycin, ivermectin, almitrine, merimepodib, midostaurin, and salinomycin in
tachyzoites through TEM analysis.

Cycloheximide, (-)-anisomycin, and bortezomib are the most potent drugs against
T. gondii tachyzoites contained in the COVID-Box, inhibiting parasite proliferation with
IC50s in the range of 20–30 nM. This finding is in line with the study by Fichera, Bhopale, and
Ross (1995) [43], which found an IC50 value of 0.01 µM for (-)-anisomycin against T. gondii
after 48 h of treatment. In addition, in silico analyses demonstrated that cycloheximide and
(-)-anisomycin show the predictors of good oral bioavailability according to Lipinski’s rule
of five (RO5) and Veber, and the potential to cross the BBB (Tables 2 and S2 and Figure S6). In
silico analysis also showed that cycloheximide and (-)-anisomycin are non-P-gp substrates.
Published in vivo pharmacokinetic studies (Table S3) showed that cycloheximide and (-)-
anisomycin have gastrointestinal absorption and reach plasma concentrations higher than
the IC50 obtained for T. gondii. The brain availability for (-)-anisomycin was also confirmed
in vivo. Bortezomib violated only one predictor (Table 2) and showed a prediction for high
intestinal permeability (Table S2). A published pharmacokinetic study in humans showed
that bortezomib is absorbed and reaches a plasma concentration of 147.6 nM, which is
higher than the IC50 found for T. gondii (Table S3).

Cycloheximide and (-)-anisomycin are bacterial antibiotics isolated from Streptomyces
species [50]. Although cycloheximide and (-)-anisomycin are protein synthesis inhibitors
in eukaryotes, acting during the protein elongation state, their targets on the ribosomes
are different. Cycloheximide acts by binding to the E-site and inhibits the mRNA–tRNA
translocation. (-)-Anisomycin binds to the A-site, which inhibits the protein synthesis
by impairing peptide bond formation, preventing the elongation [50–55]. MET analyses
showed an increase in the endoplasmic reticulum area of T. gondii after treatment with
62.5 nM cycloheximide (Figure 2C) and 100 nM (-)-anisomycin (Figure 4A,B). The endo-
plasmic reticulum synthesizes essential lipids to maintain the plasma membrane [56,57].
Interestingly, similar ultrastructural changes were observed when T. gondii was treated
with the antifungal drugs itraconazole, eberconazole, and thiolactomycin analogs [21,29].
The treatment of T. gondii with this last drug affected the acylglycerol synthesis by the
endoplasmic reticulum [58]. TEM analysis also showed that (-)-anisomycin affected T.
gondii endodyogeny, confirmed by immunofluorescence microscopy analysis (Figure 5A–
C). Interestingly, treatment with 62.5 nM (-)-anisomycin affected the division causing the
tethered daughter cell phenotype (Figure 5A), which is typically caused by inhibitors
that target the apicoplast pathways, including inhibitors that target the organelle protein
synthesis [28,57–59]. Treatment with 125 nM (-)-anisomycin disrupted completely parasite
division and daughter cell construction (Figure 6B). The increase in the (-)-anisomycin
concentration possibly affected other targets, as besides protein synthesis, this drug is also
known to inhibit DNA synthesis [60] and to activate stress-activated protein kinases and
mitogen-activated protein kinases [50].
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A previous study involving bortezomib in tachyzoites of T. gondii found an IC50 value
of 0.10 µM after 72 h of treatment [34]. Cajazeiro et al. (2022) [24] found a different EC50
value of 0.22 µM after 72 h of treatment, which differs slightly from the IC50 value found
in this study after treatment with bortezomib (0.03 µM). This difference is possible due
to the longer treatment time used by us in this study, which suggests a time-dependent
effect of this drug. Bortezomib is a known potent, selective, and reversible inhibitor of the
proteasome, an organelle responsible for the degradation of defective proteins in the cell
and crucial for the stability of regulatory proteins. Proteasome inhibitors are known to
cause cell death [61,62]. Other authors have reported the inhibition of catalytic subunits of
the proteasome in Plasmodium falciparum [63,64]. TEM and immunofluorescence microscopy
analysis showed that the treatment with 62.5 nM bortezomib significantly affected the
parasite division process (Figure 2E,F). As we observed in T. gondii, a study that evaluated
the effect of bortezomib in a mantle cell lymphoma cell line showed that this drug affected
the cell cycle through the G2/M phase arrest [65]. This result is in line with ours, as we also
observed parasites with a large undivided nucleus, typical of arrestment of the G2/M phase
during the cell division cycle. Therefore, the sum of the results obtained here supports
that cycloheximide, (-)-anisomycin, and bortezomib can be potential drugs for treating the
acute phase of toxoplasmosis.

This is the first work to study the effect of midostaurin against T. gondii. This drug is a
potent inhibitor of protein kinase C and several class III receptor tyrosine kinases involved
in hematopoiesis and leukemia. It was approved for leukemia treatment and has an oral
bioavailability estimated at >90% [66]. Midostaurin showed anti-T. gondii IC50 of 80 nM,
which is fifteen times lower than its plasma concentration in humans.

TEM and immunofluorescence analysis showed that around 80% of the vacuoles
treated with 250 nM of this drug had drastic morphological alterations, such as an aber-
rant division process and the induction of cell death (Figures 6 and 7). A similar effect
was observed in HMC1 cells (neoplastic human mast cells) after treatment with 500 nM
midostaurin for 24 h [67].

Ivermectin was another drug with anti-T. gondii activity and good pharmacokinetic
prediction (Tables 1, 2, S2 and S3). The potential activity of ivermectin against T. gondii
and other protozoa, such as Giardia lamblia, Trypanosoma cruzi, Leishmania infantum, and
Trypanosoma evansi, has also been reported in the literature [37,68–71]. However, this is the
first study exploring the mode of action of this drug in a parasite from the Apicomplexa
phylum. Using TEM, we observed that the treatment with 1 µM ivermectin for 48 h caused
multi-membrane structures and large cytoplasmic vacuoles containing membranous ma-
terial (Figure 4C,D), suggesting induction of cell death by autophagy [72]. Ivermectin
also significantly affected the parasite division (Figure 5D,E). A similar effect was ob-
served after treating glioma cells with ivermectin [73]. Treatment of T. gondii tachyzoites
with almitrine also caused an intense vacuolization and formation of multi-membrane
structures (Figure 6A,B) and aberrant cell division (Figure 7A,C), which are suggestive of
the induction of an autophagic process [72]. Almitrine is already used in clinics to treat
diseases that affect the respiratory system and is a good predictor of oral and brain bioavail-
ability (Tables 2 and S2). Pharmacokinetic studies on humans showed that it could reach
plasma concentrations up to 599 nM (Table S3), which is higher than the IC50 obtained for
T. gondii in this study. The in vitro and in vivo effects against T. gondii have been recently
reported [23,24], with IC50 values of 0.42 µM and 0.32 µM after 72 h of treatment, which
are close to what we found in this study. The in vivo administration reduced the number
of cysts in a murine model of chronic toxoplasmosis.

Mycophenolic acid and merimepodib are antiviral inhibitors of inositol monophos-
phate dehydrogenase, affecting DNA and RNA synthesis [74]. These drugs affected T. gondii
proliferation with IC50 of 0.07 µM and 0.48 µM, respectively. Previous studies showed
IC50s of 211 µM (mycophenolic acid) and 0.78 µM (merimepodib) for T. gondii tachyzoites
after 24 and 72 h of treatment, respectively [23]. Merimepodib also showed a high selective
index for T. gondii compared with HFF cells (human foreskin fibroblasts) [23]. Analyses
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by TEM showed that merimepodib caused T. gondii Golgi complex fragmentation, rhoptry
disorganization, and intense vacuolation (Figure 8A,B). The effect against rhoptries was
analyzed by immunofluorescence, confirming that this is a significant alteration on the
parasite (Figure 8C). Similar results were observed in tachyzoites after depletion of the
vacuolar protein sorting nine (TgVps9), Vps11, and a membrane inositol phospholipid
binding protein [75–77]. These results suggest that this drug could affect T. gondii, inter-
fering with its secretory pathway. Although merimepodib and mycophenolic acid target
the same enzyme, tachyzoites treated with the latter showed a different mode of action, as
cell division alteration was the main observed effect after treatment with mycophenolic
acid. A previous study also showed rounded tachyzoites with multiple nucleus profiles
after treatment with mycophenolic acid [39]. This drug is also widely used in studies of
molecular manipulation of T. gondii for selecting mutants that express the selectable marker
HXGPRT [78].

We also investigated the mode of action of the H+/K+ ionophore salinomycin on
T. gondii, a known anticoccidial drug commonly used for poultry and cattle [79,80]. TEM
analysis showed that salinomycin induces parasite death, causing its lysis. Immunoflu-
orescence analysis confirmed that cell death is directly caused by this drug and not by a
secondary effect due to the fusion of lysosomes with the PVs.

Developing a new infectious disease treatment is complex because medicines must be
absorbed, reach adequate plasma concentrations, and be distributed to tissues and cellular
compartments where the infection is present in the body. In the case of toxoplasmosis,
this is even more critical, as one of the main sites of infection is the CNS. Based on an
anti-T. gondii activity assay and according to Lipinski’s and Veber’s predictors’ analysis, the
23 drugs and compounds identified in this work are good candidates to become oral drugs
since they inhibit T. gondii proliferation at a submicromolar range and comply with RO5,
showing no more than one violation. We can highlight that the compounds cycloheximide,
bortezomib, anisomycin, almitrine, midostaurin, and mycophenolic acid presented an
IC50 range lower than 0.10 µM and did not violate Lipinski’s rules and the predictors
of Veber. Ivermectin and merimepodib are good candidates, inhibiting T. gondii with
an IC50 < 0.5 µM. In addition, these drugs also demonstrated desirable predictors for
oral absorption (Tables 2, S2 and S3). However, we should not disregard the potential of
drugs that did not comply with RO5 or presented values lower than expected for oral
absorption or BBB permeability since AZT, a drug already commercialized, presented
a value lower than expected (−0.211 log Papp at 10−6 cm/s) and intestinal absorption
(human = 45.808%), but despite AZT not having good intestinal absorption, this drug is
used to treat toxoplasmosis [9].

5. Conclusions

After COVID-Box screening, we identified two new drugs with anti-T. gondii activ-
ity, making this the first study to report their effectiveness against this parasite. In total,
23 drugs were found to be promising candidates for further pre-clinical studies on toxo-
plasmosis. The discovery of these new drug candidates for the treatment of toxoplasmosis
is of great relevance and should be further explored for in vivo analysis in the future. The
results presented here have shown that drug repurposing is a potential alternative for
treating infectious and neglected diseases and that the boxes provided by MMV are crucial
for solving the problems involved in treating these diseases.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/microorganisms12122602/s1, Table S1: Plate position and
trivial name of each compound of COVID-Box; Table S2: Pharmacokinetic properties of drugs and
compounds of COVID-Box according to pkCSM; Table S3: In vivo bioavailability parameters of the
best COVID-Box molecules; Figure S1: Preliminary evaluation of the effectiveness of 160 drugs and
compounds from COVID-Box against T. gondii tachyzoites; Figure S2: Post-treatment recovery assay
of T. gondii RH strain tachyzoites after treatment with the 23 drugs and compounds of the COVID-Box
at a concentration of 1 µM; Figure S3: Chemical structure of 23 drugs and compounds the COVID
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Box; Figure S4: Antiproliferative effect of 23 drugs and compounds the COVID-Box after seven
days treatment. After obtaining the NDHF cell monolayer, the cells were infected with 600 T. gondii
RH strain tachyzoites; Figure S5: Cell viability of host cells infected with T. gondii tachyzoites after
treatment with the 23 drugs and compounds selected from the COVID-Box after seven days of
incubation; Figure S6: Boiled-egg graph obtained through the SwissADME platform.
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Abstract: Anemia is a health problem of concern among schoolchildren in underprivileged rural
regions, where recurrent parasitic infections are common. A cross-sectional study was conducted
in 229 schoolchildren in rural highland Bolivia in the department of La Paz, an area with a high
prevalence of protozoan and helminth infections, to determine the types and mechanisms of anemia.
A substantial proportion of children (40.2%) were found to be anemic based on hemoglobin mea-
surements. No associations were found between low hemoglobin levels and helminth or protozoan
infections when evaluating infectious causes of anemia, nor with Giardia lamblia or Blastocystis hominis,
which are associated with iron deficiency and nutrient malabsorption and were highly prevalent in
this study. The significant association between anemia and hypochromia suggests iron deficiency,
aligned with low hemoglobin levels. A total of 39 out of 150 children (26%) had markers consis-
tent with iron deficiency anemia (IDA), 26 out of 127 children (20%) met the criteria for anemia of
inflammation (AI). Furthermore, 12 of the 127 tested children (9.4%) met the criteria for mixed AI
with IDA according to the soluble transferrin receptor (sTfR)/log ferritin levels, which increased
significantly due to overall infections by Hymenolepis nana and Ascaris lumbricoides helminths. The
findings highlight the need for integrated public health interventions to address iron nutrition and
parasitic infections to effectively prevent anemia in this vulnerable population.

Keywords: children; anemia; protozoa; helminths; iron deficiency anemia; anemia of inflammation

1. Introduction

Anemia is a global public health problem that affects approximately one third of the
world’s population, mainly in developing countries [1], although pregnant women and
preschool children are the populations most vulnerable to anemia due to reduced oxygen
supply at a time when metabolic needs are high, anemia in schoolchildren is also of concern
due to its impact on their physical and cognitive development [2,3], predisposing them
to a higher frequency of morbidity [4–6]. It is generally recognized that anemia is one of
the consequences of iron deficiency due to low dietary intake and iron-deficiency anemia
(IDA) has been associated with significantly lower scores of on cognitive tests and signifi-
cantly lower achievements than in non-anemic children [7]. In addition to IDA, another
type of anemia, includes anemia of chronic disease, also termed anemia of inflammation
(AI); these are the two most prevalent forms of anemia [8]. AI ranks second; its actual
prevalence is difficult to assess as it often coexists with IDA. Iron-restricted erythropoiesis
is part of the pathophysiology of both AI and IDA, making differential diagnosis difficult
when both diseases coexist [9,10]. IDA and AI often affect the same individuals, especially
in low-income countries with a high burden of parasitic diseases, where chronic blood
loss and iron deficiency emerge due to helminth infestations (e.g., hookworms, Trichuris
trichiura) [11–13]. The combination of serum transferrin receptor (sTfR) and ferritin mea-
surements for the calculation of the sTfR/Ferritin index has been shown to accurately
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determine whether the occurrence of IDA, AI, or a combination of these mechanisms is
involved in anemia, particularly in anemia with active inflammation [8]. Polyparasitism of
concurrent helminth and protozoan parasites and a strongly increased risk of anemia are
observed in schoolchildren from rural Bolivian altiplano (highland) regions, where clean
water, adequate housing and sewage systems are not available [14]. This study builds on
our previous research by examining the most likely mechanisms and biomarkers associated
with anemia in the highland regions. Therefore, the aim of this study was to use more
comprehensive laboratory testing in the differential diagnosis of various types of anemia
among schoolchildren. To our knowledge, there are no studies in the literature evaluating
the sTfR-Ferritin index which should be considered in the management of regional child-
hood anemia in this underprivileged area of Bolivia, in which recurrent gastrointestinal
protozoa and helminth infections are endemic.

2. Materials and Methods
2.1. Study Area, Population, and Assessment

Cross-sectional data were collected from schoolchildren of the Bolivian highland,
where helminths and protozoan gastrointestinal parasites are known to be endemic. Sur-
veys were carried out in different school units located at an altitude between 3.810 and
4.050 m above sea level, in which health and basic service conditions are regular to inap-
propriate; 55% have a water pipe supply, barely 30% have a flush toilet or a latrine, and
most (99%) of the households lack piped sewers. A total of 229 children aged 5–13 years
who participated in this study had blood drawn for anemia testing. Anthropometric mea-
surements (i.e., height, weight) to assess the growth of children, were taken by trained local
nurses following standardized procedures. The study received approval from the ethics
committee of the Universidad Mayor de San Andres.

2.2. Diagnosis of Gastrointestinal Parasites

Stool samples were analyzed microscopically, samples under high suspicion for amebic
dysentery (that is, bloody diarrhea with mucus) were carefully examined in fresh and in
smears fixed and stained with Wright’s stain, a portion of the other samples was analyzed
through Ritchie’s formol-ether concentration technique after Wright staining. Samples with
eggs, larvae, or cysts, were considered positive for a species of parasite.

2.3. Testing for Anemia

Venous whole blood (5 mL) was collected via venipuncture and divided: 1 mL in a
tube containing EDTA for complete blood count and 4 mL in a tube for serum preparation.
The serum was frozen and used later for ferritin and sTfR measurements. In the highlands,
cases of anemia with hemoglobin (Hb) levels < 14.4 g/dL corresponded to World Health
Organization levels [15]; these levels together with serum ferritin (SF) < 30 ng/mL defined
IDA. Anemia of inflammation was identified in children with SF levels 30–100 ng/mL and
an sTfR/log SF ratio of less than 1. Cases of combined AI with IDA included samples with
SF 30–100 ng/mL, and an sTfR/log ferritin ratio > 2 [8]. Ferritin and sTfR were assayed
using commercial enzyme immunoassays (Monobind Inc., Lake Forest, CA, USA). Initially,
all participants underwent hemoglobin measurements on-site by point of care testing using
a HemoCue analyzer (Angelholm, Sweden).

2.4. Statistical Data Analysis

Categorical variables were described as absolute and relative frequencies, while con-
tinuous ones as the median and inter quartile range (IQR). Non-parametric inferential
analysis for categorical and continuous covariates was performed using Fisher’s exact
test and the Mann–Whitney and Kruskal–Wallis ones, respectively. All p values were
obtained via the two-sided exact method at the conventional 5% significance level. Data
were analyzed in October 2024 by R 4.4.1 (R Foundation for Statistical Computing, Vienna,
Austria. https://www.r-project.org).
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3. Results
3.1. Study Population

Demographic characteristics and prevalence of helminth and protozoan parasite in-
fections for 229 participants are shown in Table 1. There was a fairly balanced gender
distribution with a slight majority of female participants (55%) compared to males (45%).
Over 70% and 20% of children were infected with protozoan and helminth parasites, respec-
tively. A substantial proportion of participants (40.2%) were anemic (90/229), indicating
a significant public health problem. The percentages of malnutrition indicators such as
stunting (4.8%), wasting (3.5%), and malnourished children (3.0%) were relatively low, sug-
gesting that severe malnutrition is not widespread in this population. In general, there were
no significant differences in the prevalence of sex, age, infection, malnutrition, stunting,
wasting, or anemia as detected through point-of-care testing during the surveys.

Table 1. Demographic characteristics of participants and parasitic infections for the anemia study in
the highlands of Bolivia.

Characteristic Highlands
(N = 229)

Sex (%)
Female 126 (55)
Male 103 (45)

Age (%)
5–7 106 (46.3)
8–10 76 (33.2)
11–13 47 (20.5)

Helminths (%) 57 (24.9)
Protozoa (%) 170 (74.2)
Helminths-protozoa (%) 180 (78.6)
Anemic * (%) 90 (40.2)
Malnourished † (%) 7 (3.0)
Stunted ‡ (%) 11 (4.8)
Wasted § (%) 8 (3.5)

* Hemoglobin < 14.4 g/dL. † Weight for hight z score (WAZ) < −2. ‡ Height for age z score (HAZ) < −2. § Body
mass index (BMI) for age z score (BAZ) < −2.

3.2. Prevalence of Parasitic Infections

Figure 1 shows the prevalence of parasitic, protozoa, and helminth infections, and
coinfections (protozoa and helminths) among children grouped by three age categories, 5–7,
8–10, and 11–13 years. Consistent with an earlier set up, the division of age into three age
groups was defined in our previous study [14]. The data on parasitic infections highlighted
a high prevalence of protozoan infections (74.2%), particularly Entamoeba coli (48.9%) and
Blastocystis hominis (40.2%). Entamoeba coli mature cysts present up to eight nuclei and E.
histolytica/dispar four. Microscopic identification of E. histolytica hematophagous tropho-
zoites was accomplished using fresh and fixed stool samples. As previously reported,
hematophagy is considered a distinguishing microscopic criterion for identifying E. his-
tolytica [16–18]. Specific parasitic and helminth infections increased significantly with age.
Across the age groups of 5–7-, 8–10-, and 11–13-years, the prevalence of each infection and
polyparasitism increased significantly. There was a progressive increase in H. nana (99%
CI, 0.031 to 0.041, p = 0.036), A. lumbricoides (p < 0.001), B. hominis (99% CI, 0.038 to 0.048,
p = 0.043), and helminths (p < 0.001). There was a statistically significant association in the
E. coli (p < 0.001), protozoan (p = 0.004), and coinfection (p < 0.001) infection rates, across
age groups, particularly showing higher positivity in children over the age of 7 years.
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Figure 1. Parasite prevalence by age group. Vertical bars indicate the prevalence of specific parasite
infections, helminth, protozoa, and coinfections. Percentages are shown for the 5–7, 8–10, and
11–13 year subgroups.

3.3. Types of Anemia and Iron Biomarkers Across Age Groups

Table 2 details data on hemoglobin levels, anemia status, and iron biomarkers among
children classified as 5–7, 8–10, and 11–13 years of age. Hemoglobin measurements performed
in venous blood revealed that 40.2% of children were anemic (hemoglobin < 14.4 g/dL).
The percentage of children who were anemic was quite high across all age groups, with a
slight decrease in 8–10-year-olds (36.0%) compared to 5–7 (43.1%) and 11–13-year-olds (40.4%)
(Table 2).

Table 2. Anemia and anemia biomarkers by age group among the highland children of Bolivia.

Variable 5- to 7-Year-Olds 8- to 10-Year-Olds 11- to 13-Year-Olds All Children

Hemoglobin in g/dL, median (IQR) 14.5 (13.8–15.4) 14.6 (13.5–14.8) 14.3 (14.0–15.2) 14.6 (13.8–15.2)

Percent anemic 43.1 36.0 40.4 40.2

MCV in fL median (IQR) 84.2 (80.4–90.1) 84.5 (78.8–90.3) 84.2 (75.6–88.1) 84.2 (80.3–90.1)

Percent macrocytosis 43.1 41.3 29.8 40.0

MCHC in g/dL median (IQR) 32.7 (32.0–33.5) 32.6 (31.8–33.3) 32.4 (31.6–33.0) 32.6 (31.9–33.3)

Percent hypochromasia 25.5 29.0 36.2 27.7

Serum ferritin in ng/mL, median (IQR) 17.8 (10.3–30.8) 16.0 (9.0–24.5) 18.8 (11.2–30.8) 17.3 (10.2–30.3)

sTfR mg/L, median (IQR) 1.26 (0.93–1.48) 2.35 (1.27–5.03) 2.18 (0.90–3.53) 1.39 (0.93–2.96) †

sTfR/log ferritin, median (IQR) 0.98 (0.77–1.31) 2.17 (0.67–5.47) 0.70 (0.55–2.23) 1.01 (0.71–2.30)

Anemic children meeting IDA criteria (%) 21/78 (26.9) 13/51 (25.5) 5/21 (23.8) 39/150 (26.0) §

Anemic children meeting AI criteria (%) 15/72 (20.8) 7/38 (18.4) 4/17 (23.5) 26/127 (20.5)

Anemic children meeting criteria for mixed
AI with IDA (%) 5/72 (6.9) 4/38 (10.5) 3/17 (17.6) 12/127 (9.4)

MCV = Mean corpuscular volume; MCHC = Mean corpuscular hemoglobin concentration; IDA = iron-deficiency
anemia, AI = anemia of inflammation; IQR = inter quartile range; Significant differences among age groups by
x2 testing † p < 0.001; Overall significant association between anemia and IDA regardless of age, by x2 testing
§ p < 0.001.

Median serum ferritin levels varied slightly between age groups, with values ranging
from 16.0 to 18.82 ng/mL and an overall median level of 17.27 ng/mL for all children.
Median MCV measurements to determine the underlying cause of anemia (for example,
nutritional deficiencies), fell within normal ranges (84.2 to 84.5 fL) in 120 of 225 (53%) cases,
after accounting for four missing values; however, red cell macrocytosis (elevated MCV)
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was observed in 89 of 225 (39%) children. MCHC levels showed a small decrease in the
median levels with increasing age, from 32.7 g/dL in the youngest group to 32.4 g/dL
in the oldest group. The prevalence of hypochromasia (lower MCHC) increased with
age, from 25.5% in children aged 5–7 years to 36.2% in those aged 11–13 years, being
significantly higher (p = 0.006) among anemic children (36.7%) compared to those with
normal hemoglobin status (21.6%). The 8–10-year group showed a significant increase
(p < 0.001) in the median level of sTfR (2.35 mg/L) compared to the other groups, which
had median values of 1.26 mg/L (5–7 years) and 2.18 mg/L (11–13 years). This is reflected
in the higher sTfR/log ferritin ratio in the 8–10 years age group, with a median of 2.17
compared to the other groups (0.98, 0.70); however, the observed median differences were
not statistically significant (p = 0.09). Detailed percentages of children classified as iron-
deficient and anemic (26%), meeting the AI criteria (20.5%), and a smaller percentage (9.4%)
characterized as mixed AI with IDA, are shown (Table 2). Reflecting deficient iron levels in
our data, we observed a significant association between anemia and IDA, characterized
by low levels of hemoglobin and ferritin (p > 0.001). Figure 2 presents box plots that
compare the sTfR/log ferritin ratio in different types of infection (helminth, protozoa,
and helminth–protozoa), with each category divided into negative and positive infection
statuses. The positive groups show a wider range of sTfR/log ferritin ratio, suggesting
greater variability in iron status or inflammatory response resulting from infection. In
particular, children who are positive for helminth infections show a much higher median
sTfR/log ferritin ratio compared to those who are negative. Children infected with H. nana
and A. lumbrioides exhibited a significantly higher median sTfR/log SF value of 3.18 (range
2.04–5.93), compared to 0.97 (range 0.69–1.81) in uninfected children (p < 0.001). Mixed AI
with IDA is a relatively rare condition in our study, observed only in 9.4% of cases, after
accounting for missing data (102 cases, or 44.5%).
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Figure 2. Boxplot comparing the soluble transferrin receptor (sTfR) to log ferritin ratios, defining
combined anemia of inflammation with iron-deficiency anemia among study children with and
without detectable infections. The distributions of sTfR/log SF ratios are presented for sTfR-tested
children who either have (N = 12) or do not have (N = 127) helminth infections. The p-value for group
differences is 0.001, determined via the Mann–Whitney U test.

4. Discussion

The findings of this study conducted in the highlands of Bolivia indicate a substan-
tial prevalence of anemia (40%) among schoolchildren in a rural area where protozoan
infections predominate, followed by helminth infections [14,19]. While evaluating poten-
tial infectious causes of anemia, no statistically significant associations were found with
helminth, or protozoan infections, despite a notable, progressive increase in the prevalence
of these infections with age. Furthermore, we did not observe a statistically significant
correlation between lower hemoglobin levels (<14.4 g/dL) and the presence of G. lamblia
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or B. hominis, protozoa known to be associated with iron and nutrient malabsorption,
malnutrition, and highly prevalent in this survey [20–22]. Specifically, the capacity of G.
lamblia to lower hemoglobin levels may be associated with its tendency to cause vitamin
B12 and folic acid deficiencies, which could explain the macrocytosis (40%) observed in
our study in the context of anemia [23,24]. Whether these metabolic alterations persist in
our setting remains to be confirmed. The occurrence of macrocytosis and hypochromasia
(27.7%) suggests overlapping causes for our observations in addition to deficiencies. The
significant association between anemia and hypochromasia could be an indicator of iron
deficiency reflecting lower hemoglobin levels.

The lower rates of malnutrition observed suggested that anemia was driven by factors
other than malnutrition, likely, micronutrient deficiencies. The availability of iron rich food,
such as meat, is limited, and children’s diet consists mainly of carbohydrates, vegetables,
and fruits. The absence of heme iron from meat, a primary source of iron that is more easily
absorbed by the body compared to non-heme iron from plant-based sources, along with
increased vulnerability to inhibitors such as phytates and polyphenols, further hinders
iron absorption [25]. Consequently, a significant proportion of anemia cases may be due to
nutritional deficiencies, particularly a lack of dietary iron. Our findings indicate that 26% of
anemic children had markers compatible with iron deficiency, including low hemoglobin
and ferritin levels. This suggests that IDA together with true iron deficiency, are the main
contributors to childhood anemia in the highlands of Bolivia. This assumption is further
supported by a significant association between anemia and IDA. At the same time, 20% of
anemic children with normal or moderately elevated ferritin levels, met the criteria for ane-
mia of inflammation, suggesting that both altered iron status and coexisting inflammatory
processes play a role in the development of anemia in our study. In the context of chronic
inflammation, persistent parasitic infections have been found to impair the body’s ability
to absorb dietary iron by promoting ferroportin degradation, thus reducing the use of
existing iron stores for erythropoiesis [26–28]. Ferroportin internalization and degradation
are mediated by the regulatory protein hepcidin which is up-regulated by interleukin (IL)
6 during inflammation [29,30]. This process decreases blood iron levels and leads to AI.

Significantly higher levels of sTfR in relation to serum ferritin, in our study, underscore
the impact of IDA and AI as additional causes of anemia in 9.4% of highland children,
and the effects of combined infections by helminths of H. nana and A. lumbricoides lead
to mixed types of anemia, likely due to a variety of symptoms, including nutritional
malabsorption, malnutrition, gastrointestinal bleeding, and iron deficiency attributed to
these helminths [31–34].

There were strengths and weaknesses in our study. The use of comprehensive labora-
tory tests enabled the differentiation between IDA, AI, and mixed forms of anemia for this
region with chronic infections, where overlapped symptoms could complicate diagnosis.
However, due to budget limitations, we were unable to measure ferritin and sTfR levels
for all children, which may have hindered an accurate representation of the impact of
combined types of anemia in our setting. Analyzing only a single stool sample per child
may lead to an underestimation of the true prevalence of parasitic infections. Furthermore,
there is a lack of data on the intensity of helminth infections since health is intensity-related.
Moreover, data on socioeconomic status, such as family size, income, and education level,
which may contribute to inadequate nutrition linked to anemia and IDA, is lacking.

The high prevalence of anemia among children in highland areas is a significant public
health concern, given its impact on childhood cognitive development and physical fitness.
By identifying the underlying causes and the most impactful parasitic infections, this
study provides actionable insights to help reduce the burden of anemia in this vulnerable
population and in similar settings across different regions, particularly in high-altitude, low-
income areas. The specific parasite patterns and the diagnostic approach such as the use of
sTfR/log ferritin ratios provide unique information into anemia in the Bolivian highlands
which may differ in some aspects from the more acute or geographically distinct forms of
anemia seen in malaria or schistosomiasis [27,35,36]. Therefore, this study enhances the
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global understanding of how various parasites contribute to anemia and provides insights
into the regional epidemiology of the condition.

Our findings highlight key challenges that need to be addressed to improve childhood
health conditions. These include the need for integrated public health interventions, such
as enhanced regular deworming and sanitation to prevent recurrent infections, as well as
improved iron nutrition to effectively combat anemia in this vulnerable population.
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Abstract: This study presents a systematic review and meta-analysis approach of Cryptosporidium
species prevalence studies in animal and human hosts published between 1980 and 2020 in South
Africa. Extensive searches were conducted on three electronic databases including PubMed, Sci-
enceDirect and Google Scholar. The findings indicated an overall pooled prevalence estimate (PPE)
of Cryptosporidium spp. infections in animals and humans at 21.5% and 18.1%, respectively. The
PCR–RFLP appeared to be the most sensitive diagnostic method with a PPE of 77.8% for the detection
of Cryptosporidium spp. infections followed by ELISA (66.7%); LAMP (45.4%); PCR (25.3%); qPCR
(20.7%); microscopy (10.1%); IFAT (8.4%); and RDT (7.9%). In animal hosts, C. parvum had the highest
PPE of 3.7%, followed by C. andersoni (1.5%), C. ubiquitum (1.4%) and C. bovis (1.0%), while in humans,
C. parvum also had the highest PPE of 18.3% followed by C. meleagridis at 0.4%. The data generated in
this study indicated that Cryptosporidium spp. infections were highly prevalent in both animals and
humans in South Africa, especially in the KwaZulu-Natal and North West provinces. However, we
further observed that there was a lack of prevalence studies for both animals and humans in some of
the provinces. This study highlights the necessity for a “One Health” strategic approach promoting
public hygiene, animal husbandry and regular screening for Cryptosporidium spp. infections in both
animals and humans.

Keywords: Cryptosporidium species; prevalence; South Africa

1. Introduction

South Africa is a developing country with over 59 million of human population
and ranks number 13th in the global list for countries living in the poverty line [1,2].
Accounting for about 17% of the world’s HIV infections, South Africa’s population is
already vulnerable to secondary opportunistic infections which include parasitic diseases
such as cryptosporidiosis, giardiasis and toxoplasmosis [3]. Cryptosporidiosis is a zoonotic
disease caused by protozoan parasites of the genus Cryptosporidium. Of the Cryptosporidium
species causing disease in humans and animals, C. hominis and C. parvum are known to
cause gastroenteritis among the general public [4,5]. While the disease is often self-limiting,
cryptosporidiosis infection can be life-threatening to humans living with HIV/AIDS as
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well as children and young animals [6–9]. The main symptoms and signs for both animals
and humans are watery diarrhea, weight loss, nausea, vomiting, fatigue and low-grade
fever [10–12]. In southern Africa and Asia, about 2.9 million and 4.7 million cases of
Cryptosporidium spp. infections have been reported among children less than 2 years old,
respectively [13]. The first Cryptosporidium spp. infection cases to be recorded in South
Africa were of four children in Durban in 1987, and since then, there has been an increase
in the studies on Cryptosporidium parasitic prevalence in the country [14].

Cryptosporidium species can spread through the fecal–oral route either primarily (direct
contact) or secondarily through the consumption of contaminated food or water with hu-
man or animal feces [15–17]. The annual quantity of excreted Cryptosporidium spp. oocysts
by domestic animals globally has been estimated to be approximately 3.2 × 1023 [18]. Ani-
mals are important contributing factors of environmental contamination of Cryptosporidium
oocyst distribution [19,20], spreading via water [21] or food [22]. Cryptosporidium spp.
distribution and infection are exacerbated by their resistance to normal water treatment,
including chlorination [23].

Diagnostic techniques for Cryptosporidium spp. infections includes microscopy, poly-
merase chain reaction (PCR) and enzyme-linked immunosorbent assay (ELISA) with
reported sensitivities of 56.0% to 75.4%; 100%; and 89.7% to 100%, respectively [24].

Omolabi et al. [25] conducted a meta-analysis on Cryptosporidium species in humans
from southern Africa. However, there is limited information on comprehensive data
available to estimate the prevalence of Cryptosporidium spp. in humans and animals in
South Africa. Hence, the premise of this review is founded around the wildlife–domestic–
human interface, highlighting the shared, interconnected links between the health of
humans, wildlife and domestic animals. Our meta-analytical approach allowed for the
identification of study gaps, examination of the pooled prevalence for animal and human
Cryptosporidium spp. in South Africa and further investigated the influence of risk factors
such as age, sex, fecal consistency, HIV status and diagnostic techniques on the spread of
the Cryptosporidium parasite.

2. Materials and Methods
2.1. Study Design

This systematic review and meta-analysis were conducted on published articles re-
porting Cryptosporidium spp. infections in South Africa, confirmed by examining feces of
animals and humans for the presence of Cryptosporidium spp. oocysts using microscopy,
immunological and molecular techniques.

2.2. Search Strategy and Criteria

Literature searches were conducted in PubMed, ScienceDirect and Google Scholar for
articles published in English between 1980 and 2020 on the prevalence or epidemiology of
Cryptosporidium spp. infections across South Africa in animals and humans. The search
keywords were “prevalence”, “Cryptosporidium” and “South Africa”. Keywords used in
the search were entered individually or in combination with the “AND” and/or “OR”
operators. None of the authors of original studies were contacted for additional information
and no attempt was made to retrieve unpublished articles. Titles and abstracts were
scanned, and relevant full-text articles were downloaded and obtained through library
resources and online platforms.

