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Editorial on the Research Topic

Advances in molecular biology, pathogenesis, diagnosis, vaccines, and
treatment of diseases caused by apicomplexan parasites

Considering the extensive range of diseases caused by apicomplexan parasites,
including babesiosis, cryptosporidiosis, leishmaniasis, malaria, neosporosis, and
toxoplasmosis, which significantly contribute to the prevalence of fatal parasitic
infections, we anticipate that this research area will provide essential insight to aid in the
development of innovative strategies for managing and controlling diseases associated with
apicomplexan parasites. Finally, thirteen articles were accepted for publication in our
Research Topic “Advances in Molecular Biology, Pathogenesis, Diagnosis, Vaccines, and
Treatment of Diseases Caused by Apicomplexan Parasites.”

Five articles about recent advances in Toxoplasma gondii and Neospora caninum
research have contributed to this Research Topic. Zhang et al. explored the efficacy of
panobinostat (LBH589), a novel histone deacetylase inhibitor, against T. gondii for treating
ocular toxoplasmosis. In vitro, LBH589 inhibits proliferation and activity of T. gondii in a
dose-dependent manner, with low toxicity in retinal pigment epithelial cells. In vivo,
LBHS589 significantly reduced inflammatory cell infiltration and retinal damage in mice
while decreasing mRNA expression levels of inflammatory cytokines. These findings
suggest that LBH589 holds promise as a preclinical candidate for controlling and curing
ocular toxoplasmosis. Yue et al. determined the seroprevalence of T. gondii in captive giant
pandas and analyzed associated risk factors. Of 203 serum samples collected from 157
pandas between 2007 and 2022, 35.67% were seropositive for T. gondii. Age and transfer
history between institutions were identified as risk factors, with age-related seroprevalence
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being the main factor. Housing multiple species together may
increase cross-infection risk. These findings provide valuable data
for creating policies to prevent and control T. gondii infections,
protecting the health of captive giant pandas and other wildlife. Qi
et al. developed serological testing methods using TgSAGI,
TgGRA7, and TgBAGI1 proteins to detect T. gondii-specific
immunoglobulin M and immunoglobulin G antibodies in 3,733
animals from the Qinghai Tibetan Plateau. These methods,
including rSAG1-ELISA, rGRA7-ELISA, and rBAGI-ELISA, also
differentiated between acute and chronic toxoplasmosis infections.
The study confirmed that SAG1, GRA7, and BAGI recombinant
antigens can effectively be used to detect specific antibodies and
distinguish between acute and chronic T. gondii infections,
providing significant clinical evidence for toxoplasmosis
diagnosis. Zou et al. used high-throughput RNA sequencing to
study expression of circRNAs and miRNAs in the liver of mice
infected with T. gondii during acute and chronic stages. They found
265 and 97 differentially expressed (DE) circRNAs and 171 and 77
DEmiRNAs at acute and chronic stages, respectively. One
DEcircRNA showed a significant correlation with two
DEmiRNAs in a network associated with liver immunity and
disease pathogenesis. These findings help in understanding how
circRNA expression in the liver changes after T. gondii infection
and improve knowledge of hepatic toxoplasmosis in mice. Fereig
et al. investigated the prevalence of T. gondii and N. caninum in
camels imported from Sudan for human consumption and found
seropositive rates of 25.7% for T. gondii, 3.9% for N. caninum, and
0.8% for mixed infections in 460 camels. The study also revealed
variations in infection rates by region. A systematic review showed
an overall global seroprevalence of 28.6% for T. gondii and 14.3%
for N. caninum in camels. These findings provide important
information to guide control and prevention strategies for these
parasites in camels.

Four articles have been published on this Research Topic,
focusing on the current progress in Babesia and Plasmodium.
BmGPI12 which serves as a reliable biomarker for active B. microti
infection. Chand et al. characterized 18 monoclonal antibodies
against BmGPI12, identifying five unique epitopes through
serological profiling and competition assays. They found five
antibody combinations that specifically detected the secreted form
of BmGPI12 in plasma samples from infected mice and humans. This
finding may contribute to the development of improved diagnostic
tools for human babesiosis. Ji et al. investigated the effectiveness of
continuous PI4K-targeting treatment for babesiosis in
immunocompromised individuals. B. microti-infected SCID mice
were treated with MMV390048, a PI4K inhibitor, for 72 days. PCR
tests were negative from 64 days. The study also found an
atovaquone-resistant B. microti strain with a Y272C mutation in
the Cytb gene. Significantly, MMV390048 effectively inhibited this
resistant strain. The findings suggest that PI4K inhibitors may be a
promising therapeutic option for treating human babesiosis. Zhou
et al. investigated the mechanisms behind thrombocytopenia and
anemia in malaria and babesiosis, demonstrating that infection by
Babesia and Plasmodium species stimulate production of anti-
erythrocyte and anti-platelet autoantibodies, with B and T
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lymphocytes playing a significant role in their production.
Membrane-associated cytoskeleton proteins might also influence
generation of these autoimmune antibodies. The study suggests
that an autoimmune response mediated by autoantibodies
contributes to thrombocytopenia and hemolytic anemia and plays a
role in regulating the overall autoimmune response in these
infections. The malaria vaccine candidate BK-SE36 is based on P.
falciparum SERAS5. Despite promising results in clinical trials,
concerns about genetic diversity and allele-specific immunity
persist. Arisue et al. found polymorphisms in sera5 to be primarily
in repeat regions and identified a consensus sequence with African-
specific variations. There was no significant genetic differentiation
between parasites in vaccinated and control groups, suggesting that
the vaccine does not trigger an allele-specific immune response.

Three articles on Cryptosporidium research have also
contributed to this Research Topic. Khan and Witola discuss the
urgent need for effective anti-Cryptosporidium drugs, as the current
FDA-approved drug nitazoxanide has limited efficacy in
immunodeficient patients, young children, and neonatal livestock.
The authors provide an overview of past and present
pharmacotherapy in humans and animals for Cryptosporidium
infections, highlighting progress in the field and discussing
various strategies employed for discovering and developing
effective treatments for cryptosporidiosis. Dong et al. conducted a
study on Cryptosporidium-infected and healthy yaks, analyzing 16S
rRNA sequencing and short-chain fatty acid (SCFA)
concentrations. The results revealed significant differences in the
abundance of phyla, genera, enzymes, and pathways between the
two groups. Infected yaks also showed notably lower concentrations
of various SCFAs. The study suggests that Cryptosporidium
infection leads to gut dysbiosis and a decrease in SCFA
concentrations, offering potential insight for preventing and
treating diarrhea in livestock. Li et al. conducted a meta-analysis
of 35 articles published before 2021 to determine the global
prevalence of Cryptosporidium in Equus animals, finding an
overall prevalence rate of 7.59%. Higher rates were observed in
younger and female animals, with the highest prevalence in scale
breeding Equus. C. muris was the most common genotype detected,
and low altitude, rainy, humid, and tropical climates were
associated with higher prevalence rates. To reduce infection,
farmers should focus on managing young and female Equus
animals, improving water filtration systems, reducing stocking
densities, and treating livestock manure.

A study on Leishmania was contributed by Khanra et al. They
examined three clinical isolates to identify common features in
genetically diverse antimony (Sb)-resistant Leishmania parasites.
The research found that resistant isolates had significantly higher
intracellular thiol content and expression of thiol-synthesis genes
compared to sensitive isolates. Additionally, resistant isolates had
increased expression of Sb-reducing enzymes and Sb transporter
genes. This study suggests that diverse Sb-resistant parasites
develop a resistant phenotype by enhancing thiol synthesis and
Sb transporter gene expression.

In summary, this Research Topic has provided valuable insight
into recent advancements in the study of apicomplexan parasites,
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each of which warrants further investigation to improve both
human and animal health outcomes.
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Ocular toxoplasmosis (OT) is retinochoroiditis caused by Toxoplasma gondii
infection, which poses a huge threat to vision. However, most traditional oral
drugs for this disease have multiple side effects and have difficulty crossing the
blood-retinal barrier, so the new alternative strategy is required to be
developed urgently. Histone deacetylases (HDAC) inhibitors, initially applied
to cancer, have attracted considerable attention as potential anti-Toxoplasma
gondii drugs. Here, the efficacy of a novel HDAC inhibitor, Panobinostat
(LBH589), against T. gondii has been investigated. In vitro, LBH589 inhibited
the proliferation and activity of T. gondii in a dose-dependent manner with low
toxicity to retinal pigment epithelial (RPE) cells. In vivo, optical coherence
tomography (OCT) examination and histopathological studies showed that the
inflammatory cell infiltration and the damage to retinal architecture were
drastically reduced in C57BL/6 mice upon treatment with intravitreal
injection of LBH589. Furthermore, we have found the mRNA expression
levels of inflammatory cytokines were significantly decreased in LBH589—-
treated group. Collectively, our study demonstrates that LBH589 holds great
promise as a preclinical candidate for control and cure of ocular toxoplasmosis.

KEYWORDS

ocular toxoplasmosis, HDAC inhibitor, anti-Toxoplasma gondii, therapy, ocular
inflammation, intravitreal injection

Introduction

Toxoplasma gondii, a protozoan of the Apicomplexa Phylum, is a highly
infectious obligate intracellular parasite (Khosravi et al., 2020). Ocular
toxoplasmosis is an inflammatory disease caused by intraocular infection with T.
gondii (Garweg, 2016). When tachyzoites cross the blood retinal-barrier and access to
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the retina, they may infect any nucleated host cells, causing
tissue damage and visual impairment (Jones et al., 2017). The
typical manifestation of acute disease is usually unilateral
necrotizing retinochoroiditis accompanied by severe vitritis
(Patel and Vavvas, 2022). In addition, other ocular atypical
manifestations and complications include anterior uveitis,
cataract, retinal neuritis, scleritis and retinal detachment
(Kalogeropoulos et al., 2022). Toxoplasmosis has been
proposed to be a leading cause of retinal infection,
accounting for 20-60% of the total cases of posterior uveitis
worldwide (Fabiani et al., 2022). The incidence rate of OT is
about 2% in clinically diagnosed cases of T. gondii infection
(Kijlstra and Petersen, 2014).

Currently, the clinical treatment of T. gondii infection is
generally a systematic combination of several oral
antimicrobials that target the parasite such as pyrimethamine
and sulfadiazine (Feliciano-Alfonso et al.,, 2021). However,
many patients with ocular toxoplasmosis manifest with
ocular symptoms alone but systemic symptoms are not
obvious. The current problem caused by traditional
medication lies in the side effects such as anemia and visceral
toxicity; on the other hand, it is difficult for most drugs to cross
the blood-retinal barrier to reach effective drug concentration
in the eye, leading to the result: the disease cannot be quickly
controlled in the acute phase of the disease (Garweg and
Pleyer, 2021). To overcome this predicament, there is a
recognized necessity to develop new anti-T. gondii drugs and
treatment strategies.

In recent years, HDAC inhibitors have been developed as
an attractive class of targeted agents against cancers in recent
years (McClure et al., 2018). However, these compounds have
been revealed to induce hyperacetylation in histone and non-
histone proteins in tumor cells, causing cell cycle arrest,
senescence and apoptosis, and have promising clinical
outcomes in hematological neoplasms (Bondarev et al,
2021). Notably, the latest research suggests HDAC inhibitors
have been proposed as a potential alternative agent for
protozoan infection such as T. gondii (Engel et al., 2015;
Araujo-Silva et al, 2021). It has been demonstrated that
these compounds are resistant to T. gondii mainly by
controlling the acetylation status of histones, affecting the
life cycle of T. gondii and leading to the destruction of the
microstructure (Mouveaux et al., 2022; Jublot et al., 2022).
However, there are relatively few evaluations of the therapeutic
effect of HDAC inhibitors on local target organ infections such
as OT.

In this study, we have investigated a novel HDAC inhibitor,
LBH589, against the infection of T. gondii. In vitro, RPE cells
were selected as host cells to evaluate the inhibitory effect of
LBH589 on T. gondii. Notably, we have ascertained the
LBH589’s ability to control this disease by intravitreal
injection, using a mouse model of acute OT. We hope that
this study could provide new ideas for the treatment of OT.
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Materials and methods
Parasites and cell culture

T. gondii tachyzoites of RH and RH-GFP strains were
cultured and passaged in human foreskin fibroblast (HFF)
cells. Tachyzoites were purified and quantified prior to
infecting the cells and mice. Human retinal pigment epithelial
cells (ARPE-19, FuHeng Biology, Shanghai, China) were serially
cultured in 25 cm culture flasks, and the first 30 passages were
used for experiments. All cells above were grown in Dulbecco’s
modified Eagle’s medium (DMEM; GibcoTM, USA)
supplemented with 10% inactivated fetal bovine serum (FBS;
GibcoTM, Australia) and 1% penicillin-streptomycin (Solarbio,
Beijing, China) at 37°C in sterile atmosphere containing
5% CO,.

Histone deacetylases inhibitor

LBH589 (Selleck, Shanghai, China) was dissolved in
dimethyl sulfoxide (DMSO; Solarbio, Beijing, China), and
diluted subsequently in DMEM or phosphate-buffered saline
(PBS; Meilunbio, Dalian, China) to different working
concentrations for use. To prevent the toxic effects, the final
concentration of DMSO should not exceed 0.01% in
all experiments.

Cytotoxicity assay

RPE cells (5 x 10> cells/well) were seeded in 96-well plates
and grown for 24 h. The medium containing different
concentrations of LBH589 (10, 5, 2.5, 1.0, 0.75, 0.5, 0.25 puM)
was changed. After the cells were treated with drugs for 48 h, 10
pl Cell Counting Kit-8 reagent (CCK-8; meilunbio, Dalian,
China) was added to each well and incubated for 1 h at 37°C
in a dark environment. Absorbance was measured at 450 nm by
a microplate reader (Tecan, Nanjing, China) and statistical
analysis was performed with Graphpad Prism 8 to calculate
the 50% cytotoxic concentrations (CC50).

Antiproliferative assay

RPE cells were seeded in 24-well plate until a cell monolayer
formed, and RH-GFP tachyzoites were added to each well at a
ratio of 10:1 to cells. After 4 h of infection, drug-containing
medium (750, 500, 250 nM) was replaced to each well and
continued to maintain for 48 h. The proliferation of tachyzoites
was observed by randomly selecting fields under the inverted
fluorescence microscope (ZEISS, Germany). In order to better
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observe the intracellular proliferation of parasite, the cells were
infected with RH tachyzoites and treated with the drug (750, 375
nM) for 48 h. Staining according to Wright-Giemsa Stain
solution instruction (Solarbio, Beijing, China), random fields
of view were selected under light microscope for observation.
The image data obtained in the experiment were analyzed with
image-J.

Plaque assay

Free RH tachyzoites were purified and pretreated with
LBH589 (750, 375 nM) for 8 h, then confluent monolayers of
RPE cells in 12-well plate were infected with tachyzoites (500/
well) for 10 days. The plate was stained according to the
instructions of Crystal Violet Staining Solution (Beyotime,
Shanghai, China) and visualized under microscope. Statistical
analysis of the number and size of all plaques was performed
with image-J.

MRNA expression analysis by using
quantitative real-time reverse
transcription-polymerase chain
reaction (QRT-PCR)

Total RNA was extracted from mouse eyes and cell lines
using an RNAfast 200 total RNA rapid extraction kit (Feijie
Biotechnology, Shanghai, China). After the quantity and purity
were determined by NanoDrop 2000 (Thermo, Shanghai,
China), 1 pg of total RNA was used to generate cDNA by
miDETECT A Track miRNA qRT-PCR Starter Kit (RiboBio,
Guangzhou, China). Quantitative RT-PCR analysis was
performed using Blaze TaqTM SYBR Green qPCR Mix 2.0
(GeneCopoeia, Guangzhou, China) to detect the mRNA levels
of interleukin (IL)-1f, IL-6, IL-8, granulocyte-macrophage
colony-stimulating factor (GM-CSF), and tumor necrosis

TABLE 1 The primer Sequences of genes.

10.3389/fcimb.2022.1002817

factor (TNF)-o. Primers used for qRT-PCR are listed in
Table 1. The relative mRNA expression of each target gene
was normalized to that of the housekeeping gene B-actin and
GAPDH, and the result was fold-changed compared to the blank
control group (set to 1).

Effect of LBH589 on the T. gondii
ultrastructure by transmission
electron microscopy

The RPE cells were inoculated into a 75 cm culture flask and
infected with tachyzoites at a ratio of 10:1 parasites/cells. LBH589
(750 nM) was added and the treatment was continued for
additional 48 h. The cells were harvested and preserved in TEM
fixative at least 24 h for agarose pre-embedding. After 2 h of post-
fixation in 1% OsO,, the samples were dehydrated in a gradient at
room temperature and then osmotically embedded for sectioning.
The tissue sections were stained with 2% uranium acetate saturated
alcohol solution and images were collected by transmission electron
microscope (TEM, Hitachi, Tokyo, Japan).

Animal model of ocular toxoplasmosis

C57BL/6 female mice (PengYue, Jinan, China), 6-8 weeks,
were used for the ocular model of T. gondii infection. After the
pupils of the anesthetized mice were dilated, the eyes were
observed under a surgical microscope and a tiny incision was
made 1 mm behind the limbus. Free tachyzoites (4000/2 ul) were
injected through a Hamilton syringe into the vitreous, making
sure that the tip does not damage the lens or retina (Smith et al.,
2020). At 12 h after infection, the treatment group was injected
with different doses of LBH589 (1, 2, 3 ng/ul) via intravitreal
injection, and the infection group was injected with an equal
volume of PBS. One week post injection, mouse eyes were
subjected to follow-up experiments. All experiments involving

Gene Sequences (5’-3)
Forward primer Reverse primer

Mus-IL-18 GTGTCTTTCCCGTGGACCTT AATGGGAACGTCACACACCA
Mus-IL-6 CTTCTTGGGACTGATGCTGGT CTCTGTGAAGTCTCCTCTCCG
Mus-TNE-o, AGCCGATGGGTTGTACCTTG ATAGCAAATCGGCTGACGGT
Mus-GAPDH TGTCTCCTGCGACTTCAACA GGTGGTCCAGGGTTTCTTACT
Homo-GM-CSF AGCCCTGGGAGCATGTGAAT GCAGCAGTGTCTCTACTCAGG
Homo-IL-1B CAACAAGTGGTGTTCTCCATGTC ACACGCAGGACAGGTACAGA
Homo-IL-6 CAATGAGGAGACTTGCCTGGT GCAGGAACTGGATCAGGACT
Homo-IL-8 CTCTGTGTGAAGGTGCAGTTTT GTTTTCCTTGGGGTCCAGACA
Homo-B-actin GAAGAGCTACGAGCTGCCTGA CAGACAGCACTGTGTTGGCG
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mice in this study were approved by Laboratory Animal Ethical
and Welfare Committee of Shandong University Cheeloo
College of Medicine.

Clinical investigations

One week after the intervention, the retinal structure of the
anesthetized mice was assessed by spectral-domain optical
coherence tomography (SD-OCT) using the RTVue XR Avanti
devices (Optovue Inc, Fremont, CA, USA). The acquired image
format was saved in a Tag Image File Format (TIFF) for analysis.

Histopathology

Mouse eyeballs were taken immediately after euthanasia and
fixed with eye fixative for 24 h. The tissue was then embedded in
paraffin and cut into 4-pum-thick sections for hematoxylin and
eosin (HE) staining. Sections were viewed for signs of pathology
under a light microscope.

Statistical analysis

Data in all experiments were analyzed and graphed using
GraphPad Prism 8.0 unless otherwise stated. Each experiment
was repeated independently three times. Data are presented as
means * SD. Student’s ¢-test was used to determine the statistical
significance of the two-group comparison. Data results with P <
0.05 were indicated statistically significant.

Results

Toxicity of LBH589 on RPE cells

To determine a safe drug concentration in vitro, we initiated
experiments with RPE cells using different concentrations of the
drug. The analysis of the results showed that the CC50 of the
LBH589 on RPE cells was 8325.33 + 407.18 nM for 48 h of treatment
(Table 2). When the final concentration was less than 750 nM,
LBH589 had no significant effect on cells viability (Figure 1).

10.3389/fcimb.2022.1002817

Antiproliferative effect of LBH589 against
tachyzoites in vitro

According to the experimental results, tachyzoites exhibited
dose-dependent proliferation rate inhibition after LBH589
treatment for 48 h. 50% inhibiting concentration (IC50) of the
parasite growth was 424.41 + 48.07 nM. The drug concentration at
750 nM inhibited the proliferation rate by nearly 90% and showed
no obvious toxic effect on cells (Figures 1, 2A). Besides, the LBH589
selectivity index (CC50/IC50) was 19.62, which indicated the
cellular safety of LBH589 in inhibiting the proliferation of T.
gondii (Table 2). The Giemsa staining experiment also found that
there were no obvious parasitophorous vacuoles in the cells under
the drug concentration of 750 nM (Figure 2B). These data
confirmed that strong inhibitory effect of LBH589 on T.
gondii proliferation.

Antiparasitic activity of LBH589 in vitro

To verify whether LBH589 affects parasite viability by plaque
assay, we found that the size and number of plaques decreased
after T. gondii pre-treatment within the safe concentrations of
LBH589. As the drug concentration increased, the reduction of
parasites was more significant compared to the control group.
The number and plaque area of parasites pretreated with
LBH589 (750 nM) were reduced by approximately 90% and
92%, respectively (Figure 2C).

Expressions of GM-CSF, IL-1p, IL-6 and
IL-8 genes in the T. gondii-infected and
treated cells

The results revealed that compared with the control, the
mRNA expression levels of GM-CSF (P < 0.01), IL-1B (P < 0.01),
IL-6 (P < 0.01) and IL-8 (P < 0.05) were significantly increased in
the T. gondii-infected group. When infected cells were treated
with LBH589 at a concentration of 750 nM, levels of GM-CSF
(30.19-fold, P < 0.01), IL-1p (7.64-fold, P < 0.001), IL-6 (16.78-
fold, P <0.01) and IL-8 (3.68-fold, P <0.05) were decreased
compared with the infected group (Figure 3).

TABLE 2 Selective Indexes for RPE cells after treatment with LBH589 for 48 h.

Compound tachyzoite of RH
1C50 (nM)
LBH589 42441 + 48.07

Frontiers in Cellular and Infection Microbiology

RPE cell SI (Selective Index)
CC50 (nM) (CC50/1C50)
8325.33 + 407.18 19.62
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FIGURE 1

Cell toxicity assay of LBH589 on RPE cells for 48h of incubation. To determine a safe drug concentration in vitro, RPE cells were treated with
different concentrations of drugs. RPE cells treated with DMEM were used as a control. Data are expressed as percent inhibition of cell viability
relative to the control. ****P < 0.001, ***P < 0.0001 in comparison with the control. The experiment was repeated three times, with three wells
of each sample.
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FIGURE 2

Assessing the effect of LBH589 on the proliferation and activity of T. gondii. Infected cells cultured with DMEM were used as negative controls.
(A) The fluorescence area shows the proliferation of T. gondii after incubation with different concentrations of drugs for 48 h. (B) The number of
intracellular parasitophorous vacuole in the treated and infected groups. (C) Comparing the overall growth of parasites in the infection group to
that of the treatment group via plagque assay. ***P < 0.001, ****P < 0.0001, in comparison with the control. Scale bars: B = 20 um; C= 2 mm.
Each experiment was repeated three times, with three wells of each sample
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Ultrastructural changes in intracellular T.
gondii tachyzoites

After 24 h incubation with LBH589, the tachyzoites showed
disorder of organizational structure. TEM findings showed
mitochondrial swelling, vacuole formation, damaged plasmalemma
and vacuolar membrane (Figure 4B). LBH589 treatment of the
parasites for 48 h caused abundant empty vacuolization in
cytoplasm. Besides, the cytoplasmic structure, plasmalemma and
vacuolar membranes of tachyzoites had completely disappeared
(Figure 4D). However, typical morphology and cytological features
of tachyzoite were maintained completely incubated in the absence of
LBH589 (Figures 4A, C).

Retinal structure in OCT investigation

We determined whether intravitreal injection of LBH589
affects the intraocular conditions of mice by OCT examination.
There were no significant changes on the retinal structure with
1ng of LBH589, but when the dose exceeded 2 ng injected into
the eye, it caused varying degrees of vitreous opacity that was not
observed in normal mice (Figure 5A). In OCT sets of the infected
group, hyper-reflective tiny dots abutting the optic nerve head
(papillitis) and floating in vitreous cavity above posterior hyaloid
face (vitritis) were clearly observed (Figure 5B). In addition, the
hyper-reflectivity foci accompanied by blurring of details in
inner retina, disorganizing of retinal layers and serous retinal
detachment were common. The degree of vitreous opacity and
the size of the lesion of the subretinal fluid were significantly
reduced in most animals treated with LBH589. Moreover, the
retinal structure was more complete, the damage site was
relatively limited and the surrounding structures of the lesion
can be clearly distinguished (Figures 5B, C).
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Retinal structure in histology analysis

Through histopathological examination, the intravitreal
injection of tachyzoites caused a heavy inflammatory infiltrate
involving peripapillary retina and the optic nerve head, leading
to destruction of normal retinal structure. But the infiltration of
inflammatory cells was alleviated and the retinal structure was
relatively intact in the treatment group. Besides, there was no
obvious abnormality in retinal structure for the intravitreal
injection of LBH589 alone compared with the control
group (Figure 6).

Expressions of TNF-o, IL-1f3 and IL-6
genes in the untreated and treated mice

Combined with previous literature reports, we selected
several factors that were highly expressed in infected mice
(Nagineni et al., 2000; Zhang et al., 2019). Compared with the
control, the expression levels of TNF-o. (P < 0.01), IL-1f (P <
0.001) and IL-6 (P < 0.001) were significantly increased at 1 week
after infection. Compared with the untreated mice, the mRNA
expression levels of pro-inflammatory cytokines TNF-ou (1.58-
fold, P < 0.05), IL-1B (1.67-fold, P < 0.001) and IL-6 (1.92-fold,
P < 0.001) were significantly down-regulated in the treated
group (Figure 7).

Discussion

Ocular toxoplasmosis, as an infectious disease, often causes
damage to the retinal structure during the acute phase, especially
for immunocompromised patients. In addition, many patients
are healthy adults with only ocular symptoms and no specific
general symptoms prior to onset (Ozgonul and Besirli, 2017).
The classic clinical treatment is the combined application of
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MRNA expression of GM-CSF, IL-1B, IL-6 and IL-8 in T. gondii-infected RPE cells was verified by qRT-PCR after 48 h of LBH589 treatment
Normal RPE cells served as the control. *P < 0.05, **P < 0.01, ***P < 0.001. Each experiment was repeated independently three times, with

three wells of each sample.
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Ultrastructural alterations of tachyzoites internalized in RPE cells after LBH589 treatment at 750 nM by TEM. (A, C) Untreated parasites in RPE
cells (set as the control) present normal morphology at both 24 and 48 h, the inset shows the typical ultrastructure, including the conoid (C),
microneme (Mn), rhoptry (R), plasmalemma (Pm), dense granule (Dg), mitochondrion (Mt), golgi apparatus (G), and nucleus (N). (B) Exposure to
LBH589 for 24 h induced unusual microstructural changes, such as mitochondrial swelling, vacuole (V), disruption of plasmalemma (black
arrow) and vacuolar membranes (black circle). (D) After 48 h of incubation with LBH589, the parasites lost their biological features and the

cytoplasmic structure was almost completely destroyed. Scale bars: A, B, C and D = 10 um; A, B and C insets = 1 um, D inset = 2 um. The
experiments were performed in triplicate, in three independent experiments.

(9]

(T. gondii)

FIGURE 5
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Retina Optic disc

Infection Control

Treatment

Clinical evaluation of vitreous cavity and retina structure after intravitreal injection of LBH589 by OCT. Normal mice were set as controls. (A)

Scattered hyper-reflected signals (asterisk) are observed in the vitreous from intravitreal LBH589-injected (> 2 ng/1 ul) eyes. (B, C) Changes in the
structure of retina and vitreous cavity of T. gondii-infected and LBH589-treated mice. The changes show dense hyper-reflective tiny dots (asterisk),
posterior vitreous detachment (white arrow), serous retinal detachment (white arrowhead), blurred full thickness retinal, hyper-reflectivity foci and

disorganized of retinal layers (white rectangle). Data are representative of results obtained from six mice in each group.

pyrimethamine and sulfadiazine (P-S). Trimethoprim and
sulfamethoxazole (TMP-SMX) can also be used as alternative
therapy and other optional drugs include clindamycin,
azithromycin and atovaquone (Dunay et al., 2018). The major
difficulty is that oral medication needs 4-6 weeks to control the
disease, which may cause side effects such as anemia,
myelosuppression and drug toxicity (Garweg and Pleyer,
2021). Besides, the existence of the blood-retinal barrier
restricts the entry of most drugs into the eye.
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During the development of anti-T. gondii drugs, HDAC
inhibitors have been discovered as a potential drug (Jublot et al.,
2022). The previous research has shown that anti-T. gondii effect
of several HDAC inhibitors such as scriptaid, tubastatin A and
suberoylanilide hydroxamic acid in HFF cells (Araujo-Silva
et al,, 2021). In our study, we have evaluated the anti-T. gondii
and therapeutic effect of LBH589 on OT for the first time, which
was mainly used in cutaneous T-cell lymphoma (CTCL),
Hodgkin’s lymphoma as well as acute myeloid leukemia
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FIGURE 6

Histological changes of mice eyes. Compared with the control, histological retinal (A) and optic disc (B) changes in the eyes of
LBH589-injected, tachyzoites-infected and LBH589-treated mice at 7 dpi such as inflammatory cell infiltrate (asterisk), retinal folding and
destruction of retinal architecture (black rectangle). The retinal structure of normal mice injected with LBH589 alone was not significantly
abnormal compared with the control. Scale bars: (A, B) = 100 um. Data are representative of results obtained from six mice in each group.
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FIGURE 7
The differential mMRNA expressions of TNF-q, IL-1B and IL-6 in the eyes of the control, tachyzoites-infected and LBH589-treated mice were
measured by gRT-PCR. *P < 0.05, **P < 0.01, ***P < 0.001, the infection group versus the treatment group. The experiments were performed in
triplicate, in three independent experiments.

(AML) in preclinical research (Prince et al., 2009; Schroder et al., index of 19.62 was achieved, and we have ensured the low
2021; Chen et al.,, 2022). According to the pathogenesis of OT, toxicity of LBH589 to RPE cells in this concentration range. In
retinal pigment epithelium has been identified to be the primary addition, the activity of tachyzoites was significantly weakened
target for T. gondii infection within the eye (Smith et al., 2021). after drug pretreatment via plaque assay. Therefore, these data
Unlike previous studies, we therefore selected RPE cells as host preliminarily proved the inhibitory effect of LBH589 on T. gondii
cell for subsequent vitro experiments. After 48 h of treatment, in vitro.

LBH589 was shown to inhibit proliferation of tachyzoites in a Five genes of HDAC class I/Il (TgHDAC 1-5) have been
dose-dependent manner at concentrations ranging from 250 to found in T. gondii, which are responsible for the life cycle
750 nM. According to the results of cytotoxicity assay, a selective (Vanagas et al, 2012). In previous studies, it was found that
Frontiers in Cellular and Infection Microbiology frontiersin.org
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HDAC inhibitors affect the cell division of T. gondii by regulating
the acetylation state of histones H3 and H4, which cause damage
to cell morphology and microstructure such as acroplasts,
mitochondria and nucleus (Mouveaux et al., 2022). Moreover,
HDAC inhibitors are capable of causing alterations in cytoskeletal
protein such as a decrease in the o-tubulin amount, leading to the
formation of masses of damaged parasites (Araujo-Silva et al,
2021). Our transmission electron microscopy also showed a severe
damage on parasite pellicle and intracellular organelles such as the
presence of nuclear fragmentation, mitochondrion swollen,
plasma membrane rupture, a loss of crescent shape and
ultimately complete destruction of the structure after treatment.
Combined with the results of above experiment, LBH589 may
have the ability to cause damage to the cellular structure of
parasite by diffusing through the host cell plasma membrane
and the parasitophorous vacuole.

In addition, during T. gondii infection, RPE cells were
proved to enhance the release of proinflammatory cytokines,
thereby inducing neutrophils to produce ROS, TNF-o and IL-
1B, which further aggravated the tissue damage (Ashander et al.,
2019; Zhang et al., 2019; Raouf-Rahmati et al., 2021). Our study
has also revealed that after infection of RPE cells with parasites,
mRNA expression of GM-CSF, IL-1f, IL-6 and IL-8 showed a
statistical increase. 48 h after treatment, infected RPE cells
significantly reduced the mRNA expression of four pro-
inflammatory factors. The reason for this phenomenon may be
that LBH589 inhibits the proliferation of tachyzoites and thus
weakens the stimulation of cells.

In the animal model, we induced acute ocular toxoplasmosis
by intraocular injection of tachyzoites. It has been reported that
the advantage of this method is that it can breach ocular immune
privilege and rapidly induces vitritis and retinitis before the
onset of systemic disease in mice (Dunay et al., 2018; Smith et al.,
2020). In terms of treatment, the general principle of the therapy
is to inhibit parasites proliferation, immediately control the
inflammatory response, and mitigate tissue damage to protect
retina during acute infection (Casoy et al., 2020). Intravitreal
injection can limit systemic side effects, increase intraocular drug
concentration and enhance the treatment effect in a short time to
control the disease, receiving a lot of attention in the research of
infectious diseases (Ozgonul and Besirli, 2017). Prospective
randomized trial of intravitreal injection of clindamycin has
been found to have a better therapeutic effect than oral
administration (Baharivand et al, 2013). Therefore, we also
selected this method to evaluate the therapeutic effect of
LBH589 instead of intraperitoneal injection or oral gavage. In
order to minimize the secondary damage to the mouse’s eyes and
set aside time for T. gondii infection, mice were injected with
LBH589 into the eyes 12 h after infection with T. gondii, and
performed clinical evaluation on the 7th day when the ocular
symptoms of the mice were most obvious (LaGrow et al., 2017;
Lafreniere et al., 2019; Kishimoto et al., 2019; Smith et al., 2020).
Here, we first adopted the ophthalmic imaging diagnostic
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technology, OCT examination, which can directly non-
invasive assessment of intraocular lesion in living mice
(Cunningham et al,, 2022). In the infection group, most of the
mice developed severe vitreous, subretinal fluid, posterior
vitreous detachment and disorder of retinal structure (Chen
et al., 2016; Brandao-de-Resende et al., 2020; Ksiaa et al., 2022),
while the symptoms were relatively mild with LBH589
treatment. In addition, we set a drug dose gradient of 1 to 3
ng/ul based on the previous study about pharmacokinetics of
LBH589 to avoid the toxicity of drugs to the retina (Van Veggel
et al., 2018; Karol et al., 2020; Homan et al., 2021). Though the
OCT results found that when the drug concentration was greater
than 1 ng, vitreous opacity occurred in the eyes of mice, which
was easily confused with the symptoms caused by infection, but
the retinal results were not significantly abnormal. At the drug
concentration of 1ng, the result showed no obvious difference
compared with the control. The reason may be caused by fine
drug particles or effect of drug solubility.

However, acute ocular toxoplasma usually causes vitreous
opacity or complicated cataract, leading to opacity of the
refractive medium, which make it difficult for OCT examination
to obtain high-quality images. Subsequently, histopathological
studies also showed that the inflammatory cell infiltration and
the damage to retinal architecture were drastically reduced upon
treatment with LBH589. Retinal structure of uninfected mice
injected with LBH589 alone showed no obvious abnormality.
Combined with OCT examination and histopathology, we infer
that LBH589 can play a certain role in the treatment of ocular
toxoplasmosis in vivo.

Moreover, one of the reasons for the destruction of tissue
structure is the excessive production of inflammatory cytokines
(Zhang et al., 2019; Smith et al., 2021). HDAC inhibitors vorinostat,
butyrate and tubastatin A showed promising therapeutic potential
in the treatment of inflammatory diseases such as rheumatoid
arthritis, asthma, contact hypersensitivity and inflammatory bowel
diseases, due to their ability to regulate inflammatory cells and
cytokines through several G protein—coupled receptors (GPCRs)
(Ran and Zhou, 2019; Li et al., 2021; Ni et al., 2021). We found that
the mRNA expression levels of TNF-0, IL-1B and IL-6 were
significantly increased after 7 days of infection, while the
expression of the three inflammatory factors was decreased upon
intraocular injection of LBH589. Combined with cell experiments,
we infer that LBH589 has a certain anti-inflammatory ability as well
as the ability to inhibit the proliferation of T. gondii. Though our
data can prove that LBH589 has potential therapeutic effect on
ocular toxoplasmosis, pharmacokinetics and mechanism of action
of the LBH589 in the eye need to be studied further.

In summary, our research demonstrated that LBH589 can
effectively inhibit the proliferation and activity of T. gondii in
RPE cells. And the microstructure of T. gondii was significantly
damaged, we speculated that LBH589 should have the ability to
penetrate host cell plasma membrane and directly damage T.
gondii. In vivo, we established a mouse model of acute OT, and
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combined with OCT examination and pathological sections to
evaluate the therapeutic effect of intravitreal injection of
LBH589. In addition, LBH589 treatment can also reduce
mRNA expression levels of inflammatory cytokines. However,
pharmacokinetics and the underlying mechanism of LBH589
still warrants further exploration.
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Toxoplasmosis is an important zoonotic parasitic disease caused by
Toxoplasma gondii (T. gondii). However, the functions of circRNAs and
mMiRNAs in response to T. gondii infection in the livers of mice at acute and
chronic stages remain unknown. Here, high-throughput RNA sequencing was
performed for detecting the expression of circRNAs and miRNAs in livers of
mice infected with 20 T. gondii cysts at the acute and chronic stages, in order
to understand the potential molecular mechanisms underlying hepatic
toxoplasmosis. Overall, 265 and 97 differentially expressed (DE) circRNAs
were found in livers at the acute and chronic infection stages in comparison
with controls, respectively. In addition, 171 and 77 DEmiRNAs were found in
livers at the acute and chronic infection stages, respectively. Functional
annotation showed that some immunity-related Gene ontology terms, such
as "positive regulation of cytokine production”, “regulation of T cell activation”,
and “immune receptor activity”, were enriched at the two infection stages.
Moreover, the pathways “Valine, leucine, and isoleucine degradation®, “Fatty
acid metabolism”, and “Glycine, serine, and threonine metabolism” were
involved in liver disease. Remarkably, DEcircRNA 6:124519352|124575359
was significantly correlated with DEmiRNAs mmu-miR-146a-5p and mmu-
miR-150-5p in the network that was associated with liver immunity and
pathogenesis of disease. This study revealed that the expression profiling of
circRNAs in the livers was changed after T. gondii infection, and improved our
understanding of the transcriptomic landscape of hepatic toxoplasmosis
in mice.

KEYWORDS

toxoplasma gondii, non-coding RNAs, high-throughput RNA sequencing,
liver, networks
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Introduction

Toxoplasmosis is a widespread zoonotic disease caused by
Toxoplasma gondii (T. gondii) worldwide. T. gondii is an
intracellular apicomplexan parasite that can infect almost all
warm-blooded animals and humans (Tenter et al., 2000).
Gamogony and oocyst can form in the epithelium of small
intestine after an ingestion of T. gondii by definitive feline hosts.
Then, the unsporulated oocysts can beare released into the
intestinal lumen and excrete with feces, leading to contamination
of soil and the environment (Tenter et al., 2000). The people who
ingested undercooked food or water containing tissue cysts and
sporulated oocysts will be infected by T. gondii (Dubey, 2008). The
clinical manifestations of toxoplasmosis range from asymptomatic
to fatal infection, including abortion, encephalitic illness, and
conjunctivitis (Smith et al., 2021). T. gondii can attack the host
organs, including livers, lymph nodes, eyes, hearts, and central
nervous systems (Montoya and Liesenfeld, 2004; Stauffer et al,
2006; Balasundaram, 2010). In livers, T. gondii infection can cause
several pathological changes, e.g. hepatitis, hepatomegaly,
granuloma, and necrosis (Karasawa et al, 1981; Ortego et al,
1990; Hassan et al.,, 1996; Dogan et al., 2007). However, the
molecular mechanisms underlying T. gondii infection and liver
disease remain poorly understood.

Circular RNAs are one of the novel classes of endogenous
noncoding RNAs that are formed by exon-scrambling (Meng et al,,
2017). With the development of RNA sequencing (RNA-seq)
technology, the abundance, diversity, and dynamic expression
patterns of circRNAs in various organisms have been clarified
(Conn et al., 2015). CircRNAs can not only antagonize the activity
of miRNA through a sponge-like mechanism but also regulate gene
expression at the post-transcriptional level (Granados-Riveron and
Aquino-Jarquin, 2016). A series of studies showed that circRNAs
played roles in the pathological processes of liver disease (Yao et al.,
2017; Tang et al.,, 2020). The circRNAs are used as prognostic
biomarkers, owing to remarkably stable characteristics (Lei et al,
2019). In addition, circRNAs are a potential drug target for diseases
(Dhamija and Menon, 2018; Zhu et al., 2018). Thus, exploration of
circRNA function that connecting with liver disease induced by T.
gondii infection will provide a novel perspective for hepatic disease
treatment and diagnosis.

In the present study, RNA-seq was performed for identifying
the expression of circRNAs and miRNAs in the livers of mice after
T. gondii infection, in order to investigate the relationships between
circRNAs and miRNAs in the T. gondii infected livers of mice. The
simultaneous analyses of the differentially expressed (DE)
circRNAs and DE miRNAs were conducted to investigate the
relevance of the expression and circRNA-miRNA interactions.
Moreover, the potential functional role was predicted. Thus, the
correlation networks of circRNAs and miRNAs in the livers of mice
after T. gondii infection improved our understanding of the
transcriptomic landscape of hepatic toxoplasmosis in mice.
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Methods
Toxoplasma gondii, mice and infection

T. gondii cysts were collected from the brains of mice that had
been infected with T. gondii for months. In brief, the mice were
sacrificed after anesthetization, and the brains were dissected and
collected with a mortar for preparing tissue homogenates. The
brain homogenates were rinsed with phosphate-buffered saline
(PBS), and then were transferred to a 2 mL EP tube. Then, the T.
gondii cysts in brain tissues were counted by using a dissection
microscope. The 8-10 week-old female BALB/c mice (SPF) were
purchased from Spaefer Biotechnology Co., Ltd. (Beijing, China).
All mice were housed in cages with an independent ventilation
system under a 12-h dark/light cycle, with free food and water ad
libitum. The mice (n = 12) were randomly divided into three
groups: acute infection group (n = 3); chronic infection group (n =
3); and control group (n=6). In the infection groups, each mouse
was infected with 20 T. gondii cysts. In the control group, the mice
were treated with PBS. A previous study showed the timing of acute
and chronic infection stages in mice infected with T. gondii (Hu
etal.,2018). The mice in each group were sacrificed on day 11 (acute
infection group) and 33 (chronic infection group) after infection,
respectively. The successful establishment of mouse model was
examined based on amplification of T. gondii B1 gene as described
previously (Hu et al., 2018). At the mentioned time points post
infection, the livers of mice in each group were dissected from each
mouse. Then, the liver samples were immediately deposited in
liquid nitrogen until RNA extraction.

RNA extraction

Approximately 50 mg of liver tissue was subjected to RNA
extraction using TRIZOL (Life Technologies, Carlsbad, USA). In
brief, the samples were firstly homogenized by liquid nitrogen,
and the 1 ml TRIZOL reagent was added to the homogenization
to lyse sample. Then, the 0.2 ml of chloroform per was added
and shake tubes vigorously by hand for 15 s. The sample was
incubated at room temperature for 2 to 3 minutes, and then
centrifuged at 11,500 g for 15 min at 4°C. The RNA samples
remain in the aqueous phase. The aqueous phase was transferred
to a new tube, and isopropanol was added to precipitate RNA.
The 75% ethanol was used to wash RNA samples; Finally, RNA
pellet was redissolved with the water (Chomczynski and Sacchi,
2006). The RNA degradation and contamination were detected
with 1% agarose gel test. The RNA Nano 6000 Assay Kit of the
Bioanalyzer 2100 system (Agilent Technologies, CA, USA) and
Qubi‘[® RNA Assay Kit in Qubit® 2.0 Flurometer (Life
Technologies, CA, USA) were used to measure and evaluate
the concentration and purity of RNA, respectively. Then, the
RNA samples were stored at —80°C for a further analysis.
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Library preparation and sequencing

Approximately 5 pug of RNA sample was used for constructing
the circRNA library by using NEBNext® Ultra'" Directional
RNALibrary Prep Kit for umina® (NEB, USA). In brief, the
First-strand cDNA was synthesized using M-MuLV Reverse
Transcriptase with random hexamer primer. Then, the cDNA
fragments were purified by AMPure XP system (Beckman Coulter,
Beverly, USA). The cDNA was used for PCR amplification. Agilent
Bioanalyzer 2100 system was employed for assessing library quality
(Zhou et al, 2017). The sequencing libraries of circRNAs were
performed using Hlumina Hiseq 4000 platform, and the 150 bp
paired-end reads were generated.

The 3 ug of RNA sample and NEBNext® Multiplex Small RNA
Library Prep Set for Tlumina® (NEB, USA) was used for generating
miRNA libraries. Briefly, the first strand of cDNA of miRNA was
synthesized through M-MuLV Reverse Transcriptase. Then, the
LongAmp Taq 2xMaster Mix, index (X) primer, and SR primer
were used for PCR amplification. Finally, the library preparations
were sequenced on an Illumina Hiseq 2500/2000 platform, and 50
bp single-end reads were generated.

Identification of circRNAs and miRNAs

The raw reads of fastq format were obtained by the Custom
Perl and Python scripts. The ploy-N, with 5 adapter
contaminants, without 3’ adapters, and low reads were
removed. The GC content, Q20, Q30, and the error rate were
performed to assess quality of the clean data. The HISAT2 v2.0.4
and bowtie2 v2.2.8 were used for building and aligning clean
data with the Mus musculus reference genome, respectively
(Langmead and Salzberg, 2012; Pertea et al., 2016). The
circRNA identification was performed using find_circ
(Memczak et al., 2013) and CIRI2 (Gao et al,, 2015). circRNA
was predicted by the intersection between the two algorithms.
Moreover, the small RNA tags were mapped to obtain known
miRNAs using MiRBase 20.0 (Griffiths-Jones, 2016). The novel
miRNAs were predicted by using miREvo (Wen et al,, 2012) and
mirdeep2 (Friedlander et al., 2012). The quantification of
circRNA and miRNA expression profiles were normalized by
TPM (transcript per million) (Zhou et al., 2010). The differential
expression analysis was performed using the DESeq R package
(1.8.3) (Anders and Huber, 2010). |Log2 fold change (FC)| = 1.0
and P-value < 0.05 were used as thresholds to identify
differentially expressed transcripts.

MiRNA target gene prediction and
functional analysis

The potential target genes of DE miRNAs were predicted by

a combined use of Miranda, PITA, and RNAhybrid softwares.
GO enrichment analysis of the potential target genes in the livers
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of mice infected with T. gondii was conducted using the GOseq R
package (Young et al., 2010). The KEGG (Kyoto encyclopedia of
genes and genome) pathway functional annotation were
performed by using KOBAS 3.0 software (Mao et al., 2005). P-
value < 0.05 was considered as significant enrichment.

Quantitative real-time PCR analysis

The DE circRNAs and DE miRNAs were chosen to verify
the RNA-Seq results by using qRT-PCR. The qPCR was
performed in a LightCycler480 (Roche, Basel, Switzerland)
using a ChamQ SYBR qPCR Master Mix kit (Vazyme,
Nanjing, China). The reaction was consisted of 40 cycles,
circRNA initial degeneration at 95°C for 30 s, and template
degeneration in the PCR cycle at 95°C for 10 s, and finally
annealing at 60°C for 30 s. The reactive cycle of miRNA was
consisted of 95°C for 30 s, then 40 cycles of 95°C for 5 s and 60°
C for 34 s. The amplification was ensured by melting curve
analysis in each reaction. The primers of miRNAs and
circRNAs were listed in Table 1. L13A and U6 were used as
the internal controls of circRNA and miRNA, respectively. The
relative expression quantity was calculated using the 244
method (Livak and Schmittgen, 2001).

TABLE 1 Primers used in IncRNA and mRNA-specific qRT-PCR analysis.

RNAs Primer Sequence (5’ to 3’)
15:3279732(3280203 Forward TGGAAGCCAATATGGTAGATTTCTC
(circRNA) primer
Reverse TCATTTTCTCTCCCCAACTCAGTC
primer
17:39848416|39848682  Forward CCCTCGTAGACACGGAAGAGC
(circNA) primer
Reverse CTTTTCTGGCCTCGCCACC
primer
mmu-miR-1247-3p Forward GGAACGTCGAGACTGGAGCA
(miRNA) primer
mmu-miR-339-5p Forward TGTCCTCCAGGAGCTCACGA
(miRNA) primer
mmu-miR-379-5p Forward TGGTAGACTATGGAACGTAGGA
(miRNA) primer
mmu-miR-146b-5p Forward TGAGAACTGAATTCCATAGGCTA
(miRNA) primer
Results

Differentially expressed CircRNAs
and miRNAs

Compared with the control group, a total of 265 DE circRNAs
and 171 DE miRNAs were identified at the acute infection stage,
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and 97 DE circRNAs and 77 DE miRNAs were detected in the livers
at the chronic infection stage (Figure 1 and Supplementary Table
S1). A total of 19 circRNAs and 46 miRNAs were commonly
dysregulated between the acute and chronic T. gondii-infected
groups (Figure 2). Among DE transcripts, the mmu-miR-147-3p
was up-regulated 32.94 folds at the acute infection stage, however, it
was down-regulated to 3.66 folds at the chronic infection stage.
Moreover, mmu-miR-342-3p was up-regulated 8.23 folds at the
acute infection stage. Furthermore, mmu-miR-143-3p was down-
regulated 4.05 folds and 2.11 folds at the acute and chronic infection
stages, respectively (Supplementary Table S1).
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GO annotation and KEGG
pathway analysis

To find the potential biological associations of DE
miRNAs, GO and KEGG pathway enrichment analyses for
infection-associated transcripts were predicted. The top 30 GO
terms were shown in Figure 3. Most of predicted genes were
involved in the “fatty acid metabolic process”, “positive
regulation of cytokine production”, “positive regulation
of response to external stimulus” and “regulation of T cell
activation” at the acute infection stage (Figure 3A).
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Venn diagram of the differentially expressed (DE) circRNAs and DEmiRNAs. the number of the common or unique DEcircRNAs and DEmiRNAs at

two infection stages.
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Furthermore, the biological process mainly included

>«

“leukocyte cell-cell adhesion”,
production”, and “positive regulation of leukocyte activation”.

positive regulation of cytokine

The cellular component included “membrane raft” and
“membrane microdomain”, the molecular function included
“immune receptor activity” and “phospholipid binding” at the
chronic infection stage (Figure 3B).

KEGG enrichment analysis showed that pathways mainly
included “Valine, leucine, and isoleucine degradation”, “Fatty acid
metabolism”, “Glycine, serine and threonine metabolism”, and
“Tryptophan metabolism” (Figure 4A) at the acute infection
stage. These results showed the hepatic metabolism affected the
acute infection stage of T. gondii. Moreover, some pathways were
related to immunity and inflammation, such as “Cytokine-cytokine
receptor interaction”, “Cell adhesion molecules”, “NF-kappa B

Frontiers in Cellular and Infection Microbiology

23

» »

signaling pathway”, “Primary immunodeficiency”, “Inflammatory
bowel disease”, “Thl and Th2 cell differentiation”, “Th17 cell
differentiation”, and “NOD-like receptor signaling pathway”.
Interestingly, some pathways were related with intestinal flora,
e.g. “Inflammatory bowel disease” and “Intestinal immune
network for IgA production” (Figure 4B).

Co-expression networks of DEcircRNAs
and DEmiRNAs

To further reveal the mechanisms underlying the DEcircRNAs
and DEmiRNAs in the livers during T. gondii infection, a network
was constructed (Figure 5 and Supplementary Table S2). In this
network, the DEcircRNA 6:124519352|124575359 was related to
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DE miRNAs mmu-miR-132-3p, mmu-miR-146a-5p, mmu-miR-
150-5p, and other DEmiRNAs (n = 42, Supplementary Table S2).
Moreover, DEcircRNA 4:61958498|62052011 was associated with
DEmiRNAs (mmu-miR-146a-5p) and 45 other DEmiRNAs.
Moreover, DEmiRNA mmu-miR-1247-3p shared 5 DEcircRNAs,
including 12:103731961]103897311, 12:103854668|103947209,
5:145708877|145868684, 4:61958498|62052011, and 7:13832577|
13909898 (Figure 5). The networks showed that multiple
miRNAs were regulated by several circRNAs at the two infection
stages, thus suggesting a complex regulatory relationship between
DEcircRNAs and DEmiRNAs.

Verification of the DEcircRNAs and
DEmiRNAs by gRT-PCR

To evaluate the reliability of RNA-sequence results, the
expression profiles of the randomly selected DEcircRNAs and
DEmiRNAs were successfully confirmed by qRT-PCR. The
results obtained by RNA-Seq and qRT-PCR were consistent in
the trend and magnitude of the expression (Supplementary
Figure S1).