2.3. Inclusion and Exclusion Criteria

Articles were included only if they fulfilled the following inclusion criteria: cross
section (prevalence study) conducted within South Africa, vertebrate host (humans or
animals) used, study conducted on fecal samples, exact total numbers and positive cases
clearly provided, sample size (≥25 for enabling statistical calculations) and written in
English. Studies without these characteristics were all excluded such as review studies,
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studies on water, case report studies, ones with a lower sample size and ones not written
in English.

2.4. Data Quality Control Measures

To confirm the methodological soundness of the research articles selected for quantita-
tive synthesis, two authors independently used the Joanna Briggs Institute (JBI) Critical
Appraisal Tools Checklist 2017 review guideline for prevalence studies. Studies that
achieved a score of five or higher for the evaluation criteria were included.

2.5. Data Extraction

The data extraction protocol consisted of the name of the author and region, hosts,
total sample size, number of positive cases, estimated prevalence, species of intestinal
parasites, and diagnostic technique. Moreover, studies that were conducted in more than
one province and those that had both animal and human studies simultaneously were
separated accordingly.

2.6. Statistical/Meta-Analytic Procedures

The meta-analysis was performed using the Comprehensive Meta-Analysis (CMA)
program [26]. The random effects model was used to estimate the pooled prevalence and
corresponding 95% confidence interval (CI). Statistical heterogeneity between studies was
estimated with Cochran’s Q statistic and I-square (I2) test (values of 25%, 50% and 75% were
considered to represent low, medium and high heterogeneities, respectively). The funnel
plot and Begg’s rank correlation test were used to evaluate the possibility of publication
bias, where p < 0.05 was considered as indicative of statistically significant publication
bias [27,28].

3. Results
3.1. Literature Search and Eligible Studies

A total of 8028 studies were identified from three electronic databases, namely PubMed
(95), ScienceDirect (2223) and Google Scholar (5710). After the removal of duplicates and a
subsequent review of study titles and abstracts, 4167 studies were excluded and 43 studies
were found to be eligible and subjected to full text evaluation for inclusion. Furthermore,
seven studies were excluded for the following reasons: (i) no clear focus on the sample
of choice (n = 2); (ii) secondary data (n = 1); and (iii) carried out in other countries in
sub-Saharan Africa outside of South Africa (n = 4). Finally, 36 studies that assessed
the prevalence of Cryptosporidium spp. in animal and human feces were included for
quantitative synthesis (Figure 1).

3.2. Characteristics of Eligible Studies

With respect to the animal studies, 10 studies in total were included in the meta-
analysis. These studies were published between the years 2008 and 2014 on the prevalence
of Cryptosporidium spp. in various animals, including buffaloes, cats, cattle, dogs, elephants,
goats, impala and sheep in South Africa (Table 1). Almost all studies were from the
northern region of South Africa, which included four provinces, namely, Gauteng (n = 1),
Limpopo (n = 4), Mpumalanga (n = 4) and North West (n = 2) (Table 1). Individually,
the prevalence ranged from 0.00% to 80.0% across the various provinces (Table 1), with
the highest prevalence recorded from the North West province and the lowest from the
Mpumalanga province.
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Table 1. List and characteristics of eligible studies included in the meta-analysis with respect to
animal study prevalence by different provinces in South Africa.

Study Authors Animal Host (n) Study Area
(Province) Sample Size No. of Positives Prevalence (%)

Bakheit et al. [29]
Cattle (n = 107)
Horse (n = 78)
Sheep (n = 85)

Free State 270 79 29.26

Hlungwani [30] Cattle (n = 52)
Goat (n = 33) Limpopo 85 48 56.47

Lukášová et al. [31] Cat (n = 1) Gauteng 1 0 0.00

Lukášová et al. [31]

African civet (n = 2)
African wild cat (n = 1)
Banded mongoose (n = 3)
Black-backed jackal (n = 1)
Caracal (n = 2)
Cat (n = 1)
Cheetah (n = 4)
Dog (n = 11)
Lion (n = 13)
Serval (n = 2)
Spotted hyena (n = 3)
Striped polecat (n = 2)

Limpopo 45 7 15.56

Lukášová et al. [31]
Bat-eared fox (n = 1)
Black-backed jackal (n = 6)
Caracal (n = 1)

North West 8 0 0.00

Samie et al. [32] Cat (n = 25)
Dog (n = 25) Limpopo 50 19 38.00
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Table 1. Cont.

Study Authors Animal Host (n) Study Area
(Province) Sample Size No. of Positives Prevalence (%)

Samie et al. [33]

Chicken (n = 28)
Goat (n = 93)
Sheep (n = 4)
Cattle (n = 187)

Limpopo 312 98 31.41

Samra et al. [34]
Buffalo (n = 141)
Elephant (n = 144)
Impala (n = 161)

Mpumalanga 446 29 6.50

Samra et al. [35]
Buffalo (n = 71)
Elephant (n = 72)
Impala (n = 71)

Mpumalanga 214 79 36.92

Samra et al. [36] Calf (Bovine) (n = 352) Mpumalanga 352 2 7.95

Syakalima et al. [37] Pig (n = 90) North West 90 72 80.00

Vink [38] Calf (Bovine) (n = 345) Mpumalanga 345 2 0.58

Additionally, 27 studies focusing on humans published between 1986 and 2020 were
included in the meta-analysis on the prevalence of Cryptosporidium spp. in humans. These
studies were from both the northern and southern regions of South Africa. Studies from
the northern region included the Gauteng (n = 7), Limpopo (n = 6), Mpumalanga (n = 1),
North West (n = 1) provinces, while the southern region included the Eastern Cape (n = 6)
and KwaZulu-Natal (n = 8) provinces (Table 2). Cryptosporidium spp. prevalence for
all the different provinces ranged from 2.89% to 72.94%, respectively (Table 2), with the
highest pooled prevalence from the KwaZulu-Natal province and the lowest from the
Gauteng province.

Table 2. List and characteristics of eligible studies included in the meta-analysis with respect to
human study prevalence by different provinces in South Africa.

Study Authors Study Area (Province) Sample Size No. of Positives Prevalence (%)

Abebe et al. [39] Limpopo 84 25 29.76

Bartelt et al. [40] Limpopo 251 165 65.74

Becker et al. [41] Eastern Cape 1428 164 11.49

Berkowitz et al. [42] Gauteng 121 18 14.88

Etinosa [43] Eastern Cape 180 122 67.78

Fripp et al. [44] Gauteng 6870 289 4.21

Geyer et al. [45] Gauteng 78 20 25.64

Hlungwani [30] Gauteng 362 80 22.10

Hlungwani [30] Limpopo 218 159 72.94

Htun et al. [46] Eastern Cape 842 179 21.26

Jarmey-Swan et al. [47] KwaZulu-Natal 2800 1300 46.43

Leav et al. [48] KwaZulu-Natal 101 25 24.75

Moodley et al. [49] KwaZulu-Natal 1229 111 9.03

Msolo et al. [50] Eastern Cape 53 3 5.66

Müller et al. [51] Eastern Cape 934 28 2.99
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Table 2. Cont.

Study Authors Study Area (Province) Sample Size No. of Positives Prevalence (%)

Omoruyi et al. [52] Eastern Cape 180 47 26.11

Samie et al. [53] Limpopo 244 44 18.03

Samie et al. [54] Limpopo 255 46 18.04

Samie et al. [55] Limpopo 528 143 27.08

Samie et al. [56] Limpopo 322 42 13.04

Samie et al. [57] Limpopo 151 15 9.93

Samra et al. [58] Gauteng 141 25 17.73

Samra et al. [58] Mpumalanga 128 11 8.59

Samra et al. [58] North West 147 14 9.52

Samra et al. [58] KwaZulu-Natal 26 4 15.39

Smith and Van den Ende [59] KwaZulu-Natal 259 31 11.97

Steele et al. [60] Gauteng 1316 38 2.89

Steele et al. [14] Gauteng 3186 129 4.05

Trönnberg et al. [61] KwaZulu-Natal 120 25 20.83

Walters [62] KwaZulu-Natal 91 53 58.24

Witienberg et al. [63] KwaZulu-Natal 194 30 15.46

3.3. Pooling, Heterogeneity and Subgroup Analysis
3.3.1. Prevalence in Animals Based on Hosts, Study Years and Cryptosporidium Species

Studies examining the prevalence of Cryptosporidium in animals found high hetero-
geneity based on the host, year of study and Cryptosporidium species (Table 3). In total,
2579 samples were screened, of which 374 tested positive to various species of Cryptosporid-
ium spp. with a pooled prevalence estimate (PPE) of 21.5% (95%CI: 10.5–39.2%; Q = 391.34;
I2 = 97.70; Q–p = 0.0003) (Table 3).

Table 3. Pooled prevalence estimates and risk factors associated with Cryptosporidium species infection
in animals.

Risk Factor No. of
Studies

Pooled Prevalence Estimates Measure of
Heterogeneity

Q–P

Publication Bias

Sample
Size

No. of
Positives

Prevalence
95%CI (%) Q I2

Begg and
Mazumdar Rank
p-Value

Overall
animals 10 2579 374 21.5 (10.5–39.2) 391.34 97.70 0.000 0.123

Study year

2001–2010 4 1015 102 11.7 (4.4–27.5) 63.94 95.31 0.000 0.500

2011–2020 4 872 124 11.3 (1.1–58.8) 134.15 97.76 0.000 0.248

Cryptosporidium
species

C. andersoni 2 299 4 1.5 (0.6–3.9) 0.86 0.00 0.352 –

C. bovis 2 566 5 1.0 (0.4–2.3) 0.98 0.00 0.320

C. parvum 3 882 32 3.7 (1.1–12.0) 17.58 88.62 0.000 0.301

C. ubiquitum 1 214 3 1.4 –
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Table 3. Cont.

Risk Factor No. of
Studies

Pooled Prevalence Estimates Measure of
Heterogeneity

Q–P

Publication Bias

Sample
Size

No. of
Positives

Prevalence
95%CI (%) Q I2

Begg and
Mazumdar Rank
p-Value

Animal species

Buffalo 2 212 10 4.9 (2.7–8.9) 0.82 0.00 0.364 –

Cattle 5 749 100 11.4 (4.7–25.1) 49.31 91.89 0.000 0.025

Dog 2 38 13 30.4 (9.7–64.1) 2.84 64.84 0.092 –

Elephant 2 216 37 5.9 (0.1–73.8) 7.48 86.62 0.006 –

Goat 2 126 48 31.3 (11.2–62.0) 6.94 85.60 0.008 –

Impala 2 232 9 3.9 (2.1–7.4) 0.31 0.00 0.581 –

Sheep 2 89 28 31.5 (22.7–41.9) 0.64 0.00 0.425 –

Animal studies conducted during the 2001–2010 duration had a slightly higher PPE of
[11.7% (95%CI: 4.4–27.5); Q = 63.94; I2 = 95.31; Q–p = 0.0001] than those of the 2011–2020
duration [11.3% (95%CI: 1.1–58.8%); Q = 134.15, I2 = 97.76; Q–p = 0.0001] (Figure 2).
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Figure 2. Forest plot of the prevalence of Cryptosporidium spp. from animal studies conducted
during 2001–2010. The squares demonstrate the individual point estimates. The diamond at the base
indicates the pooled estimate from the overall studies [30,36–38].

With references to species, C. parvum had the highest PPE of [3.7% (95%CI: 1.1–12.0%);
Q = 17.58; I2 = 88.62, Q–p = 0.000], followed by C. andersoni [1.5% (95CI: 0.6–3.9%); Q = 0.86;
I2 = 0.00; Q–p = 0.352] and C. ubiquitum 1.4%, and C. bovis had the lowest PPE [1.0% (95%CI:
0.4–2.3%); Q = 0.98; I2 = 0.00; Q–p = 0.320] (Table 3). The prevalence of Cryptosporidium
spp. by animal host varied as the following: sheep had the highest PPE [31.5% (95%CI:
22.7–41.9%); Q = 0.64; I2 = 0.00; Q–p = 0.425], followed by goats [31.3% (95%CI: 11.2–62.0%);
Q = 6.94; I2 = 85.60; Q–p = 0.008], dogs [30.4% (95%CI: 9.7–64.1%); Q = 30.4; I2 = 64.84;
Q–p = 0.092], cattle [11.4% (95%CI 4.7–25.1%); Q = 49.31; I2 = 91.89; Q–p < 0.000], elephants
[5.9% (95%CI: 0.1–73.8%); Q = 7.48; I2 = 86.62; Q–p = 0.006] and buffaloes [4.9% (95%CI;
2.7–8.9%); Q = 0.82; I2 = 0.00; Q–p = 0.36], and the lowest was for impala with a PPE of
[3.9% (95%CI: 2.1–7.4%); Q = 0.31; I2 = 0.00; Q–p = 0.581] (Table 3).
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3.3.2. Assessment of Publication Bias in Animals

A funnel plot of standard error by logit event rate was used to ascertain the presence
of publication bias in the eligible studies. No significant bias was observed overall in the
animal studies using the Begg and Mazumdar rank correlation test except for the subgroup
analysis, where with respect to the prevalence in cattle, significant bias was observed as
evident by the asymmetry of the plot with a p-value of 0.0432 (Table 3; Figure 3).
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Figure 3. Funnel plot with 95% confidence limits of Cryptosporidium spp. pooled prevalence estimates
of cattle subgroup studies that tested positive for Cryptosporidium species. The diamond at the base
indicates the pooled estimate from the studies overall.

3.3.3. Prevalence in Humans Based on Study Years, Areas, Ages, HIV Statuses and
Diagnostic Techniques

High heterogeneity was observed in studies looking at the prevalence of Cryptosporid-
ium in humans depending on factors like age, HIV status, area, year of study and diagnostic
method (Table 4). The 27 eligible studies for the evaluation of the prevalence of Cryptosporid-
ium spp. in humans was conducted with data of studies published from 1983 to 2018. A
total of 22,994 human fecal samples were examined, of which 3589 samples tested positive
for Cryptosporidium spp., with a PPE of 18.1% (95%CI: 11.8–26.6). Substantial heterogeneity
was observed [Q = 3655.54; I2 = 99.23; Q–p = 0.000] (Table 4).

Table 4. Pooled prevalence estimates and risk factors associated with Cryptosporidium species infection
in humans.

Risk Factor No. of
Studies

Pooled Prevalence Estimates Measure of
Heterogeneity

Q–P

Publication Bias

Sample
Size

No. of
Positives

Prevalence
95%CI (%) Q I2

Begg and
Mazumdar Rank
(p-Value)

Overall humans 27 22,787 3510 18.1 (11.8–26.6) 3655.54 99.23 0.000 0.411

Study region

Northern region 15 13,825 1175 16.9 (8.7–30.3) 1578.25 99.11 0.000 0.200

Southern region 14 8437 2122 19.8 (11.8–31.4) 1190.73 98.91 0.000 0.274
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Table 4. Cont.

Risk Factor No. of
Studies

Pooled Prevalence Estimates Measure of
Heterogeneity

Q–P

Publication Bias

Sample
Size

No. of
Positives

Prevalence
95%CI (%) Q I2

Begg and
Mazumdar Rank
(p-Value)

Sex

Female 5 2067 785 41.1 (19.5–66.7) 187.25 97.86 0.000 0.500

Male 5 1786 615 38.1 (20.5–59.6) 66.58 93.99 0.000 0.500

Age

<6 months–25 years 19 3636 1214 28.7 (23.3–34.7) 112.60 84.01 0.000 0.376

26–45 years 8 369 130 30.0 (14.1–52.9) 91.33 92.34 0.000 0.310

>45 years 8 153 43 24.2 (9.1–50.5) 40.44 82.69 0.000 0.310

Diagnostic technique

Microscopy 21 25,475 1570 10.1 (6.1–16.2) 1761.79 98.87 0.000 0.359

ELISA 4 1081 598 66.7 (46.4–82.3) 101.98 97.06 0.000 0.087

IFAT 2 546 36 8.4 (0.7–53.2) 44.89 97.77 0.000 –

LAMP 2 237 93 45.4 (26.6–56.6) 3.91 74.39 0.048 –

RDT 4 3257 331 7.9 (3.2–18.0) 143.71 97.91 0.000 0.249

qPCR 3 717 139 20.7 (11.1–35.4) 30.50 93.44 0.000 0.059

PCR 9 991 252 25.3 (11.5–46.9) 203.65 96.07 0.000 0.500

PCR-RFLP 2 64 50 77.8 (65.9–86.4) 0.60 0.00 0.438 –

Study year

1981–1990 8 13,557 768 9.2 (4.9–16.4) 479.10 98.54 0.000 0.042

1991–2000 2 2901 1325 35.4 (17.5–58.6) 17.19 94.18 0.000 –

2001–2010 5 1223 502 42.7 (24.4–63.2) 167.58 97.61 0.000 0.500

2011–2020 7 4422 675 11.2 (5.7–21.0) 366.02 98.36 0.000 0.440

Cryptosporidium species

C. hominis 3 1165 46 4.0 (3.0–5.3) 1.43 0.000 0.489 0.301

C. meleagridis 2 585 2 0.4 (0.1–1.6) 0.64 0.00 0.424 –

C. muris 1 580 1 – – – – –

C. parvum 4 1636 403 18.3 (5.3–47.0) 223.28 98.66 0.000 0.500

HIV status

HIV+ 3 259 180 59.3 (19.8–89.6) 32.72 93.89 0.000 0.301

HIV− 3 396 149 39.8 (12.3–75.8) 83.34 97.60 0.000 0.059

Fecal consistency

Diarrhea 3 691 243 24.4 (9.4–50.3) 70.81 97.18 0.000 0.301

Non-diarrhea 3 565 148 21.7 (8.7–44.8) 45.30 95.59 0.000 0.301

ELISA, enzyme-linked immunosorbent assay; HIV, human immunodeficiency virus; IFAT, immunofluorescence an-
tibody test; qPCR, quantitative polymerase chain reaction; PCR, polymerase chain reaction; LAMP, loop-mediated
isothermal amplification; PCR-RFLP, polymerase chain reaction–restriction fragment length polymorphism.

The southern region had the highest PPE [19.8% (95%CI: 11.8–31.9%); Q = 1190.73,
I2 = 98.91, Q–p = 0.000] compared to the northern region [16.9% (95%CI: 8.7–30.3%),
Q = 1578.25, I2 = 99.11, Q–p = 0.000], with the highest PPE from the KwaZulu-Natal province
(Table 4). Also, studies conducted during the 2001–2010 duration had the highest PPE,
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while studies conducted between 2011 and 2020 had the lowest [11.2% (95%CI: 5.7–21.0%);
Q = 366.02; I2 = 98.36; Q–p = 0.000]. Despite the 1981–1990 period having had the highest
number of studies and sample size, we observed a low PPE of 9.2% [95%CI: 4.9–16.4%;
Q = 479.10; I2 = 98.54; Q–p = 0.000] (Table 4). With reference to species, C. parvum had
the highest PPE of 18.3% [95%CI: 5.3–47.0%; Q = 223.28; I2 = 98.66; Q–p = 0.000] while
C. meleagridis had the lowest PPE of 0.4% [95%CI: 0.1–1.6%; Q = 0.64; I2 = 0.00; Q–p = 0.424]
(Table 4).

The age interval of 26–45 years had the highest PPE at 30.0% [Q = 91.33; 95%CI
14.1–52.9; I2 = 92.34; Q–p = 0.000], while the lowest was in the >45 yrs age interval at 24.2%
[95%CI: 9.1–50.5%; Q = 40.44; I2 = 82.69; Q–p = 0.000] (Table 4).

In all studies, the PPE was higher in females at 41.1% [95%CI: 19.5–66.7%; Q = 187.25;
I2 = 97.86; Q–p = 0.000], than 38.1% [95%CI: 20.5–59.6%; Q = 66.58; I2 = 93.99; Q–p = 0.000]
in male participants (Table 4). Figure 4 shows a forest plot of individual point estimates for
the combined prevalence estimates of males (A) and females (B).

With regards to HIV infection, the HIV-positive (HIV+) population had a compar-
atively higher PPE at 59.3% [95%CI: 19.8–89.6%; Q = 32.72; I2 = 93.89; Q–p = 0.000] as
compared to 39.8% (95%CI: 12.3–75.8%); Q = 83.34; I2 = 97.60; Q–p = 0.000] in the HIV-
negative (HIV–) population (Table 4).

Cryptosporidium spp. infections was high in diarrheal patients with a PPE of 24.4%
[95%CI: 9.4–50.3); Q = 70.81; I2 = 97.18; Q–p = 0.000], as compared to non-diarrheal patients
at 21.7% [95%CI: 8.7–44.8%); Q = 45.30; I2 = 95.59; Q–p = 0.000] (Table 4). With respect
to diagnostic techniques, our analyses showed that polymerase chain reaction–restriction
fragment length polymorphism (PCR-RFLP) had the highest Cryptosporidium spp. detec-
tion sensitivity with a PPE at [77.8% (95%CI: 65.9–86.4%); Q = 0.60; I2 = 0.00; Q–p = 0.438],
followed by ELISA [66.7% (95%CI 46.4–82.3%); Q = 101.98; I2 = 97.06; Q–p = 0.000], loop-
mediated isothermal amplification (LAMP) [45.4% (95%CI: 26.6–56.6%); Q = 3.91; I2 = 74.39;
Q–p = 0.048], PCR [25.3% (95%CI: 11.5–46.9%); Q = 203.65; I2 = 96.07; Q–p = 0.000], quantita-
tive polymerase chain reaction (qPCR) [20.7% (95%CI: 11.1–35.4%); Q = 30.50; I2 = 93.44; Q–
p = 0.000], microscopy [10.1% (95%CI: 6.1–16.2%); Q = 1761.79; I2 = 98.87; Q–p = 0.000] and
immunofluorescence antibody test (IFAT) [8.4% (95%CI: 0.7–53.2%); Q = 44.89; I2 = 97.77;
Q–p = 0.000], and rapid diagnostic test (RDT) had the lowest PPE [7.9% (95%CI: 3.2–18.0%);
Q = 143.71; I2 = 97.91; Q–p = 0.000] (Table 4).
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3.4. Publication Bias Assessment in Human Studies

The Begg and Mazumdar rank correlation test revealed no significant publication bias
for almost all the parameters except for the study year period 1981–1990, where significant
bias was observed of both the asymmetry of the funnel plots and p-value of 0.042 (Table 4;
Figure 5).
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4. Discussion

This study recorded an overall PPE of 21.5% for Cryptosporidium spp. infection
in animals. Similar findings have also been reported in Australia (22.3%) and Tunisia
(18.9%) [5,64]. On the other hand, higher prevalence above 50.0% was reported in an
animal study from China and in a global review of Cryptosporidium spp. [65,66]. Most of the
animal studies included in this meta-analysis were focused on the northern region of South
Africa, where our analysis recorded a PPE of 13.7% of Cryptosporidium spp. infections. Data
of animal studies were scarce in the southern regions; this paucity of studies may be due
to a low research interest, as cryptosporidiosis is possibly not regarded as problematic
for livestock. Furthermore, the results indicated a declining trend of Cryptosporidium spp.
infection prevalence overtime, whereby the 2011–2020 period had a slightly lower pooled
estimated prevalence as compared to the 2001–2010 period of study. This observation
could be associated with the use of proper sanitary toilets, medication and improved
animal husbandry practice. These observations are in accordance with the World Health
Organization (WHO) and Global Roadmap 2012 mandate to decrease the prevalence of
zoonotic diseases by 2020 through the improvement in veterinary public health practice
and a focus on the supply of safe and palatable water, good sanitary infrastructures and
proper hygiene practice [67]. Moreover, treatment, sanitation and proper hygiene practices
have been proven to assist in reducing the prevalence of Cryptosporidium spp. infections in
livestock [68–70].

Among all Cryptosporidium spp. observed in this study, C. parvum (3.7%) had the high-
est PPE, followed by C. bovis (1.0%). Similar findings have been reported in Greece and Peru,
whereby C. parvum (64.3%) was more prevalent in comparison to both C. andersoni + C. bovis
(7.1%) prevalence in animals [71,72]. In contrast, Ref. [73] reported different findings,
whereby C. bovis (57.0%) was the most common Cryptosporidium spp. of health concern and
C. parvum (7.0%), the species of least concern in veterinary medicine.

Animal hosts facilitate the spread of Cryptosporidium spp. differently according to their
level of relationship with humans. This meta-analysis of pooled data indicated that there
were more cattle studies as compared to other animal hosts. Sheep had the highest PPE
(31.5%) as compared to cattle (11.4%). Similar results have been reported in India, where
sheep had a 35.0% prevalence compared to cattle, of 5.0% prevalence [74]. Additionally,
Odenrian and Ademola [75] observed that cattle (26.1%) in Nigeria appeared to be more
exposed to Cryptosporidium spp. infections as compared to other domestic animals.

We observed an overall PPE of Cryptosporidium spp. of 18.1% in our present human
study. Similarly, this result has been reported in studies from the southern region (20.0%),
the Oromia (18.0%) province in Ethiopia and in humans from southern Africa (6.8%) [76,77].
Urban areas are known to have access to potable water with better sanitation practices,
which can lower the spread of cryptosporidiosis [78]. In the current study, the northern
region of South Africa had a lower prevalence (16.9%) compared to the southern region
(19.8%), which we believe is due to better sanitary practices in the north than the resource-
poor southern region. This is in accordance with the findings reported by Kalantari
et al. [79]. Our analysis indicated an increase in the prevalence of Cryptosporidium spp. with
decreasing sample size. This accounted for the increase in prevalence from 1981 to 2010
and then a decline in the 2011–2020 period, which could have been due to an increase in
the population sample size, which agrees with the findings in Ethiopia [80].

All characterized Cryptosporidium spp. were detected by serological and molecular
techniques and our findings showed C. parvum to be the most abundant species infecting
humans. These findings are in agreement with the findings obtained in Iran, whereby
C. parvum (84.4%) was the most prevalent species followed by C. hominis (13.4%) [79].
However, other studies have reported C. hominis as the most common Cryptosporidium
spp. that infected humans followed by C. parvum in Malawi and India [81,82]. The present
study observed a higher PPE for the population group aged 26–45 years, followed by
<6 months–25 years and the lowest in the >45 years age group. Similar results were obtained
whereby the 1–25 years (3.0%; 15.4%) group had high Cryptosporidium spp. prevalence as
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compared to the >45 years group (0.4%; 4.0%) in studies from Iran and Scotland [83,84].
Interestingly, the literature generally indicated that younger children were more susceptible
to contracting Cryptosporidium spp. infections as compared to other older age groups [85].
This is because children tend to ignore hygiene while playing outside in grounds that might
harbor zoonotic microorganisms of fecal origin [86]. Moreover, higher prevalence among
children may reflect a lack of immunity as compared to older groups who acquire it due to
exposure to Cryptosporidium spp. infection during their lifetime due to activities such as
farming and swimming [87,88].

Our results revealed that females (41.1%) had a higher PPE compared to males (38.1%),
which is consistent with previous reports from villages around Lake Atitlan, Guatemala,
and in Delta State, Nigeria, where prevalences of 42.9% and 3.5% were found in females,
respectively, and of 24.1%, and 2.1% in males, respectively [88,89]. However, higher
prevalence was observed in males (13.0% and 13.3%) compared to females (6.1% and 7.1%)
as recorded in Zambia and Pakistan, respectively [90,91]. This high prevalence in females
could be associated with a lack of access to clean water, participation in day care, conducting
house chores including cleaning and washing clothes and sometimes bad sanitary activities
due to socioeconomic conditions [92]. Historically, it is rare for males to consult health
practitioners whenever they are ill, and they will either try home remedies, while females
consult practitioners for most health complications happening in their bodies, and hence,
they appear to have higher records of infection [93,94].

Undoubtably, available data have shown that the Cryptosporidium parasite is an oppor-
tunistic infection, particularly in immunosuppressed individuals [95]. Our results indicated
that HIV+ individuals (59.3%) were more exposed to infection with Cryptosporidium spp.
as compared to HIV− individuals (39.8%). The peak occurrence of Cryptosporidium spp.
in HIV+ individuals was consistent with previous observations from Uganda, which had
73.6% and 5.9% HIV+ and HIV− individuals, respectively [96]. Our findings appeared
to be higher as compared to those reported in Nigeria [97] and also fell within the epi-
demiological range of the world’s rate (0–78.1%) for Cryptosporidium spp. infections [98].
This relatively high PPE of Cryptosporidium spp. infection could be linked to poor hygiene
practices, water scarcity, close contact with animals and high rate of immunocompromised
individuals [24,99].

Numerous diagnostic methods can be used to detect Cryptosporidium infection in
humans and animals worldwide including histology, immunology, microscopy and molec-
ular techniques [100]. The findings from this study suggest that the frequently applied
diagnostic method for Cryptosporidium species in South Africa was microscopy, followed by
PCR, RDT, ELISA, qPCR, IFAT and LAMP, and the least used was PCR-RFLP. This agrees
with documented reports by Kalantari et al. [80] in Iran, where they reported microscopy as
the most employed diagnostic approach for the detection of Cryptosporidium spp. infection.
Mohebali et al. [81] detected similar Cryptosporidium prevalence (10%) in Ethiopia using a
modified Ziehl–Neelsen staining diagnostic technique. This increase in the detection of
Cryptosporidium spp. prevalence might be linked to the use of serological and molecular
techniques, which are more sensitive and less time-consuming.

This study confirmed the prevalence of Cryptosporidium spp. in animals, humans
and the environment (soil and water). Our results highlight the importance of “One
Health” because Cryptosporidium spp. has been proven to exist in humans, animals and the
environment. Future researchers should be encouraged to use the “One Health” approach
to developing methods that explicitly examine the relationships between human–animal–
environment frameworks, with a particular focus on Cryptosporidium infections.

5. Highlights and Limitations

This systematic review and meta-analysis study used good-quality studies to present
a summary of unbiased results of both animal and human Cryptosporidium prevalence
in South Africa and revealed that there are some provinces where Cryptosporidium spp.
infections have not yet been studied. With respect to humans, there are no studies published
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in the Northern Cape, Western Cape and Free State provinces, while for animals, there are
no published studies in the KwaZulu-Natal, Northern Cape, Western Cape and Eastern
Cape provinces. Additionally, this study demonstrated the impact of the domestic–wildlife–
human interface on the prevalence of Cryptosporidium spp. infection and distribution, which
emphasizes the need for studies focusing on a “One Health” approach to produce multi-
data covering animal and human hosts as well as the environment, such as contaminated
water and soil.

It must be noted that this systematic review and meta-analysis had some limitations.
The study by Lukasova et al. [34] had a very small number of samples in the Gauteng (n = 1)
and North West (n = 8) provinces, which were examined for the presence of Cryptosporidium
spp., and there was also lack of similar studies in some provinces (e.g., the Northern
Cape province with zero publications/representation in both animal and human studies).
Additionally, the majority of studies included in this meta-analysis were conducted
using microscopic diagnostic techniques, which have a lesser diagnostic sensitivity
as compared to molecular and immunological techniques. Moreover, there was no
repeated fecal sample examination conducted, which might have resulted in possible
false-positive or -negative results. This means that the reported prevalence might have
been underestimated.

Due to the small number of studies on some subgroups such as (i) various Cryptosporid-
ium species such as C. andersoni, C. bovis, C. ubiquitum, C. hominis and C. muris; (ii) various
hosts such as buffaloes, dogs, elephants, goats, sheep and impala; (iii) the wide use of
various diagnostic methods such as IFAT, LAMP and PCR-RFLP; and (iv) the lack of studies
in the period 1991–2000, the identified formal assessment of publication bias using funnel
plots and Begg’s rank and Mazumdar test was not possible. However, meta-analyses that
include fewer than 10 studies or have a high degree of heterogeneity between studies
may lead to misleading results from these assessment tools. When there is a high level
of heterogeneity, it is very difficult to evaluate the actual results of statistically significant
publication bias tests. Because there is high heterogeneity across analyses, readers should
exercise caution when interpreting pooled analyses and subgroups.

6. Conclusions

The data generated in this study indicated that the prevalence of Cryptosporidium
spp. infections was slightly higher in animal than human hosts in South Africa. However,
we further observed that there was a lack of Cryptosporidium spp. prevalence studies for
both animals and humans in some of the provinces. Furthermore, human infections were
prevalent in HIV+ and immunocompromised patients, emphasizing that they were a high-
risk group for opportunistic diseases such as cryptosporidiosis. However, the results of
the included studies varied greatly, between their sampling methods, sample sizes, study
locations and diagnostic techniques used, and this needs to be taken into account and may
explain some of the inconsistencies. The occurrence and prevalence of Cryptosporidium spp.
infections in animals is of public health importance, hence, more studies involving both
domestic and wild animals are required. The findings of this study suggest the necessity
for a “One Health” strategy to promote public hygiene, animal husbandry and regular
screening for Cryptosporidium spp. infections of animals, humans and the environment (soil
and water) in all nine provinces of South Africa.
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Immune Profile and Induces Metabolic Changes Associated with
Reduced Tachyzoite Infection in Peritoneal Exudate Cells from
Susceptible C57BL/6 Mice
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Abstract: Toxoplasmosis is a neglected disease that represents a significant public health problem.
The antigenic profile of T. gondii is complex, and the immune response can lead to either susceptibility
or resistance. Some antigens, such as surface antigen glycoprotein (SAG), are expressed on the
surface of tachyzoite stages and interact with the host immune cells. In this study, we investigated
the potential of the recombinant SAG2A protein of T. gondii to control parasitism and modulate
the immune response in the peritoneal exudate cells (PECs) of both susceptible (C57BL/6) and
resistant (BALB/c) mice using an in vitro infection model, gene expression, proteomic analysis, and
bioinformatic tools. Our results showed that rSAG2A-treated PECs presented a lower parasitism in
C57BL/6 mice but not in the PECs from BALB/c mice, and induced a pro-inflammatory cytokine
profile in C57BL/6 mice (iNOS, TNF-α, and IL-6). rSAG2A modulated different exclusive proteins
in each mouse lineage, with PECs from the C57BL/6 mice being more sensitive to modulation by
rSAG2A. Additionally, biological processes crucial to parasite survival and immune response were
modulated by rSAG2A in the C57BL/6 PECs, including fatty acid beta-oxidation, reactive oxygen
species metabolism, interferon production, and cytokine-mediated signaling pathways. Together,
our study indicates that rSAG2A controls T. gondii parasitism in susceptible C57BL/6 PECs through
the modulation of pro-inflammatory cytokines and enhanced expression of proteins involved in the
cytotoxic response.

Keywords: Toxoplasma gondii; macrophages; rSAG2A; cytokine; inflammation
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1. Introduction

Toxoplasmosis is a neglected zoonotic disease caused by Toxoplasma gondii, which
can infect a wide range of warm-blooded vertebrates [1]. Approximately one-third of
the world’s population has antibodies against T. gondii, and in some European countries,
around 80% of the population have been exposed to the parasite at some point in their
lives. In Brazil, recent years have been marked by several outbreaks of Toxoplasmosis
in different states [2–4]. The disease can be fatal in congenital infections and can also
cause cranio-cerebral and ocular sequelae in surviving neonates. In fact, infections in
immunosuppressed patients and pregnant woman infected during the first trimester of
pregnancy present the highest risk [5].

The life cycle of the parasite is heteroxenous, with felines serving as the definitive
hosts. When infected, felines shed millions of oocysts per day in their feces. These oocysts
sporulate and become infective in the environment. Intermediate hosts likely include all
warm-blooded animals, such as most livestock and humans. Hosts become infected by
ingesting sporulated oocysts that contaminate crops, soil, and water sources, or by con-
suming raw or undercooked meat containing cysts, which are the two primary horizontal
transmission routes [6]. In the intestinal cells, these forms of the parasite differentiate into
tachyzoites, which rapidly replicate in acute-disease-causing forms. As the immune re-
sponse develops, some tachyzoites escape destruction and develop into bradyzoites, which
form cysts in various tissues, including the brain and skeletal muscle. In immunocompe-
tent hosts, these cysts do not cause overt disease and remain undetected as a relatively
benign chronic infection. However, in immunocompromised patients, latent infection can
reactivate, with bradyzoites converting into rapidly replicating tachyzoites, causing severe,
life-threatening disease [6,7]. In pregnant women, acute infections acquired during or
shortly after gestation can lead to congenital toxoplasmosis.

T. gondii has a complex antigenic profile that changes over the parasite’s life cycle,
including tachyzoite, bradyzoite, and sporozoite stages. These antigens include micronem
(MIC), apical membrane antigens (AMAs), rhomboid antigens (ROMs), rhoptry antigens
(ROPs), dense granule (GRAs) antigens, and surface antigen glycoproteins (SAGs) [8].
However, the immune response that these antigens promote and their immunogenicity vary,
making effective vaccine development challenging [8]. The immune response to T. gondii
can lead to different immunological outcomes, susceptibility, and resistance. Once T. gondii
cross the mucosal barrier in the hosts, they activate immune cells to produce tumor necrosis
factor-alpha (TNF-α) and anti-inflammatory cytokines such as interleukin 10 (IL-10), IL-27,
and transforming growth factor-beta (TGF-β) [9]. This downregulates pro-inflammatory
cytokines, enhances parasite proliferation, and triggers parasite migration to immune-
privileged sites, including the brain, eye, and placenta. Conversely, an immune response
that activates cell-mediated immunity and interferon-gamma (IFN-γ) production by natural
killer cells and CD8+ T cells controls T. gondii infection [9]. Neutrophils, macrophages, and
dendritic cells that recognize the parasite evoke a pro-inflammatory response with high
levels of IL-1β, IL-12, IL-18, and TNF-α, inhibiting parasite proliferation and infection [9].

Interestingly, different T. gondii antigens control the immune response. For instance,
IL-22 is produced by CD4+ TH17 cells in response to the presence of ROP antigens [10,11].
GRAs enhance interferon regulatory factor 8 (IRF8), nuclear factor kappa B (NF-κB), and
T-bet, controlling the CD4+ TH1/TH2 immune response [12]. Additionally, SAG antigens
can induce INF-γ and IL-12 production against T. gondii [13].

SAG2A is a protein of 22 kDa that belongs to the SAG2-like sequence family [14]. It
differs from the other SAG proteins due to the presence of a disordered structure in its
C-terminal region. SAG2A is an immunodominant antigen expressed in the tachyzoite
phase of T. gondii, which contains a B cell epitope, making it a promising candidate for
vaccine and diagnostic purposes [14–16]. SAG2A interacts with the host immune cells
during acute infection, as it is abundantly expressed on the surface of tachyzoites [17]. The
detection of IgG anti-SAG2A has been proposed for the diagnosis of toxoplasmosis. The
use of IgG1 anti-SAG2A [15] and IgG3 anti-recombinant SAG2A [16] has shown promising
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results and a higher sensitivity in the acute phase of disease. Interestingly, these authors
observed that the determination of the IgG3/IgG1 ratio of antibodies specific for rSAG2A
associated with classic serum markers could be a tool to distinguish the early acute phase
of T. gondii-infected patients.

The protein SAG2A is released from T. gondii tachyzoites in gliding assays using
“freshly harvested” T. gondii RH strain tachyzoites [18]. Additionally, murine innate im-
mune cells can be modulated by SAG2A [14]. These results suggest that SAG2A can be
released during the beginning of infection, while also being able to interact with com-
pounds from the adaptive immune response, inducing a robust humoral immune response
during the initial phases of infection. To understand the role of SAG2A in the parasite
immune response in toxoplasmosis, we evaluated the impact of the recombinant SAG2A
protein (rSAG2A) during the infection of peritoneal exudate cells (PECs) from BALB/c and
C57BL/6 mice in comparison with untreated infected macrophages. Our results showed
that rSAG2A-primed PECs presented a lower number of intracellular tachyzoites in sus-
ceptible C57BL/6 mice, but not in PECs from resistant BALB/c mice. We characterized
the immunological profile in both lineages and analyzed the potential metabolic pathways
involved in the reduced parasitism of PECs from C57BL/6 mice infected with T. gondii
compared to PECs treated with rSAG2A.

2. Materials and Methods
2.1. Ethics Statement

BALB/c (n = 15) and C57BL/6 (n = 15) male mice (5–8 weeks) were purchased from the
Federal University of Uberlândia Rodent Bioterium and maintained in standard conditions,
with a 12/12 h light/dark cycle under specific pathogen-free conditions (SPF) and with
ad libitum water and chow. All the experiments with mice were carried out according
to the institutional guidelines and were approved by the ethics institutional care and use
committee of the State University of Santa Cruz, under protocol number 004/11.

2.2. Parasites

T. gondii tachyzoites RH strain (2F1 clone), which constitutively expresses cytoplas-
mic β-galactosidase [19], was kindly donated by Dr. Vern Carruthers of the University
of Michigan Medical School (Michigan, MI, USA). The tachyzoites were propagated in
human cervix adenocarcinoma (HeLa) cell lines obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium (Cultilab, Campinas, SP, Brazil) supplemented with L-glutamine,
penicillin, streptomycin, and 2% fetal bovine serum (Cultilab) at 37 ◦C and 5% CO2.

2.3. Isolation of Peritoenal Exudate Cells (PECs)

The animals received an intraperitoneal injection of 2 mL of 3% thioglycolate medium,
and after 72 h, the peritoneal exudate cells (PECs) rich in peritoneal macrophages were
collected in 5 mL of PBS after euthanasia, as previously suggested [20]. The cells were
washed, counted, and suspended in DMEM medium (Cultilab) supplemented with 10%
of fetal bovine serum (FBS) + 40 mg mL−1 of gentamicin (Gibco by Invitrogen, Waltham,
MA, USA).

2.4. Parasitism and SAG2A

T. gondii parasitism in the PECs was measured using the β-Gal assay, as previously sug-
gested [21]. Two independent experiments were performed using a pool of PECs obtained
from n = 4 animals in each experiment. The PECs of BALB/c and C57BL/6 mice were incu-
bated (1 × 105 cells/200 µL/well) in 10% DMEM medium in 96-well plates for 24 h at 37 ◦C
and 5% CO2. After the incubation period, the cells were washed to remove non-adherent
cells, infected or not with tachyzoites from 2F1 clone in a 1:1 parasites/cell proportion
(multiplicity of infection, MOI = 1). Three hours after the infection, the cell monolayers were
rinsed with fresh DMEM to remove non-adherent and extracellular parasites, followed by
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the addition of 10 µg mL−1 of the full-length rSAG2A protein. The full-length rSAG2A
was obtained as previously described [22]. The dose concentration (10 µg/mL−1) used
presented no toxicity to the PECs from both BALB/c and C57BL/6 mice, as previously
described [22]. After 24 h, the parasitism was quantified using chlorophenol red–β-D-
galactopyranoside (CPRG; Roche, Mannheim, Germany), as previously described [21]. The
β- galactosidase activity was measured at 570 nm in a microplate reader (Versa Max ELISA
Microplate Reader, Molecular Devices, Sunnyvale, CA, USA).

2.5. RT-qPCR

The PECs (1 × 106 cells) from BALB/c and C57BL/5 mice were placed in 24-well plates,
infected with 2 × 106 tachyzoites, and incubated for 3 h at 37 ◦C and 5% CO2. After that, the
cells were treated or not with 10 µg/mL−1 of rSAG2A protein for 24 h. The samples were
collected in 500 µL of TRIzol (Invitrogen, Waltham, MA, USA), followed by RNA extraction
according to the manufacturer’s protocol. The RNA concentration was determined using a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) after
RNA treatment with DNAse I (Thermo Fisher Scientific), and the RNA integrity was
evaluated using 1% agarose gel. cDNA synthesis was performed using the cDNA First
Strand kit (Thermo Fisher Scientific), according to the manufacturer’s instructions, followed
by quantification and sample dilution to achieve 40 ng/1 µL. Amplification was carried
out with Maxima SYBR Green/GoTaq qPCR Master Mix (Promega, Madison, WI, USA)
using a Stratagene Mx3005P system (Agilent Technologies, Santa Clara, CA, USA). The
gene markers included IL-1β, IL-6, IL-10, TGF-β, TNF-α, Arginase 1, and iNOS, and the gene
18S was used for normalization (Table 1). The PCR conditions were as follows: 95 ◦C for
10 min and 40 cycles of 95 ◦C for 5 s, 60 ◦C for 30 s, and 75 ◦C during 30 s. The reaction
products were dissociated to confirm whether the products obtained were unique and
specific. The relative expression was measured using the 2−∆∆Ct methodology [23]. The
mean values of 2−∆∆Ct for each gene were converted using a Z-score scale and these values
were used for a heatmap analysis with clusterization. These analyses were implemented
in the R environment (3.6.2) with the Heatmap function, using the ComplexHeatmap
package [24,25]. Grouping was performed using the mean Euclidean distance and the
complete method.

Table 1. Sequence of primers used in real-time quantitative PCR reactions (RT-qPCR).

Gene Sequence

IL-1β
Forward: 5′-GCACACCCACCCTGCA-3′

Reverse: 5′-ACCGCTTTTCCATCTTCTTCTT-3′

IL-6 Forward: 5′-TCCAGAAACCGCTATGAAGTTC-3′

Reverse: 5′-CACCAGCATCAGTCCCAAGA-3′

IL-10 Forward: 5′-TGGACAACATACTGCTAACC-3′

Reverse: 5′-GGATCATTTCCGATAAGGCT-3′

TGF-β Forward: 5′-AAGCTACCAAGTTAGACTTCCCA-3′

Reverse: 5′-TGAAAGTTTAGCATACAGAATCCC-3′

TNF-α Forward: 5′-TGTTTCGAGGTTGCTTGTCT-3′

Reverse: 5′-GATTGTTCCACCAGCTTGC-3′

Arginase1 Forward: 5′-AAAGCTGGTCTGCTGGAAAA-3′

Reverse: 5′-ACAGACCGTGGGTTCTTCAC-3′

iNOS Forward: 5′-CAGCTGGGCTGTACAAACCTT-3′

Reverse: 5′-CATTGGAAGTGAAGCGTTTCG-3′

2.6. Quantitative Proteomic

A pool of PECs obtained from n = 7 male BALB/c and C57BL/6 mice were plated in
6-well plates in triplicates using 5 × 106 cells/well. Three conditions were established: a
control group with PECs without infection and not treated with rSAG2A, PECs infected

93



Microorganisms 2024, 12, 2366

with T. gondii (MOI = 1), and PECs treated with rSAG2A (10 µg/mL−1). The cells were
incubated in a BOD incubator for 24 h at 37 ◦C and 5% CO2. Protein extraction was
carried out according to the phenol method, as previously described [26]. The cells were
treated with 750 µL of extraction buffer (100 mmol L−1 Tris-HCL pH 8.3; 5 mmol L−1

EDTA; 100 mmol L−1 KCL; 1% p/v DTT; 30% sucrose; 1 complete Mini EDTA-free protease
inhibitor cocktail tablet (Roche Applied Science, Penzberg, Upper Bavaria, Germany) per
10 mL of buffer. The samples were then vortexed and centrifuged at 12,000 rpm at 4 ◦C.
The phenolic phase was collected, followed by the addition of 750 µL of buffered phenol,
vortexing, and centrifugation for five minutes. The phenolic phase was collected once more,
added with 100 mmol/L of ammonium acetate in methanol and left overnight at −20 ◦C
to precipitate. After that, the samples were centrifuged for 60 min at 4 ◦C and 13,000 rpm,
the supernatant was discarded and the pellet was kept for 60 min in cold acetone and
0.2% DTT solution at −20 ◦C and rinsed twice in the same solution. Between the rinsing
processes, the samples were centrifuged (4 ◦C and 13,000 rpm) and the supernatants were
discarded. The pellet was gently dried under a hood at room temperature and resuspended
with 200 µL of lysis buffer (8 mol/L urea; 5 mmol/L DTT; 30 mmol/L Tris). The protein
concentration was quantified by the Bradford quantification method and samples were
lyophilized and sent to the Proteomics Lab of the Faculty of Bioscience Engineering and
SyBioMa of the Biomedical Sciences Group, KU Leuven, for further proteomics workflow
steps. For protein digestion, the samples were re-suspended in 200 µL of lysis buffer
and the following process was performed successively, adding the following compounds
for each 20 µg of proteins: 20 mmol/L of DTT and 15 min incubation; 50 mmol/L of
iodoacetamide, incubation in the dark for 30 min; three times dilution with 150 mmol/L
of ammonium bicarbonate; the addition of 0.2 µg of trypsin and overnight incubation at
37 ◦C; and trifluoracetic acid to a 0.1% final acidification concentration. After that, Pierce™
C18 Spin Columns (Thermo Fisher Scientific) were used for the desalting of the samples,
according to the manufacturer’s instructions. Peptides separation of the digested samples
(1 µg/5 µL−1) was performed via a UPLC-MS/MS system, with the Ultimate 3000 UPLC
system (Dionex, ThermoScientific, Waltham, MA, USA) and Q Exactive Orbitrap mass
spectrometer (Thermo Scientific) as previously described [27]. Data were obtained with the
Xcalibur 3.0.63 software (ThermoScientific).

2.7. Proteomic Data Analysis

Protein identification was performed with raw data conversion by Proteome Discover
version 1.4 (Thermo Fisher Scientific) into mgf files and processing with MASCOT version
2.2.06 (Matrix Science, Columbus, OH, USA) against the Uniprot Mus musculus database
(55,398 proteins). The false discovery rate (FDR) was calculated to enhance the identification
confidence with Scaffold (version 3.6.3; Proteome Software Inc., Portland, OR, USA). Protein
quantification was processed using Progenesis LC–MS version 4.1 (Nonlinear Dynamics,
Milford, MA, USA), with automatic alignment from a selected reference run based on
ion intensity.

Normalized fluorescence data obtained in the proteomic analysis of BALB/c and
C57BL/6 mice PECs in the control condition without rSAG2A and not infected with
T. gondii; cells only infected with the parasite; and cells only treated with rSAG2A were
used to calculate the fold change (treated/control). Proteins with a fold change (FC) higher
than 1 were considered to be up-modulated (augmented) and proteins with FC < 1 were
considered to be down-modulated (suppressed). These proteins were used to select those
exclusively augmented or suppressed in the PECs of C57Bl/6 mice under the conditions of
rSAG2A use or T. gondii infection.

2.8. Identification of Proteins Exclusively Up-Modulated in PECs of C57BL/6 Mice Treated
with rSAG2A

To identify exclusively augmented proteins in the PECs from C57BL/6 mice, a qual-
itative approach was used. Briefly, the FC was calculated based on comparisons be-
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tween the treated (rSAG2A) and infected (T. gondii) groups with their respective controls:
(i) BALB/c_rSAG2A/Control; (ii) BALB/c_T. gondii/Control; (iii) C57BL/6_rSAG2A/Control;
and (iv) C57BL/6_T. gondii/Control. When a protein displayed an FC > 1 exclusively in
a determined condition, it was considered as exclusive for the specific condition. The
proteins with an FC > 1 for two or more conditions were considered to be shared proteins.
Based on this principle, a Venn diagram was plotted using the bash/awk routine in the
Linux system. Exclusive or up-modulated proteins present in the PECs from C57BL/6
mice treated with rSAG2A (FC > 2) were compared to the PECs of BALB/c mice treated
with rSAG2A. Exclusive or up-modulated proteins present in the PECs from C57BL/6
mice infected with T. gondii (FC >2) compared to the PECs of BALB/c mice infected with
T. gondii were highlighted in blue in the Venn diagram.

We also selected down-modulated proteins (FC < 1.0) exclusively found in the PECs
from C57BL/6 mice treated with rSAG2A and down-modulated proteins (FC < 1.0) ex-
clusively found in the PECs from C57BL/6 mice infected with T. gondii. The fold changes
of the selected proteins identified in Supplementary Tables S1–S4 are demonstrated in
the heatmap, plotted using the Heatmap function of the Complex Heatmap package in R
version 4.3.3 [24,25].

2.9. Prediction of Protein-Protein Interaction Network

To understand what biological processes were regulated in the PECs of C57BL/6
and BALB/c mice treated with the rSAG2A protein, we conducted a study of protein–
protein interactions. We focused on groups of exclusive or up-modulated proteins and
on down-modulated proteins due to rSAG2A or infection by T. gondii. In this sense, two
networks were generated for the PECs of C57BL/6 mice treated with rSAG2A: (i) a network
of exclusive proteins or those with augmented accumulation when the PECs were treated
with rSAG2A; and (ii) a network for the group of down-modulated proteins. Two other
networks were generated for the PECs of C57BL/6 mice infected with T. gondii: (i) a
network of exclusive or up-modulated proteins when the PECs were infected with T. gondii;
and (ii) a network of proteins down-modulated when the PECs were infected with T. gondii.
These networks were generated starting from a high-reliability network (0.700) of the Mus
musculus interactome in the STRING database [28]. Module and gene ontology analyses
were carried out as described by those authors. For these analyses, the plugins from the
Cytoscape MCODE [29] and BiNGO (Biological Network Gene Ontology) [30] were used,
respectively. To conduct the gene ontology, a notation file was obtained using Ensemble.

To understand which proteins modulated by rSAG2A were more associated with
the inflammatory response, we constructed protein-protein interaction networks starting
from the cytokines whose gene expression profile was evaluated in the present study. The
proteins modulated by rSAG2A were highlighted and the functional enrichment of the
biological processes of the main groups were again analyzed with BiNGO.

2.10. Statistical Analysis

Data were analyzed using GraphPad Prism version 5.0 (GraphPad Software, San
Diego, CA, USA). Statistical differences between groups were obtained through one-way
ANOVA test, followed by Tukey or t-test. The results were considered significant with
p < 0.5.

3. Results
3.1. rSAG2A Reduced T. gondii Parasitism in PECs from Susceptible C57BL/6 Mice, but Not in
PECs from Resistant BALB/c Mice

To determine whether recombinant SAG2A modulates the immune response and
impacts T. gondii infection, we employed an in vitro model using peritoneal exudate cells
(PECs) from BALB/c and C57BL/6 mice. The rationale for using this model was the
possibility of investigating the response of susceptible and resistant mice to T. gondii
tachyzoite (2F1 clone) infection. We observed that, in early infection (24 h), PECs from
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both the resistant and susceptible mice showed similar levels of parasitism (p > 0.05).
Interestingly, when treated with rSAG2A, the susceptible mice (C57BL/6) exhibited a
significant reduction in parasitism (p < 0.001), with a decrease of 2000-fold compared to
the untreated C57BL/6 mice (Figure 1). These data suggest that the rSAG2A protein can
modulate the immune response in PECs to control T. gondii infection.
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Figure 1. rSAG2A decreases the parasitism in PECs infected with tachyzoites of T. gondii. (A) PECs
from BALB/c and C57BL/6 mice were infected with tachyzoites of T. gondii (RH-2FI strain; MOI = 1)
for 3 h, followed or not by addition of rSAG2A. (B) The number of intracellular tachyzoites was
measured by the β -galactosidase colorimetric assay after incubation for 24 h with rSAG2A. Data
represent mean + SD of two independent experiments. *** p < 0.001 by one-way ANOVA followed by
the Tukey post-test.

3.2. rSAG2A Reduced T. gondii Parasitism in PECs from Susceptible C57BL/6 Mice but Not in
PECs from Resistant BALB/c Mice

To understand the effect of rSAG2A in modulating the immune response, we treated
the PECs with rSAG2A in the presence of absence of T. gondii in the resistant and susceptible
mice. First, we observed that both the resistant BALB/c and susceptible C57BL/6 mice
exhibited the same basal immunological profile in control groups (Figure 2). Interestingly,
the PECs infected with T. gondii early (24 h) also did not exhibit significative changes
in the immunological markers analyzed: iNOS (Figure 2A), Arginase (Figure 2B), TNF-α
(Figure 2C), IL-10 (Figure 2D), IL-1β (Figure 2E), TGF-β (Figure 2F), and IL-6 (Figure 2G),
when comparing the PECs from the resistant BALB/c and susceptible C57BL/6 mice.

We noticed that rSAG2A alone was not sufficient to modulate iNOS (Figure 2A),
TNF-α (Figure 2C), IL-1β (Figure 2E), and IL-6 (Figure 2G), all genes of pro-inflammatory cy-
tokines. However, rSAG2A alone increased the expression of anti-inflammatory cytokines,
Arginase (Figure 2B; p < 0.01) and TGF-β (Figure 2F; p < 0.01), while not altering IL-10
(Figure 2D) expression in the BALB/c compared to C57BL/6 mice. These data indicate
an anti-inflammatory property of rSAG2A in resistant BALB/c mice. We next sought
to understand if this modulation could affect T. gondii-infected PECs. We observed that
rSAG2A changed the immune response of the PECs infected with T. gondii, but the effects
differed between the resistant and susceptible mice.

First, we note that rSAG2A enhanced the levels of both pro- and anti-inflammatory
cytokines genes, iNOS (Figure 2A; p < 0.001), TNF-α (Figure 2C; p < 0.001), IL-10 (Figure 2D;
p < 0.001), TGF-β (Figure 2F; p < 0.001), and IL-6 (Figure 2G; p < 0.001) in the C57BL/6
mice. However, the BALB/c mice only presented an increase in anti-inflammatory cytokine
genes, TGF-β (Figure 2F; p < 0.001) and Arginase (Figure 2B; p < 0.001).

Next, we compared the resistant BALB/c and susceptible C57BL/6 mice treated with
rSAG2A and infected with T. gondii. Our data showed that the C57BL/6 mice exhibited high
expression levels of iNOS (Figure 2A; p < 0.01), TNF-α (Figure 2C; p < 0.05), IL-10 (Figure 2D;
p < 0.05), and IL-6 (Figure 2G; p < 0.01) compared to the BALB/c mice, indicating a more
inflammatory profile. Conversely, the BALB/c mice exhibited high expression levels of
Arginase (Figure 2B; p < 0.001), a marker of alternatively activated macrophages (M2-like).
These data indicate that rSAG2A stimulates different profiles in resistant and susceptive
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mice (Figure 2H) and suggest that the increase in pro-inflammatory cytokine levels helps
PECs from C57BL/6 mice to control parasitism (Figure 1). We hypothesized that this
effect could be a result of protein accumulation and alterations in the immunological
pathways in C57BL/6 mice. To test our hypothesis, we performed a proteomic analysis
and a protein–protein interaction network with bioinformatics tools.
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Figure 2. rSAG2A alters the pro-inflammatory and anti-inflammatory cytokines expression in PECs
infected with T. gondii. Cytokine transcript accumulation was evaluated during the presence of
parasites for 3 h in PECs from both BALB/c and C57BL/6 mice or treated with rSAG2A during 24
h, through qPCR. (A) INOS, (B) Arginase, (C) TNF-α, (D) IL-10, (E) IL-1β, (F) TGF-β, and (G) IL-6.
(H) Hierarchical clustering for the same mean relative quantification (RQ) values for the same genes,
represented in z score scale, in the different conditions studied. Data represent mean + SD of two
independent experiments using a pool of PECs n = 4 animals/experiment. * p < 0.05, ** p < 0.01, and
*** p < 0.001 between control and rSAG2A of 6 replicates/group by ANOVA followed by the Tukey
post-test.
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3.3. rSAG2A Induced Accumulation of Proteins Associated with Oxidative Stress and Immune
Pathways in PECs of C57BL/6 Mice

Our results indicated that rSAG2A may act on PECs’ microbicidal mechanisms at the
transcription level (Figure 2). To understand the effects of rSAG2A in both the susceptible
and resistant mice, we next analyzed the differentially expressed proteins using proteomics.
In our analysis, proteins were considered as exclusive to a group based on the obtained
FC values: FC > 1 indicates being exclusive for a group, and FC > 2 indicates protein
augmentation (see Section 2).

We identified six exclusive proteins from the C57BL/6 mice infected with T. gondii,
16 from the C57BL/6 mice treated with rSAG2A, 12 from the BALB/c mice infected with
T. gondii, and 42 for the BALB/c mice treated with rSAG2A (Figure 3). Additionally, we
observed 50 proteins augmented in the C57BL/6 mice treated with rSAG2A: (i) 15 were
shared among BALB/c_rSAG2A, BALB/c_T. gondii, and C57BL/6_rSAG2A mice; (ii) 26
were common to all rSAG2A-incubated PECs from both mice lineages; (iii) 5 were shared
among the BALB/c mice treated with rSAG2A, BALB/c mice only infected with T. gondii,
and C57BL/6 mice infected with T. gondii; and (iv) 4 proteins were identified as b3int shared
between the BALB/c and C57BL/6 mice treated with rSAG2A (Figure 3, indicated with
an asterisk). Interestingly, BALB/c mice treated with rSAG2A or infected with T. gondii
shared 319 common proteins, two-fold higher than C57BL/6 when comparing the treated
and infected animals, which shared only 155 proteins. A total of 211 proteins were shared
between the BALB/c and C57BL/6 infected mice.
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Figure 3. Venn diagram of proteins shared by PECs of mice infected with T. gondii or treated with
rSAG2A. Venn diagram showing the number of proteins in common and not in common between the
different groups. PECs of the BALB/c mice treated with rSAG2A (BALB/c_rSAG2A), BALB/c mice
infected with T. gondii (BALB/c_T. gondii), C57BL/6 mice treated with rSAG2A (C57BL/6_rSAG2A),
and C57BL/6 mice infected with T. gondii (C57BL/6_T. gondii). The asterisk values represent proteins
augmented with fold change > 2 exclusively in PECs of C57BL/6 mice treated with rSAG2A.

We used hierarchical clustering and FC to identify the proteins exclusively up- or
down-modulated in the treated and infected C57BL/6 PECs compared to BALB/c (Figure 4).
We identified 66 proteins exclusively up- and 24 exclusively down-modulated in the
C57LB/6 PECs treated with rSAG2A compared to the BALB/c treated PECs (Figure 4A).
This profile was significantly different from that observed in the C57BL/6 PECs infected
with T. gondii. Only 37 proteins were exclusively up- and 19 exclusively down-modulated
in the C57LB/6 PECs infected with T. gondii compared to the BALB/c infected PECs
(Figure 4B). These proteins have been related to immune responses or cellular metabolism,
such as annexin A7, prostaglandin reductase 1, proteasome subunit alpha type-1, the 26S
proteasome non-ATPase regulatory subunit 2, and the hematopoietic lineage cell-specific
protein. Among the down-modulated proteins were vinculin, tropomyosin alpha-4 chain,
trans-aldolase, and the 40S ribosomal protein S7 (Supplementary Tables S1–S4).
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Figure 4. Accumulation profile and hierarchical clustering for exclusive/up-modulated or down-
modulated proteins in C57BL/6 mice PECs treated with rSAG2A (A) or infected with T. gondii (B),
compared to BALB/c PECs in the same conditions. Proteins in red are those exclusive or that had
a Log2FC (compared to the other conditions) at least twice as high in C57BL/6 PECs treated with
rSAG2A (red names in A) or in C57BL/6 PECs infected with T. gondii (red names in B). Proteins in
blue are those that were repressed only in C57BL/6 PECs treated with rSAG2A (blue names in A)
or in C57BL/6 PECs infected with T. gondii (blue names in B). Heatmap colors are represented by
Log2FC scale, which indicates the accumulation of proteins in Log2 fold change scale; blue shades
indicate the repressed proteins and red shades indicate proteins that increased in relation to their
respective controls. Black arrows represent proteins present in the cytokine network.
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To understand how rSAG2A affected parasitism in the C57BL/6 PECs, we applied
a protein–protein network analysis to identify the pathways and biological processes
impacted by rSAG2A and T. gondii infection (Figure 5). The integrated network of pro-
teins with a reduced expression from C57BL/6 mice only treated with rSAG2A dis-
played 760 nodes and 15,850 connectors with a high fidelity. When T. gondii was present,
1384 nodes and 41,467 connectors were observed. Cluster analysis of these nodes allowed
for the identification of 6 connected protein clusters in the rSAG2A group and 14 clusters
when T. gondii was present. The main biological processes enriched in these clusters were
related to protein metabolism, signaling, oxidative processes like fatty acid beta-oxidation,
cell development, chromatin modification, and cytoskeleton organization for rSAG2A
(Figure 5A), and glucose metabolism, proton transport, response to stress, cholesterol
biosynthesis, and RNA splicing for PECs infected with T. gondii (Figure 5B).
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Figure 5. Protein–protein interaction network for exclusive and augmented proteins from PECs of
C57BL/6 mice treated with rSAG2A (A) or infected with T. gondii (B). The bigger nodes represent
the proteins identified through proteomic analysis. Smaller nodes were aggregated with networks
using the STRING database. The different colors represent different clusters identified in the module
analysis. The biological processes enriched in each cluster are described with the respective colors
around the networks.

The network of exclusive and augmented proteins from the C57BL/6 PECs treated
with rSAG2A presented 1391 nodes and 38,537 connectors, as well as 11 clusters (Figure 6A),
and when the parasite was present, 1019 nodes and 25,681 connectors were observed
(Figure 6B). The biological processes enriched in these clusters were related to (i) actin
filament bundle assembly; (ii) the CDP-choline pathway and generation of neurons;
(iii) membrane invagination; (iv) heparan sulfate proteoglycan metabolism; (v). the innate
immune response; (vi) cell redox homeostasis, oxygen and reactive oxygen species, and the
electron transport chain; and (vii) the catabolism of fatty acids, among others, when cells
were treated with rSAG2A.

Furthermore, we observed a specific regulation in the intracellular signaling pathways
of networks in the C57BL/6 mice treated with rSAG2A, indicating a heightened protein
expression of pathways related to the immune response, including the production of
intermediate oxygen species. This metabolic profile is typical of an inflammatory immune
response and may explain the increased host resistance against T. gondii replication in the
intracellular environment. Moreover, the presence of other inflammatory proteins in the
C57BL/6 mice pretreated with rSAG2A could work together with reactive oxygen species,
culminating in pathogen elimination and explaining the reduced intracellular parasitism.

100



Microorganisms 2024, 12, 2366

In summary, these data indicate that the activation of the studied inflammatory mediators
induced by rSAG2A could help to control the infection by T. gondii in PECs from susceptible
C57BL/6 mice.
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Figure 6. Network of protein–protein interactions for down-modulated proteins in PECs of C57BL/6
mice treated with rSAG2A (A) or infected with T. gondii (B). The bigger nodes represent the proteins
identified through proteomic analysis. Smaller nodes were aggregated with networks using the
STRING database. The different colors represent different clusters identified in the module analysis.
The biological processes enriched in each cluster are described with the respective colors around
the networks.

3.4. Major Genes and Responses Associated with Pro-Inflammatory Cytokines

The protein–protein network interaction associated with cytokines (TNF, IL-6, IL-
10, and TGF-β1) and iNOS was analyzed and found to be composed of 173 proteins
categorized into five different groups (1 to 5) related to important biological processes
(Figure 7). Incubation with rSAG2A showed that the proteins Lgals3, Hsp90ab1, and
Mapk1 had direct interactions with TNF, iNOS2, and TGF-β1, respectively. Additionally,
the Pdgfrb protein interacted with both IL-6 and IL-10, while Serpinb6c interacted with
TNF, IL-6, and IL-10.

The proteins Lgals3, Pdgfrb, and Mapk1 were less abundant when PECs from the
C57BL/6 mice were treated with rSAG2A. On the other hand, the levels of the proteins
Serpinb6c and Hsp90ab1 were at least two times higher in the same conditions. We also
observed a reduction in S100 calcium-binding protein (S100A6). The S100A6 of the host
cell is important for the invasion of T. gondii by reducing or blocking its functional epitopes
induced by parasite invasion [31]. Thus, the reduction in S100A6 could be involved in the
decrease in parasite proliferation by the inhibition of parasite invasion.

In group 5, the proteins that deserve emphasis were those associated with processes
such as the production of metabolic precursors and energy, responses to nutrient levels,
lipid modifications, the regulation of responses related with receptors, and endocytosis.
Among the proteins associated with this group, Hk3, Dld, Phb, Gm10053, Slc25a3, Uqcrc2,
Mtch2, Synj1, Ndufv1, Ap2s1, Hsd17b4, Vdac2, and Hk1 were abundant during incubation
with rSAG2A. Moreover, the proteins Taldo1, Vdac1, Eno2, Mdh2, Acadm, Cs, and Pgk1-rs7
were present in group 5.
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Figure 7. Protein interaction network related with inflammatory and regulatory cytokines. The large
circles represent proteins whose abundance was altered in PECs treated with rSAG2A. Diamonds
represent the inflammatory and regulatory cytokines, besides INOs. Small circles represent proteins
not identified during the proteomic analysis. The fat connectors highlight first-degree interaction
with the cytokines and the slender connectors the interactions in distinct degrees. The arrows indicate
the most relevant proteins in the study. The red and blue borders represent up-modulated and
down-modulated proteins, respectively.

4. Discussion

Our knowledge about T. gondii surface antigens can shed light on evasion mechanisms,
vaccine development, the parasite life cycle, and effective immune response. The literature
has shown that surface antigen glycoproteins (SAGs) activate the immune system, and
different SAG antigens can exhibit distinct modulatory mechanisms during T. gondii infec-
tion. For example, recombinant surface antigen SAG1 (rSAG1) reduced fetal infection in
resistant mice, but not in susceptible animals, although similar levels of cytokines such as
IL-4, IL-10, and IFN-γ were observed in maternal sera during gestation [32]. SAG2A has
been previously suggested as a promising candidate to modulate T. gondii infection. The
activity of macrophages and dendritic cells from C57BL/6 bone marrow stem cells could be
modulated by SAG2A, and the immunomodulatory effect of SAG2A has been associated
with the C-terminal portion [14]. Our group previously suggested that the rSAG2A, a
recombinant protein with the presence of a disordered structure in the C-terminal region,
is a promising candidate to modulate T. gondii infection [22].

Here, to underscore the effect of rSAG2A in the immune response of mammals, we
used resistant (BALB/c) and susceptible (C57BL/6) mouse lineages to collect peritoneal
exudate cells (PECs) and treated them with rSAG2A in the presence or absence of T. gondii
tachyzoites. Our data showed that rSAG2A can induce an anti-inflammatory profile
in resistant mice in the absence (increase Arginase and TGF-β) and presence (increase
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Arginase) of T. gondii tachyzoites. Conversely, although rSAG2A alone did not induce a
pro-inflammatory profile in the susceptible mice in the absence of T. gondii tachyzoites,
rSAG2A enhanced the pro-inflammatory profile in the infected PECs, mediated by iNOS,
TNF-α, and IL-6. Resistance and susceptibility to T. gondii in mouse lineages have been
attributed to various factors, including the immune response, T-cell mediated response, and
dendritic cell polarization [8,33]. Our data suggest that rSAG2A can enhance the natural re-
sponse observed in both the C57BL/6 (pro-inflammatory) and BALB/c (anti-inflammatory)
lineages. Nonetheless, these modulations in genes involved in the microbicidal mecha-
nisms of macrophages promote the control of T. gondii parasitism in C57BL/6 PECs with a
low dosage (10 µg/mL−1). We hypothesized that the ability of rSAG2A to induce IL-10
expression in addition to pro-inflammatory cytokines in the C57Bl/6 PECs could help to
balance the immune response and avoid extensive tissue damage by controlling excessive
inflammation [34].

Macêdo-Junior and colleagues [14] previously demonstrated that a truncated form
of the rSAG2A∆135 protein, lacking its C-terminal end, was also able to induce high
levels of iNOS and IL-12 production in a dose-dependent manner in bone-marrow-derived
monocytes from C57BL/6 susceptible mice. Furthermore, the immune response is complex,
and the microbicidal mechanisms and regulatory mechanisms of macrophages require
the activation of different receptors and signaling pathways. To understand if and how
rSAG2A controls biological processes and signaling pathways, we used proteomic analysis
and bioinformatics tools.

We identified that T. gondii infection modulated different exclusive proteins in the
resistant and susceptible mice: 6 in C57BL/6 and 12 in BALB/c. However, incubation
with rSAG2A increased these exclusive modulations in each model, from 6 to 16 in the
C57BL/6 and from 12 to 42 in the BALB/c PECs. As observed by us, this modulation was
not restricted to pro- or anti-inflammatory proteins, as suggested in our mRNA expression
analysis. In fact, Lee and colleagues [33] previously showed that T. gondii infection modu-
lates not only the cytokines in dendritic cells, but also the surface receptors and molecules
involved in antigen presentation and T-cell activation, such as major histocompatibility
complex (MHC) II, CD40, CD80, and CD86. Among the proteins exclusively modulated, we
noticed that the C57BL/6 PECs were more susceptible to rSAG2A and presented more up-
and down-modulated proteins than the BALB/c PECs. These up-modulated proteins in-
cluded Hsp90, aldehyde dehydrogenase (ALDH) 1A, prostaglandins reductase 1, lysozyme
type C, and 26S proteasome non-ATPase regulatory subunit 2, among others.