Discussion

Previous omics studies have provided a wealth of resources
that improved understanding of the pathogenesis of T. gondii
(Garfoot et al., 2019; Antil et al., 2021; Menard et al., 2021; Antil
et al,, 2022), and many studies mainly focused on mRNAs (He
et al,, 2016; Zhou et al., 2016; Lutshumba et al., 2020). Recently,
Zhou and colleagues revealed putative functions of miRNAs and
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circRNAs in brains of mice after an infection with T. gondii
(Zhou et al., 2020). However, the expression levels of circRNAs
and miRNAs specific to T. gondii infection in livers of mice were
unclear. Thus, the present study explored the expression profiles
of circRNAs and miRNAs in the livers of mice at acute and
chronic stages after T. gondii infection by using RNA-
seq technique.

MiR-147-3p (mmu-miR-147-3p) has been reported to
dampen Toll-like receptor (TLR)-signaling in murine
macrophages (Liu et al, 2009). It can limit excessive
inflammation in the hosts response to influenza A virus
infection (Preusse et al., 2017). The miR-147 plays an
important role in the negative regulation of TLR/NF-xB-
mediated proinflammatory cytokines, and inhibits the
expression of proinflammatory cytokines (Zuo et al., 2020). In
this study, the miR-147-3p was up-regulated 32.94 folds at the
acute infection stage. T. gondii infection triggered liver
inflammation at an early infection stage, and the up-regulation
of miR-147-3p could limit excessive inflammation for protecting
the hosts. Further protection was attenuated with increasing
duration of infection, as the expression of miR-147-3p decreased
to 3.66-fold during the chronic infection stage. Interestingly,
miR-342-3p (up-regulated 8.23 fold) seemed to have the same
effect as miR-147-3p at the acute infection stage. Overexpression
of miR-342-3p can suppress inflammation response in THP-1
cells (Wang et al., 2019). Moreover, miR-342-3p was considered
to be significantly relative with regulating metabolic profiles of
Treg cells (Kim et al., 2020), which may explain for its role in
inflammation inhibition. Moreover, miR-143-3p could
participate in inflammatory pain responses in fibromyalgia
patients (Jiang et al., 2015). A previous study showed that
miR-143-3p might inhibit inflammatory factors’ levels through
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regulating the MyD88/NF-kB signaling pathway (Wang et al,
2020). In this study, the miR-143-3p (mmu-miR-143-3p) was
down-regulated 4.05 folds and 2.11 folds at the acute and
chronic infection stages, respectively. Thus, these findings
suggest that miR-143-3p may participate in the inflammation
reaction of livers during T. gondii infection, and the down-
regulation of miR-143-3p can increase the inflammation of livers
for resisting infection. In addition, these findings reveal
mediation of pro-inflammatory and anti-inflammatory
mechanisms in the livers in T. gondii pathogenesisis.

In this study, some immunity-related GO terms were enriched
at the two infection stages, such as “positive regulation of cytokine
production”, “regulation of T cell activation”, “leukocyte cell-cell
adhesion”, “positive regulation of leukocyte activation”, and
“immune receptor activity” (Figure 3), indicating that T. gondii
induced the liver immunity reaction of hosts. KEGG analysis
showed that a series of pathways (e.g. “Valine, leucine and

»

isoleucine degradation”, “Fatty acid metabolism”, and “Glycine,
serine and threonine metabolism”) were involved in liver disease.
The reductions of valine, leucine, and isoleucine are considered to be

related to hepatic encephalopathy pathogenesis, and impair liver
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regeneration (Fischer et al., 1975; Marchesini et al., 2003; Nakaya
et al., 2007; Urata et al.,, 2007). Moreover, TNF-ot and IL-6 activate
branched-chain keto acid dehydrogenase increased valine, leucine,
and isoleucine catabolism (Nawabi et al., 1990; Holecek, 1996). IL-6
and TNF-a are proinflammatory cytokines, and metabolic
disturbances are strongly related to increased levels of these two
cytokines (Popko et al,, 2010), thus suggesting T. gondii causes the
metabolic disturbance of the livers at the acute infection stage. The
other metabolism pathways enriched in the livers at the acute
infection stage indicated disorders of metabolic function of the
host livers induced by T. gondii infection. The cell adhesion
molecules are considered as targets for the bacterial pathogens in
establishing intimate contact with the cells and tissues of hosts
(Hauck et al, 2006). A previous study reported that targeted
disruption of SAG3 gene in T. gondii results in a partial decrease
in host cell adhesion, and drastic reduction of virulence in mice
(Dzierszinski et al., 2000). The “Cell adhesion molecules” pathway
enriched at the chronic infection stage indicated potential
relationships between cell adhesion molecules and T. gondii
infection. The NF-xB family of transcription factors was closely
related to the mediation of innate and adaptive immunities against
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infection (Caamano et al.,, 1999). A previous study showed that the
NE-xB2™"~ mice could resist T. gondii infection during the acute
phase of toxoplasmosis, but displayed a protracted pattern of
mortality during the chronic stage of infection (Franzoso et al,
1998). These findings suggest NF-kB signaling pathway is essential
for T. gondii infection in livers. Th17 produces AMPs that prevent
the dysbiosis and bacterial translocation related to the pathogenic
infection through secreting IL-17, and Th17 is crucial for host
survival after T. gondii (type II strain) infection (Cervantes-
Barragan et al., 2019). Moreover, a few studies reported that IL-17
signaling played a protective role during T. gondii infection (Kelly
etal.,2005; Moroda etal.,2017). Thus, the “Th17 cell differentiation”
pathway was observed in the livers at the chronic infection stage. An
early T. gondii infection can disrupt the resident microbial
communities and induce acute inflammation in the ileum
(Heimesaat et al., 2006; Raetz et al,, 2013). T. gondii infection also
induces the increment of abundance of proinflammatory
proteobacteria, and decrement of beneficially bacterial
communities, causing disruption of the microbial community
composition that persists at the chronic infection stage (French
et al,, 2022). These findings support that T. gondii infection causes
microbial imbalance. Notably, “Inflammatory bowel disease” and
“Intestinal immune network for IgA production” pathways were
also enriched in the livers at the chronic infection stage. These two
pathways are significantly associated with microbiota (Federicietal,,
20225 Tanetal,, 2022; Tchitchek et al., 2022). Thus, we suspect that T.
gondii infection could mediate hepatic metabolism, and further
affecting microbial balance in mice. How this mechanism works
remains to be investigated.

CircRNAs act as miRNA decoys or sponges in regulating gene
expression (Panda, 2018). Thus, a correlation analysis of the
expression profiles from the DEcircRNAs and DEmiRNAs
predictive interactions was performed. In the network, DE
miRNAs mmu-miR-146a-5p and mmu-miR-150-5p were
regulated by DEcircRNA 6:124519352|124575359. miR-146a-5p
plays a role in different disease contexts and acts as a negative
regulator of inflammatory and immune responses (Xu et al,, 2012).
A previous study reported that HCV-induced increment of miR-
146a-5p promoted viral infection and metabolic pathways related to
pathogenesis of hepatic disease (Bandiera et al,, 2016). Thus, miR-
146a-5p is associated with liver immunity and pathogenesis of liver
disease. The upregulation of miR-146a-5p at both two infection
stages (Supplementary Table S1) revealed a potential role in the T.
gondii infection induced liver disease. However, the DEcircRNA
6:124519352|124575359 mediates this process. miR-150-5p regulates
target genes IL-10 and PIMI, having an anti-inflammatory effect
(Neamah et al., 2019). It was also increased at both acute and chronic
infection stages, and was regulated by DEcircRNA 6:124519352|
124575359. This illustrates both circRNA 6:124519352|124575359
and miR-150-5p have protective effects on T. gondii-induced liver
excessive inflammation. Moreover, mmu-miR-1247-3p was
regulated by multiple circRNAs. The treatment of HCC with miR-
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1247-3p would increase the expression levels of IL-1f3, IL-6, and IL-8,
thus suggesting the proinflammatory role of miR-1247-3p (Fang
et al, 2018). The DEmiRNA mmu-miR-1247-3p was regulated by
DEcircRNAs 12:103731961|103897311, 12:103854668|103947209,
5:145708877|145868684, 4:61958498|62052011, and 7:13832577|
13909898 in the network, indicating that these DEcircRNAs
participated in liver inflammation caused by T. gondii infection. In
this study, RNA-seq was performed to detect the differential
expression profiles of circRNAs and miRNAs in the livers of mice
infected with T. gondii. However, some limits should be addressed,
including other organizations of expression profiles should be added,
and the potential interaction between circRNA-miRNA and mRNA
is needed to validate in the future work.

Conclusions

This study explored the differential expression levels of
circRNAs and miRNAs in the livers of mice infected with T.
gondii at the acute and chronic stages. The functional enrichment
analysis showed that many DEcirciRNAs and DE miRNAs were
associated with the inflammation responses of the livers after T.
gondii infection. Our results provided valuable data for the
understanding of the circRNAs and miRNAs involved in the
molecular basis of the hepatic responses to T. gondii infection.
The functions of DEcircRNAs and DEmiRNAs in the pathogenesis
of T. gondii infection in livers will be further verified.
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Diamond Harbour Women's University, Sarisha, West Bengal, India, *Department of Medicine,
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The central theme of this enterprise is to find common features, if any,
displayed by genetically different antimony (Sb)-resistant viscerotropic
Leishmania parasites to impart Sb resistance. In a limited number of clinical
isolates (n = 3), we studied the breadth of variation in the following dimensions:
(a) intracellular thiol content, (b) cell surface expression of glycan having N-
acetyl-D-galactosaminyl residue as the terminal sugar, and (c) gene expression
of thiol-synthesizing enzymes (CBS, MST, gamma-GCS, ODC, and TR),
antimony-reducing enzymes (TDR and ACR2), and antimonial transporter
genes (AQP1, MRPA, and PRP1). One of the isolates, T5, that was
genotypically characterized as Leishmania tropica, caused Indian Kala-azar
and was phenotypically Sb resistant (T5-LT-SSG-R), while the other two
were Leishmania donovani, out of which one isolate, AG83, is antimony
sensitive (AG83-LD-SSG-S) and the other isolate, T8, is Sb resistant (T8-LD-
SSG-R). Our study showed that the Sb-resistant parasites, regardless of their
genotype, showed significantly higher intracellular thiol compared with Sb-
sensitive AG83-LD-SSG-S. Seemingly, T5-LT-SSG-R showed about 1.9-fold
higher thiol content compared with T8-LD-SSG-R which essentially mirrored
cell surface N-acetyl-D-galactosaminyl expression. Except TR, the expression
of the remaining thiol-synthesizing genes was significantly higher in T8-LD-
SSG-R and T5-LT-SSG-R than the sensitive one, and between the Sb-resistant
parasites, the latter showed a significantly higher expression. Furthermore, the
genes for Sb-reducing enzymes increased significantly in resistant parasites
regardless of genotype compared with the sensitive one, and between two
resistant parasites, there was hardly any difference in expression. Out of three
antimony transporters, AQP1 was decreased with the concurrent increase in
MRPA and PRP1 in resistant isolates when compared with the sensitive
counterpart. Interestingly, no difference in expression of the above-
mentioned transporters was noted between two Sb-resistant isolates. The
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enduring image that resonated from our study is that the genetically diverse
Sb-resistant parasites showed enhanced thiol-synthesizing and antimony
transporter gene expression than the sensitive counterpart to confer a

resistant phenotype.

KEYWORDS

drug resistance, Indian Kala-azar, clinical isolates, Leishmania donovani, L. tropica

Introduction

Drug resistance is a serious problem in controlling any kind of
infection, be it viral, bacterial, fungal, or protozoan or any other
parasitic infection (WHO, 2021). Leishmaniases are no exception.
Leishmaniases are neglected tropical diseases that have diversified
epidemiology, pathogenesis, and clinical symptoms. Among all
leishmaniases disease manifestations, mainly cutaneous,
mucocutaneous, and visceral form, visceral leishmaniasis (VL)
or Kala-azar (KA) is the most severe type if left untreated (Sundar,
2001). Approximately 20 million people are infected with
leishmaniases worldwide (Bhargava and Singh, 2012). KA is
endemic in the Indian subcontinent spanning across India,
Bangladesh, Brazil, Iran, Nepal, and Sudan (Ostyn et al,, 2013).
Post-Kala-azar dermal leishmaniasis may develop in about 5-10%
of apparently cured KA patients (Gasim et al,, 2000). In the Indian
subcontinent, KA is caused not only by L. donovani (Manna et al.,
2005) but also by L. tropica (Sacks et al., 1995; Khanra et al., 2012).
Among different species belonging to the Leishmania genus, the
species L. donovani and L tropica show an anthroponotic nature
of transmission (Steverding, 2017). This anthroponotic mode of
transmission facilitates the emergence of drug-resistant isolates in
these species, unlike the other zoonotic Leishmania spp. (ZVL and
ZCL) in the Old World (Bamorovat et al., 2021). The main
strategies to control the diseases associated with L.
donovani and L. tropica are by developing effective control
measures for primary human host infection (Bamorovat et al,
2021), early case detection (Oliace et al., 2018), and prompt
effective treatment (Singh and Sundar, 2015). According to the
WHO, all cases must be treated because humans are reservoirs for
transmitting the disease to others via sandfly vectors
(WHO, 2022).

The emergence and progression of resistance of parasites to
the commonly used antimonials and other drugs (Purkait et al,
2011; Khanra et al, 2017) made the control strategy inadequate
(Capela et al., 2019). Researchers in the field emphasized that the
emergence of antimonial resistance in Leishmania parasites may
be related to sodium stibogluconate (SSG) treatment failure in
the Indian state of Bihar (Rijal et al., 2003; Dube et al., 2005), and
in the year 2000, the percentage of treatment failure cases had
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rose up to 60-70% in that region (Sundar et al, 2000).
Amphotericin B, pentamidine, paromomycin, and miltefosine
are other alternative drugs used for the disease, and they have
their own limitations (Sundar, 2001; Moore and
Lockwood, 2010).

The mechanism of parasite resistance towards the drug SSG
is primarily via reduced drug concentration within the parasite,
either by a low level of drug uptake or by a high level of drug
efflux, and there are some other possible resistance mechanisms.
These are related to the inefficiency in the conversion of
pentavalent to trivalent antimony and the high level of
trivalent antimony detoxification (Decuypere et al., 2005). All
of these events related to SSG resistance are governed either by
the thiol-metabolizing genes or by antimony transporter genes
(Croft et al., 2006). Several types of ATP binding cassette (ABC)
transporters are reported to be related to multi-drug resistance
(MDR), and the MDR-related protein named multidrug-
resistant protein A has been amplified in different Leishmania
spp. in response to drugs in vitro (El Fadili et al., 2005; Coelho
et al, 2007). A previous investigation demonstrated that thiol
metabolism plays an essential role to preserve the intracellular
reducing environment, and as a result, parasites can avoid the
harm caused by oxidative stress within the macrophages (Wyllie
et al., 2004). Altered levels of thiol have also been reported in
Indian field isolates (Mandal et al., 2007; Singh et al.,, 2014).

The primary aim of our study was to investigate the drug
resistance mechanism of genotypically diverse sodium
stibogluconate-resistant (SSG-R) clinical isolates (T5 and T8)
with respect to a sodium stibogluconate-sensitive (SSG-S)
reference isolate (AG83). By the word “genotypically diverse
field isolates”, we meant both T8 and T5 are SSG-R and collected
from confirmed Kala-azar patients, but their species status is
completely different. T8 is the classical L. donovani isolate, while
T5 belongs to L. tropica species (KKhanra et al., 2016). As stated
above, the third isolate (AG83) taken here for comparison is L.
donovani and SSG-S. The purpose is to examine the relationship
between the evolution of molecular mechanism and genetic
background in the heterogeneous field isolates.

To our knowledge, this is the first such kind of report in
which the antimony resistance mechanism of two resistant
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isolates belonging to two different Leishmania species causing
the same disease condition has been evaluated, and the results
were expressed in comparison with antimony-sensitive
L. donovani.

Materials and methods
Ethics statements

Bone marrow aspirates collected from Kala-azar patients
were approved by the Ethical Committee of the Calcutta
National Medical College, Kolkata. Patient details and the
Human Ethics Clearance related statements have already been
published previously (Khanra et al., 2012; Sarraf et al,, 2021).

Animal ethics statements

BALB/c mice (Mus musculus) and hamsters (Mesocricetus
auratus) were maintained and bred under pathogen-free
conditions. Animal use was approved by the Institutional
Animal Ethics Committees of the Indian Institute of Chemical
Biology, Kolkata, India. Animal infections to maintain the
parasites in vivo were performed according to the National
Regulatory Guidelines issued by the Committee for the
Purpose of Supervision of Experiments on Animals (IICB/
AEC-15-2008, 10.06.2008), Ministry of Environment and
Forest, Government of India.

Leishmania parasite culture

The present study has been carried out with three (n = 3)
clinical isolates of KA patients, from which one is the L.
donovani isolate AG83 (MHOM/IN/1983/AG83), which is
used as a reference strain for the present study. The other two
named as T5 (MHOM/IN/2010/T5) and T8 (MHOM/IN/2012/
T8) were collected in the year between 2010 and 2012 from the
confirmed VL patients, and the respective patients’ details were
reported previously (Khanra, 2015; Khanra et al,, 2016; Sarraf
et al,, 2021) and are delineated in Supplementary Table S1. T5
and T8 parasites were isolated from bone marrow aspirates.
Briefly, the sternum or iliac crest was punctured by a special type
of needle, and marrow was aspirated using a syringe containing
an anticoagulant, such as heparin or EDTA. Only two to three
drops were added to each culture tube containing Schneider’s
Drosophila medium with 20% fetal calf serum (FCS). The
Leishmania amastigotes were confirmed by Giemsa staining,
and after the transformation of amastigotes to promastigotes, the
parasites were maintained in M199 medium (St. Louis, MO,
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USA) with 10% fetal bovine serum. The other one is the L.
donovani isolate AG83 (MHOM/IN/1983/AG83), which was
collected in the year 1983, maintained in M199 medium with
10% FCS, and used here as a reference strain. All the isolates
were maintained in infected mice/hamster, and heavily infected
animals were sacrificed, with their infected organs cultured to get
large numbers of promastigotes. The promastigotes (1 x 10°)
were kept frozen in the vials. Depending on our need the frozen
vial was thawed and propagated one or two cycles in M199
containing 10% FCS to conduct experiments. Our earlier report
based on PCR-RFLP and SSCP analysis revealed the genotyping
status of T8 and T5, where T5 was found to be L. tropica and T8
was found to be L. donovani, and our in vitro amastigote-
macrophage model data shows that both of the parasites are less
sensitive towards the drug SSG, with ECs, values of 45.17 + 3.55
and 18.77 + 4.84 pg/ml for T5 and T8, respectively (KKhanra et al.,
2016). The SSG unresponsiveness of the T8 parasite was further
supported by whole genome analysis (Sarraf et al., 2021). On the
other hand, the reference AG83 parasite has been reported as
SSG-sensitive parasite (Mukhopadhyay et al., 2011; Palit et al,
2012). Hence, we named T5 and T8 as T5-LT-SSG-R and T8-
LD-SSG-R, respectively, and AG83 as AG83-LD-SSG-S in the
present study.

Measurement of non-protein thiol
content in Leishmania parasites

The promastigotes (2 x 10° each/ml) were washed with
phosphate-buffered saline (PBS) thrice and then incubated for
20 min at 37°C with the addition of 5 pM 5-
chloromethylfluorescein-diacetate (Molecular Probes, CA,
USA) (Sarkar et al, 2009). The labeled promastigotes were
subjected to BDFACSAria II cell sorter for cytometric
measurement, and the analyses were performed using
FACSDIVA software (BD Biosciences, San Jose, CA, USA).

Measurement of surface sugar residue in
Leishmania parasites

The expression of surface glycan in promastigotes was
carried out as described previously (Mukhopadhyay et al.,
2011). Briefly, the promastigotes were washed three times with
1X sterile PBS and incubated with FITC-labeled horsegram
(Dolichos biflorus) lectin at a dilution of 1:50 for 30 min in
FACS buffer. After labeling, flow cytometric measurement of the
FITC-labeled promastigotes was performed using BDFACSAria
IT cell sorter. The mean fluorescence intensity was analyzed by
FACSDIVA software (BD Biosciences, San Jose, CA, USA) to
determine the expression of surface sugar.
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RNA isolation, cDNA synthesis, and semi-
quantitative reverse transcription-PCR

RNA extractions were carried out from all of the harvested
promastigotes by disrupting in Trizol solution (Khanra et al,
2017). For the synthesis of cDNA, the total RNA (2 pg/reaction)
was first incubated with gene-specific reverse primers, heated at
75°C for 10 min, and immediately kept in ice. A common master
mixture (2 ul of 0.1 M DTT, 5 ul of 5X FS buffer, 2 ul of 10 mM
dNTP, and 0.5 pl of mouse Moloney leukemia virus reverse
transcriptase) was added to the ice-cold RNA mixture and then
incubated at 37°C for 90 min, followed by 70°C for 15 min
(Banerjee et al., 2009). The freshly prepared cDNA was then
amplified in a reaction mixture containing 0.5 pl of cDNA with 1
pul 10 mM dNTP, 1.5 ul 50 mM MgCl,, and 0.5 pl Taq
polymerase as well as gene-specific primers (Supplementary
Table S2). Amplification reactions were performed with an
Applied Biosystems thermocycler. The cycling conditions for
genes of interest were 5 min at 95°C, followed by 30 cycles of
denaturation at 95°C for 30 s, annealing at 55-60°C for 3 0s, and
extension at 72°C for 30 s. The identities of the PCR-amplified
respective gene products were checked by agarose gel
electrophoresis. Identical aliquots were investigated in parallel
without reverse transcriptase to eliminate the presence of
residual genomic DNA contamination in PCR amplification
preparations. Densitometry analyses were performed using
Image] software (vl1.4lo) (Mukherjee et al, 2012). For the
densitometric calculations, the same band area was used to
determine the band intensity and normalized for GAPDH.
GAPDH was used as the internal control gene.

Statistical analyses for the in vitro study

Each experiment was performed at least three times. The
results are expressed as mean = SD. GraphPad prism software
was used to perform Student’s t-test for significance analysis, and
a P-value <0.05 was considered to be significant. The correlation
between the ECs, and other parameters was measured by the
Spearman rank correlation coefficient and represented by R
(Khanra et al., 2017).

Results
Intracellular thiol content

The thiol content was determined in the promastigotes. It
was observed that there was a significantly increased thiol
content in resistant parasites than in sensitive parasites. It was
about 30-fold (P < 0.0001) and 16-fold (P = 0.0002) increase in
thiol content in Sb-resistant T5-LT-SSG-R and T8-LD-SSG-R,
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respectively, compared with Sb-sensitive AG83-LD-SSG-S.
Between the two genetically diverse parasites, T5-LT-SSG-R
showed about 1.9-fold (P = 0.0006) higher thiol content than
T8-LD-SSG-R. Our data revealed a high correlation (R = 0.99)
between intracellular thiol content and SSG resistance (Figure 1,
Supplementary Figure S1).

Expression of terminal N-acetyl-D-
galactosaminyl on cell surface glycan

The expression of N-acetyl-D-galactosaminyl as the terminal
sugar on the cell surface glycan was determined using
fluorescence-labeled horse gram (Dolichos biflorus) lectin. The
binding of lectin was significantly higher in resistant parasites
compared with the sensitive counterpart. It was observed that
the expression of N-acetyl-D-galactosaminyl as the terminal
sugar was about 28-fold (P < 0.0001) and ninefold (P =
0.0009) higher in Sb-resistant T5-LT-SSG-R and T8-LD-SSG-
R, respectively, compared with Sb-sensitive AG83-LD-SSG-S.
Between the two genetically diverse parasites, T5-LT-SSG-R
showed about threefold (P = 0.0003) higher N-acetyl-D-
galactosaminyl terminal sugar expression than T8-LD-SSG-R.
There was a high correlation (R = 0.99) between the expression
of N-acetyl-D-galactosaminyl and the SSG sensitivities of the
isolates (Figure 2, Supplementary Figure S2).

Expression of genes of thiol-
synthesizing enzymes

The expression of cystathionine-§ synthase (CBS),
mercaptopyruvate sulfurtransferase (MST), gamma-
glutamylcysteine synthase (Y-GCS), ornithine decarboxylase
(ODCQ), and trypanothione reductase (TR) was studied both in
Sb-resistant and Sb-sensitive parasites, and the results were
expressed as fold increase compared with the sensitive
counterpart. The gel pictures of the gene expression profiling
experiments are provided in Supplementary Figure S3. It was
observed that CBS expression was about sixfold higher in T5-
LT-SSG-R (P < 0.0001) and 2.8-fold higher in T8-LD-SSG-R (P
=0.0007) (Figure 3A) than in AG83-LD-SSG-S (and the positive
correlation value between CBS expressions and ECs, of the
isolates was determined to be R = 0.99). MST expression was
3.9-fold higher in T5-LT-SSG-R (P < 0.0001) and 2.9-fold higher
in T8-LD-SSG-R (P = 0.0002) than in AG83-LD-SSG-S, with a
positive correlation value R = 0.95 (Figure 3A). The other gene
Y-GCS was about fivefold over-expressed in T5-LT-SSG-R (P <
0.0001) and approximately 3.3-fold over-expressed in T8-LD-
SSG-R (P = 0.0004) compared with AG83-LD-SSG-S, with a
positive correlation between ECso and Y-GCS expression (R =
0.97, Figure 3A). Similarly, ODC expression was upregulated
approximately 3.9-fold in T5-LT-SSG-R (P = 0.0003) and 2.8-
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FIGURE 1

Analysis of thiol content in SSG-S (AG83-LD-SSG-S) and SSG-R (T5-LT-SSG-R and T8-LD-SSG-R) Leishmania promastigotes by flow cytometry.
The thiol content was measured using a fluorescence probe 5-chloromethylfluorescein-diacetate and presented in terms of mean fluorescence
intensity values. The inset shows the scatter plot representing the correlation between ECsq values against sodium stibogluconate and the

intracellular thiol content of each isolate

fold in T8-LD-SSG-R (P = 0.0008) compared with that in AG83-
LD-SSG-S, with a positive correlation value R = 0.96 (Figure 3A).
TR expression (Figure 3B) showed approximately 2.6- and 2.2-
fold higher expressions in SSG-R isolates (T5-LT-SSG-R; P =
0.0006, T8-LD-SSG-R; P = 0.0003, R = 0.80) than in the SSG-
sensitive counterpart (AG83-LD-SSG-S). These results have also
pointed out the enhanced over-expression of those four genes
(CBS, Y-GCS, MST, and ODC) except TR in T5-LT-SSG-R
(SSG-R L. tropica), which ranged from approximately 1.3- to
2.2-fold compared with T8-LD-SSG-R (SSG-R L. donovani)
(Figures 3A, B).

Expression of genes for
antimony reduction

The expression level of thiol-dependent reductase (TDR)
and arsenate reductase2 (ACR2) was studied and normalized for
GAPDH (Figure 4). ACR2 expression (Figure 4) was
approximately 3.8-fold higher (P = 0.0001) in T5-LT-SSG-R
and 3.2-fold higher (P = 0.0007) in T8-LD-SSG-R than in AG83-
LD-SSG-S with R = 0.84, whereas TDR expression (Figure 4)
showed around 3.5 fold higher (P = 0.0003) expression in T5-
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LT-SSG-R and 3.2 fold higher (P = 0.0004) expression in T8-LD-
SSG-R than in AG83-LD-SSG-S with R = 0.82. The respective gel
pictures of the gene expression profiling experiments can be
found in Supplementary Figure S3.

Expression of genes for
antimony transport

The expression levels of genes for antimony transport such
as aquaglyceroporin (AQP1), multidrug-resistant protein A
(MRPA), and pentamidine resistance protein 1 (PRP1) are
significantly altered between SSG-S (AG83-LD-SSG-S) and
SSG-R isolates (T5-LT-SSG-R, T8-LD-SSG-R) but not
considerably more pronounced between T5-LT-SSG-R and
T8-LD-SSG-R relative to the genes stated above. The
expression level of AQP1 was found to be upregulated
approximately four times (P < 0.0001) in AG83-LD-SSG-S
parasite compared with that of T5-LT-SSG-R and T8-LD-SSG-
R isolates, respectively, and a negative correlation exists between
ECsp and AQP1 expression (R =-0.81) (Figure 5; Supplementary
Figure S3). On the other hand, the MRPA expression (Figure 5;
Supplementary Figure S3) was approximately fourfold (P =
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FIGURE 2

Flow cytometric analysis of the differential expressions of terminal N-acetyl- D-galactosaminyl residue in promastigotes of SSG-R (T5-LT-SSG-R
and T8-LD-SSG-R) and SSG-S (AG83-LD-SSG-9) field isolates. The plot shows the binding of FITC-labeled horsegram lectin (Dolichos biflorus)
in SSG-R and SSG-S isolates. Each scatter plot in the inset represents the correlation between the ECsq of the isolates with the presence of

surface sugar residue.

0.0001) and 4.4-fold (P < 0.0001) over-expressed in T8-LD-SSG-
R and T5-LT-SSG-R isolates, respectively, compared with
AG83-LD-SSG-S with R = 0.85. Similarly, the PRP1 expression
was also approximately 4.6- and 4.2-fold upregulated in T5-LT-
SSG-R (P <0.0001) and T8-LD-SSG-R (P < 0.0001), respectively,
with R = 0.86 (Figure 5; Supplementary Figure S3).

Discussion

An understanding of drug resistance mechanism in
respective field isolates is essential because it may offer clues to
determine the drug regimen to go for, e.g, either single drug
therapeutics or combination therapy for the treatment of
patients. It also helps us to evaluate the progress and extent of
resistance in the field (Ashutosh et al., 2007).

Multifactorial determinants are responsible for variations in
the drug susceptibility of the field isolates of KA (Croft et al.,
2006). A divergence in membrane sterol (Goad et al., 1984;
Beach et al., 1988) and lipid (Beach et al., 1979) contents has
been established to lead to various drug susceptibility profiles.
The wide use of SSG in areas of hyper-endemicity may have
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changed the biochemical composition of these parasite
membranes in ways that might affect drug susceptibility
(Kumar et al., 2009). An earlier report demonstrated a variety
of biochemical and biophysical changes in SSG-resistant
Leishmania parasites (Mukhopadhyay et al., 2011) and also
delineated the association between the expression level of
terminal glycoconjugates and IL-10 induction (Mukherjee
et al., 2013).

Our previous investigation based on the in vitro amastigote—
macrophage model revealed that 46.2% of our studied field
isolates were SSG resistant—among them is L. tropica, and the
others were L. donovani (Khanra et al., 2016). A recent report
from our group furthermore confirmed the genetic
characteristics of some of those SSG-resistant isolates by whole
genome analysis (Sarraf et al., 2021). We have taken the SSG R
-L. tropica (T5-LT-SSG-R; ECsy = 45.17 + 3.55, pg/ml) and one
SSG-R L. donovani (T8-LD-SSG-R; ECsy = 18.77 + 4.84, pg/ml)
clinical isolate along with one SSG-S L. donovani (AG83-LD-
SSG-S; ECsp = 1.87 +0.07, pug/ml) isolate for our present study to
investigate the relationship between the evolution of molecular
mechanism and SSG-resistant phenotype in genetically
heterogeneous field isolates.
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Leishmania produce huge, glycosylated proteins and
proteoglycans that have a significant role in parasite virulence
(Merida-de-Barros et al., 2018). It is demonstrated that the
metacyclogenesis in Leishmania parasites is connected with
alterations of surface glycoconjugates (Monteiro Tinel et al.,
2014) that, in the resistant isolates, were found to be upregulated
(Vanaerschot et al., 2010). We have observed significantly higher
terminal glycan levels in T5-LT-SSG-R and T8-LD-SSG-R,
respectively, than in AG83-LD-SSG-S.

It is documented that the thiol content in the SSG-R isolate is
higher than that of the SSG-S isolate (Singh et al.,, 2014), and our
results are offering credence to such a notion. The present study also
revealed a very high correlation coefficient (r = 0.99) between SSG
resistance and intracellular non-protein thiol content in the isolates
studied here. Interestingly, our data revealed that the thiol content
of the T5-LT-SSG-R isolate is approximately 30.98-fold higher than
in AG83-LD-SSG-S and 1.9-fold higher than that of T8-LD-SSG-R
isolate. Our data also revealed that T8-LD-SSG-R had
approximately 16.30 fold (P < 0.0001) higher intracellular thiol
content than that of AG83-LD-SSG-S. This observation prompted
us to search the potential association between the intracellular thiol
content and the expression of genes of thiol-metabolizing enzymes.

Our study demonstrated the over-expression of AQP1 in
AG83-LD-SSG-S isolate with respect to T5-LT-SSG-R and T8-
LD-SSG-R isolates. AQP1 facilitates SSG uptake into the cell
(Haldar et al., 2011; Decuypere et al., 2012). The rest of the genes
that are responsible for thiol metabolism and antimony
transport were all significantly upregulated in all the SSG-R
isolates (T5-LT-SSG-R and T8-LD-SSG-R). Among all of the
genes studied, the four genes (CBS, Y-GCS, MST, and ODC)
showed a considerable over-expression in SSG-R L. tropica
isolate (T5-LT-SSG-R) whose range of over-expression varied
from 3.8- to 6.1-fold compared with SSG-S L. donovani isolate
(AG83-LD-SSG-S), whereas it was 1.3- to 2.2-fold higher in the
other SSG-R isolate (T8-LD-SSG-R) than in the sensitive
counterpart. It has been reported earlier that the pronounced
expressions of ODC and Y-GCS in drug-resistant parasites help
in the production of trypanothione precursors such as
glutathione and spermidine (Grondin et al, 1997; Haimeur
et al.,, 1999) and are also related to an increased thiol level in
the antimony-resistant parasites (Mukherjee et al., 2007; Mittal
et al., 2007). The other two genes, MST and CBS, also play key
roles in the production of cysteine, the other thiol source of
trypanosomatids (Nozaki et al., 2001). At this point, it could be
strongly postulated that our SSG-R L. tropica isolate would show
a stronger SSG-resistant phenotype than SSG-R L. donovani
isolate due to the pronounced expressions of those four specific
thiol-metabolizing genes (CBS, Y-GCS, MST, and ODC). This
observation also supported our earlier report that showed the
higher ECs value of the L. tropica isolate, T5-LT-SSG-R (ECs, =
45.17 + 3.55, pug/ml), towards SSG compared with that of other
isolates (IChanra et al,, 2016). The rest of the genes studied, such
as ACR2 and TDRI, have the ability to catalyze the reduction of
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anti-leishmanial pentavalent antimony to trivalent antimony,
and two other genes (MRPA and PRP1) are reported as ABC
transporters (Denton et al., 2004; Wyllie et al., 2004; Decuypere
et al,, 2012). Our present study revealed that the expressions of
those genes (ACR2, TDR, TR, MRPA, and PRP1) are not
statistically different between two SSG-resistant isolates, T5-
LT-SSG-R and T8-LD-SSG-R, but significantly different from
SSG-sensitive isolate AG83-LD-SSG-S, which is in congruence
with earlier reports stating that the upregulation of MRPA,
PRP1, ACR2, TDR, and TR genes may contribute in
conferring resistance to the antimonial drug (Mukhopadhyay
et al.,, 2011; Ponte-Sucre et al., 2017).

Our results showed that thiol-metabolizing genes play a
crucial role in determining the antimony resistance phenotype
in genetically divergent clinical isolates of Indian Kala-azar.

Conclusion

We may conclude that the altered levels of expression of
thiol-metabolizing genes are responsible for the antimony-
resistant phenotype in genetically different resistant isolates
causing Indian Kala-azar.

Limitation and strength of the study

The limitation of the present study is the small sample size (1 =
3). The strength of the present study is that it depicted the
comparative profiles of the antimony resistance mechanism of
two recent clinical isolates identified as L. donovani (T8-LD-SSG-
R) and L. tropica (T5-LT-SSG-R), which are both resistant to SSG.
The results were compared with their SSG-sensitive counterpart
(AG83-LD-SSG-S). To the best of our knowledge, this is the first
report in which we showed that the antimony resistance
mechanism of two field isolates belonging to two different
Leishmania species causing the same disease is essentially similar.
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SUPPLEMENTARY FIGURE 1

Flow cytometric analysis of thiol content in Leishmania. Analyses of the
thiol content in promastigotes of SSG-S L. donovani (A: AG83-LD-SSG-S),
SSG-R L. donovani (B: T8-LD-SSG-R), and SSG-R L. tropica (C: T5-LT-
SSG-R) were performed with fluorescence probe 5-
chloromethylfluorescein-diacetate. Our result denoted that the thiol
content has been varied among the SSG-S and SSG-R isolates
studied here.

SUPPLEMENTARY FIGURE 2

Flow cytometric analysis of surface sugar in Leishmannia promastigotes.
Terminal N-acetyl-D galactosaminyl residues in Leishmannia
promastigotes were measured by the binding of FITC-labeled
horsegram (Dolichos biflorus) lectin in SSG-R and SSG-S isolates. Our
data revealed the differential expressions of the terminal N-acetyl-D-
galactosaminyl residue in the promastigotes of SSG-S Leishmania
donovani (A: AG83-LD-SSG-S) and SSG-R Leishmania donovani (B: T8-
LD-SSG-R) and SSG-R Leishmania tropica (C: T5-LT-SSG-R).

SUPPLEMENTARY FIGURE 3

Gel images of the studied gene expressions. GAPDH mRNA expressions:
lane 1, AG83-LD-SSG-S; lane 2, T8-LD-SSG-R; lane 3, T5-LT-SSG-R.
AQP1 mRNA expressions: lane 1, T8-LD-SSG-R; lane 2, T5-LT-SSG-R;
lane 3, AG83-LD-SSG-S. ACR2 mRNA expressions: lane 1, T5-LT-SSG-R;
lane 2, T8-LD-SSG-R; lane 3, AG83-LD-SSG-S. CBS mRNA expressions:
lane 1, T5-LT-SSG-R; lane 2, T8-LD-SSG-R; lane 3, AG83-LD-SSG-S. y-
GCSMRNA expressions: lane 1, T5-LT-SSG-R; lane 2, T8-LD-SSG-R; lane
3, AG83-LD-SSG-S. MST mRNA expressions: lane 1, AG83-LD-SSG-S;
lane 2, T5-LT-SSG-R; lane 3, T8-LD-SSG-R. ODC mRNA expressions: lane
1, T8-LD-SSG-R; lane 2, T5-LT-SSG-R; lane 3, AG83-LD-SSG-S. MRPA
MRNA expressions: lane 1, AG83-LD-SSG-S; lane 2, T5-LT-SSG-R; lane 3,
T8-LD-SSG-R. PRP1 mRNA expressions: lane 1, T5-LT-SSG-R; lane 2, T8-
LD-SSG-R; lane 3, AG83-LD-SSG-S. TDR mRNA expressions: lane 1,
AG83-LD-SSG-S; lane 2, T5-LT-SSG-R; lane 3, T8-LD-SSG-R. TR mRNA
expressions: lane 1, T8-LD-SSG-R; lane 2, AG83-LD-SSG-S; lane 3, T5-
LT-SSG-R.
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Introduction: Toxoplasma gondii and Neospora caninum are closely related
intracellular protozoan parasites of medical and veterinary concern by causing
abortions and systemic illness. Limited or ambiguous data on the prevalence of
T. gondii and N. caninum in camels triggered us to conduct this study.

Methods: Camels (n = 460) recently imported from Sudan and destined mainly
for human consumption, were tested for specific antibodies against these
protozoans using commercially available ELISAs. From the two only quarantine
stations for camels from Sudan, 368 camels were sampled between November
2015 and March 2016 in Shalateen, Red Sea governorate, and 92 samples were
collected between September 2018 and March 2021 from Abu Simbel, Aswan
governorate.

Results & Discussion: Overall, seropositive rates in camels were 25.7%, 3.9%
and 0.8% for T. gondii, N. caninum and mixed infection, respectively. However,
marked differences were found between the two study sites and/or the two
sampling periods: For T. gondii, a higher rate of infection was recorded in the
Red Sea samples (31.5%, 116/368; odds ratio 20.7, 5.0-85.6; P<0.0001) than in
those collected in Aswan (2.2%, 2/92). The opposite was found for N. caninum
with a lower rate of infection in the Red Sea samples (0.82%, 3/368; odds ratio
237, 6.7-83.9; P<0.0001) than in the samples from Aswan (16.3%, 15/92).
Additionally, our systematic review revealed that the overall published
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seroprevalence of T. gondii and N. caninum was 28.6% and 14.3% in camels
worldwide, respectively. To the best of our knowledge, this study provides the
first record of seroprevalence of both T. gondii and N. caninum in recently
imported camels kept under quarantine conditions before delivery to other
Egyptian cities and regions. In addition, our review provides inclusive data on
the prevalence of T. gondii and N. caninum in camel globally. This knowledge
provides basic data for the implementation of strategies and control measures
against neosporosis and toxoplasmosis.

KEYWORDS

toxoplasmosis, neosporosis, camel, dromedary, ELISA, Egypt

Introduction

Globally, the population size of large camelids (dromedary,
Camelus dromedarius, and Bactrian camel, C. bactrianus) is
estimated at over 35.5 million heads; dromedaries constitute
95% of them with the largest populations being reared in Africa
and the Middle East (Zhu et al.,, 2019; FAOSTAT, 2020; Faye,
2020; Khalafalla and Hussein, 2021). Camels are vital to many
countries’ economies, primarily those in the Arabian Peninsula,
Sudan, Somalia and Ethiopia, wherein they are being used to
produce milk, meat, wool, and hides, and as draught and racing
animals (Zarrin et al., 2020; Khalafalla and Hussein, 2021).
However, camels have been well documented to transmit a
number of zoonotic diseases to humans, among others the
protozoan parasite Toxoplasma gondii (Sazmand et al., 2019;
Zhu et al., 2019; Hughes and Anderson, 2020; Mohammadpour
et al,, 2020). Transmission of T. gondii to humans may occur by
eating raw or undercooked camel meat or offal, such as the liver,
which is widely consumed by pastoralists (Gebremedhin et al,
2014). Another source of transmission might be unpasteurized
camel milk (Boughattas, 2017; Sazmand et al., 2019), which is
consumed for its higher vitamin C and iron content than cow’s
milk, and for attributed important therapeutic effects for type 1
diabetes as well as allergy reduction in children.

Toxoplasma gondii and Neospora caninum are obligate
intracellular protozoan parasites that infect a wide variety of
domestic and wild animals as well as humans in case of T. gondii
(Dubey, 2003; Dubey et al., 2007; Dubey, 2010). Toxoplasma
gondii affects most warm-blooded animals and is implicated in
abortion cases in women, ewes and sows. Similarly, N. caninum
is an abortifacient agent in many mammalian species,
particularly in cattle. Natural T. gondii and/or N. caninum
infections of livestock are mainly acquired through the
consumption of oocysts contaminating food and/or water
(Elamin et al., 1992; Dubey, 2003; Dubey et al., 2007; Moore
and Venturini, 2018), or through intrauterine infection.
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Clinical and congenital toxoplasmosis in camels is limited to
a few reports and likely underestimated in dromedaries; clinical
manifestation was described as hemorrhagic enterocolitis and
toxoplasmic peritonitis (Hagemoser et al, 1990; Riley et al,
2017; Sazmand et al., 2019), and more recently, abortion related
to T. gondii was documented in a Bactrian Camel (Komnenou
et al., 2022). Despite instances of anti-N. caninum antibodies in
camels’ sera, clinical illness in large camelids has not yet been
reported (Sazmand and Joachim, 2017).

In Egypt, some reports have investigated the seroprevalence
of T. gondii and N. caninum in camels using different serological
tests and on animals selected from different regions with special
interest for those in Greater Cairo and Nile Delta regions
(reviewed by Rouatbi et al., 2019; Abbas et al., 2020). Reported
seroprevalence rates varied widely between 3.3% and 96.4%
(Kuraa and Malek, 2016; Saad et al., 2018). Only two studies
detected anti-N. caninum antibodies in camels in Egypt so far;
Hilali et al. (1998) in Cairo using Neospora agglutination test
found a seroprevalence of 3.7%, while Selim and Abdelhady
(2020) in various Egyptian governorates using ELISA
determined 11% seropositive animals, respectively. Nothing is
known about the seroprevalence of these protozoans in camels
imported to Egypt and destined for human consumption.

The global pooled seroprevalence of T. gondii infection in
the Camelidae family was found to be 28.16% by a meta-analysis
based on 42 studies that included large camelids (dromedary and
Bactrian camels) and small camelids (guanaco, llamas, vicunas,
and alpacas) (Maspi et al, 2021). As there was no particular
focus on large camelids, and as some articles on T. gondii
seroprevalence have been published in regional journals, we
performed a systematic search using different databases for a
comprehensive assessment of infections. Furthermore, there was
no literature review of N. caninum prevalence in camels. Thus,
we aimed to review the studies conducted on T. gondii and N.
caninum infections in large camelids globally. This work had
thus two aims: First, to establish the seroprevalence of T. gondii
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and N. caninum in recently imported camels from Sudan and
kept at Shalateen quarantine, Red Sea governorate and Abu
Simbel quarantine, Aswan governorate, Southern Egypt. Second,
to conduct a systematic review including all published
prevalence and genotyping data in large camels worldwide.
The extending cross-comparisons between our results and
resources from Egyptian and global studies can be used to
address this serious public health issue in order to better
understand the parasite epidemiology in large camelids.

Materials and methods
Ethical statement

This study was conducted according to instructions
established by the “Research Board” of the Faculty of
Veterinary Medicine, South Valley University, Qena, Egypt.
The protocols were approved by Research Code of Ethics at
South Valley University number 36 (RCOE-36). Blood samples
were collected by a group of highly trained veterinarians and
staff after consultation with the officials and animal owners.

10.3389/fcimb.2022.1042279

Animal population and geographic
locations

A total of 460 blood samples were randomly collected from
recently imported camels at the only two Egyptian quarantine
stations for camels imported from Sudan. Shalateen quarantine
station belongs to the Red Sea governorate and is situated in
southeastern Egypt, while Abu Simbel quarantine station, Aswan
governorate, is situated in central south Egypt (Figure 1). Camels
arriving at these quarantine points are usually imported in a way
known as Dabuka journey, in which about 100-200 camels led by
an expert man are walking for several days through the Sudanese
and Egyptian desert. These camels are usually collected from
different regions in Sudan, with camels of Eastern Sudan arriving
at Shalateen and those of Western Sudan arriving at Abu Simbel
(Figure 1B). At the Egyptian-Sudanese border, camels pass
Argeen port before being sent to Abu Simbel, or Ras Hadarba
port before arriving in Shalateen, respectively, where they are
quarantined for 14 days or less (Figure 1B). During this period,
camels are routinely checked for Rift valley fever and Corona
virus infections by specific laboratory tests, and examined for
apparent clinical abnormalities before permitting entrance to
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Geographical location of sample collection. (A) Map of Egypt illustrating the collection sites for camel samples in Southern Egypt. (B) Landscape
enlarged area of testing samples. Blue arrow indicates the journey route of camel herds after crossing the Sudanese-Egyptian border at Argeen
checking point (a) until reaching Abu Simbel quarantine (1). Red arrow shows the journey path of camel herds after crossing the Sudanese-
Egyptian border at Ras Hadarba checking point (b) until reach Shalateen quarantine (2).
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different Egyptian cities. Screening for T. gondii or N. caninum
infection is not part of the mandated protocol. Most if not all of
the imported camels are adult males, and they are primarily
destined for human consumption and some for use as transport
animals. In Shalateen, 368 samples were collected from
November 2015 to March 2016 with two separate visits, one
from November to December 2015 (n = 100 samples) and
another from February to March 2016 (n = 268 samples). In
Abu Simbel, 92 samples were collected from September 2018 to
March 2021.

Serum sample collection and preparation

Blood samples were collected via puncture of the jugular
vein using glass tubes without anticoagulant. All blood samples
were kept in an icebox during transportation until separation of
serum at Shalateen Laboratory for those collected at Shalateen
quarantine, and our laboratory at South Valley University for
those collected from Abu Simbel. Serum samples from Shalateen
laboratory were sent in an icebox to our laboratory and all
samples were stored at —20°C at the Faculty of Veterinary
Medicine, South Valley University, Qena, until use in
ELISA testing.

ELISA testing and interpretation
of results

Serum samples of camels were tested for anti-T. gondii and
anti-N. caninum antibodies, respectively, using commercial Multi-
species ELISA kits (ID Screen® Toxoplasmosis Indirect Multi-
species and 1D Screen® Neospora caninum Competition, both ID
Vet, Grables, France). Positive and negative control sera were
provided in the kits and the tests were done following the
manufacturer’s instructions. The optical density (OD) of ELISA
results was read at 450 nm measured with an Infinite® F50/Robotic
ELISA reader (Tecan Group Ltd., Minnedorf, Switzerland).

The Toxoplasmosis kit detects specific immunoglobulin G
(IgG) antibodies against the P30 T. gondii protein using a
peroxidase-conjugated anti-multi-species secondary antibody.
The percentage sample (S) to positive (P) ratio (S/P %) for
each of the test samples was calculated according to the
following formula:

OD sample — OD negative control 100

S/P% — - X
OD positive control — OD negative control

The samples with S/P% values greater than 50% were

considered to be positive, those between 40 and 50% were

classified as doubtful, and measurements less than or equal to
40% were considered to be negative as per the manufacturer.

The N. caninum kit detects specific antibodies against a

purified N. caninum extract, using an anti-N. caninum-
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peroxidase-conjugated competing antibody. The percentage
sample (S) to negative (N) ratio (S/N %) for each of the test
samples was calculated according to the following formula:

OD sample
100

S/N% OD negative control

The samples with S/N% values less than or equal to 50%
were considered to be positive, those greater than 50% and less
than or equal to 60% were classified as doubtful, and
measurements greater than 60% were considered to be
negative as per the manufacturer.

Statistical analysis

The significance of the differences in the prevalence rates was
analyzed with Chi-square (Pearson) test, 95% confidence
intervals (including continuity correction) and odds ratios
using an online statistical website www.vassarstats.net
(accession dates; 01-02 July, 2022) as described previously
(Fereig et al, 2016a; Fereig et al., 2016b). P-values and odds
ratio were confirmed also with GraphPad Prism version 5
(GraphPad Software Inc., La Jolla, CA, USA). The results were
considered significant when the p-value was< 0.05 (*) or highly
significant when p-value was< 0.0001 (**).

Data searching strategy

PubMed, Scopus, Web of Science, ScienceDirect, and Google
Scholar were searched for studies on camel toxoplasmosis and
neosporosis published in English up to 2022 (May, 2022). In
addition, the Egyptian knowledge bank’s website (http://www.
ekb.eg) was searched to collect papers from Egypt published in
local journals. Toxoplasma gondii and Neospora caninum were
used as search terms, along with the keyword “camel(s).” Studies
were considered eligible for inclusion if they found positive
samples for toxoplasmosis and neosporosis in both the one-
humped dromedary camels (Camelus dromedarius) and the two-
humped Bactrian camels (Camelus bactrianus).

Articles on both serodiagnosis and molecular investigations
of either parasite using serum, milk and meat samples were
eligible. Data from eligible studies on infections of camels was
organized in a database, and the following information was
extracted: sub-region/country, sample size, number of positives
(%), detection methods, study year (date of samples collection),
cut-off values, genetic markers and revealed genotypes (where
recorded), and references with publication date. Different
serological tests were included to study the prevalence of both
parasites. Even in a single article, two tests may have been used,
all of which were included in our literature review. Studies with
more than one test were also combined with others after
selection of the test with highest number of positives for
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estimating the pooled prevalence of both parasites either in
Egypt or worldwide.

Results

Seroprevalence for T. gondii and N.
caninum infection in camels imported

to Egypt

In this study, specific antibodies against T. gondii were
detected in 118 of the 460 surveyed animals (25.7%; 95% CI:
21.8-29.9). Consistently, 18 camels tested positive for N.
caninum antibodies (3.9%; 95% CI: 2.4-6.2), and mixed
infection was determined in 3 animals (0.65%; 95% CI: 0.17-
2.1) (Table 1).

Based on available data, the location and period of sample
collection were identified to have a significant influence on the
presence of T. gondii and N. caninum antibodies in recently
imported camels in Egypt. A significantly higher seroprevalence
rate for T. gondii was recorded in animals sampled at Shalateen
Quarantine, Red Sea governorate (31.5%; odds ratio = 20.7; P
=<0.0001) compared to camel samples collected at Abu Simbel
Quarantine, Aswan governorate (2.2%). Samples in Shalateen
were collected between November to December 2015 and
between February to March 2016, and those in Aswan
between January 2018 to January 2021. Thus, the same effect
was seen when univariable analysis of period of sample
collection was performed. Samples collected between
November to December 2015 and between February to March
2016 showed higher seropositive rates (27%; OR = 16.6; P

10.3389/fcimb.2022.1042279

=<0.0001, and 33.2%; OR = 26.3; P =<0.0001), respectively)
than those collected between Jan 2018 to Jan 2021 (2.2%) set as a
reference group (Table 2).