During T. gondii infection, Hsp90, a chaperon protein, is down-modulated and helps
the parasite to invade cells and enhance tachyzoite transition to the bradyzoite stage,
allowing bradyzoites to evade the immune response [35]. We suggested that the en-
hancement of Hsp90 after treatment with rSAG2A may control parasitism in PECs by
controlling bradyzoite formation. Additionally, Sugi and colleagues [36] showed, in a
single-cell transcriptome analysis, that the bradyzoites derived from the ME-49 strain had
anti-inflammatory activity in human foreskin fibroblasts, down-modulating the NF-k, B and
IFN-γ response, which helped to prevent the parasite from being eliminated from the body.

The activation of cytotoxic mechanisms through the ALDH pathway is common during
T. gondii infection in both human and mouse cells. We observed that rSAG2A up-modulated
not only ALDH1A, but also prostaglandin reductase 1 production in C57BL/6 PECs.
Prostaglandin reductase 1 is a key enzyme for the degradation of prostaglandins, which are
messenger lipids that regulate processes such as cell survival and inflammation [37]. The
increase in lysozyme type C, a family of proteins known to have microbicidal activities, and
the up-regulation of the 26S proteasome non-ATPase regulatory subunit 2 and ALDH1A
can positively regulate cell-mediated cytotoxicity and the production of reactive oxygen
species (ROS) [38,39], thus controlling parasitism. Additionally, we noticed that biological
processes crucial to parasite survival and the immune response were modulated by rSAG2A
in the C56BL/6 PECs, including fatty acid beta-oxidation, oxygen and reactive oxygen
species metabolism, interferon production, and cytokine-mediated signaling pathways.
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5. Conclusions

Together, our study not only suggests that recombinant SAG2A controls T. gondii
parasitism in susceptible C57BL/6 PECs but supports that this control is closely related
to modulation in pro-inflammatory cytokines and the enhanced expression of proteins
involved in the cytotoxic response and control of the parasitic life cycle. Ou work may also
serve as a valuable source for future therapeutic strategies for toxoplasmosis using surface
antigen glycoproteins.
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Abstract: Oxidative stress is associated with several infectious diseases, as well as the severity
of inflammatory reactions. The control of inflammation during parasite destruction is a target of
neurocysticercosis treatment, as inflammation is strongly related to symptom severity. In this study,
we investigated the presence of malondialdehyde and protein carbonyl, two by-products of reactive
oxygen species (ROS), in an experimental model of extraparenchymal neurocysticercosis. Twenty
male and twenty female rats were inoculated with 50 cysts of Taenia crassiceps in the subarachnoid
space of the cisterna magna. Ten animals (five males and five females) were used as controls.
Three months after inoculation, their brains were harvested for oxidative stress and histological
assessments. Infected animals had higher scores for inflammatory cell infiltrates, malondialdehyde,
and protein carbonyl. These results encourage future efforts to monitor oxidative stress status in
neurocysticercosis, particularly in the context of controlling inflammation.

Keywords: neurocysticercosis; oxidative stress; malondialdehyde; protein carbonyl; inflammation

1. Introduction

Neurocysticercosis (NCC) is a common parasitic disease of the central nervous system
(CNS) in low- and middle-income countries. Despite a recent decrease in its endemicity
(particularly in Latin America), NCC remains a relevant public health problem with sig-
nificant social and economic burdens in endemic countries [1–3]. NCC is also a health
challenge in countries receiving immigrants from endemic regions, although its extent and
impact remain unclear [4,5].

NCC may present as one of two different forms depending on the site at which the
larvae of Taenia solium are found within the CNS: parenchymal (P-NCC) and extraparenchy-
mal (EP-NCC). While P-NCC is highly responsive to clinical treatment, with a relatively
benign course (except for massive infection), EP-NCC is less responsive to anthelminthic
drugs and is more prone to complications such as vasculitis, hydrocephalus, and increased
intracranial pressure [6–8]. Inflammation is a key pathophysiological mechanism underly-
ing such complications [9], and oxidative stress has been shown to increase the severity of
NCC, primarily in patients with neurocysticercosis-induced hydrocephalus [10]. Oxidative
stress is initiated by neutrophil and monocyte activation during inflammation. When
activated, these cells release reactive oxygen species (ROS), such as superoxide radicals,
hydrogen peroxides, and hydroxyl radicals. Excess ROS, known as oxidative stress, dam-
ages cells and tissues by inducing oxidative damage to DNA, proteins, and lipids, resulting
in organ dysfunction [11]. Lipids are the primary macromolecules affected by oxidative
stress, resulting in toxic products such as malondialdehyde, which can destroy proteins
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via a mechanism termed protein carbonylation [12]. Oxidative stress and inflammation are
involved in the pathophysiology of neurocysticercosis.

Since this mechanism still requires better understanding, the use of experimental
models of NCC has allowed for a better understanding of NCC pathophysiology and
opened pathways for testing new therapeutic regimens [13–17]. The experimental model
of EP-NCC with Taenia crassiceps has further been shown to closely resemble the features
of human diseases, including brain parenchymal displacement, hydrocephalus, and sub-
arachnoid inflammation [18,19]. Previously, T. crassiceps was not considered as a suitable
model for studying neurocysticercosis, because the parasite does not invade the brain
parenchyma—rather, it displaces the nervous tissue. This concern would make sense for
studies focusing on parenchymal neurocysticercosis [13]. Nevertheless, for EP-NCC, the
growth of the parasite with the displacement of the brain is precisely what is desired. There-
fore, the use of T. crassiceps reproduces the human disease and allows for the investigation
of several pathophysiologic mechanisms, such as oxidative stress.

In the present study, we aimed to investigate the presence of in situ oxidative stress
markers in EP-NCC rats, as well as to compare differences between male and female
infected rats.

2. Materials and Methods

In this study, we used female and male Wistar rats (Rattus norvegicus) handled ac-
cording to the ethical guidelines and current legislation for animal research. This project
was approved by the local Institutional Review Board for ethics of animal use (CEUA
1330/2019).

Rats aged 6 weeks were housed under 12 h light–dark cycles at room temperature
(approx. 21 ◦C), with free availability of water and conventional commercial food. In total,
50 animals (25 males and 25 females), including 10 rats as controls (5 of each sex), were
used. The sample size was estimated considering a mortality rate of 30% following the
inoculations and a rate of 66% of successful infections, based on reported data on oxidative
stress in neurocysticercosis, with a type II error of 20%, and a level of significance of 5%.

2.1. Study Design

A total of 40 rats (20 males and 20 females) received a subarachnoid injection of
50 cysts of T. crassiceps (Figure 1A), and were kept alive for three months post-inoculation.
After the observational period, the animals were euthanized with a thiopental overdose,
and their brains were harvested following wide craniectomy. The presence of cysts in
the subarachnoid space upon brain harvesting confirmed the inclusion of the animal
(Figure 1B), while rats that did not present with any cysts (not infected) were discarded.
The right hemisphere was embedded in 4% buffered paraformaldehyde, and the left
hemisphere was frozen and stored at −80 ◦C for posterior quantification of oxidative stress
markers (malondialdehyde and protein carbonyl). Ten animals (five male and five female)
did not receive any intervention and underwent the same protocol for euthanasia and
tissue processing at the same age as the inoculated animals (Figure 1C).
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and the left hemisphere for oxidative stress essays. (D): The dorsal and coronal views at the level of 

tissue histologic assessment. 
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(Mus musculus), as described elsewhere [20,21], and aseptically transferred onto Petri 

dishes with saline 0.9%. Cysts were selected based on their size (0.5 mm) and membrane 

integrity. Each rat received 50 cysts in 0.2 mL of saline 0.9%, as previously described [16]. 

Briefly, after intraperitoneal anesthesia with xylazine and ketamine, the skin was incised 

at the posterior cervical region along the craniocervical junction, and the subarachnoid 

space of the cisterna magna was punctured with a 24-gauge needle for injection. Finally, 

the skin was sutured with a 4.0 mononylon thread. 

2.3. Histologic Assessment 

After 24 h of fixation in 4% buffered paraformaldehyde, the right hemispheres were 

dehydrated with increasing concentrations of alcohol, clarified in xylene, and paraf-

finized. Slices with 5 µm of thickness were subsequently taken at the level of the optic 

chiasm (Figure 1D) and stained with hematoxylin and eosin. 

The lymphocyte infiltrates in the basal arachnoid–pia–mater–brain interface were an-

alyzed semi-quantitatively using the following score: 1, absence of lymphocyte infiltra-
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Figure 1. Schematic representation of the experimental procedures. (A): The cyst injection was
performed at the cisterna magna, i.e., the subarachnoid space between the posterior-inferior portion
of the cerebellum and the dorsal portion of the medulla. (B): Three months after the inoculation,
the cysts could be observed throughout the subarachnoid space, located predominantly in the basal
convexity of the brain and brainstem. (C): The right hemisphere was used for histologic analysis, and
the left hemisphere for oxidative stress essays. (D): The dorsal and coronal views at the level of tissue
histologic assessment.

2.2. Parasites and Inoculations

Cysts of T. crassiceps (ORF strain) were maintained in the peritoneal cavity of mice
(Mus musculus), as described elsewhere [20,21], and aseptically transferred onto Petri dishes
with saline 0.9%. Cysts were selected based on their size (0.5 mm) and membrane integrity.
Each rat received 50 cysts in 0.2 mL of saline 0.9%, as previously described [16]. Briefly,
after intraperitoneal anesthesia with xylazine and ketamine, the skin was incised at the
posterior cervical region along the craniocervical junction, and the subarachnoid space of
the cisterna magna was punctured with a 24-gauge needle for injection. Finally, the skin
was sutured with a 4.0 mononylon thread.

2.3. Histologic Assessment

After 24 h of fixation in 4% buffered paraformaldehyde, the right hemispheres were
dehydrated with increasing concentrations of alcohol, clarified in xylene, and paraffinized.
Slices with 5 µm of thickness were subsequently taken at the level of the optic chiasm
(Figure 1D) and stained with hematoxylin and eosin.

The lymphocyte infiltrates in the basal arachnoid–pia–mater–brain interface were ana-
lyzed semi-quantitatively using the following score: 1, absence of lymphocyte infiltration;
2, discrete infiltration (scarce and sparce lymphocytes); 3, moderate infiltration (focally
present lymphocytes); and 4, intense infiltration (several lymphocytes diffusely).

109



Microorganisms 2024, 12, 1860

2.4. Oxidative Stress Assessment

Because free radicals (reactive oxygen species) are rapidly degraded, they cannot
be measured directly; instead, their activity must be measured indirectly by assessing
their byproducts. Herein, we assessed the malondialdehyde and protein carbonyl levels.
Malondialdehyde is a derivative of the peroxidation of polyunsaturated fatty acids [22],
and carbonyl proteins refer to the process by which the oxidation of the side chains of
amino acids leads to the formation of reactive ketones and aldehydes [23].

After defrosting the left hemisphere, the samples were homogenized. For malon-
dialdehyde quantification, 250 µL of brain tissue supernatant was mixed with 750 µL
of 10% trichloroacetic acid for protein precipitation. The samples were then centrifuged
at 3000 rpm for 5 min (Eppendorf ® Centrifuge 5804-R, Hamburg, Germany), and the
supernatant was removed. Thiobarbituric acid (TBA) was added in a proportion of 0.67%
(1:1) and the samples were heated for 15 min at 100 ◦C. After cooling, the absorbance
was measured at 535 nm using a Spectra Max 190 microplate reader (Molecular Devices,
Sunnyvale, CA, USA). The MDA concentration was calculated using the molar extinction
coefficient (1.56 × 105 M−1 cm−1) and the absorption of the samples, with the final result
reported in nmol/g of protein.

To assess protein carbonyl, 100 µg of brain tissue was homogenized in ice-cold PBS
solution (1 mL, pH 7.4) using an ULTRA-TURRAX® T25 basic (IKA® Werke, Staufen,
Germany) and then centrifuged at 800× g for 10 min at 4 ◦C. The supernatant was incu-
bated with 2,4-dinitrophenylhydrazine (DNPH) for 1 h to derivatize carbonyl proteins. The
samples were subsequently deproteinized with trichloroacetic acid and centrifuged. The su-
pernatant was discarded, and the sediment was washed three times with an ethanol/ethyl
acetate solution to remove excess DNPH, preventing the quantification of chromophores
not bound to carbonyl protein. Finally, 6M guanidine hydrochloride was added to the
washed sediment, and the absorbance was measured at a wavelength of 370 nm. The total
protein concentration in the samples was quantified using commercial assays to adjust the
carbonyl protein values. The concentrations of carbonyl proteins were expressed as µg/mg
of protein.

2.5. Statistical Analysis

The data were analyzed in three steps. First, all infected animals (regardless of sex)
were compared to the control group. For the parametric data, we used an independent
t-test. Next, the same tests were used to compare the infected males and females with their
respective controls. Finally, we compared infected male and female rats. The analyses were
then performed using the Statistical Package for the Social Sciences (SPSS) version 24.0
(IBM Corp., Armonk, NY, USA) and GraphPad Prism v. 8.2.0 (GraphPad Software, La Jolla,
CA, USA). Differences were considered statistically significant at p < 0.05.

3. Results

Among the twenty male rats, seven died after inoculation and two did not have any
cysts, while among the twenty female rats, eight died and two did not develop infection.
Therefore, 11 male and 10 female infected rats were included in the final analysis and
compared to 10 controls (5 males and 5 females).

Histologic assessment revealed a normal arachnoid–pia–mater–brain interface in the
control animals, with a thin and delicate arachnoid layer juxtaposed to the pia–mater, with
few detectable lymphocytes. Among the infected animals, variable degrees of lymphocyte
infiltration, with many cases of thickened arachnoids and lymphocytes in the foci of
infiltration or diffuse distribution, were observed (Figure 2). The median lymphocyte
infiltration score was higher in the infected animals than in the control animals (3.0 vs.
1.0, p < 0.001). This difference remained significant between males (p = 0.038) and females
(p = 0.003). We found no significant differences between the infected male and female rats
(p = 0.721).
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Figure 2. Microscopic view of the basal arachnoid–pia–mater–brain interfaces for male (A,B) and
female (C,D) rats. In control animals, a thin arachnoid layer (arrows) juxtaposed to the pia–mater
with preserved histoarchitecture (B,D) can be observed. In infected animals (A,C), the arachnoid is
thickened and lymphocytes (*) can be observed in intense (A) or discrete (C) infiltrations.

Figure 3A shows a significantly higher mean of malondialdehyde levels
(15.6 ± 5.8 nmol/mg) in the infected than in the control rats (11.3 ± 3.2 nmol/g), (p = 0.048).
Malondialdehyde levels showed no significant difference between males (Figure 3B, p = 0.059)
and females (Figure 3C, p = 0.305). Infected males had higher MDA concentrations than
females (p = 0.024, Figure 3D).
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Figure 3. Comparisons of the malondialdehyde concentration between the experimental groups.
When considering all infected animals, the mean concentration was higher than the control animals
(A). However, the differences were no longer significant (ns) when analyzing male (B) and female
(C) animals with their controls. Further, considering the infected animals, males had a higher
concentration of malondialdehyde than females (D).
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Infected animals had a higher concentration of protein carbonyl than controls (789.2 ± 128.7
vs. 582.5 ± 30.3 µg/g, p < 0.001); this effect was also seen when comparing only male
(p = 0.007) and female rats (p = 0.005) (Figure 4). No significant differences were observed
between the infected males and females (p = 0.513).
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4. Discussion

Inflammation occurs throughout the natural history of NCC, even in cases of calcified
cysts [9]. Inflammation plays a pivotal role in effective parasite destruction; however,
this effect is a double-edged sword, as it is also related to symptom severity. Since the
use of anthelminthics can trigger inflammation by increasing the exposure of parasites
to immunological surveillance, the concomitant use of corticosteroids is necessary to
control the possible increase in severity [24]. As such, the control of inflammation without
impairing the effectiveness of cysticides is a significant research target.

Reactive oxygen and nitrogen species produced during inflammation may damage
DNA, proteins, and lipids, resulting in consequent lesions in the surrounding cells and
tissues [25]. While physiological amounts of these reactive species can be tolerated un-
der healthy conditions, oxidative stress has been clearly demonstrated to impair neu-
rological function under several conditions, such as neurodegenerative and infectious
diseases [26–28].

Few studies have addressed the oxidative stress status in patients with NCC. Rodríguez
et al. found that patients with NCC had higher levels of lipid peroxidase (LP) in the cere-
brospinal fluid than controls, while the LP levels were also significantly correlated with
the inflammatory response and severity of the symptoms [12]. Interestingly, even patients
receiving steroid therapy exhibited increased LP levels. Prasad et al. studied children with
NCC and found higher levels of malondialdehyde, protein carbonyl, and nitrite, accompa-
nied by low levels of antioxidants in the CSF [29]. It has also been reported for different
infections that such acute respiratory conditions caused by different viruses where oxida-
tive stress is implicated with lung tissue injury and epithelial barrier dysfunction could also
increase the susceptibility to new infections. Increased oxidative stress may also promote
tissue fibrosis and metabolic dysfunction, as has been reported in viral hepatitis [30].

Oxidative stress in the brain has been evaluated in animal models of meningitis.
Barichello et al. found increased levels of protein carbonyl in the hippocampus and the
cortex from 6 to 96 h after the subarachnoid injection of group B Streptococcus [31]. Using
a similar approach with Escherichia coli, Giridharan et al. also observed increased levels of
MDA, protein carbonyl, and superoxide dismutase in the hippocampus [32]. The oxidative
stress in the hippocampus may be related to epileptogenesis, and the use of antioxidant
drugs may improve long-term outcomes of patients exposed to potential epileptogenic
insults, such as traumatic brain injury [33,34]. Additionally, for chronic infections such
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as NCC, the scenario may be less promising. For instance, in experimental models of
toxoplasmosis, the use of antioxidants is associated with increase in the parasitemia [35].

Another possible effect associated with oxidative stress in our experimental model is
hydrocephalus, which refers to an active distension of the ventricular system of the brain
from an imbalance on CSF production, circulation, and absorption [36]. Hydrocephalus is
a common feature of EP-NCC due to a combination of inflammation (triggered by the host
response against the parasite) and mechanical obstruction of the CSF pathways (caused by
the presence of the cysts in the narrow points of the ventricle and basal cisterns) [7]. We
have previously demonstrated that this model leads to hydrocephalus [18], and several
experimental models of hydrocephalus have demonstrated that oxidative stress occurs and
is related to the severity of neurological lesions [37–39].

In the present study, we demonstrated the occurrence of oxidative stress in a murine
model of extraparenchymal neurocysticercosis. The differences between infected and
control animals were even more pronounced in protein carbonyl levels, while significant
differences were maintained even between male and female rats. Further studies should
attempt cyst preservation upon brain harvesting to correlate the intensity of oxidative stress
with the parasite load.

In previous studies, female rats showed greater inflammatory features than male
rats [40,41]. In contrast, in the present study, we found higher concentrations of malondi-
aldehyde in males. A possible explanation for this relationship between hormones and
the modulation of the antioxidant defense system; estrogen and progesterone display
antioxidant properties [42]. However, females seem to present more intense inflammatory
features in NCC than males [43,44]. The crosstalk between cysticercosis, sex hormones, and
oxidative stress should be further explored.

The results obtained in our study should be considered to optimize the treatment of
ExP-NCC and reduce associated collateral damage.

In summary, in this study, we found significant evidence to indicate an increase in
oxidative stress markers in NCC, one more feature consolidating the similarities between
this model of extraparenchymal neurocysticercosis and human infection. Monitoring the
oxidative stress status throughout the course of infection could provide relevant informa-
tion regarding the optimal time to administer anti-helminthics and corticoids, as well as
for the withdrawal of corticoids. However, further experimental studies are required to
evaluate this possibility from a translational perspective.
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Abstract: Even though malaria has markedly reduced its global burden, it remains a serious threat to
people living in or visiting malaria-endemic areas. The six Plasmodium species (Plasmodium falciparum,
Plasmodium vivax, Plasmodium malariae, Plasmodium ovale curtisi, Plasmodium ovale wallikeri and Plasmod-
ium knowlesi) are known to associate with human malaria by the Anopheles mosquito. Highlighting
the dynamic nature of malaria transmission, the simian malaria parasite Plasmodium cynomolgi has
recently been transferred to humans. The first human natural infection case of P. cynomolgi was
confirmed in 2011, and the number of cases is gradually increasing. It is assumed that it was probably
misdiagnosed as P. vivax in the past due to its similar morphological features and genome sequences.
Comprehensive perspectives that encompass the relationships within the natural environment, in-
cluding parasites, vectors, humans, and reservoir hosts (macaques), are required to understand this
zoonotic malaria and prevent potential unknown risks to human health.

Keywords: P. cynomolgi; zoonosis; malaria

1. Introduction

In the late 19th century, over 30 different Plasmodium species had been discovered,
affecting human and non-human primates [1,2]. While there was a previous dominant
belief that the natural transmission of simian malaria parasites to humans was rare, it
has been firmly established for a significant period that specific non-human primates can
acquire malaria, and this infection can also impact humans [3]. Various simian malaria
species, P. cynomolgi, P. knowlesi, P. inui, P. simium, and P. brasilianum, have been intentionally
transmitted in experiments and have been found to cause infections in humans through
mosquito vectors [4,5]. Among these species, P. cynomolgi, the prevailing malaria parasite
detected in Old-World monkeys within Southeast Asia, is recognized for its natural ability
to cause zoonotic infections in humans [1,6–9]. As of now, there is no recorded evidence
of P. cynomolgi being naturally transmitted from one human to another. Therefore, it is
crucial to understand that the natural reservoir hosts for P. cynomolgi, long-tailed (Macaca
fascicularis) and pig-tailed (Macaca nemestrina) macaques, are now living in close proximity
to the human population, meaning humans are at a higher risk of contracting a P. cynomolgi
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infection [1,10]. Furthermore, numerous mosquito species that play a role in transmitting
other types of human malaria can also serve as vectors for P. cynomolgi. This situation could
potentially give rise to concerns regarding the transmission of the parasite between different
species in regions where both the natural hosts and humans share the same habitat [4].
The potential for non-human malaria to spread to humans is increasing, primarily due to
deforestation, significant shifts in ecological conditions, the presence of suitable hosts and
vectors, and adaptive alterations in the biology of parasites due to climate changes [11,12].
In numerous Southeast Asian nations like Thailand, cases of P. cynomolgi infections are
commonly found in pig-tailed and long-tailed macaques [9].

Furthermore, there is a well-documented instance of P. cynomolgi malaria naturally
transmitting to a human in eastern Malaysia [3]. Additional monitoring in Northern Sabah,
Malaysia, and Western Cambodia found asymptomatic human infections of P. cynomolgi,
but they were not very common [7]. A symptomatic P. cynomolgi infection was confirmed
in an individual who had recently returned to Denmark from Southeast Asia [13]. In
Thailand, nine malaria-infected patients were discovered to be co-infected with both hid-
den P. cynomolgi and other Plasmodium species during the diagnosis of malaria patients
presenting symptoms [9]. Typical clinical signs of P. cynomolgi infections usually involve
symptoms like other clinical features of malaria such as headaches, reduced appetite, mus-
cle discomfort, and nausea [3]. These symptoms typically manifest only during episodes of
fever, are of moderate intensity, and can be effectively managed with basic medications
used for the antimalarial regimen for P. vivax. [14]. The most notable physical observations
consist of an enlarged spleen and liver [8]. P. cynomolgi, a simian malaria parasite, has
emerged as a recent contributor to human malaria cases and continues to pose public health
concerns in specific regions. In this review, we assess the updated literature on various
aspects of P. cynomolgi, covering biology and genomes, epidemiology, its natural hosts and
vectors, pathogenesis, and diagnostic approaches.

2. Plasmodium cynomolgi Biology

P. cynomolgi was initially studied and documented in Germany by Mayer in 1907. This
study involved an imported Macaca cynomolgus from Java [15]. In 1937, H.W. Mulligan
re-studied and re-described it as the Mulligan strain or M strain [16]. In the late 1950s,
the P. cynomolgi Bastianielli strain or B strain was found by P.C.C. Garnham [17]. Other
new P. cynomolgi strains (e.g., Berok, Cambodian, Gombak, Ceylonensis, and Smithsonian)
were isolated from monkeys and mosquitoes [18–23]. Among studied strains in Macaca
mulatta, the B strain typically exhibited higher mean parasitemia compared to the Mul-
ligan (M) strain [24,25]. A study conducted earlier, between June 2013 and December
2017, at Kapit Hospital in Malaysia, involving 1047 blood samples from malaria patients,
revealed that P. cynomolgi parasites were detected in the blood samples of two patients,
making up approximately 1.5% to 4.7% of the total malaria parasite count [1]. The parasites
P. cynomolgi had differentiated based on the morphological features of infected erythrocytes,
including Schüffner’s stippling. Erythrocytes infected by the P. cynomolgi parasite undergo
enlargement and can sometimes become distorted, with trophozoites of P. cynomolgi dis-
playing single, double, or triple chromatin dots [1]. Research on P. cynomolgi’s M and B
strains revealed liver incubation periods of 15 to 20 days and 16 to 37 days, respectively.
The erythrocytic cycle takes 48 h, with a human prepatent period of 19 days. In Macaca
speciosa and Macaca mulatta, commonly known hosts, the prepatent period spans from
7 to 16 days. [15]. Additionally, the asexual erythrocytic cycle of P. cynomolgi lasts for
48 h. [15,26]. In the early asexual stage of P. cynomolgi, infected red blood cells noticeably
enlarge as the young parasite grows to almost half the size of the original host cell [25]. As
the parasite undergoes its developmental stages, there is an augmentation in the promi-
nence of Schüffner’s stippling and pigmentation. An observable resemblance emerges with
P. vivax during the later trophozoite stage, where both trophozoites and schizonts exhibit
the presence of Schüffner’s dots [15]. At maturity, P. cynomolgi produces an average of
16 merozoites, typically ranging from 14 to 20. The biology of P. cynomolgi closely resembles
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that of non-Laverania species, with shorter incubation and pre-patent periods compared to
P. falciparum [8]. Obtained from different berok monkeys (K2, K3, and K4), the Berok K4
line culture was better than the others because it had a multiplication rate of two-fold to
four-fold over more than five cycles (Figure 1) [25].
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Multigene families are found to be very common in P. cynomolgi vs. P. vivax, and
P. cynomolgi vs. P. knowlesi [27,28]. An analysis of 192 conserved ribosomal, transla-
tional, and transcriptional genes indicates that P. cynomolgi and P. vivax are closely re-
lated [28]. P. cynomolgi B strain (PcyB) genomes, isolated from monkeys in Malaysia,
revealed 5722 genes with 90% of those genes (4613) being orthologs in P. vivax and
P. knowlesi [28]. Meanwhile, the macaque-infected P. cynomolgi M strain (PcyM) has 966 new
genes compared to PcyB [27]. In the development of a model for the study of other Plas-
modium species, genes there were 214 genes found to be identical to both P. cynomolgi
and P. vivax, and between P. cynomolgi and P. knowlesi, there were 100 genes found to be
identical [27]. Consequently, the P. cynomolgi and P. vivax lineage typically contains a greater
quantity of genes within multigene families compared to P. knowlesi, which indicates that
repeated gene duplication occurred in the ancestor lines of P. vivax and P. cynomolgi or
that some deletions may happen in P. knowlesi, such as the vir, kir, SICAvar, Duffy binding
protein (dbp) and reticulocyte binding protein (rbp) genes [28]. Understanding the invasion
biology of Plasmodium species is important. The gene families of erythrocyte binding-like
(ebl) and reticulocyte binding-like (rbl) gene families are found to encode the parasite ligands
required for successful invasion into red blood cells [29,30]. DBPs, molecules that interact
with the Duffy antigen receptor for chemokines (DARC) found on the surface of both
human and monkey erythrocytes, make up one of the ebl genes that encode the EBL ligands.
P. cynomolgi has three ebl genes (dbp1, dbp2, ebp), in contrast to P. vivax and P. knowlesi, which
have two (dbp and ebp) and three (dbp-α, dbp-β, and dbp-γ) genes, respectively. The dbp genes
are thought to be the important ligands that invade the host’s red blood cells. The presence
of more than one dbp in P. cynomolgi and P. knowlesi can also be thought to be responsible
for infecting both human and monkey erythrocytes [31]. P. cynomolgi from different strains
(Berok, Gombak, Cambodian, Rossan, Cylonesis, Smithsonian, B and M strain) showed
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92% DNA identity or two very similar dbp genes [31]. The divergence of rbp genes has
been thought to be involved in the species-specific erythrocyte invasion mechanism in
different Plasmodium species [28]. The rbl genes encode large ligand proteins that exist
on the apical membrane of invasive merozoites, such as rbp genes [32]. The variation
in rbp genes has been shown between interspecies of P. cynomolgi strains, such as rbp1b,
which exists in Berok and Gombak strains but is absent in the M/B, Rossan, Smithsonian,
Ceylon, Langur and Cambodian strains [28,31]. Furthermore, rbp2a was absent in the
Gombak and Berok strains. Thus, it is thought that the presence or absence of rbp1b or
rbp2a compensate for each other when infecting the host’s red blood cells [31]. In the P.
cynomolgi B strain, approximately 256 pir (plasmodium-interspersed repeat) superfamily
or cyir (cynomolgi-interspersed repeat genes) are found [28]. Whilst in the P. cynomolgi M
strain, a total of 1373 cyir genes are found [27]. Cyir genes are thought to have function
related to immune evasion or antigenic variation [28,33–35]. The high variability of the
genome in P. cynomolgi could be affected by natural host adaptation.

3. Natural Hosts and Vectors of P. cynomolgi

One study that inspected blood samples taken from Macaca monkeys in SEA countries
mainly from Malaysia, found that, in its natural condition, the infections of P. cynomolgi in
Macaca monkeys have been documented both as single infections and in combination with
other simian malaria parasites (e.g., P. vivax, P. inui, P. coatneyi, and P. fieldi) [8]. Regarding
the existence of P. cynomolgi in great apes, such as the orangutan (Pongo pygmaeus), one
study found that the transmission of P. cynomolgi could possibly happen between the
Macaca genera and the orangutan in Kalimantan Indonesia, whilst another study found
that the orangutan is not a host of P. cynomolgi [36]. A systematic review of the prevalence
of simian malaria in Malaysia, collected from seven studies conducted between 2000 and
2021, examined blood samples from Macaca genus and described that, from four studies,
P. cynomolgi was commonly found in the Macaca species in Malaysia with an average preva-
lence of 33.05%. Studies also describe the type of infection among macaques in Malaysia.
P. cynomolgi is commonly found in mono-infection and mix-infection with P. inui (dual
infection), with P. knowlesi and P. coatneyi (triple infection), and with P. knowlesi, P. coatneyi,
and P. inui (quadruple infection) [37]. Extensive research on wild long-tailed macaques
(M. fascicularis) and pig-tailed macaques (M. nemestrina) in the region revealed that these
species are hosts of a total of six simian malaria parasites, including P. cynomolgi, P. coatneyi,
P. fieldi, P. inui, P. knowlesi, and P. simiovale (found in Macaca sinica) [15]. This discovery
came after a large focus on humans [12,38]. P. inui, P. knowlesi, and P. cynomolgi were
the three most common parasites among the 108 macaques studied (82%, 78% and 56%,
respectively). In addition to P. knowlesi, P. inui and P. cynomolgi are two other simian para-
sites with zoonotic potential that have been demonstrated by unintentional and deliberate
infections [1,15]. A study in the Philippines examined blood samples from 40 wild Macaca
fascicularis (long-tailed macaque), as the natural host of P. cynomolgi, and described the
prevalence of Macaca fascicularis monkeys infected by P. cynomolgi as 23.2% [39]. Another
study describing the distribution of infected M. fascicularis with P. cynomolgi in countries of
Southeast Asia (the Philippines, Indonesia, Cambodia, Singapore, and Laos) stated that
P. cynomolgi was the most widespread parasite among all the sample populations with a
prevalence of 53.3% [10].

The successful transmission of zoonotic malaria largely hinges on the ecological
behavior and geographical prevalence of capable vectors. The changes in the habitat of
vectors may have altered the bio-ecology of Anopheles mosquitoes [40,41]. The increase
in zoonotic malaria is due to large deforestation required for changes to agriculture and
human settlements, causing the mosquito vectors to live in close proximity to the host, both
humans and macaque monkeys [42]. A change in land use, occupation, and settlements
is often associated with proximity to infected vectors. Furthermore, mosquitoes that
readily feed on humans and macaque monkeys harboring the parasites should live in a
shared habitat with the reservoir hosts and the humans in order to cause the infection in
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the human population [43]. P. cynomolgi is mostly transmitted by Anopheles leucosphyrus
subgroup mosquitoes [44]. A previous study conducted in seven states in Peninsular
Malaysia revealed the infection of P. cynomolgi in Anopheles introlatus, and An. Latens [45].
The mosquito vectors can be infected by mono-P. cynomolgi infection or together with
P. inui and P. fieldi [45]. In Sabah and Sarawak Malaysia, An. balabacensis were found to be
infected with both single P. cynomolgi or together with P. inui, P. knowlesi, or P. fieldi. The P.
cynomolgi that infects mosquitos, monkeys and humans showed the identity of nucleotide
as 99.7–100%. This means that P. cynomolgi has a close relationship to those three isolates,
monkey–human–mosquito, concluding that habitat sharing is the main factor of successful
of P. cynomolgi transmission to the human population [46,47].

An investigation of the first natural P. cynomolgi infection by the Malaysian Vector
Borne Disease Control Program found that the predominant mosquito within the patient’s
housing area was Anopheles cracens [3]. In Thailand, An. introlatus has been shown to
possess the P. cynomolgi in the salivary gland. An. introlatus is thought to be a responsible
vector of P. cynomolgi in the Southern part of Thailand [9,48]. A study from Vietnam
found that P. cynomolgi can be detected together with other simian malaria parasites in
the primary mosquito vectors, An. dirus and An. Minimus [49]. This evidence can be a
potential threat that the vector might be able to transmit to the human population, similar
to P. knowlesi [50,51]. Furthermore, there was a study comparing the susceptibility of
the P. cynomolgi B strain infection in An. dirus, An. takasagoensis, An. maculatus, and
An. philipinensis. An. dirus showed the highest infectivity of P. cynomolgi, whereas An.
philipinensis was shown to be the least susceptible [52].

4. Epidemiology

Transmission of P. cynomolgi through mosquito bites has been reported to be ge-
ographically spreading around Southeast Asia, with one case imported to Denmark
(Figure 2 and Table 1). It is estimated that around 0–1.4% of people are infected with
P. cynomolgi globally. Several factors that are associated with the spread of P. cynomolgi in
natural infection are the presence of suitable vectors and non-primate hosts in a shared
habitat, globalization, climate change, and deforestation [8]. P. cynomolgi infections usually
appeared along with P. falciparum or P. vivax in the blood samples. P. cynomolgi may have
the same Anopheline vectors or may have other vectors with a comparable zoophilic
and anthropophilic tendency [1,15]. The existence of vectors plays an important role in
the successful zoonotic malaria transmission of P. cynomolgi. It significantly relies on the
bionomics and geographic distribution of the vectors, as well as the natural hosts of the
parasite. Living in close proximity to hosts, particularly people working as farmers or in
agriculture near the forests, or tourists traveling to a macaque endemic area, have a high
risk of being exposed to P. cynomolgi. In a meta-analysis and systematic review of human
P. cynomolgi infection cases in Malaysia (n = 8), a high proportion of natural hosts (macaque)
was found to be infected with P. cynomolgi, accounting for 37.42% [53]. The existence of
macaque (commonly pig-tailed and long-tailed species) infected with P. cynomolgi and other
simian malaria parasites in Thailand, mainly in the southern region of the country, has been
proven in a previous study [54]. The occurrence of transmission between humans and hosts
is suspected to have happened because most of the patients infected with P. cynomolgi share
the same environment with the host and mosquito. Patients co-infected with P. cynomolgi,
P. knowlesi, and P. vivax, from a study in the Yala Province, had a history of living in a neigh-
borhood surrounded by a group of domesticated pig-tailed and long-tailed macaques [9]. A
study in Malaysia investigated the infection of simian malaria parasites among indigenous
communities living in the forest fringe and found a mixed infection of P. cynomolgi with
P. inui. These indigenous people were at high risk of simian malaria because of the high
chance of exposure to monkeys, as the natural host, and mosquito bites [11].

120



Microorganisms 2024, 12, 1607
Microorganisms 2024, 12, x FOR PEER REVIEW 6 of 13 
 

 

 
Figure 2. The geographical distribution of natural hosts and vectors of P. cynomolgi. 

Table 1. Natural human infection of P. cynomolgi. 

Study Locations 
Samples 

(n) 
Human Malaria 

Positive (n) 
Type of Infection 

Mono-Infection (n) Mixed Infection (n) 
Thailand (2007–2016) (Pu-

taporntip, C. et al., 2021 
[9]) 

1359 1180 0 
P. cynomolgi + P. vivax (7); P. cynomolgi 
+ P. falciparum (1); P. cynomolgi + P. fal-

ciparum + P. vivax + P. knowlesi (1) 
Malaysia (first case 2011) 
(Ta, T. H. et al., 2014 [3]) - 1 1 0 

Malaysia (2011–2014) (Yap, 
N. J. et al., 2021 [11]) 288 90 9 0 

Cambodia (2013–2016) 
(Imwong, M. et al., 2019 

[7])  
14,732 1361 11 P. cynomolgi + P. vivax (2) 

Malaysia (2013–2017) 
(Raja, T. N. et al., 2020 [1]) - 1047 0 P. cynomolgi + P. knowlesi (6) 

Malaysia (2015) (Grignard, 
L. et al., 2019 [55])  876 54 2 0 

Denmark (2018) (Hart-
meyer, G. N. et al., 2019 

[13])  
- 1 1 0 

Thailand (2008–2016) (Pu-
taporntip, C. et al., 2010 

[54]) 
5271 4195 2 

P. cynomolgi + P. vivax (2); P. cynomolgi 
+ P. vivax (1); P. cynomolgi + P. vivax 

(1); P. cynomolgi + P. vivax (3); P. cyno-
molgi + P. vivax (8); P. cynomolgi + P. 

falciparum (2); P. cynomolgi + P. 
knowlesi (2) 

Thailand (2015) (Sai-ngam, 
P. et al., 2022 [14])  3 3 2 P. cynomolgi + P. vivax (1) 

  

Figure 2. The geographical distribution of natural hosts and vectors of P. cynomolgi.

Table 1. Natural human infection of P. cynomolgi.

Study Locations Samples (n) Human Malaria
Positive (n)

Type of Infection

Mono-Infection (n) Mixed Infection (n)

Thailand (2007–2016)
(Putaporntip, C. et al., 2021 [9]) 1359 1180 0

P. cynomolgi + P. vivax (7);
P. cynomolgi + P. falciparum (1);
P. cynomolgi + P. falciparum +

P. vivax + P. knowlesi (1)
Malaysia (first case 2011) (Ta, T.

H. et al., 2014 [3]) - 1 1 0

Malaysia (2011–2014) (Yap, N. J.
et al., 2021 [11]) 288 90 9 0

Cambodia (2013–2016) (Imwong,
M. et al., 2019 [7]) 14,732 1361 11 P. cynomolgi + P. vivax (2)

Malaysia (2013–2017) (Raja, T. N.
et al., 2020 [1]) - 1047 0 P. cynomolgi + P. knowlesi (6)

Malaysia (2015) (Grignard, L.
et al., 2019 [55]) 876 54 2 0

Denmark (2018) (Hartmeyer, G.
N. et al., 2019 [13]) - 1 1 0

Thailand (2008–2016)
(Putaporntip, C. et al., 2010 [54]) 5271 4195 2

P. cynomolgi + P. vivax (2);
P. cynomolgi + P. vivax (1);
P. cynomolgi + P. vivax (1);
P. cynomolgi + P. vivax (3);
P. cynomolgi + P. vivax (8);

P. cynomolgi + P. falciparum (2);
P. cynomolgi + P. knowlesi (2)

Thailand (2015) (Sai-ngam, P.
et al., 2022 [14]) 3 3 2 P. cynomolgi + P. vivax (1)

5. Clinical Presentation

Malaria infections resulting from P. cynomolgi manifest numerous symptoms that
overlap with those caused by other malaria species. Nevertheless, different strains of
this parasite show some slight differences in their clinical signs. The striking feature of
deliberately induced P. cynomolgi malaria infections in humans was the clear presence of
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substantial clinical symptoms, even when the level of parasites was low. These symptoms
followed a sequence of cephalgia, anorexia, myalgia, and nausea [56]. Importantly, they
typically occurred only during fever or febrile, were of moderate severity, and were easily
treatable with antimalarial regimens for P. vivax [14]. Additionally, common physical
findings included a splenomegaly and a hepatomegaly [8].

P. cynomolgi infections are frequently found in macaque monkeys, including Macaca fas-
cicularis (long-tailed macaque), Macaca nemestrina, and Macaca leonina (pig-tailed macaque)
(Figure 2). In Java, P. cynomolgi was first discovered by Halberstadter and von Prowazek
in 1907 from long-tailed macaques (M. fascicularis). Similar to P. vivax, P. cynomolgi was
reported to have recurrent relapses in rhesus monkeys. This exoerythrocytic source was
later identified as dormant “hypnozoites” in the liver. As a result, it was used as the
animal model for recurrent malaria. P. cynomolgi first infected humans accidentally with
the P. cynomolgi B strain in 1960. This infection was later acquired naturally by humans in
Southeast Asia from various macaque monkeys [57–61].

The first known case of naturally acquired P. cynomolgi malaria in humans was reported
in 2011. The patient was a 39-year-old woman from the east coast of Peninsular Malaysia
with no previous history of malaria who did not travel to any other malaria-endemic areas.
The clinical symptoms of the patient were non-specific and mimicked a flu-like syndrome
with a febrile condition. The patient took oral chloroquine for medication and recovered
within a week.

Additional symptoms, including muscle pain, general malaise, headache, fever, and
abdominal pain were reported by a traveler who had returned from a Southeast Asian
country. A blood test revealed elevated C reactive protein, S-alanine aminotransferase
(S-ALAT), thrombocytopenia, and low platelet levels [13]. The prepatent period, defined as
the duration between infection and the onset of symptoms, ranges from 7 to 16 days. The
incubation period, which is the time between infection and the development of the disease,
ranges from 15 to 20 days, with some differences seen in different P. cynomolgi strains. On
the other hand, patients infected with P. cynomolgi typically experience, at worst, mild and
non-life-threatening symptoms [3,7,13,55]. An experimental study described that both the
P. cynomolgi M and B strains had similar significant symptoms, which included high fever,
headaches, loss of appetite, muscle pain, and nausea. However, there were differences in
how long these symptoms lasted, how often fever episodes occurred, and the degree of
spleen enlargement. Individuals infected with the M strain exhibited prolonged symptoms,
a higher incidence of tertian fever, and an increased likelihood of developing splenomegaly
when compared to those infected with the B strain. Additionally, only those intentionally
infected with the M strain reported experiencing chills and vomiting [56].

6. P. cynomolgi Confirmation and Diagnosis

P. cynomolgi exhibits phenotypic and phylogenetic resemblances to P. vivax, posing
difficulties in differentiation between the two when examining blood smears using routine
microscopy. Often, routine microscopy can lead to the misdiagnosis of P. knowlesi as
P. malariae and P. cynomolgi as P. vivax [62]. In such situations, it becomes essential to
precisely assess and comprehend the prevalence and transmission patterns of non-human
Plasmodium species, particularly P. cynomolgi, within human populations using a more
sensitive diagnostic tool [3,6,63]. Molecular methods are the most accurate diagnostic test
for morphologically identical species [64]. The first case of natural infection of P. cynomolgi
in humans was confirmed by molecular detection, using nested PCR. The sequencing result
of 785 nucleotides showed that 99.9% of the genes were similar to the P. cynomolgi M-strain
from Malaysia [3,15]. A recently developed test to confirm the presence of P. cynomolgi
used a combined lateral flow with a recombinase polymerase amplification (RPA-LFD) [6].
This assay uses the designed 18S rRNA primers. From a total of 30 Plasmodium-positive
blood samples from wild macaques, nested PCR detected positivity in 11 out of these
samples, and 9 positives were detected by RPA-LFD assay. Of the 19 negative samples
by nested PCR, RPA-LFD assay showed 18 true negatives. The limit of detection (LoD)
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of this assay also showed 22.14 copies/µL, which was said to be 10 times greater than
qPCR or RPA-AGE (Agarose Gel Electrophoresis) assay. It is concluded that the latest
developed test has given 81.82% sensitivity and 94.74% specificity in detecting the target
DNA of P. cynomolgi [6]. However, this assay may require specialized techniques and
require a longer time for sample preparation. This technique may not be suitable for use in
a resource-limited setting. Another test, qPCR, is also performed to confirm the P. cynomolgi
targeting the 18S rRNA gene. The LoD observed was 0.075 ng/µL. However, using the
suspected clinical isolates (n = 250 human blood samples), the qPCR was not able to confirm
the presence of P. cynomolgi [63]. The inability to detect P. cynomolgi in the clinical samples
may be due to the low DNA content in the samples, or this may be the true negative result
of P. cynomolgi. Thus, a large number of clinical samples may be required to validate the use
of qPCR for the detection of the presence of P. cynomolgi DNA. Furthermore, loop-mediated
isothermal amplification (LAMP) is an alternative assay that reduces the downsides of a
PCR diagnosis-based assay. The LAMP assay is employed with a focus on species-specific
targeting of the mitochondrial genes [65–72]. Studies have indicated that LAMP exhibits
greater sensitivity and specificity compared to ELISA and microscopy, with a reported
accuracy of 95.6% and 100%, respectively [73].

7. P. cynomolgi for P. vivax Malaria Research

P. cynomolgi is a species genetically related to P. vivax, which is one of the malaria
parasite species in humans. P. cynomolgi naturally infects monkeys, especially long-tailed
macaques (Figure 2). Although P. cynomolgi usually does not cause serious illness in
humans, this parasite has many similarities with P. vivax, especially relating to phenotype,
biology, and genetic characteristics [27,74,75]. The lack of a long-term in vitro culture
method for P. vivax has severely limited our understanding of the P. vivax invasion biology
and drug and vaccine development. However, the putative P. vivax drug-resistance marker
mdr1 Y976F was investigated by using P. cynomolgi Berok in an in vitro culture model. By
conducting genetic manipulations in P. cynomolgi and observing the ensuing alterations in
its characteristics, this model is able to identify the specific impact of the Y976F mutation
within the Pcymdr1 gene on drug sensitivity [75].

P. vivax merozoites predominantly invade human reticulocytes, thereby limiting the
development of an in vitro culture. The inability to establish a continuous culture system
for P. vivax affects the development of a growth inhibition assay (GIA). To address this
limitation, a previous study utilized a surrogate species like P. cynomolgi as a model for
P. vivax [76]. P. cynomolgi is commonly used in monkey studies for drug discovery and
understanding the biological characteristics. The capacity to infect human reticulocytes
using P. cynomolgi creates valuable opportunities for studying invasion mechanisms and
changes in red blood cells. A previous study showed success in growing the blood stages of
two P. cynomolgi strains, particularly the Berok strain. Initially, from a wild M. nemestrina in
Malaysia in the 1960s, the Berok strain was maintained by blood or sporozoite inoculation
in monkeys. This strain was not cloned, suggesting it might contain various parasite types
that could vary during infection or across hosts [21]. It is unclear if Berok parasites from
different monkeys differ genetically or as variations within a group. Addressing initial
setbacks persistently could likely lead to cultivating other P. cynomolgi lines or macaque
parasite species. The study highlighted a valuable surrogate for P. vivax to expand research
possibilities with lab-cultured parasites. Research findings confirm that lab-grown Berok
K4 parasites resemble those from monkeys and maintain infectivity to produce infective
sporozoites in mosquitoes. This study has shown the possible use of a P. cynomolgi model
for P. vivax research to understand the morphology, characteristics, and behavior [25]. The
previous study has shown that P. cynomolgi in in vitro culture was totally restricted to
human reticulocytes. Meanwhile, the in vitro cultures of P. cynomolgi using monkey RBCs
were not restricted to only reticulocytes [77]. The P. cynomolgi has two invasion pathways
(DARC-dependent and independent) to invade the rhesus macaques [78]. However, the
invasion into human RBCs by P. cynomolgi depends on the DARC-dependent pathway [77].
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It serves as a great model to assess vaccines before clinical trials, contributing significantly
to developing new strategies to control the widespread and challenging P. vivax [77].

8. Treatment

The importance of malaria management lies in preventing the transmission of the
disease and decreasing the immediate risk to the host. One aspect of this management is
treating malaria patients with specific medications. Currently, there is no single therapy
that can eradicate P. cynomolgi at each respective lifecycle stage. Some studies reported
that P. cynomolgi-infected patients were treated with a combination of existing antimalarial
drugs, such as atovaquone plus proguanil or chloroquine plus primaquine. Moreover,
another study found that P. cynomolgi co-infected with P. falciparum patients were treated
using artesunate plus mefloquine [9,13,14].

The significant morphological and biological characteristics of both P. vivax and P.
cynomolgi are the dormant liver stages (hypnozoites), which are responsible for relapses due
to their reactivation within several weeks to years after the initial infection. It is essential to
prevent relapses of P. cynomolgi through safer radical curative compounds that efficiently
kill hypnozoites. Similar to P. vivax, previous research has identified primaquine as a po-
tential treatment for P. cynomolgi infections against hypnozoites. However, primaquine can
cause acute hemolytic anemia in malaria patients with glucose-6-phospate dehydrogenase
(G6PD) deficiency [4]. Additionally, the CDC’s recommendation of a primaquine treatment
schedule of 30 mg/day for 14 days for non-G6PD-deficient patients can lead to primaquine
resistance due to limited patient compliance. A previous study was conducted to identify a
new potent non-8-aminoquinoline compound that efficiently kills the early developmental
forms of hypnozoites in vitro using a drug assay. The result shows that the activity of
KAF156 was limited to schizont; meanwhile, KAI 407 showed activity against both liver
stages schizonts and hypnozoites forms, like primaquine [79]. Another study found that
MMV019721, which is an acetyl-CoA synthetase inhibitor that affects histone acetylation,
selectively kills P. vivax and P. cynomolgi hypnozoites [80].
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Abstract: Differentiating between Bacillus species is relevant in human medicine. Bacillus thuringiensis
toxins might be effective against Strongyloides stercoralis, a nematode causing relevant human morbidity.
Our first objective was to evaluate genomic and MALDI-TOF identification methods for B. thuringiensis.
Our secondary objective was to evaluate a possible negative selection pressure of B. thuringiensis against
S. stercoralis. PCR and Sanger were compared to MALDI-TOF on a collection of 44 B. cereus group strains.
B. thuringiensis toxin genes were searched on 17 stool samples from S. stercoralis-infected and uninfected
dogs. Metagenomic 16S rRNA was used for microbiome composition. The inter-rate agreement between
PCR, Sanger, and MALDI-TOF was 0.631 k (p-value = 6.4 × 10−10). B. thuringiensis toxins were not found
in dogs’ stool. Bacteroidota and Bacillota were the major phyla in the dogs’ microbiome (both represented
>20% of the total bacterial community). Prevotella was underrepresented in all Strongyloides-positive
dogs. However, the general composition of bacterial communities was not significantly linked with
S. stercoralis infection. The genomic methods allowed accurate differentiation between B. thuringiensis
and B. cereus. There was no association between B. thuringiensis and S. stercoralis infection, but further
studies are needed to confirm this finding. We provide the first descriptive results about bacterial fecal
composition in dogs with S. stercoralis infection.

Keywords: Strongyloides stercoralis; Bacillus thuringiensis; cry5; DNA; microbiota; dog

1. Introduction

Bacillus species are spore-forming, Gram-positive bacteria that include Bacillus thuringien-
sis, B. cereus, B. cytotoxicus, B. anthracis, B. pseudomycoides, B. weihenstephanensis, B. toyonensis,
and B. mycoidesare. Being highly similar in genotype and phenotype, these bacteria are
classified as part of the B. cereus group in taxonomy [1,2]. Unambiguous differentiation
between Bacillus species can be relevant for human and animal health, but this is not
usually possible with routine diagnostics [3]. For instance, B. thuringiensis is used as a
biocontrol agent in agriculture, permitting a reduction in the amount of chemical prod-
ucts [4]. This is possible through the production of various crystal protein toxins (Cry5,
Cry6, Cry12, Cry13, Cry14, Cry21, and Cry55) that exhibit a substantial biological activity
against various insects, nematodes, and other pathogenic pests [5–8]. Previous studies
reported B. thuringiensis-derived crystal protein Cry5B to be effective against a broad range
of gastrointestinal parasitic hookworms [9] and Strongyloides stercoralis [10]. In particular,
Cry5B was tested in vitro and in vivo on hamsters and dogs, demonstrating good efficacy
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against Ancylostoma ceylanicum, Ancylostoma caninum, and Necator americanus [9]. Regarding
S. stercoralis, multiple stages, including the first larval stage (L1s), infective stage (iL3s),
free-living adult stage, and parasitic female stage, were all susceptible to Cry5B, as in-
dicated by the impairment of motility and decreased viability in vitro [10]. Strongyloides
stercoralis is a soil-transmitted helminth that affects around 600 million people globally,
causes a neglected tropical disease [11–13], and occurs in humans, non-human primates,
dogs, cats, and wild canids [11]. Its zoonotic potential is under study [14–16]. Indeed, some
authors have considered strongyloidiasis a zoonotic disease, while others have argued
that the different hosts carry host specialized populations of S. stercoralis. In particular,
clinical manifestations of S. stercoralis in humans and dogs range from asymptomatic to
severe infection, with symptoms and signs involving mostly the intestines, respiratory tract,
and skin [17]. Moreover, a potentially fatal syndrome (hyperinfection/dissemination) can
develop; this is associated with immunosuppression in humans, while it can occur also in
immunocompetent dogs [17]. The implementation of public health strategies for the control
of S. stercoralis in endemic areas has been recommended by the WHO [18]. For instance,
the strategies can include regular parasitological examinations of dogs and inspections of
park soil, kennels, and dog shelters. Moreover, the strategies primarily entail mass drug
administration of ivermectin, but caution should be paid to the possible emergence of drug
resistance, considering the already-existing resistance to this drug observed in veterinary
medicine [19,20]. Hence, additional strategies that could help to contain environmental
contamination with S. stercoralis larvae might be useful for integration with mass drug ad-
ministration. The primary objective of this study was to assess a MALDI-TOF and genomic
lab pipeline for the identification of B. thuringiensis and its genes involved in the synthesis of
the Cry toxins, such as cry5Ab, cry5Ac, and cry5Ba genes [21]. Our secondary objective was
to investigate a hypothetical negative selective pressure of these toxins against S. stercoralis
and a possible different bacterial composition in the gut microbiota of S. stercoralis-infected
and uninfected dogs.

2. Materials and Methods
2.1. Study Setting and Population

A total of 44 bacterial strains (Table S1) from our collection were used for the genotyp-
ing and MALDI-TOF analyses. In particular, among this collection, 3 strains were used as
positive controls for B. thuringiensis (NRRL B-18400, NRRL B-18765, and DSM 2046T) and 6
for B. cereus (LMG 6923T, LMG 12334, LMG 12335, LMG 17615, NCTC 11143, and ATCC
11778). Moreover, in order to explore the potential effect of B. thuringiensis on S. stercoralis,
we analyzed 17 dog stool specimens (Table S2), a cohort enrolled in our previous study
investigating the epidemiology of strongyloidiasis in Southern Italy [22]. The dogs’ samples
were collected from a kennel and three farms located in Apulia Region and all samples
were tested for S. stercoralis infection using both Baermann method and Real-Time PCR
(rtPCR), as previously described [22]. In particular, three dogs resulted to be infected by S.
stercoralis using both methods and another one tested positive only by rtPCR (see Table S2).

2.2. Mass Spectrometry

The B. cereus group strains were cultured on Columbia Agar with Sheep Blood
(PB5039A Thermofisher, Monza, Italy) and incubated at 37 ◦C for 16/24 h. The mass
spectrometry identification was performed by MALDI-TOF using the instrument Maldi
Biotyper MBT smart (Bruker, Milan, Italy) with the MBT IVD Library DB 8326 March
2019 J and the software MBT Compass IVD v 4.1.100 (Bruker, Milan, Italy) following the
manufacturer’s instructions.

2.3. DNA Extraction/Purification

For the B. cereus group strains, the total genomic DNA was extracted and purified
from a 2 mL overnight culture using the Wizard Genomic DNA purification kit (Promega
Corporation, Madison, WI, USA), following the manufacturer’s instructions. For the stool
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samples, the DNA was isolated from 200 mg using a Qiamp Fast DNA stool mini kit
(Qiagen, Milan, Italy), according to the manufacturer’s instructions. The samples were
eluted in 30 µL of elution buffer. The quality and quantity of DNA was analyzed using
a NanoDrop One/Onec Spectrophotometer (Thermofisher, Monza, Italy) and a Qubit 4
Fluorometer (Thermofisher, Monza, Italy). The isolated DNA was stored at −80 ◦C until
PCR and sequencing.

2.4. Genotyping of B. cereus Group Strains

The B. cereus group strains (n = 44) were first characterized by Bacillus species-specific
PCR for a fragment of gyrase B gene (gyrB), followed by Sanger sequencing (Eurofins
Genomics, Ebersberg, Germany) as previously described [23]. Moreover, the B. cereus
group strains (n = 44) and the dog stools (n = 17) were analyzed using specific PCRs for the
gene ces [24] coding B. cereus emetic toxin cereulide and for the genes cry5Ab, cry5Ac, and
cry5Ba [21] coding for B. thuringiensis Cry toxins. In this analysis, we included the positive
controls B. thuringiensis NRRL B-18400 and NRRL B-18765 for cry genes and B. cereus LMG
12,334 for ces. For all PCR experiments, the amplification products were loaded on a 1.5%
agarose gel and visualized by exposure to ultraviolet (UV) light.

The Sanger sequences of the gyrB gene were aligned with Clustal X software v2.0 [25],
obtaining a final consensus length of 645 nucleotides for the 44 strains under analysis
and the type strain of the species B. mycoides DSM 2048T and B. cytotoxicus NVH 391-98T,
for which the sequence was retrieved from the NCBI database. The consensus-sequence
alignment was imported on MEGA software version 11 [26], and the Neighbor-Joining
algorithm was used for the reconstruction of the phylogenetic tree. The evolutionary
distances were computed using the Tamura–Nei model with complete deletion. The gyrB
sequences of the strain B. subtilis subsp. subtilis BCRC 10255T was retrieved from the NCBI
database and used as the outgroup.

2.5. Sequencing and Bioinformatic Analysis

To reduce the possible bias of biological/dietary/environmental interferents, we chose
to analyze samples collected from dogs belonging to the same kennel, with sampling
performed on the same day. For this purpose, among the total dogs cohort (n = 17), the
metagenomics analysis was conducted on ten stool samples (three positives and seven neg-
atives for S. stercoralis) collected from dogs living in the same kennel (Table S2). Libraries
were prepared following the 16S Metagenomic Sequencing Library Preparation protocol
(Illumina, San Diego, CA, USA) in two amplification steps: an initial 35 cycle PCR amplifica-
tion using 16S rDNA V3–V4-specific PCR primers (16S-341F 5′-CCTACGGGNBGCASCAG-
3′ and 16S-805R 5′-GACTACNVGGGTATCTAATCC-3′) and a subsequent amplification
that integrates relevant flow-cell binding domains and unique indices (NexteraXT In-
dex Kit, FC-131-1001/FC-131-1002). Libraries were sequenced on a NovaSeq instrument
(Illumina, San Diego, CA, USA) using 300 bp paired-end mode. Base calling, demulti-
plexing, and adapter masking were carried out through the Illumina BCL Convert v3.9.3
(https://emea.support.illumina.com/ (accessed on 18 January 2023)). The FASTQ se-
quences obtained were analyzed firstly using Kraken 2, which examines the k-mers ob-
tained from a sequencing read sample with those produced from the Silva ribosomal RNA
Database (release 138.1) available for Kraken 2 [27]. The taxonomic abundance for each
taxon was estimated through Bracken [28]. In addition, the reads generated for the ten
stool samples were analyzed through DADA2 version 1.8 [29] by the R 3.5.1 environment.
DADA2 was run as described in https://benjjneb.github.io/dada2/tutorial.html (accessed
on 20 July 2023), applying the following parameters: trimLeft equal to 30 and the truncLen
option set to 270 and 200 for the forward and reverse fastq files, respectively. Taxonomic
assignment was performed comparing the amplicon sequence variants (ASVs) predicted
from DADA2 against the Silva ribosomal RNA Database (release 138.1) using the function
assignTaxonomy and addSpecies.
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2.6. Statistics

B. cereus and B. thuringiensis cases were summarized for each technique using fre-
quencies and percentages. The agreement between MALDI-TOF, PCR, and Sanger was
evaluated using Fleiss’ kappa coefficient.

3. Results
3.1. Identification Analysis of B. cereus Group Strains

MALDI-TOF and the specific gyrB PCR permitted us to identify B. cereus, B. thuringien-
sis, B. mycoides, B. cytotoxicus, and B. subtilis in the 44 B. cereus strains, as reported in Table S1.
The results of Sanger sequencing are shown in Table S1 and Figure 1. Of note, one of the
positive controls, B. thuringiensis NRRL B-18765, was misidentified as B. cereus by MALDI-
TOF (Table S1). We then compared the data obtained from MALDI-TOF and the specific
PCR followed by Sanger only on the B. cereus and B. thuringiensis results (n = 32 strains),
excluding positive controls and other Bacillus species of the collection. We found 0.631 k
(p-value = 6.4 × 10−10) inter-rate agreement between the three methods. As summarized in
Table 1, all three methods identified B. cereus in twenty-one strains and B. thuringiensis in
four strains, whilst seven strains resulted in B. thuringiensis by genomic approaches and
were misidentified as B. cereus by MALDI-TOF.
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Table 1. Results of B. cereus and B. thuringiensis identification with MALDI-TOF, PCR, and Sanger
methods. n = 32 is the total of analyzed strains.

MALDI-TOF PCR Sanger n (%)

B. cereus B. cereus B. cereus 21 (65.62)
B. cereus B. thuringiensis B. thuringiensis 7 (21.88)

B. thuringiensis B. thuringiensis B. thuringiensis 4 (12.50)

3.2. Characterization for cry5Ab, cry5Ac, and cry5Ba by PCR

For a better differentiation, the Bacillus strains were investigated by specific PCRs
for the genes cry5Ab, cry5Ac and cry5Ba, which code for the B. thuringiensis toxin Cry5B
and for the gene ces coding for the B. cereus emetic toxin cereulide (Table S1). The analysis
was performed using control strains B. thuringiensis NRRL B18765 and NRRL B-18400
and B. cereus LMG 12334, confirming the presence of cry5Ab, cry5Ac, and cry5Ba only in
B. thuringiensis and the presence of ces only in B. cereus, as expected (Table S1). Apart from
the controls described above, no other strains from the collection showed signals for all the
analyzed genes (Table S1). For the study’s secondary objective, we tested the dogs’ stool
for the genes cry5Ab, cry5Ac, and cry5Ba, finding no amplification in all samples (Table S3).

3.3. 16S Illumina

Both Kraken2|Bracken and DADA2 identified Bacteroidota and Bacillota as the most
abundant phyla (>20% as maximum value, Figure 2, Tables S5 and S6). In particular, four
dogs in the present study were characterized by a reduction in Bacteroidetes, with a conse-
quently increase in the ratio between Bacillota and Bacteroidota, presented by KC1A (dogs
with frequent episodes of diarrhea), KC3A (dog manifesting some episodes of diarrhea),
KC7A (dog positive for S. stercoralis infection in 2018), and KC6A (dog positive for S. sterco-
ralis infection). The main orders were Bacteroidales, Lactobacillales, and Eubacteriales (>20% as
maximum value, Figure 2, Tables S7 and S8). The main genera were Prevotella, Streptococcus,
Alloprevotella, Fusobacterium, and Clostridium (>20% as maximum value, Tables S9 and S10).
Regarding the order Caryophanales (former Bacillales) and the genus Bacillus, they were
mostly identified in the sample KC10A (S. stercoralis negative), with a relative abundance
of 2.38% and 2.14%, respectively (Tables S7 and S9). In fact, in all the other samples these
taxa were found with a relative abundance lower than 1.5% (Tables S9 and S10), resulting
in the least represented bacterial community. This fact could explain why the genus Bacillus
and, consequently, the order Caryophanales were not identified in the samples using the
approach based on the DADA2 pipeline (Tables S8 and S10). The general composition of
the bacterial communities was not directly linked with S. stercoralis infection. However,
all S. stercoralis-positive samples (KC4A, KC6A, and KC9A) showed very low percentages
of the genus Prevotella, ranging between 0.17% and 1.06% for the data analyzed with the
Kraken2/Bracken approach and between 0.21% and 1.31% according to the DADA2 anal-
ysis. In addition, one S. stercoralis-negative sample (KC1A) showed similarly low values
for Prevotella; interestingly, this sample originated from a dog with frequent episodes of
diarrhea (Table S2).
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4. Discussion

The primary aim of this study was to assess a lab pipeline for the identification of
B. thuringensis and its characterization for the presence of genes involved in the synthesis
of Cry toxins, such as cry5Ab, cry5Ac, and cry5Ba genes [21]. While all six B. cereus controls
were correctly identified, one out of the three B. thuringiensis positive controls (NRRL
B-18765) was misidentified as B. cereus by MALDI-TOF, highlighting a possible discrepancy
with the PCR/Sanger. This observation was deep-rooted extending the analysis to all the
collection strains, and the gyrB genomic approach allowed differentiation between B. cereus
and B. thuringiensis.

We then characterized all the strains by ces- and cry5-specific PCRs. As expected, only
B. cereus had the genetic determinant for the emetic toxin cereulide (ces), whilst two positive
B. thuringiensis controls (NRRL B-18765 and NRRL B-18400) confirmed all cry5 genes.

Of note, although B. cereus and B. thuringiensis have different pathogenicity and ap-
plications [30], still there are no available guidelines to reliably distinguish species and
strains [3]. So far, different approaches such as protein crystallization, pulsed-field gel
electrophoresis, and molecular typing were tested [3], but no reliable differentiation has
been achieved with good results. A recent work assessed MALDI-TOF mass-spectrometry
for differentiating closely related Bacillus species [31]. In this work, we chose gyrB as the
target gene because it is also the target of the putative species-specific PCR developed by
Yamada and colleagues (1999) [23] and we combined in-home PCR, Sanger sequencing,
and MALDI-TOF approaches with the instruments and library currently used in our lab-
oratory for a comprehensive identification of the strains. Our results highlight that the
genomic approach (gyrB PCR and Sanger) is more accurate for B. thuringiensis identifica-
tion compared to MALDI-TOF. Based on these results, we proceeded with our secondary
objective and we used the approach for genomic characterization in order to investigate
the potential presence of B. thuringiensis cry5 genes in dog stool. The data obtained from
this analysis did not show a possible correlation between the presence of S. stercoralis
infection and B. thuringiensis, as all samples from the dogs were negative for the toxin
genes. To the best of our knowledge, to date, there is no evidence of in vivo correlation of
B. thuringiensis with S. stercoralis or other parasites and only evidence of efficacy testing
following treatment/administration [9,10]. Moreover, neither the general composition of
the bacterial communities nor specific taxa (at the phylum, order, or genus level) were
directly associated with S. stercoralis infection. In addition to gyrB- and cry5-specific PCRs,
we used a 16S metagenomics approach in order to detect the fecal bacteria composition. To
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reduce possible bias of biological/dietary/environmental interferents, we chose to analyze
samples collected from dogs belonging to the same kennel, with sampling performed on
the same day. However, being a small group, some differences in gender, age, physio-
logical, and health status remain among the dogs leading to possible differences in fecal
composition as well. By the way, these characteristics were not taken into account in this
work. In order to strengthen the analysis, we conducted the bioinformatics examination
using two different tools, in order to investigate how different approaches of read analysis
can affect the interpretation of bacteria composition and community structure and try to
evaluate the agreement between them. Kraken2|Brachen is based on alignment-free k-mer
searches against a reference genome library [27], while DADA2 infers amplicon sequence
variants (ASVs) and the identification at taxonomic level is based on sequence alignment
against a reference database [29]. Overall, the two pipelines yielded almost identical com-
positions and relative frequencies at the phylum level for the samples analyzed, while
some differences arose at the order and genus levels specifically for very-low-represented
taxa, such as Caryophanales (former Bacillales) and Bacillus. The low sensitivity of DADA2
paired with SILVA for the characterization of samples at the genus level has been recently
reported [32]. In addition, the authors confirmed the accuracy of the SILVA database for
the investigation of the composition of microbial communities. Another aspect to consider
is that the outcomes of DADA2 pipelines are directly dependent on the parameters chosen
by the users for read filtering and trimming, which can affect the final identification of the
taxa [33].

The two pipelines identified the presence of five different phyla among the samples
analyzed, where the most abundant were Bacteroidota (former Bacteroidetes [34]) and Bacillota
(former Firmicutes [34]). This is consistent with previous reports [35], which characterized
the microbiota of 96 healthy dogs. Bacteroidetes and Firmicutes, together with Fusobacterium,
represent the most important bacterial phyla in the gastrointestinal tract of dogs [36]. In
particular, it is widely accepted that the Firmicutes/Bacteroidetes (F/B) ratio has an important
role in maintaining intestinal homeostasis [37,38] and the evidence of this study is in
accordance with that reported by Chaitman et al. (2020) [39], where the authors observed a
significantly lower abundance of Bacteroidetes in dogs affected by acute diarrhea.

The overall composition of the fecal microbiome of the Strongyloides-infected and un-
infected dogs enrolled in our study is in line with what is reported in the literature for dogs
either under natural or experimental conditions [40,41]. In spite of the overall similarities
in the composition of the fecal microbiota between Strongyloides-positive and -negative
dogs, Prevotella was relatively mostly abundant in the uninfected compared to the infected
group. There are no other data in the literature exploring the potential microbiota difference
between Strongyloides-infected and uninfected dogs. Limited data have been described
in chronic S. stercoralis-infected humans, showing significantly expanded populations of
Clostridia and Leuconostocaceae [42] and an increasing presence of the Ruminococcus torques
group [43]. On the other hand, discordant observations have been reported about Prevotella
abundance in humans, with or without helminth infection [44]. Putatively the dogs en-
rolled in this study had S. stercoralis infection of a long duration due to re-infection from
the environment, suggesting a potential correlation with Prevotella differential abundance
between Strongyloides-infected and uninfected dogs.

Some limitations should be highlighted: (i) the small size of the dog cohort, which
depended on the availability of samples in the context of our previous study [22] for which
they were collected, and (ii) the uninfected dogs were not fully representative of the general
canine population.

To conclude, here, we assessed an internal lab pipeline that aimed to characterize a
list of B. cereus group species for three cry5 toxin genes and for the differential analysis of
B. thuringiensis and B. cereus. Our results suggest that the genomic approach combining
specific gyrB PCR and Sanger might be superior for Bacillus identification compared to the
MALDI-TOF approach.
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The specific PCRs and 16S metagenomics analyses on dog stools showed no significant
correlation between B. thuringiensis and the fecal microbiome, although a potential Prevotella
differential abundance between Strongyloides-infected and uninfected dogs should be fur-
ther explored. We provide preliminary descriptive results about fecal bacterial composition
in dogs with and without S. stercoralis infection. Further investigations are needed in larger
cohorts to investigate whether bacterial toxins might have a role in reducing environmental
contamination by S. stercoralis larvae.
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Abstract: This study was conducted with the aim of the molecular identification of the protozoan
parasite Cryptosporidium spp. in calves in the early stage of their development on a dairy farm
in Eastern Slovakia. Twenty-five Holstein and Holstein cross calves were included in the study
and monitored from their birth to the fifth week of life (1–5 weeks). Fresh fecal samples were
collected from the same group of calves each week, except during the fourth week, and with the
exception of Sample 8. All samples were analyzed using the Ziehl–Neelsen staining method and
coproantigen was tested using the ELISA test as the screening method. Using the ELISA method,
the highest incidence of cryptosporidiosis was observed in the second week of life of the calves,
while the antigen was detected in 21 (91.6%) calves. Using the Ziehl–Neelsen staining method, the
highest incidence was also observed in the second week, with an incidence rate of 62.5%. Positive
isolates confirmed by the ELISA test were molecularly characterized. The species and subtypes of
Cryptosporidium in the positive isolates were identified using PCR and the sequence analysis of the
small subunit of the ribosomal 18S RNA (ssu rRNA) and the 60 kDa glycoprotein (gp60) genes of the
parasite. The sequence analysis of 29 isolates at the 18S rRNA loci confirmed the presence of two
species—Cryptosporidium parvum and Cryptosporidium ryanae. Out of 29 isolates, 25 were assigned to
the species C. parvum, with the gp60 locus identified as genotype IIaA17G1R1. Among the individual
animal groups, calves are the most common reservoirs of the C. parvum zoonotic species. This disease
has significant public health implications as contact with livestock and their feces and working with
barn manure are major sources of infection, not only for other animals but also for humans.