In case of N. caninum in camels, the seroprevalence rate
recorded in animals sampled at Shalateen quarantine (0.82%;
OR = 23.7; P =<0.0001) was significantly lower than that
reported in camel samples collected at Abu Simbel Quarantine
(16.3%). Again, this was also reflected when the collection
periods were compared. The seropositive rates of samples
collected between November to December 2015 and between
February to March 2016 were lower (1%; OR = 19.3; P = 0.00013,
and 0.7%; OR = 25.9; P =<0.0001), respectively) than in the
samples collected between September 2018 to March 2021
(16.3%) set as a reference group (Table 3).

Global systematic review data

A total of 79 studies were included and reviewed in this
article comprising 74 articles on large camels’ toxoplasmosis and
14 articles conducted on neosporosis, respectively, of which 9
articles investigated both parasites. For Egypt, a pooled
prevalence rate of 38.5% for antibodies against T. gondii was
found in 1,444 serum samples of dromedaries collected from
various governorates and tested with various assays (Table 4).
Furthermore, 71 milk samples from camels tested for T. gondii
antibodies revealed a pooled prevalence of 18.3% in this matrix
(Table 4). For antibodies against N. caninum, a pooled
prevalence of 8.4% was found in 443 serum samples (Table 5).
Globally, 12,092 serum samples collected from large camels were
investigated for T. gondii antibodies, of which 3,457 were found

TABLE 1 Seroprevalence of Toxoplasma gondii, Neospora caninum and mixed infection in camels in Egypt.

Type of infection No. of tested No. of negative (%)

T. gondii 460 332 (72.2)
N. caninum 460 438 (95.2)
Mixed infection 460 457 (99.4)

* 95% CI calculated according to method described by (http://vassarstats.net/).

TABLE 2 Factors influencing anti-Toxoplasma gondii antibodies in camels in Egypt.

Analyzed factor No. of tested No. of negative (%)
Collection region

Shalateen (Red Sea) 368 252 (68.5)

Abu Simbel (Aswan) 92 90 (97.8)
Collection time

Nov 2015 - Dec 2015 100 73 (73)

Feb 2016 - Mar 2016 268 152 (56.7)

Sep 2018 — Mar 2021 92 90 (97.8)

# Odds ratio at 95% confidence interval as calculated by http://vassarstats.net/.

No. of doubtful (%) No. of positive (%) 95% CI*
10 (2.2) 118 (25.7) 21.8-29.9
4 (0.87) 18 (3.9) 24-6.2
0 3 (0.65) 0.17-2.1
No. of positive (%) OR (95% CI)* P-value®
<0.0001**
116 (31.5) 20.7 (5.0-85.6) Ref
2(2.2) Ref
<0.0001** <0.0001**
27 (27) 16.6 (3.8-72.3) Ref
89 (33.2) 263 (6.3-109.6)
2(22) Ref

*P value was evaluated by Chi square test (Pearson test) using online statistics software http://vassarstats.net/ and GraphPad Prism version 5.

** The result is significant at P< 0.0001.
Ref; value used as a reference.
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TABLE 3 Factors influencing anti-Neospora caninum antibodies in camels in Egypt.

10.3389/fcimb.2022.1042279

Analyzed factor No. of tested No. of negative (%) No. of positive (%) OR (95% CI)* P-value®
Collection region <0.0001**
Shalateen (Red Sea) 368 365 (68.5) 3(0.82) 23.7 (6.7-83.9) Ref
Abu Simbel (Aswan) 92 77 (97.8) 15 (16.3) Ref
Collection time 0.00013* <0.0001**
Nov 2015 - Dec 2015 100 99 (99) 1(1) 19.3 (2.5-149.2) Ref
Feb 2016 - Mar 2016 268 266 (99.3) 2(0.7) 25.9 (5.8-115.8)
Sep 2018 - Mar 2021 92 77 (83.7) 15 (16.3) Ref
# Odds ratio at 95% confidence interval as calculated using http://vassarstats.net/.
*P value was evaluated by Chi square test (Pearson test) using online statistics software http://vassarstats.net/ and GraphPad Prism version 5.
* The result is significant at P < 0.05.
**The result is significant at P < 0.0001.Ref,; value used as a reference.
TABLE 4 Seroprevalence of anti-Toxoplasma gondii antibodies in camels (Camelus dromedarius and Camelus bactrianus) worldwide.
Country Region Study No. No. positive (%)  Diagnostic ~ Cut- Reference
Year tested methods off
Afghanistan* Kabul 1974 19 14 (73.7) THA 1:64 Kozojed et al. (1976)
Algeria Biskra, El- Oued, Ouargla, and Ghardaia 2018 320 48 (15) ELISA MI  Abdallah et al. (2020)
China® Qinghai 2010- 234 7 (2.99) THA 1:64 Wang et al. (2013)
2011
Czech - 2001- 36 22 (61) IFAT 1:50  Bartova et al. (2017)
Republic® 2011 25 (69) ELISA MI
Egypt Different - 49 3 (6.1) IFA Maronpot and Botros
(1972)*
Ismailia - 43 29 (67.4) DT 1:8  Rifaat et al. (1977)*
Assiut - 80 12 (15.0) DT 1:16  Michael et al. (1977)*
Menoufiya - 80 15 (18.7)
Matrouh - 80 40 (50.0)
Menoufiya - 30 17 (56.7) DT 1:8  Rifaat et al. (1978)?
Assiut - 119 30 (24.4) DT 1:4  Fahmy et al. (1979)°
Sharkia - 19 5(26.3) IHA El-Ridi et al. (1990)*
Gharbia - 36 6 (16.7) THA 1:64  Ibrahim et al. (1997)*
Cairo NS 166 29 (17.4) MAT 1:25  Hilali et al. (1998)
Cairo NS 150 127 (18.0), % 30 (20.0), MAT# 1:25  Shaapan and Khalil (2008)
? 46 (30.7),
*41(27.3)
Cairo NS 60 40 (66.7) ELISAY NS  Toaleb et al. (2013)
Assiut 2014- 56 20 (35.7) 54 (96.4) LAT 1:2  Kuraa and Malek (2016)
2016 ELISA MI
Cairo, Giza NS 34 9 (26.5) ELISA NS  Elfadaly et al. (2017)
Mersa Matrooh 2014 53 32 (60.37) LAT MI  Osman et al. (2016)
Qalyubia 2014- 120 6 (5) IHA MI  Ahmed et al. (2017)
2015 63 (52.5) iELISA
Upper Egypt NS 30-Milk 1(3.33) ELISA MI  Saad et al. (2018)
Aswan 2017 37 12 (32.4) LAT MI  Sameeh et al. (2021)
Matrouh 2016- 124 80 (64.51) ELISA MI Khattab et al. (2022)
2017
Beni Suef, Giza, Monufa, Alexandria, Sharqia, ~ 2019- 108 34 (31.48) ELISA MI  Zeedan et al. (2022)
Matruh, and Faiyum 2021 41-Milk 12 (29.26)
Ethiopia Fentale 2012- 455° 220 (49.62) DAT 1:40  Gebremedhin et al. (2014)
2013 451° 179 (40.49) iELISA MI
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TABLE 4 Continued

Country Region Study No. No. positive (%)  Diagnostic  Cut- Reference
Year tested methods off
Afar NS 384 262 (72.9) MAT 1:40 Hadush et al. (2015)
Borana 2013- 396 33 (8.33) DAT 1:40  Gebremedhin et al. (2016)
2014
Oromia 2011- 292 42 (14.38) iELISA MI Tilahun et al. (2018)
2013
India Rajasthan NS 108 12 (11.1) SEDT 1:4  Gill and Prakash (1969)
231 25 (10.8) IHA 1:16
Iraq Al-Najaf 2011- 360 91 (25.2) LAT MI  Mahmoud et al. (2014)
2012 91 15 (16.4) ELISA
Wasit NS 92 19 (20.6) ELISA NS  Asal and Al Zubaidy (2016)
Al-Najaf 2014- 227 70 (30.8) LAT MI  Al-Dhalimy and Mahmoud
2015 70 16 (22.8) iELISA (2019)
Kirkuk 2018 76 20(26.3) SFDT 1:16  Yawoz et al. (2021)
Iran Mashhad 2004- 120 5 (4.16) IFAT 1:20  Sadrebazzaz et al. (2006)
2005
Isfahan - 310 87 (28.06) IFAT 1:16  Hosseininejad et al. (2010)
Tehran, Isfahan, and Fars 2011- 160-Milk 3(1.87) cELISA - Dehkordi et al. (2013)
2012
Yazd 2008- 254 37 (14.56) MAT 1:20  Hamidinejat et al. (2013)
2009
southern provinces 2013- 493 49 (9.93) ELISA MI  Azma et al. (2015)
2014
Kerman, Razavi Khorasan, and south 2015 50 13 (26) MAT 1:20  Tavakoli Kareshk et al.
Khorasan (2018)
Ttaly Southern 2014 9¢ 2(22) IFAT 1:50  Markova et al. (2019)
5 2 (40)
Nigeria Kano NS 159 0 (0) IHA 1:64 Okoh et al. (1981)
Pakistan Bahawalpur NS 100 10 (10) LAT 1:16  Chaudhry et al. (2014)
Punjab 2015 201 36 (17.91) LAT MI Lashari et al. (2018)
Punjab 2016 897 360 (40.1) iELISA 1:100 Fatima et al. (2019)
Mianwali 2017- 350 133 (38.0) iELISA NS Shehzad et al. (2022)
2018
Saudi Arabia - NS 46 0 THA 1:64 Hossain et al. (1987)
- NS 227 36 (16) THA 1:64 Hussein et al. (1988)
Riyadh 2010 412 27 (6.5%) IFAT 1:20  Al-Anazi (2011)
Al-Riyadh, Alharig, Al- Solyl, Dar- maa and 2009- 482 219 (45.44) iELISA MI  Al-Khatib (2011)
Wady Al- Dawaser 2010
Al-Ahsa 2010 210 17 (8) ELISA MI  Al-Mohammed (2011)
Ad-Dawadimi, Shaqra, Afif, Al-Quwayiyah NS 713 94 (13.1) LAT 1:8  Al-Anazi (2012)
Riyadh NS 182 43 (23.6) IFAT 1:32 Alanazi (2013)
Najran 2014 90 22 (24.4) IHA 1:80 Mosa et al. (2015)
19 (21.1) ELISA 1:80
Qassim NS 141 0 (0) ELISA MI  Derar et al. (2017)
Hofuf, Riyadh, Tabuk, Jizan, Taif NS 199 68 (34.2) ELISA Mohammed et al. (2020)
Somalia Benadir NS 64 4(6.3) LAT 1:2  Kadle (2014)
Spain Canary Islands 2012 96 35 (36.5) MAT 1:25 Mentaberre et al. (2013)
Sudan Kordofan and central regions 1982- 204 111 (54.4) THA 1:40  Zain Eldin et al. (1985)
1983
Tamboul and Butana plains NS 95 11 (11.57) THA 1:64  Abbas et al. (1987)
Tampoul NS 102 23 (22.5) MSF 1:5 Bornstein and Musa (1987)
Butana plains NS 482 323 (67) LAT 1:8  Elamin et al. (1992)
(Continued)
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TABLE 4 Continued

Country Region Study No. No. positive (%)  Diagnostic  Cut- Reference
Year tested methods off
Butana area, north and south Kordofan NS 153 34 (22.2) LAT 1:4  Khalil et al. (2007)
Khartoum NS 70 14 (20) LAT 1:8  Khalil and Elrayah (2011)
Tumbool 2009 100 44 (44) LAT NS  Basheir et al. (2012)
Khartoum 2012- 61 33 (54.1) LAT 1:2  Ibrahim et al. (2014);
2014 Ibrahim et al. (2015)
Tamboul NS 150 47 (31.3) LAT NS  Elias et al. (2017)
West Kordofan, and Blue Nile states NS 45 6 (13.3) LAT 1:32  Abdelbaset et al. (2020)
Turkey Nevsehir 2010 11 10 (90.9) SFDT 1:16  Utuk et al. (2012)
UAE Abu Dhabi NS 97 30 (30.9) DAT 1:24  Afzal and Sakkir (1994)
143 52 (36.4) IHA 1:220
NS NS 100 18 (18) LAT 1:64 Chaudhary et al. (1996)

ELISA, enzyme-linked immunosorbent assay; DAT, direct agglutination test; IHA, indirect hemagglutination; LAT, latex agglutination test; MAT, modified agglutination test; MSF,
modified Sabin-Feldman dye test; SFDT, Sabin-Feldman Dye Test; cELISA, Capture Enzyme-Linked Immunosorbent Assay; MI; Data results interpretations were done according to
Manufacturer’s Instructions; NS, not stated.

*Studies were reviewed by Abbas et al., 2020.

“Samples were from the same animals but different sample size for the two used tests.

* The species of camels were not indicated.

# MAT was conducted using formalin-treated whole tachyzoites from different antigen; ! RH strain, 2 local equine strain, 3 local camel strain and * local sheep strain.

¥ ELISA using T. gondii camel strain isolated fraction.

© Bactrian camels.

to be positive giving an estimated overall prevalence of 28.6% Discussion
(Table 4). Meanwhile, 2,654 serum samples were investigated for

N. caninum antibodies, of which 380 samples were positive, In the present study, we investigated the seroprevalence of T.
resulting in an estimated pooled prevalence of 14.3% (Table 5). gondii and N. caninum in camels recently imported to Egypt
Toxoplasma gondii type 1, II, and IIT were identified in meat, from Sudan. The quarantine stations of Shalateen, Red Sea
blood and milk samples from camels using different molecular governorate, and Abu Simbel, Aswan governorate, are the only
markers (Table 6). gates for importing camels to Egypt coming from Sudan. These

TABLE 5 Seroprevalence of anti-Neospora caninum antibodies in camels (Camelus dromedarius and Camelus bactrianus) worldwide.

Country Region Study No. No. positive Diagnostic Cut- Reference
Year tested (%) methods off

Czech - 2001-2011 36 17 (47) IFAT 1:50 Bartova et al. (2017)

Republic 11 (31) cELISA MI

Egypt Cairo NS 161 6 (3.7) NAT 1:40 Hilali et al. (1998)
Red Sea, Qalyubia, Kafr 2018-2019 282 31 (11) ELISA MI Selim and Abdelhady
ElSheikh (2020)

Iran Mashhad 2004-2005 120 7 (5.83) IFAT 1:20 Sadrebazzaz et al. (2006)
Isfahan 2008 310 10 (3.22) IFAT 1:50 Hosseininejad et al. (2009)
Yazd 2008-2009 254 10 (3.94) NAT 1:20 Hamidinejat et al. (2013)
Bushehr NS 92 25 (27) NAT 1:20 Namavari et al. (2017)

Ttaly Southern 2014 9° 0 (0) IFAT 1:50 Markova et al. (2019)

5 0 (0)

Pakistan Punjab 2014-2015 81 9 (11.1) cELISA MI Nazir et al. (2017)

Spain Canary Islands 2012 100 86 (86) cELISA MI Mentaberre et al. (2013)

Saudi Arabia  Riyadh 2010 412 23 (5.6) IFAT 1:20 Al-Anazi (2011)
variable 2013 532 117 (21.99) ELISA MI Aljumaah et al. (2018)
Hofuf, Riyadh, Tabuk, Jizan, NS 199 33 (16.6) ELISA MI Mohammed et al. (2020)
Taif

Sudan Khartoum 2013-2014 61 6(9.8) cELISA NS Ibrahim et al. (2015)

ELISA, enzyme-linked immunosorbent assay; cELISA, competitive ELISA; IFAT, indirect fluorescent antibody test; NAT, Neospora agglutination test; MI; Data results interpretations were
done according to Manufacturer’s Instructions; NS, not stated.
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TABLE 6 Summary of molecular detection and genotyping reports for T. gondii and N. caninum infecting camels worldwide.

Country Region Type of Study Marker# No. No. Isolates  Genotyping Protozoan  Reference
samples  Year tested positive  (no.) method species/
(%) Remarks
Egypt Qalyubia Blood 2014- NC-5 50 12 (24) 4 - - Ahmed et al.
2015 (2017)
Cairo, Giza Diaphragm NS Bl 9 5 (55.5) 2 PCR-RFLP (5'- T. gondii (type  Elfadaly et al.
and thigh SAG2, 3'-SAG2) 1L, III) (2017)
muscles
Cairo Cardiac 2017- Bl 90 1(1.1) 1 PCR-RFLP (5'- T. gondii (type El-Alfy et al.
muscles 2018 SAG2, 3'-SAG2, 10) (2019)
alt. SAG2)
Aswan Meat samples 2017 Bl 12 6 (50) - - - Sameeh et al.
(2021)
Matrouh Buffy coat 2016- Bl & P30 80 - 1 - - Khattab et al.
2017 (2022)
7 provinces Blood 2019- Bl 108 18(16.6) - - - Zeedan et al.
Milk 2021 41 2 (4.8) (2022)
Iran Tehran, Isfahan, and ~ Milk 2011- Bl 160 4(2.5) - - - Dehkordi
Fars 2012 et al. (2013)
Isfahan Blood 2013 18srRNA 122 8 (6.6) - - - Khamesipour
et al. (2014)
Sabzevar Diaphragm 2014 Bl 40 26 (65) 9 PCR-RFLP B1 T. gondii (type Aliabadi and
and heart 11, 1II) Ziaali (2016)*
muscles
Kerman, Razavi Diaphragm 2015 Bl 50 7 (14) 3 PCR-RFLP (GRA6) T. gondii (type I, Tavakoli
Khorasan, and south heart muscles 50 6 (12) 11, I1I) Kareshk et al.
Khorasan (2018)
Mongolia® Tuv and Omnigovi Milk samples NS ITS-1 and 9 5 (55.5) 4 - - Tacobucci
B1 et al. (2019)
UAE* Abu Dhabi Blood and - - 53 13 13 PCR-RFLP (SAG2) T. gondii (type I, Sharif et al.

milk

# Target gene used for the pathogen detection using PCR.

* This study did not mention the camel genus (dromedary or Bactrian).
©Bactrian camels.

NS, not stated.

animals are quarantined and subjected to numerous veterinary
examinations including clinical and laboratory procedures, but
not including T. gondii or N. caninum screening. Data on the
seroprevalence of these important parasites is therefore missing,
which is particularly concerning as these animals from Sudan are
mainly destined for human consumption. We now determined
an overall seroprevalence of T. gondii of 25.7%, which could
represent a considerable infection risk for consumers. The
seroprevalence for N. caninum and mixed infections was much
lower with 3.9% and 0.65%, respectively. These results fall within
the ranges of seroprevalence established in previous serological
studies in large camels for T. gondii and/or N. caninum (Tables 4
and 5).

Our tested camels are short-lived in Egypt, and most if not
all of them are adult males as the Sudanese government restricts
the export of female camels for human consumption. The
dromedaries are usually transported in a way known as
“Dabuka journey” which means travelling from Sudan to
Egyptian border ports by a long walk. This journey usually
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1) (2017)

takes several days to weeks before arriving to Egypt, and thus
Sudan might be suspicious as the original country of infection.
Indeed, numerous reports revealed the high prevalence and
endemicity of T. gondii and N. caninum among camels in
various Sudanese regions (Zain Eldin et al., 1985; Abbas et al.,
1987; Bornstein and Musa, 1987; Elamin et al., 1992; Khalil et al.,
2007; Ibrahim et al., 2015; Elias et al., 2017; see Tables 4 and 5).
However, we found marked differences in the seroprevalence of
T. gondii and N. caninum between the two quarantine stations.
While we cannot rule out that these differences were caused by
the difference in sampling years, we would argue that the
different origin in Sudan and differences in travel routes of the
camels in the two quarantine stations played a crucial role.
Camels arriving in Shalateen made a long journey from Eastern
Sudan to Southeastern Egypt where wild cats such as leopard
(Panthera pardus) were already reported (Soultan et al., 2017).
Moreover, camels from Eastern Sudan, before being exported to
Egypt, are quarantined in the Sudanese government quarantine
near Kassala city, around which many stray domesticated cats
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are usually seen. In addition, in Eastern Sudan, wild cats (Civet
cat; Civetticitis civetta and Serval cats; Leptailurus serval) are
abundant (Khalid, 2016). As camels are probably mainly
infected by ingestion of T. gondii oocysts, the presence of wild
and stray cats could explain the higher seroprevalence for T.
gondii in camels from Eastern Sudan. However, more studies are
needed for the detection of Toxoplasma oocysts in the feces of
the wild and stray cats in the area. On the other hand, the higher
seroprevalence for N. caninum recorded in the camels that have
entered Egypt through Abu Simbel region, could be explained by
the fact that these animals are originally from Western Sudan
and owned by nomad tribes. Common animal husbandry
practice in that area is the use of guard dogs (at least 10 dogs
per camel herd of 100 animals). This co-herding of camels and
dogs can be considered as a major risk factor for many diseases
including trypanosomosis (Mossaad et al., 2017), hydatidiosis
(Ibrahim et al., 2011) and also N. caninum infection, as seen in
the current study. It remains to be investigated whether N.
caninum may also cause abortions in dromedaries, and the
prevalence of N. caninum in dogs in the area should also be
studied. In addition, camels with free access to pasture might
have a greater opportunity of ingesting T. gondii or N. caninum
oocysts compared to those raised in intensive and semi-intensive
breeding systems (Venturoso et al., 2021).

As we explained in our systematic review, data on
seroprevalence of T. gondii and N. caninum in camels is scarce
and further studies are needed whether in Egypt or other
countries. Our review also revealed a significant limitation
regarding the overall number of camels (n = 443) that had
been tested in all previous studies for N. caninum which is lower
than the camels tested in this study (n = 460). Our
seroprevalences for T. gondii and N. caninum in camels were
lower than in the calculated pooled prevalence from previous
studies Egypt for T. gondii (556/1144, 38.5%), and N. caninum
(37/443, 8.4%), respectively. However, our positive rate for T.
gondii in camel was similar to that reported globally from a
pooled prevalence rate (3451/12047, 28.6%) but our positive rate
for N. caninum was lower than that estimated worldwide (380/
2654, 14.3%). These variable observations can be explained by
the vast differences depending on the country, region, age, sex,
season, breed of the animals, and type of serological test used
(Dubey and Lindsay, 2006).

In conclusion, we provide novel data on the seroprevalence
of T. gondii and N. caninum in recently imported camels from
Sudan, quarantined in Shalateen and Abu Simbel, Southern
Egypt. Our results demonstrated a high exposure of camels to
T. gondii and N. caninum infection either in Egypt or in Sudan.
Also, our study revealed the substantial lack of data on camel
toxoplasmosis and neosporosis in Egypt and worldwide,
demonstrating the need for further studies.
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In Immunocompromised hosts
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Mingming Liu™ and Xuenan Xuan™
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Human babesiosis is a global emerging tick-borne disease caused by infection
with intra-erythrocytic parasites of the genus Babesia. With the rise in human
babesiosis cases, the discovery and development of new anti-Babesia drugs are
essential. Phosphatidylinositol 4-kinase (PI4K) is a widely present eukaryotic
enzyme that phosphorylates lipids to regulate intracellular signaling and
trafficking. Previously, we have shown that MMV390048, an inhibitor of PI4K,
showed potent inhibition against Babesia species, revealing PI4K as a druggable
target for babesiosis. However, twice-administered, 7-day regimens failed to
clear Babesia microti parasites from the immunocompromised host. Hence, in
this study, we wanted to clarify whether targeting PI4K has the potential for the
radical cure of babesiosis. In a B. microti-infected SCID mouse model, a 64-
day-consecutive treatment with MMV390048 resulted in the clearance of
parasites. Meanwhile, an atovaquone (ATO) resistant parasite line was
isolated from the group treated with ATO plus azithromycin. A
nonsynonymous variant in the Y272C of the cytochrome b gene was
confirmed by sequencing. Likewise, MMV390048 showed potent inhibition
against ATO-resistant parasites. These results provide evidence of Pl4K as a
viable drug target for the radical cure of babesiosis, which will contribute to
designing new compounds that can eradicate parasites.
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Introduction

Human babesiosis is a tick-borne disease caused by several
Babesia species, of which Babesia microti is one of the main
agents (Vannier et al,, 2015). B. microti infection shows a wide
spectrum of symptoms from asymptomatic to fatal disease,
particularly in immunocompromised or elderly patients
(Vannier et al., 2015). Most cases occur in the United States
(U.S.), especially in the northeastern and northern midwestern
regions (Krause, 2019). For the time being, the treatment of
human babesiosis, as recommended by Centers for Disease
Control and Prevention (CDC), usually involves the
combination of atovaquone (ATO) plus azithromycin (AZI)
for 1-2 weeks, which exhibits fewer side effects compared to an
alternative combined therapy of clindamycin and quinine
(Vannier and Krause, 2012). The treatment period for
babesiosis may extend to six weeks or more in severely
immunocompromised patients, and cytochrome b (Cytb) and
ribosomal protein subunit L4 (rpl4) mutations were associated
with parasite resistance to ATO and AZI, respectively, resulting
in treatment failure (Krause et al., 2008; Wormser et al., 2010;
Vannier and Krause, 2012; Simon et al., 2017). Another
recommended regimen for babesiosis, clindamycin combined
with quinine, is frequently associated with side effects, such as
hearing loss, vertigo, and tinnitus (Renard and Ben Mamoun,
2021). Due to limited options, this treatment is still
recommended for patients with severe babesiosis (Renard and
Ben Mamoun, 2021). Moreover, previous reports revealed that
monotherapy with quinine, clindamycin, or AZI was ineffective
against B. microti infection in immunocompromised hosts
(Lawres et al, 2016). Therefore, the buildout of new drug
candidates or targets is urgently needed for the control and
treatment of human babesiosis. Phosphatidylinositol 4-kinase
(PI4K) is a ubiquitous eukaryotic lipid kinase involved in the
production of phosphatidylinositol 4-phosphate (PI4P) (Li et al.,
2021). PI4K has been reported to play a key role in the
occurrence and development of cancer, viral infections, and
malaria (Li et al., 2021). PI4K not only exhibits the potential for
eliminating malaria (McNamara et al., 2013; Paquet et al., 2017),
but also possesses an inhibitory effect against Babesia species, as
we recently reported (Ji et al., 2022). The 2-aminopyridine
MMV390048, a representative of a new chemical class of
Plasmodium PI4K inhibitor (Paquet et al., 2017), showed
potent inhibition against B. gibsoni in vitro, and against B.
rodhaini and B. microti in vivo (Ji et al., 2022). However,
twice-administered, short-time treatment did not eliminate the
parasite from immunocompromised hosts. Hence, the purpose
of this study was to test whether uninterrupted treatment
targeting B. microti PI4K could eradicate B. microti infection
in immunocompromised hosts.
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Materials and methods
Chemical reagents

MMV390048, sesame oil (SO), atovaquone (ATO), and
azithromycin (AZI) were purchased from Sigma-Aldrich
(Tokyo, Japan). MMV390048, ATO, and AZI were dissolved
in SO to prepare a stock solution with a concentration of 40 mg/
ml and kept at 4°C before use. KOD FX Neo DNA polymerase
was purchased from Toyobo (Tokyo, Japan). The Big Dye
Terminator v3.1 cycle sequencing kit was purchased from
Applied Biosystems (Tokyo, Japan).

Parasites and mice

Babesia microti Peabody mjr strain (ATCC® PRA-99™) was
purchased from ATCC and stocked in our laboratory. For the
maintenance of B. microti, cryopreserved parasitized RBCs were
passaged by intraperitoneal (i.p.) injection in donor mice. Six-
week-old female severe combined immunodeficiency (SCID)
mice and BALB/c mice were purchased from CLEA Japan
(Tokyo, Japan) and used for in vivo studies.

Mouse infection and drug administration

To confirm the efficacy of uninterrupted treatment
targeting PI4K, 15 SCID mice were randomly divided equally
into 3 groups and intraperitoneally injected with 1 x 107 B.
microti. Blood smears were prepared every other day, and the
hematocrit (HCT) was measured every four days. Treatment
was initiated at 4 days post-infection (DPI) when mouse
parasitemia is ~1%. This timeline was followed since early
clinical manifestations are observed when parasitemia exceeds
1% in babesiosis patients (Akel and Mobarakai, 2017). Daily
treatment with 20 mg/kg MMV 390048, 20 mg/kg ATO plus 20
mg/kg AZI, and 0.2 ml vehicle (sesame oil) was given orally to
each group, respectively (Batiha et al., 2020; Tuvshintulga et al.,
2022). These treatments were discontinued when mice tested
negative by PCR detection of B. microti 18S ribosomal RNA
(18S-rRNA) gene. To isolate the B. microti Cytb mutant strain,
parasites from the SCID mouse treated with ATO plus AZI
were collected and passaged in a donor SCID mouse. To
evaluate the efficacy of PI4K inhibitor on ATO-resistant
parasites, 15 BALB/c mice were randomly divided equally
into 3 groups and intraperitoneally injected with 1 x 107 B.
microti Cytb mutant strain. A 7-day treatment was given to
mouse groups as described above and the parasitemia and HCT
levels were monitored.
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Detection of B. microti 185-rRNA gene
and surveillance of gene variants

Blood samples were collected from the tail vein and were
diluted in PBS, followed by incubation at 100°C for 5 min.
After incubation, the samples were centrifuged at 10,000 rpm
for 5 min and the supernatants were collected and used for
detection. To rule out false negative results, the samples were
checked using Qubit'™ 1 x dsDNA BR assay kit (Thermo
Fisher Scientific) and Qubit® 2.0 fluorometer (Thermo Fisher
Scientific) before running the PCR assay to ensure that
genomic DNA was present. Detection of the 18S-rRNA
gene started 16 DPI and was used to evaluate whether the
parasites were cleared from the SCID mice. Gene
amplification was performed following a previously
described protocol (Persing et al., 1992). The Cytb and rpl4
mutations were determined by Sanger sequencing
(Tuvshintulga et al., 2022). The obtained sequence was
aligned with the wild type sequence. A genetic variant was
detected in Cytb gene and deposited in GenBank database
with accession no. ON815034.
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Statistical analysis

The differences in parasitemia and HCT between control
and treated groups were analyzed using the one-way analysis of
variance using GraphPad Prism (La Jolla, CA, USA). A P value
of < 0.05 was considered to be statistically significant.

Results

Radical cure of human babesiosis by
uninterrupted treatment targeting
phosphatidylinositol 4-kinase

Treatment with MMV390048 showed potent efficacy against
B. microti, evidenced by abated parasitemia from 5 DPI and
undetectable parasites in blood smears from 8 DPI (Figure 1A).
Moreover, parasites were no longer detectable by PCR from 64
DPI to 92 DPI (Figure 2). At 10 DPI, parasites in the vehicle-
treated group reached the highest parasitemia (average 60.6%),
with a transient and slight decline at 14 DPI, and maintained
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FIGURE 1

The efficacy of consecutive treatment with MMV390048 in Babesia microti-infected severe combined immunodeficiency (SCID) mice. (A)
Course of parasitemia in vehicle-, or atovaquone (ATO) plus azithromycin- (AZI), or MMV390048-treated groups. (B) Hematocrit changes in
B. microti-infected SCID mice treated with vehicle, or ATO plus AZI, or MMV390048. Treatment was given orally starting from 4 days post-
infection (DPI). The black lines indicate time of treatment and the red arrows indicate testing negative in PCR assay. The asterisks indicate a
significant difference (P < 0.05) between the drug-treated groups and vehicle-treated group. Parasitemia was calculated by counting infected

RBCs among 3,000 RBCs using Giemsa-stained blood smears.
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FIGURE 2

Molecular detection of parasite DNA in the blood of MMV390048-treated group (#1-5) at 92 DPI. The red arrow shows the expected band

length of 154 bp for the B. microti 18S-rRNA gene.

fluctuating parasitemia until the end of the trial. The mean
parasitemia significantly differed between the vehicle-treated
and MMV390048-treated groups from 6 DPI (Figure 1A). In
ATO plus AZI-treated group, parasites were initially inhibited
until 22 DPI, but the parasitemia rapidly increased from 24 DPI
and reached its peak at 32 DPI (average 40.1%) (Figure 1A).
From 30 DPI, the ATO plus AZI was ineffective on parasite
growth as no significant difference in parasitemia was observed
when compared to the vehicle-treated group. In addition,
markedly lower HCT levels were recorded in vehicle-treated
and ATO plus AZI-treated groups from 8 DPI and 32 DP]I,
respectively (Figure 1B). The Cytb and rpl4 genes were
sequenced from relapsed parasites and a single nucleotide
variant (SNV) of the Cytb gene was detected as a non-
synonymous coding change at position 272 (Y272C)
(Figure 3). Meanwhile, there was no mutation detected in the
rpl4 gene.

Inhibitory efficacy of MMV390048
against ATO-resistant B. microti strain

The next step was to evaluate the sensitivity of B. microti Cytb
mutant strain to MMV390048. In the vehicle-treated group, B.
microti Cytb mutant strain rapidly increased in mice and reached
peak parasitemia at 10 DPI (average 36.7%) and a lower HCT level
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was observed from 12 DPI (Figure 4). As expected, ATO plus AZI
was ineffective against the B. microti Cytb mutant strain
(Figure 4A). No significant difference in the level of parasitemia
was observed between vehicle- and ATO plus AZI-treated groups.
In contrast, the growth of B. microti Cytb mutant strain and the
development of anemia were significantly inhibited upon treating
mice with MMV390048 (Figure 4B).

Discussion

To avoid developing drug resistance, the treatment for human
babesiosis usually consists of a two-drug combination, such as
ATO plus AZI (Krause et al.,, 2000). Despite this, acquired drug
resistance is well documented in some severe cases in
immunocompromised patients (Krause et al., 2008; Wormser
et al., 2010; Vannier and Krause, 2012; Simon et al., 2017).
Hence, the radical cure of babesiosis remains challenging in
severely immunocompromised patients. In the recent past, a few
compounds have been reported as promising drugs against
human babesiosis, namely endochin-like quinolones (ELQs)
(Lawres et al,, 2016; Chiu et al, 2021), tafenoquine (Mordue
and Wormser, 2019; Liu et al., 2021), and clofazimine
(Tuvshintulga et al, 2022). ELQs showed inhibitory effects
against apicomplexan parasites by targeting Cytb (Doggett et al,
2012; Stickles et al,, 2015). In babesiosis, a 7-day treatment of
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FIGURE 3
Representative sequencing chromatogram of cytochrome b (Cytb) gene in recrudescent parasites. The parasite DNA of vehicle #1 and ATO plus
AZI (#1-5) were extracted from a blood sample at 92 days post-infection and was used to amplify and sequence the B. microti Cytb gene.

ELQ-334 plus ATO prevented the recrudescence in the SCID with no recrudescence in the mouse model (Chiu et al., 2021).
mouse model of B. microti infection (Lawres et al,, 2016). Tafenoquine was approved by U. S. Food and Drug
Similarly, a 10-day treatment of ELQ-502 monotherapy or in Administration (FDA) in 2018 for the radical cure of
combination with ATO resulted in the radical cure of babesiosis Plasmodium vivax infection and chemoprophylaxis of malaria
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FIGURE 4

The efficacy of MMV390048 against B. microti Cytb mutant strain in BALB/c mice. (A) Course of parasitemia of vehicle- or ATO plus AZI-, or
MMV390048-treated BALB/c mouse groups. (B) Hematocrit changes of B. microti Cytb mutant strain in mice treated with vehicle, or ATO plus
AZIl, or MMV390048. The black lines indicate the time of treatment. The asterisks indicate a significant difference (P < 0.05) between the drug-
treated groups and vehicle-treated group. Parasitemia was calculated by counting infected RBCs among 3,000 RBCs using Giemsa-stained

blood smears.

(Watson et al,, 2021). In SCID mice, tafenoquine showed strong
inhibition against B. microti infection, evident from the single dose
requirement (Mordue and Wormser, 2019; Liu et al, 2021).
Tafenoquine treatment in cases of relapsing babesiosis caused
by drug-resistant B. microti is followed by resolution of
parasitemia and symptoms in the patient, demonstrating
tafenoquine’s excellent effectivity in clinical settings (Marcos
et al., 2022; Rogers et al., 2022). However, the use of
tafenoquine entails the risk of inducing severe hemolytic anemia
in G6PD-deficient patients (Peters and Van Noorden, 2009).
Clofazimine combined with ATO was also evaluated as a
candidate for human babesiosis. Uninterrupted treatment of
clofazimine with ATO resulted in the radical cure of B. microti-
infected SCID mice in 44 days (Tuvshintulga et al, 2022).
Phosphatidylinositol kinases (PIKs) are essential in the
regulation of cell proliferation, survival, and membrane
trafficking (Hassett and Roepe, 2018). Currently, six P.
falciparum genes are hypothesized to encode PIKs, while in
Babesia species, these genes are still unidentified (Hassett and
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Roepe, 2018). In Plasmodium, PI4K phosphorylates lipids to
regulate intracellular signaling and trafficking, making it a
druggable target to eliminate malaria (McNamara et al,, 2013).
In blood stages, the inhibitor prevents the parasite’s development
by disrupting plasma membrane ingression around the
developing daughter merozoites. B. microti PI4K shares an
identity value of 62.8% with P. falciparum and is highly
conserved among Babesia species (Ji et al, 2022). Hence, we
speculate that the mechanism in Plasmodium also applies to
Babesia species. MMV390048 is an inhibitor of Plasmodium
PI4K which was under evaluation in human clinical trials
(Sinxadi et al, 2020). A previous study reported MMV390048
has potent inhibition against Babesia species by targeting PI4K,
revealing a promising druggable target (Ji et al., 2022). In light of
this, we further examined if targeting PI4K by monotherapy is
sufficient to achieve the radical cure of B. microti infection in
SCID mice. In this study, we used MMV 390048 as an inhibitor for
B. microti PI4K (BmPI4K) and a 64-day uninterrupted treatment
with MMV 390048 succeeded in curing babesiosis in B. microti-
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infected SCID mice. Although this therapy was longer than in
ELQ-502 (10 days) and clofazimine with ATO (44 days), we have
confirmed that PI4K is a promising target for the clearance of
parasites. Meanwhile, in ATO plus AZI-treatment group, the
parasite established resistance to ATO and AZI, in addition to
the development of a single amino acid mutation (Y272C) in the
B. microti Cytb gene. Y272 is highly conserved among
apicomplexan parasites and the site mutation of Y272 will
confer a high degree of resistance to the drug (Fisher and
Meunier, 2008; Lemieux et al, 2016). Moreover, B. microti
Y272C mutation has been described in a clinical case and
caused treatment failure (Simon et al., 2017). MMV390048 also
demonstrated potent inhibition of B. microti Cytb mutant strain.
Despite MMV390048 exhibiting a good inhibitory effect, Babesia
tends to be more tolerant than Plasmodium when treated with
MMV390048. Hence, if MMV 390048 were to be used for treating
human babesiosis, the recommended dose should be higher than
120 mg (a safety dose test in human clinical trials) (Sinxadi et al,
2020; Ji et al., 2022). Moreover, the accompanying safety issues
should be considered and future work can focus on developing
and designing Babesia PI4K-specific inhibitors, as well as the
development of MMV390048-combined therapeutics. This will
accelerate the development of next-generation anti-babesiosis
therapeutics to eliminate Babesia infection. In summary, results
from the present study revealed that targeting BmPI4K not only
suppresses parasite growth but also eradicates parasites in
immunocompromised hosts, especially in relapsing infections
caused by ATO-resistant B. microti strain.

Conclusion

Based on the preceding findings, we conclude that BmPI4K
is a feasible and promising drug target for the elimination of B.
microti infection. This study opens new avenues to rationally
design inhibitors with improved drug-like properties against
Babesia species.
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Intoduction: Cryptosporidiosis is a zoonotic disease caused by Cryptosporidium
infection with the main symptom of diarrhea. The present study performed a
metaanalysis to determine the global prevalence of Cryptosporidium in Equus animals.

Methods: Data collection was carried out using Chinese National Knowledge
Infrastructure (CNKI), VIP Chinese journal database (VIP), WanFang Data, PubMed,
and ScienceDirect databases, with 35 articles published before 2021 being included
in this systematic analysis. This study analyzed the research data through subgroup
analysis and univariate regression analysis to reveal the factors leading to high
prevalence. We applied a random effects model (REM) to the metadata.

Results: The total prevalence rate of Cryptosporidium in Equus was estimated to
be 7.59% from the selected articles. The prevalence of Cryptosporidium in female
Equus was 2.60%. The prevalence of Cryptosporidium in Equus under 1-year-old
was 11.06%, which was higher than that of Equus over 1-year-old (2.52%). In the
experimental method groups, the positive rate detected by microscopy was the
highest (10.52%). The highest Cryptosporidium prevalence was found in scale
breeding Equus (7.86%). The horses had the lowest Cryptosporidium prevalence
(7.32%) among host groups. C. muris was the most frequently detected genotype
in the samples (53.55%). In the groups of geographical factors, the prevalence rate
of Cryptosporidium in Equus was higher in regions with low altitude (6.88%), rainy
(15.63%), humid (22.69%), and tropical climates (16.46%).

Discussion: The search strategy use of five databases might have caused the
omission of some researches. This metaanalysis systematically presented the
global prevalence and potential risk factors of Cryptosporidium infection in
Equus. The farmers should strengthen the management of young and female
Equus animals, improve water filtration systems, reduce stocking densities, and
harmless treatment of livestock manure.
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Introduction

Cryptosporidium is a zoonotic coccidian parasite, which
mainly parasitizes in the epithelial cells of the small intestine
in vertebrates (Xue, 2021). The life cycle of Cryptosporidium in
hosts comprises asexual and sexual phases, and finally, the
oocysts were shed with faeces. The oocyst containing infective
sporozoites can survive for months in moist conditions
(Chalmers et al., 2019). The Cryptosporidium-infected patients
usually display signs of diarrhea and abdominal pain, and other
clinical features include nausea, vomiting, and low-grade fever.
The occasional signs include myalgia, weakness, malaise,
headache, and anorexia. The severity, persistence, and eventual
outcome of infection generally depend on the characteristics of
Cryptosporidium and host factors (Bouzid et al., 2013).

Cryptosporidium was examined in mucosal tissues of mice
by Tyzzer in 1907 (Zhang and Jiang, 2001). Cryptosporidium was
the first detection happened to be in immunodeficient Arabian
horse foals in 1978 (Snyder et al, 1978). People didn’t pay
attention to the disease at first. At the end of the nineteenth
century, the events of death of AIDS patients who were infected
with Cryptosporidium caused a full attention of cryptosporidiosis
(Current et al., 1983). Cryptosporidium is worldwide distributed,
and the infections of Cryptosporidium in organisms have been
reported in more than 70 countries (Xue, 2021).

Equus animals are mainly distributed in Eurasia and Africa,
roughly divided into three species: horse, donkey and zebra. Horses
are now mainly used for entertainment or competition, donkeys are
kept as companions or used as working or production animals,
whereas mules are mainly used for working purposes (Jian, 2012).
Because they are maintained in a close association with their owners
and veterinary personnel, Equus animals are the important
reservoirs for transmission of pathogens (such as Cryptosporidium
hominis and Toxoplasma gondii) to humans and other animals
(Alvarado-Esquivel et al., 2015; Jian et al., 2016). The cases of Equus
cryptosporidiosis have been reported in many countries around the
world, such as China, Italy, and United States. (Veronesi et al., 2010;
Qi et al,, 2015; Wagnerova et al., 2016).

At present, the systematic evaluation and analysis of Equus
cryptosporidiosis are still absent. Therefore, a systematic review
and meta-analysis were conducted to evaluate the prevalence of
Equus cryptosporidiosis in the world. The collected information
was used to discuss the factors affecting the infection of
Cryptosporidium in Equus (Page et al., 2021).

Materials and methods
Search strategy
To evaluate the prevalence of Cryptosporidium infections in

Equus around the world, we performed a comprehensive review
of literatures both in Chinese and English published from the
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beginning of the creation to October 1, 2021. The articles were
derived from five databases, including CNKI, VIP Chinese
Journal Database, Wanfang Data, PubMed, and ScienceDirect.
In the three Chinese databases, the advanced search was carried
out using “Equus (in Chinese)” and “Cryptosporidium (in
Chinese)” as keywords. In Science Direct, the keywords
“Cryptosporidium” and “Equus” were used for a search. We
used MeSH terms “Cryptosporidium” and “Equine” and their
entry terms, such as “Horse”, “Horse, Domestic”, “Domestic
Horse”, “Domestic Horses”, “Horses, Domestic”, “Equus”
“caballus”, and “Equus przewalskii” in PubMed. We used
boolean operators “AND” to connect MeSH terms and “OR”
to connect the entry terms. Finally, the search formula was
“((Cryptosporidium) OR Cryptosporidiums) AND ((((((((Horse)
OR Horse, Domestic) OR Domestic Horse) OR Horses,
Domestic) OR Equus caballus) OR Equus przewalskii) OR
Horse genus) “. Endnote (X9.2 version) was employed to
organize the obtained article information. A protocol for the
literature review was devised (Figure 1) in accordance with the
PRISMA guidelines.

Inclusion and exclusion criteria

As part of the eligibility for inclusion, titles that suggested
the topic Cryptosporidium in Equus were selected. The abstracts
from the selected reference titles were reviewed by two
independent reviewers to determine if the studies met the
inclusion criteria and, if so, the entire articles were reviewed in
full. The inclusion criteria for the systematic review and meta-
analysis were as follows: (1) the object of research was Equus; (2)
the diseased individuals were positive for Cryptosporidium in the
research; (3) the research contained clear information, including
the number of sick individuals and the population, the number
of positive samples, the location of the test, and the location of
sampling; (4) the article should contain a full text; (5) the
research must be designed for a cross-sectional extension.
Articles that do not meet these criteria were excluded.
Unpublished reports, comments and copies were also excluded.

Data extraction

The extracted data included article title, first author,
publication year, detection method, breeding environment,
breeding method, genotypes, sampling year, article quality,
detailed geographic and climatic factors, total number, number
of positives, age and gender of the research object, geographic
location (latitude and longitude), altitude, relative humidity,
annual average temperature, annual precipitation, climate, and
detection method type. The meteorological data of the years
involved were from the China Meteorological Data Service
Center (CMDC, http://data.cma.cn/) and national centers of
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through VIP (n=3)
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through Science through PubMed

Direct (n=973) (n=110)

H 133 articles excluded through duplication |

| =1

982 articles initially excluded through titles and

abstracts

32records excluded.

Reasons for exclusion:

Use the same data (n=5)

Data error or no data in studies (n=8)

The research objects are not Equine (n=7)
The research object is not Cryptosporidium
(n=6)

No detailed positivity rate (n=3)

Conference report (n=3)

Li et al.
Records identified Records identified
through CNKI through Wanfang
(0=20) (M=76)
4
I 1182 articles was included
I 1049 articles left
4
| Full-text articles assessed for eligibility (1=67) | -
A 4
| Studies included in quantitative synthesis (n=35) |
FIGURE 1

Flow diagram of literature search and selection.

environmental information (https://www.ncei.noaa.gov/maps/
monthly/), such as temperature, rainfall, longitude, latitude,
humidity and altitude. The database was established by using
Microsoft Excel (version 16.32). Two authors independently
extracted and recorded data from each selected study. The
differences derived from reviewers or uncertainty about the
qualifications of the research were further assessed by another
author of this paper. The grouping method is based on previous
studies (Wei et al., 2021a; Wei et al., 2021b).

Quality assessment

The quality of the included studies was evaluated according
to the criteria based on the recommended grading evaluation,
formulation, and the Grading of Recommendations Assessment,
Development and Evaluation (GRADE) (Xie and Machado,
2021). The scoring criteria were as follows: (1) whether a clear
detection method was employed; (2) whether the sampling
animal was clear; (3) whether three or more influencing
factors were included; (4) the sample size was greater than
enough; and (5) whether the sampling year was clear.
Therefore, the studies could be scored between 0 and 5 points.

Statistical analyses

The meta package in R software version 4.0.3 (“R core team,
R: A language and environment for statistical computing” R core
team 2018) was employed to analyze the data in this study (Zeng
et al., 2020). Before performing the meta-analysis, we tested five
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transformation methods to bring the data closer to a Gaussian
distribution, namely no transformation (PRAW), logarithmic
transformation (PLN), logit transform (PLOGIT), arcsine
transform (PAS), and double arcsine transform (PFT)
(Table 1). The conversion rate was based on a Shapiro-Wilk
normal test. The W-value close to 1 and the P-value greater than
0.05 was close to the Gaussian distribution criterion. The
heterogeneity between studies was calculated by Cochran-Q, I’
statistics, and ){2 test, the P-value < 0.05 and I° = 50% was used to
define the degree of heterogeneity with a statistical significance.
According to the heterogeneity of the included articles, a
random effect model was selected for analysis (Ni et al., 2020).
The forest plots were used for a comprehensive analysis. The
funnel plot and Egger’s test were used to evaluate publication
bias of studies. When there is publication bias in the included
articles, the funnel plot is asymmetric, and the distribution is
skewed (Egger et al., 1997). The Egger’s test is expected to have a
regression intercept of 0 in the absence of bias (Lin and Chu,
2018). The stability of a study was evaluated by the trim and fill
analysis and sensitivity analysis (Wang et al,, 2021).

To further study the potential sources of heterogeneity, the
individual and multivariate model factors were analyzed to
determine factors that affected heterogeneity. The factors
included sampling surveys (before 2008 vs. others), diagnostic
methods (molecular diagnostics vs. other methods), age < lyear
vs. age >lyear, genotype (C. parvum vs. others), gender (female
vs. male), feeding method (cage-free vs. scale breeding), host
(horse vs. others), country (China vs. others), the quality level of
publications (5 points vs. others), longitude (<50° vs. others),
latitude (<30° vs. others), annual average rainfall (< 500 mm vs.
> 500 mm), annual average temperature (< 10°C vs. = 10°C),
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annual average humidity (40%-50% vs. others), altitude (<50 m
vs. others), and climate (temperate climate vs. others)

Results
Search results

In this study, 1,182 related articles were identified after searching
five databases, and 67 articles were selected after the initial screening
and removal of duplicates. According to the selection criteria
described in section, an additional 32 indeterminate articles were
excluded after checking the full text. Finally, 35 articles were selected
for the meta-analysis. (Figure 1; Table 2).

Qualification research and
publication bias

The included articles involved 13 countries. In the 35 studies,
the total number of samples was 9,817, and the number of
positives was 816 (Table 3). According to our quality criteria, 11
articles were considered to be 5 points, 21 were of medium-
quality (three or four points), and the remaining 3 articles were
deemed to be of low-quality (zero to two points; Table 3).

In the included studies, the forest plot showed the degree of
heterogeneity of all data (y* = 0.0267, I* = 96.0%, P < 0.01)
(Figure 2). According to the funnel chart, the distribution of
points was observed to be incompletely symmetrical, which
might be due to a publication bias (0.6344) or a small sample
bias (Figure 3). Six supplementary studies were found in trim
and fill analysis, which changed the aggregate estimate
(Figure 4). The Egger’s test was used to assess the potential
publication bias in the analysis with a P-value (0.7398) greater
than 0.05, thus indicating that no publication bias was present in
the data (Figure 5). The sensitivity test showed that the
reorganized data were not significantly affected after excluding
any study, and the results were consistent (Figure 6), which
verified the rationality and reliability of this analysis. Figure 7 is a

10.3389/fcimb.2022.1072385

of Cryptosporidium in Equus species and epidemiological
variables (stripe width indicates prevalence) (Figure 8). C.
parvum genotype had a larger proportion in North America in
the geographic area grouping. Genotype C. hominis accounted
for a large proportion of donkey in the host group. Genotype C.
andersoni accounted for more than 1- year-old in the age group.

Meta-analysis of Equus Cryptosporidium
worldwide

According to the data obtained from the selected articles, the
global combined prevalence of Equus Cryptosporidium infection
was 7.59% (95% CI: 4.86-10.87) (Table 3). Before 2008, the
prevalence of Cryptosporidium in Equus was 10.77% (95% CL:
3.92-20.32), which was significantly higher than that in other time
periods (P < 0.01). The highest positive rate of Equus
Cryptosporidium was 17.91% (95% CI: 9.73-27.92) in Oceania.
Among the detection methods, microscopic examination had the
highest rate of 10.52% (95% CI: 4.99-17.19). The prevalence of
Cryptosporidium in Equus < 1-year-old was 11.06% (95% CI: 6.13-
17.22), which was significantly higher than in other age groups (P <
0.01). The highest prevalence of Cryptosporidium in female Equus
was 2.60% (95% CI: 0.78-5.44). The highest prevalence of
Cryptosporidium among the rearing method groups was 7.86%
(95% CI: 4.39-12.22) for collectivized breeding. Among the host
groups, mules had the highest rate of 20.00% (95% CI: 10.20-
32.09). The highest prevalence of Equus Cryptosporidium was
19.58% (95% CI: 6.03-38.43) in Italy, which was significantly
higher than that in other countries (Table 4). The highest
genotype prevalence of Cryptosporidium in Equus was C. muris
(53.55%; 95% CI: 11.65-92.51), followed by C. hominis, with a rate
of 43.94% (95% CI: 23.11-65.95) (Table 5).

Among the analyzed geographical factors, the positive rate of
Cryptosporidium in Equus at northern latitude < 30° was the
highest (8.77%; 95% CI: 2.88-17.44). The positive rate of
Cryptosporidium in Equus with longitude > 100° was the
highest (9.03%, 95% CI: 3.15-17.53). The information for other
geographical latitude subgroup analyses included precipitation

map of Cryptosporidium prevalence in Equus worldwide. A range (= 500 mm; 15.63%; 95% CI: 8.60-24.28), temperature

chord diagram shows the relationship between the prevalence range (= 10°C; 8.04%, 95% CI: 3.30-14.60), humidity range

TABLE 1 Normal distribution tests for normal rates and different transitions.

Conversion form w P
PRAW 0.8277 7.482e-05
PLN NaN NA
PLOGIT NaN NA

PAS 0.94712 0.09241
PFT 0.94693 0.09118

“PRAW?”: raw exchange rate; PLN: log conversion. “PLOGIT”: logit transformation; “PAS”: arcsine transformation; “PFT”: double arcsine transformation; “NaN”: meaningless number; NA:
data is missing.
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(70%-80%; 22.69%; 95% CI: 13.76-33.10) and altitude range (<
50 m; 6.88%; 95% CI: 2.70-12.78). According to the analysis of
climatic factors, we found that tropical climate had the highest
positive rate of Equus Cryptosporidium (16.46%; 95% CI: 0.48-
48.11; Table 6).

Discussion
Cryptosporidium is a waterborne pathogen that infects
livestock, poultry, and companion animals, thus posing a great

threat to public health (Gao et al, 2021). Many large

TABLE 2 Studies in the analysis.

Study ID Sampling time Country
Xiao L et al. (1994) 1992.3-1992.10 America
Johnson et al. (1997) 1994.8-1994.10 America
Olson et al. (1997) 1996.7 Canada
Majewska et al. (1999) NA Poland
Majewska et al. (2004) NA Poland
Grinberg et al. (2009) 2005-2007 New Zealand
De Souza et al. (2009) NA Brazil
Veronesi et al. (2010) 2007.2-4 Ttaly

Burton et al. (2010) 2009.2-5 America
Perrucci et al. (2011) 2006-2008 NA

Jian (2012) 2008.7-2013.9 China
Inacio et al. (2012) 2010.11-2011.3 NA

Caffara et al. (2013) NA Italy
Laatamna et al. (2013) 2010-2011 Algeria

Guo P et al. (2014) 2001.9-2003.10 China

Qi et al. (2015) 2013.8-9 China

Liu A et al. (2015) NA China
Laatamna et al. (2015) 2011.11-2013.5 Algeria
Kostopoulou et al. (2015) NA Belgium et al.
Zhou H. (2015) 2013.3-2014.5 China
Galuppi et al. (2015) 2011.12-2012.12 Ttaly
Wagnerova et al. (2015) 2011-2012 NA
Wagnerova et al. (2016) NA America
Hijjawi et al. (2016) 2014.10-2015.5 NA

Song Y et al. (2017) NA China

Deng L et al. (2017) 2015.8-2016.4 NA

Inacio et al. (2017) 2010.11-2011.3 Brazil

Raue et al. (2017) 2004-2012 Germany
Deng (2018) 2015.7-2017.5 China
Zhang Q et al. (2019) 2018.5-7 China

Li F et al. (2019) 2015-2019 China

Wei Z. (2020) 2016.2018.6 China
Couso-Pérez et al. (2020) NA Portugal,Spain
Wang (2020) 2016.2-2018.12 China
Zhang (2021) 2018-2020 China

10.3389/fcimb.2022.1072385

Cryptosporidium outbreaks were caused by contamination of
water sources with animal feces (Rodriguez et al., 2012).
Cryptosporidiosis can cause slow growth of sick animals,
extreme weight loss, decreased resistance, and huge losses to
the animal husbandry (Han et al., 2020). In this study, a
publication bias was observed according to the Egger’s test.
Pass I° statistics results, the prevalence of Cryptosporidium in
Equus species in the world was highly heterogeneous in the
eligible studies, which may be caused by differences in detection
methods, age, gender, geographic factors, and countries.

The prevalence of Cryptosporidium in female Equus was
identified to be higher than that in male Equus. This is

Test method Event Positive rate
Direct immunofluorescence staining method 16/222 0.072
Direct fluorescent antibody 0/91 0.000
Microscopic examination 6/35 0.171
Enzyme immunoassay 10/106 0.094
Microscopic examination 11/318 0.035
Microscopic examination 12/67 0.179
Microscopic examination 3/396 0.008
DFA 12/150 0.080
DFA 16/349 0.046
ELISA 2/74 0.027
Microscopic examination 222/1302 0.171
Microscopic examination 39/196 0.199
PCR 14/37 0.378
PCR 4/138 0.029
PCR 161/436 0.369
PCR 71262 0.027
PCR 3/29 0.103
PCR 7/343 0.020
PCR 8/398 0.020
Microscopic examination 30/508 0.059
PCR 14/73 0.192
PCR 12/352 0.034
PCR 28/84 0.333
PCR 6/74 0.081
PCR 1/10 0.100
PCR 6/333 0.018
PCR 20/92 0.217
Microscopic examination 4/21 0.190
PCR 6/441 0.014
PCR 0/32 0.000
PCR 90/878 0.103
PCR 11/621 0.018
IFAT 10/79 0.127
Microscopic examination 16/680 0.024
PCR 9/590 0.015

NA, data is missing; PCR, Polymerase Chain Reaction; IFAT, International Federationt for Alternative Trade; DFA, Direct Immunofluorescence Assay; ELISA, Enzyme-linked

Immunosorbent Assay.
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TABLE 3 Summary of global equine Cryptosporidium infection rates.

Variable Category No. No. No. % (95% CI*) Heterogeneity Univariate meta-regression
studies examined positive
x P- P P- Coefficient (95%

value (%) value* CI)
Detection Molecular diagnostics 21 5982 430 7.49% (3.77- 60344 < 0.01 96.7 0.3555 -0.0679(-0.2121 to
methods 12.35) 0.0762)
Microscopic 8 2843 327 10.52% (4.99- 200.33 < 0.01 96.5
examination 17.79)
Immunological 7 1071 59 437% (1.83-7.95) 27.32 < 0.01 78.0
detection
Gender Female 12 1564 52 2.60% (0.78-5.44)  61.96 < 0.01 82.2 0.8605 -0.0124 (-0.1506 to
Male 6 452 12 2.36% (0.04-8.07) 21.05 <001 762 0.1258)
Year <lyear 19 3257 394 11.06% (6.13- 346.09 < 0.01 94.8 0.0014 -0.1792(-0.2889 to
17.22) -0.0695)
> lyear 16 3602 131 2.52% (0.97-4.77) 156.63 < 0.01 90.4
Geographic area  Asia 14 5088 366 5.44% (2.24-9.94) 465.79 < 0.01 97.2 0.1730 0.2025(-0.0888 to
Oceania 1 67 12 17.91% (9.73- 000  NA NA 0.4938)
27.92)
Europe 9 1534 95 10.15% (4.77- 74.19 < 0.01 89.2
17.24)
Africa 2 481 11 2.27% (1.13-3.79) 0.30 0.58 0.00
North America 4 746 60 7.37% (0.08- 69.68 < 0.01 95.7
24.78)
South America 4 719 68 12.45% (2.84 101.94 < 0.01 97.1
-27.51)
Sampling year Before 2008 9 1361 241 10.77% (3.99- 214.05 < 0.01 96.3 0.0125 -0.1615 (-0.2883 to
20.32) -0.0348
2009-2012 10 2580 306 10.73% (5.79- 200.18 < 0.01 95.5
16.95)
After or 2013 10 4419 181 3.04% (1.52-5.06) 114.57 < 0.01 92.1
Feeding method ~Cage-free 3 555 48 5.09% (0.00- 64.51 < 0.01 96.9 0.5752 -0.0584(-0.2628 to
20.00) 0.1459)
Scale breeding 18 4995 546 7.86% (4.39- 500.57 < 0.01 96.6
12.22)
Host Zebra 1 10 1 10.00% (0.01- 0.00 NA NA 0.6247 0.1419(-0.4267 to
34.87) 0.7105)
Horse 32 6851 480 7.32% (4.49- 684.18 < 0.01 95.5
10.78)
Mule 1 50 10 20.00% (10.20- 0.00 NA NA
32.09)
Donkey 5 2906 333 7.52% (2.25- 196.58 < 0.01 98.0
15.54)
Fraction middle 21 3138 193 7.44% (4.05- 22433 < 0.01 91.1 0.0939 0.1839 (-0.0313 to
11.74) 0.3990)
high 11 6410 575 5.93% (2.17- 606.89 < 0.01 98.4
11.37)
low 3 269 48 17.36% (5.92- 18.76 < 0.01 89.3
33.15)
Total 35 9817 816 7.59% (4.86-
10.87)
CTI*: confidence interval; NA*: not applicable; P value *: P < 0.05 was statistically significant.
Quality *: High: 5 points; Medium: 3 or 4; Low: 2.
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probably due to a weaker body resistance of female Equus
than males, especially after giving birth, and more
susceptible to Cryptosporidium infection (Chen et al,,
2013). The mare is considered to be a carrier of
Cryptosporidium, and the young animals could be infected
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with Cryptosporidium by sharing a pasture or barn with the
foals (Qi and Zhang, 2018). The eggs of Cryptosporidium in
infected female Equus have no obvious shedding
phenomenon, but the amount of shedding during the
perinatal period increases (Skerrett and Holland, 2001).
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This significantly increases the probability of young animals
being infected with Cryptosporidium.

In this study, the prevalence of Cryptosporidium in Equus
of < 1 year was higher than that of Equus > 1 year, which is
basically in line with the previous reports (Langkjaer et al.,
2007; Wang, 2020). The maternal antibodies in the young
animals will lose protective effects in 2-6 months, resulting in
a decreased resistance of the young animals (Lu et al., 2008).
In addition, the weaning stress response in young animals

will lead to changes at hormone levels and immune function,
thus causing immune system suppression, and thereby
increasing the possibility of being infected with
Cryptosporidium (Ren et al.,, 2018). Therefore, the breeding
of dams and cubs needs to be strengthened to improve the
resistance of animals, and the dams can be isolated during
the breeding period.

Poor sanitary conditions increase the infection risk of
Cryptosporidium in animals and expand the spread of
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Egger’s test for publication bias
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rearing group showed that mules and donkeys had higher rates their usefulness (Davis, 2019). Meanwhile, the feces cannot be

of Cryptosporidium infection than horses. The living cleaned in time, which is more likely to cause the transmission

environment of mules and donkeys is relatively complicated, and infection of Cryptosporidium in animals (Jian, 2012). An

and they usually suffer from poor harness, lack of veterinary analysis of the breeding environment also showed that the
N

1 0.0-38.0)

Poland 5.8% (95%Cl: 1.5-12.8)

Canada I7.1%

CL67-31.2)

,;\7‘

g >
China 5.7% (95% CI: 2.1-10.8)
Tk d

Jordan 8.1% (95% CI: 3.0-15.4)

USA 7.4 4CL0.1-248)

Brazil 11.3% (95% CI:08-31.6)
Legend

v

D 0v-1%

[ Eisy

. 9-15%

. 15%-20%

)7 New Zealand 17.9% (95% CI: 9.7-27.9)

FIGURE 7
Map of Cryptosporidium prevalence in Equus worldwide

Frontiers in Cellular and Infection Microbiology frontiersin.org
71


https://doi.org/10.3389/fcimb.2022.1072385
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Li et al. 10.3389/fcimb.2022.1072385
Bl Detection methods
0 Age
% Host
Bl Geographic area
FIGURE 8
Distribution of Cryptosporidium species/genotypes.

prevalence of Cryptosporidium was higher in Equus than that
farmed on scale breeding. The high stocking densities of large-
scale farming might result in high rates of Cryptosporidium
infection in high-density captive equines. This may be due to the

TABLE 4 Concentrated prevalence of equine Cryptosporidium in different countries.

facts that more oocysts are scattered in high-density pens and

the transmission speed is fast (Wang et al., 2008). Therefore, we

recommend reducing stocking density and enhancing the

animal welfare of donkeys and mules.

Variable Category No. studies No. examined No. positive % (95% CI*)

Country Algeria 2 481 11 2.27% (1.13-3.79)
America 4 746 60 7.37% (0.08-24.78)
Belgium 1 134 6 4.48% (1.64-8.61)
Brazil 3 684 62 11.28% (0.76-31.64)
Canada 1 35 6 17.14% (6.67-31.19)
China 13 6122 562 5.65% (2.08-10.83)
Germany 2 51 4 4.84% (0.00-38.02)
Greece 1 190 2 1.05% (0.10-2.99)
Ttaly 3 260 40 19.58% (6.03-38.43)
Netherlands 1 44 0 0.00% (0.00-2.17)
New Zealand 1 67 12 17.91% (9.73-27.92)
Poland 2 424 21 5.81% (1.47-12.76)
Jordan 1 74 6 8.11% (3.03-15.36)

TABLE 5 The prevalence of Cryptosporidium in different genotypes.

Variable Category No. studies No. examined No. positive % (95% CI*)

Genotype C. parvum 17 348 80 31.95% (15.53-51.11)
C. andersoni 5 34 12 38.83% (12.50-69.36)
C. hominis 8 165 103 43.94% (23.11-65.95)
C. muris 2 19 11 53.55% (11.65-92.51)
Horse genotype 10 245 41 29.24% (9.47-54.44)
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The investigation of sampling year in the selected articles
showed that the prevalence of Cryptosporidium in Equus animals
before 2012 was higher. In 2008, a worldwide economic crisis
occurred and started to recover until 2010 (Zhang, 2018). The
sluggish world economy may make people slack in Equus breeding,
which may be one of the reasons for the high prevalence of
Cryptosporidium. After 2013, the world economy gradually
recovered, and many countries began to pay more attention to
the animal husbandry. The gradually increased animal welfare may
contributed to the lower prevalence of Cryptosporidium in Equus.

10.3389/fcimb.2022.1072385

In the continent and country groups, the highest positive
rate of Cryptosporidium was found in Oceania and the lowest
was in Africa. Among them, New Zealand in Oceania had the
highest positive rate, and Algeria in Africa had the lowest
positive rate. New Zealand has a temperate maritime climate,
with a warm and humid climate throughout the year, and its
long coastline and abundant water resources make it more
suitable for Cryptosporidium to survive. The frequent rainfall
may lead to the transmission of Cryptosporidium in animal feces
from fields to surface waters, thus resulting in a higher

TABLE 6 A subgroup analysis of the prevalence of Cryptosporidium in equine genus by geographical location, climate and other variables.

Variable Category No. No. No.
studies examined positive
Latitude < 30° 7 794 45
30°-35° 3 809 56
35°-40° 7 2357 213
40°-45° 7 1283 52
> 45° 8 1597 121
Longitude < 50° 7 1383 66
50°-100° 6 2108 39
> 100° 9 3282 370
Altitude(m) <50 15 3717 372
50-100 6 858 21
100-150 8 1722 73
> 150 6 543 21
Rainfall (mm) < 500 3 620 20
=500 2 1436 220
Temperature (° < 10 14 744 32
)
=10 11 1599 217
Humidity (%) 40-50 3 183 8
50-60 10 581 33
60-70 8 661 50
70-80 3 569 142
Climate Plateau alpine 2 52 9
climate
Subtropical climate 15 2701 255
Temperate climate 16 6251 455
Tropical climate 3 567 55

CI*, Confidence interval; NA*, not applicable; P-value*: P < 0.05 is statistically significant.

Frontiers in Cellular and Infection Microbiology

% (95% CI*) Heterogeneity Univariate meta-regression
P- P P- Coefficient (95%
value (%) value* CI)
8.77% (2.88-17.44) 7094 <0.01 915 0.1377 -0.1346(-0.3122 to
3.67% (0.02-13.11) 6019 <0.01 967 0.0431)
2.70% (0.10-8.61) 281.98 <0.01  97.9
5.17% (0.74-1323) 7021 <001 915
7.45% (3.77-1226) 79.96 <0.01 912
5.62% (127-12.79) 7648 <001 922 0.2230 -0.1085 (-0.2830 to
0.0660)
1.75% (0.7-326) 1772 <001 718
9.03% (3.15-17.53) 30579 <0.01  97.4
6.88% (2.70-12.78) 365.84 <0.01  96.2 0.2367 -0.1096(-0.2913 to
0.0720)
2.41% (0.07-7.87) 3102 <0.01 839
423% (1.08-9.32) 7201 <001 903
4.94% (0.06-16.98) 63.07 <0.01  92.1
1.71% (0.06-5.54)  56.80 <0.01 842 0.0004 -0.2751 (-0.4277 to
0.1225)
15.63% (8.60- 11790 <0.01  93.2
24.28)
3.95% (0.34-1125) 9730 <0.01  86.6 0.3395 0.0872 (-0.0918 to
0.2662)
8.04% (3.30-14.60) 17321 <0.01 942
1.26% (0.00-8.59) 695  0.03 712 0.0367 0.3927 (0.0243 to
0.7610)
441% (0.07-14.98) 93.76 <001  90.4
5.02% (0.94-12.07) 69.96 <0.01  90.0
22.69% (13.76- 1057 <0.01 811
33.10)
12.71% (0.00- 2662 <001 962 0.5059 -0.0998 (-0.3937 to
78.20) 0.1942)
7.82% (3.27-14.10) 41323 <001  96.6
5.81% (3.61-8.49) 35924 <0.01 947
16.46% (0.48- 12302 <001 984

48.11)
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prevalence of Cryptosporidium in this genus of horses (Sterk
etal, 2016). In contrast, the Algerian coast has a Mediterranean
climate, with high temperature and rainy winter, while the
central and southern parts have a savanna and tropical desert
climate, which is dry and rainy, with cold winter and hot
summer. The increase of temperature will reduce the life
activity of the worms on the land surface (Moriarty et al,
2012). Therefore, the prevalence of Cryptosporidium in Equus
in Africa is low.

In the geographical groups, the positive rate of
Cryptosporidium was the highest in regions with longitude >
100° and latitude < 30°. These two factors are mainly
concentrated in the central and southern parts of China. The
central and southern parts of China belong to the temperate
monsoon climate and the subtropical monsoon climate. The
rainfall types of these two climates are high temperature and
rainy in summer, low temperature and less rain in winter (Wang,
2009). Meanwhile, the positive rate of Cryptosporidium in Equus
that live in areas with humidity 70%-80%, rainfall > 500 mm,
temperature > 10°C, and altitude < 50 m was higher than that in
other regions. High rainfall will increase the pollution of water
sources, and Cryptosporidium is mainly transmitted through
water sources, thereby increasing the prevalence of
Cryptosporidium (Young et al, 2015). As altitude decreases,
the temperature gradually increases (Zhu et al., 2013). Suitable
temperature and hot and humid weather are the reasons for an
increase in the prevalence of Cryptosporidium. This is in line
with previous reports (Burton et al., 2010; Lv et al., 2021).

The genotypes of Cryptosporidium in infected Equus were
analyzed. The main genotypes of Equus Cryptosporidium were C.
parvum, horse genotype, C. andersoni, C. muris, C. hominis, and
C. cuniculus (Wang, 2015; Wagnerova et al., 2016; Deng, 2018;
Zhang, 2021). Among them, C. parvum, C. andersoni, and C.
hominis are the genotypes that infect humans. In this study, the
positive rates of C. muris and C. hominis genotypes were higher.
Therefore, strengthening the feeding, management, and control
of Equus Cryptosporidium are of great importance to the public
safety of humans and animals.

The included articles mainly employed three types of detection
methods, including molecular detection, immunological detection,
and microscopic detection. Molecular examination is mainly based
on PCR. Immunological tests include IFAT, DAF, and ELISA.
Among them, the positive rate detected by IFAT technology is the
highest, followed by microscopy and PCR. The microscopic
detection of Cryptosporidium is easily operated and has a low
cost but may lead to misdiagnosis and increase the probability of
false positives (Robinson and Chalmers, 2020a). For
immunological detection, although ELISA has the advantages of
high sensitivity and specificity, it cannot perform species
identification (Mittal et al., 2014). IFAT is prone to false positive,
thus resulting in a high positive rate (Robinson et al., 2020b). The
PCR detection method have high sensitivity and specificity than
that of microscopy, has become the optimal method for
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Cryptosporidium detection (Zhang et al., 2017). It is
recommended to use PCR method to detect Cryptosporidium in
epidemiological investigations.

These results reflect the prevalence of Cryptosporidium in
Equus to a certain extent around the world. In this meta-
analysis, the reasons for losing points in some studies are: (1)
less than 3 risk factors; (2) limited samples; (3) unclear sampling
year; and (4) absence of specific sampling location. It is
recommended that researchers should take more samples and
explore more influencing factors to provide more data that support
for the prevention and treatment of Cryptosporidium infection
in Equus.

The advantages of this study are rigorous method and lots of
risk factors. The publication bias was tested by using funnel
chart and more accurate Egger’s test. The subgroup analysis and
regression analysis correctly identified the influence of
heterogeneity on the results. The combination of multiple data
analysis methods made our findings reasonable. A
comprehensive analysis of subgroups can replenish the
previous articles and provide more complete data for follow-
up research. However, this study also has some limitations. First,
we searched in five databases, and the search strategy might have
caused the omission of some researches. Second, the data in
some subgroups, such as Italy in the city subgroup, are covered
only by one article, which can lead to unstable outcomes.

Concluding remarks

A systematic review and meta-analysis of 35 articles provided a
comprehensive overview of the global epidemiology of Equus
Cryptosporidium. The results showed that cryptosporidiosis was
widespread in Equus, and cryptosporidiosis was prone to occur in
the areas with warm climate. Equus under 1 year were more
susceptible to Cryptosporidium infection. In view of the high
incidence of cryptosporidiosis, correct prevention and control
measures should be taken in time for specific age groups and
regions. During the breeding process, good hygiene habits should
be developed, regional prevention and control should be
strengthened, and water pollution should be minimized.
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The significant rise in the number of tick-borne diseases represents a major
threat to public health worldwide. One such emerging disease is human
babesiosis, which is caused by several protozoan parasites of the
Babesia genus of which B. microti is responsible for most clinical cases
reported to date. Recent studies have shown that during its intraerythrocytic
life cycle, B. microti exports several antigens into the mammalian host using a
novel vesicular-mediated secretion mechanism. One of these secreted
proteins is the immunodominant antigen BmGPI12, which has been
demonstrated to be a reliable biomarker of active B. microti infection. The
major immunogenic determinants of this antigen remain unknown. Here we
provide a comprehensive molecular and serological characterization of a set of
eighteen monoclonal antibodies developed against BmGPI12 and a detailed
profile of their binding specificity and suitability in the detection of active B.
microti infection. Serological profiling and competition assays using synthetic
peptides identified five unique epitopes on the surface of BmGPI12 which are
recognized by a set of eight monoclonal antibodies. ELISA-based antigen
detection assays identified five antibody combinations that specifically detect
the secreted form of BmGPI12 in plasma samples from B. microti-infected
mice and humans but not from other Babesia species or P. falciparum.

KEYWORDS

human babesiosis, apicomplexan parasite, Babesia microti, antigen capture, ELISA,
BmGPI12, antibodies, epitope mapping
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Introduction

Recent epidemiological reports have raised concerns about
the rapid increase in tick-borne diseases in the United States and
worldwide and the threat they pose to public health (Rosenberg
et al., 2018; Kumar et al., 2021; Renard and Ben Mamoun, 2021).
Major factors influencing this rise include anthropogenic
alterations of the ecosystem, socio-economic changes, and
climate change, as well as improved diagnostic methods and
better notification (Gilbert, 2021). More than 75% of all vector-
borne related illnesses reported in the United States between
2004 and 2016 were caused by tick-borne pathogens (Rosenberg
et al., 2018; Renard and Ben Mamoun, 2021).

One such emerging tick-borne disease is human babesiosis,
which has a global distribution and remains an endemic disease
in the United States (Renard and Ben Mamoun, 2021). The
disease is caused by several protozoan parasites of the Babesia
genus (Renard and Ben Mamoun, 2021; Pal et al., 2022).
Depending on the pathogen and the host immune status, the
infection can lead to moderate or severe life-threatening illness,
especially among immunocompromised hosts such as asplenic,
cancer, and HIV patients, individuals on immunosuppressive
drugs such as Rituximab, neonates as well as individuals over the
age of 50 (Kumar et al,, 2021).

Of the 8 species of Babesia that are associated with
documented clinical reports of human babesiosis worldwide,
Babesia microti accounts for the vast majority of mild,
complicated or fatal clinical cases (Renard and Ben Mamoun,
2021). This eukaryotic pathogen is a member of the Apicomplexa
phylum which also includes Plasmodium parasites, the causative
agents of human malaria (Renard and Ben Mamoun, 2021).
Ixodes scapularis ticks, which also transmit Lyme disease,
anaplasmosis and Powassan encephalitis, are the main vectors
of B. microti. However other modes of transmission have also
been reported and include blood transfusion, organ
transplantation, and perinatal transmission (Bloch et al., 2021;
Krause et al., 2021; Meredith et al.,, 2021; Renard and Ben
Mamoun, 2021). Approved treatment for human babesiosis
include the use of drug combinations consisting of atovaquone
and azithromycin for mild disease, and quinine and clindamycin
for severe disease (Krause et al., 2021; Renard and Ben Mamoun,
2021). The emergence of drug-resistant parasites following
treatment, and the commonly reported side effects associated
with some of these drugs have led to the use of other antimalarial
drugs such as proguanil and tafenoquine in the treatment of
human babesiosis (Vyas et al., 2007; Carvalho et al., 2020). More
specific drugs tailored to Babesia parasites, which have been
evaluated in animal models of human babesiosis, have also been
developed and include endochin-like quinolones ELQ-502,
ELQ-331 and ELQ468, which alone or in combination with
atovaquone have shown strong efficacy (Chiu et al., 2021; Chiu
et al., 2022; Pal et al., 2022).
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Following tick injection of B. microti sporozoites, the parasites
invade human red blood cells, develop into mature ring and
filamentous forms, and then divide to produce 4 daughter
parasites per infected erythrocyte (Thekkiniath et al., 2018).
Unlike P. falciparum, B. microti does not degrade hemoglobin
and relies heavily on host plasma as a nutrient source for survival
(Cornillot et al.,, 2012; Silva et al., 2016). Recent studies have
shown that B. microti uses a unique mechanism of protein
secretion to deliver its proteins into the host (Thekkiniath et al.,
2019). Electron microscopy analysis showed that during its
intraerythrocytic cycle, the parasite produces a string of
attached vesicles that emerge out of the parasite plasma
membrane and contain most of the parasite cytoplasm
including proteins and ribosomes (Thelkiniath et al, 2019).
Immunoproteomic analyses, using sera from B. microti-infected
mice and humans, identified several antigens whose IgM and IgG
profiles correlate with the early and late stages of infection,
respectively (Cornillot et al.,, 2016; Silva et al., 2016).
Interestingly, several of these immune-reactive antigens have
been found to be associated with these vesicles and include
BmGPI12, a member of the BMNI1 multigene family of
antigens, and BmIPA48, a constituent of the rhoptry organelle
(Thekkiniath et al., 2019; Bastos et al., 2021). Transcription
analyses showed that BmGPII12 is one of the most highly
expressed genes of B. microti (Cornillot et al., 2012; Carpi et al,,
2016; Silva et al., 2016). Fractionation and immunoelectron
microscopy studies have shown that BmGPI12 protein can be
found in three major fractions: the parasite fraction where the
protein was found to be associated with the parasite plasma
membrane; the red blood cytoplasm fraction; and the
extracellular fraction where the protein is readily detected by
immunoblot and ELISA assays (Thekkiniath et al., 2018). The
unique profile of this protein has made it an excellent choice for
detection of active B. microti infection (Thekkiniath et al., 2018).

In this study, we aimed to characterize the epitope map of
eighteen monoclonal antibodies developed against BmGPI12
(Gagnon et al,, 2022) with the goal to develop specific antigen
capture ELISA-based assays for detection of active B. microti
infection. Our study identified five antibody combinations that
specifically detect secreted BmGPI12 in B. microti-infected
plasma but not in plasma from B. duncani-infected mice or
supernatants of B. duncani, B. divergens and P. falciparum in
vitro cultures in human red blood cells.

Materials and methods
Ethics statement
All animal experiments were approved by the Institutional

Animal Care and Use Committees (IACUC) at Yale University
(Protocol #2020-07689). Animals were acclimatized for one
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week after arrival before the start of an experiment. Animals that
showed signs of distress or appeared moribund were humanly
euthanized using approved protocols.

Parasite strains and mouse infections

5-6 weeks old female C.B-17.SCID (Severe Combined
immunodeficient) (C.B-17/IcrHsd-Prkdc*®?) mice obtained from
Envigo, NJ, and 5-6 weeks old female Balb/c] mice purchased from
Jackson Laboratories were used in this study. Mouse infections were
established by intravenous injection of previously cryo-preserved B.
microti (LabS1 strain)-infected blood. For studies involving B.
duncani-infected mice, C3H/He] mice from Jackson Laboratories
were infected with 10°-B. duncani (WA-1) red blood cells as
previously described (Pal et al., 2022).

BmGPI12 monoclonal antibodies

The anti-BmGPI12 monoclonal antibodies (MAbs) described
in this study have been generated and purified as described by
Gagnon and colleagues (Gagnon et al.,, 2022). These antibodies
and the concentration used in this study are listed in Table 1.

Production of recombinant sub
fragments of BmGPI12

Codon-optimized DNA fragments encoding the full length
BmGPI12 and sub-fragments F1 (amino acids 1-100), F2 (amino

TABLE 1 List of BmGPI12 mouse monoclonal antibodies and their
concentrations.

BmGPI12 MAb Concentration (ug/mL)

1A5 1030
1B10 3160
1E11 1070
1G11 2310
2A7 1789
2H6 2135
3A12 2400
3B1 1850
3B6 1020
3D4 2575
4B12 995
4C8 1090
4C12 350
4E1 1517
4F8 1648
4H5 1430
5C11 840
5D11 2545
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acids 50-150), F3 (amino acids 100 to 200), F4 (amino acids 150 to
250) and F5 (amino acids 200 to 328) were synthesized (Genscript
Inc.), cloned into the BamHI and Xhol sites of the pGEX-6p
expression plasmid (GE Healthcare) and the resulting plasmids
were introduced into E. coli BL21 strain. Expression and
purification of the recombinant proteins was conducted as
described previously (Thekkiniath et al., 2018) with some
modifications. Briefly, the E. coli strains harboring the plasmids
were pre-grown overnight in Luria-Bertani (LB) Broth containing
ampicillin (100 pug/ml). The cells were diluted by 100-fold in 200 ml
of fresh medium and grown to ODgg of 0.5. Expression of the
recombinant proteins was induced by adding 0.1 mM isopropyl--
d-thiogalactopyranoside (IPTG) (I56000-25.0, RPI) to the cell
culture and continued by incubation for 5h at 30°C while shaking
at 230 rpm. Cells were spun down by centrifugation at 2,900 x g for
20 min at 4°C and the pellets were re-suspended in 5 ml of
phosphate buffered saline (PBS, pH 7.3) buffer supplemented
with protease inhibitor cocktail (Mini—cOmpleteTM EDTA-free
(11836170001, Roche). The cell free extracts were obtained by
sonication using an Omni Sonic Ruptor 400 Ultrasonic
Homogenizer (15 sec burst at 30% amplitude, 10 times, with 15
sec cooling on ice after each burst), followed by centrifugation at
16,000 g for 20 min. GST tagged recombinant proteins were
purified by affinity chromatography on a 1 ml of glutathione
sepharose high performance column (17-5279-01, Cytiva) by
following the manufacturer’s instructions (Cytiva, 71502754 AC).
Proteins bound to the column were eluted by applying 1 ml of
elution buffer (50 mM Tris-HCI, 100 mM NaCl, 5mM DTT, and 10
mM reduced glutathione, pH 8.0) to the column 3 times and
glutathione was removed from the purified protein solutions using
PD-10 desalting columns containing Sephadex G-25 resin
(17085101, Cytiva). The purified proteins were used in the
western blot, dot blot and ELISA assays described in this study.

BmGPI12 peptide library

A library of 19 overlapping peptides covering a portion of
the BmGPI12 protein between amino acids 50 and 200 were
synthesized by Genscript, Inc. Each peptide consists of 11 amino
acids with the last 3 amino acids of one peptide overlapping with
the first 3 amino acids of the next peptide. Table 2 includes the
list of all the peptides used in this study.

Babesia microti short-term
in-vitro culture

Short-term in-vitro culture of B. microti was performed as
previously described (Thekkiniath et al., 2018). Under these
conditions, the parasite develops from ring to tetrad stages
(Lawres et al, 2016) and secretes antigens such as BmGPI12
and BmIPA48, which are also detected in plasma from B. microti-
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TABLE 2 Primary sequences of the BmGPI12 peptides.

BmGPI12 peptide Amino acid position

P1 50-60
P2 58-68
P3 66-76
P4 74-84
P5 82-92
P6 90-100
P7 98-108
P8 106-116
P9 114-124
P10 122-132
P11 130-140
P12 138-148
P13 146-156
P14 154-164
P15 162-172
Pl6 170-180
P17 178-188
P18 186-196
P19 190-200

Overlapping amino acids are indicated by bold letters.

infected animals (Thekkiniath et al, 2019). Briefly, one C.B-
17.SCID mouse (Cornillot et al.,, 2016) was infected with the B.
microti Lab SI strain and 50 UL of infected blood (at 15%
parasitemia) was mixed with 100 UL of uninfected human RBC
(A", 50% hematocrit) and allowed to grow in complete DMEM-
F12-based cell culture medium (850 uL) (BE04-687F/U1, Lonza)
supplemented with 20% heat-inactivated fetal bovine serum (HI-
FBS, F4135, Sigma), 1X-antibiotic/antimycotic solution (15240-
062, GIBCO), 2% 50X HT Media Supplement Hybri-Max 230 TM
(H0137, Sigma), 1% 200 mM L-Glutamine (25030-081, GIBCO)
for 24h at 37°C under hypoxic condition (2% O,) (Singh et al,
2022). 1 ml culture volume was centrifuged at 400 x g at room
temperature for 10 min, and a 1ml culture supernatant (S) was
collected. The cell pellet was further treated with 1% saponin (100
ul) and incubated on ice for 30 min. Hemolysate (H) and parasite
pellet (P) fractions were collected after centrifugation at 9,300 x g
for 10 min at 4°C. The parasite pellet was resuspended in 30pl of
1X Laemmli sample buffer. The collected S, H, and P fractions
were used for immunoblot analysis.

Immunodetection of BmGPI12

Supernatant (S), hemolysate (H), and parasite pellet (P)
fractions from a short-term in vitro culture of B. microti
(iRBCs) and similar fractions from non-infected human RBCs
(uRBCs, control) were used in western blots. Sample (S, H and
P) were mixed with Laemmli sample buffer (1610747, BIO-
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Peptide sequence kDa
SNPTGAGGQPN 1
QPNNEAKKKAV 12
KAVKLDLDLMK 13
LMKETKNVCIT 13
CTTVNTKLVGK 1.2
VGKAKSKLNKL 12
NKLEGESHKEY 13
KEYVAEKTKEI 13
KEIDEKNKKEN 1.4
KENENLVKIEK 14
IEKRKKIKVPA 13
VPADTGAEVDA 1
VDAVDDGVAGA 1
AGALSDLSSDI 1
SDISAIKTLTD 12
LTDDVSEKVSE 12
VSENLKDDEAS 12
EASATEHTDIK 12
TEHTDIKEKAT 13

RAD), boiled at 80°C for 5 min, separated on 12% mini-protean
gels, and transferred onto nitrocellulose membranes. The
membrane was blocked with 5% non-fat skim milk (AB10109-
01000, American Bio) in Tris-buffered saline (TBS) containing
0.02 M Tris base, 0.15 M NaCl, and 0.1% Tween 20 (1X TBST)
for 1h at room temperature followed by incubation with 18 anti-
BmGPI12 MAbs (1:250 dilution in blocking buffer) at 4°C
overnight. Following treatment with primary antibodies, the
membranes were washed three times with 1X TBST (10 min
each) and incubated with HRP-conjugated goat anti-mouse IgG
(1: 5,000 dilution) (31466, Thermo Fisher) for 1h at room
temperature. Subsequently, the membranes were washed twice
with 1X TBST and once with 1X PBS and developed using Super
signalTM West Pico PLUS chemiluminescent substrate (34577,
Thermo Scientific). The blot was imaged using LI-COR
Odyssey-Fc imaging system.

Immunofluorescence assay

Thin blood smears from uninfected and B. microti-infected
C.B-17.SCID mice RBCs were prepared on glass slides (640-
001T, DOT scientific) and fixed with chilled methanol (9070-05,
JT Baker) for 15 min at -20°C. The smears were air-dried and
blocked in 3% BSA in PBS buffer (A9418, Sigma) for 1h at room
temperature. Following this step, the smears were incubated with
the mouse monoclonal anti-BmGPI12 antibody 5C11 at 1:500
dilution for 1h at room temperature. This was followed by three
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washes in 1X PBS containing 0.05% Tween and three washes in
1X PBS, 5 min each. Subsequently, the smears were incubated
with goat anti-mouse IgG antibodies conjugated to Alexa Fluor
488 (1:500 dilution) (A-11001, Life Technologies) for 1h at room
temperature. This was followed by three washes in 1X PBST and
three washes in 1X PBS. The smears were further incubated with
Phycoerythrin (PE)-conjugated anti-mouse TER-119 (1:200
dilution) (116207, BioLegend) for 1h at room temperature
followed by three washes in 1X PBST and three washes in 1X
PBS. Coverslips were then mounted on glass slides using
Vectashield mounting medium containing DAPI (H-1200-10,
Vector Laboratories) and examined using a Nikon ECLIPSE
TE2000-E microscope. A 100X oil immersion objective was used
for image acquisition. Excitation at 465-495 nm was used to
detect Alexa Fluor 488 positive cells; excitation at 510-560 nm
was used to detect PE positive cells, and excitation at 340-380
nm was used to detect DAPI positive cells. The images were
acquired using MetaVue with 1,392 x 1,040 pixel as the chosen
image size and subsequently analyzed using Image].

Immunoelectron microscopy

Sample preparation, immune labeling and image processing
for immunoelectron microscopic analysis of B. microti LabSI-
infected mouse (CB.17-SCID) red blood cells (mRBCs) were
performed as previously described by Thekkiniath et al.
(Thekkiniath et al., 2019). Briefly, B. microti-infected mRBCs
were fixed in 4% PFA and frozen using a Leica HMP100 at 2,000
psi. The frozen samples were then freeze-substituted using a Leica
Freeze AFS unit starting at —95°C using 1% osmium tetroxide, 1%
glutaraldehyde, and 1% water in acetone for 10h, warmed to —20°
Cfor 12h and then to 4°C for 2h. The samples were rinsed in 100%
acetone and infiltrated with Durcupan resin (Electron
Microscopy Science) and baked at 60°C for 24h. Hardened
blocks were cut using a Leica UltraCut UC7, and 60-nm
sections were collected on formvar/carbon-coated nickel grids.
Resin sections were incubated with anti-BmGPI12 monoclonal
antibodies at 1: 100 dilution (overnight), rinsed in bufter, and then
incubated with the secondary antibody 10 nm protein A gold
(UtrechtUMC) for 30 min. The grids were rinsed and fixed using
1% glutaraldehyde for 5 min, rinsed well in distilled water, and
contrast-stained using 2% uranyl acetate and lead citrate. The
grids were viewed in an FEI Tencai Biotwin TEM at 80 kV. Images
were taken using Morada CCD and iTEM (Olympus) software.

Dot blot analysis of BmGPI12

Dot blot analysis was used to detect specific interactions of the
various MAbs with the sub-fragments of BmGPI12 or individual
peptides (11 amino acids each). Samples (100 ng) were spotted on
a nitrocellulose membrane and dried at room temperature for 1h.
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The membrane was then blocked by application of 200 pl of
blocking buffer (5% BSA in TBS with 0.05% Tween-20 (TBST-
0.05%)) (Singh et al., 2022) into each well for 1h at room
temperature. Following this step, the blocking buffer solution
was replaced with 200 pl of 0.1% BSA in TBST-0.05% buffer and
kept for 1h at room temperature or overnight at 4°C. Primary
antibodies were diluted 1:1000 in 0.1% BSA in TBST-0.05% buffer
and added to the membranes for 1h at room temperature,
followed by incubation with HRP-conjugated goat anti-mouse
IgG (1: 5,000 dilution) (31466, Thermo Fisher) secondary
antibody for 45 min at room temperature. The blots were
washed three times with TBST-0.05%, once with PBS (5 min),
and then developed using the Super signalTM West Pico PLUS
chemiluminescent substrate (34577, Thermo Scientific) and
imaged using the Odyssey Fc imaging system.

Detection of anti-BmGPI12 antibodies in
sera or plasma samples from B. microti
infected Balb/c mice and field mice

Immunoreactivity of mouse plasma or sera to full length
BmGPII2 or its sub fragments (F1, F2, F3, F4 and F5) were
determined by indirect ELISA. Recombinant BmGPI12 or sub-
fragments were coated (50 ng/well) in 96-well Nunc Maxisorp
plates and incubated overnight at 4°C. Plates were then blocked
with 5% BSA in PBS containing 0.05% Tween 20 (PBST) for 1.5h at
37°C. All sera and plasma dilutions were made in 1% BSA in PBST.
Following this step, plates were incubated with sera and plasma
from B. microti-infected or uninfected mice at 1: 200 dilution for
1.5h at room temperature. For studies involving sera collected from
field mice, similar antigen coated plates were incubated with CDC-
confirmed B. microti PCR positive or negative mouse sera at 1: 200
dilution. Following plasma/sera incubation, plates were washed 4
times with PBST, then incubated for 1h with goat anti-mouse HRP
conjugated secondary antibody (1: 5000) (31466, Thermo Fisher).
The plates were then washed 4 times with PBST and 100 uL. TMB
substrate (3,3,5,5,-tetramethylbenzidine (KPL 5120-0083, SeraCare
Life Sciences) was added to each well. After a 5 min incubation at
room temperature (in the dark), the reaction was stopped by adding
100 pl of 0.1N HCIL. Optical density (OD) was measured at 450 nm
on a BioTek PowerWave HT plate reader. Standard Deviation (SD)
was calculated using Graphpad Prism 9.3 software. The cut-off
OD,s50 was determined as mean + 2 x SD of uninfected/
negative samples.

Detection of BmGPI12 in human
plasma samples

Plasma samples from blood collected in EDTA from

individuals that were either negative or positive for B. microti
nucleic acid by PCR or transcription-mediated amplification
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(TMA) were obtained as de-identified samples from the American
Red Cross (ARC) under an approved agreement (Tonnetti et al,
2020). 96-well Nunc Maxisorp plates were coated with purified
BmGP12-Full length (FL) or sub-fragments F1, F2, F3, F4 or F5 at
50 ng/well (diluted in coating buffer (20 mM Tris-HCI pH 8.5 +
0.1M NaCl)), overnight at 4°C. Wells with only coating buffer were
used as controls. Antigen coated wells were blocked with 200 pl
ChonBlocking sample dilution ELISA Buffer (9068, Chondrex,
Inc.) for 2h at 37°C. Following blocking, B. microti positive or
negative plasma samples added at 1:250 dilution in 1% BSA in
PBST for 1.5h at room temperature. The plates were subsequently
washed four times with PBST and incubated with HRP-conjugated
Fc gamma fragment specific goat anti-human IgG (32935, Cell
Signaling) at 1:10,000 dilution for 1h at room temperature. After
four washes with PBST, 100 UL of TMB substrate was added to each
well and incubated for approximately 5 min at room temperature in
the dark. The reaction was stopped by adding 100 pl of 0.1N HCL
The OD was measured at 450 nm using Bio-Tek Power Wave HT
plate reader. Each experiment was independently repeated with two
technical replicates each. Standard Deviation (SD) was calculated
using Graphpad Prism 9.3 software. The cut-off OD,s, value was
determined as mean + 2 x SD of the ODys, value of the negative/
uninfected samples.

MGPAC assay with monoclonal
antibody combinations

Sandwich ELISA using monoclonal antibody combinations
to detect B. microti infection in mice were performed as
previously described (Gagnon et al., 2022) with slight
modifications. Briefly, 96-well plates were coated with 200 ng/
well of capture MAbs (2H6, 1E11, and 4C8), and incubated at
room temperature for 2h. The wells were then blocked with 5%
BSA in PBST (0.05% Tween-20) and incubated at room
temperature for lh. Following this, plates were incubated
overnight at 4°C with either recombinant BmGPI12 (100 ng/
well) or with heat inactivated (30 min at 56°C) plasma from
uninfected or B. microti (LabS1) infected C.B-17.SCID mouse at
1:100 dilution. The plates were then washed 4 times with PBST
followed by addition of 2 ug/ml biotinylated detection MAbs
(2H6, 1E11, 4C8, 5C11, or 1A5) and incubated at room
temperature for 2h. The plates were then washed with PBST
and incubated with HRP conjugated streptavidin (KPL 474-
3000, SeraCare Life Sciences) at 1:5000 dilution for 1h at room
temperature. Finally, the plates were washed four times with
PBST, and 100 pl TMB substrate was added, incubated for 5 min
at room temperature and 100 pl of 0.1N HCI was added to stop
the reaction. The optical density at 450 nm was measured on a
BioTek PowerWave HT plate reader. Results were analyzed
using the Graphpad Prism 9.3 software and statistical
significances were calculated using two-way ANOVA.
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The specificity of the MAb combinations was evaluated by
using culture supernatants from B. duncani WA-1 (25%
parasitemia), B. divergens Rouen87 (10% parasitemia), P.
falciparum 3D7 (10% parasitemia), and P. falciparum HB3
(10% parasitemia)-infected human erythrocytes as well as heat
inactivated plasma from uninfected or B. duncani-infected C3H/
HeJ mice (34% parasitemia). B. duncani and B. divergens were
propagated in vitro in complete DMEM-F12 (cF12) (Singh et al.,
2022) whereas P. falciparum strains were propagated in
complete RPMI (cRPMI) medium (El Bissati et al., 2006).
Plasma from B. microti infected or uninfected SCID mice were
used as positive and negative controls, respectively. Statistical
significances were calculated using one way ANOVA test using
the Graphpad Prism 9.3 software. For each sample type the cut-
off ODy5 value was determined as the mean + 2 x SD of the
ODys value of the corresponding uninfected sample. Any signal
above the cut-off limit was considered a positive result.

Results

BmGPI12 cellular distribution in B.
microti-infected erythrocytes using
specific monoclonal antibodies

Eighteen monoclonal antibodies (MAbs) developed against
BmGPI12 were recently characterized by ELISA using
recombinant BmGPI12 as a target antigen (Gagnon et al., 2022)
(Table 1). The specificity of these antibodies was assessed by
immunoblotting using supernatant (S), hemolysate (H) and free
parasites (P) fractions from B. microti-infected erythrocytes.
Fourteen of the eighteen MAbs recognized the native BmGPI12
in all three fractions (Figure 1); the remaining four MAbs, 2A7,
2H6, 3A12, and 4E1, showed weak signal in this analysis. As a
control, no signal could be detected using similar fractions from
uninfected erythrocytes (Figure 1). Immunofluorescence
microscopy analyses using these MAbs identified 16 MAbs,
which were specific and presented a localization profile for
BmGPI12 (Supplementary Figure S1; Figure 2A) identical to that
previously reported using polyclonal antibodies raised against the
full-length protein (Thekkiniath et al., 2019). As shown in
Figure 2A, BmGPI12 could be detected using MAb 5Cl11 in B.
microti-infected erythrocytes both on the parasite plasma
membrane and the vesicular network produced by the parasite
and exported into the erythrocyte cytoplasm (Thekkiniath et al,
2019). Five of the monoclonal antibodies (1G11, 1E11, 5C11, 4C8
and 1A5) were further used in immunoelectron microscopy (IEM)
analyses. However, only 5C11 showed a specific signal by IEM in B.
microti-infected erythrocytes with BmGPI12 localized to the
plasma membrane of B. microti as well as to the surface of the
secreted vesicles (Figures 2B, C) as previously reported using
polyclonal antibodies (Thelkkiniath et al., 2019)
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FIGURE 1

Detection and localization of BmGPI12 using anti-BmGPI12 polyclonal and monoclonal antibodies. Immunoblot analysis of secreted (S), hemolysate
(H) and parasite (P) fractions isolated from B microti short-term in vitro culture (iRBC) or uninfected human RBCs (URBCs) using o.-BmGPI12
polyclonal (pAb) and different monoclonal antibodies (MAbs). Samples were analyzed on a 12% mini protein gel, transferred to nitrocellulose
membrane and probed with BmGPI12 poly or monoclonal antibodies as indicated. * indicates nonspecific bands or degradation products.

Anti-BmGPI12 MAbs map to highly
immunogenic regions of the
secreted antigen

To identify the specific regions in BmGPI12 that are recognized
by the various monoclonal antibodies, the full-length protein (FL:
amino acids 28-328) as well as five overlapping fragments F1
(amino acids 1 to 100 of BmGPI12), F2 (amino acids 50 to 150
of BmGPI12), F3 (amino acids 100 to 200 of BmGPI12), F4 (amino
acids 150 to 250 of BmGPI12) and F5 (amino acids 200 to 328 of
BmGPI12) were purified as recombination fusion proteins using an
N-terminal GST tag and used in dot blot and immunoblot assays
with each of the 18 MAbs. A schematic representation of the
BmGPI12 FL and sub-fragments are shown in Figure 3A. As shown
in Figure 3B, 13 MAbs were found to bind to either a specific
fragment or 2 overlapping fragments of BmGPI12. Monoclonal
antibodies 5D11, 2H6, 3D4, 3B6, 4C12, 3A12, and 1E11 specifically
recognized the F2 fragment; 4C8, and 1G11 mapped specifically to
both F2 and F3 fragments; whereas 5C11 and 1A5 MAbs mapped
specifically to the F3 and F4 fragments. The F1 and the F5
fragments showed low reactivity with the MAbs in immunoblot
and dot blot (data not shown). The antigenicity profile of the F1, F2,
F3, F4 and F5 fragments of BmGPI12 were further characterized
using serum and plasma samples from uninfected and B. microti-
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infected mice as well as human plasma from B. microti positive or
-negative individuals in indirect ELISA. As shown in Figures 4A-F,
5A-F, both sera and plasma from B. microti-infected mice reacted
strongly with the recombinant antigens with optimal
immunoreactivity achieved with the full length BnGPI12 (OD at
450 nm ranged between 2.5 and 3.7) followed by the F2 and F3
fragments whereas the F4 fragment showed only a modest
reactivity. As a control, no reactivity could be found using sera
and plasma from uninfected mice (Figures 4A-F, 5A-F). Similarly,
the immunoreactivity of human plasma samples from B. microti
positive individuals reacted with all the fragments of BmGPI12 with
the highest reactivity recorded with fragments F2 and F3
(Figures 6A-F). No reactivity could be detected with plasma from
B. microti-negative individuals (Figure 6). Both plasma and serum
samples from mice and humans that showed the strongest
immunoreactivity using the full length recombinant BmGPI12
were also those that reacted strongly with the F2 and F3 fragments.

To further assess whether a similar immunoreactivity profile
could be seen in reservoir animals, we screened 62 serum samples
obtained from field mice from various regions in Connecticut, USA.
These samples were previously characterized by PCR to detect B.
microti 185 rDNA and separated into 31 PCR-positive and 31 PCR-
negative samples. As shown in Figures 7A-D, the immunoreactivity
of the majority of B. microti PCR-positive samples were found to be
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FIGURE 2

Subcellular localization of BmGPI12. (A) Immunofluorescence staining of BmGPI12 using 5C11 monoclonal antibody (raised in mouse) followed
by staining with Alexa Fluor (AF)-488 conjugated anti-rabbit secondary antibody (AF488-BmGPI12 pAb, Green) in B microti-infected mouse
RBCs (Bm-iRBC). Mouse RBCs were stained with Phycoerythrin (PE)-conjugated anti-mouse Ter 119 (PE-Ter119, Red). DAPI (Blue) was used to
label parasite DNA. Bars, 2um. (B, C) Transmission immunoelectron microscopic analysis of B microti LabS1-infected mouse red blood cells
(mRBCs). Ultrathin sections of high-pressure frozen and Durcupan resin—-embedded infected RBCs were immunolabeled with anti-BmGPI12
monoclonal antibody (5C11) coupled to 10 nm gold particle. Portion of image (C) is magnified to show enlarged parasite showing localization of
BmGPI12 in the parasite plasma membrane (PPM). RBCM: red blood cell membrane; V, vesicles. Bars, Ium and 500 nm.
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Mapping of MAb binding to specific BmGPI12 fragments. (A) Schematic diagram of BmGPI12 and its sub-fragments. (B) Western blot analysis
using anti-GST or different anti-BmGPI12 MAbs against full length (FL) BmGPI12 or sub-fragments F2, F3 and F4.