Keywords: calves; cryptosporidium; ELISA; nested PCR; Ziehl–Neelsen staining method

1. Introduction

Cryptosporidium is a coccidial parasite currently classified in the Alveolata phylum,
Eimeria suborder, Cryptosporidiidae family. It attacks the respiratory and digestive sys-
tems of reptiles, birds, and mammals. Cryptosporidiosis is a zoonotic disease that causes
significant economic losses in the cattle population, especially in calves and young ani-
mals [1,2]. To date, more than 51 species of Cryptosporidium with 120 genotypes have been
recognized, with 19 species and 4 genotypes reported in humans, including Cryptosporidium
hominis, Cryptosporidium parvum, Cryptosporidium meleagridis, Cryptosporidium canis, and
Cryptosporidium felis as the most common ones [3,4]. The first case of Cryptosporidium in
calves was reported in 1971 in Oklahoma in an 8-month-old calf with diarrhea, weakness,
and a chronic course. The histopathological findings corresponded to villous atrophy with
the presence of various developmental stages of Cryptosporidium in the epithelium of the
small intestine [5]. In cattle, the infection is most commonly caused by species like C.
parvum, C. bovis, C. ryanae, and C. andersoni [6]. C. parvum usually occurs in pre-weaning
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calves, while C. bovis and C. ryanae species are mostly diagnosed in post-weaning calves
and young cattle. C. andersoni is the most common species infecting adult cattle [7–9].

Several studies indicate that diarrhea caused by Cryptosporidium species is the main
cause of calf mortality in the first three weeks of their life. It is characterized by watery,
profuse diarrhea, which may be associated with dehydration, anorexia, poor growth
development, and low weight gain, with a high mortality rate in untreated calves, leading
to significant economic losses [1,10,11]. Infections in older animals are usually subclinical
but can still have a negative impact on production, with lower body condition scores, lower
carcass weights, and poor carcass-processing hygiene [12]. Enterotoxigenic Escherichia
coli K99/F5, rotavirus, and coronavirus, along with Cryptosporidium, are the four most
important enteropathogens causing neonatal diarrhea in calves worldwide [13–15]. The
infection primarily spreads through the fecal–oral route, which is considered the main route
of transmission, or indirectly through the consumption of contaminated food or water with
infectious oocysts [3,16]. The high shedding intensity of environmentally resistant oocysts
leads to strong environmental contamination and increases the risk of infection. Infected
calves can excrete up to 6 × 106 oocysts per gram of feces, but even a small number of
oocysts is sufficient to cause an infection [17]. It is reported that oocyst shedding begins
4 days after birth and peaks on days 7–18, while its intensity decreases after approximately
3 weeks [18].

The predominant species responsible for up to 70% of human cryptosporidiosis cases
is C. hominis, while C. parvum is considered the most common cause of zoonotic infections in
humans. Within the C. parvum species, more than 20 subtypes with geographical variations
have been identified, with subtypes IIa, IIc, and IId showing host adaptation. Subtype IIc
appears to be exclusively anthroponotically transmitted, while subtypes IIa and IIb are
zoonotic and are mostly found in cattle, sheep, and goats [3,19].

Cryptosporidiosis is challenging to control in both animals and humans due to the
environmentally stable oocysts, low infectious doses, and wide range of susceptible hosts.
Among the available methods for the diagnosis of Cryptosporidium, staining methods, such
as Kinyoun or Ziehl–Neelsen staining, as well as immunological methods in the form of
commercially available ELISA tests, are well known. Molecular methods based on PCR and
DNA sequencing, PCR-RFLP, qPCR, or multiplex PCR are more sensitive than microscopy
and immunological detection methods [6,20].

Currently, there are neither vaccines nor effective chemotherapeutics known for the
control of bovine cryptosporidiosis [9,21]. From an economic and health perspective, it is
important to increase the awareness among individuals, especially those who work with
ruminants, considering that these animals are often reservoirs of zoonotic species.

A case report from Slovakia in 2020 confirmed a case of cryptosporidiosis caused by
the species C. parvum, subtype IIdA15G1, in a veterinary medicine student who worked on
a calf farm in the eastern part of Slovakia and was aware of their inadequate hand hygiene
after handling calves [22]. This study presents the 5-week monitoring of Cryptosporidium
oocyst shedding in calves from birth and demonstrates that the second week of a calf’s
life is the most critical in terms of the risk of infection. It also focuses on the molecular
identification and genotyping of Cryptosporidium spp. in calves in the early stage of their
development on a dairy farm in Eastern Slovakia. The confirmed genotype IIaA17G1R1
has been identified in Holland and Slovenia in humans, indicating that cattle are a potential
source and important reservoir of C. parvum infection for both humans and animals in
Europe [23,24].

2. Materials and Methods

This research was conducted from September 2022 to October 2022 on a dairy farm
breeding dairy cows, located in Eastern Slovakia. There were no other animals on the farm
besides cows, which were under veterinary supervision, vaccination schedules against
Infectious Bovine Rhinotracheitis (IBR) were followed. The study included 25 neonatal
dairy calves (Holstein and Holstein cross). The calves’ mothers were impregnated through
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artificial insemination, and the number of calves included in the study was determined
based on the expectation that they would calve in the same week. The calving of the
mothers took place in birthing pens, and the calves were separated from their mothers
immediately after birth into individual pens, which were regularly cleaned and disinfected.
The newborn calves were fed with a commercial milk replacer and then with commercial
concentrates, with free access to water. Fresh fecal samples were collected from the same
group of calves each week from the ground after defecation, from their birth until the fifth
week of life (1st week (0–7 days old), 2nd week (8–14 days old), 3rd week (15–21 days
old), 4th week (22–28 days old), 5th week (29–35 days old)), except for the fourth week,
when sampling was not possible. During the analyzed period, 24 calves were tested, except
for the 1st week, in which 25 calves were examined. Sample 8 was tested in the 1st week
only because the calf was then relocated to an isolated area due to another non-infectious
disease; therefore, sampling was impossible. Samples were collected into clean plastic
containers, labeled with the calf’s identification number and date of birth and the date of
collection, and transported in a polystyrene thermobox designed for the transportation
biological material to the Department of Epizootiology, Parasitology, and Protection of One
Health at the University of Veterinary Medicine and Pharmacy in Košice.

Fecal samples were analyzed using a flotation method with a flotation solution of
specific gravity 1.3 g/cm3 to detect the oocysts of protozoan parasites and the eggs of
helminths. Additionally, a zinc sulfate solution with specific gravity of 1.18 g/cm3 was
utilized to detect cysts of Giardia duodenalis [25,26]. Oocysts of Cryptosporidium spp. were di-
agnosed by performing fecal smears; three smears were performed from each fecal sample,
stained using the Ziehl–Neelsen staining method, and examined under a microscope after
drying [25,27]. One of the examination methods also included the detection of coproantigen
using a commercially available kit, CRYPTOSPORIDIUM (FAECAL), Diagnostic Automa-
tion, INC, Calabasas, USA. Specific antigens of Cryptosporidium spp. in animal feces were
detected according to the manufacturer’s instructions. For the ELISA test, positivity was
detected above an OD value of 0.15, while all samples below OD 0.149 were considered
negative. Specific antigens of Cryptosporidium spp. in animal feces were detected according
to the manufacturer’s instructions. Fecal samples from calves were examined using both
methods in each of these weeks; subsequently, positive samples confirmed by the ELISA
method were molecularly identified using the nested PCR method.

Molecular Analysis of Cryptosporidium Species

Positive samples detected by the ELISA method were used for DNA extraction us-
ing the ZR Fecal DNA MiniPrep Kit (Zymo Research, Tustin, CA, USA) following the
manufacturer’s instructions. The genomic DNA was stored at −20 ◦C and later used for
PCR analysis.

We performed the molecular species identification of Cryptosporidium using the nested
PCR amplification of the small ribosomal subunit rRNA gene (18S rRNA). In the first
step, we used a set of primers, forward 18-F1 (5′-TTCTAGAGCTAATACATGCG-3′) and
reverse 18-R1 (5′-CCCTAATCCTTCGAAACAGGA-3′), resulting in a primary product
of 1350 bp. The amplification program included initial denaturation at 94 ◦C for 3 min,
followed by 35 cycles of denaturation at 94 ◦C for 45 s, annealing at 55 ◦C for 45 s, extension
at 72 ◦C for 60 s, and final extension at 72 ◦C for 7 min. In the second reaction, we used
the forward primer 18S-F2 (5′-GGAAGGGTTGTATTTATTAGATAAAG-3′) and the reverse
primer 18S-R2 (5′-AAGGAGTAAGGAACAACCTCCA-3′). The amplification conditions
included initial denaturation at 94 ◦C for 3 min, followed by 35 cycles of denaturation at
94 ◦C for 30 s, annealing at 58 ◦C for 1 min and 30 s, extension at 72 ◦C for 2 min, and final
extension at 72 ◦C for 7 min, resulting in a secondary product of 840 bp [28].

The subtyping of Cryptosporidium was performed using the nested PCR amplification
of the gp60 gene. In the first PCR step, primers GP60-F1 (5′-ATAGTCTCCGCTGTATTC-3′)
and GP60-R1 (5′-TCCGCTGTATTCTCAGCC-3′) were used. The amplification program
included initial denaturation at 95 ◦C for 3 min, followed by 35 cycles of denaturation at
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94 ◦C for 45 s, annealing at 50 ◦C for 45 s, extension at 72 ◦C for 60 s, and final extension
at 72 ◦C for 10 min, resulting in a primary product of 1250 bp. In the second reaction,
forward primer GP60-F2 (5′-GGAAGGAACGATGTATCT-3′) and reverse primer GP60-R2
(5′-GCAGAGGAACCAGCATC-3′) were used under the same conditions as in the first step.
Amplification yielded a secondary product of 850 bp [29].

The amplified products were visualized on a 1% agarose gel and observed under UV
light. All positive PCR products were sent to the commercial laboratory Microsynth Seqlab
(Vienna, Austria) or SEQme (Dobříš, Czech Republic) for purification and sequencing in
both directions, using identical primers to those that were used in the second steps of
both PCR reactions for the 18S rRNA and gp60 genes. The sequencing was performed by
the Sanger sequencing method. The resulting sequences were analyzed and edited using
the software MEGA X version 10.1.5 build 10191107 [30]. The assembly of the nucleotide
sequences was carried out using the Gene Tool Lite 1.0 software (BioTools Inc., Jupiter, FL,
USA). The consensus sequences were compared with the sequences deposited in GenBank
by applying the nucleotide BLAST algorithm at the National Center for Biotechnology
Information (NCBI). The sequences from this study have been deposited in GenBank under
unique accession numbers for the 18S rRNA gene (PP897358-PP897365) and the gp60 genes
(PP916252-PP91627) for Cryptosporidium spp.

The molecular identification of Cryptosporidium spp. was further confirmed by phylo-
genetic analysis using the maximum likelihood method with a minimum of 1000 bootstrap
replications. For phylogenetic analyses, the nucleotide sequences obtained in this study
and other Cryptosporidium spp. sequences from GenBank were used in the software MEGA
X [30].

3. Results
3.1. Ziehl–Neelsen Staining Method

In the first week, the microscopic observation of fecal smears did not confirm the
presence of Cryptosporidium spp. oocysts. In the second week, Cryptosporidium spp. was
confirmed microscopically in 15 samples (62.5%) out of a total of 24. In the third week, it
was detected in two samples; in the fifth week, it was found in one sample. Sampling was
not conducted in the fourth week (Figure 1) (Tables 1 and 2).

Microorganisms 2024, 12, x FOR PEER REVIEW 4 of 13 
 

 

2 min, and final extension at 72 °C for 7 min, resulting in a secondary product of 840 bp 
[28]. 

The subtyping of Cryptosporidium was performed using the nested PCR amplification 
of the gp60 gene. In the first PCR step, primers GP60-F1 (5‘-ATAGTCTCCGCTGTATTC-
3‘) and GP60-R1 (5‘-TCCGCTGTATTCTCAGCC-3‘) were used. The amplification 
program included initial denaturation at 95 °C for 3 min, followed by 35 cycles of 
denaturation at 94 °C for 45 s, annealing at 50 °C for 45 s, extension at 72 °C for 60 s, and 
final extension at 72 °C for 10 min, resulting in a primary product of 1250 bp. In the second 
reaction, forward primer GP60-F2 (5‘-GGAAGGAACGATGTATCT-3‘) and reverse primer 
GP60-R2 (5‘-GCAGAGGAACCAGCATC-3‘) were used under the same conditions as in 
the first step. Amplification yielded a secondary product of 850 bp [29].  

The amplified products were visualized on a 1% agarose gel and observed under UV 
light. All positive PCR products were sent to the commercial laboratory Microsynth 
Seqlab (Vienna, Austria) or SEQme (Dobříš, Czech Republic) for purification and 
sequencing in both directions, using identical primers to those that were used in the 
second steps of both PCR reactions for the 18S rRNA and gp60 genes. The sequencing was 
performed by the Sanger sequencing method. The resulting sequences were analyzed and 
edited using the software MEGA X version 10.1.5 build 10191107 [30]. The assembly of the 
nucleotide sequences was carried out using the Gene Tool Lite 1.0 software (BioTools Inc., 
Jupiter, FL, USA). The consensus sequences were compared with the sequences deposited 
in GenBank by applying the nucleotide BLAST algorithm at the National Center for 
Biotechnology Information (NCBI). The sequences from this study have been deposited 
in GenBank under unique accession numbers for the 18S rRNA gene (PP897358-PP897365) 
and the gp60 genes (PP916252-PP91627) for Cryptosporidium spp.  

The molecular identification of Cryptosporidium spp. was further confirmed by 
phylogenetic analysis using the maximum likelihood method with a minimum of 1000 
bootstrap replications. For phylogenetic analyses, the nucleotide sequences obtained in 
this study and other Cryptosporidium spp. sequences from GenBank were used in the 
software MEGA X [30]. 

3. Results 
3.1. Ziehl–Neelsen Staining Method 

In the first week, the microscopic observation of fecal smears did not confirm the 
presence of Cryptosporidium spp. oocysts. In the second week, Cryptosporidium spp. was 
confirmed microscopically in 15 samples (62.5%) out of a total of 24. In the third week, it 
was detected in two samples; in the fifth week, it was found in one sample. Sampling was 
not conducted in the fourth week (Figure 1) (Tables 1 and 2). 

 
Figure 1. Oocysts of Cryptosporidium spp. according to Ziehl–Neelsen staining method; bar—20 µm.

142



Microorganisms 2024, 12, 1416

Table 1. Detection of Cryptosporidium spp. by Ziehl–Neelsen staining method and ELISA test.

No. 1st Week 2st Week 3st Week 5st Week
Ziehl–Neelsen Elisa Ziehl–Neelsen Elisa Ziehl–Neelsen Elisa Ziehl–Neelsen Elisa

1. - - + + - - - -
2. - - - + - - - -
3. - - - + - - - -
4. - - + + + + - -
5. - - + + - - - -
6. - + + + - - - -
7. - + - - - - - -
8. - 0 0 0 0 0 0 0
9. - - + + - - - +
10. - - + - - - - +
11. - - - + - - - -
12. - - - + - - - -
13. - - + + + + + +
14. - - + + - - - -
15. - - + + - - - -
16. - - - + - - - -
17. - - + + - - - -
18. - - + + - - - -
19. - - - + - - - -
20. - - - + - - - -
21. - - + + - - - -
22. - - - + - - - -
23. - - + + - + - -
24. - - + + - - - -
25. - - - + - - - -

- (negative); + (positive); 0 (no sample).

Table 2. Comparison of Ziehl–Neelsen staining method and ELISA test in each week.

1st Week
(0–7 Days)

2nd Week
(7–14 Days)

3rd Week
(14–21 Days)

4th Week
(21–28 Days)

5th Week
(28–35 Days)

Ziehl–Neelsen stain method 0% 62.5% 4.1% - 4.1%
ELISA test 8% 91.6% 12.5% - 12.5%

3.2. ELISA Test

In the first week, the presence of the Cryptosporidium spp. coproantigen was detected
in two calves. Throughout the study period, the highest incidence of cryptosporidiosis
was observed in the second week of life, while the antigen was confirmed in 22 (91.6%)
calves. In the third and fifth weeks, the coproantigen was detected in only three calves;
interestingly, these were different calves (Tables 1 and 2).

Using the flotation method, the fecal samples were repeatedly examined for the
presence of Giardia duodenalis cysts during all weeks. In the third week of the calves’ lives,
positive findings of Giardia duodenalis cysts were observed. Additionally, in the fifth week,
in addition to Giardia duodenalis, another protozoan parasite, Eimeria spp., was diagnosed
(Table 3).
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Table 3. Incidence of Coinfections of Cryptosporidium spp. detected by ELISA method and other
parasites by flotation method.

No. 1st Week 2st Week 3st Week 4st Week 5st Week
1. - Cryptosporidium spp. Giardia duodenalis no sampling -
2. - Cryptosporidium spp. - no sampling -
3. - Cryptosporidium spp. - no sampling Giardia duodenalis
4. - Cryptosporidium spp. Cryptosporidium spp. no sampling Eimeria spp.
5. - Cryptosporidium spp. Giardia duodenalis no sampling Giardia duodenalis
6. Cryptosporidium spp. Cryptosporidium spp. - no sampling Eimeria spp.
7. Cryptosporidium spp. - - no sampling Eimeria spp.
8. - no sampling no sampling no sampling no sampling
9. - Cryptosporidium spp. Giardia duodenalis no sampling Cryptosporidium spp.

10. - - Giardia duodenalis no sampling Cryptosporidium spp.,
Giardia duodenalis

11. - Cryptosporidium spp. Giardia duodenalis no sampling Eimeria spp.
12. - Cryptosporidium spp. no sampling -

13. - Cryptosporidium spp. Cryptosporidium spp.,
Giardia duodenalis no sampling Cryptosporidium spp.

14. - Cryptosporidium spp. - no sampling -
15. - Cryptosporidium spp. - no sampling -
16. - Cryptosporidium spp. - no sampling Giardia duodenalis
17. - Cryptosporidium spp. - no sampling Eimeria spp.
18. - Cryptosporidium spp. - no sampling -
19. - Cryptosporidium spp. - no sampling -
20. - Cryptosporidium spp. - no sampling -
21. - Cryptosporidium spp. - no sampling Giardia duodenalis
22. - Cryptosporidium spp. Giardia duodenalis no sampling -

23. - Cryptosporidium spp. Cryptosporidium spp. no sampling Giardia duodenalis,
Eimeria spp.

24. - Cryptosporidium spp. Giardia duodenalis no sampling Eimeria spp.
25. - Cryptosporidium spp. Giardia duodenalis no sampling Eimeria spp.

3.3. Molecular Identification and Phylogenetic Analysis of Cryptosporidium spp. and Subtypes

The molecular analysis and sequencing of a fragment of the small subunit 18S rRNA
gene (ssu rRNA) identified two species of Cryptosporidium, namely C. parvum (PP897358-
PP897363) and C. ryanae (PP897364 and PP897365), in isolates taken from pre-weaning
calves in various weeks post-birth. In all genomic sequences in the present study, the
sequences for the 18S rRNA gene, deposited under numbers PP897358-PP897363, were
compared in GenBank to the C. parvum MK426796, MK426792, MK241967, MW767058,
MF671870, and MF142032 sequences, with the identity ranging from 99.80% to 100%. The
sequence numbers PP897364 and PP897365 for 18S rRNA were compared in GenBank to
the C. ryanae OQ456125, OP132538, MW043439, KT922233, KY711520, and MF074604, with
the identity ranging from 99.88% to 100%. For the subgenotyping analysis, the sequence
typing of the 60 kDa glycoprotein (gp60) gene was used. In the analysis of the gp60 gene,
all sequences in this study (PP916252-PP916276) exhibited 99.64–100% nucleotide identity
among sequences KC995129, MH796385, AM988863, and EF073050 of C. parvum and the
subtype IIaA17G1R1 deposited in GenBank. In two cases, in the second week post-birth, the
study detected a co-infection with C. parvum and C. ryanae. The phylogenetic analysis of the
small subunit 18S rRNA gene, constructed using the maximum likelihood method and the
Tamura–Nei model, organized the sequences in the present study (PP897358-PP897365) as
well as the sequences available in GenBank (MK426796, MK426792, MK241967, MW767058,
MF671870, MF142032, OQ456125, OP132538, MW043439, KT922233, KY711520, MF074604)
into two distinct clusters for C. parvum and C. ryanae (Figure 2).
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4. Discussion

Ruminants are common hosts of Cryptosporidium spp., and contact with them repre-
sents a major risk factor for cryptosporidiosis infection in other animals or humans [3]. In
this study, the dynamics of Cryptosporidium species was monitored and it was confirmed
that the highest detection rate of infection occurred in the second week of the calves’ lives.
This study found that the dominant species in calves up to five weeks old was the zoonotic
C. parvum, which has also been confirmed by studies from various countries with intensive
animal husbandry, in which these species were dominant in pre-weaned calves [31–36].
PCR amplification targeting the 18S rRNA gene also demonstrated the presence of C. ryanae
on a farm in the eastern part of Slovakia in calves in their second week of life. Studies have
indicated that C. ryanae is the dominant species primarily in post-weaned calves and young
cattle; however, in certain regions of Sweden, China, and Sudan, C. ryanae, along with C.
bovis, has been isolated from pre-weaned diarrheic and healthy calves [37–42]. This study
confirms the first occurrence of C. ryanae in newborn calves in Slovakia.

Since the identification of C. parvum at the subtype level is essential from an epidemio-
logical perspective with regard to cryptosporidiosis, all positive isolates at the gp60 locus
were characterized and the presence of subtype IIaA17G1R1 was confirmed in all samples.
This subtype had previously been identified in calves in Slovakia [43,44]. Additionally,
subtype IIaA17G1R1 was diagnosed in Slovakia in hemato-oncological patients, further
confirming its zoonotic potential [45]. The first report of the occurrence of the IIaA10G1R1,
IIaA11G2R1, IIaA12G2R1, IIaA13G1R1, and IIaA14G1R1 animal subtypes of C. parvum in
humans in Slovakia was confirmed by Hatalová et al., 2019 [46]. The occurrence of the
IIaA17G1R1 subtype has been reported in various European countries, including Hungary,
Sweden, the United Kingdom, Poland, and Germany [32,37,47–49]. The IIaA17G1R1 sub-
type, along with the IIaA16G1R1 subtype, has not only been identified in calves but also
confirmed in sheep, pigs, lambs, dogs, horses, and donkeys [50–55]. The fact that these
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zoonotic subtypes have been isolated from various hosts increases the risk of C. parvum
transmission from cattle to other animals and humans.

In the neighboring Czech Republic, according to the study by Ondráčková et al.,
2009, the highest prevalence of Cryptosporidium spp. in cattle was found in those aged
12 to 18 months. A total of 995 samples were examined, with the predominant species
being C. andersoni (4.1%), C. bovis (0.2%), and C. parvum (0.1%). The subtyping of the
C. parvum species revealed the IIaA16G1R1 subtype [56]. Another study examining the
prevalence of species in calves up to 2 months old confirmed the same species’ occurrence:
C. parvum in 137 samples, C. andersoni in 21 samples, and C. bovis in 3 samples out of a
total of 750 samples. The species C. ryanae was not confirmed in the calves. The subtyping
of C. parvum confirmed the subtypes IIaA15G2R1, A16G1R1, A22G1R1, A18G1R1, and
A15G1R1 [57]. An Austrian study in calves up to 180 days old confirmed the species C.
parvum in 69 calves, C. ryanae in 11, and C. bovis in 7 out of a total of 177. The sequencing of
the gp60 locus for C. parvum confirmed the subtypes IIaA15G2R1, IIaA21G2R1, IIaA19G2R1,
and IIaA14G1R1 [58]. A Polish study reports the prevalence of cryptosporidiosis in cattle
of 45.3% out of a total of 1601 tested animals, sampled from calves up to 4 months old,
between the years 2014 and 2018. The dominant species were C. bovis and C. ryanae, with C.
parvum being the third most common species [59].

The percentage of positive samples that were confirmed by commercially available
ELISA tests, compared to the modified Ziehl–Neelsen staining method, corresponds to
findings from other studies that have indicated that ELISA methods are more sensitive
than microscopic methods [60,61]. Felefel et al., 2023 reported the lower sensitivity of the
modified Ziehl–Neelsen method (19.23%) compared to coproantigen confirmation by the
ELISA test (32.5%). Conversely, the study by Khurana et al., 2012 indicated that Auramine
‘O’-phenol staining (fluorescent staining, AP) is a highly sensitive method compared to the
ELISA method [62].

Since calves can shed extremely large amounts of resistant and immediately infectious
cysts into the surrounding environment, there is a high probability of infecting other calves.
Delafosse et al., 2015 identified the risk factors affecting infection in calves. Multivariate
analysis confirmed that the walls of the buckets were highly contaminated with oocysts,
which were difficult to remove by applying standard washing procedures. This led to the
subsequent contamination of the food placed in the buckets. Similarly, the early separation
of calves from their mothers, due to which calves suckle each other (cross-suckling) or
suckle other objects in the housing area, may cause possible oocyst infection [63]. The
prevention of cryptosporidiosis is influenced by several factors, including the age of the
calves, their overall health status, the colostrum intake, the feed quality, the water sources,
the housing conditions, and the presence of other diarrheal diseases [64,65].

The control of cryptosporidiosis on farms can only be managed by combining good
hygiene management with efficient preventive medications. Although the licensed drug
that has been approved for the treatment of cryptosporidiosis in calves is halofuginone
lactate, paromomycin has also proven to be efficient in the treatment of acute infections
in cattle. For newborn calves, treatment with halofuginone lactate is recommended orally
during the first seven days of life at a dose of 100 µg per kg of body weight [66–68].

In the present study, the treatment of cryptosporidiosis was not initiated due to the
good clinical condition of the calves. After the second week, in which the incidence of the
disease was the highest, the disease gradually self-resolved, as indicated by the declining in-
fection rate observed in the following weeks. According to the farm’s veterinarian, hygiene
measures were implemented to reduce the risk of infection spread. Thomson et al., 2017
noted that, in newborn calves, the disease may self-resolve due to the sufficient absorption
of colostral antibodies, while maintaining the animals in a warm and dry environment, with
supportive treatments and without other possible co-infections with other gastrointestinal
pathogens [69].

Calves are one of the main reservoirs of zoonotic Cryptosporidium spp. species and
contact with them can pose a possible risk of infection, especially for farm workers, animal
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technicians, veterinarians, and veterinary medicine students. Immunodeficient individuals,
children, the elderly, and AIDS patients are particularly at risk [70,71].

The disease is of great importance from a public health perspective, highlighting the
need for broader research and the identification of infection sources of Cryptosporidium spp.
species and their genotypes.
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Abstract: Maternal parasitemia and placental parasite load were examined in mother–newborn
pairs to determine their effect on the congenital transmission of Trypanosoma cruzi. Parasitemia
was qualitatively assessed in mothers and newborns by the microhematocrit test; parasite load was
determined in the placental tissues of transmitting and non-transmitting mothers by the detection
of T. cruzi DNA and by histology. Compared to transmitter mothers, the frequency and prevalence
of parasitemia were found to be increased in non-transmitter mothers; however, the frequency
and prevalence of parasite load were higher among the transmitter mothers than among their non-
transmitter counterparts. Additionally, serum levels of interferon (IFN)-γ were measured by an
enzyme-linked immunosorbent assay (ELISA) in peripheral, placental, and cord blood samples.
Median values of IFN-γ were significantly increased in the cord blood of uninfected newborns. The
median IFN-γ values of transmitter and non-transmitter mothers were not significantly different;
however, non-transmitter mothers had the highest total IFN-γ production among the group of
mothers. Collectively, the results of this study suggest that the anti-T. cruzi immune response
occurring in the placenta and cord is under the influence of the cytokines from the mother’s blood
and results in the control of parasitemia in uninfected newborns.

Keywords: Trypanosoma cruzi; congenital; placenta; human; parasitemia; DNA; IFN-γ

1. Introduction

The etiological agent of Chagas disease, Trypanosoma cruzi, is responsible for the
endemicity of this disease in the Americas, together with risk factors strongly linked to
socioeconomic factors, such as poverty and marginalization. The parasite is transmit-
ted most often by blood-sucking triatomine bugs, but also through blood transfusion,
organ transplant, congenital transmission, or oral transmission in the sylvatic cycle. Al-
though control programs have made possible the reduction of the prevalence of T. cruzi
infection [1,2], uncontrolled transmission from mothers infected with T. cruzi to their fetuses
is a potential threat to spreading this infection over time, which can be recurrent at each
pregnancy and transmitted from one generation to the next [3]. The incidence of T. cruzi
infection in pregnant women varies from 6% to 54% [4–7]. Transmission from mothers
chronically infected with T. cruzi to newborns, occurring in 1–10% of pregnancies [8–10],
can be associated with severe disease and mortality [11,12].

Despite many experimental approaches, there is still no clear understanding of the
factors associated with congenital Chagas disease. Among these factors, high maternal
parasitemia and diminished IFN-γ production [8,13–16] have been postulated to account
for transplacental transmission, but none of these issues has been unequivocally implicated
as crucial in the transmission process.
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Given the crucial role of IFN-γ in the context of this study, its concentration was mea-
sured in maternal, placenta, and cord blood samples of uninfected and infected mothers,
and their newborns. In particular, IFN-γ production by whole blood cells upon specific
stimulation observed in pregnant mothers limits the occurrence of newborn congenital
infection [17]; depressed production of IFN-γ by blood cells of pregnant women was asso-
ciated with congenital transmission of T. cruzi [8]; a study by Hermann and collaborators
revealed a reduced production of IFN-γ by cord blood NK cells obtained from congenitally
infected newborns [18]; and in our previous study, increased production of IFN-γ elicited
by enhanced parasitemia was observed in maternal, placenta, and cord samples of chroni-
cally infected mothers delivering uninfected newborns [19]. These results point to a strong
pro-inflammatory immune response in the absence of congenital transmission.

Within the scope of this study, the median and total median values from the mother,
placenta, and cord were compared between samples from mothers of uninfected newborns
(non-transmitters) and mothers of infected newborns (transmitters). Moreover, parasite
load at the tissue level was measured through molecular analysis and microscopic ob-
servation of placental tissues from pregnant women chronically infected with T. cruzi.
The ensuing question is to define which factors, such as parasitemia, parasitic load, and
cytokine interactions, in peripheral, placental, and cord blood are involved in the outcome
of parasite transmission to newborns.

2. Materials and Methods
2.1. Study Population and Sample Collection

The study was carried out at the maternity hospital Odón Ortega in Yacuiba, South
Bolivia, an endemic area for T. cruzi infection. Informed consent for participation was
obtained from women (14 transmitters, 15 non-transmitters) before their inclusion in the
study. Maternal information (i.e., age, village of birth and village of residence, medical
history, and present symptoms) was documented at enrollment. Women with concomitant
infections (tuberculosis, toxoplasmosis) were excluded from the study. Peripheral blood
samples were drawn by venipuncture from all pregnant women before delivery, and cord
blood was collected after the umbilical section. Placental blood was obtained from the
maternal side by rinsing several times with a sterile physiological solution (0.9% NaCl),
as previously described [20]. Briefly, the excision of a 5-cm3 block of tissue from the
cleaned maternal side permitted aspiration of intervillous blood using a sterile Pasteur
pipette. Thereafter, blood samples were centrifuged to separate the packed erythrocytes,
and the serum was frozen at −80 ◦C until assayed for antibodies. Trypanosoma cruzi
infection in pregnant women was determined by specific serological tests, that is, indirect
hemagglutination (HAI, Chagas, Polychaco S.A.I.C., Buenos Aires, Argentina), with a
sensitivity and specificity of 99%, followed by enzyme-linked immunosorbent assays (first-
and second-generation, Wiener Laboratories, Buenos Aires, Argentina), with sensitivity
and specificity between 98–99%, for confirmation of diagnosis. The maternal parasitemia
in chronic chagasic mothers and infection in neonates were qualitatively assessed by
detecting living parasites through microscopic examination of the buffy coat from the
mother’s peripheral and cord blood by the microhematocrit method because of its ease of
performance, reliability, and high sensitivity (97.4%) in infants under 6 months old [21].
Blood was collected in four 75-µL microhematocrit tubes, for a volume of 300 µL in total,
and the results were scored as “detectable” and “undetectable”, denoting higher and lower
parasitemia, respectively. Newborns’ negative microhematocrit test results were confirmed
at one month of age in case the peak of parasitemia was observed [9,22,23]. Hereinafter,
detectable and undetectable parasitemia will be referred to as positive microhematocrit
(+µHT) and −µHT, respectively. Samples from non-infected mothers (controls) were
defined as samples from mothers with negative serology for T. cruzi and negative µHT
test results in which there was no DNA amplification. The study received approval
from the ethics committee of the Faculty of Medicine and the Medical College of Bolivia
(Supplementary Materials).
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2.2. Tissues

Placental tissue sections 1 cm long and adjacent to the umbilical cord insertion were
obtained from each parturient woman immediately after delivery and washed in sterile
physiologic saline solution. One tissue sample was kept frozen at −80 ◦C until molecular
analysis, while another one was prepared for tissue staining.

2.3. Paraffin-Embedded Tissue Sections

Tissue sections were fixed in buffered formalin (3.7% formaldehyde in 10 mM phos-
phate buffer, pH 7.4), dehydrated through immersion in an alcohol series (70–100%) for
20 min each, and then ‘cleared’ by placing the tissues into a xylene bath for 20 min. Next,
the tissues were embedded in molten paraffin in a mold. Sections (3–4 µm) were cut and
affixed onto glass slides coated with aminoalkylsilane (Sigma-Aldrich, St. Louis, MO, USA),
designed to enhance tissue adhesion.

2.4. Hematoxylin and Eosin Staining and Bright-Field Microscopy

Slides were stained with hematoxylin and eosin (H&E) solution (~30 s), thoroughly
rinsed with distilled water then dehydrated to xylene and permanently mounted. Stained
samples were examined microscopically using an Olympus BX53 microscope (Shinjuku-ku,
Tokyo, Japan), provided with an Olympus DP73 high-performance Peltier-cooled digital
camera (Olympus Corporation, Shinjuku-ku, Tokyo, Japan).