Frontiers in Cellular and Infection Microbiology frontiersin.org

84


https://doi.org/10.3389/fcimb.2022.1039197
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Chand et al. 10.3389/fcimb.2022.1039197
A BmGPI12-FL B BmGPI12-F1 Cc BmGPI12-F2
P <0.0001
%k K K
4+ I 44 44
®lA
P <0.005
* ¥
£ 3 } £3 £
c ® c c
o o =)
wn n n [ ]
24 < 24 < 2
% ® . L
a a P —0;311 a
O 44 O 4. O,
e o I S S -
Infected Uninfected Infected Uninfected Infected Uninfected
Serum Serum Serum
(Balb/c mice) (Balb/c mice) (Balb/c mice)
D BmGPI12-F3 E BmGPI2-F4 F BmGPI2-F5
A P <0.005 Ly 49
* %
3 3 3
E E P=0.0084 E
3 3 i 3
< 2 < 24 < 2
= 5 . ] P <0.005
[a) Q I [a] * %
O 44 SPE o
’ A ~
0 T - "?'— —_— 0- FE—
Infected Uninfected Infected Uninfected Infected Uninfected
Serum Serum Serum
(Balb/c mice) (Balb/c mice) (Balb/c mice)
FIGURE 4

Detection of full length BmGPI12 or its sub-fragments by indirect ELISA using uninfected or B microti-infected mouse sera. Heat inactivated sera
from B microti-infected or uninfected Balb/c mice were used (1:200 dilution) to detect recombinant BmGPI12-FL or sub-fragments F1, F2, F3,
F4 or F5 coated on ELISA plates at 50 ng/well. In all graphs, one color represents the reactivity of each mouse serum sample to different
BmGPI12 antigens- FL (A), F1 (B), F2 (C), F3 (D), F4 (E) and F5 (F). Each assay was conducted more than once with at least two technical
replicates per assay. Error bars denote the standard deviation (SD) calculated using the Graphpad Prism 9.3 software. OD4sq cut-off (dashed line)
was determined as the mean + 2 x SD of the OD4s0 value of the uninfected samples. ****: statistically significant (p<0.0001, by two-way
ANOVA); **: statistically significant (p<0.005, by two-way ANOVA); *: statistically significant (p=0.011, by two-way ANOVA).

above the ODs5, cut-off value of the full-length antigen (>97%) as
well as the F2 (80%), and F3 (71%) fragments (p values < 0.0001 by
2-way ANOVA). The cut-off OD,5, value was determined as the
mean + 2 x SD of the OD,5, value of the corresponding negative/
uninfected sera samples for each antigen. Consistent with the PCR
data, all sera from PCR-negative field mice showed no signals above
the ODys, cut-off (Figure 7).

Epitope mapping of MAbs to BmGPI12

The finding that the F2, F3, and F4 fragments of BnGPI12 are
the most immunogenic regions of the antigen led us to investigate
the exact binding sites of the monoclonal antibodies by epitope
mapping (Figure 8A). A set of 19 small overlapping peptides (11
amino acids in length with 3 amino acid overlaps between
adjacent peptides) covering the F2 to F4 fragments of the
BmGPI12 antigen were synthesized (Table 2) and coated into
nitrocellulose membranes. Specific interactions of the peptides
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with the 13 MAbs were determined using a dot blot-based direct
binding. The specific binding of MAbs to individual peptides was
further validated by examining the ability of the peptides to
interfere with the binding of MAbs to the F2, F3 and F4
fragments (Figures 8A, B). As shown in Figure 8B, peptide P3
effectively blocked the binding of the F2 fragment to 3A12, 3B6,
3D4, and 2H6 M Abs; peptides P6 and P10 blocked the binding of
F2 domain to 1E11 and 4C8 MAbs, respectively; and peptide P15
blocked the binding of the F3 domain to 1A5 MAD. Taken
together, 3A12, 3B6, 3D4 and 2H6 MAbs mapped to P3
(KAVKLDLDLMK, BmGPI12°¢7%); 1E11 MAb to P6 (VG
KAKSKLNKL, BmGP112°°1%%); 4C8 MADb to P10 (KFNENL
VKIEK, BmGPI12'?*"132), 5C11 MADb to P13 (VDAVD
DGVAGA, BmGPI12'¢1%¢); and 1A5 MAb to P15 (SDISAIK
TLTD BmGPI12'%%""7?) (Figure 8A; Table 3).

To gain further insights into the immunogenicity profile of
BmGPI12 at the structural level, the 3-dimensional structure of
protein was generated using the AlphaFold Protein Structure
Database (https://alphafold.com/entry/AOAOK3AT66)
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FIGURE 5

Detection of full length BmGPI12 or its sub-fragments by indirect ELISA using uninfected or B microti-infected mouse plasma. Heat inactivated
plasma from B microti-infected or uninfected Balb/c mice were used (1:200 dilution) to detect recombinant BmGPI12-FL or sub-fragments F1,
F2, F3, F4 or F5 coated on ELISA plates at 50 ng/well. In all graphs, one color represents the reactivity of each mouse plasma sample to different
BmGPI12 antigens- FL (A), F1 (B), F2 (C), F3 (D), F4 (E) and F5 (F). Each assay was conducted more than once with at least two technical
replicates per assay. Error bars denote the standard deviation calculated using the Graphpad Prism 9.3 software. OD4sq cut-off (dashed line) was
determined as the mean + 2 x SD of the ODys¢ value of the uninfected samples. ****: statistically significant (p<0.0001, by two-way ANOVA);

***: statistically significant (p<0.0006, by two-way ANOVA); **: statistically significant (p<0.005, by two-way ANOVA).

(Figure 8C). While the N-terminal 58 amino acids (including 27
amino acids of the cleaved signal peptide sequence) and the C-
terminal 19 amino acids were found to be unstructured, most of
the sequences between the two extremities were modeled with
high accuracy scores. The predicted protein structure showed 2
distinct bundles of helices, one with 3 helices in the N-terminal
region and the other with 4 helices in the C-terminal region. The
N-terminal 3 helices encompass the F2 and the F3 fragments
consistent with their highly immunogenic profile. Interestingly,
peptides P3, P6, P10, P13 and P15, which are within these 2
fragments, were found to be on the surface of the protein with
P3, P6, P10, and P13 directly exposed to the surface of the helices
(Figure 8C), making them easily accessible to antibody binding.

Specificity of ELISA assays based on
anti-BmGPI12 MAbs

Our finding that 4C8, 1E11, 5C11, 1A5 and 2H6 map to specific
epitopes on BmGPI12 led us to evaluate specific combinations of
monoclonal antibodies that can be used to detect this antigen using
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antigen capture ELISA assays (nGPAC assay). Figure 9A shows the
schematic representation of the mGPAC assay that was used to
evaluate different monoclonal antibody combinations. All 5
monoclonal antibodies were found to be suitable as detection
antibodies, whereas only 2H6, 1E11 and 4C8 were found to be
suitable as capture antibodies (Figure 9). Whereas all 12 possible
combinations of capture and detection antibodies detected the
purified recombinant BmGPI12, only 7 of these combinations
detected the native secreted antigen in plasma from B. microti-
infected mice (Figure 9B). When using recombinant protein in the
capture assay, capture MAb 2H6 worked best with detection MAbs
1E11, 4C8, 5C11, and 1A5 (Figures 9B-E), while capture MAb
1E11 was most suitable in combination with detection MAbs 4CS8,
5C11 and 1A5 (Figures 9F-I). Similarly, 4C8 as a capture antibody
worked best with detection MAbs 1E11, 5C11 and 1A5, while the
4C8-2H6 combination showed a comparatively weaker detection
(Figures 9]-M). When B. microti-infected mouse plasma was used
as the antigen source, the signal was mostly similar to that obtained
for the recombinant protein when capture MAbs 1E11 and 4C8
were used (Figures 9F=M). In contrast, the capture MAb 2H6
detected BmGPI12 in the plasma only in combination with 4C8
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FIGURE 6

Detection of recombinant BmGPI12 or its sub-fragments using plasma from B microti PCR-positive and -negative humans. Graphs show the
detection of full length BmGPI12 or its sub fragments (F1-F5) with B microti positive (by PCR or TMA) or negative (by TMA) human plasma
samples. ELISA plates were coated with 50 ng/well of BmGPI12 FL (A) or fragments F1 (B), F2 (C), F3 (D), F4 (E), F5 (F). Human plasma samples
were used at 1:250 dilution. Each assay was conducted more than once with at least two technical replicates per assay. Error bars denote the
standard deviation(SD) calculated using the Graphpad Prism 9.3 software. In all graphs, each color/symbol represents the reactivity of individual
human plasma sample to different BmGPI12 antigens. Statistical significance was calculated using two-way ANOVA. The OD4so cut-off (dashed
line) denotes the mean + 2 x SD of the OD4sq value of the negative samples. ****: statistically significant (p<0.0001, by two-way ANOVA); ***:
statistically significant (p=0.0001, by two-way ANOVA); **: statistically significant (p<0.005, by two-way ANOVA).

(Figures 9C) but poorly detected the protein when combined with
MAbs 1E11, 5C11 or 1A5 (Figures 9B, D, E). As a control, no
significant signal could be detected with the MAb combinations
using plasma from uninfected mice (Figures 9B-M). Overall, we
identified 7 different combinations of capture and detection
antibodies (2H6-4C8, 1E11-4C8, 1E11-5C11, 1E11-1A5, 4C8-
1E11, 4C8-5C11, 4C8-1A5) that were optimal for detection of
secreted BmGPI12 protein in plasma from B. microti-infected mice
using antigen capture ELISA. Noteworthy, the combination 1E11
+4C8 has recently been validated in a capture assay using plasma
samples from B. microti-infected humans (Gagnon et al., 2022).
The specificity of these antibody combinations was further tested
using plasma from B. duncani-infected mice as well as supernatants
from cultures of other Babesia species (B. duncani WA-1 isolate
and B. divergens Rouen87 strain) as well as two Plasmodium
falciparum strains 3D7 and HB3) and we found strong specificity
with the following combinations - 2H6-4C8, 1E11-4C8, 1E11-
5C11, 4C8-1E11 and 4C8-5Cl11, where no significant signal
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above background could be detected (Figures 10A-E;
Supplementary Figure S2).

Discussion

Mapping the binding sites of antibodies to proteins can be an
invaluable tool in various fields including immunology, cellular
biology, structural biology and pharmacology by unraveling
important cellular processes such as immune signaling,
receptor binding and pathogen invasion. Determining the sites
of these antibody interactions could also facilitate the
development of specific therapeutic and diagnostic strategies to
fight pathogens and detect active infections. In this study, we
have used this approach to map the specific sites of several
monoclonal antibodies that bind to the most important
immunogenic regions of the major antigen, BmGPI12, of the
human pathogen B. microti.
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(p=0.017, by two-way ANOVA).

Of 18 monoclonal antibodies characterized in this study, 14
showed strong signals by immunoblotting whereas the other 4
showed weak signal in this assay. On the other hand, only 2
antibodies (3B1 and 3A12) failed to detect the native BmGPI12
antigen by immunofluorescence. While we did not test all the
antibodies by immunoelectron microscopy, out of 5 monoclonal
antibodies tested (1G11, 1E11, 5C11, 4C8 and 1A5), only 5Cl11
showed the predicted localization of the antigen to the parasite
plasma membrane as well as to the vesicular network produced
by the parasite from this membrane as was previously
demonstrated using polyclonal antibodies raised against the
full length protein (Thekkiniath et al., 2019). The differences
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in the reactivity of these antibodies in different assays could be
due to differences in epitope conformation in the native versus
denatured antigen and the types of assays used.

Our strategy to map the specific sites of binding of
monoclonal antibodies to BmGPI12 involved first identifying
specific regions in the protein that are recognized by these
antibodies and then designing overlapping 11 amino acid
peptides covering these regions. Using 5 overlapping 100
amino acid sub-fragments (F1-F5) of BmGPI12, we were able
to map 14 monoclonal antibodies to specific regions of the
protein. Using plasma and sera from uninfected and B. microti-
infected inbred mice, as well as sera samples from field mice
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Epitope mapping of BmGPI12 monoclonal antibodies using overlapping peptides and localization of the peptides on the predicted BmGPI12
structure. (A) Schematic representation of the binding sites of 13 monoclonal antibodies to the BmGPI12 antigen. The specific 11-amino acid
binding sites (P3, P6, P10, P13 and P15) recognized by the 8 monoclonal antibodies on BmGPI12 are highlighted. (B) Panels represent dot blot-
based competition assays used to examine the interaction between the BmGPI12 antigen and various monoclonal antibodies in the presence of
each of the overlapping nineteen 11-amino acid peptides (P1-19). The panel shows the analysis for 3A12, 3B6, 1E11, 4C8, 1A5 and 2H6
monoclonal antibodies. Arrows indicate where specific peptides block the binding of the MAb to the antigen. (C) Predicted three-dimensional
structure of BmGPI12 and the location of the P3, P6, P10, P13 and P15 peptides.

(reservoir animals), we found that F2 and F3 were the most
immunogenic fragments of the protein. Our results using sera
from B. microti-infected field mice showed stronger serum
immunoreactivity (97%) to recombinant full-length BmGPI12
protein compared to the F2 (80%) and F3 fragments (71%). This

could be attributed to the presence of more epitopes on the full-
length protein than on the individual fragments.

We also found that the immunogenic profile of BmGPI12
using sera from B. microti-infected field mice (reservoir) varied
between individual mice. The differences are likely due to

TABLE 3 Primary sequences of the 5 BmGPI12 peptides recognized by a set of monospecific monoclonal antibodies.

BmGPI12 peptide #

P3 66-76
P6 90-100
P10 122-132
P13 146-156
P15 162-172
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Amino acid position

89

Peptide sequence

KAVKLDLDLMK

VGKAKSKLNKL
KFNENLVKIEK
VDAVDDGVAGA
SDISAIKTLTD

Monoclonal Antibodies

3D4

3B6
3A12
2H6
1E11
4C8

5C11

1A5
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Monoclonal antibody combinations for detection of recombinant and native BmGPI12. (A) Schematic representation of the mGPAC antigen
capture assay. MAb, monoclonal antibody; TMB, 3,3',5,5'-Tetramethylbenzidine; HRP, Horseradish Peroxidase; OD4so, Optical Density at 450
nm. (B-M) mGPAC antigen capture ELISA was performed with different combinations of 2H6, 1E11, 4C8, 5C11 and 1A5 as either capture or
detection antibodies. Assays were conducted using either recombinant BmGPI12 (R), plasma from uninfected (UP) or B microti-infected mice
(IP). C: capture antibody; D: detection antibody. Each data set represents the mean of 3 independent experiments each performed in duplicates.
Error bars denote the standard deviation calculated using the Graphpad Prism 9.3 software. ****, statistically significant (p<0.0001, by one-way
ANOVA); **, statistically significant (p=0.0015, by one-way ANOVA); ns, non-significant. The OD4sq cut-off (dashed line) denotes the mean + 2 x

SD of the ODyso value of the uninfected plasma

differences in parasitemia in the field mice and the immune
response of each mouse to infection.

Our analysis of human plasma samples from B. microti
positive and negative individuals showed a response profile
similar to that observed in mouse. While the range of antibody
reactivity varied between the full-length recombinant
BmGPI12 and the F2 and F3 fragments, blood samples that
displayed the strongest immunoreactivity to the full-length
protein were also those that displayed the strongest reactivity
to the F2 and F3 fragments. Competition studies using
overlapping 11 amino acid peptides further mapped 8 of the
anti-BmGPI12 monoclonal antibodies to 5 specific peptides
within the highly immunogenic region of the antigen
encompassing the F2 and F3 fragments. The predicted three
dimensional structure of BmGPI12, which was generated using
AlphaFold Protein Structure Database (Jumper et al.,, 2021;
Varadi et al., 2022), showed that the N-terminal triple helix
structures encompassing the F2 and F3 fragments contain the
majority of the antigenic sites of the protein consistent with
the high immunogenicity of this region. Noteworthy, the
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immunoreactivity of F1 and F4 with plasma from B. microti-
infected humans was much higher than that from infected
mice, highlighting differences between the two mammalian
hosts in their response to B. microti infection.

While the exact role of BmGPI12 in B. microti virulence
remains unknown, this protein has been demonstrated to be an
excellent biomarker of active infection (Thekkiniath et al., 2018)
and is highly conserved among six B. microti isolates examined by
whole genome sequencing (Silva et al., 2016). Our epitope
mapping of a set of BmGPI12 monoclonal antibodies that
detect the native secreted antigen with high specificity was
critical to our design of optimal antibody combinations for
ELISA-based antigen capture assays and rapid detection of
active B. microti infection. One such combination consisting
of two MAbs, 1Elland 4C8, was found to be optimal for
detection of B. microti infection in human blood (Gagnon et al.,
2022). In addition to their use in the detection of active B. microti
infection, these antibodies may serve as useful resources to
understanding the biological function of this important antigen,
unraveling its mode of secretion, and determining its host targets.

frontiersin.org


https://doi.org/10.3389/fcimb.2022.1039197
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Chand et al.
A
1.5= A Ak
= P<0.0001 !
£«
3 1.0
s 8
58 o5
ool Ll caraes 0 [ 79
Bm+ U Bd+ U Bd+ Bd|v+ U Pf Pf U
3D7+ HB3+
Plasma Plasma Supernatant Supernatant
(SCID mice) (C3H/HeJ mice) hRBC in cF12 hRBC in cRPMI
1.5+
== -
5 1.0
é % = P<0.0001 L
W
S W 059
ool LI P e B9 s oo 0 £ o
Bm+ U Bd+ U Bd+ BdivtU Pf Pf U
3D7+ HB3+
Plasm Pla: Supernatant Supernatant
(SCID mlce) (CJHIHeJ mlce) hRBC in cF12 hRBC in CRPMI
E s
e 3 1.04 > -k ok .
§ i A P<0.0001
w
3 £ 054
Bm+ U Bd+ U Bd+ Bcfiv+ 0 Pf Pf U
3D7+ HB3+
Plasma Plasma Supernatant  Supernatant
(SCID mice) (C3H/HeJ mice) hRBC in cF12 hRBC in cRPMI
FIGURE 10

10.3389/fcimb.2022.1039197

B
1.5
e A
r 1
Ex 4od 2 P<0.0001
88
© %
S L 0.5
0.0 e _#i P EEERCIE SN
Bm+ U Bd+ U Bd+ Bd|+ U Pt Pf U
3D7+ HB3+
Plasma Plasma Supernatant Supernatant
(SCID mice) (C3H/HeJ mice) hRBC in cF12  hRBC in cRPMI
D

A

=S P<0.0001 :

0D 2 4500m

1E11+4C8
5
1

Bm+ U B&+ l'J Bd+ Bdiv¢+U Pf Pf U
3D7+ HB3+

Plasma Plas Supernatant  Supernatant
(SCID mice) (C3HHe) 1 mlce) hRBC in cF12  hRBC in CRPMI

Specificity of the mGPAC assay. Antigen capture assays with different combinations (A—E) of anti-BmGPI12 monoclonal antibodies were
conducted using culture supernatants from B duncani WA-1 (25% parasitemia), B divergens Rouen87 (10% parasitemia), P. falciparum 3D7 (10%
parasitemia), and P. falciparum HB3 (10% parasitemia)-infected human erythrocytes as well as heat inactivated plasma from uninfected or B

duncani-infected C3H/HeJd mice (34%

parasitemia). Plasma from B microti infected or uninfected SCID mice were used as positive and negative

controls, respectively. Parasite cultures that were available in the laboratory at the time of the experiments were used. Error bars denote the
standard deviation (SD) calculated using the Graphpad Prism 9.3 software. For each sample type, the OD4so cut-off (dashed line) denotes the
mean + 2 x SD of the ODysq value of the corresponding uninfected sample. ****, statistically significant (p<0.0001, by one-way ANOVA). Bm, B
microti; Bd, B duncani; Bdiv, B >divergens; Pf, P. falciparum; +: infected; U, uninfected; hRBCs, human red blood cells; cF12, complete DMEM-

F12; cRPMI, complete RPMI.
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Agricultural University, Chengdu, Sichuan, China, *Rare and Endangered Species Reintroduction and
Species Monitoring Research Center, Schuan Academy of Giant Panda, Chengdu, Sichuan, China

Introduction: Toxoplasma gondii, a globally zoonotic protozoan parasite,
infects most warm-blooded animals including the giant panda, and poses a
serious threat to the giant panda conservation. However, the seroprevalence
and the risk factors for toxoplasmosis in giant pandas are unknown. Here we
aimed to determine the seroprevalence of T. gondii in the captive population of
giant pandas and analyze the factors associated with the increased risk of
infection.

Methods: A total of 203 serum samples were collected from 157 (95 females
and 62 males) captive giant pandas from 2007 to 2022, antibodies against T.
gondii were screened using commercial ELISA and MAT Kkits.

Results: The results showed 56 (35.67%) giant pandas were seropositive, age
and transfer history between institutions were identifified as risk factors for T.
gondii infection. It is suggested that age-related seroprevalence was the main
factor, and housing multiple species in the same environment may increase the
chance of cross-infection of T. gondii.

Discussion: This study can provide research data for developing policies for the
prevention and control of T. gondii and protecting the health of captive giant
pandas and other wildlife.

KEYWORDS

Toxoplasma gondii, giant panda (ailuropoda melanoleuea), seroprevalence, wildlife
conservation, zoonosis

frontiersin.org
94


https://www.frontiersin.org/articles/10.3389/fcimb.2022.1071988/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1071988/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1071988/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1071988/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2022.1071988&domain=pdf&date_stamp=2022-11-28
mailto:srui_liu@163.com
mailto:405536517@qq.com
https://doi.org/10.3389/fcimb.2022.1071988
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2022.1071988
https://www.frontiersin.org/journals/cellular-and-infection-microbiology

Yue et al.

Introduction

Toxoplasma gondii is a globally distributed intracellular
parasite capable of infecting almost all known warm-blooded
animals, including giant pandas (Ailuropoda melanoleuca).
Felines, especially feral domestic cats, are definitive/
intermediate hosts of T. gondii, and contamination of the
environment with fecal-containing oocysts from felines, is the
main cause of toxoplasmosis transmission (Dubey, 2009).
Toxoplasmosis can cause reproductive disorders in captive
animals as well as livestock (Zhang et al, 2016), such as
infertility, abortion, stillbirth, and weak fetuses, in addition,
severe acute infection can even cause the death of the host
(Dubey, 2022) with several infections and deaths of wildlife
reported worldwide (Hollings et al., 2013; Lv et al., 2021).

The giant panda is considered a Class One protected species
in China and is currently categorized as “vulnerable” by the
International Union for Conservation of Nature (IUCN). One of
the leading causes of death for both captive and wild giant
pandas is parasitic diseases (Wang et al., 2018). It was reported
that a captive giant panda in Zhengzhou zoo died of acute
infection of T. gondii which showed that T. gondii can be an
important factor in the health of giant pandas (Ma et al., 2015).
However, to date, there are no reports about the prevalence of
toxoplasmosis in giant pandas, and the major risk factors for the
prevalence of T. gondii are also unknown. Therefore, this study
aimed to estimate the seroprevalence and risk factors of T. gondii
in captive giant pandas. Additionally, the association among age,
season, and seroprevalence of T. gondii was investigated.

10.3389/fcimb.2022.1071988

Understanding the seroprevalence and risk factors associated
with T. gondii can broaden our knowledge of the conservation of
giant pandas, as well as guide us to formulate an appropriate
plan for disease prevention and control within the population of
this vulnerable species.

Materials and methods
Animal information and sampling

A total of 203 serum samples were collected from 157 (95
females and 62 males) giant panda individuals in four zoos, five
breeding centers, and two nature reserves from 2007 to 2022 as
part of a larger biomedical survey. One serum sample from each of
the 157 giant pandas was selected for the serological investigation
of T. gondii in this study. We classified giant pandas by the
following age groups as described by Zhang and Wei (2006): cubs
(0.5-2 years); sub-adults (3-5 years); adults (6-20 years); seniors (>
20 years). The dry and rainy seasons are divided according to the
local statistics website of the national bureau of statistics (National
Bureau of Statistics, 2022). In addition, to further study the
correlation between age and the prevalence of T. gondii, nine
adult giant panda individuals were selected from the Chengdu
Research Base of Giant Panda Breeding (CRBGPB). For this
subset, at least five serum samples were collected from each of
the individuals during discontinuous or continuous years, with a
total of 55 serum samples for this group. The nine adult giant
pandas summary information was listed in Table 1.

TABLE 1 The summary information of the subset of nine adult giant pandas and the number of samples by year.

No. Sex Birth year Source Sample collected time

A Female +/- 2006 Wwild 2012 2013 2015 2017
2018 2020

B Female 2005 Captive 2007 2012 2013 2013
2018 2021

[} Female 1999 Captive 2007 2012 2015 2016
2018 2021

D Female 2007 Captive 2012 2013 2015 2016
2018 2020

E Male 2004 Captive 2007 2012 2013 2015
2016 2017 2018 2020

F Male 2008 Captive 2015 2017 2018 2020
2022

G Male 2008 Captive 2015 2017 2018 2020
2022

H Male 2001 Captive 2012 2013 2015 2016
2018 2022

1 Female 2006 Captive 2007 2012 2013 2015
2018 2020 2022
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This study took place in four regions of China (Sichuan,
Shaanxi, Zhejiang, and Taiwan). The geographical distribution
of giant pandas was as follows: 97.45% (153/157) of the samples
were collected in Sichuan province; The remaining samples were
collected from Zhejiang province (1/157), Shaanxi province (2/
157) and Taiwan province (1/157). Among them, the largest
captive population of giant pandas is in Sichuan province, with
this province considered the conservation management center
for the species. Therefore, the majority of the samples were
collected from this region. However, the number of animals

sampled per location depended on the number of transferred
giant pandas (Figure 1).

Sample collection

The animal handling and sampling procedures were
approved by the Institutional Animal Care and Use
Committee (CRBGPB) (NO. 2020006). The samples were
collected from the forelimb vein of a giant panda without
anesthesia, taken in the anticoagulant-free vacuum blood
collection tube, and then centrifuged at 3500 rpm for 10 mins
for serum separation after coagulation, and the sera were stored
at -80°C after divided and labeled for the following test. All
serum samples were transported to the CRBGPB, Sichuan,
China, for serological testing under low-temperature storage.

10.3389/fcimb.2022.1071988

Serological analysis

A T. gondii MAT kit with a cut-off titer of 25 (University of
Tennessee Research Foundation, Technology Transfer & Licensing,
Memphis, USA) and a T. gondii ELISA kit (for multi-species, Haitai
Biological Pharmaceuticals Co., Ltd, Zhuhai, China) were selected
for detection of the giant panda T. gondii I1gG antibody, the
experimental procedure was performed according to the
manufacturer’s instructions. If both two tests showed positive, the
result was judged as positive, otherwise, it was negative. If the two
tests showed different results, the sample needed further
verification. All of the tests were performed according to the
methods described in our previous study (Yue et al., 2022).

Data analysis

Due to the small sample size of the cub age group, to better
understand the relationship between the prevalence of
toxoplasmosis in giant pandas, we used the following
classification for statistical analysis: age (£ 10 years old, 11-20
years old or 2 20 years old). We then compared these with age
groups, sex (male or female), season condition (dry or rainy
season) and transfer history (yes or no) were assessed using the
Chi-square ()°) test or Fisher’s exact test with “stats” package in R
statistical software (version 4.1.2) (R Core Team, 2021). Multiple

42/115(36.52%)

T
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FIGURE 1

Map showing eleven sampling sites. The pie charts showed the seroprevalence of giant pandas for T. gondii in different sampling sites, the blue part
is negative, and the orange part is positive. The locations represented by the letters: (A), Chengdu Research Base of Giant Panda Breeding, Chengdu,
Sichuan; (B), Chengdu Zoo, Chengdu, Sichuan; (C), Chengdu Field Research Center for Giant Panda-Panda Valley; (D), China Conservation Research
Center for Giant Panda, Wolong, Sichuan; (E), China Conservation Research Center for Giant Panda, Yaan, Sichuan; (F), Sichuan Daxiangling Research
Base of Giant Panda Reintroduction, Sichuan; (G), Heizhugou National Nature Reserve, Leshan, Sichuan; (H), Shanxi Rare Wildlife Research Center
Zhouzhi, Shaanxi; (I), Hangzhou Zoo, Hangzhou, Zhejiang; (J), Anji Bamboo Expo Park, Anji, Zhejiang; (K), Taibei Zoo, Taibei, Taiwan.
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logistic regression was performed by the Wald test with the “glm”
function from the “stats” package in R to assess the effect of the
above five variables on the prevalence of toxoplasmosis.
A probability (p) value <0.05 was considered statistical
significance in this study. The adjusted odds ratios (ORs) and
95% confidence intervals (CIs) revealed the associations between
the risk factors and the presence of T. gondii in giant pandas.

The McNemar Chi-square test was used to analyze the
difference in agreement between MAT and ELISA tests (P <
0.05 was considered a significant difference). The degree of
agreement between MAT and ELISA was evaluated by Cohen
kappa coefficient statistics (), the values of k were interpreted as
follows: 0.0-0.20 = slight agreement; 0.21-0.40 = fair agreement;
0.41-0.60= moderate agreement; 0.61-0.80 = substantial
agreement; 0.81-0.1 = near perfect agreement.

A total of 55 serum samples from nine adult giant pandas
were used to study the correlations between age and the
prevalence of T. gondii. The data from August was removed
from the analysis since there was only one sample. Statistically
significant differences were set at p-value < 0.05.

Results
Evaluation of detection methods

Following the cut-off titer provided by the commercial kits,
157 serum samples were randomly selected from giant pandas
and tested using the two methods. The antibodies titer to T.
gondii of the MAT test is shown in Table 2. Among the 157
serum samples, 54 (34.4%, 95% CI: 26.96-41.83) were positive by
ELISA, and 56 (35.67%, 95% CI: 28.18-43.16) by MAT (Table 3).
The degree of agreement between MAT and ELISA was
calculated using the Cohen kappa coefficient (x), the x of
ELISA showed near perfect agreement (x = 0.97, 95% CI: 0.93-
1.00), and there was no significant difference between MAT and
ELISA tests (P > 0.05). The seroprevalence was 34.40% (95% CI:
26.96-41.83) in ELISA (Table 3). After repeated experiments on
samples with inconsistent results of the two tests, 56 of 157
samples were finally determined as positive.

Seroprevalence of T. gondii
in giant panda

The results of the geographical distribution analysis showed
that the seroprevalence was 32.69% for T. gondii of giant pandas

TABLE 2 Antibody titers to T. gondii of the MAT test.

MAT titer Total
<25 1:25 1:50 1:100 1:200
101 12 19 2 23 157
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in Sichuan province, 0% (0/1) in Shaanxi Province, 100% (2/2) in
Zhejiang province, 0% (0/1) in Taiwan province; 73.25% (115/
157) of the total samples were collected from the CRBGPB, and
the seroprevalence of these samples was 36.52% (Figure 1).

In regards to seroprevalence in different age groups,
seropositivity of T. gondii increased with age (Table 4). There
was an increasing trend of the seropositivity, which was highest
in seniors (73.33%, 11/15), followed by adults (49.32%, 36/73),
sub-adults (4.55%, 2/44), and lastly cubs (4%, 1/25) (Figure 2).
This suggested that increasing age is one of the important
influencing factors of seroprevalence of T. gondii in giant
pandas. To further study the changing trend of antibodies to
T. gondii by age, a subset of nine individuals for which serum
samples were collected over a period of at least five years were
selected. As age increased, the antibodies to T. gondii changed
from negative to positive in most of the giant pandas (6/9, panda
A, B, C, D, G, H); one panda tested positive during the entire
sample period (panda F), while the other two tested negative
during the sample period (panda E and panda I) (Figure 3).

The seroprevalence of T. gondii for giant pandas which were
transferred between other institutions, was higher (47.5%, 36.56-
58.44% than giant pandas without transfer history (23.38%,
13.93-32.83%) (Table 4). The seroprevalence of T. gondii in
giant pandas in different months was also studied among one
hundred and fifty-seven individuals. The seroprevalence of T.
gondii in giant pandas was highest in autumn, followed by
spring, winter and summer; Meanwhile, the seroprevalence of
T. gondii reached the peak in November, and the second peak
was in March (Figure 4).

Risk factors

Univariate analysis of variance for the explanatory variables
showed age (p < 0.01) and travel history (p < 0.01) were the two
main factors strongly associated with the seropositivity of T.
gondii (Table 4). However, factors like age < 10 years old, sex, and
season were not classified as risk factors because the observed
differences were not statistically significant. Furthermore, the
results of multivariate logistic regression revealed that the >20
years of age group (OR = 7.87, 95% CI 2.31-31.86), the 11-20 age
group (OR = 4.31, 95% CI 1.90-10.06), and the giant pandas that
had transfer history (OR = 2.69, 95%CI 1.28-5.81) contributed to
the high T. gondii seropositivity in this study (p < 0.05, Table 4).

Discussion

Toxoplasmosis is a disease that results from infection with
the Toxoplasma gondii, which can cause death in wildlife
(Rouatbi et al., 2019; Wilson et al., 2021). It is also a
potentially serious threat to giant pandas, which can cause
reproductive disorder and even death. As infected individuals
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TABLE 3 The cross-classification and inter-agreement between MAT and ELISA for the detection of T.gondii antibodies in giant panda serum.

ELISA

MAT
+
Cross-classification + 54
- 0

Total (Rate) 54 (34.40%)

False negative rate (%)
False positive rate (%)

K (95%CI)

X2 = 148.45, P=0.500.

**P < 0.01, The difference is highly significant.

*0.01 < P < 0.05, difference significant.

P > 0.05, no significant difference.

K < 0.20, The degree of agreement between two methods is slight;

0.21 < K < 0.40, The degree of agreement between two methods is fair;

0.41 < K < 0.60, The degree of agreement between two methods is moderate;
0.61 < K < 0.80, The degree of agreement between two methods is substantial;
0.81 < k < 1, The degree of agreement between two methods is near perfect.

2
101
103 (65.60%)

TABLE 4 Seroprevalence and risk factors associated with seropositivity of T. gondii in the giant panda.

Total (Rate)

56 (35.67%)

101 (64.33%)

0.

157
0.00
3.60
97 (0.93-1.00)

Variable Categories n  Seroprevalence(%) Differences 95% (%) P-value  OR Differences 95% CI  P-value
Lower Upper Lower Upper
Sex Female 95 33.68 24.18 43.18 0.64 baseline - - -
Male 62 38.71 26.59 50.85 1.24 0.58 2.64 0.58
Age <10 105 22.86 30.89 14.83 <0.01 baseline - - -
11-20 37 56.76 72.72 40.90 4.31 1.90 10.06 <0.01
>20 15 73.33 95.71 50.96 7.87 231 31.86 <0.01
Season Dry season 72 38.89 50.15 27.63 0.54 baseline - - -
Rainy season 85 32.94 4293 2295 1.036 0.381 2.84 0.945
Transfer history  No 77 23.38 32.83 13.93 <0.01 baseline - - -
Yes 80 475 58.44 36.56 2.69 1.28 5.81 0.01
100.00%
Cub
Sub-adult
Adult
80.00% Senior
©
S 60.00%
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FIGURE 2

The relationships between the prevalence of giant pandas and age trends. P: positive, N: negative. The line chart shows the seroprevalence in
different ages. The colors in the background indicated the percentage of the seroprevalence (The dark color: positive; The light color: negative)

in different age groups.
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FIGURE 3

The antibodies to T. gondii in nine adult giant pandas at different ages. The letters (A-1) correspond to the nine adult giant pandas (Table 1) for
which 55 serum samples were collected. Red dot: antibody-positive, Blue dot: antibody-negative. The abscissa represents a negative or positive
result; The ordinate represents the age of the panda at the time of sample collection.

can be asymptomatic further investigation of this disease is
necessary. Despite the risk of toxoplasmosis in giant pandas,
there is limited data on the seroprevalence of T. gondii in the
captive population of this vulnerable species. To the best of our
knowledge, this is the first large-scale study to survey the
seroprevalence and analyze the risk factors for the presence of
T. gondii in the captive panda population. As the detection of the
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T. gondii infection in host primarily relies on serological assays,
the serological methods used in this study were selected from our
previous studies by comparing five commercial kits (Yue
et al., 2022).

Our results showed the seroprevalence of T. gondii in giant
pandas was 35.67%, which was consistent with Loeffler et al.
(2007) (31.58%, 6/19), but was higher than Zhong et al. (2014)

frontiersin.org


https://doi.org/10.3389/fcimb.2022.1071988
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Yue et al.

100%

80%

40%

Seroprevalence

FIGURE 4

10.3389/fcimb.2022.1071988

Spring

Summer

..-1

Autumn

Winter

T. gondii seroprevalence giant pandas in different months. P: positive, N: negative. The line chart shows the seroprevalence in a different month.
The colors in the background indicated the percentage of the seroprevalence (The dark color: positive; The light color: negative) in spring,

summer, autumn, and winter.

(1.45%, 1/69), these differences may be due to the different
diagnostic methods and study designs. These similar differences
were found in other wildlife studies, such as in Ursidae species.
In the US, previous studies have often used ELISA or MAT to
detect T. gondii antibodies in different Ursidae species, with the
seropositivity rates of black bears (Ursus americanus) ranging
from 14.2% to 84.5%; the brown bears (Ursus arctos) ranged
from 24.7% to 44.0%, and polar bears (Ursus maritimus) ranged
from 18.5% to 45.6% (Dubey, 2022).

In the present study, we found that the seropositivity of T.
gondii increased with age. Higher infection rates were found in
the senior age group, and an age-related seroprevalence was seen
in giant pandas, the seropositivity became high with increased
age. Moreover, the old individuals may have some underlying
diseases which enhanced their susceptibility to T. gondii
infection. This result is in agreement with previous studies
(Brandon-Mong et al.,, 2015; Deshmukh et al,, 2021). In
addition, our findings demonstrated that acquired infection
may be the main roution giant panda are infected with T.
gondii. These results are consistent with previous findings in
ursids (Briscoe et al. (1993), in which the prevalence of T. gondii
in American black bears was found to increases with age.

Felines are the definitive host of T. gondii, infected cats can
excrete oocysts into the environment, which could become a
potential source of infection. Moreover, cats are popular pets in
many households in both urban and rural areas, and the
problem of disease transmission by stray cats has become
increasingly prominent. Therefore, stray cats may be the main
threat of T. gondii infection to the giant panda. Furthermore,
rodents play an essential role in the life cycle of T. gondii and the
epidemiology of toxoplasmosis because they are considered the
primary source of infection (food and reservoir) for cats (Galeh
et al., 2020). Both stray cats and rats often appear in or around
the captive enclosures of giant pandas, and are difficult to
control. Unfortunately, we did not collect enough data about
T. gondii infection in stray cats and rats, so we cannot assess how
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serious a threat they pose to the health of captive giant pandas,
this is also an important factor that needs to be investigated in
the future.

As an iconic flagship species for wildlife conservation, the
giant panda is considered a national treasure in China and plays
a significant role not only as an umbrella species but also in
national diplomacy and cultural communication. For cultural
exchange, science popularization, and public education, some
giant pandas will be transferred between zoos or breeding
centers in different cities for exhibition. Based on our results,
transferring the giant pandas between facilities was identified as
one of the risk factors for T. gondii infection (OR = 2.69, p <
0.05). This result could be due to the zoos often keeping various
species of animals, and as almost all known warm-blooded
animals can be the intermediate host of T. gondii, infection
rates may be higher. Therefore, managing multi-species in one
area, such as in a zoo compared to breeding centers, which only
have one species, may likely increase the risk of infection of T.
gondii. Furthermore, the act of transferring giant panda or any
animal is very stressful (Tang et al., 2019). This stress of moving
to a new place, combined with acclimating to a new environment
may reduce immune function and make the animal more
vulnerable to infection.

Non-statistically significant associations were found between
antibodies to T. gondii and sex and season. In addition, many
studies showed there is no association between T. gondii and sex
(Dubey, 2009; Must et al., 2015). The season was not an
associated risk factor affecting the prevalence of T. gondii in
giant pandas in this study. We also studied the trend of
seroprevalence of T. gondii in giant pandas with month, and
the seroprevalence was highest in November. However, other
previous studies showed that the prevalence of T. gondii in the
rainy season or monsoon associated with mild temperatures
seems to be higher (Du et al., 2012), one study also mentioned
the prevalence of T. gondii in foxes was lower at higher elevations
with the cooler and drier area (Wei et al., 2021). Due to the rarity
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and particularity of giant pandas, the collection of serum samples
is often limited and few samples in some months, such as
November (three samples), resulting in the fluctuation of
seroprevalence. The trend of the seroprevalence of T. gondii
with the month in giant pandas needs further investigation.

Conclusions

The T.gondii antibodies of 203 serum samples in giant
pandas from 2007 to 2022 were detected and the distribution
patterns of T.gondii infections were determined. The results
showed 56 (35.67%) giant pandas were seropositive, age and
transfer history between institutions were identified as risk
factors for T. gondii infection. It is suggested that age-related
seroprevalence was the main factor, and zoo housing, where
multiple species are kept, may increase the chance of cross-
infection of T. gondii. As an iconic flagship species and an
umbrella species, the giant panda plays a vital role in wildlife
conservation within China. It is hoped that these data can
provide baseline information for developing policies and
protecting the health of giant pandas and other wildlife.
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Application of Toxoplasma
gondii-specific SAG1, GRA7 and
BAGI1 proteins in serodiagnosis
of animal toxoplasmosis

Tongsheng Qi**, Jingkai Ai**, Yali Sun***, Hejia Ma*?,
Ming Kang*?, Xiaogian You® and Jixu Li***

!State Key Laboratory of Plateau Ecology and Agriculture, Qinghai University, Xining, China,
2College of Agriculture and Animal Husbandry, Qinghai University, Xining, China, *Qinghai
Provincial Key Laboratory of Pathogen Diagnosis for Animal Diseases and Green Technical
Research for Prevention and Control, Qinghai University, Xining, China, “Qinghai Animal Disease
Control Center, Department of Agriculture and Rural Affairs of Qinghai Province, Xining, China

Toxoplasmosis is a zoonotic disease caused by the obligate intracellular
protozoan parasite T. gondii which is widely prevalent in humans and animals
worldwide. The diagnosis of toxoplasmosis and distinguishing acute or chronic
T. gondii infections have utmost importance for humans and animals. The
TgSAGL, TgGRA7, and TgBAGL1 proteins were used in the present study to
develop the serological rSAG1-ELISA, rGRA7-ELISA and rBAG1-ELISA methods
for the testing of T. gondii specific IgG and IgM antibodies and differentiating
acute or chronic toxoplasmosis in 3733 animals, including Tibetan sheep, yaks,
pigs, cows, cattle, horses, chickens, camels and donkeys from the Qinghai-
Tibetan Plateau. The ELISA tests showed that the overall positivity of I1gG
antibody was 21.1% (786/3733), 15.3% (570/3733) and 18.2% (680/3733) for
rSAG1-, rGRA7- and rBAGI1-ELISA, respectively, and the positivity of IgM
antibody was 11.8% (439/3733), 13.0% (486/3733) and 11.8% (442/3733) for
rSAG1-, rGRA7- and rBAG1-ELISA, respectively. A total of 241 animals (6.5%)
positive for all rSAG1-, rGRA7- and rBAG1-1gG were found in this study, and the
141 animals (3.8%) tested were anti-T. gondii IgM positive in all three ELISAs.
Moreover, the 338, 284 and 377 animals were I1gG positive in rSAGL + rGRA7-,
rBAGL + rGRA7- and rSAGL + rBAGL1- ELISAs respectively, and the 346, 178 and
166 animals in rSAGL + rGRA7-, rBAGL + rGRA7- and rSAG1 + rBAG1-ELISAs
were IgM positive respectively. The results confirmed that the application of
SAG1, GRA7, and BAG1 recombinant antigens could successfully be used in the
detection of specific IgG and IgM antibodies for distinguishing between acute
or chronic T. gondii infections. It is inferred that the forms in which current
animal species in the plateau area were infected with T. gondii, and the period
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of infection or the clinical manifestations of the current infections may be
different. The present study provides substantial clinical evidence for the
differential diagnosis of toxoplasmosis, and the classification of acute and
chronic T. gondii infections.

KEYWORDS

Toxoplasma gondii, SAG1, GRA7, BAG1, 1gG, IgM, animals

1 Introduction

Toxoplasmosis is a zoonotic disease caused by the obligate
intracellular protozoan parasite T. gondii which is widely
prevalent among humans and animals worldwide (Robert-
Gangneux and Dardé, 2012; Halonen and Weiss, 2013; Liu
et al, 2015; Matta et al,, 2021). Humans and animals can
become the intermediate hosts of T. gondii through the
ingestion of foods or water contaminated with oocysts of
T. gondii shed with definitive host cats, or by eating
undercooked or raw meats that contain tissue cysts of
T. gondii (Robert-Gangneux and Darde, 2012; Halonen and
Weiss, 2013; Liu et al, 2015; Matta et al., 2021). T. gondii
infections are characterized by significant morbidity and
mortality in immunocompromised patients, such as
individuals with AIDS, and serious congenital immune defects
(Tenter et al, 2000). Common toxoplasmosis among both
weakened humans and animals leads to neurological, ocular,
and systemic diseases or abortion, stillbirths, and abnormalities
or becoming carrier (Tenter et al., 2000). Thus, the infection of
T. gondii is divided into acute infection caused by oocysts
(sporozoite form) or tachyzoites and chronic infection caused
by bradyzoites in a long-term presence in the host tissues (Dubey
et al., 1998; Lyons et al., 2002). This chronic or latent infection
generally exhibits a benign course in the immunocompetent
population but can reactivate in people with weak immune
systems (Montoya and Liesenfeld, 2004; Robert-Gangneux and
Darde, 2012; Saadatnia and Golkar, 2012; Lourido, 2019).
Therefore, the diagnosis of toxoplasmosis and distinguishing
acute or chronic T. gondii infections are important for humans
and animals.

The diagnosis of toxoplasmosis can be achieved using
microscopic examination, in vitro culture, animal inoculation,
and molecular and serological methods, while the common
approach is the serological assays using T. gondii tachyzoite
lysate antigen or specific antigens (Terkawi et al., 2013; Doskaya
et al,, 2014). ELISAs are reliable serological tests that have been
developed for the detection of T. gondii infection in animals, and
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the key component of these methods is the selection of antigens
with strong specificity and high sensitivity (Terkawi et al., 2013;
Doskaya et al, 2014). Recently, ELISA methods based on
recombinant proteins have been developed to diagnose acute
toxoplasmosis, such as surface-related proteins (SRS family),
dense granule proteins (GRAs), and rhoptry proteins (ROPs)
(Pietkiewicz et al., 2004; Terkawi et al., 2013; Doskaya et al,
2014; Holec—(}z}sior et al., 2014; Xicoténcatl-Garcia et al., 2019;
Teimouri et al., 2021). Among these T. gondii specific antigens,
T¢SAGI and TgGRA?7 are highlighted and have been widely used
serologically to diagnose T. gondii infection (Terkawi et al., 2013;
Xicoténcatl-Garcia et al., 2019; Teimouri et al., 2021). TgSAGI is
expressed on the surface of tachyzoites, which is a highly
antigenic protein widely used for the diagnosis of T. gondii
infection (Holechgsior et al.,, 2014; Xicotencatl-Garcia et al,,
2019; Teimouri et al., 2021). TgGRA?7 is a secreted protein and
expressed by sporozoites, tachyzoites and early-stage
bradyzoites, and GRA7 produces a very strong antibody
response in the acute phase of infection caused by all three
parasite forms (Terkawi et al., 2013; Xicoténcatl-Garcia et al.,
2019; Teimouri et al., 2021). Moreover, T¢gBAGI which is only
expressed in bradyzoites, is a specific and characterized protein
of the bradyzoite form and is a marker of T. gondii cyst
infections (Doskaya et al, 2014). The specific T. gondii
antigens to sporozoite, tachyzoite and bradyzoite forms could
be used to predict the infection stage.

Distinguishing between acute and chronic T. gondii infections
could be achieved based on serological detection of
immunoglobulin M (IgM) and immunoglobulin G (IgG) data
(Montoya and Remington, 2008; Dhakal et al., 2015). Hence, the
current study utilized the TgSAG1, T¢gGRA7, and TgBAGI proteins
to develop serological rSAGI1-, rGRA7- and rBAGI-ELISAs to test
T. gondii specific IgG and IgM antibodies for distinguishing acute or
chronic T. gondii infections in Tibetan sheep (Ovis aries), yaks (Bos
grunniens), pigs (Sus domesticus), cows (Bos taurus), cattle (Bos
taurus domestica), horses (Equus ferus caballus), chickens (Gallus
gallus domesticus), camels (Camelus bactrianus) and donkeys
(Equus asinus) from the Qinghai-Tibetan Plateau area.

frontiersin.org


https://doi.org/10.3389/fcimb.2022.1029768
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Qi et al.

2 Materials and methods

2.1 Serum collection from various
animals in the Qinghai-Tibetan Plateau

In this study, a total of 3733 animal blood samples were
collected from Tibetan sheep, yaks, pigs, cows, cattle, horses,
chickens, camels and donkeys at 49 sampling sites in the 5 states
and 2 cities in the Qinghai-Tibetan Plateau area (QTPA) with
geographical coordinates of 31°36’-39°19" N and 89°35'-103°04’
E from June 2021 to February 2022 as shown in Figure S1 and
Table SI. Centrifugation of the fresh blood from different
animals was performed at 5000 rpm for 10 minutes. The
serum from the supernatant was transferred to new collection
tubes. After excluding the unqualified serum (such as hemolytic
samples), animal serum samples were frozen and stored at -80°C
until assayed. All procedures were carried out according to the
ethical guidelines of Qinghai University.

2.2 Cloning and expression of T. gondii
specific-SAG1, GRA7 and BAGL proteins

Amino acid sequence alignment and phylogenetic analyses for
TgSAG1, TgGRA7, and TgBAGI with the related cycle-forming
organizations (Neospora caninum, Besnoitia species, Sarcocystis
species, etc.) were constructed using the maximum lifestyle
statistical method and bootstrap analysis with 500 replications in
MEGA7, and the sequences included T. gondii SAGI1
(AFO54849.1), N. caninum SAGL (AAD25091.1), Sarcocystis
neurona SAG1 (AAK40366.1), T. gondii GRA7 (ABE69193.1), N.
caninum GRA7 (AFB77190.1), Besnoitia besnoiti GRA7
(XP_029218567.1), T. gondii BAG1 (XP_002365116.1), N.
caninum BAG1 (BAI44436.1), and B. besnoiti BAGI1
(XP_029221932.1). The pGEX-4T-3-SAG1 and pGEX-4T-3-
GRA7 plasmids from previous studies were used to produce
recombinant TgSAG1-GST and TgGRA7-GST proteins (Kimbita
et al, 2001; Masatani et al, 2013). The BAGI gene (Toxoplasma
Genomics Resource TGME49_259020) was amplified by PCR from
the cDNA of T. gondii. The primers that included a BamHI site
(underlined) in the forward primer 5- CGC GGATCC ATG GCG
CCG TCA GCA TCG CAT -3’ and a NotI site (underlined) in the
reverse primer 5- ATAAGAAT GCGGCCGC CTA CTT CAC
GCT GAT TTG TTG CT-3’ for the BAGI gene were used. The PCR
products were digested with BamH I and Not I, and inserted into
the pGEX-4T-1 plasmid vector treated with the same restriction
enzymes (Roche, Switzerland). The recombinant pGEX-4T-1
empty vector, pGEX-4T-3-SAGI1, pGEX-4T-3-GRA7, and pGEX-
4T-1-BAG1 were expressed as glutathione s-transferase (GST)
fusion proteins in Escherichia coli BL21(DE3) (New England
BioLabs, USA) and purified with Glutathione-Sepharose 4B beads
(GE Healthcare Life Sciences, USA) according to the manufacturer’s
instructions. The final concentrations of GST, rTgSAG1-GST,
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rTgGRA7-GST, and rTgBAGI-GST proteins were measured with
a bicinchoninic acid protein assay kit (Thermo Fisher Scientific,
USA) before being used.

2.3 Development of indirect ELISAs
based on rSAG1, rGRA7 and
rBAGL1 proteins

In this study, the rTgSAGI1-GST, rTgGRA7-GST, and
rTgBAGI1-GST proteins were used to establish the indirect rSAG1-
ELISA, rGRA7-ELISA and rBAGI-ELISA to detect both IgG and
IgM antibodies against T. gondii in the 3733 animals, including the
904 in Tibetan sheep, 752 in yaks, 496 in cows, 456 in pigs, 451 in
cattle, 389 in horses, 199 in chickens, 49 in camels and 37 in donkeys.
Briefly, the 1 pug/mL recombinant proteins were diluted in coating
buffer (0.05 M carbonate-bicarbonate, pH 9.6). The animal sera were
diluted by 1:100, and the secondary antibodies of anti-bovine, cow,
sheep, horse, pig, chicken, donkey, and camel IgG or IgM as listed in
Table S2, were diluted 1:3000-4000. The ABTS, (2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)) substrate, was used to show
the OD 415 nm values. The soluble GST protein was used as the
control under consistent experimental conditions with three ELISAs.
In this study, the 5 positive and negative mouse sera for anti-T.
gondii, Neospora caninum and Sarcocystis gigantea were used to
assess the specificity of IgG-ELISA and IgM-ELISA based on GRA7,
SAGL, BAGL, and GST proteins, respectively. Moreover, the coated
TgGRA7, TgSAGI, TgBAGI, and GST proteins at 2, 1, 0.5, 0.25,
0.125, and 0.0625 pg/mL, or anti-T. gondii positive and negative sera
diluted 1:100, 200, 400, 800, 1600, 3200, 6400, 12800 and 25600,
were used to develop the IgG-ELISAs and IgM-ELISAs for analyzing
the sensitivity of the current tests, respectively. Moreover, the
positive and negative animal serum samples for T. gondii IgG and
IgM antibodies confirmed by the commercial ID Screen®
Toxoplasmosis Indirect Multi-species ELISA kit (ID.vet, France)
and our previous study (Li et al, 2021) were used as controls. All
controls were re-confirmed using the ELISA tests based on
tachyzoite and bradyzoite lysate antigens under the current
protocol. Furthermore, the commercial kit (ID Screen®
Toxoplasmosis Indirect Multi-species ELISA, ID.vet, Grabels,
France) was used to confirm the currently determined seropositive
and seronegative samples from at least one animal species.

2.4 Data analysis

For the resulting judgment, the cut-off points were calculated
as the mean values of OD 415 nm for the negative sera
(including the serum samples of 30 Tibetan sheep, 30 yaks, 30
cows, 30 pigs, 30 cattle, 20 horses, 20 chickens, 5 camels, and 5
donkeys) kept in our lab (Qinghai University, Xining, China) (Li
et al,, 2021) plus three times the standard deviations of OD 415
nm values of these negative controls: the mean (X) and standard
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deviation (SD) of the negative control results were calculated,
and the X+3SD was the cut-oft values. The OD 415 values of the
tested animals were greater than the respective cut-off values
assessed as positive. For the weak positive samples with similar
cut-off values or lighter colors were repeated with the second
doubtful result being treated as negative samples. To graph and
analyze the data, GraphPad Prism 8 software (GraphPad
Software Inc., USA) was used. The prevalence and 95%
confidence intervals per pathogen species were calculated
using the OpenEpi program (http://www.openepi.com/
Proportion/Proportion.htm). The chi-squared test was used to
compare the proportions of determined seropositivity in animals
from different regions. The differences were considered to be
statistically significant when the resulting P-values were < 0.05.

3 Results

3.1 Establishment of rSAG1-ELISA,
rGRA7-ELISA and rBAG1-ELISA tests

In this study, the amino acid sequence alignment analysis
was performed on the SAG1, GRA7, and BAG1 proteins of T.
gondii with the related cyst-forming organisms (Neospora
caninum, Besnoitia species, Sarcocystis species, etc.), and
shared the homology of 5.0-86.8% (Figure S2). The rTgSAGI-
GST, rTgGRA7-GST, and rTgBAGI1-GST proteins were
expressed (Figure 1), and used to establish the indirect rSAGI-
ELISA, rGRA7-ELISA and rBAGI1-ELISA methods for
identifying the carrier animals of T. gondii specific-IgG and
IgM antibodies, and comparing the differences among three
antigens in the serodiagnosis of animal toxoplasmosis in various
animals from the Qinghai-Tibetan Plateau.

The IgG-ELISAs (Figure S3A) and IgM-ELISAs (Figure S3B)
based on T¢gGRA7, TgSAGI, TgBAGI, and GST proteins were
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performed to detect mouse anti-T. gondii, N. caninum, and S.
gigantea positive sera to analyze the specificity of the current
ELISA tests in this study respectively. The results showed that
GRA7-, SAG1-, and BAGI-ELISAs only reacted with the
positive sera of T. gondii but did not respond to the positive
sera of N. caninum and S. gigantea (Figure S3). The GST protein
did not react with any serum (Figure S3). In addition, the results
show that the current ELISA reactions could occur when the
concentration of coated proteins was very low under a positive
serum dilution of 1:100 (Figure S4). Moreover, the OD values at
the serum dilution of 1:800-6400 were still greater than the cut-
off values (calculated using the OD values of negative controls),
while GST protein did not demonstrate any response (Figure
S5). These results suggest that the detection methods employed
were highly specific and sensitive.

The 5-30 negative sera confirmed by our previous study (Li
etal, 2021) and the commercial kits were used to detect OD 415
values in the different animal species, and calculate the cut-off
values for IgG and IgM determination in Tibetan sheep, yaks,
cows, pigs, cattle, horses, chickens, camels, and donkeys as
shown in Figures 2A, B. The glutathione s-transferase (GST)-
ELISA tests showed no-reaction with T. gondii positive sera
under the same experimental conditions (Figure S3).

3.2 Detection of T. gondii IgG and IgM
antibodies in animals

As shown in Figure 3 and Table 1, rfSAG1-ELISA, rGRA7-
ELISA and rBAGI1-ELISA were used to detect T. gondii IgG and
IgM antibodies in the same animals. The results showed that the
overall positivity of IgG antibody was 21.1% (786/3733), 15.3%
(570/3733) and 18.2% (680/3733) for rSAG1-ELISA, rGRA7-
ELISA and rBAGI-ELISA respectively (Figures 3A, B), and the
11.8% (439/3733), 13.0% (486/3733) and 11.8% (442/3733) of

rTgBAG1-GST GST

A

e

- e -

The recombinant SAG1, GRA7 and BAGL proteins of T. gondii was expressed. SDS-PAGE analysis showed the rSAGL, rGRA7, rBAGL1 and GST

proteins.
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Establishment of rSAG1-ELISA, rGRA7-ELISA and rBAG1-ELISA tests and calculating the cut-off values for T. gondii IgG (A) and IgM (B)

antibodies.

the animals were IgM antibody-positive for rSAG1-ELISA,
rGRA7-ELISA and rBAGI-ELISA respectively (Figures 3C, D).

In ELISA tests, the pig was the most prevalent animal in both
rSAGI1-ELISA and rGRA7-ELISA and the donkey was the most
prevalent animal in rBAG1-ELISA for IgG positivity, while horses
had the highest IgM positivity according to all three methods
(Figure 3 and Table 1). Specifically, our results revealed that the

Serological tests of T. gondi-IgG antibody

(TgSAG1  TgGRA7  rTgBAG1  — Cutoff

i o o i o o
008 .
o c EQS gﬁ
PP S 5 o
B0 oot 0 ioe oo HHO EO
7 Tibetan  Yak Cow Pig Catle  Horse Chicken Camel  Donkey
sheep
C
Serological tests of T. gondii-IgM antibody
20
TgSAG1 TgGRAT TgBAG1 — Cutoff
15 >
£ 3
& o
510 (@) o) Y-
3 o)
os{og Q i . Ii il
L0088 el eal et
Tibetan Yak Cow Pig Cattle Horse Chicken

animals with the next highest IgG positivity rates in the rSAG1-tests
were donkeys, chickens, camels, Tibetan sheep, yaks, cattle and
cows; those with the next highest rates in the rGRA7- tests were
donkeys, chickens, camels, Tibetan sheep, yaks, cattle, horses and
cows; and those with the next highest rates in the rBAG1-IgG tests
were pigs, camels, chickens, cows, yaks, Tibetan sheep, cattle and
horses. However, the results showed that the animals with the next
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Detection of T. gondii IgG (A, B) and IgM (C, D) antibodies in various animals in the Qinghai-Tibet Plateau by the indirect ELISA methods based

on SAG1, GRA7 and BAGL1 antigens in this study.
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TABLE 1 Seroprevalence of specific-T. gondii IgG and IgM antibodies in various animals.

10.3389/fcimb.2022.1029768

animal  NO- 19GSAGT (%, IgG-GRA7 (%,  IgG-BAG1 (%,  IgM-SAGT (%,  IgM-GRA7 (%,  IgM-BAG1 (%,
tested 95% Cl) 95% Cl) 95% Cl) 95% Cl) 95% Cl) 95% Cl)
Tibetan 163 (18.0, 15.5-
904 88 (9.7, 7.8-11.7) 37 (4.1, 2.8-5.4) 13 (1.4, 0.7-2.2) 6 (0.7, 0.1-1.2) 11 (1.2, 0.5-1.9)
sheep 20.5)
113 (15.0, 12.5-
Yak 752 16 (2.1, 1.1-3.2) 13 (1.7, 0.8-2.7) 3 (ég) > 13 (1.7, 0.8-2.7) 4(0.5, 0.0-1.1) 31 (4.1, 2.7-5.5)
100 (20.2, 16.6- 118 (23.8, 20.0-
Cow 496 1 (0.2, 0.2-0.6) 1 (0.2, 0.2-0.6) ( 3(0.6, 0.1-1.3) 11 (22, 0.9-3.5) (
23.7) 27.5)
X 397 (87.1, 84.0- 297 (65.1, 60.8- 315 (69.1, 64.8-
Pig 456 0 2 (0.4, 0.2-1.0) 1 (0.2, 0.2-0.6)
90.1) 69.5) 73.3)
Cattle 451 9 (2.0.0.7-3.3) 7 (1.6, 0.4-2.7) 6(1.3,0.3-2.4) 11 (2.4, 1.0-3.9) 18 (4.0, 2.2-5.8) 36 (8.0, 5.5-10.5)
303 (77.9, 73.8- 337 (86.8, 83.3- 163 (41.9, 37.0-
Horse 389 0 2(0.5,0.2-1.2) 4 (1.0, 0.0-2.0)
82.0) 90.0) 46.8)
. 139 (69.8, 63.5- 128 (64.3, 57.7- 108 (54.3, 47.3-
hicke 1 28.1, 21.9-34.4 48.2, 41.3-55.2 2 (41.2, 34.4-48.
Chicken 99 762) 71.0) 56 (28 9-34.4) 96 (48 3-55.2) 612) 82 ( 3 8.0)
Camel 49 33 (67.3, 54.2-80.5) 10 (20.4, 9.1-31.7) 19 (38.8, 25.1-52.4) / / /
Donkey 37 28 (75.7, 61.9-89.5) 24 (64.9, 49.5-80.2) 30 (81.1, 68.5-93.7) / / /
Total 3733 786 (21.1, 19.7- 570 (15.3, 14.1- 680 (18.2, 17.0- 439 (11.8, 10.7- 486 (13.0, 11.9- 442 (11.8, 10.8-
22.4) 16.4) 19.5) 12.8) 14.1) 12.9)
%, Prevalence. 95% CI, 95% Confidence Interval./, no tested.

highest positivity rates of IgM antibodies in the rSAGI- tests were
followed by chickens, cattle, yaks, Tibetan sheep and cows; those in
the rGRA7- tests were followed by chickens, cattle, cows, Tibetan
sheep, yaks and pigs; those in the rBAG1-IgG tests were followed by
chickens, cows, cattle, yaks, Tibetan sheep and pigs. Moreover, the
results of the analysis of the positivity of animals for both IgG and
IgM antibodies based on the same antigen, revealed that 2.0%, 2.5%
and 1.5% of the animals exhibited both IgG and IgM positivity in
the rSAGI-ELISA, rGRA7-ELISA and rBAGI1-ELISA tests,
respectively (Table 2).

In order to confirm the current ELISAs, the 50 seropositive and
50 seronegative samples determined with the current IgG-ELISA
based on SAGI in pigs were selected to compare with the
commercial kits based on TgSAGI protein. The results showed
an 82% match rate between the kits and the current SAG1-IgG
ELISA, including a 68% match rate for positive and 92% for
negative samples (Table S3). According to these results (Table
§3), we calculated that the serological T. gondii IgG-ELISA assay
based on the SAGI protein established in pigs in this study had a
sensitivity of 89.7% and a specificity of 75.4%.

TABLE 2 Animals with seropositive for both IgG and IgM antibodies in rSAG1-ELISA, rGRA7-ELISA and rBAG1-ELISA tests.

No. tested rSAGT-ELISA (%, 95% Cl)

Tibetan sheep 904 3 (0.3, 0.0-0.7)
Yak 752 0

Cow 496 0

Pig 456 0

Cattle 451 0

Horse 389 0
Chicken 199 71 (35.7, 29.0-42.3)
Camel 49 /

Donkey 37 /

Total 3733 74 (2.0, 1.5-2.4)

%, Prevalence. 95% CI, 95% Confidence Interval./, no tested.
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rGRA7-ELISA (%, 95% Cl)

rBAG1-ELISA (%, 95% Cl)

4 (04, 0.0-0.9) 2 (0.2, 0.1-0.5)
0 7 (0.9, 0.2-1.6)
0 44 (8.9, 6.4-11.4)
2 (04, 0.2-1.0) 0
2(04,02-1.1) 0
1(0.3,02-0.8) 1(0.3,0.2-0.8)
83 (41.7, 34.9-48.6) 3 (1.5, 0.2-3.2)
/ /
/ /
92 (2.5, 2.0-3.0) 57 (1.5, 1.1-1.9)

frontiersin.org
108


https://doi.org/10.3389/fcimb.2022.1029768
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Qi et al.

3.3 Analysis of animal co-positive for
rSAG1-ELISA, rGRA7-ELISA and
rBAG1-ELISA

A total of 241 animals (6.5%) with all rSAG1-, rGRA7- and
rBAG1-IgG positivity were found in this study (Table 3), and the
141 animals (3.8%) tested which included 130 horses and 11
chickens were anti-T. gondii IgM positive in all three ELISAs
(Table 4). Moreover, a total of 338, 284 and 377 animals were
IgG positive in the rSAG1 + rGRA7-, rBAG1 + rGRA7- and
rSAGI + rBAG1- ELISAs respectively (Table 3), and 346, 178
and 166 animals in the rSAG1 + rGRA7-, rBAGI + rGRA7- and
rSAG1 + rBAGI-ELISAs were IgM positive respectively
(Table 4). Furthermore, the 1796 animals (48.1%) were
positive animals for IgG and IgM antibodies in at least one
specific T. gondii antigen, and 29.8% of animals (1111/3733)
were IgG-positive for at least one specific T. gondii antigen and a
total of 825 animals (22.1%) were IgM-positive for at least one
antigen (Table 5).

3.4 Analysis of the effect of altitude on
the animal seropositive for T. gondii-
specific antibodies

To determine the influence of altitude on the positivity of T.
gondii IgG and IgM antibodies, all animals were differentiated
into three groups, including 2000-3000, 3000-4000, and 4000-
5000 m altitudes (Table S4). The results revealed that significant
differences (P < 0.05) were found in Tibetan sheep, cattle, yaks
and horses from different altitudes (Table S4).

10.3389/fcimb.2022.1029768

4 Discussion

In this study, serological ELISA diagnostic methods based on
TgSAG1, TgGRA7 and TgBAGI antigens present in the different
T. gondii forms were established to analyze the positivity rates of
specific T. gondii 1gG and IgM antibodies in Tibetan sheep, yaks,
pigs, cows, cattle, horses, chickens, camels and donkeys from the
Qinghai-Tibetan Plateau. The differences in IgG or IgM
antibody levels in the serum of the same animal were detected
among rSAGI1-ELISA, rGRA7-ELISA and rBAGI-ELISA.
Moreover, there were also large differences in the overall
positivity rates of antibodies detected by the three antigens in
3733 serum samples. Therefore, we infer that the parasite forms
in which current animal species in the QTPA were infected with
T. gondii, and the period of infection or the clinical
manifestations of the current infection may be different.

Usually, the animals are infected with T. gondii by accidentally
ingesting oocysts and tissue cysts while eating or drinking (Dubey,
2009; Cenci-Goga et al., 2011; Hill and Dubey, 2013). Sporozoites
and bradyzoites were released after the ingestion of oocysts or tissue
cysts, invaded the intestinal cells, and quickly differentiated into
tachyzoites in 12 and 18 hours, respectively (Dubey, 1997; Dubey
et al, 1997). When subjected to strong immune resistance,
tachyzoites will transform into bradyzoites to form tissue cysts
that persist in the body for a long time. Therefore, throughout the
transition process, the bodies of humans and animals will produce
specific antibodies against the antigens of the different forms of T.
gondii. Current specific T. gondii antigens used, including SAG1
expressed in the tachyzoite form, GRA7 expressed in sporozoite,
tachyzoite and bradyzoite forms, and BAGI expressed in the
bradyzoite form, should be markers for the different parasite stages.

TABLE 3 Specific-T. gondii IgG-positive animals based on among SAG1, GRA7 and BAGL1 proteins.

Both IgG-SAG1 and

Both IgG-BAG1 and IgG-

Animal teNs?e;d IgG-GRA7 positive GRA7 positive
(%, 95% Cl) (%, 95% Cl)

Tibetan

sheep 904 28 (3.1, 2.0-4.2) 5 (0.6, 0.1-1.0)

Yak 752 0 1 (0.1, 0.1-0.4)

Cow 496 0 0

Pig 456 187 (41.0, 36.5-45.5) 208 (45.6, 41.0-50.2)

Cattle 451 0 0

Horse 389 0 0

Chicken 199 98 (49.2, 42.3-56.2) 47 (23.6, 17.7-29.5)

Camel 49 7 (14.3, 4.5-24.1) 4(8.2,0.5-15.8)

Donkey 37 18 (48.6, 32.5-64.8) 19 (51.4, 35.2-67.5)

Total 3733 338 (9.1, 8.1-10.0) 284 (7.6, 6.8-8.5)

%, Prevalence. 95% CI, 95% Confidence Interval.
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Both IgG-SAG1 and IgG-

BAGT1 positive
(%, 95% Cl)

10 (1.1, 0.4-1.8)

3 (0.4, 0.1-0.8)
0
279 (61.2, 56.7-65.7)
1(0.2,02-0.7)
0
46 (23.1, 17.3-29.0)
15 (30.6, 17.7-43.5)
23 (62.2, 46.5-77.8)

377 (10.1, 9.1-11.1)

Among IgG-SAG1, -GRA7
and-BAG1 positive

(%, 95% Cl)
2(02,0.1-0.5)

0
0

182 (39.9, 35.4-44.4)
0
0

39 (19.6, 14.1-25.1)

3 (6.1, 0.6-12.8)
15 (40.5, 24.7-56.4)

241 (6.5, 5.7-7.2)
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TABLE 4 Specific-T. gondii IgM-positive animals based on among SAG1, GRA7 and BAG1 proteins.

Both IgM-SAG1 and

Both IgM-BAG1 and

Both IgM-SAG1 and

10.3389/fcimb.2022.1029768

Among IgM-SAG1, -GRA7

Animal testéd IgM-GRA7 positive IgM-GRA?7 positive IgM-BAG1 positive and-BAG1 positive
(%, 95% Cl) (%, 95% Cl) (%, 95% Cl) (%, 95% Cl)

;rlj:::“ 904 0 0 0 0

Yak 752 0 0 0 0

Cow 496 0 3 (0.6, 0.1-1.3) 2 (0.4, 0.2-1.0) 0

Pig 456 0 0 0 0

Cattle 451 0 0 1(02,0.2-0.7) 0

Horse 389 275 (70.7, 66.2-75.2) 145 (37.3, 32.5-42.1) 143 (36.8, 32.0-41.6) 130 (33.4, 28.7-38.1)

Chicken 199 71 (35.7, 29.0-42.3) 30 (15.1, 10.1-20.0) 20 (10.1, 5.9-14.2) 11 (5.5,2.4-8.7)

Camel 49 / / / /

Donkey 37 / / / /

Total 3733 346 (9.3, 8.3-10.2) 178 (4.8, 4.1-5.5) 166 (4.4, 3.8-5.1) 141 (3.8, 3.2-4.4)

%, Prevalence. 95% CI, 95% Confidence Interval./, no tested.

TABLE 5 Animals with seropositive for at least one specific-T. gondii antigen in animals.

Positive animals for at least one

. No. . S IgG positive animals for at least IgM positive animals for at least
Animal specific-T. gondii antigen " : e (Y " " A
tested e 2w one specific antigen (%, 95% Cl) one specific antigen (%, 95% Cl)
(%, 95% Cl)
Tibetan
sheep 904 260 (28.8, 25.8-31.7) 245 (27.1, 24.2-30.0) 30 (3.3, 2.2-4.5)
Yak 752 176 (23.4, 20.4-26.4) 137 (18.2, 15.5-21.0) 47 (6.3, 4.5-8.0)
Cow 496 182 (36.7, 32.5-40.9) 102 (20.6, 17.0-24.1) 129 (26.0, 22.1-29.9)
Pig 456 453 (99.3, 98.6-100.1) 453 (99.3, 98.6-100.1) 3(0.7,0.1-1.4)
Cattle 451 82 (18.2, 14.6-21.7) 21 (4.7, 2.7-6.6) 64 (14.2, 11.0-17.4)
Horse 389 372 (95.6,93.6-97.7) 6 (1.5,03-2.8) 373 (95.9, 93.9-97.9)
Chicken 199 195 (98.0, 96.0-99.9) 171 (85.9, 81.1-90.8) 179 (89.9, 85.8-94.1)
Camel 49 39 (79.6, 68.3-90.9) 39 (79.6, 68.3-90.9) /
Donkey 37 37 (100.0, 100.0) 37 (100.0, 100.0) /
Total 3733 1796 (48.1, 46.5-49.7) 1111 (29.8, 28.3-31.2) 825 (22.1, 20.8-23.4)
%, Prevalence. 95% CI, 95% Confidence Interval./, no tested.

During the natural course of infections, sporozoite- and for both IgG and IgM antibodies resulted is generally considered
to indicate chronic reactivated cases (Kimbita et al., 2001;
Dosgkaya et al., 2014; Dhakal et al., 2015). IgM antibodies may

be detected in humans or animals for a long time following

bradyzoite-specific immune responses are the markers for the
diagnosis of cases of firstly acute toxoplasmosis (Ddskaya et al.,
2014). Tachyzoite presence indicates that the animal is suffering
from acute T. gondii infection (Lyons et al., 2002). Moreover, primary T. gondii infections (Del Bono et al., 1989; Fricker-
Hidalgo et al.,, 2013; Dhakal et al., 2015; Ybanez et al., 2020;

Teimouri et al, 2021), and the natural IgM antibody may

during T. gondii infections, the positivity for IgM antibody is
proposed to be a marker of acute infection due to the occurrence
of IgM antibody within days to a couple of weeks, and IgG interact with parasite antigens in the absence of the
antibodies are often interpreted as rising to protective levels after Toxoplasma infection (Potasman et al., 1986; Sensini et al.,

infection and remaining detectable for years, while the positivity 1996.; Liesenfeld et al., 1997; Dhakal et al., 2015; Teimouri
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et al, 2021). In the current study, the application of specific
antigens from different T. gondii forms may serve as reliable
laboratory tools to confirm the doubts raised by these traditional
methods. For the diagnosis of toxoplasmosis in this study, the
TgSAGI1, T¢gGRA7, and TgBAGI antigens from the different
parasite forms were used to further analyze both IgG and IgM
antibodies. Therefore, these present positive results may
represent: the IgG antibody test, rSAG1 + rGRA7 positivity
indicates that animals have been infected or are infected
currently by tachyzoites, rBAG1 + rGRA7 positivity indicates
that animals have been infected by bradyzoites or present tissue
cysts, and rSAG1 + rGRA7 + rBAGI indicates that animals have
been infected by parasites or are chronic infections of T. gondii
currently. The rSAG1 + rGRA?7 positivity in IgM antibody tests
indicates that the animal is suffering from acute toxoplasmosis
caused by tachyzoites; rBAG1 + rGRA7 positivity indicates that
the animal is being infected and is in the acute stage of infection
caused by bradyzoites; rSAG1 + rGRA7 + rBAGI indicates that
the animal is suffering from acute toxoplasmosis caused by
sporozoites, tachyzoites or bradyzoites.

In this work, although it is shown that Tibetan sheep, yaks,
cows, and cattle were overall low both for T. gondii 1gG and IgM
positivity, there was no significant difference among rSAGI1-,
rGRA7-, and rBAGI1-ELISAs. These results indicate that T.
gondii may be infected at low titers in the animals collected in
this study. However, the positive rates of 4.1% in yaks, 23.8% in
cows and 8.0% in cattle in rBAG1-IgM were found, suggesting
the possibility of elevated IgM antibody levels due to vertical
infection or sexual transmission in these animal populations
cannot be ruled out (Montoya and Remington, 2008; Lopes et al.,
2013; Paquet et al., 2013; Beder and Esenkaya Tagbent, 2020).

Interestingly, three current ELISAs were used to test the
serum samples of camels, horses and donkeys. It was found that
all ELISAs revealed more than 20.4% IgG positivity in camels
and 64.9% IgG positivity in donkeys. However, the positivity
rates of the three IgG tests in horses were almost zero, but the
positivity rates of IgM were 77.9% for rSAGI-, 86.8% for
rGRA7- and 41.9% for rBAGI1-ELISA. Moreover, in horse
testing, 70.7%, 37.3%, 36.8% and 33.4% high IgM positivity
was found in the rfSAG1 + rGRA7-, rBAG1 + rGRA7-, rSAGI +
rBAGI- and rSAG1 + rGRA7 + rBAGI1-ELISAs, respectively.
Therefore, horses in the current study may be suffering from
sporozoites, tachyzoites or bradyzoite reactivated-caused acute
Toxoplasma infection, while camels and donkeys may have
experienced acute toxoplasmosis or become long-term carriers
of tissue cysts. At the same time, such a high positivity rate of
IgG or IgM also indicates that the grass or water for horses,
donkeys and camels in the sampling area has been polluted by
oocysts excluded by wild or stray cats (Tenter et al., 2000; Cenci-
Goga et al,, 2011; Robert-Gangneux and Dardé, 2012; Saadatnia
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and Golkar, 2012; Halonen and Weiss, 2013; Liu et al., 2015;
Lourido, 2019; Matta et al., 2021).

Furthermore, the rSAG1-ELISA, rGRA7-ELISA and rBAG1-
ELISA tests showed high IgG positivity in current pigs, but for
IgM antibody, only three pigs presented IgM positivity (two pigs
for IgM-GRA7- and one pig for IgM-BAG1-ELISA), suggesting
that current pigs may become long-term carriers of tissue cysts
of T. gondii. Moreover, the seropositive and seronegative
samples based on the current SAG1-IgG in pigs were selected
to perform the comparative analysis with the commercial ELISA
kits based on TgSAGI protein. The results revealed an 82%
match rate with the commercial kits, and a sensitivity of 89.7%
and a specificity of 75.4% of the serological T. gondii IgG-ELISA
assay based on the SAGI protein established in pigs in this study.
These provide confirmations for currently establishing IgG-
ELISA and IgM-ELISA based on the proteins that could apply
for the serodiagnosis of T. gondii infections.

However, it was found that the results were different from
those of other animal species in the toxoplasmosis detection of
chickens, that is, the positivity rates of IgG and IgM were very
high in all tests. This result demonstrates the fact that acute
toxoplasmosis occurred in chickens, as well as the soil, water and
food (containing animal meats with oocysts) in the chicken’s
surroundings are contaminated with oocysts. Moreover, the
chicken’s habit of pecking the soil may lead to greater
exposure to the threat of oocysts (Wang et al., 2015).
Certainly, in areas with the prevalence of toxoplasmosis, the
definitive-host cats, especially stray cats, play a key role in
frequently exposing other animals to the infectious source and
causing T. gondii infections in the Qinghai-Tibetan Plateau (Xia
et al., 2022; Yang et al., 2022).

In conclusion, the current study confirmed that the
application of TgSAGI1, T¢gGRA7, and T¢gBAGI recombinant
antigens could successfully be used in the detection of specific
IgG and IgM antibodies for the serodiagnosis of T. gondii
infections in Tibetan sheep, yaks, pigs, cows, cattle, horses,
chickens, camels and donkeys from the Qinghai-Tibetan
Plateau. However, the limitations of the present study include
the lack of application of specific antigens of sporozoites and
testing of IgG avidity. Future studies need to develop
serodetection tests for IgG and IgM against sporozoite
antigens and should also test definitive host cats that live
around these animals in this plateau area.
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SUPPLEMENTARY FIGURE 1

The geographical location and quantity of sampling in various animals in
Qinghai province for serodiagnosis of toxoplasmosis based on T. gondii-
specific SAGL, GRA7 and BAG1 proteins. The graph shows the average
altitudes of sampling sites in the 5 states and 2 cities from which the
samples were collected and the number of samples of the different
animals in each region. HX, Haixi Mongol and Tibetan Autonomous
Prefecture. YS, Yushu Tibetan Autonomous Prefecture. HB, Haibei
Tibetan Autonomous Prefecture. HN, Hainan Tibetan Autonomous
Prefecture. HUN, Huangnan Tibetan Autonomous Prefecture. GL:
Guoluo Tibetan Autonomous Prefecture. XN, Xining city. HD,
Haidong city.

SUPPLEMENTARY FIGURE 2

Amino acid sequence alignment and phylogenetic analyses for TgSAGL,
TgGRA7, and TgBAGL1 with the related cycle-forming organizations. The
sequences included T. gondii SAG1 (AFO54849.1), N. caninum SAG1
(AAD25091.1), Sarcocystis neurona SAGL (AAK40366.1), T. gondii GRA7
(ABE69193.1), N. caninum GRA7 (AFB77190.1), Besnoitia besnoiti GRA7
(XP_029218567.1), T. gondii BAG1 (XP_002365116.1), N. caninum BAG1
(BAI44436.1), and B. besnoiti BAG1 (XP_029221932.1).

SUPPLEMENTARY FIGURE 3

The specificity of the current ELISA tests was established in this study. IgG-
ELISAs (A) and IgM-ELISAs (B) based on TgGRA7, TgSAG1, TgBAG1, and
GST proteins were performed using mouse anti-T. gondii, N. caninum,
and S. gigantea positive sera. At least 5 positive sera were used. The
coating concentration of the proteins was 1 pg/mL, and the serum
dilutions were 1:100. The results showed that GRA7-, SAG1-, and BAG1-
ELISAs only reacted with the positive sera of T. gondii but did not respond
to the positive sera of N. caninum and S. gigantea. The GST protein did not
react with any serum. Tg, T. gondii. Nc, N. caninum. Sg, S. gigantea.

SUPPLEMENTARY FIGURE 4

The sensitivity assay of the protein concentration under a positive serum
dilution of 1:100. In this study, the coated TgGRA7, TgSAG1, TgBAG1, and
GST proteins were diluted 2, 1, 0.5, 0.25, 0.125, and 0.0625 pg/mL, and
IgG-ELISAs and IgM-ELISAs were developed at a positive serum dilution of
1:100, 200, 400, 800, 1600 and 3200. The 5 positive mouse sera were
used. The results show that the reactions could also occur when the
concentration of coated proteins was very low under a positive serum
dilution of 1:100. P, positive sera. N, negative sera.

SUPPLEMENTARY FIGURE 5

The sensitivity assay for the serum dilution. Here, mouse anti-T. gondii
positive and negative sera were diluted with 1:100, 200, 400, 800, 1600,
3200, 6400, 12800 and 25600 for IgG-ELISAs and IgM-ELISAs based on 1
ug/mL TgGRA7, TgSAGL, TgBAG1, and GST proteins. The 5 positive or
negative mouse sera were used. The results showed that the OD values at
the serum dilution 1:800-6400 were still greater than the cut-off values
(calculated using the OD values of negative controls), while GST protein
did not show any response.
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BK-SE36, based on Plasmodium falciparum serine repeat antigen 5 (SERA5), is a
blood-stage malaria vaccine candidate currently being evaluated in clinical trials.
Phase 1 trials in Uganda and Burkina Faso have demonstrated promising safety and
immunogenicity profiles. However, the genetic diversity of sera5 in Africa and the
role of allele/variant-specific immunity remain a major concern. Here, sequence
analyses were done on 226 strains collected from the two clinical trial/follow-up
studies and 88 strains from two cross-sectional studies in Africa. Compared to
other highly polymorphic vaccine candidate antigens, polymorphisms in sera5
were largely confined to the repeat regions of the gene. Results also confirmed a
SERAS consensus sequence with African-specific polymorphisms. Mismatches
with the vaccine-type SE36 (BK-SE36) in the octamer repeat, serine repeat, and
flanking regions, and single-nucleotide polymorphisms in non-repeat regions
could compromise vaccine response and efficacy. However, the haplotype
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diversity of SERA5 was similar between vaccinated and control participants. There
was no marked bias or difference in the patterns of distribution of the SE36
haplotype and no statistically significant genetic differentiation among parasites
infecting BK-SE36 vaccinees and controls. Results indicate that BK-SE36 does not
elicit an allele-specific immune response.

KEYWORDS

BK-SE36 malaria vaccine, Plasmodium falciparum, serine repeat antigen 5,
polymorphism, clinical trial

Introduction

Despite unprecedented gains in malaria control, progress
has stalled in recent years. Children under 5 years old in sub-
Saharan Africa continue to shoulder a disproportionate share of
the malaria burden (Weiss et al, 2019; WHO, 2021). In a historic
move, the World Health Organization (WHO) endorsed the
first-ever malaria vaccine, RTS,S (Maxmen, 2021). RTS,S, based
on the circumsporozoite protein (CSP), has a modest efficacy of
36% against malaria over 4 years of follow-up (Laurens, 2020).
After pilot implementation studies that confirmed safety as well
as its feasible deployment, modeling studies show that 4 doses
will avert 116,480 cases of clinical malaria and 484 deaths per
100,000 vaccinated children (Laurens, 2020). The contribution
of a more effective second-generation malaria vaccine cannot
be overemphasized.

One major impediment to the elusive goal of a highly
efficacious vaccine is the polymorphic nature of antigens that
alter epitope antibody responses, leading to low or limited
vaccine efficacy (Palacpac and Horii, 2020). In phase 3 trials,
RTS,S had a better overall efficacy at protecting against malaria
caused by vaccine-strain than non-vaccine strain CSP in 5-17-
month-old children (Neafsey et al., 2015). Efficacy was
approximately 10-15% lower against non-vaccine
(mismatched) type parasite infections. Other candidate
vaccines based on polymorphic merozoite surface protein 1
(MSP: FMP1/AS02) (Ogutu et al., 2009) and apical membrane
antigen 1 (AMAI: FMP2.1/AS02,, AMA1-Cl, AMA1-FVO)
(Takala et al., 2009; Thera et al., 2011) did not show
significant overall protection in proof-of-concept trials but had
allele-specific efficacy against clinical malaria. Sequence analyses
of amal genes obtained in a phase 2 trial revealed that the AMAL
vaccine reduced the risk of clinical malaria only when the infecting
parasite had identical amino acid residues to the vaccine type at a
key position in the AMA1 cluster 1 loop (Ouattara et al.,, 2013).
These studies highlight the need for molecular epidemiological
studies to identify and determine the roles of polymorphisms in
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natural populations and during vaccine trials, particularly in cases
of genetic and antigenic diversity and vaccine failure.

BK-SE36 is a formulation based on the serine repeat antigen 5
(SERAS5) of Plasmodium falciparum. SERAS5 is a blood-stage
antigen (Arisue et al,, 2020) expressed during the late trophozoite
and schizont stages as a 120-kDa precursor and secreted into the
parasitophorous vacuole after removal of the signal peptide
(Debrabant et al,, 1992). The protein is cleaved by subtilisin-like
serine protease 1 into 47-, 56-, and 18-kDa fragments (Yeoh et al,,
2007) (Figure 1). The 47-kDa fragment is linked to the 18-kDa
fragment via a disulfide bond and localizes to the merozoite surface
(Li et al, 2002). The 56-kDa fragment containing the papain-like
catalytic domain is further cleaved by an unknown protease to 50-
and 6-kDa fragments just before parasite egress (Li et al, 2002;
Yeoh et al., 2007; Stallmach et al., 2015). SE36 is identical to the 47-
kDa fragment (P47) except for the serine repeats which were
removed to improve the hydrophilicity of the protein.

The N-terminal fragment, SE36, was selected for clinical
development based on the findings that (i) antibodies against the
P47 domain (SE36 with the serine repeat region) inhibited
parasite growth in vitro (Fox et al, 1997; Pang and Horii,
1998; Pang et al., 1999; Aoki et al., 2002; Yagi et al., 2014); (ii)
seroepidemiological studies in malaria-endemic areas showed a
negative correlation between parasitemia and anti-P47 antibody
titers (Okech et al., 2001; Horii et al., 2010); and (iii) high anti-
SE36 antibody titers were associated with protection from severe
malaria outcomes (Okech et al., 2006; Owalla et al., 2013). BK-
SE36, which is SE36 adsorbed to aluminum hydroxide gel, is a
malaria vaccine candidate currently in clinical trials. The phase
1b randomized trial and follow-up study in Uganda, conducted
in 2010-2012, showed that the vaccine was safe and
immunogenic; and the 6-20-year-olds that received the
vaccine had a reduced risk of time-to-first episodes and all
episodes of high parasitemia (>5000 parasites/pL) and fever at
130-365 days post-second vaccination (Palacpac et al., 2013). A
clinical trial in Burkina Faso with 12-60-month-old children was
also completed (Bougouma et al., 2022).
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FIGURE 1

Schematic representation of the SERAS structure. Plasmodium falciparum 3D7 strain was used as a reference for the illustration.

Epitope mapping of the SE36 region in SERA5 using serum
samples from a malaria endemic area indicated that the
intrinsically unstructured N-terminal octamer repeat region
possessed inhibitory epitopes (Yagi et al., 2014). Sequence
analyses of SERA5 genes using 445 P. falciparum isolates
collected from nine endemic countries in Africa, Southeast
Asia, Oceania, and South America revealed variations in the
(1) number and motifs of octamer amino acid units in the SERA5
N-terminal domain, (ii) number of serine repeats and
polymorphisms in the 13-mer insertion/deletion region and
17-mer dimorphic sequence flanking these repeats, and (iii)
area-specific single-nucleotide polymorphisms (SNPs) in non-
repeat regions of the gene (Tanabe et al., 2012). Thus, although
no strong signature for positive selection was detected in the
non-repeat sequence regions (2,562 bp), protective epitopes were
located in predicted disordered regions of the protein. Whether
these polymorphisms are involved in allele-specific immunity
remains unclear. Furthermore, information on SERAS5
polymorphisms in P. falciparum isolates circulating in Africa
is limited. Here, the different features of the polymorphism in
sera5 and other antigen and housekeeping genes were examined.
Patterns of genetic variation were compared for parasites
isolated within Africa and for those vaccinated with BK-SE36
and saline. Variations in sera5 did not appear to influence the
effectiveness of BK-SE36 to elicit an immune response.

Materials and methods
Ethics approval

Ethical approval for the Ugandan trial and follow-up study
were obtained from the ethical institutional review committees
of Med Biotech Laboratories (Ref# IRB-00003990-MBL-
BIOMEDICAL, IRB-00003995-MBL-BIOMEDICAL), Uganda
National Council for Science and Technology (Ref# HS635,
HS866), Osaka University (Ref# 20-3, 287), and Research
Foundation for Microbial Diseases of Osaka University.
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Approval for the Burkina Faso trial was obtained from Comite
d’Ethique pour la Recherche en Santé du Burkina Faso (Ref# 2014-
12-144), Comite Institutionnel de Bioethique du INSP/CNRFP
(previous name: CNRFP) (Ref# N°2014/071/MS/SG/CNRFP/CIB,
N°2016/000008/MS/SG/CNRFP/CIB), Agence Nationale de
Regulation Pharmaceutique (ANRP, previous name: Direction
Geénerale de la Pharmacie, du Meédicament et des Laboratoires
[DGPML], Ref# N°2015_658/MS/CAB), Scientific Committee/
Institutional Review Committee of the Research Institute for
Microbial Diseases (Ref# 26), Osaka University (Ref# 574); and
London School of Hygiene and Tropical Medicine Research Ethics
Committee (Ref# 9175).

Consent, either by signature or thumbprint, was obtained
from the children and/or children’s parents or guardians prior to
sampling and other trial-related procedures. In Uganda, for
subjects 8-17 years old, assent by the child took precedence
over consent from the parents or guardians.

All studies were conducted in compliance with the protocol,
International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use (ICH),
Good Clinical Practices, the Declaration of Helsinki 2013, and
country-specific laws and regulations.

Clinical trial in Uganda

The details of the randomized, single-blind, safety and
immunogenicity phase 1b trial (Current Controlled trials
ISRCTN71619711 https://doi.org/10.1186/ISRCTN71619711)
and follow-up study in Lira, northern Uganda have been
previously described (Palacpac et al,, 2013; Yagi et al,, 2016). The
clinical trial site, Lira Medical Centre, is in a region with intense
transmission and bimodal rainfall pattern from April to May and
September to October (Proietti et al., 2011). Blood samples and
data on malaria incidence were obtained from healthy children
and young adults aged 6-20 years old (n = 84). Participants in 3
age cohorts (6-10, 11-15, and 16-20 years old) were randomized
to be administered twice with either half- (0.5 mL, n=11) or full-
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(1.0 mL, n=6) dose BK-SE36 or saline (n=6). Subcutaneous
vaccination was performed 21-days apart. During the follow-up
study (130-440 days post-second vaccination), 50 additional
children (as unvaccinated controls) were recruited. Recruitment
of the additional control group used the same inclusion and
exclusion criteria as in the clinical trial and was age-, gender-,
and locality-matched as much as possible. The paired control
participants visited the trial center on the same scheduled day as
trial participants to undergo assessments for vital signs, physical
examination, monthly questionnaire, and blood smear. Blood
samples for filter blots, thick and thin blood smears, were
obtained at 28-day intervals (active surveillance) or whenever the
child was sick (passive surveillance). In this study, any blood
smear-positive samples (any parasitemia) were used for analyses.

Clinical trial in Burkina Faso

The Burkina Faso trial was a double-blind, randomized,
controlled, age de-escalation safety and immunogenicity trial and
follow-up study conducted in Banfora, south western Burkina Faso
(Pan African Clinical Trials Registry: PACTR201411000934120;
https://pactr.samrc.ac.za/TrialDisplay.aspx?TriallD=934 )
(Bougouma et al., 2022). The trial site, Unité de Recherche
Clinique de Banfora, is in a region where transmission occurs
throughout the year with a peak for clinical malaria occurring
within the 4 months (June-September) of the rainy season of May-
November (Tiono et al., 2014). Samples and data of clinical malaria
episodes were obtained from healthy children aged 12-60 months
(n = 108). Participants in two age cohorts (12-24 and 25-60-
months-old) were randomized for administration of Synﬂorix® (0.5
mL, control arm, n = 18); or BK-SE36 (1.0 mL) via either the
subcutaneous route (n = 18), or the intramuscular route (n = 18).
Two administrations were performed 28 days apart, and a third
dose was administered at week 26 (Day 182). The control group was
vaccinated with Synﬂorix® at Days 0 and 182, and with saline at
Day 28 to comply with the manufacturer’s recommendation of at
least a 2-month interval between the 2 primary Synﬂorix® doses
while ensuring that the trial was performed in a double-blinded
manner. Clinical malaria episodes, defined as >5000 parasites/pL +
tympanic temperature >38°C, from Day 56 (4 weeks after dose 2)
until the final visit (Day 477, 42 weeks after dose 3) were assessed.
Two thick and thin blood smears were prepared for malaria
diagnosis and blood samples spotted onto Whatman™™ 903
Protein Saver Card (GE Healthcare Life Sciences, MA, USA) were
dried and stored until use.

DNA preparation, SERAS5 gene
amplification, and nucleotide sequencing

The BioRobot EZ1 DNA investigator kit (QIAGEN, Hilden,
Germany) was used to extract parasite DNA from the filter paper
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blood spots. Four pieces of a 3-mm-diameter circle, corresponding
to a 20-uL volume of blood, were punched out from 1-2 blood
spots for downstream reactions. The extracted DNA was
resuspended in 50 UL TE solution, and stored at -20°C until use.

Exon regions II-IV of the SERA5 gene, covering approximately
3.3 kb, were amplified using specific primers sera5-F1 and sera5-
R1 (Supplementary Table S1). Exon I encoding the signal peptide
was not analyzed because of sequencing difficulties. Amplification
was carried out in a 25-uL reaction mixture containing 0.4 UM
each of forward and reverse primers, 0.4 mM each of dNTP, 0.5
units of KOD FX Neo polymerase (TOYOBO, Osaka, Japan), 12.5
UL of 2x PCR buffer, and 1 uL of genomic DNA solution. PCR
conditions were as follows: 95°C for 2 min, 35 cycles of 95°C for 15
sec, 59°C for 30 sec, and 68°C for 2 min. A 2-puL aliquot of the PCR
product was used as template for a second PCR amplification in a
25-uL reaction mixture using the primers sera5-F2 and sera5-R2
(Supplementary Table SI) under the same thermocycler
conditions. In case of failure with the first set of primers, other
primer pairs were also tested: sera5-F1 and sera5-R1 for the 1st
PCR and sera5-F3 and sera5-R2 for the 2nd PCR or sera5-F2 and
sera5-R1 for the 1st PCR and sera5-F3 and sera5-R2 for the 2nd
PCR. PCR products were purified using the QIAquick PCR
Purification kit (QIAGEN) according to the manufacturer’s
instructions. Purified DNA fragments were eluted in 30 uL TE.
Optical density was measured with a NanoDrop (Thermo Fisher
Scientific, Waltham, MA, USA) and the DNA concentration was
adjusted to 0.026 pg/LL using TE. At this concentration, 1 UL was
suitable for performing one sequencing reaction.

DNA sequencing was performed directly using the BigDye®
Terminator v3.1 Cycle Sequencing Kit and 3130xI Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA).
Sequencing primers were designed to cover target regions in
both directions (Supplementary Table S1). If inconsistencies
were obtained after two independent amplifications, a third
round of PCR/sequencing reaction was performed. Only
isolates showing a single genotype infection, without
overlapping peaks on the electropherograms, were used for
further analysis. To compare the nucleotide diversity of SERA5
with other antigens and housekeeping genes, the sequences of
apical membrane antigen 1 (amal), circumsporozoite protein
(csp), Ca2+-transporting ATPase (serca), and adenylosuccinate
lyase (adsl) genes were determined using the Ugandan isolates.
The PCR and sequencing strategies were the same as those used
for sera5 except that the PCR conditions were adjusted to be
suitable for each gene. The PCR sequencing primers are listed in
(Supplementary Table S1).

Accession numbers
The newly determined nucleotide sequences in this study

have been deposited in the DNA Data Bank of Japan (accession
nos. LC580441- LC581218). Samples from a previous study
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were used to compare polymorphisms found in Africa. The
Tanzania and Ghana isolates were described previously (Tanabe
et al, 2010). Briefly, Tanzania blood samples (n = 55) were
collected from residents of Nyamisati village in the Rufiji River
Delta, eastern coastal Tanzania in February and March 1993,
1998, and January 2003. Asymptomatic donors had a mean age
of 14.2 years (range, 1-78), 16.8 years (range, 1-63), and 13.8
years (range, 10-19) in 1993, 1998, and 2003, respectively.
Ghana isolates (n = 33) were collected during malaria surveys
in 0-15-year-old children from three villages near Winneba
(Okyereko, Mpota, and Apam), a western coastal region, in
November 2004. The accession numbers of sera5, amal, csp,
serca, and adsl are summarized in Supplementary Table S2.

Sequence alignment and
genetic analyses

The nucleotide sequences of sera5 were aligned using
CLUSTALW implemented in GENETYX® ver. 15 (GENETYX
Corporation, Tokyo, Japan) with manual corrections. According
to our previous analyses (Tanabe et al., 2012), the SERA5
sequence was categorically divided into an octamer repeat
(OR) region, serine repeat (SR) region, and non-repeat regions
(2,562 bp) (Figure 1). The number of haplotypes, haplotype
diversity (Hd), and nucleotide diversity (6,) were calculated
using DnaSP v5.10.01 (Librado and Rozas, 2009). The difference
between the numbers of synonymous substitutions per
synonymous site (dS) and nonsynonymous substitutions per
nonsynonymous site (dN) was calculated by the Nei and
Gojobori method (Nei and Gojobori, 1986) with Jukes and
Cantor correction as implemented in MEGA X (Kumar et al,
2018). The statistical significance of the difference between dN
and dS was estimated with MEGA Z-test. If AN was greater than
dS, positive selection was predicted. Genetic differentiation of
SERAS5 among the parasite population was examined using Fst,
the Wright’s fixation index (Wright, 1965) of inter-population
variance in allele frequencies. Pairwise Fst between parasite
populations was calculated using Arlequin v3.5 (Excoffier and
Lischer, 2010). These programs had built-in statistical analyses
which were performed automatically, however, when statistical
analyses were not supported, Mann-Whitney test for differences
between two independent groups, the Kruskal-Wallis test for
differences between multiple groups, and the chi-square (2) test
for proportions between group were used.

Results
Sample description

In the trial conducted in Uganda, of the 247 infection events
recorded, sequence information from 172 infections was
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obtained (75 were mixed infections and excluded from further
analyses). Parasitemia ranged from 16 to 151,680 parasites/uL
and 4 samples had P. falciparum gametocyte. Of the 172
available sequences, 33 were from subjects who had only one
infection and 66 were from participants who had at least two
infections during the follow-up period. In summary, 77 isolates
were from the BK-SE36 vaccine arm and 95 from the control
group. The samples were collected from March 2011 to February
2012, covering 2 malaria transmission seasons.

For the Burkina Faso trial, of 78 clinical malaria events,
sequence information was obtained from 54 cases (24 were
mixed infections and excluded from further analyses).
Parasitemia ranged from 6,527 to 253,900 parasites/uL. Of the
54 available sequences, 29 sequences were from subjects who had
only one infection and 10 were from subjects who had at least
two infections during the follow-up period. Twenty-nine
sequences were from the BK-SE36 vaccine arm and 25 from
the control group. Samples were obtained from July 2015 to
January 2017, covering the rainy season of May-November.
Each subject had a total follow-up period of 16 months.

Comparison of SERA5 polymorphism
with major antigen genes and
housekeeping genes

P. falciparum isolates from the four African countries were
used to compare polymorphisms in 3 antigen genes (sera5, amal
and c¢sp) and 2 housekeeping genes (serca and adsl) (Figure 2,
Supplementary Table S3). As expected, the degree of
polymorphism varied between antigen-coding genes and
housekeeping genes. Notably, the level of polymorphism in all
African isolates within each gene was similar. The Hd of the
three antigen genes amal, csp, and sera5 (Supplementary Table
S4A) were extremely high (close to 1.0), demonstrating that
most sequences were distinct from each other. The Hd of the
concatenated housekeeping genes of adsl and serca (adsl+serca)
was slightly lower than that of the antigen genes. In the antigen
genes, the number of sequence variations was almost the same in
both the nucleotide and amino acid sequences; however, in the
housekeeping genes, the amino acid sequence showed far fewer
variations compared to the nucleotide sequences. Nucleotide
substitutions in the antigen genes mainly occurred at non-
synonymous sites which resulted in amino acid changes,
whereas in housekeeping genes, nucleotide substitutions tend
to occur at synonymous sites without amino acid changes.

Nucleotide diversity was estimated as 6, the average
pairwise nucleotide difference (Figure 2A). The 6, of the
antigen genes amal and csp were very high, whereas that of
the antigen gene sera5 was much lower and comparable to the
concatenated gene sequences of adsl+serca. Among the three
antigen genes, amal and csp showed a signature of diversifying
selection with a significant excess of AN over dS (Figure 2B). The
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Polymorphisms in three P. falciparum vaccine candidate genes and housekeeping genes in parasite populations from Africa. (A) Nucleotide
diversities (6,) are shown. Error bars reflect standard deviation. (B) Number of synonymous substitutions per synonymous site (dS) and number
of non-synonymous substitutions per non-synonymous site (dN) are shown. Error bars reflect the standard error. For details, see Supplementary
Table S3. Differences between dS and dN that were significant (dN>dS, p < 0.01), denoting positive selection, are indicated in asterisk.

high values of 6, and dN in amal and csp indicate large
differences between the sequences, and dN>dS is likely due to
host immune evasion. In contrast, the values of 8,, dN, and dS of
sera5 were much lower than those of amal and csp. Although dN
was significantly larger than dS in sera5 from the Ghana isolates,
the differences between the amino acid sequences were small
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compared to either amal or csp (Figure 2B). For each of these
genes, analyses for 8,, dS, and dN were performed to compare
Hd with (Supplementary Table S4A) or without regions
containing insertions and deletions (Supplementary Table
S4B). The comparison provides insight into the various
processes involved in generating alleles in antigen genes. The
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excluded regions would refer to the ‘NANP’ repeat region in
amal; the eight-mer amino acid repeat units in csp; the serine
repeat region, the 13-mer insertion/deletion region, and the 17-
mer dimorphic region in sera5; and the asparagine repeat region
in adsl+serca. When Hd of sera5 was analyzed using the same
dataset which excluded insertions and deletions, the value of Hd
was much smaller than that obtained using full-length sera5
(Supplementary Table 54). The Hd of amal was similar, as there
were no insertions or deletions in the gene. The Hd of csp was
also similar despite the exclusion of NANP repeat regions. The
lower Hd of sera when regions of insertions and deletions are
removed suggests that sequence variations in sera5 are mainly
introduced by recombination rather than by point mutation. In
amal, all polymorphisms are produced by point mutation,
whereas in csp, both point mutation and recombination
resulting in different numbers of NANP units act to generate
sequence variations.