2.5. Molecular Analysis

DNA was extracted from placental tissue samples using a commercial kit (DNeasy
Blood & Tissue Kit, Qiagen, GmbH, Hilden, Germany) according to the manufacturer’s
instructions. Extracted DNAs were analyzed using the NanoDrop 2000 spectrophotometer
(Thermo Scientific, Middlesex, MA, USA) and electrophoresed on 1% agarose gel to deter-
mine the quantity and quality of the extracted DNA as a means to verify that DNA was
being extracted correctly. Each DNA was submitted to a TaqMan Real-time (RT)-PCR assay
to amplify a region of the 18S ribosomal RNA (rRNA) gene of T. cruzi (Genesig Primer-
Design, Camberley, UK) according to the manufacturer’s instructions. In addition, RT-PCR
positive samples were subjected to a nested PCR (N-PCR) to perform a sequence analysis
of amplified products. Briefly, nuclear DNA was first amplified using primers TCZ1 (5′-
CGAGCTCTTGCCACACGGG-3′) and TCZ2 (5′-CCTCCAAGCAGCGGATAGTTCAGG-
3′), to yield 188 base pairs (bp) product using the described protocol, followed by the
N-PCR reaction with TCZ3 (5′-TGCTGCASTCGGCTGATCGTTTTCGA-3′) and TCZ4 (5′-
CAR GSTTGTTTGGTGTCCAGTGTTGTGA-3′), which yield a product of 149 bp for se-
quence analysis [24]. The first PCR amplification was performed in 25 µL volumes under
the following final conditions: 1× buffer including 1.5 mM MgCl2, 0.2 mM of each de-
oxynucleoside triphosphate (dNTP), 1 µM each of forward and reverse primers, and 1 U
of Taq polymerase (BIOTAQTM DNA Polymerase, Aurogene, Rome, Italy). The ther-
mal profile used was as follows: 94 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C for 1 min for
30 cycles, followed by a final extension for 7 min at 72 ◦C. One microliter of the reaction
was used for the second amplification, in which primers TCZ3 and TCZ4 amplified a 149-
nucleotide internal sequence of the same repetitive sequence. The N-PCR conditions and
protocol were the same as for the first amplification. Amplicons were purified (SureClean
Bioline, Aurogene) and then sequenced (Eurofins MWG Operon, Ebersberg, Germany). Se-
quences corrected by visual analysis of the electropherograms and aligned using ClustalW
(http://www.genome.jp/tools/clustalw (accessed on 10 November 2018), were compared
with those available in the GenBank (http://www.ncbi.nlm.nih.gov/genbank/ (accessed
on 10 November 2018) dataset by BLAST analysis.

2.6. Measurement of IFN-γ in Peripheral, Placental, and Cord Serum

Peripheral, placental, and cord blood derived-serum samples were analyzed by
sandwich ELISA, using pairs of capture and biotinylated-specific secondary antibodies
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(BioSource Europe S.A., Nivelles, Belgium). A standard curve of recombinant human
cytokine was run with each plate. The sensitivity of the IFN-γ assay is 0.03 IU/mL. For a
more representative comparison of the cytokine response between uninfected, transmitter,
and non-transmitter mothers, the total production of IFN-γ from the three sites—periphery,
placenta, and cord—was compared between the groups of mothers.

2.7. Statistical Analysis

Continuous covariates were described as the median (IQR, or interquartile range),
while categorical ones were described as absolute/relative frequencies. A non-parametric
method for inferential tests on independent data was employed. The differences between
continuous variables were assessed by the Kruskal–Wallis test, using the Mann–Whitney
test for post hoc analysis. All reported p-values were obtained by the two-sided exact
method at the conventional 5% significance level. Data were analyzed as of May 2024 using
R 4.4.0 (R Foundation for Statistical Computing, Vienna, Austria).

3. Results
3.1. Characterization of T. cruzi-Infected Mothers and Newborns

The frequency (i.e., number of times) of maternal parasitemia as well as the para-
site load of T. cruzi-infected pregnant women was determined by µHT test and RT-PCR,
respectively. A higher frequency of patent parasitemia in non-transmitters (12/15) than
in transmitter mothers (6/14) was associated with a lower frequency of parasite load in
non-transmitters (5/15) than transmitter mothers (14/16). Congenital transmission deter-
mined by µHT findings was observed in 15 newborns of 14 infected mothers. Of note, a
transmitter mother (Code 1072) had triplet newborns, two infected and one uninfected.
(Table 1).

Table 1. Characteristics of mother/newborn pairs.

Transmitter Mother Newborn * Placenta

Code Serology µHT µHT RT-PCR 18S rRNA

525 + + + +
1072 + + + (a) +

+ + (b) +
− (c) +

1226 + + + +
2016 + + + +
2097 + + + −
1961 + + + −
1056 + − + +
1088 + − + +
1089 + − + +
1211 + − + +
1229 + − + +
1234 + − + +
1977 + − + +
2056 + − + +

Non-Transmitter Mother Newborn Placenta

Code Serology µHT µHT RT-PCR 18S rRNA

368 + + − −
1968 + + − −
322 + + − −
323 + + − −
527 + + − −
298 + + − −
461 + + − −
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Table 1. Cont.

Non-Transmitter Mother Newborn Placenta

Code Serology µHT µHT RT-PCR 18S rRNA

496 + + − −
2115 + + − −
338 + + − +
437 + + − +
1246 + + − +
1150 + − − +
1157 + − − +
1137 + − − −

Uninfected Mother Newborn Placenta

Code Serology µHT µHT RT-PCR 18S rRNA

1154 − − − −
1159 − − − −
1161 − − − −
1151 − − − −

* a, b, and c under “Newborn” indicate the triplets born to mother 1072.

3.2. RT-PCR Assay

Molecular analyses of tissue samples from the placenta of transmitter and non-
transmitter mothers were positive for T. cruzi DNA in 87.5% (14/16) and 33.3% (5/15) of
cases, respectively. Positivity amount of the target DNA ranged from 101 to 104 copies/µL.
Two placental samples of transmitter mothers with +µHT test results (2097, 1961) were
RT-PCR negative (Tables 1 and 2). All positive samples on RT-PCR assay were also con-
firmed with the N-PCR assay (Figure 1) and the amplicons of 149 base pairs were correctly
sequenced. The sequences obtained showed high nucleotide identity (98–100%) with those
from T. cruzi repetitive DNA sequences available in the GenBank database (accession
number KX235537).
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Table 2. Maternal IFN-γ production, parasitemia, parasite load, and newborn parasitemia in trans-
mitter and non-transmitter mothers.

Mother IFN-γ † Blood Placenta Newborn

µHT % RT-PCR % µHT %

Transmitters 0.59 (0.29–1.13) 42.8 (6/14) 87.5 (14/16) a 93.7 (15/16) b

Non-transmitters 1.30 (0.56–2.65) 80.0 (12/15) 33.3 (5/15) 0.0 (0/15)

† IU/mL, median (interquartile range). a, b, data include triplets born to one mother.

3.3. Association between IFN-γ, Parasitic Factors, and Newborn Infection Status

As can be seen in Table 2, the pregnant women who did not transmit the para-
sites to their newborns presented higher IFN-γ production than their transmitter coun-
terparts. Likewise, parasitemia was proportionally higher (i.e., more prevalent) in the
non-transmitter (80%) than in the transmitter mothers (42.8%), and this was associated with
a reduced prevalence of parasite load (33.3%) compared to transmitter women (87.5%).

3.4. Production of IFN-γ in Uninfected, Transmitter, and Non-Transmitter Mothers

Median concentrations of IFN-γ were not significantly different between samples from
transmitter and non-transmitter mothers (p = 0.224). However, total IFN-γ production
was highest in non-transmitter mothers (p = 0.002), and uninfected newborns displayed
a significantly higher level of IFN-γ than newborns of uninfected or transmitter mothers
(p = 0.037) (Table 3).

Table 3. Serum concentrations of IFN-γ from peripheral, placental, and cord blood samples in
uninfected, transmitter, and non-transmitter mothers.

IFN-γ †

Mother Periphery Placenta Cord p * Total p *

Uninfected 0.81 (0.37–1.26) 0.24 (0.04–0.86) −0.08 (−0.17–0.53) 0.33 (−0.3–1.09)
Transmitter 0.59 (0.29–1.13) 0.65 (0.27–2.37) 0.62 (0.24–1.12) 0.224 a 0.62 (0.24–1.35)

Non-transmitter 1.30 (0.56–2.65) 1.19 (0.22–1.88) 1.56 (0.12–2.18) 0.037 b 1.39 (0.22–2.47) 0.002 c

† IU/mL, median (interquartile range). * p value. a Comparison between transmitter and non-transmitter
mothers. b Comparisons of values between newborns of uninfected, transmitter, and non-transmitter mothers.
c Comparison of total values between uninfected, transmitter, and non-transmitter mothers.

3.5. Histological Studies

Histological preparations of placental tissue sections representative of non-transmitter
and transmitter mothers are shown in Figures 2 and 3. Different forms of the parasite
were detected through the microscopic observation of chorionic villous human placenta
from these mothers. Amastigote nests were observed in preparations from non-transmitter
(Figure 2A,B) and transmitter (Figure 3A) mothers, while released parasites were found in
placentas from non-transmitter (Figure 2C) and transmitter (Figure 3B,C) mothers.
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4. Discussion

The main feature of this study was the evaluation of parasitic factors and IFN-γ
production in chronically infected pregnant women associated with the occurrence or
absence of congenital T. cruzi infection. We were able to show an inverse correlation
between maternal parasitemia and placental parasite load in the two groups of pregnant
mothers. A higher frequency of detectable parasitemia was observed in non-transmitter
mothers than in transmitter mothers, but the contrary was observed in transmitter mothers,
suggesting that the higher parasitemia was not a transmission risk in our study. This
negative correlation was ascribed to higher levels of circulating IFN-γ in non-transmitter
than transmitter mothers. It is well known that IFN-γ confers protection from T. cruzi
infection [25–27] through macrophage nitric oxide production to kill parasites in synergy
with TNF-α [28,29].

Protection from vertical transmission likely requires the coordination of different com-
ponents of the immune system. Controlling the parasite load in non-transmitter mothers
through the induction of IFN-γ tempts us to speculate that maternal IFN-γ influences the
immune response at the level of the placenta and cord and protects the newborn from infec-
tion in utero. Relevant to that point, previous studies reported higher levels of cytokines,
including IFN-γ, in the periphery and placenta of malaria uninfected compared to infected
women, suggesting that these cytokines are involved in the control of parasitemia in pe-
ripheral blood and the placenta [30]. Along the same line of reasoning, it was determined
that the total IFN-γ concentration was highest in non-transmitter mothers, suggesting a
synergistic effect of IFN-γ between the mother, placenta, and cord in the control of con-
genital infection. In addition, the increased level of this cytokine in the cord of uninfected
newborns compared to newborns of uninfected and transmitter mothers probably results
from the combined effect of maternal and cord IFN-γ contributing to the prevention of
congenital infection. Taking into account the protective role of the placenta, IFN-γ might
be transported from the placenta to the cord. Evidence suggests that IFN-γ involved in
maternal immune activation can cross the placenta and predispose to neuropsychiatric
disorders [31]. Another study points to the induction of the mother’s immune system to
release proinflammatory cytokines after infection during pregnancy which can cross the
placenta and enter the fetal circulation [32].

Part of the focus of this study was the evaluation of parasite load in the congenital
transmission process, through the histological and molecular analyses of placental tissue
samples. Patterns of amastigote nests and free parasites were observed in histological
samples of infected mothers. However, as determined by RT-PCR analyses suggesting
live parasites in the placenta, samples with a higher and lower prevalence of parasite load
corresponded with infected and non-infected newborns, respectively. We observed that
the interplay between the level of parasitemia and the production of IFN-γ determines the
occurrence or absence of congenital infection. Therefore, when parasitemia diminishes the
stimulus for the production of this cytokine diminishes, there is less control of parasite
load, and congenital infection occurs. Conversely, when parasitemia rises, production of
IFN-γ increases, and parasite load and congenital infection are controlled.
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Regarding the placenta, the case of triplets born to a T. cruzi-infected mother (Table 1,
sample 1072) from a triamniotic trichorionic delivery of which two newborns were infected
and one uninfected is indicative of the protection offered by the placenta. Previous reports
on the placenta´s role in protecting the fetus from infection point to the effect of lysosomal
subfractions of the placenta on parasite viability and infectivity [33], a decreased viability
of parasites in villous explants coincident with high levels of nitric oxide production by
placental cells [34], and our previous study in chronically infected mothers showing that
higher levels of IFN-γ in their placentas prevented T. cruzi infection of neonates [19]. Inter-
estingly, placental samples 2097 and 1961 despite being RT-PCR negatives were associated
with vertical transmission of T. cruzi, suggesting low levels of parasite load in these samples,
undetected in the RT-PCR assay.

Our results demonstrate a potential relation between maternal immune profile during
pregnancy and vertical T. cruzi transmission. However, more in-depth laboratory testing
to identify likely mechanisms of congenital transmission, such as the study of genes
differentially expressed in the placenta of transmitter and non-transmitter mothers related
to the immune system as well as the polymorphism of some genes expressed in the placenta
in association with congenital T. cruzi transmission [35–37], which was not possible to
undertake, could have contributed to improving understanding to our observations.

A limited number of cases due to budget limitations hindered our ability to have
stronger statistical support. Budget support was secured for two years and due to the low
incidence of congenital transmission access to these cases is limited.
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Abstract: Limited molecular data exist on the prevalence and subtype distribution of Blastocystis spp.,
the most prevalent parasite in human and animal feces worldwide. A total of 44 different subtypes
(STs) of Blastocystis are currently recognized based on the sequence of the small subunit ribosomal
RNA (SSU-rRNA) gene. This is a molecular study of Blastocystis spp. in hospitalized patients with
gastrointestinal symptoms in northern Spain. We analyzed 173 Blastocystis-positive patients with
gastrointestinal symptoms by using nested PCR for molecular detection, subtype identification,
phylogenetic analyses, and genetic diversity assessment. ST2 (34.1%) and ST3 (34.7%) predominated,
followed by ST1 (15.6%) and ST4 (15.6%). Mixed infections with different subtypes were observed
in some patients. Sequence analysis revealed for the first time in European humans the allele 88 (a
variant of ST1). In other cases, alleles commonly found in animal samples were detected (allele 9 in
ST2, allele 34 in ST3, and allele 42 in ST4). Phylogenetic analysis showed high variability in ST1 and
ST2, suggesting a polyphyletic origin, while both ST3 and ST4 exhibited higher genetic homogeneity,
indicating a possible monophyletic origin and recent transmission to humans. These data confirm
Blastocystis spp. subtype diversity and may help in understanding the evolutionary processes and
potential zoonotic transmission of this parasite.

Keywords: Blastocystis spp.; genetic diversity; phylogenetic analysis; subtypes

1. Introduction

Blastocystis spp. is the most prevalent intestinal protozoon detected in humans and
animals worldwide. This enteric protist is known to be associated with gastrointestinal
symptoms in people across both industrialized and developing countries [1]. Various
factors account for the high prevalence of Blastocystis spp. Its transmission occurs through
the fecal–oral route, with several sources of infection, including person-to-person, zoonotic,
and waterborne transmission. In developing countries, it is associated with socio-economic
factors leading to poor sanitation [2]. This protozoon could have implications for public
health since it can be transmitted to humans from animals, suggesting its potential zoonotic
nature. The “One Health” strategy, promoted by the World Health Organization, encour-
ages interdisciplinary collaboration to achieve optimal health for humans, animals, and the
environment, effectively addressing zoonotic infections like Blastocystis spp. This approach
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enhances the understanding of the disease and facilitates the adoption of specific control
measures for the benefit of both human and animal populations [3].

Over the past decade, the scientific community has increasingly focused its attention
on unraveling the genetic diversity of Blastocystis spp. by using the small subunit ribosomal
RNA (SSU-rRNA) gene as a molecular marker. This genetic tool has yielded invaluable
insights into its taxonomy, population structure and potential pathogenicity, significantly
enhancing our comprehension of Blastocystis spp. [4]. A total of 44 different subtypes and
numerous subtype subgroups have been reported to date based on variations in the SSU-
rRNA gene in humans and animals [5]. However, not all strains of a specific subtype have
confirmed clinical significance and the potential relationship between different subtypes
and their ability to cause disease is still a topic of active debate [6].

Infection with Blastocystis spp. in humans has been reported across the globe [7,8]; in
Europe, the reported prevalence of this protist in humans ranges from 3% to 7% in France,
Italy and the United Kingdom (UK) by using optical microscopy, but higher prevalence
levels (14.5–24.2%) were found when PCR-based studies were conducted in France, the
Netherlands and Denmark [9–14]. Subtype ST3 exhibits the highest global distribution,
with subtypes ST1 and ST2 following closely in prevalence [15]. In Europe, subtype ST3
is also the most frequent [16–18], followed by ST4 [16,19], then ST2 [20,21] and lastly
ST1 [11,22]. Additional Blastocystis subtypes that are rare in the human population have
been identified in Europe, such as ST5 [18], ST6 [23], ST7 [24], ST8 [21], and ST9 [25].

A long-debated topic is related to the pathogenicity of Blastocystis spp. and the ongoing
challenge to determine whether this protozoon is genuinely pathogenic, a commensal
or only pathogenic in specific situations such as immunosuppression, malnutrition or
recurrent infections [26,27]. Some studies suggest that Blastocystis spp. could be part
of a healthy intestinal microbiota, potentially mitigating inflammation and autoimmune
disorders; it prompts interleukin-22 release, thus assisting in intestinal mucosal secretion
to relieve colitis symptoms and it may also contribute to host metabolism by breaking
down cellulose [28]. Researchers have also explored pathogenicity variations among
Blastocystis subtypes (ST), yet conclusive findings remain elusive. ST1, ST2, and ST4 are
implicated as potential sources of gastrointestinal symptoms, with studies indicating their
higher prevalence in symptomatic patients compared to controls. ST1 has been linked
to irritable bowel syndrome [29], while ST2 is associated with gastrointestinal issues and
urticaria, and is particularly prevalent in patients with diarrhea in Colombia, whereas
asymptomatic individuals carry ST1 [30]. However, some studies present inconsistent
support for ST2’s pathogenicity [31]. ST3 is predominantly found in patients with urticaria
and gastrointestinal symptoms [32] while ST4 shows high prevalence in severe diarrhea
cases [33]. Subtypes ST5, ST6 and ST7 also exhibit potential pathogenicity [34]. Although
rare in humans, ST8 has been linked to severe symptoms in two studies [35].

In Spain, the reported prevalence of Blastocystis in human populations is highly
variable, and it could be grossly underestimated in several studies due to the low diagnostic
sensitivity of some detection techniques; specifically, molecular analyses are much more
sensitive than microscopy and in vitro xenic culture for detecting Blastocystis spp. in
fecal samples from humans and animals [19,36]. A recent study conducted in Zaragoza
(Spain) using conventional microscopy found a prevalence of 9.2% [37]. This result is
consistent with other research using conventional microscopy in the central region of
Spain, where a prevalence value of 9.6% was documented in HIV-positive children, and 5.3–
19.4% in children attending nurseries and primary schools [38,39]. Nevertheless, the figure
rises to 13% among asymptomatic schoolchildren using PCR-based methods in the same
geographical area of central Spain [40]. Higher values (27.8%) have been reported in adult
patients in northeastern Spain using microscopic examination and PCR [41], while a similar
procedure reported a prevalence of 35.2% among humans cohabiting with dogs and cats in
northern Spain [42]. Studies investigating the subtype distribution of Blastocystis spp. are
limited in Spain and predominantly focused on specific population groups. Subtypes ST1–
ST4 and ST8 have been identified in both asymptomatic and symptomatic schoolchildren
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in Madrid. Subtype ST4 was the most prevalent in a human population in Valencia, while
subtype ST2 was the most frequently detected in Alava [20,21,33,37,42]. The aim of the
current study was to analyze the genetic diversity of Blastocystis spp. subtypes circulating
in infected patients in an area of northern Spain and to investigate any differences in clinical
significance among the various subtypes.

2. Materials and Methods
2.1. Ethics Approval Statement

This study was conducted in accordance with the guidelines of the Declaration of
Helsinki (1975, revised in 2013) to ensure ethical considerations in human research. Ap-
proval for this study was obtained from the Ethics Committee of Aragón (ref 18/081)
before commencing the research, ensuring compliance with national and international
guidelines. All participating patients were anonymized and provided signed informed
consent. This study also adheres to the requirements of the Health Insurance Portability
and Accountability Act (HIPAA, 1996). Throughout the research, mandatory health and
safety procedures were adhered to.

2.2. Sampling of Fecal Specimens

A total of 6807 stool samples from 3682 patients showing gastrointestinal symptoms in
the year 2018 were analyzed as described in a previous report [37]. Among the 338 Blasto-
cystis-positive (by microscopy) patients detected in that previous report, 173 fecal samples
providing good DNA sequences (following the procedure described in the next sections)
were included in the present study. Blastocystis positivity and sufficient quality of the
genetic sequence were the inclusion criteria. The categorical variables analyzed for associa-
tion with Blastocystis spp. infection were: demographic origin (Spain, rest of Europe, Africa,
American continent and Asia); age group (16 years or younger and >16 years); gender
(male and female) and Blastocystis subtypes (ST1, ST2, ST3 and ST4 subtypes).

2.3. Molecular Detection of Blastocystis spp.

According to the manufacturer’s instructions, DNA extraction was performed on the
173 samples using a DNA Stool Kit (NORGEN BIOTEK CORP., Thorold, ON, Canada). For
the molecular detection of Blastocystis, a nested PCR was performed. The primary PCR
amplified the conserved eukaryotic region of the 18S rRNA gene with universal primers
EUK-F and EUK-R in a 50 µL final volume [43]. For the secondary PCR, a specific SSU-
rRNA gene fragment of Blastocystis spp. was amplified following the protocol by Santín
et al. [44] using the primary PCR product as a template. The primers Blast 505–532 and
Blast 998–1017 amplify a ~479 bp fragment, including a variable region of the SSU-rRNA
gene that enables the subtyping of Blastocystis spp. The reaction mix for the secondary
PCR was prepared in a final volume of 50 µL. Both PCR reactions were performed using
a MJ Research MINICYCLER-PCR-THERMAL CYCLER and Applied Biosystems™ 2720
Thermal Cycler (Applied Biosystems, Whaltman, MA, USA). In order to verify that the PCR
generated amplicons were of the desired size, agarose gel electrophoresis was performed
using the products from the secondary PCR.

2.4. Subtype Identification, Phylogenetic Analyses and Genetic Diversity

The PCR products were purified using the Speedtools PCR Clean Up Kit (Biotools,
Madrid, Spain) and sequenced on both strands by the Sanger method. The sequences
obtained were edited and assembled in BioEdit software version 7.0.0 URL https://bioedit.
software.informer.com/7.0/ (accessed on 24 May 2024). To confirm the identity of the
sequences as Blastocystis spp., they were compared with the reference sequences of the
different Blastocystis spp. subtypes available in the GenBank® database using the nu-
cleotide BLAST program provided by the National Center for Biotechnology Information
(NCBI) [45,46]. Subsequently, the sequences were assembled in FASTA format and submit-
ted to the Blastocystis Subtype database (18S), which is a multilocus sequence typing (MLST)
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database available at http://pubmlst.org/blastocystis/ (accessed on 24 May 2024), and
the ST and corresponding alleles were determined through sequence comparison. As of
15 January 2024, the database contained 357 alleles for the gene investigated in the present
study [47,48].

Following alignment using ClustalW [49] in BioEdit 7.0 [50], the SSU-rRNA gene
sequences of Blastocystis spp. were analyzed. Finally, phylogenetic analysis was performed
using the Neighbor Joining (NJ) method based on genetic distances calculated using the
2-parameter or Kimura 2 model [51] with MEGA5.10 software [52]. A sequence from
Proteromonas lacertae (GenBank® accession number U37108) was used as an outgroup.
The resulting trees were exported in Newick format (which allows tree representation
using parentheses and commas) [53]. For the graphical representation of the obtained
phylogenetic trees, the online software iTOL v5 (https://itol.embl.de/about.cgi, accessed
on 24 May 2024) [54] was used.

To assess the genetic diversity of the sequences, the DNAsp v6.12.01 software [55]
available at http://www.ub.edu/dnasp/ (last accessed on 15 January 2024) was used.
The parameters used to measure genetic diversity among the sequences included the
number of polymorphic sites (S) [a site is considered polymorphic when different sequences
yield distinct nucleotides at that site or position], number of haplotypes (h) [each specific
combination of nucleotides in the sequence is considered a different haplotype], haplotype
diversity (Hd) [the likelihood of two randomly sampled haplotypes being distinct], and
nucleotide diversity (π) [the average number of nucleotide differences per site between
two sequences].

3. Results
3.1. Subtypes

A total of four different subtypes were identified among the 173 Blastocystis-positive
samples that were previously analyzed in the GenBank® database. The predominant
subtypes were Blastocystis ST2 (34.1%) and ST3 (34.7%), which were found in a similar
proportion of patients, followed by subtypes ST1 (15.6%) and ST4 (15.6%), which were
both identified in an equal number of infected patients. Only 111 among the 173 Blasto-
cystis-positive samples met the requirements of length and quality to be deposited in the
GenBank® database with the accession numbers OP495227–OP495337 and to be compared
with sequences previously deposited in the database by means of BLASTn [45,46]. Never-
theless, after aligning the Blastocystis spp. sequences and identifying a partial length bias in
some sequences, the shortest ones were discarded, leaving only 83 sequences that met the
length requirements (minimum 352 bp) to be selected for genetic diversity study and phy-
logenetic analysis. Genetic diversity analysis performed in the 352 aligned nucleotide sites
provided nucleotide diversity per site (Pi = 0.14808) and an average of 50.05260 nucleotide
differences between haplotypes.

Out of the 173 Blastocystis samples, 11 (6.3%) exhibited mixed Blastocystis sequences,
which were identified by double peaks in the SSU-rRNA gene chromatograms. These peaks
occurred within a 30-nucleotide segment, enabling specific variant identification within
the rest of the sequence. Four out of these eleven sequences belonged to the subtype ST1
(36.4%) and seven to the subtype ST2 (63.6%). Another significant finding was the subtype
variation observed in four of the patients who submitted repeated samples. Namely, one
patient switched from ST1 to ST3 in nine days, another from ST3 to ST1 in just one day.
Notably, one patient showed ST1, then ST2 after three days, and reverted to ST1 three days
later (Table 1).

Table 1. Patients with variation of subtypes in repeated samples.

Patient Sample Date Subtype Age (years) Country of Birth

1
17 September 2018 ST1

2 Ukraine26 September 2018 ST3
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Table 1. Cont.

Patient Sample Date Subtype Age (years) Country of Birth

2
3 October 2018 ST3

70 Spain
4 October 2018 ST1

3
9 January 2018 ST1

8 Gambia12 January 2018 ST2
15 January 2018 ST1

4
19 February 2018 ST4

62 Spain
22 February 2018 ST2

3.2. Alleles

Analysis of allele distribution according to the age, gender and geographic origin
of the patients is indicated in Tables S1–S4. Allele 88 was the most common within ST1-
positive patients (9/12; 75%) followed by alleles 2 (2/12: 16.6%) and 4 (1/12, 8.33%); allele
2 was found in both Spanish and European patients. ST2 sequences featured only two
alleles: allele 9 (15/23; 65.2%) and allele 13 (8/23; 34.8%), with patients from different
geographic distributions (Table S2). ST3 sequences were mainly associated with allele 34
(29/32; 90.6%), while three samples showed allele 36 (3/32, 9.4%), and most of them (31/32;
97%) originating from patients born in Europe and Africa (Table S3). The 16 ST4 sequences
uniformly exhibited allele 42, with all patients being of Spanish origin, and a majority
(10/16; 62.5%) being under 16 years of age (Table S4).

3.3. Blastn Alignments with Sequences Existing in GenBank

The 111 Blastocystis spp. sequences were subjected to BLASTn comparisons with
reference sequences deposited in GenBank [45,46] (Tables S5–S8). Notably, some ST1
and ST4 sequences showed 100% similarity with Blastocystis sequences from animals
(Bos taurus, Sus scrofa domesticus) but lower similarity with strains from humans, suggest-
ing a potential zoonotic origin. In contrast, most ST2 and ST3 sequences displayed the
highest similarity with human-origin sequences, suggesting a potential human-to-human
transmission pattern.

3.4. Genetic Diversity and Phylogenetic Analysis

Nucleotide comparisons among partial SSU-rRNA gene sequences of each Blastocystis
subtype are shown in Tables S9–S12. Comparison of the ST1 subtype revealed that all
17 sequences had a nucleotide similarity higher than 94.3% to each other but only eight
sequences were 100% identical. The number of sequences exhibiting 100% identity to each
other was greater within subtypes 2 and 3. Notably, all but two of the twenty sequences
belonging to the ST4 subtype showed 100% similarity to each other.

Among 83 Blastocystis spp. sequences that met the requirements to be selected for
genetic diversity study and phylogenetic analysis, 26 distinct haplotypes were identified,
yielding a joint haplotype diversity index of 0.927. Genetic diversity was assessed for each
Blastocystis spp. subtype (Table 2). ST1, ST2, ST3, and ST4 displayed eight, seven, nine and
two haplotypes, respectively. Notably, ST1 exhibited the highest haplotype diversity (Hd:
0.924), while ST4 had the lowest (Hd: 0.233), with 30 and 1 polymorphic sites, respectively.
ST2 showed the highest nucleotide diversity (π: 0.03945), indicating substantial variability
in the SSU-rRNA gene fragment.

Figure 1 presents a phylogenetic tree of the SSU-rRNA gene sequences of Blastocystis
rooted with Proteromonas lacertae (U37108) as the outgroup. Four well-supported branches
(green) with 1000 bootstrap replicates (support value of one) are depicted. In the ST1
branch, observed in the vertical representation, two well-supported sub-branches with
an absolute support value of one are apparent. The first sub-branch holds two sequences
associated with allele 2, while the second sub-branch comprises nine sequences displaying
allele 88, along with one sequence with allele 4. In ST2, three well-supported sub-branches
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emerge from the bootstrap replicates. The first branch includes seven sequences linked
to allele 9 and two to allele 13. The second group comprises solely allele 13 sequences,
while the third contains allele 9 sequences, except for one linked to allele 13. Within the
ST3 branch, two distinct alleles are observed: allele 34 dominates most sequences, while
only three sequences correspond to allele 36. On the opposite side, in the ST4 branch, all
sequences exhibit allele 42, and no sub-branches are observed, indicating a possible recent
monophyletic pattern.

Table 2. Genetic variability of Blastocystis spp. subtypes in patients in the present study.

Subtypes Frequency Monomorphic Sites Polymorphic Sites h* Hd ̸= π#

ST1 12 315 30 8 0.924 0.02429
ST2 23 316 28 7 0.842 0.03945
ST3 31 342 7 9 0.774 0.00438
ST4 16 346 1 2 0.233 0.00067

Total 83 234 104 26 0.927 0.14808

h*: Number of haplotypes, Hd ̸=: Haplotype diversity, π#: Nucleotide diversity.
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Figure 1. Neighbor joining analysis of the partial sequences of the SSU-rRNA gene of Blastocystis
and reference sequences representative of different subtypes. A sequence of Proteromonas lacer-
tae was used as the outgroup and sequences of other Blastocystis subtypes were obtained from
GenBank® (LC414134.1 and MK874786.1: ST1 Homo sapiens, EU445491.1: ST2 Monkey (sic.), M25.1
and MK874818.1: ST2 Homo sapiens, MN914073.1: ST3 Homo sapiens, and MH127478.1: ST4 Rattus
exulans). Genetic distances were calculated using the Kimura 2 model (own image). The length of the
branch connecting the outgroup sample was reduced by 61% to simplify the image. The symbol *
indicates the sequences obtained in the present work.
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4. Discussion

The present report is based on the analysis of fecal samples obtained from patients
exhibiting gastrointestinal symptoms in a limited geographical area of Spain (not from
healthy individuals). In spite of the limited sample size, marked genetic variability was
observed in the set of samples. The distribution of Blastocystis spp. subtypes varies
across countries and continents, as summarized in Tables S13 and S14 [56]. The laboratory
protocol used in the present study, based on PCR amplification of a 479 bp fragment of
the Blastocystis SSU-rRNA gene and proposed by Santín et al. [44], is widely utilized in
specialized literature, even if other methodologies are used too.

The current study identified ST3 and ST2 as the most prevalent subtypes. Subtype
ST3 is the predominant Blastocystis subtype globally [23,57–60]. In Spain, this subtype was
not detected in symptomatic individuals in Valencia but ranked second among pets and
their owners in Álava and was less common in the Madrid region [20,21,33,42].

In warm climates like those in Senegal, Lebanon, Saudi Arabia and Bolivia, ST2 is
among the most common subtypes, suggesting adaptation to such environments, even
if it was also the most prevalent one in a study performed in Ireland [9,13,23,24,59–61].
The high frequency of ST2 and ST3 in South America has been associated with poverty,
sanitation issues, civil conflicts, biodiversity and limited access to clean water, promoting
Blastocystis spp. transmission [8]. ST2 was also the most frequent subtype reported in
previous Spanish studies in Alava, Leganés (Madrid) and Central Spain, being mostly
associated with children, even when they were asymptomatic [20,21,42]. Conversely, ST2
was less common in Valencia, where most fecal specimens were from adult patients [33].
These observations suggest a potential fecal–oral transmission cycle among school-age
children for ST2 [62].

In our study, both ST4 and ST1 were the less-prevalent Blastocystis subtypes, each
detected in over 15% of patients. The ST4 subtype is commonly found in temperate Euro-
pean countries like Denmark and France, while it is infrequent in Japan, Malaysia, China,
Latin American and African countries [1,16,58,60,63–66]. In Spain, ST4 was previously
found to be highly prevalent in Valencia (over 94% of Blastocystis-infected patients) [33].
ST1 is among the less common subtypes in Europe, except in some studies in Germany,
Greece, France, Denmark and Italy [22,24,61,67,68]. Conversely, ST1 is the most com-
mon Blastocystis variant in several countries across the rest of the continents, including
Colombia, Brazil, Libya, Nigeria, Tanzania, Iran, Turkey, Saudi Arabia, the Philippines and
Australia [18,44,69–73].

A high proportion (42%) of the patients studied in the present report are immigrant
residents from various countries [37]. This could be a possible explanation for the different
Blastocystis subtype distribution when compared with that found in other points of Spain,
highlighting the need for molecular studies in order to understand Blastocystis spp. genetic
diversity globally.

A search in GenBank® via Blastn revealed that some of the sequences obtained in this
research exhibit 100% identity with previous isolates obtained from animals and human
beings all over the world. For instance, the ST1 sequences closely match those from
humans in several countries such as Colombia, Mexico, Laos and Malaysia [44,74]. Such
coincidences among samples from distant origins are not uncommon: in a Chinese study,
two ST1 sequences were identical with a Blastocystis sequence from humans in Turkey [75].

Our ST2 sequences matched those from human samples globally and from various
animal species in Germany, Spain, China and Iran [9,13,44,74,76–79].

The ST3 sequences showed similarities with sequences from human samples from Mex-
ico, Colombia, Germany, South Korea, the Philippines, Malaysia, Libya, Egypt and Turkey,
as well as high similarity with animal sequences from the USA, Spain, Iran, Malaysia,
China and Japan [44,80–84]. This observation is consistent across multiple studies owing to
the widespread prevalence of ST3 globally [44,77,81,85–87].
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The ST4 sequences also showed high similarity with sequences of human and animal
origin from various regions [77,88–90]. Numerous ST4 sequences in GenBank® are linked
to various rodent species, supporting their role as primary hosts for this subtype [91–94].

In Spain, diverse investigations explored Blastocystis spp. isolates in animals and the
environment. A study on fecal samples from free-living carnivores in various regions
identified ST2 and ST4 Blastocystis subtypes in red fox, exhibiting significant sequence
similarity (98.5–100%) to those in the present study [95]. Similar patterns were observed in
urban wastewater in Valencia, where ST2 was the predominant subtype [96]. Additionally,
100% identity was found with ST3 sequences from Blastocystis isolates from cattle from
Álava [83] and a 99.5% similarity was found with ST4 sequences from Blastocystis in Rattus
spp. from a zoo in Córdoba [97]. The substantial similarity among Blastocystis spp. isolates
across different regions and animals implies a potential zoonotic connection, raising public
health concerns. Widespread international trade and travel could explain the identical
sequences observed between our study and those from distant countries.

This study found mixed Blastocystis spp. infections with diverse subtypes, in agree-
ment with worldwide observations. In contrast to previous Spanish studies, a French
investigation utilized PCR product cloning to identify three subtypes (ST2, ST3, and ST4)
within the same host [20,21,33,42,98]. However, the practical use of this technique in larger
cohorts is hindered by its labor-intensive nature and its high cost. Various protocols, in-
cluding the one in this study, have detected mixed infections using DNA from in vitro
cultures or fecal samples. Sanger sequencing of PCR-amplified 18S rRNA gene products,
with universal or Blastocystis-specific primers, has been used widely. Overlapping peaks
in chromatograms indicate mixed infections, with PCR often amplifying DNA from the
predominant subtype. In cases of similar subtype concentrations, the amplifications of
both of them are equally efficient and result in double peaks [16,77,99]. Next-Generation
Sequencing (NGS) has revolutionized the detection of mixed Blastocystis spp. infections,
providing precise quantification even at low levels (as low as 5%). However, its application
is restricted by high costs and the need for highly skilled personnel [84]. Mixed Blasto-
cystis infections are frequently overlooked in research due to detection limitations. In a
meta-analysis, fewer than half of the studies (24/55) reported mixed Blastocystis infections,
with a prevalence of around 6% [18,100]. Our study mirrors this prevalence, identifying
mixed infections in 6.3% (11 out of 173) of subtyped samples. Four of these eleven samples
belonged to ST1 and seven to ST2.