Sequence comparison of SE36 region
in SERA5

The consensus sequence of SE36 in SERA5 was inferred
from 314 sequences obtained from four African countries:
Uganda (n = 172), Burkina Faso (n = 54), Tanzania (n = 55),
and Ghana (n = 33). The consensus sequence in African isolates
(Af-cons) was aligned with the SE36 sequence based on
Honduras-1 and two representative laboratory strains, 3D7

10.3389/fcimb.2022.1058081

and FCR3. The BK-SE36 candidate vaccine was designed with
reference to the SERA5 sequence of the Honduras-1 strain
(Sugiyama et al, 1996). As shown in Figure 3, there were
several sequence mismatch regions, particularly between the
vaccine-type SE36 variant and Af-cons.

At the N-terminal, of the 314 SERA5 sequences, there were
76 variations in the OR region (Supplementary Figure S1). The
number of octamer units varied widely: seven octamer units (23
OR variations) were detected in 196 SERA5 sequences across
Africa (62.4%), eight octamer units (16 OR variations) were
found in 47 sequences (15.0%), and six octamer units (8 OR
variations) were found in 14 sequences (4.5%). In all four
African countries, seven octamer units were the most
frequently detected. The number of OR units detected from
SERAS5 sequences was not significantly different among the four
countries (p > 0.05, Kruskal-Wallis test). Vaccine-type SE36 has
six octamer units, made up of one Ib subunit; and an identical
OR sequence was found only in 5 P. falciparum isolates (1.6%): 4
from Uganda and 1 isolate from Ghana (Table 1; Supplementary
Figure S1). The seven octamer units found predominantly in Af-
cons contain two Ib subunits (Figure 3).

The SR region has three distinct sequence components: a 13-
mer insertion/deletion, stretch of serine repeats, and a 17-mer
dimorphic region (Morimatsu et al, 1997; Tanabe et al., 2012). A
total of 69 amino acid sequence variations was identified in the
SR region (Supplementary Figure S2). The 13-mer deletion in
the SR region of the FCR3 strain (Figure 3) was observed in
Oceania and South America, but not in Africa (Tanabe et al.,

Octamer repeat region

Signal peptide [a ] b [ ] d | le [ if |
BK-SE36 1 -TGESQTGN-TGGGAAGN - - - - ------ TVGDQAGS-TGGSPAGS--=------vvucmunnnnn TGASQPGS -
Af-cons 1 [KSYISLFFILCVIFN -TGESQTGN-TGGGQAGN - TGGGAAGN - TVGDAAGS - TGGSPAGS - = = = = === s ww e e e e TGASQPGS -
3p7 1 KSYISLFFILCVIFN -TGESQTGN-TGGGQRAGN-TGG--------- DQAGS-TGGSPQGS-TGASPQGS-TGASPQGS-TGASQPGS -
FCR3 1 KSYISLFFILCVIFN -TGESQTGN-TGGGQAGN - TGGGAAGN - TVGDAAGS -TGGSPAGS - === - - = -mmmmcmmnnnn TGASQPGS -
BK-SE36  SEPSNPVS-SGHSVSTVSVSQTSTSSEKQDTIQVKSALLKDYMGLKVTGPCNENFIMFLVPHIYIDVDTEDTNIELRTTLKETNNAISFESNSGS
Af-cons SEPSNPVS-SGHSVSTVSVSQTSTSSEKQDTIQVKSALLKDYMGLKVTGPCNENFIMFLVPHIYIDVDTEDTNIELRTTLKKTNNAISFESNSGS
3p7 SEPSNPVS-SGHSVSTVSVSQTSTSSEKQDTIQVKSALLKDYMGLKVTGPCNENFIMFLVPHIYIDVDTEDTNIELRTTLKKTNNAISFESNSGS
FCR3 SEPSNPVS-SGHSVSTVSVSQTSTSSEKQDTIQVKSALLKDYMGLKVTGPCNENFIMFLVPHIYIDVDTEDTNIELRTTLKETNNAISFESNSGS

13mer ins/del Serine repeat 17 mer dimorphic
BK-SE36 LEKKKYVKLPSNGTTGEQGSS-TGTVRGDTEPISD -SS - - - - v-vmccmme e e e e e cee e cme e e s ESLPANGPDSPTVKPPR-NLGNI
Af-cons  LEKKKYVKLPSNGTTGEQGSS-TGTVRGDTESISD-SSSSSSSSSSSSSSSSSSSSSannnnnnnnnnnnn- VNPPANGAGSTPDAKKK -NLQNI
3p7 LEKKKYVKLPSNGTTGEQGSS-TGTVRGDTEPISD -SSSSSSSSSSSSSSSSSSSSSSSSSSS--------- ESLPANGPDSPTVKPPR-NLQNI
FCR3 LEKKKYVKLPSNGTTGEQSSS--------------- SSSSSSSNSSSSSSSSSSSSSSSSSSSSSSSSSSS-ESLPANGPDSPTVKPPR-NLGNI
«-— Serine repeat region —_—

BK-SE36  CETGKNFKLVVYIKENTLIIKWKVYGETKDTTENNKVDVRKYLINEKETPFTSILIHAYKEHNGTNLIESKNYALGSDIPEKCDTLASNCFLSGN
Af-cons CETGKNFKLVVYIKENTLILKWKVYGETKDTTENNKVDVRKYLINEKETPFTNILIHAYKEHNGTNLIESKNYAIGSDIPEKCDTLASNCFLSGN
3p7 CETGKNFKLVVYIKENTLILKWKVYGETKDTTENNKVDVRKYLINEKETPFTNILIHAYKEHNGTNLIESKNYAIGSDIPEKCDTLASNCFLSGN
FCR3 CETGKNFKLVVYIKENTLIIKWKVYGETKDTTENNKVDVRKYLINEKETPFTSILIHAYKEHNGTNLIESKNYALGSDIPEKCDTLASNCFLSGN
BK-SE36 FNIEKCFQCALLVEKENKNDVCYKYLSEDIVSNFKEIKAE 334
Af-cons  FNIEKCFQCALLVEKENKNDVCYKYLSEDIVSKFKEIKAE 376
307 FNIEKCFQCALLVEKENKNDVCYKYLSEDIVSKFKEIKAE 390
FCR3 FNIEKCFQCALLVEKENKNDVCYKYLSEDIVSKFKEIKAE 377

FIGURE 3

Sequence comparison of SE36 region in SERAS5. The African consensus sequence (Af-cons) of the SE36 region was derived from sequence
comparison of 314 SERAS sequences from four African countries. Amino acid sequences of the corresponding SE36 region were compared
among vaccine-type variants (the vaccine candidate based on P. falciparum Honduras 1), 3D7 and FCR3 strains, and Af-cons. Characteristic
regions are shaded in color: signal peptide, octamer repeat region, serine repeat region. Amino acids that differ from vaccine-type SE36 are

shown in red font. Octamer repeat sequence was classified into la to If and Il according to a previous study (Tanabe et al., 2012).
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2012). In vaccine-type SE36 and Af-cons, the 13-mer sequence
contained a serine/proline variation at position 203: a proline
residue was found in the vaccine-type and 3D7 strain but a
serine residue was mostly found in all isolates from the four
African countries. SERA sequences did not differ significantly
among the four African countries in terms of serine/proline
ratios at position 203 (p > 0.05, y>-test) (Table 2).

For the stretch of serine tandem repeats from which SERA5
was named, vaccine-type SE36 contains only two serine residues
(Figure 3). This stretch of serine tandem repeats was mostly
deleted from the vaccine construct to improve the hydrophilicity
of the protein and make it amenable for large-scale Good
Manufacturing Practices (GMP) production (Palacpac et al.,
2011). Among the 314 African isolates, the number of poly-
serine residues varied from 5 to 43, with 21 repeats as the most
common in all 4 African countries (Table 3). The difference in
the number of serine residues among the four countries was
statistically significant (p < 0.05, Kruskal-Wallis test). Notably,
the amino acids isoleucine, asparagine, glycine, and arginine
were also found in the serine stretch in eight of the 314 African
isolates (Supplementary Figure S2).

Just after the poly-serine repeat is a 17-mer dimorphic
region (Figure 3) containing four major sequence variations
(Tanabe et al, 2012): ‘VNPPANGAGSTPDAKKK’ (Type I),
‘ESLPANGPDSPTVKPPR’ (Type IV), and recombination
forms ‘VNPPANGAGSTPDAKKR' (Type II) and
‘VNPPANGPDSPTVKPPR’ (Type III). Vaccine-type SE36 has
the Type IV sequence, whereas all African isolates had Type I as
dominant sequence (Table 4). For the four African countries, the
ratio of Type I to Type IV sequence was significantly different (p
< 0.01, y2-test); and notably, no Type II and Type IIT sequences
were found in Burkina Faso isolates. There were also sequence
variations in Type IV. Substitutions at position 241 of proline to

10.3389/fcimb.2022.1058081

leucine and position 244 of proline to leucine were found in one
Ugandan and Tanzanian isolate, respectively (Supplementary
Table S2, Supplementary Figure S2).

In non-repeat regions, amino acid mismatches were
observed in Af-cons at five positions (Figure 3). Those were at
positions 159, 275, 308, 330, and 383 of the SERA5 amino acid
sequence of P. falciparum strain 3D7. Among them, glutamic
acid at position 159 and leucine at position 330 were also found
in Uganda (n=1), Tanzania (n=1), and Ghana (n=1) isolates,
although their frequencies were very low (Figure 4). In the
vaccine-type SE36, at positions 275, 308, and 383, isoleucine,
serine, and lysine were found, whereas African isolates
exclusively showed leucine, asparagine, and lysine, respectively.

According to the above results, there are multiple differences
between the vaccine-type SE36 and the corresponding SERA5
sequence from African isolates. The occurrence of identical
sequences to the vaccine-type variant was rare.

Sequence variation in SE36 of P.
falciparum clinical isolates obtained from
vaccinated and control groups

If BK-SE36 confers allele-specific immune response or
shows efficacy targeting only vaccine-type parasites or closely
related variants, then vaccinated individuals may be selectively
infected with P. falciparum strains whose SERA5 sequences are
less identical/heterologous to vaccine-type variant. Additionally,
if sequence-dependent selection occurs, the haplotype diversity
of SERAS5 in the vaccinated group may be lower than that of
SERAS5 in the control group. To explore these possibilities, the
haplotype diversity of SE36; OR and SR regions of SERA5 were
compared between isolates from the BK-SE36 arm and isolates

TABLE 1 Number and frequency of octamer units found in SERAS sequences from 314 African isolates.

No of octamer unit total n = 314 Uganda n = 172
2 2 (0.6) N.D.

5 1(0.3) 1(0.6)
6 14 (4.5) 7 (4.1)
7 196 (62.4) 119 (69.2)
8 47 (15.0) 17 (9.9)
9 17 (5.4) 9 (5.2)
10 6 (1.9) 2(1.2)
11 10 (3.2) 4(23)
12 10 (3.2) 7 (4.1)
13 4 (1.3) 1(0.6)
14 4(13) 3(L7)
15 2(0.6) 1(0.6)
35 1(03) 1 (0.6)

The frequency is shown as a percentage in parentheses.
For details, see Supplementary Figure S1.
N.D. not detected.
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Burkina Faso n = 54 Tanzania n = 55 Ghana n = 33
N.D. 1(1.8) 1(3.0)
N.D. N.D. N.D.
5(9.3) 1(1.8) 1(3.0)

23 (42.6) 38 (69.1) 16 (48.5)
15 (27.8) 5(9.1) 10 (30.3)
4(7.4) 4(7.3) N.D.
2(37) N.D. 2(6.1)
4(7.4) 2 (3.6) N.D.
1(1.9) N.D. 2(6.1)
N.D. 3 (5.5) N.D.
N.D. 1(1.8) N.D.
N.D. N.D. 1(3.0)
N.D. N.D. N.D.

121

frontiersin.org


https://doi.org/10.3389/fcimb.2022.1058081
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Arisue et al.

10.3389/fcimb.2022.1058081

TABLE 2 Frequency of serine/proline residues at position 203 in the 13-mer insertion/deletion region of SERAS.

n
Uganda 172
Burkina Faso 54
Tanzania 55
Ghana 33

The amino acid position is numbered after the 3D7 sequence.
The frequency is shown as a percentage in parentheses.

from the control arm in Uganda and Burkina Faso trials
(Supplementary Table S5). The haplotype diversity of SERA5
was similar between the vaccinated and control groups at the
two trial sites. In the OR and SR regions, haplotype diversity was
slightly higher in the vaccinated group than in the control group.

Four Ugandan isolates showed the same amino acid sequence
as the OR region of vaccine-type SE36; three were from the BK-
SE36 vaccine arm and one from the control arm. No isolate from
Burkina Faso showed an identical OR sequence (Supplementary
Figure S1). In terms of the number of OR repeat units, seven
Ugandan isolates and five Burkina Faso isolates had six OR units,
similar to the vaccine-type variant (Table 5). There was no
significant difference in the frequency of the six OR units
between the vaccinated and control groups, both in Uganda and
Burkina Faso isolates (p > 0.05, y2-test). As inferred above, from
the African samples, seven OR units were the most common in

position 203

Serine Proline
125 (72.7) 47 (27.3)
41 (75.9) 13 (24.1)
35 (63.6) 20 (36.4)
18 (54.5) 15 (45.5)

both Uganda and Burkina Faso isolates, although overall no
marked differences in OR frequencies can be seen between the
vaccinated and control groups.

For the serine/proline substitution in the 13-mer insertion/
deletion part of the SR region, the frequency of proline substitution
was not biased between the vaccinated and control groups in both
the Uganda and Burkina Faso isolates (p > 0.05, y2-test) (Table 6).
For the 17-mer dimorphic region where the vaccine type is Type
IV, the frequency of Type IV isolates did not greatly differ from
those obtained from the BK-SE36 vaccine group and control
subjects (p > 0.05, x2-test) (Table 6). Considering the number of
serine residues between the vaccinated and control groups
(Figure 5, Supplementary Table S6), the variation in the length
of the serine stretch also did not differ between the two treatment
arms (BK-SE36 or control arms) (p > 0.05, Mann-Whitney test).
However, it is noted that the number of serine residues was

TABLE 3 Number of serine repeats/amino acid residues in the stretch of serine tandem repeats of the SERA5 SR region.

No. of amino acid Uganda Burkina Faso Tanzania Ghana
n=172 n=>54 n=>55 n=233
5 1(0.6) N.D. 1(1.8) 1(3.0)
11 1 (0.6) N.D. 1(1.8) N.D.
15 7 (4.1) 3(5.6) 6 (10.9) 2.(6.1)
17 3(1.7) N.D. N.D. N.D.
19 1(0.6) 1(1.9) 1(1.8) N.D.
21 44 (25.6) 21 (38.9) 16 (29.1) 8 (24.2)
23 21 (12.2) 10 (18.5) 6 (10.9) 3(9.1)
25 16 (9.3) 7 (13.0) 4(7.3) 2(6.1)
27 12 (7.0) 3(5.6) 4(7.3) 1(3.0)
29 7 (4.1) 1(1.9) 3(5.5) 4(12.1)
31 43 (25.0) 5(9.3) 11 (20.0) 5 (15.2)
33 8 (4.7) 3(5.6) 1(1.8) 3(9.1)
35 3(1.7) N.D. N.D. 2(6.1)
37 1(0.6) N.D. N.D. N.D.
39 2(1.2) N.D. N.D. N.D.
41 2(12) N.D. N.D. 1(3.0)
43 N.D. N.D. 1(1.8) 1(3.0)

The frequency is shown as a percentage in parentheses.
N.D. not detected.
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TABLE 4 Frequency of Type | to Type IV sequence types in the 17-mer dimorphic sequence of SERAS5 SR region.

n Type 1
Uganda 172 90 (52.3)
Burkina Faso 54 46 (85.2)
Tanzania 55 21 (38.2)
Ghana 33 21 (63.6)

The frequency is shown as a percentage in parentheses.
N.D. not detected.

relatively greater (ie. longer stretch of serine residues) in the
Ugandan isolates than those isolated from Burkina Faso (p <
0.05, Mann-Whitney test).

Genetic differentiation in the SE36 region of SERA5 was
examined using Fst, the Wright’s fixation index of inter-
population variance in allele frequencies (Wright, 1965)
(Table 7). The Fst value suggested a significant difference in the
SE36 region of SERA5 and SR region between the Ugandan and
Burkina Faso isolates (p < 0.05). However, no significant

Amino acid
position

17 mer dimorphic sequence

Type 11 Type 111 Type IV
10 (5.8) 37 (21.5) 35 (20.3)
N.D. N.D. 8 (14.8)
9 (16.4) 11 (20.0) 14 (25.5)
1(3.0) 1(3.0) 10 (30.3)

differentiation was detected between isolates from two
vaccination arms (BK-SE36 or control). The OR region did not
significantly differ between the Uganda and Burkina Faso isolates.

Discussion

Antigen polymorphisms driving allele-specific efficacy are a
common limitation in malaria vaccine development (Thera

Al 0 =

BK-SE36

Uganda

FIGURE 4

Amino acid variation in vaccine-type SE36 with the octamer and serine repeat regions removed from the analyses. Amino acid positions are
numbered after the P. falciparum 3D7 sequence. The gray background shows a minor allele with only one allele found in each population.
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TABLE 5 Number and frequency of octamer units found in the SERAS5 sequence from clinical trial sites.

No. of octamer unit Uganda
total vaccinated

n=172 n=77

5 1(0.6) 1(1.3)

6 7 (4.1) 3(3.9)

7 119 (69.2) 55 (71.4)

8 17 (9.9) 8 (10.4)

9 9(5.2) 5 (6.5)

10 2(1.2) 1(1.3)

11 4(23) 1(1.3)

12 7 (4.1) 2(26)

13 1(0.6) N.D

14 3(1.7) 1(1.3)

15 1(0.6) N.D

35 1(0.6) N.D

The frequency is shown as a percentage in parentheses.
The octamer unit that is the same as BK-SE36 is shown in bold.
N.D. not detected.

et al,, 2011; Ouattara et al., 2013; Neafsey et al., 2015). Early-
stage clinical trials demonstrated that the BK-SE36 vaccine had
acceptable reactogenicity, had no unexpected safety concerns,
and was immunogenic. As a blood-stage vaccine, BK-SE36 is
expected to reduce morbidity and mortality from P. falciparum
infections. Indeed, in the longitudinal study following the
clinical trial in Uganda, the BK-SE36 vaccine arm showed
substantial differences in the hazard ratio to first episodes of
high parasitemia + fever (0.28, 95% CI: 0.12-0.66, p < 0.01) and
against all malaria episodes of high parasitemia + fever (0.34,
95% CI: 0.15-0.76, p = 0.01) (Palacpac et al,, 2013). This
promising efficacy could be due to the high frequency of
identical/homologous alleles to vaccine-type SE36 at the
clinical trial site, however, the current analysis indicates that
the frequency of homologous alleles was very low, not only in

Burkina Faso

controls total vaccinated controls

n=95 n=>54 n=29 n=25
N.D. N.D. N.D. N.D.
4(4.2) 5(9.3) 3 (10.3) 2 (8.0)

64 (67.4) 23 (42.6) 14 (48.3) 9 (36.0)
9 (9.5) 14 (25.9) 8 (27.6) 6 (24.0)
4(42) 5(9.3) 1(3.4) 4 (16.0)
1(1.1) 2(37) 1(34) 1 (4.0)
3(32) 4(7.4) 1(3.4) 3 (12.0)
5(5.3) 1(1.9) 1(34) N.D.
1(1.1) N.D N.D N.D.
2(2.1) N.D N.D N.D.
1(1.1) N.D N.D N.D.
1(1.1) N.D N.D N.D.

Uganda (where promising data were obtained) but also in
Burkina Faso as well as other African countries such as
Tanzania and Ghana. When SERA5 sequences from the BK-
SE36 vaccinated and control group were compared, the
difference between the frequency of the identical or
homologous allele to vaccine-type SE36 was within statistical
error, showing no evidence of vaccination-induced allele
selection. In addition, no selection of the SERA5 haplotype
was evident in the BK-SE36 treatment arm.

SERAS5 has markedly fewer SNPs than the malaria vaccine
candidates AMA1 and CSP, although it is the recombination
events that generated much of the diversity in the number of
octamer repeats and number of serine residues in the serine
stretch in SERA5. The consensus sequence of SERA5 was
identical in the four African countries. The genetic

TABLE 6 Frequency of proline in 13-mer insertion/deletion sequence and frequency of Type IV sequence in the 17-mer dimorphic sequence of

the SERAS SR region in Uganda and Burkina Faso.

n No. of Proline
Uganda + Burkina Faso 226 60
Vaccinated 106 29
Controls 120 31
Uganda 172 47
Vaccinated 77 21
Controls 95 26
Burkina Faso 54 13
Vaccinated 29 8
Controls 25 5

Frontiers in Cellular and Infection Microbiology

frequency (%) No. of Type IV frequency (%)
265 43 19.0
274 21 19.8
258 22 183
273 35 203
273 16 208
274 19 20.0
24.1 8 14.8
276 5 17.2
20.0 3 12.0
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Box plot showing the number of poly-serine residues in the stretch of serine tandem repeats in the SR region of SERAS, in isolates from two
clinical trial sites. The number of analyzed sequences is shown in parentheses.

differentiation in SERA5 (observed in SNPS and repeat variants
found in the OR and SR regions) among isolates from Uganda
and Burkina Faso may be due to geographical distance. This
finding was similar to an earlier inference using worldwide
isolates from 9 countries, albeit isolates from Africa were
sourced only from 2 countries (Tanabe et al, 2012). The
biased geographical distribution for SNPs and repeat variants

TABLE 7 Genetic differentiation (Fst) of the vaccine-type SE36 in
SERAS5 among isolates from clinical trial sites.

Fst (p-value)

Fst of SERA5 BK-SE36 region

0.0248 (0.000)
-0.0028 (0.613)
-0.0017 (0.396)

Uganda vs Burkina Faso

Uganda: vaccinated group vs control group
Burkina Faso: vaccinated group vs control group
Fst of SERA5 octamer repeat region

0.0073 (0.099)
-0.0032 (0.622)
0.0040 (0.351)

Uganda vs Burkina Faso

Uganda: vaccinated group vs control group
Burkina Faso: vaccinated group vs control group
Fst of SERA5 serine repeat region

0.0615 (0.000)
-0.0018 (0.414)
-0.0172 (0.703)

Uganda vs Burkina Faso
Uganda: vaccinated group vs control group

Burkina Faso: vaccinated group vs control group
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may possibly be a result of gene flow barriers or divergent
selection in different populations resulting in high-level
sequence conservation of sera5, except for the insertion/
deletion and repeat regions.

Both OR and SR regions, hot spots of recombination, are
characterized as intrinsically unstructured (Yagi et al, 2014).
The epitope mapping data suggest that (i) intrinsically
unstructured regions allow some flexibility for the epitopes to
interact with other molecules/proteins; (ii) the regions adjacent
to the repeats are not strictly disordered as they showed a
tendency to form a secondary structure; (iii) the protective
epitopes of BK-SE36 are located in the N-terminal region
where the repeat number of octamer units varied among
alleles; and (iv) serum from mice and squirrel monkeys
vaccinated with BK-SE36 also showed a broad range of
reactivity against peptides covering the SR region (Yagi et al,
2014). Indeed, serum samples from clinical trial participants that
received BK-SE36 preferentially recognized epitopes
corresponding to the SR and flanking regions (including 13-
mer insertion/deletion, polyserine residue and 17-mer
dimorphic region) (Ezoe et al., 2020; Bougouma et al., 2022).
Thus, these indicate that the antibodies induced by BK-SE36
vaccination bound, with reproducibility, to epitopes located in
the disordered regions of the protein. Further studies with larger
sample size, in combination with protective efficacy data, would
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fine-tune which epitopes would be immunologically important
with respect to vaccine development.

Limited polymorphism of SERA5 could be attributed a to
low seropositive population even in malaria-endemic regions.
For example, a seroepidemiology study in the Solomon Islands
showed that <50% of adults and <10% of children under 10 years
were seropositive to anti-SE36, although higher seropositivity to
MSP-1 was observed in the population (Horii et al., 2010). In the
phase 1b BK-SE36 trial in Uganda, almost no seroconversion
was evident in vaccinated adults (18-32 years old), but notably,
around 70% of 6-10-year-old in the BK-SE36 arm were
seropositive after two BK-SE36 vaccinations (i.e. seropositivity
is defined as having >2-fold increase in anti-SE36 antibody titers
compared to baseline) (Palacpac et al., 2013). The low
seroconversion rate observed in adult subjects living in
malaria-endemic areas is in contrast to an early-stage trial in
malaria naive Japanese adults where 100% seroconversion was
achieved after two or three vaccinations of BK-SE36 (Horii et al.,
2010). These data suggest that immune tolerance occurs in
malaria-endemic areas through repeated infections. Recently,
SE36 was demonstrated to tightly bind the host protein
vitronectin and the resulting complex cloaks the merozoite
surface allowing the parasite to circumvent host immunity
(Tougan et al.,, 2018). We contend that the repeated
presentation of vitronectin-bound-SE36, as a result of
infection, was exploited by the parasite such that SE36
disguises itself as a host antigen, avoiding clearance by
phagocytosis and leading to the gradual acquisition of immune
tolerance. If this interpretation is true, young children or
individuals with limited malaria infection history would
respond better to BK-SE36 vaccination similar to malaria
naive Japanese adults. Indeed, the seroconversion rate was
higher in the 24-60-month-old and 12-24-month-old
Burkinabe children (79-83% after two- and 89-97% after
three-vaccinations) (Bougouma et al., 2022). This immune
tolerance could also explain why SERA5 is less likely to be
under substantial immune selection pressure compared to other
blood-stage malaria vaccine antigens such as AMA1 and CSP.
Moving forward, an important caveat to our data interpretation
would be how to overcome immune tolerance in
hyporesponsive populations.

Overall, despite polymorphism and mismatches observed in
SERA5 repeat regions and in some SNPs between Af-cons and
vaccine-type SE36, BK-SE36 is a promising vaccine candidate,
especially for infants and malaria naive travelers. In the current
analyses, samples with multiple P. falciparum infections were
excluded, so a direct comparison of the number of infections is
not possible based solely on the number of SERA5 sequences. In
the Ugandan follow-up study, based on different parasite density
thresholds, BK-SE36 may likely have a disease ameliorating
effect rather than preventing infection per se (Palacpac et al,
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2013). Differences were observed among isolates from the four
African countries in the number of consecutive serine residues in
the SR region and the frequency of Type I to IV sequences in the
17-mer dimorphic region. How these differences could affect the
efficacy of the vaccine is not known. Larger efficacy proof-of-
concept trials are needed.
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A comprehensive review
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The intracellular protozoan parasite of the genus Cryptosporidium is among the
leading causes of waterborne diarrheal disease outbreaks throughout the world.
The parasite is transmitted by ingestion of infective oocysts that are highly stable in
the environment and resistant to almost all conventional disinfection methods and
water treatments. Control of the parasite infection is exceedingly difficult due to
the excretion of large numbers of oocysts in the feces of infected individuals that
contaminate the environment and serve as a source of infection for susceptible
hosts including humans and animals. Drug development against the parasite is
challenging owing to its limited genetic tractability, absence of conventional drug
targets, unique intracellular location within the host, and the paucity of robust cell
culture platforms for continuous parasite propagation. Despite the high prevalence
of the parasite, the only US Food and Drug Administration (FDA)-approved
treatment of Cryptosporidium infections is nitazoxanide, which has shown
moderate efficacy in immunocompetent patients. More importantly, no effective
therapeutic drugs are available for treating severe, potentially life-threatening
cryptosporidiosis in immunodeficient patients, young children, and neonatal
livestock. Thus, safe, inexpensive, and efficacious drugs are urgently required to
reduce the ever-increasing global cryptosporidiosis burden especially in low-
resource countries. Several compounds have been tested for both in vitro and in
vivo efficacy against the disease. However, to date, only a few experimental
compounds have been subjected to clinical trials in natural hosts, and among
those none have proven efficacious. This review provides an overview of the past
and present anti-Cryptosporidium pharmacotherapy in humans and agricultural
animals. Herein, we also highlight the progress made in the field over the last few
years and discuss the different strategies employed for discovery and development
of effective prospective treatments for cryptosporidiosis.
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Cryptosporidium, cryptosporidiosis, treatment, prevention, drug discovery,
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1 Introduction

1.1 History

The intracellular protozoan parasite Cryptosporidium is one of the
most common parasitic pathogens causing enteric disease in humans
and in a broad range of animals worldwide (Chalmers, 2014). First
recognized and described briefly in 1907 by Ernest Tyzzer in the
gastric glands of the common mouse (Tyzzer, 1907), Cryptosporidium
was later described in greater detail in 1910, again from histological
preparations from the murine gastric mucosa (Tyzzer, 1910). Tyzzer
proposed the name Cryptosporidium muris for the parasite (Tyzzer,
1907; Tyzzer, 1910). In 1912, Tyzzer described another species with
smaller oocysts than those of C. muris in the small intestine of
experimentally infected laboratory mice, which he named
Cryptosporidium parvum (Tyzzer, 1912). Although Cryptosporidium
was subsequently identified in a wide range of domesticated animals,
this genus of parasites only gained importance in the 1970s (after
almost 7 decades from its initial discovery), when the parasite was
found to be linked to gastrointestinal disease in humans and farm
animals (Panciera et al., 1971; Meuten et al., 1974; Meisel et al., 1976;
Nime et al, 1976). In the 1980s, cryptosporidiosis gained more
widespread recognition after reports of fatal cryptosporidiosis in
AIDS patients (Soave et al,
immunocompetent and immunodeficient humans (Current et al,
1983), waterborne human diarrheal outbreaks (D'Antonio et al., 1985;
Hayes et al., 1989), and diarrheal disease in children (Sallon et al.,
1980; Moon and Bemrick, 1981;

1984), zoonotic cryptosporidiosis in

1988) and animals (Tzipori et al.,

10.3389/fcimb.2023.1115522

Angus et al., 1982). In 1993, Cryptosporidium caused the largest
documented drinking water outbreak in US history, which affected an
estimated 403,000 people in Milwaukee, Wisconsin, and resulted in
over $96 million in combined healthcare costs and productivity losses
(Mac Kenzie et al., 1994; Hoxie et al., 1997; Corso et al., 2003). The
enormity of the Milwaukee outbreak sparked concern among the
public and attracted generous funds for Cryptosporidium research
from governmental agencies all over the world during the next
decade. This resulted in further advances in our knowledge about
the basic biology of the parasite and the development of reliable
molecular detection tools for estimating the global burden of
the disease.

1.2 Life cycle

The life cycle of Cryptosporidium is direct and complex (Figure 1),
consisting of both asexual multiplication and sexual reproduction
phases within a single host that culminate in the production of
environmentally resistant oocysts (Current and Garcia, 1991).
Following ingestion of sporulated thick-walled oocysts, four
infectious sporozoites are released from each oocyst that attach to
the apical surface of intestinal epithelial cells, and then actively invade
the host cell membrane to form an intracellular but extracytoplasmic
parasitophorous vacuole (Current and Reese, 1986). Within the
vacuole, sporozoites mature into trophozoites, which undergo three
rounds of asexual proliferation, followed by a single generation of
sexual stages to generate either thin-walled or thick-walled oocysts,

Humans and animals ingest
thick-walled oocysts

-/

. &R
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FIGURE 1

Life cycle and transmission of Cryptosporidium. Thick-walled sporulated oocysts are released in the feces of infected hosts (1) that contaminate food and
water sources (2). Transmission occurs mainly by ingestion of contaminated water or food by susceptible hosts (3). Following ingestion, oocyst ruptures
(4a) to release four sporozoites (4b). Sporozoites exhibit gliding motility, enter the host epithelial cells and mature into trophozoites (4c), which undergo
three rounds of asexual multiplication to produce meronts (4d) that invariably release eight merozoites (4e). Merozoites released from the third round of
asexual proliferation give rise to the sexual stages upon reinvasion of host cells: the male microgamonts (4f) and the female macrogamonts (4g).
Microgametes released from the microgamont penetrate and fertilize macrogamonts to form diploid zygotes (4h). The zygotes undergo meiosis and
sporogony generating either thin-walled (4i) or thick-walled (4j) oocysts, each containing four haploid sporozoites. Thick-walled oocysts are released
into the lumen of the intestine and excreted into the environment, where they are instantly infectious. The thin-walled oocysts, in contrast, excyst to
cause autoinfection in the same host. Adapted with modification from (CDC, 2019). Created with BioRender.com.
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each containing four haploid sporozoites (Current and Reese, 1986;
English et al., 2022). Thick-walled oocysts containing two-layered
membranes are environmentally resistant and are passed out of the
body in feces, where they are immediately infectious for other
susceptible hosts. Thin-walled oocysts rupture in the intestinal
lumen, releasing naked infectious sporozoites that autoinfect other
enteric cells to ensure continued infection of the same host.

1.3 Transmission

In general, cryptosporidiosis is transmitted through the fecal-oral
route (Figure 1) and contact with animals, manure or contaminated
food and water is believed to lead to infections in humans (Xiao et al.,
2004). Transmission in animals mainly occurs via ingestion of oocysts
excreted by infected animals especially neonates in overcrowded or
mixed housing facilities. Manure produced by livestock, especially
cattle, is an important source of infection to both animals and people
and it has been estimated that the global Cryptosporidium load in
livestock manure is approximately 3.2 x 10** oocysts per year
(Vermeulen et al., 2017). Oocysts are highly stable in the
environment and resistant to almost all conventional disinfection
methods and water treatments such as chlorination (Fayer et al,
2000). Indeed, these persistent parasites have been found to be
responsible for majority of the global protozoal water outbreaks
that occurred from 2004-2010 (Karanis, 2018) and pose the biggest
pathogen threat to the water industry (Chalmers, 2012). In the United
States, exposure to treated recreational water such as swimming pools
and water playgrounds was responsible for nearly 35% of the reported
cryptosporidiosis outbreaks resulting in almost 57% cases during
2009-2017 (Gharpure et al., 2019). In addition to treated recreational
water, contact with infected cattle (~15%), and contact with infected
persons in childcare settings (~13%) were the other predominant
causes of these outbreaks (Gharpure et al., 2019). Cryptosporidium is
also recognized as an important foodborne pathogen, being
responsible for more than 40 documented foodborne outbreaks to
date, and more than 8 million cases of foodborne illnesses annually
(Zahedi and Ryan, 2020). However, these numbers may be highly
under-reported due to the lack of proper surveillance and the
difficulties in tracing the source of foodborne disease outbreaks.
Food can be contaminated at any point along the food production
chain (during processing, distribution, or preparation) by direct
contact with infected food handlers or by indirect exposure to
water, preparation surfaces, equipment, or utensils contaminated
with oocysts. Raw unpasteurized milk, unpasteurized apple cider,
and salads are most associated with foodborne outbreaks of
cryptosporidiosis (Gharpure et al., 2019; Zahedi and Ryan, 2020).

2 Cryptosporidiosis global disease
burden in humans and animals

Cryptosporidium spp. enjoy high parasitic success due to their
wide host range, low infective threshold, high excretion of resistant
oocysts from infected individuals, and water-borne route of
transmission (Innes et al., 2020). Protozoa of this genus are
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associated with diarrheal disease throughout the world with a
higher incidence in developing countries (Shirley et al., 2012).
Cryptosporidiosis is a major cause of public health concern in
developed countries as well, with reported cases on the rise mainly
due to the leading role of Cryptosporidium in causing waterborne
outbreaks (Gharpure et al., 2019). Unfortunately, the global burden of
cryptosporidiosis is likely to be underestimated, due to the lack of
cheap and consistent methods of diagnosis, under-recognized disease
in immunocompetent patients, lack of proper surveillance in
developed countries, and difficulties observed in measuring the
impact of the disease in poor-resource areas. Many infected
individuals either do not exhibit symptoms or exhibit mild
symptoms due to a self-limiting illness, and such infections often
go unrecognized. There is a wide range of disease severity that is
affected by the host’s age, nutritional, and immune status, and
perhaps by the parasite species and subtype (Shirley et al, 2012).
Differences in sensitivity of methods, type of diagnostics used, and
study populations have resulted in a large variation in burden
estimates for diarrhea from Cryptosporidium infection in humans
and animals. However, the recent advances in knowledge and the
development of highly sensitive and superior diagnostic and typing
tools have improved our understanding of the epidemiology and true
burden of the disease.

2.1 Humans

Out of the currently documented 44 species of Cryptosporidium,
Cryptosporidium hominis (C. hominis) and Cryptosporidium parvum
(C. parvum) are responsible for most human infections (Ryan et al,
2021). While C. hominis is primarily anthroponotic and only infects
humans, C. parvum is a zoonotic parasite that can be transmitted
between humans and animals. Apart from C. hominis and C. parvum,
21 other Cryptosporidium species and genotypes including C.
meleagridis, C. felis, C. canis, C. ubiquitum, C. cuniculus, C. ditrichi,
C. erinacei, C. fayeri, C. scrofarum, C. tyzzeri, C. viatorum, C. muris, C.
andersoni, C. suis, C. bovis, C. occultus, C. xiaoi, horse genotype,
chipmunk genotype I, skunk genotype, and mink genotype have also
been reported in humans (Ryan et al., 2021).

Cryptosporidiosis is considered a high-risk and often lethal
opportunistic disease for patients with compromised immune
systems such as those suffering from HIV/AIDS (O'Connor R et al,
2011) or those receiving organ transplants (Danziger-Isakov, 2014;
Bhadauria et al., 2015). The global prevalence of Cryptosporidium in
HIV/AIDS patients was 10.09% during the period from 2007 to 2017
(Wang et al., 2018). However, the greatest burden of cryptosporidiosis
occurs among young children living in less developed countries.
Cryptosporidium prevalence is higher in such areas that lack
proper sanitation facilities, mainly drinking water and sewage,
which led the World Health Organization (WHO) to include it in
the water sanitation and health program (WHO, 2009). Several
epidemiological studies conducted in the previous decade have
estimated the disease burden of diarrheal pathogens in developing
countries. In the Global Enteric Multicenter Study (GEMS) conducted
at seven sites in sub-Saharan Africa and South Asia, Cryptosporidium
was found to be the main cause of linear growth faltering and the
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second leading cause of moderate-to-severe diarrhea in infants (0-11
months of age) (Kotloff et al., 2013; Nasrin et al., 2021).
Cryptosporidium infection was also associated with a higher risk of
mortality in diarrheic children aged 12-23 months who were
admitted to hospitals (Kotloff et al., 2013). The 2016 Global Burden
of Diseases, Injuries, and Risk Factors study (GBD) identified
Cryptosporidium as a leading cause of diarrheal mortality in
children younger than 5 years old with an estimated loss of 4.2
million disability-adjusted life years (DALYs) (Troeger et al, 2018).
However, this study focused on acute illness alone, and as such, the
number increased to 12.9 million DALYs, when long-term-effects of
cryptosporidiosis such as growth retardation and cognitive defects
were also considered (Khalil et al., 2018). Furthermore, the MAL-ED
(Etiology, Risk Factors, and Interactions of Enteric Infections and
Malnutrition and the Consequences for Child Health and
Development Project) study carried out at eight sites in South
America, sub-Saharan Africa, and Asia, found that Cryptosporidium
along with four other pathogens exhibited the highest attributable
burdens of diarrhea in community clinics in the first year of life
(Platts-Mills et al., 2015).

2.2 Cattle

At least four main Cryptosporidium species infect cattle: C.
parvum, C. bovis, C. ryanae, and C. andersoni (Lindsay et al., 2000;
Santin et al., 2004; Fayer et al., 2005; Fayer et al., 2008), although other
species have also been reported in sporadic cases, including C. felis, C.
hominis, C. suis, C. canis, C. scrofarum, C. tyzzeri, C. serpentis, and C.
occultus (formerly known as the C. suis-like genotype) (Robertson
et al., 2014; Santin, 2020). The occurrence of C. parvum, C. bovis, C.
ryanae, and C. andersoni in cattle follows an age-related pattern: the
zoonotic C. parvum infects mostly pre-weaned calves, C. bovis and C.
ryanae are found mostly in post-weaned calves, whereas C. andersoni
is the predominant species found in heifers and adults (de Graaf et al.,
1999; Santin et al., 2004; Fayer et al., 2006; Santin et al., 2008; Khan
et al, 2010).

Cryptosporidiosis is one of the most important global causes of
diarrhea in neonatal farm ruminants including calves. Cryptosporidium
parasites invade intestinal epithelial cells and cause severe mucosal
erosion resulting in villus shortening and fusion, and hypertrophy of
crypts at small intestinal sites that lead to impaired digestion and
increased intestinal permeability (Tzipori et al., 1983). The resulting
diarrhea causes high production losses including mortality, reduced live
weight gain, veterinary costs, and the added feeding and rearing costs for
affected animals with slowed growth rates (Innes et al., 2020; Santin, 2020;
Shaw et al., 2020). Cryptosporidiosis is recognized as endemic in cattle
worldwide and the prevalence of bovine cryptosporidiosis varies
substantially between countries, age groups, and studies, ranging from
11.7 to 78%, with the highest incidence reported in pre-weaned calves
(Santin et al., 2004; Watanabe et al., 2005; Fayer et al., 2006; Maddox-
Hyttel et al., 2006; Trotz-Williams et al., 2007; Khan et al., 2010; Amer
et al,, 2013; Thomson et al., 2017; Hatam-Nahavandi et al., 2019). An 18-
month longitudinal study that focused on 2,545 dairy heifer calves from
birth to weaning at 104 dairy operations in 13 US states identified at least
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1 calf positive for Cryptosporidium at almost all operations (Urie et al,
2018b). Furthermore, the overall prevalence of Cryptosporidium in pre-
weaned heifer calves was 43.1% with the disease more prevalent among
young calves less than 2 weeks of age (63.3%) compared with calves older
than 6 weeks (9.1%) (Urie et al., 2018a).

2.3 Small ruminants

Of the species infecting small ruminants, C. parvum, C.
ubiquitum, and C. xiaoi are the most frequently detected species
(Fayer and Santin, 2009; Fayer et al., 2010; Santin, 2020). In addition,
C. andersoni, C. bovis, C. ryanae, C. hominis, C. fayeri, C. baileyi, and
C. suis have been identified sporadically in sheep and goats (Hatam-
Nahavandi et al., 2019; Santin, 2020).

Cryptosporidium causes significant morbidity and mortality in
neonatal lambs and goat kids (de Graaf et al., 1999; Wright and Coop,
2007). Diarrhea resulting in reduced productivity and growth has been
associated with Cryptosporidium infections in lambs and kids (Paraud
and Chartier, 2012; Jacobson et al., 2016; Jacobson et al., 2018).
Cryptosporidium shedding was also associated with less carcass weight
and lowered dressing percentage in both symptomatic and apparently
asymptomatic sheep on Australian farms (Jacobson et al., 2016). A wide
range of Cryptosporidium prevalence based on microscopy and molecular
detection methods has been reported in small ruminants worldwide
ranging from 12.5% to 77.4% in lambs (Causape et al,, 2002; Ryan et al.,
2005; Castro-Hermida et al., 2007; Goma et al., 2007; Santin et al., 2007;
Geurden et al,, 2008) and from 4.8% to 70.8% in goat kids (Noordeen
et al., 2001; Watanabe et al., 2005; Castro-Hermida et al., 2007; Goma
et al, 2007; Geurden et al,, 2008). As in cattle, Cryptosporidium oocysts
are found mostly in feces of very young animals (1-3 weeks of age), with
a lower incidence in older animals (de Graaf et al., 1999; Noordeen et al.,
2001; Causape et al., 2002; Santin and Trout, 2007).

2.4 Pigs

The most common species and subtypes found in pigs are C.
parvum, C. suis, and C. scrofarum formerly known as Cryptosporidium
pig genotype II (Zahedi and Ryan, 2020), although C. muris and C.
tyzzeri have also been reported occasionally (Robertson et al., 2014). As
seen in ruminants, Cryptosporidium species tend to generally follow an
age-related pattern: C. suis is more commonly found in piglets whereas
starter pigs and fatteners primarily host C. scrofarum (Petersen
et al., 2015).

There is a huge disparity in prevalence rates (0.1% to 100%)
reported from all over the world (Robertson et al., 2014). Nonetheless,
it is obvious that prevalence and intensity of infection is predominant
in younger animals than older ones (Maddox-Hyttel et al., 2006;
Petersen et al., 2015). While natural or experimental infections with
the pig-adapted species, C. suis and C. scrofarum, are usually
asymptomatic and cause mild or no illness (Robertson et al., 2014),
experimental infection of piglets with either C. parvum or C. hominis
results in watery diarrhea, anorexia, mucosal lesions, and increased
mortality (Tzipori et al., 1994; Theodos et al., 1998; Lee et al., 2017).
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3 Treatment options in humans and
animals: The past and current state
of affairs

Immunocompromised patients, neonatal animals, and young
children especially malnourished ones are the most vulnerable to
cryptosporidiosis, and hence, are the ones in most urgent need for
effective therapeutics. Although cryptosporidiosis causes a self-
limiting diarrheal illness in immunocompetent humans, patients do
face a considerable risk for longer-term sequelae, especially in low-
income countries. Additionally, Cryptosporidium infections in adult
animals can lead to reduced production and result in economic losses
to the livestock and food industry. As such, there is an urgent need for
the development of safe, inexpensive, and efficacious drugs to reduce

10.3389/fcimb.2023.1115522

the ever-increasing worldwide burden of this disease. However,
despite the widespread occurrence of the parasite, current effective
treatment and prophylactic options for human and animal
Cryptosporidium infections are virtually non-existent.

3.1 Humans

Several drugs with in vitro and in vivo anti-Cryptosporidium
activity have been tested against human cases of cryptosporidiosis
in uncontrolled/controlled clinical trials, open label/blinded
studies, and case reports. These include macrolides, rifamycin
derivatives, letrazuril, paromomycin, nitazoxanide, clofazimine,
and other pharmacological agents (Table 1). In addition to drugs

TABLE 1 Efficacies of treatments tested against cryptosporidiosis in human patients.

Age and health status of patients Number of Study Reference Treatment Efficacy
individuals type type o . .
Clinical ~ Parasitological
Cure Cure
Albendazole Adults with advanced AIDS (CD4+ cell 4 OL (Zulu et al., Therapeutic + +
counts >200/mm?) 2002)
Azithromycin Adults with AIDS 85 R, DB, (Soave et al., Therapeutic + +
PC 1993)
Children on chemotherapy for cancer 2 CR (Vargas et al., Therapeutic + +
1993)
Children with AIDS 4 CR (Hicks et al., Therapeutic + +
1996)
Adults with AIDS 14 OL (Blanshard Therapeutic - -
et al., 1997)
13 OL, DC (Dionisio et al., Therapeutic + +
1998)
54 RCR (Holmberg Prophylactic - -
et al., 1998)
41 R, OL, (Kadappu et al., Therapeutic + +
DC 2002)
Immunocompetent children 43 OL, AC (Allam and Therapeutic + +
Shehab, 2002)
Children on chemotherapy for cancer 2 CR (Trad et al., Therapeutic + +
2003)
Clarithromycin Adults with AIDS 353 RCR (Jordan, 1996) Prophylactic + +
Adults with AIDS 312 RCR (Holmberg Prophylactic + +
et al., 1998)
Adults with advanced AIDS 530 RCR (Fichtenbaum Prophylactic - -
et al., 2000)
Clofazimine Adults with advanced AIDS 20 R, DB, (Iroh Tam Therapeutic - -
PC et al., 2021)
Diclazuril Adults with AIDS 9 OL (Connolly et al., Therapeutic - -
1990)
1 CR (Menichetti Therapeutic + +
et al.,, 1991)
Letrazuril Adults with advanced AIDS 1 CR (Murdoch et al,, Therapeutic + +
1993)
(Continued)
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TABLE 1 Continued

Age and health status of patients Number of Study Reference Treatment Efficacy
individuals type type - . .
Clinical ~ Parasitological
Cure Cure
14 OL (Harris et al., Therapeutic + +
1994)
35 OL (Loeb et al., Therapeutic + +
1995)
10 OL (Blanshard Therapeutic + +
et al., 1997)
Miltefosine Malnourished adults with AIDS 7 OL (Sinkala et al., Therapeutic + -
2011)
Nitazoxanide Adults with advanced AIDS 12 OL (Doumbo et al., Therapeutic + +
1997)
Adults with AIDS 66 R, DB, (Rossignol Therapeutic + +
PC et al., 1998)
Immunocompetent adults and children 99 R, DB, (Rossignol Therapeutic + +
PC et al., 2001)
Malnourished HIV-seronegative children 47 R, DB, (Amadi et al., Therapeutic + +
PC 2002)
Malnourished HIV-seropositive children 49 - -
Adults with AIDS 207 R, DB, (Zulu et al., Therapeutic - -
PC 2005)
Immunocompetent adults and adolescents 86 R, DB, (Rossignol Therapeutic + +
PC et al., 2006)
Children and adults with AIDS 357 CU, OL (Rossignol, Therapeutic + +
2006)
Children with AIDS 3 CU, CR (Abraham et al., Therapeutic + +
2008)
Children with AIDS 52 R, DB, (Amadi et al., Therapeutic - -
PC 2009)
Pediatric solid organ transplant recipients 6 RCR (Krause et al., Therapeutic + +
2012)
Immunocompetent children 135 R, OL, (Hussien et al., Therapeutic + +
AC, PC 2013)
Immunocompetent adults 58 OL (Ali et al., 2014) Therapeutic + +
Adult renal transplant recipients 13 RCR (Bhadauria Therapeutic + +
et al,, 2015)
Immunocompetent children 60 R, DB, (Abaza et al, Therapeutic + +
PC 2016)
Immunocompromised children 60 + +
Adults on chemotherapy for cancer 2 CR (Demonchy Therapeutic + +
et al., 2021)
Paromomycin Adults with AIDS 12 RCR (Gathe et al,, Therapeutic + +
1990)
5 CR (Clezy et al,, Therapeutic + +
1991)
5 CR (Armitage et al., Therapeutic + +
1992)
1 CR (Danziger et al., Therapeutic + +
1993)
7 RCR (Fichtenbaum Therapeutic + +
et al., 1993)
(Continued)
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TABLE 1 Continued

Age and health status of patients Number of Study Reference Treatment Efficacy
individuals type type - . .
Clinical ~ Parasitological
Cure Cure
6 CR (Wallace et al., Therapeutic + +
1993)
24 OL (Bissuel et al., Therapeutic + +
1994)
35 OL (Scaglia et al., Therapeutic + +
1994)
10 R, DB, (White et al., Therapeutic + +
PC 1994)
44 OL (Flanigan et al., Therapeutic + +
1996)
20 OL (Blanshard Therapeutic + +
et al., 1997)
70 RCR (Hashmey et al., Therapeutic + +
1997)
35 R, DB, (Hewitt et al., Therapeutic - -
PC 2000)
Children on chemotherapy for cancer 3 CR (Trad et al, Therapeutic + +
2003)
Immunocompetent children 38 OL (Vandenberg Therapeutic + +
et al., 2012)
135 R, OL, (Hussien et al., Therapeutic + +
AC, PC 2013)
Roxithromycin Adults with AIDS 24 OL (Sprinz et al., Therapeutic + +
1998)
22 OL (Uip et al,, Therapeutic + +
1998)
Rifabutin Adults with AIDS 214 RCR (Holmberg Prophylactic + +
et al., 1998)
Adults with advanced AIDS 650 RCR (Fichtenbaum Prophylactic + +
et al., 2000)
Rifaximin Adults and children infected with HIV 10 OL (Amenta et al., Therapeutic + +
(CD4+ cell counts >200/mm?>) 1999)
Adult solid organ transplant recipient 1 CR (Burdese et al., Therapeutic + +
2005)
Adults with AIDS (CD4+ cell counts <50 5 CR (Gathe et al., Therapeutic + +
cells/mm?) 2008)
Spiramycin Adult with AIDS 1 Nof 1 (Woolf et al., Therapeutic - -
trial 1987)
Immunocompromised adults 37 CU, OL (Moskovitz Therapeutic + +
et al., 1988)
Immunocompetent infants 44 DB, PC (Saez-Llorens Therapeutic + +
et al., 1989)
Malnourished infants 39 R, DB, (Wittenberg Therapeutic - -
PC et al., 1989)
Adults with AIDS 31 CR (Weikel et al., Therapeutic - -
1991)
1. AC, active-controlled; DB, double-blind; CU, compassionate use; CR, case report; DC, dose comparison; OL, open-label; PC, placebo-controlled; R, randomized; RCR, retrospective case review.
2. “+” = complete resolution; “-” = no demonstrable activity; “+” = partial resolution or relapse after treatment discontinuation.
135
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having direct anti-parasitic activity, other medications that
augment the host immunity or ameliorate the symptoms/
pathology of cryptosporidiosis have also been tested for the
management of the disease (Table 2). However, unfortunately

10.3389/fcimb.2023.1115522

most of these treatments showed limited efficacy and
inconsistent results when tested in the most susceptible target
population including immunocompromised individuals and
young children.

TABLE 2 Other immunological and supportive treatments tested for efficacy against cryptosporidiosis in human patients.