The finding of different subtypes in repeated samples of the same patient is also an
unexpected observation in this study. PCR amplifies the predominant subtype, raising
uncertainty about whether undetected coexisting subtypes were present initially due to
technical limitations. In one case involving three samples, the detected subtype in the first
and last samples was the same. Another explanation could be reinfection with a different
strain, but this is less plausible because of the short interval between the two samples
(1–9 days, depending on the patient). It is noteworthy that three of the four individuals
showing this pattern were infected with ST1, which is a minor subtype in this study but
commonly found in mixed infections [101].

The DnaSP results indicate varying levels of diversity, with ST1 sequences exhibiting
the highest number of haplotypes and polymorphic sites and ST4 sequences showing the
lowest diversity. In a study in Iran, ST2 had the highest haplotype diversity (Hd: 0.934)
and ST1 the lowest one (Hd: 0.564) [102]. Conversely, ST1 was the most variable subtype in
a study in Saudi Arabia [71]. In our study, ST2 also showed the highest nucleotide diversity
(π: 0.03945). Overall, these findings confirm significant variability in the amplified SSU-
rRNA gene fragment among Blastocystis subtypes, suggesting a longer evolutionary history
for ST1 and ST2, while ST3 and ST4 are more recent. In fact, the low variability observed in
ST4 could also be due to a recent transmission of this subtype to humans. The sequences
for ST4 obtained in rats, Guinea pigs and opossum and most human patients show a
high similarity. Rodents are considered a possible reservoir for Blastocystis transmission to
humans [30,103].
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Various authors highlight the value of distinguishing Blastocystis alleles for insights
into host specificity, geographic distribution and clinical manifestations [30,104,105]. In our
study, allele diversity within each subtype was limited. ST1 exhibited the highest diversity
with three identified alleles (2, 4, and 88), consistent with findings by other authors. While
allele 4 is commonly reported in European studies, allele 88, previously identified in the
Middle East and South America, especially in immunocompromised patients, has been
detected for the first time in European human populations in the present report [106–108].

Two alleles (9 and 13) were identified within ST2 sequences, with 9 being the most
frequent. Previous research [1,30,105] revealed that allele 9 is the most prevalent in humans
and animals in South America, too [20]. In contrast, other studies identified allele 12, which
was not observed in this study, as the most common in humans and animals, and did
not find allele 9 [21,42,97]. Among the fifteen sequences with allele 9 in our study, over
a third (7/15) were from individuals from Africa (five) and from South America (two).
Furthermore, allele 9 has been observed in studies involving dogs and rats, indicating
potential zoonotic transmission [1,109].

In ST3, we identified two alleles (34 and 36), with a clear predominance of the former
(29/32 ST3 isolates), consistent with the higher frequency of allele 34 in the European
human population [21,42,97]. In contrast, allele 36 is dominant in African children, where
some studies do not detect allele [15,34,110]. Sequences of ST4 exhibited minimal variability
in our study, with only allele 42 being observed, consistent with other research [21,110].
ST4 is prevalent in rodents and the previous detection of allele 42 in stray cats suggests
their potential role as a source of Blastocystis spp. infections in humans [111].

Neighbor joining analysis showed more than one branch in the phylogenetic tree
for both ST1 and ST2 sequences. This suggests possible diverse sources of infection
from humans or animals with these subtypes and potential ancient origins and extensive
evolutionary processes [112]. In contrast, the dominant ST3 exhibited a limited variability,
which could be explained by a higher infectivity, by a potential origin from limited sources
or by a shorter evolutionary timeline. The greatest genetic homogeneity was observed in
ST4 sequences, suggesting that its transmission to humans is more recent than that of the
other subtypes.

Furthermore, it is noticeable that ST4 sequences from rats, guinea pigs, opossums
and most humans are highly conserved. This supports the theory that rodents can be a
reservoir for human infections with Blastocystis ST4, as suggested in other works [30,103].
In the present dataset, patients showing this subtype were of Spanish origin; the only
two sequences presenting similarity slightly below 100% came from patients living in a
rural area.

5. Conclusions

In summary, this molecular study revealed that the distribution of Blastocystis spp.
subtypes infecting humans showed variations compared to other geographical areas in
Spain, a circumstance that could be related to the high percentage of immigrants residing
in the population investigated. Two predominant subtypes (ST2 and ST3) and two minor
subtypes (ST1 and ST4) have been identified. Also, in some patients, mixed infections with
different subtypes of Blastocystis spp. have been detected by the presence of double peaks
in chromatograms following Sanger sequencing of the SSU-rRNA gene. The analysis of
the sequences of the different subtypes has revealed an allele previously undescribed in
European human samples (allele 88 in ST1) and other alleles coincident with those found
in animal samples (9 in ST2, 34 in ST3 and 42 in ST4). In fact, high genetic similarity has
been found with isolates of Blastocystis spp. from samples obtained in both human and
animal species obtained in geographically distant regions; these findings could support
the potential zoonotic nature of this parasite. The highest genetic variability was observed
in ST1 and ST2, suggesting a polyphyletic origin of these variants, indicative of diverse
origins or a longer evolutionary process. The greatest similarity was observed among the
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ST3 and especially ST4 sequences, indicating a probable monophyletic origin and/or a
more recent transmission for these subtypes.
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Abstract: Diagnosing canine visceral leishmaniasis (CVL) in Brazil faces challenges due to the limita-
tions regarding the sensitivity and specificity of the current diagnostic protocol. Therefore, it is urgent
to map new antigens or enhance the existing ones for future diagnostic techniques. Immunoinfor-
matic tools are promising in the identification of new potential epitopes or antigen candidates. In
this study, we evaluated peptides selected by epitope prediction for CVL serodiagnosis in ELISA
assays. Ten B-cell epitopes were immunogenic in silico, but two peptides (peptides No. 45 and No.
48) showed the best performance in vitro. The selected peptides, both individually and in combina-
tion, were highly diagnostically accurate, with sensitivities ranging from 86.4% to 100% and with
a specificity of approximately 90%. We observed that the combination of peptides showed better
performance when compared to peptide alone, by detecting all asymptomatic dogs, showing lower
cross-reactivity in sera from dogs with other canine infections, and did not detect vaccinated animals.
Moreover, our data indicate the potential use of immunoinformatic tools associated with ELISA
assays for the selection and evaluation of potential new targets, such as peptides, applied to the
diagnosis of CVL.

Keywords: canine visceral leishmaniasis; serological diagnosis; peptides-based ELISA; immunoinformatic

1. Introduction

Leishmaniasis belongs to a complex group of diseases caused by a parasite from the
Leishmania genus, leading to a broad spectrum of clinical presentations [1]. Leishmania infantum
is one of the primary causes of visceral leishmaniasis (VL), which is fatal in 95% of untreated
cases [2]. It is estimated that 50,000–90,000 new VL cases occur annually worldwide, with
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only 25–45% of these cases being reported to the WHO. In Latin America, VL has been
declared endemic in 12 countries, with 63,331 cases being registered between 2001 and
2018 [3]. In Brazil, VL remains a serious public health problem, with 3.466 new human
cases reported in 2018, which corresponds to 97% of the total cases in America [3].

Particularly in Brazil, the Leishmaniasis Control and Surveillance Program includes
the early diagnosis and treatment of human cases, control of insect vectors, and the identifi-
cation and culling of seropositive-infected dogs [4]. The management of infected dogs is
considered an essential component in the control of VL, given the zoonotic profile of the
disease in Brazil [5], where dogs are regarded as urban hosts of the disease, representing
an incidence of 5.4 per 1000 dogs-months and a prevalence of 8.1% in endemic areas [6].

Regarding the serodiagnosis of canine visceral leishmaniasis (CVL) in Brazil, the stan-
dard protocol recommended by the Brazilian Ministry of Health involves two sequential
tests, an initial dual path platform (DPP®) test, which is an immunochromatographic test
employed in the screening of seropositive dogs, followed by a sequential test, which is
an enzyme-linked immunosorbent assay (ELISA) that is considered as the confirmatory
test (Brazil. 2014). However, several studies have indicated that this current protocol is
inefficient, demonstrating a lower diagnostic accuracy in asymptomatic dogs and those in
the initial stages of the infection [7,8]. This represents a serious issue because up to 85% of
L. infantum-infected dogs may be asymptomatic in endemic areas, acting as a reservoir for
the transmission of L. infantum between sand flies and humans [9]. Moreover, the tests have
yielded false-positive results for dogs infected with other pathogens such as Ehrlichia canis
and Babesia canis [10,11], which could lead to unnecessary euthanasia of noninfected dogs.
In addition, it has been reported that the vaccination of dogs might lead to seroconversion,
which can directly impact the diagnosis of canine disease.

Despite these limitations, serological methods represent the most practical and flexible
tools for epidemiological research and CVL diagnosis. Thus, reinforcing the importance
of developing innovative alternatives and identifying new antigens. In this context, im-
munoinformatics presents itself as a rational tool, given its potential use as a catalyst in the
prospecting processes of candidate components of diagnostic tests and vaccines [12,13]. In
this study, we propose the use of an immunoinformatic approach to select B-cell epitopes
as antigen candidates to be used in CVL serodiagnosis.

2. Materials and Methods
2.1. In Silico Strategies and Peptide Selection

For a better understanding, a flow chart with an experimental design is shown in
Figure 1. The strategy is detailed and explained in the next topics. The peptide sequences
were retrieved from the previously established L. infantum proteome relational database
proposed by Brito et al. 2017 [14]. Using this database, the search simultaneously consid-
ered the highest values of 3 B-cell epitope predictor algorithms (AAP12, BCPred12, and
BepiPred) [15–18]; in addition, all intracellular peptides were discarded after considering
results obtained from cell location predictor algorithms (WoLF PSORT, Sigcleave, TargetP,
and TMHMM) [19–22]. After that, to elucidate the interactions and metabolic pathways
of proteins containing the peptides in the previous step, we used the STRING v.11 algo-
rithms [23,24]; Leishmania was established as a reference organism, and text prospecting,
experiments, database, co-expression, neighborhood, genetic fusion, and co-occurrence
were used as active sources of interaction, with a mean confidence interval of 0.400, and the
design of PPI networks was made with the aid of the Cytoscape program, with the addition
of information obtained from KEGG [25]. Then, selected peptide sequences were compared
against Leishmania donovani, Leishmania braziliensis, Leishmania major, Trypanosoma cruzi,
Ehrlichia, and Babesia organisms using the Basic Local Alignment Search Tool (BLASTp) [26].
Furthermore, this same algorithm was used to eliminate proteins that, despite fulfilling the
previous criteria, presented a similarity greater than 60% to humans, dogs, and mice, thus
decreasing the possibility of obtaining proteins already present in these three organisms.
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Figure 1. Flow chart with an experimental design for the selection and application of synthetic
peptides, based on the epitope prediction approach, in the serological diagnosis of CVL [14].

2.2. Peptide Synthesis

Linear peptides from L. infantum (15–17 mer) were synthesized with a purity higher
than 95% obtained through purification by high-performance liquid chromatography by the
Genscript Co., Ltd. (Piscataway, NJ, USA). Once the peptides arrived at the Immunopathol-
ogy Laboratory, they were stored in an ultra-freezer at −80 ◦C until use, when they were
resuspended (1 mg/mL) in dimethyl sulfoxide (DMSO).

2.3. Enzyme-Linked Immunosorbent Assay

To identify the synthetic peptides that offered the highest performance, a peptide-
based ELISA was performed, and the conditions were standardized for all 10 peptides. Sera
of 10 animals infected with L. infantum and 10 healthy animals were used individually for
standardization and peptide screening. Flat-bottom polystyrene plates (Nunc MaxiSorp®,
San Diego, CA, USA) were sensitized with each peptide, at a concentration of 0.25 µg per
well, each well containing 100 µL of carbonate-bicarbonate buffer (pH 9.6), after which they
were incubated at 4 ◦C overnight. After incubation, 4 consecutive washes were carried out
with a wash solution composed of PBS (pH 7.2) added with 0.05% Tween 20, to remove
antigen excess. Then, using a wash solution added with 5% BSA, possible free sites were
blocked. In this step, each well was filled with 100 µL of this blocking solution for 2 h
at 37 ◦C. This was followed by another step of 4 consecutive washes, and, after that, the
diluted samples (1:600) were added after dilution in blocking solution (100 µL/well) and
incubated again at 37 ◦C for 1 h. After incubation and 4 consecutive washes, the plates
were incubated for 1 h at 37 ◦C with peroxidase-conjugated sheep anti-dog IgG (Bethyl
Laboratories, Inc., Montgomery, TX, USA) diluted 1:16,000 in a wash solution (100 µL/well).
The reactions were carried out using 3,3′,5,5′-Tetramethylbenzidine as the substrate for
20 min in the dark, with subsequent interruption of the reaction using 30 µL of 2.5 M H2SO4,
followed by analysis in a spectrophotometer (ELX800 Biotek Instruments, Winooski, VT,
USA) at 450 nm. After the screening, two peptides were selected as presenting the best
results after the assay with the serum samples. The sequence of the peptides No. 45 (Pep45)
and No. 48 (Pep48), described in the current work, is registered at the Instituto Nacional
da Propriedade Industrial (Brazil) under patent number BR 1020230118887, deposited on
15 June 2023.

2.4. Preparation of L. infantum Soluble Antigenic Extract

The L. infantum strain MCAN/BR/2008/OP46 was used for the preparation of the
L. infantum soluble antigenic extract. Stationary phase promastigotes of L. braziliensis were
grown at 24 ◦C in liver infusion tryptose (LIT) medium supplemented with 10% fetal bovine
serum (FBS, Sigma-Aldrich, Saint Louis, MO, USA), 100 U/mL penicillin, and 100 µg/mL
streptomycin, at pH 7.4. The soluble Leishmania infantum antigen (SLiA) was prepared as
described previously by Reis et al. (2006) [27].
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2.5. Animal Samples

The study protocol number 083/2007 was approved by the Universidade Federal
de Ouro Preto Committees of Ethics in Animal Experimentation. Serum samples from
113 dogs were selected from a serum bank at the Laboratório de Imunopatologia from
the Universidade Federal de Ouro Preto, where they were stored at −20 ◦C. The samples
were categorized into distinct groups (Figure 2). Twenty (20) samples from noninfected
dogs were included as the control group (CNI; n = 20). This group was composed of
five (05) sera from control dogs born in a kennel of the Federal University of Ouro Preto
(Minas Gerais, Brazil) and fifteen (15) sera from control dogs from an endemic area in Brazil
(Governador Valadares, Minas Gerais, Brazil). The control dogs were characterized by
negative parasitological and PCR-restriction fragment length polymorphism (RFLP) results
for L. infantum in the bone marrow and seronegative results for Leishmania spp. using
DPP® and BioManguinhos ELISA®. The L. infantum-infected group of dogs (CVL; n = 37)
was divided into three groups based on their clinical status: asymptomatic dogs (AD;
n = 18) with no clinical signs of CVL; oligosymptomatic dogs (OD; n = 9) presenting one to
three signs; and symptomatic dogs (SD; n = 10) with more than three characteristic clinical
signs of VL. The characteristic signs include opaque bristles, a severe loss of weight, ony-
chogryphosis, cutaneous lesions, apathy, and keratoconjunctivitis (Reis 2006) [27]. The CVL
group was determined based on the serological reactivity of dogs in the BioManguinhos
ELISA®, DPP®, and PCR-RFLP in the bone marrow results. Sera from dogs infected with
E. canis (n = 15), B. canis (n = 9), or Trypanosoma cruzi (n = 15) were used for cross-reactivity
analyses. Each infection was previously characterized using specific serology (ELISA) and
PCR-positive results, and samples were confirmed to be PCR-negative in the bone marrow
for L. infantum. In addition to the groups described above, the study also used 17 samples
from dogs vaccinated with Leish-Tec® (n = 7), a commercial vaccine against CVL available
in Brazil, and a potential candidate vaccine, LBSap (n = 10) (Aguiar Soares 2020) [28]. All
dogs presented negative serology using DPP® and ELISA and were PCR-negative in the
bone marrow for Leishmania spp.
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Figure 2. The experimental design employed in the serological test for peptides No. 45, No. 48,
and mix. The control noninfected group (CNI), dogs from the endemic area and nonendemic area.
The L. infantum-infected dogs (CVL) were stratified according to their statuses as asymptomatic
dogs (AD), oligosymptomatic dogs (OD), and symptomatic dogs (SD). Vaccinated dogs (LBSap and
Leish-Tec®) and dogs infected with other pathogens (Trypanosoma cruzi, Ehrlichia canis, and Babesia
canis) constitute the other two groups evaluated.
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2.6. Statistical Analysis

The OD cutoff assays were calculated using the receiver operating characteristic curve
(ROC curve), by considering the point that yielded the highest combined value of sensitivity
and specificity for each antigen. GraphPad Prism software (version 8.0 for Windows) was
used to provide the area under the curve (AUC) and the ROC curve. The sensitivity,
specificity, negative predictive value (NPV), positive predictive value (PPV), and accuracy
were calculated according to Greenhalgh (1997).

3. Results
3.1. The Database Provides Potential Epitopes for Use in CVL Diagnosis

The database used had 8241 predicted proteins, which when submitted to the B-cell
predictor algorithms, returned 47,482 epitopes according to BepiPred, 957,493 according to
BCPred12, and 2,361,313 according to AAP12. A search script was then used to find the
higher scores for all algorithms, resulting in peptides belonging to five proteins, which were
predicted by all three predictive algorithms, and which were secreted/excreted and are not
intracellular: LinJ.18.1500, LinJ.32.0970, LinJ.36.2160, LinJ.28.1850, and LinJ. 20.0350. After
selection, these proteins have their biological importance analyzed using PPI networks,
and all five proteins seem to relate to important cellular functions, especially in metabolic
pathways. The peptide sequence, position, prediction scores, and protein ID of each peptide
selected are shown in Table 1. The BLASTp analysis was performed to evaluate the identity
and similarity between the selected peptides and non-redundant protein sequences from
L. donovani, L. braziliensis, L. major, T. cruzi, Ehrlichia, and Babesia organisms (Table 2). It
is possible to note that for peptides No. 50 and No. 52 to No. 55, no similarity with
Ehrlichia was found. Furthermore, all peptides showed 100% identity and a low e-value for
L. donovani. For L. braziliensis, the identity values were lower, not reaching 100% for any
peptide. The identity for L. major, in general, was higher when compared to L. braziliensis,
and it can still be observed that peptide No. 48 had the highest e-value among all Leishmania
species and an identity lower than 90%. Regarding sequence similarity with other genera
of pathogens, it was observed that peptides No. 46, No. 47, No. 48, No. 50, No. 51, and
No. 52 had a high e-value and/or low identity.

Table 1. B-cell epitopes selected with the highest prediction scores in the databank. The protein
identification, peptide sequence, position in protein sequence, prediction scores, and reactivity index
are shown.

Protein ID Peptide
ID

Peptide
Sequence Position

Prediction Scores Reactivity
IndexAAP12 BepiPred BCPred12

LinJ.18.1500
(XP_001464963)

45 VDPNFQFFHLPVLMF 692–706 0.9 0.8 0.8 7.94
46 EGYSSQYYENSWFHRL 763–777 0.9 0.97 0.8 7.80

LinJ.32.0970
(XP_001467777) 47 WAPISEQKGTTYPTTPNGLPV 493–507 1 1.28 1 6.17

LinJ.36.2160
(XP_001469796) 48 FALIRQGFESFPPTPKT 374–390 1 1.67 0.98 7.51

LinJ.28.1850
(XP_001470212)

50 LAVQPAPSTSDAAGA 288–302 0.9 1.47 0.98 6.26
51 AYQETPESERAELPP 115–129 0.9 1.25 0.98 5.36
52 LPKGPSVPTLPYQEA 443–457 0.9 1.1 0.99 7.19

LinJ.19.0350
(XP_001464998)

53 SRRPPPLDPEEPEKV 171–185 1 1.74 1 3.93
54 GLGEEEKEVRQTLRDLR 304–320 1 1 0.96 4.83
55 CVERITPRVRDRRASYKQS 262–276 1 0.61 1 7.91
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Table 2. Similarity values obtained by BLASTp for each selected B-cell epitope when confronted with
the proteome of other species of parasites. Asterisks (*) indicate the absence of a similar sequence;
identity values are indicated in percentages (%).

Peptide
ID

Similarity

L. donovani L. braziliensis L. major T. cruzi Ehrlichia Babesia
E-Value Identity E-Value Identity E-Value Identity E-Value Identity E-Value Identity E-Value Identity

45 8 × 10−11 100 1 × 10−8 92.86 1 × 10−9 93.33 2 × 10−8 86.67 23 85.71 14 77.78
46 6 × 10−12 100 18 62.5 9 × 10−9 87.5 19 66.67 83 85.71 13 100
47 1 × 10−14 100 2 × 10−11 85 1 × 10−14 100 48 61.11 69 76.92 38 71.43
48 2 × 10−11 100 2 × 10−7 87.5 44 85.71 22 75 11 80 44 100
50 2 × 10−7 100 28 69.23 3 × 10−5 92.86 61 78.57 * * 57 90
51 3 × 10−9 100 3 × 10−7 92.86 3 × 10−9 100 16 77.78 33 75 11 53.33
52 7 × 10−9 100 2 × 10−7 93.33 7 × 10−9 100 40 80 * * 66 64.29
53 2 × 10−9 100 1 × 10−8 93.33 2 × 10−9 100 2 × 10−5 80 * * 16 85.71
54 6 × 10−11 100 3 × 10−9 94.12 8 × 10−9 94.12 2 × 10−7 88.24 * * 39 70
55 9 × 10−14 100 2 × 10−11 89.47 1 × 10−12 94.74 1 × 10−10 89.47 * * 21 77.78

3.2. All Peptides Were Able to Differentiate Infected and Uninfected Animals during the
Standardization Step of the ELISA Reaction

After standardization, and to evaluate the peptides as immunodiagnostic using indi-
vidual serum samples, ELISA reactions were performed using the 20 previously character-
ized samples from 10 infected animals and 10 uninfected animals. All peptides showed
the ability to distinguish animals infected by L. infantum. Using the average of the values
obtained in the individual ELISA, the reactivity index showed that each peptide was able to
differentiate infected from uninfected animals by 7.94, 7.80, 6.17, 7.51, 6.26, 5.36, 7.19, 3.93,
4.83, and 7.91 times for peptides No. 45–No. 55, respectively (Table 1). By observing this
index, it is possible to notice that all peptides significantly separated infected animals from
animals not infected by L. infantum, with peptide No. 45 being the highest and peptide
No. 53 having the smallest difference between optical density values.

3.3. The Peptides No. 45, No. 48, and the Combination of Both Showed the Best Capacity to
Distinguish L. infantum-Infected Dogs with Different Clinical Forms from the Noninfected Dogs

Considering the results obtained in the ELISA standardization, our selection indicators
for the next assays were a peptide with the highest reactivity level and another peptide
that showed the lowest OD mean of the negative control. In this sense, the peptides No. 45
(VDPNFQFFHLPVLMF) and No. 48 (FALIRQGFESFPPTPKT) were selected for the next
step. We observed that the peptides No. 45 (Pep45) and No. 48 (Pep48), in an isolated form
as well as in combination (mix), demonstrated an increased efficiency in differentiating
infected dogs from the noninfected, as shown in Figure 3a. Thus, SLiA, No. Pep45, No.
Pep48, and mix presented 35/37 (94.6%), 32/37 (86.5%), 37/37 (100%), and 36/37 (97.3%)
of the true-positive results, respectively. Therefore, peptide No. 48 and peptide mix were
capable of detecting all the asymptomatic dogs (18/18; 100%), oligosymptomatic dogs
(9/9; 100% using peptide No. 48, and 8/9; 88.8% using peptide mix), and all symptomatic
dogs (10/10) (Figure 3b). The general performance of peptide No. 48 and the peptide
mix was superior compared to that of peptide No. 45 and SLiA, demonstrating higher
positive (94.8% and 97.3%) and negative predictive values (100% and 95%) and accuracy
(both assays presented 96.5%).

3.4. The Selected Peptides Present Low Cross-Reactivity with Immunoglobulins from Dogs Infected
with Other Canine Pathogens

The ELISA assays showed low reactivity when serum samples from T. cruzi-, E. canis-,
and B. canis-infected dogs were tested (Figure 4). No cross-reactivity was observed
in T. cruzi-infected animals in all tests, in contrast to that with SLiA, which presented
57% positive results for these samples. We observed that the peptide mix showed better
results when compared to the results shown by isolated peptides and SLiA. As shown in
Figure 4c, the peptide mix presented superior sensitivity (97.2%), specificity (84.7%), NPV
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(98%), PPV (80%), and AUC (0.9794). Moreover, an accuracy analysis of this approach
indicated an excellent performance (89.5%).
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Figure 3. Performance of the peptides No. 45, No. 48, and mix in the discrimination of noninfected
and L. infantum-infected dogs presenting different clinical forms. (a) Distribution of the individ-
ual optical density results of the control noninfected dogs (CNI) and L. infantum-infected dogs
(CVL) tested by the peptides No. 45, No. 48, mix, and soluble Leishmania infantum antigen (SLiA).
(b) Distribution of the individual optical density results of the control noninfected dogs (CNI) and
L. infantum-infected dogs according to clinical forms. The CVL dogs were stratified according to their
clinical statuses as asymptomatic dogs (AD), oligosymptomatic dogs (OD), and symptomatic dogs
(SD). The dotted lines within the graphs represent the cut-offs calculated by the ROC curve between
the negative and positive results of SLiA (OD = 0.273), Pep45 (OD = 0.41), Pep48 (OD = 0.431), and mix
(OD = 0.331). (c) The ROC curves were constructed with the results of the control noninfected, and
L. infantum-infected control serum samples tested by each assay. (d) Results of sensitivity, specificity,
negative predictive values (NPV), positive predictive values (PPV), and accuracy from the canine
visceral leishmaniasis positive and negative animals tested by the peptides No. 45, No. 48, the mix,
and SLiA.
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Figure 4. Cross-reactivity of the peptides No. 45, No. 48, and mix with samples from dogs infected
with other pathogens of medical and diagnostic importance. (a) Distribution of the individual optical
density results from serum samples from dogs infected with Leishmania infantum, Trypanosoma cruzi,
Ehrlichia canis, and Babesia canis using the peptides No. 45, No. 48, mix, and soluble Leishmania
infantum antigen (SLiA). The dotted lines within the graphs represent the cut-offs calculated by the
ROC curve between the negative and positive results of SLiA (OD = 0.273), Pep45 (OD = 0.41), Pep48
(OD = 0.431), and mix (OD = 0.331). (b) The ROC curves were constructed with the results of serum
samples from control noninfected dogs, L. infantum-infected dogs, and dogs infected with other
pathogens tested by each assay. (c) Results of sensitivity, specificity, negative predictive values (NPV),
positive predictive values (PPV), and accuracy from noninfected control dogs, L.infantum-infected
dogs, and dogs with other canine pathogens tested by the peptides No. 45, No. 48, mix, and SLiA.

3.5. Peptides No. 45, No. 48, and Combination Present No Reactivity with Immunoglobulins from
the Serum Samples of Vaccinated Dogs

We evaluated the serologic reactivity of serum samples from dogs vaccinated with two
vaccines against CVL, Leish-Tec®, a commercially available vaccine in Brazil, and LBSap, a
potential vaccine candidate that will be commercially available (Figure 5a). We observed
that the isolated peptides demonstrated low reactivity for these samples, presenting higher
sensitivity, specificity, predictive values, and accuracy compared to that shown by SLiA.
However, our data indicate that the mixture of peptides demonstrated a better performance
(Figure 5b), high sensitivity (97.2%), high specificity (96.8%), and high accuracy (97.1%),
as none of the vaccinated dogs presented with any reaction to the peptide mix, whereas
70.5% of vaccinated dogs were detected positive by SLiA. These results indicated that
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no reactivity or false-positive diagnosis was observed for the vaccinated dogs when the
peptide mix was employed.
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Figure 5. Performance of the peptides No. 45, No. 48, and mix in the discrimination of L. infantum
infected dogs from vaccinated dogs. (a) Distribution of the individual optical density results from
serum samples from dogs infected with L. infantum and vaccinated dogs using the peptides No. 45,
No. 48, mix, and soluble Leishmania infantum antigen (SLiA). The dotted lines within the graphs
represent the cut-offs calculated by the ROC curve between the negative and positive results of SLiA
(OD = 0.273), Pep45 (OD = 0.41), Pep48 (OD = 0.431), and mix (OD = 0.331). (b) Results of sensitivity,
specificity, negative predictive values (NPV), positive predictive values (PPV), and accuracy from
noninfected control dogs, L. infantum-infected dogs, and vaccinated dogs tested by the peptides
No. 45, No. 48, mix, and SLiA.

4. Discussion

Bioinformatics has already shown promise in identifying potential antigens for vac-
cines or diagnosing infectious parasitic diseases, presenting a reduction in the time needed
for this exploration and in the costs, in addition to gaining in diagnostic performance,
considering the increase in specificity, sensitivity, and reproducibility indexes [12,29]. In
this study, bioinformatics tools were used to select linear epitopes for B-cells based on the
combination of three prediction algorithms, BepiPred, AAP12, and BCPred12, based on the
assumption that the combination of different algorithms has greater accuracy, especially
when dealing with protozoa [30]. Our selected peptides show good score values, including
algorithms that are considered more restrictive, which is the case for BepiPred [31,32]. Fur-
thermore, using the PPI networks, it was possible to evidence the biological importance of
the proteins that contained the selected peptides, as they can participate in the modulation
of cellular activities like virulence, metabolism regulation, or latency behavior in some
species of the parasite [33–36]. The similarity assessment was performed to obtain a previ-
ous result of possible cross-reactions between pathogens that can be found in a co-infection
situation [10,37]. In this context, a high similarity can be observed with members of the
same genus, such as L. infantum and L. donovani. However, one must pay attention to the
similarity in the treatment of the disease when caused by species of the same genus, in
addition to the geographic distribution of certain species, such as L. donovani, which is not
considered prevalent in the New World [38,39]. These observations, added to the lower
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similarity noted between different genera of parasites, made all the peptides selected by
the B-cell prediction algorithms promising for further steps. Thus, all ten selected peptides
were used for the standardization steps of the ELISA technique and the assessment of
diagnostic capacity.

All 10 peptides showed potential results in the prediction and similarities scores;
however, the screening for in vitro evaluation was based on the standardization tests. In
this context, we selected peptide No. 45, with a greater difference in reactivity between the
mean of infected and uninfected animals that showed the highest reactivity index (7.94),
and peptide No. 48, which had the lowest OD mean of the negative control; this threshold
can be used to define the lower limits of detection with a reduced cross-reaction between
uninfected and infected animals.

Our data indicated that Pep45, Pep48, and a mix of these peptides showed excellent
performance, with high sensitivity (86.4%, 100%, and 97.2%, respectively), high specificity
(100%, 90%, and 95%, respectively), and elevated accuracy (91.2%, 96.5%, and 96.5%,
respectively) in detecting IgG from L. infantum-infected dogs presenting different clinical
forms. Moreover, these peptides were subjected to a proof-of-concept experiment to test
their ability to distinguish leishmaniasis from other infections (T. cruzi, B. canis, E. canis) or
vaccinated dogs. Similar studies that employed immunoinformatic tools demonstrated that
the peptides, alone or in combination, were reactive to the serum of infected dogs, with
accuracy values ranging from 99.6% to 100%; their assay was highly sensitive and specific
when compared to the soluble Leishmania antigen, which showed low sensitivity and
specificity [40]. These peptides, selected using immunoinformatic tools, display superior
performance when compared to other studies that have used crude Leishmania antigen
preparations such as the commercial kit for canine leishmaniasis diagnosis in Brazil, which
uses antigens prepared from Leishmania major-like promastigotes [41–43]. The antigens used
in these assays display variability in accuracy parameters owing to antigen preparation
and antigenic differences among Leishmania species. These considerations were consistent
with the present study’s results, in which the statistical parameters of ELISA using the
soluble antigen of L. infantum (SLiA) displayed inferior performance.

Our results for Pep48 and the peptide mix indicate an efficiency in the detection
of most of the infected dogs, including the asymptomatic ones, increasing the odds of
detecting infected dogs that might not be detected using other serological tests. The current
protocol recommended by the Brazilian Ministry of Health for CVL diagnosis has several
limitations. The specificity of the immunochromatographic assay (DPP®-CVL) presented
specificities varying from 70% to 91.7% [44,45], whereas ELISA (EIE®-LVC) presented
specificity values varying from 87.5% to 91.76% [44,46].

In this study, we demonstrate that the peptides No. 45, No. 48, and mix presented
no reactivity in samples of T. cruzi-infected animals, indicating that these peptides may
not be shared between Leishmania and T. cruzi species. In human VL, several studies
have shown issues related to cross-reactivity with Chagas disease, owing to the sharing
of antigens associated with phylogenetic proximity [47,48]. However, we demonstrated
that the mixture of peptides increased the specificity and accuracy compared to that shown
by isolated peptides, as confirmed by the higher performance values and lower cross-
reactivity in T. cruzi, E. canis, and B. canis pathogens [49], and have previously reported that
the association of antigens can lead to better performance because of the use of a single
platform for the simultaneous serological measurement of antibodies against different
antigens of L. infantum. This fact can be associated with the binding of antibodies with
higher avidity to the antigens, and the peptide mix could select these antibodies more
effectively, favoring a more specific interaction. Despite the lack of concrete evidence of
genomic homology between the genus Ehrlichia and Leishmania, false-positive results are
usually found in most conventional serological tests [43,50]. However, some studies do not
support serological cross-reactivity among Leishmania species, E. canis, and B. canis (10),
based on the phylogenetic differences in such species, since the microorganisms of the genus
Ehrlichia are intracellular bacteria, whereas Leishmania and Babesia are protozoa of the orders
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Kinetoplastida and Piroplasmida, respectively [10,51,52]. Other studies have associated
leishmaniasis infection with an increasing co-infection with E. canis and B. canis. Attipa et al.
(2018) reported that dogs with clinical leishmaniasis are 12 times more susceptible to
E. canis infection when compared to healthy dogs, indicating a suppression of the immune
system caused by Leishmania infection, which could allow reactivation of a subclinical
E. canis infection that was present previously or enable the establishment of a new E. canis
infection, and recommend the simultaneous treatment of both diseases [11,53]. Although,
in the present study, each infection was previously characterized using specific serology
(ELISA) and PCR-positive results and confirmed to be PCR-negative for L. infantum, new
mechanisms must be elucidated to understand the cross-reactivity between such species.

The development of vaccines against CVL has been stimulated as an effective and
cost-effective strategy for controlling the spread of leishmaniasis in endemic and expand-
ing areas [54]. Although vaccine-induced anti-Leishmania antibodies can be detected for
several months after immunization, it is essential to evaluate whether a vaccine-induced
seroconversion might cause unnecessary culling of noninfected dogs and, consequently,
generate problems in surveillance and control programs [55,56]. Both vaccines (Leish-Tec®

and LBSap) described in the present study can induce a humoral response [28,57,58]. We
observed that peptides No. 45 and No. 48 presented low reactivity with antibodies obtained
from dogs immunized with the commercial vaccine, Leish-Tec®, and dogs immunized
with the LBSap vaccine. The peptide mix showed no reactivity, whereas high reactivity
was observed (70.5% of the samples) in vaccinated dogs when SLiA was employed. Our
findings indicate that the peptides evaluated had better performance compared to other
studies that failed to show low reactivity in samples from vaccinated dogs [59].

In summary, our findings showed that the peptide mix presented a higher performance
compared to that shown by SLiA and the isolated peptides, with an excellent capacity
for the detection of asymptomatic animals and for discriminating infections with other
pathogens or vaccinated dogs, which could improve CVL diagnosis, especially in endemic
areas. These data also support the establishment of this approach as the gold standard
and open new possibilities for employing these peptides in the construction of chimeric
proteins, to improve the accuracy of this test or for the development of a rapid test that
could be used as a versatile tool in control programs or in human diagnosis disease.
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