Age and health Number of Study Reference Treatment Efficacy
status of patients individuals type type - . .
Clinical ~ Parasitological
Cure Cure
Bovine leukocyte extract Adults and a child with 8 CR (Louie et al., 1987) Therapeutic + +
AIDS
Adults with AIDS 14 R, DB, (McMeeking et al., Therapeutic + +
PC 1990)
Human serum immune Child on chemotherapy 1 CR (Borowitz and Therapeutic + +
globulin for cancer Saulsbury, 1991)
Hyperimmune bovine Immunocompromised 3 CR (Tzipori et al., 1987) Therapeutic + +
colostrum children and adult
Adults with AIDS 5 R, DB, (Nord et al., 1990) Therapeutic + +
PC
1 CR (Ungar et al., 1990) Therapeutic + +
Immunodeficient children 7 OL (Rump et al., 1992) Therapeutic + +
and adults
Adults with AIDS 7 OL (Plettenberg et al., Therapeutic + +
1993)
Child infected with HIV 1 CR (Shield et al., 1993) Therapeutic + +
Adults with ATDS 20 OL (Greenberg and Therapeutic + -
Cello, 1996)
Immunocompetent adults 16 R, DB, (Okhuysen et al., Prophylactic + +
PC 1998)
Adults with AIDS 20 OL (Floren et al., 2006) Therapeutic + NR
Somatostatin analogs Adults with AIDS 1 CR (Cook et al., 1988) Therapeutic + -
(octreotide and vapreotide)
1 CR (Katz et al., 1988) Therapeutic + -
4 CR (Clotet et al., 1989) Therapeutic + -
15 OL (Cello et al., 1991) Therapeutic + -
18 OL (Romeu et al., 1991) Therapeutic + -
21 OL (Girard et al., 1992) Therapeutic + -
4 oL (Liberti et al., 1992) Therapeutic + -
13 oL (Moroni et al., 1993) Therapeutic + -
HIV protease inhibitor Adults with advanced 1 CR (Grube et al,, 1997) Therapeutic + +
(indinavir or saquinavir) AIDS (CD4+ count
< 50/mm®) 5 OL (Bobin et al., 1998) Therapeutic + +
2 R, OL (Foudraine et al., Therapeutic + +
1998)
HAART including HIV Adults with AIDS (CD4+ 4 OL (Carr et al., 1998) Therapeutic + +
protease inhibitor count
< 400/mm?®)
HAART including HIV Adults with advanced 3 CR (Miao et al., 1999; Therapeutic + +
protease inhibitor AIDS (CD4+ count Miao et al., 2000)
< 50/mm?)

1. DB, double-blind; CR, case report; NR, not reported; OL, open-label; PC, placebo-controlled; R, randomized.
2. “+” = complete resolution; “-” = no demonstrable benefit; “+” = partial resolution or relapse after treatment discontinuation.
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3.1.1 Nitazoxanide

Thus far, nitazoxanide is the only drug approved by the United States
Food and Drug Administration (FDA) for the treatment of
cryptosporidiosis in immunocompetent human patients (Checkley
et al,, 2015). Nitazoxanide is a member of the thiazole class of drugs
that was initially developed as a veterinary anthelmintic but was later
reported to have broad-spectrum activity against parasites, viruses, and
bacteria. This drug acts by inhibiting the pyruvate:ferredoxin/flavodoxin
oxidoreductase (PFOR), an enzyme essential for the anaerobic energy
metabolism of various microorganisms (Hoffman et al., 2007). However,
the exact mechanism of action against Cryptosporidium remains
questionable since these parasites encode a unique PFOR with a fused
C-terminal cytochrome P450 domain (Rotte et al, 2001). Interestingly,
nitazoxanide was shown to inhibit the growth of C. parvum by more than
90% at a concentration of 10 pg/ml (32 uM) in cell culture but was
ineffective in the anti-IFN-y-conditioned SCID mouse model of
cryptosporidiosis even at high doses (Theodos et al., 1998).
Furthermore, nitazoxanide has also been found to be ineffective in
other immunodeficient or immunocompromised animal models of
cryptosporidiosis, questioning the true efficacy of the drug (Lee et al,
2017; Jumani et al., 2018).

Various randomized placebo-controlled studies have found
nitazoxanide to be helpful in treating cryptosporidiosis in adults
and children without HIV resulting in reduced duration of both
diarrhea and oocyst shedding (Rossignol et al., 2001; Amadi et al,
2002; Rossignol et al., 2006; Hussien et al., 2013; Abaza et al., 2016).
Studies conducted in Egyptian immunocompetent adults and
children demonstrated significantly higher clinical and
parasitological cure rates compared with the placebo-treated groups
(Rossignol et al, 2001; Rossignol et al, 2006). In a randomized
controlled trial involving malnourished children in Zambia,
nitazoxanide treatment for 3 days yielded a partial but significantly
better cure than placebo (Amadi et al., 2002). Recent controlled trials
have also reported complete clinical and parasitological recovery in
most immunocompetent children with cryptosporidiosis (Hussien
et al., 2013; Abaza et al., 2016).

However, a meta-analysis of seven randomized controlled trials
involving 169 participants with cryptosporidiosis confirmed the
absence of obvious evidence of efficacy of nitazoxanide in HIV-
seropositive patients (Abubakar et al., 2007). A course of nitazoxanide
does not appear to improve the resolution of diarrhea and parasitological
outcome in HIV-infected and immunocompromised patients (Doumbo
et al,, 1997; Rossignol et al., 1998; Amadi et al., 2002; Zulu et al., 2005;
Amadi et al., 2009; Abaza et al., 2016). In the first randomized controlled
trial of this drug in adult HIV patients with cryptosporidiosis, better
overall parasite clearance rates were seen in the treated group compared
with the placebo one, but significant differences were only seen in those
with CD4+ T-cell counts above 50/mm?> (Rossignol et al., 1998). Other
randomized placebo-controlled trials conducted by Amadi and others in
HIV-positive children in Zambia have also documented no beneficial
effect of nitazoxanide over placebo in terms of clinical and parasitological
cure rates or mortality (Amadi et al., 2002; Amadi et al,, 2009). Moreover,
only moderate efficacy was achieved in a study of cryptosporidiosis in
immunocompromised children even after prolonged nitazoxanide
treatment of up to 28 days (Abaza et al, 2016). While prolonged
therapy with higher doses of the drug is somewhat effective in treating
cryptosporidiosis in patients with compromised immunity, normal
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prescribed doses and short-term duration of therapy are inadequate for
preventing recurrence of disease symptoms after treatment
discontinuation (Abraham et al., 2008; Krause et al., 2012; Ali et al,
2014; Bhadauria et al,, 2015; Demonchy et al., 2021). Therefore, it is
evident that nitazoxanide therapy is clearly futile in treating
cryptosporidiosis in advanced AIDS patients and other severely
immunocompromised patients.

Lack of efficacy in immunocompromised animal models and
humans suggests that a healthy host immune system is essential to
the effectiveness of nitazoxanide. Nitazoxanide treatment has been
recently shown to result in broad amplification of the host cell innate
immune response to viral infections, including an increase in
interferon activities (Jasenosky et al, 2019). If an immune defect
renders the host incapable of generating an interferon-y-dependent
response, nitazoxanide would be expected to be ineffective in such
immunocompromised hosts (Theodos et al, 1998; Jumani et al,
2018), given the importance of these innate responses in controlling
Cryptosporidium at its initial stages of infection (McDonald et al.,
2013). Similarly, lack of curative effect of nitazoxanide in advanced
AIDS patients (with low CD4+ T-cell counts) suffering from chronic
cryptosporidiosis can be explained by the fact that adaptive immunity
plays a crucial role in clearing the parasites completely from the
infected host (Mead, 2014). Thus, the efficacy of nitazoxanide seems
to be closely related to both the innate and adaptive immune status of
the host.

3.1.2 Paromomycin

Another well studied drug, a poorly absorbed aminoglycoside
paromomycin, has been investigated against cryptosporidiosis in three
published controlled trials (White et al., 1994; Hewitt et al., 2000; Hussien
et al, 2013), but results have been highly divergent and mostly
discouraging. Paromomycin, like other aminoglycoside antibiotics,
inhibits protein synthesis by binding to the 30S ribosomal subunit and
shows broad spectrum activity against bacteria and some protozoa (Lin
et al,, 2018). Several uncontrolled trials and case studies in AIDS patients
suffering from cryptosporidiosis have reported favorable clinical
outcomes after paromomycin treatment (Gathe et al., 1990; Clezy
et al, 1991; Armitage et al,, 1992; Danziger et al., 1993; Fichtenbaum
et al,, 1993; Wallace et al., 1993; Bissuel et al., 1994; Scaglia et al., 1994;
Hashmey et al., 1997). However, the patient responses in most cases were
short-lived and continuous maintenance therapy was required to prevent
frequent relapses after treatment discontinuation suggesting that
complete parasitological cure was not achieved in these cases. Children
suffering from cryptosporidiosis have been reported to respond favorably
after treatment with paromomycin, although the overall clinical and
parasitological response is reduced as compared to nitazoxanide or
azithromycin (Trad et al, 2003; Vandenberg et al., 2012; Hussien
et al., 2013).

3.1.3 Macrolides

Macrolides are a class of antibiotics that disrupt bacterial protein
synthesis by binding to the 50S subunit of the ribosome (Lin et al,
2018). Among the macrolides tested for efficacy against human
cryptosporidiosis, azithromycin remains the most studied. In a
multi-center, placebo-controlled, double-blind study, preliminary
data analysis revealed no significant improvement in clinical
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symptoms and oocyst numbers in azithromycin-treated AIDS
patients with cryptosporidiosis (Soave et al, 1993). Interestingly,
however, a statistically significant decrease in cryptosporidial oocyst
shedding was reported in patients with appropriate azithromycin
serum concentrations (Soave et al., 1993). By contrast, azithromycin
was found to have no therapeutic or prophylactic efficacy in the
management of cryptosporidial diarrhea in AIDS patients (Blanshard
et al, 1997; Holmberg et al.,, 1998). While short-term azithromycin
treatment for cryptosporidiosis was unable to achieve total
parasitological clearance and prevent relapses in AIDS patients,
long-term and low dose maintenance therapy was associated with
noticeable clinical and parasitological benefits (Dionisio et al., 1998;
Kadappu et al., 2002). Nevertheless, azithromycin seems to be more
effective in treating children with cryptosporidiosis. Prompt clinical
improvement and high parasite clearance rates have been reported
after azithromycin therapy in both immunocompetent and
immunocompromised children (Vargas et al., 1993; Hicks et al,
1996; Allam and Shehab, 2002; Trad et al., 2003).

Clarithromycin has been tested in humans with AIDS for
prophylactic effectiveness against cryptosporidiosis. But studies have
reported conflicting results with some indicating a highly protective
effect against the development of cryptosporidiosis (Jordan, 1996;
Holmberg et al., 1998) while others concluding that the drug is not
useful in preventing cryptosporidiosis in this patient population
(Fichtenbaum et al., 2000). Similarly, spiramycin has also shown
inconsistent results in treating cryptosporidiosis in controlled and
uncontrolled trials involving infants (Saez-Llorens et al., 1989;
Wittenberg et al,, 1989) and adult patients (Woolf et al, 1987;
Moskovitz et al., 1988) with reports of acute intestinal injury in
some patients receiving high doses of the drug (Weikel et al., 1991).
Another macrolide, roxithromycin has proven effective in
uncontrolled studies of AIDS patients with cryptosporidial enteritis.
However, complete parasite clearance was only achieved in half of the
treated patients and the results were not compared with a placebo-
treated control group (Sprinz et al., 1998; Uip et al., 1998).

3.1.4 Rifamycin derivatives

Rifamycins are a group of drugs that are highly active against
mycobacterial infections. Members of this antibiotic class inhibit RNA
synthesis by selective binding of the bacterial DNA-dependent RNA
polymerase (Hartmann et al.,, 1967). Several uncontrolled studies have
evaluated rifamycin derivatives, namely rifabutin and rifaximin, for
prophylactic and therapeutic efficacy respectively, against
cryptosporidiosis in HIV-infected humans. Rifabutin has been found
to be highly effective in preventing the development of
cryptosporidiosis in AIDS patients receiving chemoprophylaxis for
Mpycobacterium avium complex infection (Holmberg et al., 1998;
Fichtenbaum et al., 2000). Similarly, some studies have demonstrated
a significant clinical and parasitological benefit of rifaximin, a poorly
absorbed rifamycin, in the treatment of cryptosporidiosis in solid organ
transplant recipient patients (Burdese et al., 2005) and a small number
of HIV-infected adults and children with CD4+ T-cell counts ranging
from <50 cells/mm? to >200 cells/mm® (Amenta et al, 1999; Gathe
et al, 2008). Thus, these results warrant the testing of these drugs in
larger randomized controlled clinical trials for confirmation of anti-
Cryptosporidium efficacy.
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3.1.5 Benzene acetonitrile derivatives

Diclazuril and letrazuril have been both shown to be active against
Eimeria species, parasites closely related to Cryptosporidium,
although the exact mode of action of these drugs is currently
unknown. Yet, diclazuril failed to show any obvious effect in severe
cryptosporidiosis in adults with HIV infection (Connolly et al., 1990).
In another study, a single patient showed both clinical and
parasitological response to diclazuril treatment but the infection
was less severe and the patient also received antiretroviral therapy
during and after the treatment course (Menichetti et al, 1991).
Additionally, letrazuril, the p-fluor analog of diclazuril, shows only
partial efficacy against advanced AIDS-related cryptosporidial
diarrhea (Harris et al,, 1994; Loeb et al., 1995; Blanshard et al,,
1997) and treated patients develop temporary drug-related side-
effects including abnormal liver function tests and skin rashes that
tend to resolve after treatment discontinuation (Murdoch et al., 1993;
Harris et al., 1994; Loeb et al., 1995).

3.1.6 Miscellaneous antimicrobials
3.1.6.1 Clofazimine

Clofazimine, an FDA-approved antimycobacterial drug primarily
used to treat leprosy, was found to be effective against both C. parvum
and C. hominis in vitro and showed promising efficacy against C.
parvum in a mouse model (Love et al, 2017). Interestingly, the
mechanism of action of clofazimine as an anti-mycobacterial drug
is not well understood. A recent randomized controlled clinical trial
tested the efficacy of the drug in enrolled patients with advanced HIV
infection and Cryptosporidium-associated diarrhea. The findings of
the study, however, failed to demonstrate any effectiveness of
clofazimine in reducing fecal parasite shedding and stool frequency
in immunocompromised patients (Iroh Tam et al., 2021). Moreover,
unexpected adverse events were higher in the clofazimine-treated
patients as compared to the placebo control group.

3.1.6.2 Miltefosine

Like clofazimine, miltefosine an anti-Leishmania drug, has also
shown promising in vitro efficacy against C. parvum as per anecdotal
observations but its specific mode of action is not entirely known.
This drug, however, showed modest clinical improvement without
evidence of oocyst clearance in treated HIV-infected malnourished
individuals (Sinkala et al., 2011). Furthermore, adverse events
including hepatic dysfunction and renal failure were observed in
some patients, leading to premature termination of the phase-1-
phase-2 trial.

3.1.6.3 Albendazole

Albendazole is a broad-spectrum anthelmintic drug that is known
to bind to B-tubulin and inhibit microtubule assembly in helminth
worms (Lacey, 1988). This benzimidazole derivative was shown to
have a significant effect on the duration of diarrhea in a randomized,
controlled trial in HIV-seropositive patients with persistent diarrhea
(Kelly et al, 1996). Later, another study assessed the effect of
albendazole on C. parvum and other intracellular protozoa
including Isospora and microsporidia in HIV-positive patients and
found the drug to exhibit complete C. parvum clearance when used at
doses higher than the normal prescribed dose (Zulu et al, 2002).
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However, the number of HIV patients with cryptosporidiosis in this
study was very small as compared to patients infected with other
protozoa, and the results cannot be considered credible due to the lack
of an untreated control group for comparison. Nevertheless, it does
seem that albendazole has some activity against Cryptosporidium at
high doses (Fayer and Fetterer, 1995), but, to the best of our
knowledge, no other study has evaluated albendazole for anti-
Cryptosporidium efficacy in immunocompromised humans.

3.1.7 Other treatments

Although most studies on the treatment of cryptosporidiosis have
been carried out by repurposing the use of antibacterial drugs, some
studies have tested other treatments with alternate modes of action
such as immune cell extracts, immunoglobulins, hyperimmune
colostrum, somatostatin analogs, and highly active antiretroviral
therapy (HAART) (Table 2).

3.1.7.1 Immunotherapy

Passive immunotherapy by oral administration of immunoglobulins
derived from bovine colostrum or human serum was shown to be
effective in Cryptosporidium-infected immunosuppressed humans in
several open-label uncontrolled studies and case reports (Tzipori et al.,
1987; Ungar et al., 1990; Borowitz and Saulsbury, 1991; Rump et al,,
1992; Shield et al., 1993; Floren et al., 2006), but results obtained from
randomized double-blind controlled studies have been disappointing
(Nord et al, 1990; Okhuysen et al, 1998). Similarly, treatment of
AIDS-associated cryptosporidial diarrhea by oral administration of
cellular extracts prepared from lymphocytes obtained from immunized
calves produced mixed results (Louie et al., 1987; McMeeking
et al., 1990).

3.1.7.2 Somatostatin analogs

Somatostatin analogs including octreotide and vapreotide have
been reported to improve secretory diarrhea by inhibiting the motility
and secretions of the gastro-intestinal tract. Patients with AIDS-
related chronic diarrhea, especially those without specific
pathogens, may benefit from treatment with this class of drugs.
However, these agents have mostly been ineffective or partially
effective in reducing the fecal output in Cryptosporidium-associated
diarrhea in HIV-infected patients and show no parasitological cure
(Cook et al., 1988; Katz et al., 1988; Clotet et al., 1989; Cello et al.,
1991; Romeu et al., 1991; Girard et al., 1992; Liberti et al., 1992;
Moroni et al., 1993).

3.1.7.3 Highly active antiretroviral therapy

Cryptosporidiosis is typically a self-limiting illness in
immunocompetent individuals, and therefore, immune reconstitution
by restoring CD4+ T-cell levels in particular, is an essential part of the
disease management strategy in the immunocompromised (Flanigan
etal,, 1992). HIV-infected patients with CD4+ T-cell counts below 200/
mm? tend to be susceptible to a higher frequency of cryptosporidial
infections highlighting the relationship of these opportunistic
pathogens with the immune status of an individual (de Oliveira-Silva
et al., 2007; Tuli et al., 2008; Adamu et al., 2013; Nsagha et al., 2016;
Cerveja et al., 2017; Amoo et al,, 2018). The use of HAART in HIV-
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infected patients has significantly reduced the global frequency and
severity of cryptosporidiosis in this patient population (Le Moing et al.,
1998; Call et al., 2000; Conti et al., 2000; Ives et al., 2001; Babiker et al.,
2002; Bachur et al,, 2008; Missaye et al., 2013). HAART re-establishes
CD4+ T-cell counts and inhibits viral replication using a combination
of nucleoside reverse transcriptase inhibitors (NRTIs), non-nucleoside
reverse transcriptase inhibitors (NNRTIs), and HIV protease
inhibitors. However, chronic diarrhea at initiation of HAART in
HIV-positive patients has been associated with increased early
mortality, emphasizing the need for early anti-retroviral therapy
before the onset of diarrhea (Dillingham et al., 2009). Most studies
involving HAART for the treatment of cryptosporidiosis have used
HIV protease inhibitors either individually or in combination with
other antiretrovirals to successfully treat the disease with major clinical
and parasitological benefits (Grube et al., 1997; Bobin et al., 1998; Carr
et al., 1998; Foudraine et al., 1998; Miao et al., 1999; Miao et al., 2000).
Such a therapy may exert its pharmacological effect against AIDS-
associated cryptosporidiosis both by restoration of circulating CD4+ T-
cell counts and direct inhibition of Cryptosporidium proteases (Mele
et al,, 2003; Pantenburg et al., 2009). But individuals with other causes
of weakened immunity, including primary immunodeficiency,
immunosuppressive therapy in organ transplant recipients, and
chemotherapy in cancer patients, remain at high risk of
severe cryptosporidiosis.

3.1.8 Combination therapy

Several combination therapies involving the use of either
nitazoxanide or paromomycin in conjunction with macrolides,
rifamycin derivatives, or HAART have shown promising efficacy for
cryptosporidiosis in small uncontrolled trials and case studies with
both clinical improvement and parasite elimination in a range of
affected immunocompromised individuals (Table 3). However, these
results need to be replicated in large, controlled trials before any
definite conclusions can be drawn regarding the efficacy of such
combinations. Huang and colleagues conducted a randomized
placebo-controlled trial to investigate the therapeutic effects of
acetylated spiramycin and garlicin on Cryptosporidium infection in
institutionalized drug users. Although the combination treatment
achieved high parasitological cure rates, this study was carried out in
asymptomatic Cryptosporidium carriers without ascertaining the
HIV/immune status of the enrolled individuals, and therefore has
limited clinical significance (Huang et al., 2015).

Certain clinical case reports have documented favorable clinical
and parasitological outcomes in HIV-infected and organ transplant
recipient patients diagnosed with extra-intestinal and intestinal
cryptosporidiosis, after antimicrobial combination therapy with
azithromycin and paromomycin (Palmieri et al., 2005; Meamar
et al., 2006; Denkinger et al., 2008). In a small open-label,
uncontrolled study, patients with AIDS (<100 CD4+ T-cells/mm?)
and chronic cryptosporidiosis, showed a marked improvement in
stool frequency and a significant decrease in fecal excretion of
Cryptosporidium oocysts in response to azithromycin/paromomycin
combination therapy (Smith et al., 1998). However, follow-up study
after the completion of treatment revealed the persistence of chronic,
mild diarrhea in some patients.
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TABLE 3 Efficacies of various combination therapies tested against human cryptosporidiosis.

Drug combination Age and health status of ~ Number of =~ Study  Reference = Treatment Efficacy
patients individuals type type - . .
Clinical ~ Parasitological
Cure Cure
Acetylspiramycin + garlicin Asymptomatic adult drug users 151 R, PC (Huang et al,, Therapeutic - +
2015)
Azithromycin + paromomycin Adults with AIDS 11 OL (Smith et al, Therapeutic + +
1998)
Adult with AIDS 1 CR (Palmieri Therapeutic + +
et al., 2005)
Adult with AIDS 1 CR (Meamar Therapeutic + +
et al., 2006)
Adult liver transplant recipient 1 CR (Denkinger Therapeutic + +
et al,, 2008)
Azithromycin + paromomycin + Pediatric renal transplant 1 CR (Hong et al,, Therapeutic + +
nitazoxanide recipient 2007)
Azithromycin + nitazoxanide Adult allogeneic hematopoietic 5 OL (Legrand Therapeutic + +
stem cell transplant recipients et al., 2011)
Child on chemotherapy for 1 CR (Bakliwal Therapeutic + +
cancer et al., 2021)
Immunosuppressed child with 1 CR (Dupuy et al., Therapeutic + +
CD40L deficiency 2021)
Azithromycin + nitazoxanide + Adult renal transplant recipient 1 CR (Tomczak Therapeutic + +
rifaximin et al., 2022)
Clarithromycin + rifabutin Adults with advanced AIDS 451 RCR (Fichtenbaum Prophylactic + +
et al., 2000)
Antiretrovirals + Paromomycin, Adults with AIDS (CD4+ count 45 RCR (Maggi et al., Therapeutic + +
Spiramycin, or Azithromycin < 180/mm®) 2000)
HAART + Paromomycin Adults with advanced AIDS 1 CR (Schmidt Therapeutic + +
(CD4+ count et al., 2001)
< 50/mm?)
HAART + Glutamine + 1 CR (Moling et al., Therapeutic + +
Azithromycin + Paromomycin 2005)
Nitazoxanide + fluoroquinolone Adult renal transplant 21 RCR (Bhadauria Therapeutic + +
recipients et al., 2015)
Spiramycin + paromomycin + Pediatric renal transplant 1 CR (Acikgoz Therapeutic + +
nitazoxanide recipient et al,, 2012)

1. DB, double-blind; CR, case report; OL, open-label; PC, placebo-controlled; R, randomized; RCR, retrospective case review.

«»

2. “+” = complete resolution;

Complete resolution of diarrhea as well as elimination of
the parasite has been reported in immunosuppressed children and
adults suffering from cryptosporidiosis after dual therapy with
azithromycin and nitazoxanide (Legrand et al., 2011; Bakliwal
et al, 2021; Dupuy et al, 2021). Additionally, triple therapy
involving azithromycin, nitazoxanide, and paromomycin or
rifaximin led to complete clinical and parasitological cure with
no relapse in renal transplant patients (Hong et al, 2007;
Tomczak et al, 2022). Another study successfully treated
cryptosporidiosis in a pediatric renal transplant patient using a
triple therapy consisting of spiramycin, nitazoxanide, and
paromomycin (Acikgoz et al.,, 2012).

Moreover, quite a few small uncontrolled studies suggest that a
combination of antimicrobials and HAART (especially with protease
inhibitors) dramatically accelerates the clinical response in AIDS
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= no demonstrable activity; “+” = partial resolution or relapse after treatment discontinuation.

patients suffering from cryptosporidiosis (Maggi et al., 2000;
Schmidt et al., 2001; Moling et al., 2005). But data from
randomized controlled trials is required to support these results
given the self-limiting nature of the disease. Nevertheless, increasing
evidence has demonstrated that combination therapy achieves better
clinical and microbiological resolution rates than monotherapy for
the treatment of cryptosporidiosis in immunocompromised patients
(Maggi et al., 2000; Bhadauria et al., 2015; Lanternier et al., 2017;
Bakliwal et al., 2021; Tomczak et al., 2022).

3.2 Animals

Numerous antimicrobial compounds have been screened and
evaluated for efficacy against naturally acquired and experimentally
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induced cryptosporidiosis in animals (Table 4), albeit with limited ~ (Table 5), but none have shown promise in changing the course of
success. Most of the tested drugs exhibit only partial prophylacticand  the disease.

therapeutic efficacy in reducing oocyst excretion and disease severity

in affected animals. Thus far, no effective currently licensed 3.2 1 Anticoccidials

therapeutics are available in the United States for Cryptosporidium

infections in animals (Santin, 2020; Zahedi and Ryan, 2020).  3.2.1.1 Halofuginone lactate

Alternatively, several supportive and immunological therapies have Halofuginone lactate, a prolyl-tRNA synthetase inhibitor, is a
also been tested for the management of cryptosporidiosis in livestock  synthetic quinazolinone coccidiostat primarily used in veterinary

TABLE 4 Anti-cryptosporidial efficacies of various antimicrobial and novel treatments in farm animals and natural host animal models.

Therapeutic agent Animal Number of Type of Reference Treatment Efficacy
species and individuals infection type . . .
age Clinical  Parasitological
Cure Cure

Aminoacyl-tRNA synthetase Neonatal calves 6 Experimental (Hasan et al,, Therapeutic + +
inhibitor Compound 2093 2021)

Azithromycin Neonatal calves 50 Natural (Elitok et al., Therapeutic + +
2005)

25 Natural (Nasir et al., Therapeutic NR +
2013)

Gnotobiotic piglets 40 Experimental (Lee et al,, 2017) Therapeutic + -

Buffalo calf 1 Natural (Maurya et al., Therapeutic + NR

2016)

Benzoxaborole AN7973 Neonatal calves 17 Experimental (Lunde et al., Therapeutic + +
2019)

Bumped Kinase Inhibitor 1294 Neonatal calves 18 Experimental (Lendner et al,, Prophylactic + +
2015)

24 Experimental (Schaefer et al., Therapeutic + +
2016)

Bumped Kinase Inhibitor 1369 Neonatal calves 7 Experimental (Hulverson et al., Therapeutic + +
2017)

Gnotobiotic piglets 18 Experimental (Lee et al,, 2018) Therapeutic + +

Decoquinate Neonatal calves 30 Experimental (Redman and Prophylactic + +

Fox, 1993)

43 Experimental (Moore et al., Prophylactic - -
2003)

90 Natural (Lallemand et al., Prophylactic - -
2006)

Neonatal goat kids 20 Experimental (Mancassola Prophylactic + +

et al., 1997)

64 Natural (Ferre et al., Prophylactic + +
2005)

Halofuginone lactate Neonatal calves 150 Natural (Villacorta et al., Prophylactic + +
1991)

20 Experimental (Naciri et al., Prophylactic + +
1993)

70 Natural and (Peeters et al., Prophylactic + +
experimental 1993)

158 Natural (Lefay et al., Prophylactic + +
2001)

152 Natural (Joachim et al., Metaphylactic + +
2003)

31 Natural Prophylactic + +

(Continued)
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TABLE 4 Continued

Therapeutic agent Animal Number of Type of Reference Treatment Efficacy
species and individuals infection type - . .
age Clinical  Parasitological
Cure Cure
(Jarvie et al.,
2005)
90 Natural (Lallemand et al., Prophylactic - +
2006)
260 Natural (Klein, 2008) Prophylactic + +
Therapeutic + +
32 Natural (De Waele et al,, Prophylactic + +
2010)
513 Natural (Trotz-Williams Prophylactic + +
et al., 2011)
45 Natural (Almawly et al., Prophylactic - -
2013)
149 Natural (Keidel and Metaphylactic + +
Daugschies, 2013)
530 Natural (Meganck et al., Prophylactic + +
2015)
144 Natural (Niine et al., Prophylactic + -
2018)
20 Natural (Aydogdu et al., Therapeutic + +
2018)
123 Natural (Velez et al,, Prophylactic - +
2019)
Neonatal lambs 12 Experimental (Naciri and Prophylactic + +
] Yvore, 1989)
5 Therapeutic + +
28 Natural (Causapé et al., Prophylactic - +
1999)
Therapeutic + +
1170 Natural (Giadinis et al., Prophylactic + +
2007)
Therapeutic + +
Neonatal goat kids 69 Natural (Chartier et al,, Prophylactic + +
1999)
2240 Natural (Giadinis et al., Prophylactic + +
2008)
Therapeutic + +
44 Experimental (Petermann et al., Prophylactic + +
2014)
Lasalocid Neonatal calves 10 Experimental (Moon et al., Prophylactic + +
1982)
11 Natural (Sahal et al., Therapeutic + +
2005)
12 Natural (Murakoshi et al., Prophylactic + +
2014)
Nitazoxanide Neonatal calves 20 Experimental (Ollivett et al., Therapeutic + +
2009)
9 Experimental (Schnyder et al., Prophylactic - -
2009)
Therapeutic - -
Neonatal goat kids 47 Experimental (Viel et al., 2007) Prophylactic NR +
(Continued)
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TABLE 4 Continued

Therapeutic agent Animal Number of Type of Reference Treatment Efficacy
species and individuals infection type - . .
age Clinical  Parasitological
Cure Cure
Gnotobiotic piglets 31 Experimental (Theodos et al., Therapeutic - +
1998)
40 Experimental (Lee et al., 2017) Therapeutic + +
Paromomycin Neonatal calves 16 Experimental (Fayer and Ellis, Prophylactic + +
1993)
20 Natural (Grinberg et al., Prophylactic + +
2002)
20 Natural (Aydogdu et al,, Therapeutic + +
2018)
Neonatal goat kids 19 Experimental (Mancassola Prophylactic + +
et al., 1995)
30 Natural (Chartier et al,, Prophylactic + +
1996)
55 Natural (Johnson et al., Prophylactic + +
2000)
Neonatal lambs 36 Natural (Viu et al., 2000) Therapeutic + +
Gnotobiotic piglets 21 Experimental (Tzipori et al.,, Therapeutic + +
1994)
31 Experimental (Theodos et al., Therapeutic + +
1998)
Triazolopyradizine MMV665917 Neonatal calves 13 Experimental (Stebbins et al., Therapeutic + +
2018)
Gnotobiotic piglets 28 Experimental (Lee et al,, 2019) Therapeutic + +
Pyrazolopyridine KDU731 Neonatal calves 13 Experimental (Manjunatha Therapeutic + +
et al., 2017)
Sulfonamides Neonatal calves 59 Natural (Fischer, 1983) Prophylactic - -
Therapeutic - -
13 Experimental (Fayer, 1992) Prophylactic - -
152 Natural (Joachim et al., Metaphylactic - -
2003)
25 Natural (Nasir et al., Therapeutic NR -
2013)
Neonatal goat kids 24 Experimental (Koudela and Prophylactic - -
Bokova, 1997)
Therapeutic - -
Tilmicosin Neonatal goat kids 22 Natural (Paraud et al., Prophylactic - -
2010)
Tylosin Neonatal calves 23 Natural (Duru et al., Therapeutic + +
2013)

1. NR, not reported.

2. “+” = complete cure; “-” = no demonstrable effect; “+” = partial cure or relapse after treatment discontinuation.

medicine for the prevention and treatment of Eimeria infections in
avian species. This medication is licensed for veterinary use in cattle
against cryptosporidiosis in several European countries as well as
Canada, although it is not labeled for use in the United States.
Halofuginone lactate has a narrow safety index and is
contraindicated in dehydrated animals suffering from diarrhea:
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clinical signs typical of cryptosporidiosis in neonatal animals. Hence,
this drug is not suitable for therapeutic purposes and is generally used
as a prophylactic to prevent cryptosporidial diarrhea in newborn farm
animals. Recently, Brainard and others conducted a systematic review
of literature and used meta-analysis to evaluate key outcomes such as
oocyst shedding, diarrhea, mortality, and weight gain for the treatment
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TABLE 5 Alternate treatments tested for efficacy against cryptosporidiosis in farm animals and natural host animal models.

Frontiers in Cellular and Infection Microbiology

Animal species Number of Type of Study Treatment Efficacy
and age individuals infection type - . .
Clinical ~ Parasitological
Cure Cure
a-cyclodextrin Neonatal goat kids 20 Experimental (Castro-Hermida Prophylactic + +
et al., 2004)
B-cyclodextrin Neonatal calves 12 Natural (Castro-Hermida Prophylactic + +
et al., 2001a)
Therapeutic + +
Neonatal lambs 53 Natural (Castro-Hermida Prophylactic + +
et al., 2001b)
Therapeutic + +
Activated charcoal Neonatal calves 258 Natural (Ross et al., 2021) Therapeutic + +
Activated charcoal + wood Neonatal calves 6 Experimental (Watarai et al., Therapeutic + +
vinegar 2008)
Neonatal goat kids 40 Natural (Paraud et al., 2011) Prophylactic + +
Anti-IL-10 egg yolk Neonatal calves 133 Natural (Raabis et al., 2018) Prophylactic - -
antibody
Artificial sweetener/ Neonatal calves 24 Experimental (Connor et al., Prophylactic + +
Glucagon-like peptide 2017)
Bobel-24 (anti- Neonatal lambs 37 Experimental (Castro-Hermida Prophylactic + +
inflammatory drug) et al., 2008)
Therapeutic + -
Bovine/Ovine colostrum Neonatal calves 12 Experimental (Fayer et al., 1989) Prophylactic + +
30 Experimental (Slacek et al., 1996) Prophylactic + +
12 Experimental (Perryman et al., Prophylactic + +
1999)
10 Experimental (Askari et al., 2016) Prophylactic + +
30 Natural (Kacar et al., 2022) Prophylactic + +
Neonatal lambs 32 Experimental (Naciri et al., 1994) Prophylactic + +
Gnotobiotic piglets 21 Experimental (Tzipori et al., Therapeutic - -
1994)
Bovine interleukin-12 Neonatal calves 20 Experimental (Pasquali et al., Prophylactic - -
(recombinant) 2006)
Bovine serum concentrate Neonatal calves 24 Experimental (Hunt et al., 2002) Prophylactic + +
Bovine leukocyte extract Neonatal calves 9 Experimental (Fayer et al., 1987) Prophylactic - -
Clinoptilolite Neonatal lambs 30 Experimental (Dinler Ay et al,, Prophylactic + +
2021)
Therapeutic + +
Chitosan Neonatal lambs 32 Experimental (Aydogdu et al., Therapeutic + +
2019)
Phytogenic extracts and Neonatal calves 43 Experimental (Olson et al., 1998) Prophylactic - -
essential oils
41 Natural (Weyl-Feinstein Prophylactic + +
et al., 2014)
91 Natural (Katsoulos et al., Prophylactic + -
2017)
30 Natural (Volpato et al., Prophylactic - -
2019)
26 Experimental (Mendonca et al,, Prophylactic + +
2021)
Probiotics (lactic acid Neonatal calves 134 Natural (Harp et al.,, 1996) Prophylactic - -
producing bacteria)
(Continued)
144
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TABLE 5 Continued

10.3389/fcimb.2023.1115522

Animal species Number of Type of Treatment Efficacy
and age individuals infection type o . .
Clinical ~ Parasitological
Cure Cure
30 Natural (Fernandez et al., Prophylactic + -
2020)
44 Natural (Stefanska et al., Prophylactic + +
2021)
Yeast fermentation Neonatal calves 123 Natural (Velez et al., 2019) Prophylactic - -
products
“+” = complete cure; “-” = no demonstrable effect; “+” = partial cure or relapse after treatment discontinuation.

of calf cryptosporidiosis with halofuginone lactate. The authors
concluded that prophylactic halofuginone treatment was associated
with significantly lower incidence of oocyst shedding, diarrhea burden,
and mortality especially when the treatment was started early in life
(Brainard et al, 2021). Furthermore, Giadinis et al. conducted two
extensive field trials in Greece and found the drug to be effective in
preventing and treating cryptosporidiosis, and reducing deaths
associated with the disease in neonatal lambs and goat kids (Giadinis
et al., 2007; Giadinis et al., 2008).

A number of early reports suggested that halofuginone showed
effectiveness in protecting young ruminants from severe
cryptosporidiosis, but relapses occurred after treatment discontinuation
in calves (Villacorta et al., 1991; Naciri et al., 1993; Peeters et al., 1993;
Lefay et al., 2001), lambs (Naciri and Yvore, 1989; Causapé et al., 1999),
and goat kids (Chartier et al,, 1999), questioning the effectiveness of the
preventative treatment. Moreover, although halofuginone lactate
treatment reduces oocyst shedding in infected animals, it fails to
provide complete protection and cure, implying that treatment along
with good animal husbandry practices including individual housing,
proper hygiene measures, and suitable disinfection are required to
prevent environmental contamination and disease transmission
among animals on farms (Joachim et al, 2003; Jarvie et al., 2005;
Klein, 2008; De Waele et al., 2010; Trotz-Williams et al., 2011; Keidel
and Daugschies, 2013). Likewise, a few studies also showed some
efficacy in reducing excretion of Cryptosporidium oocysts in treated
animals as compared to untreated controls, but no significant effect on
the prevalence of diarrhea or body weight gain was noted (Causape
et al., 1999; Lallemand et al., 2006; Trotz-Williams et al., 2011;
Almawly et al., 2013). Interestingly, preventive treatment with
halofuginone lactate was also found to be associated with reduced
weight gain in calves (Niine et al,, 2018; Velez et al., 2019). Thus, the
preventive and therapeutic effectiveness of halofuginone lactate in
animals remains controversial.

3.2.1.2 Decoquinate

Decoquinate is a quinolone coccidiostat most used for controlling
coccidiosis in ruminants and poultry. This drug inhibits the
mitochondrial respiration by blocking electron transport in Eimeria
parasites (Wang, 1976). Decoquinate produces limited-to-no clinical
and parasitological response when used preventatively before the
development of signs and symptoms of cryptosporidiosis in

Frontiers in Cellular and Infection Microbiology

experimentally or naturally infected calves (Redman and Fox, 1993;
Moore et al., 2003; Lallemand et al., 2006). However, it significantly
reduces oocyst shedding and severity of cryptosporidiosis in neonatal
kids, but without complete eradication of infection (Mancassola et al.,
1997; Ferre et al., 2005).

3.2.1.3 Lasalocid

Lasalocid is an ionophore antibiotic and a coccidiostat that is
commonly used as a feed additive for promoting growth and
preventing coccidiosis in ruminants. This drug has been used as a
prophylactic or therapeutic to treat Cryptosporidium infections in
calves. Based on anecdotal reports, short-term dosing (3-4 days) of
lasalocid (6-15 mg/kg/day) was effective in treating severe
cryptosporidiosis in calves (Gobel, 1987a; Gobel, 1987b; Sahal et al.,
2005). However, mortality and serious side effects resulting from
lasalocid toxicosis have been described in animals when long-term
therapy or a dose higher than the label dose was used as a preventative
for cryptosporidiosis (Moon et al., 1982; Benson et al., 1998). More
recently however, Murakoshi and others demonstrated a highly
beneficial effect of lasalocid, without any side effects, when used at a
lower dose (3 mg/kg/day) to prevent calf cryptosporidiosis. But the
treatment was not found to be protective after the 7-day dosing period
(Murakoshi et al., 2014).

3.2.1.4 Sulfonamides

Sulfonamides are broadly active antimicrobial agents that inhibit
dihydropteroate synthase, an enzyme involved in folate synthesis
(Henry, 1943). They have been widely used in veterinary medicine to
prevent coccidiosis and treat bacterial infections in animals and
poultry. However, prophylactic or therapeutic treatment of natural
or experimental cryptosporidiosis with a variety of sulfonamides and
potentiated sulfonamides including sulfadimidine, sulfadimethoxine,
and cotrimoxazole (trimethoprim in combination with
sulfamethoxazole) has failed miserably in calves (Moon et al., 1982;
Fischer, 1983; Fayer, 1992; Joachim et al., 2003; Nasir et al., 2013) and
goat kids (Naciri et al., 1984; Koudela and Bokova, 1997).

3.2.2 Paromomycin

In addition to humans, paromomycin has also been extensively
tested for anti-Cryptosporidium efficacy in various food animals.
However, as has been the case in humans, results have been varied

frontiersin.org


https://doi.org/10.3389/fcimb.2023.1115522
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Khan and Witola

and the treatment failed to achieve complete parasitological cure in
most studies. Prophylactic administration of paromomycin was found
to decrease the duration and severity of diarrhea as well as the
duration and intensity of oocyst shedding in calves experimentally
infected with C. parvum (Fayer and Ellis, 1993). Similar positive
results were reported in a controlled-blind field trial of natural
infection in calves, but the treated group started shedding oocysts
and developed diarrhea after the treatment withdrawal (Grinberg
et al,, 2002). However, paromomycin does seem to be more effective
in small ruminants. Treatment has been shown to reduce both
cryptosporidial oocyst output and severity of clinical signs, when
used prophylactically in neonatal goat kids (Mancassola et al., 1995;
Chartier et al., 1996; Johnson et al, 2000) and therapeutically in
neonatal lambs (Viu et al., 2000). This agent was also proven to be
therapeutically effective against moderate cryptosporidiosis but
ineffective against severe cryptosporidiosis in infected gnotobiotic
piglets (Tzipori et al., 1994; Theodos et al., 1998). However,
paromomycin, like many aminoglycosides, is potentially
nephrotoxic and detrimental effects on growth have been observed
after treatment in young animals (Viu et al., 2000). In addition, the
drug is expensive and therefore, its use in agricultural animals
is impractical.

3.2.3 Nitazoxanide

Nitazoxanide, the only licensed treatment available in humans,
has also been tested for efficacy in animal cryptosporidiosis, although
reports on treatment outcomes have been conflicting. While Ollivett
and others found this medication to significantly reduce the duration
of oocyst shedding and clinical severity in experimentally infected
calves as compared to the placebo treated group (Ollivett et al., 2009),
another controlled study found no prophylactic or therapeutic effect
of nitazoxanide on clinical appearance or oocyst excretion in calves
infected with C. parvum (Schnyder et al., 2009). Furthermore, while
nitazoxanide reduced oocyst shedding in experimentally challenged
newborn goat kids, no reduction in mortality rates or improvement in
weight gains were recorded in the treated groups compared with the
control group (Viel et al., 2007). Importantly, the authors of this study
suggested that the mortalities seen in kid neonates in the nitazoxanide
treated groups were caused by severe drug toxicity (Viel et al., 2007).
In the gnotobiotic piglet diarrhea model, nitazoxanide demonstrated
only partial efficacy at high doses in reducing C. parvum oocyst
shedding, induced drug-related diarrhea, and was not as effective as
paromomycin (Theodos et al., 1998). In another study performed in
the same animal model but infected with C. hominis, nitazoxanide
reduced diarrhea and oocyst shedding in only the initial phase of
treatment and had no clinical or parasitological effect at the later
stages of the disease (Lee et al., 2017).

3.2.4 Macrolides

Macrolides have been evaluated as anti-Cryptosporidium agents in
a range of animals. Azithromycin significantly suppressed
Cryptosporidium oocyst shedding and resulted in significant clinical
improvement and weight gain in naturally infected dairy calves when
used as a therapeutic at high doses, but high costs of treatment are a
concern (Elitok et al., 2005). Similar reports of azithromycin efficacy
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against C. parvum infection in calves (Nasir et al., 2013) and a buffalo
calf (Maurya et al., 2016) have also been published. Treatment of
gnotobiotic neonatal piglets infected with C. hominis alleviated
clinical disease only for the first few days and azithromycin treated
piglets exhibited no reduction of oocyst excretion compared with
untreated animals (Lee et al.,, 2017). In combination with
nitazoxanide, azithromycin led to significant clinical improvement
in infected piglets but did not eliminate oocyst excretion after
producing a transient initial reduction in oocyst shedding in treated
animals (Lee et al., 2017).

Experience with other macrolides has also been mixed. While
tilmicosin failed to prevent severe cryptosporidiosis in newborn kids
raised on a commercial dairy goat farm (Paraud et al.,, 2010), tylosin
was found to be therapeutically effective in reducing fecal oocyst
excretion and clinical signs of disease in naturally infected calves
(Duru et al., 2013).

3.2.5 Other treatments
3.2.5.1 Immunotherapy

Passive immunotherapy using bovine colostrum or bovine serum
concentrate containing specific antibodies to Cryptosporidium
provided only partial protection against cryptosporidiosis by
reducing duration of diarrhea and oocyst shedding in
experimentally infected calves (Fayer et al., 1989; Slacek et al., 19965
Hunt et al., 2002). However, much better protection from
Cryptosporidium infection was noted in some studies after
prophylactic oral administration of bovine/ovine colostrum
comprising of anti-cryptosporidial antibodies in infected calves and
lambs (Naciri et al., 1994; Perryman et al., 1999; Askari et al., 2016;
Kacar et al., 2022). Moreover, therapeutic administration of
hyperimmune colostrum-immunoglobulin in experimentally
infected gnotobiotic piglets reduced oocyst shedding but had little-
to-no effect on diarrhea and intestinal mucosal damage caused by the
parasite (Tzipori et al, 1994). Similarly, preventive treatment of
experimentally induced calf cryptosporidiosis by recombinant
bovine interleukin-12 (rBolL-12) or lymphocyte extracts from
immunized calves failed to provide prophylaxis (Fayer et al., 1987;
Pasquali et al., 2006).

3.2.5.2 Adsorbents

Oral intestinal adsorbents have been used worldwide as a remedy
to treat diarrhea of various causes. A product consisting of activated
charcoal and wood vinegar was found to be highly effective in treating
experimental C. parvum infection in calves (Watarai et al., 2008) and
provided partial protection to newborn kids against natural infection
(Paraud et al,, 2011). More recently, activated charcoal also showed a
partial curative effect on neonatal calf diarrhea caused mainly by C.
parvum at a commercial calf-raising farm (Ross et al., 2021).
Similarly, another adsorbent clinoptilolite also demonstrated a good
prophylactic and therapeutic effect against C. parvum in
experimentally infected lambs (Dinler Ay et al., 2021). These
adsorbents seem to be effective against cryptosporidial infections
probably because of their potential to adsorb and thereby trap
parasites and prevent host cell invasion. Although this adsorption
principle has been demonstrated in an in vitro adsorption test
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(Watarai et al.,, 2008), the same needs to be confirmed in further in
vivo studies.

3.2.5.3 Polysaccharides

Cyclodextrins are cyclic oligosaccharides that are commonly used
as drug excipients to enhance the solubility, safety, stability, and
bioavailability of drugs. After showing some unexpected activity
against C. parvum experimental infection in mice, B-cyclodextrin
has been tested for both prophylactic as well as therapeutic efficacy
against cryptosporidiosis in young ruminants with results showing
that the preventive effect is greater than the curative one. While -
cyclodextrin showed partial efficacy in reducing diarrhea and oocyst
shedding in naturally infected calves (Castro-Hermida et al., 2001a),
this drug reduced mortality and produced an even better clinical and
parasitological response in infected lambs under field conditions
(Castro-Hermida et al,, 2001b). Another drug of this class, a-
cyclodextrin was tested for prophylactic effectiveness in
experimentally infected neonatal kids and showed some reduction
in the intensity of infection and oocyst shedding, but almost half
treated kids died probably due to drug-related side effects (Castro-
Hermida et al., 2004).

Chitosan, a natural linear polysaccharide has also been
investigated for efficacy in C. parvum infected lambs. Therapeutic
treatment after the onset of disease improved clinical signs and fecal
consistency, and reduced oocyst excretion, but did not eliminate
cryptosporidiosis completely in treated lambs (Aydogdu et al., 2019).

Researchers have suggested various modes of action of
polysaccharides such as cyclodextrins and chitosan in controlling
viral, bacterial, and parasitic infections that involve use of their
antimicrobial properties, osmotic properties, and cholesterol-
sequestering ability, among others (Aydogdu et al, 2019; Braga,
2019). It is likely that, in the case of Cryptosporidium, these
polysaccharides might form a protective film over the intestinal
surface due to their adhesive properties, which may act as a
physical barrier and prevent cell invasion by parasites. However, to
date, the exact mechanism of action of these pharmaceutical agents
against Cryptosporidium remains unknown.

3.2.5.4 Natural plant-based products

Various natural products like phytogenic extracts, essential oils,
and phytobiotics have been used to treat animal cryptosporidiosis, but
with unconvincing results. A randomized controlled study evaluated
allicin, a sulfur-containing component of garlic, in experimentally
infected neonatal calves and found it to have no effect on the duration
of diarrhea or weight gain in treated calves (Olson et al., 1998).
Another study conducted in Israel showed that a concentrated
pomegranate extract feed supplement partially reduced clinical
signs and fecal oocyst counts in natural calf cryptosporidiosis
(Weyl-Feinstein et al., 2014). Similarly, experimentally infected
calves receiving plant-based isoquinoline alkaloids as feed additive
suffered from less intense diarrhea for a shorter period but shed
similar number of oocysts daily compared with the control group
(Mendonca et al., 2021). Furthermore, administration of essential oils
or essential oil-based phytogenic products to newborn calves also
failed to produce any preventive effect on parasite shedding in
infected calves (Katsoulos et al., 2017; Volpato et al., 2019).
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3.2.5.5 Probiotics

A few animal studies suggest some potential for the use of
probiotics for prophylactic treatment of cryptosporidiosis, though
bacterial mechanisms involved in protection against Cryptosporidium
infection are not known. Daily oral administration of lactic acid
producing bacteria for 10 consecutive days to C. parvum infected
dairy calves had limited effect on clinical signs and no effect on
parasite abundance (Harp et al,, 1996; Fernandez et al., 2020),
although a partial reduction in the severity of diarrhea, prevalence
of cryptosporidial infection, and oocyst excretion was noted when
probiotics combined with phytobiotics were dispensed to calves under
field conditions (Stefanska et al., 2021). Likewise, feeding of yeast
fermentation products had no clinical and parasitological benefits in
bovine cryptosporidiosis (Velez et al., 2019).

3.2.5.6 Miscellaneous treatments

Apart from drugs that have a direct anti-parasitic effect, other
medications that have no known anti-Cryptosporidium activity but
act by improving the symptoms of cryptosporidiosis have also been
tested in animals. Such drugs might show some reduction of parasite
load in young animals probably by relieving the symptoms of disease
and allowing natural host immunity to develop and act against the
infection. One such anti-inflammatory drug, Bobel-24, was unable to
completely prevent or treat experimentally induced C. parvum
infection in neonatal lambs but showed some prophylactic efficacy
in reducing the duration and intensity of oocyst shedding and the
presence of diarrhea (Castro-Hermida et al., 2008). Also, preventive
administration of anti-IL-10 egg yolk antibodies for 11 days had no
effect on the prevalence of Cryptosporidium infection in calves reared
under field conditions (Raabis et al, 2018). In another study,
administration of glucagon-like peptide 2 or artificial sweetener
therapy before a low-level experimental C. parvum exposure
reduced severity of diarrhea, fecal oocyst excretion, and intestinal
pathology in neonatal calves (Connor et al., 2017).

4 New potential treatments for humans
and animals

So far, no satisfactory prophylactics or therapeutics are available
for the prevention or treatment of severe cryptosporidiosis in humans
and animals. The limited progress made in this field can be directly
attributed to the limited genetic tractability of Cryptosporidium, lack
of conventional apicomplexan targets, as well as the unique
intracellular but extracytoplasmic location within the host cells.
Furthermore, the lack of reliable cell culture platforms and limited
availability of technical tools to study the parasite in biological
systems, lead to an inadequate knowledge about the host-parasite
interactions (Checkley et al., 2015; Innes et al., 2020). Nevertheless,
breakthrough genetic modification of the parasite that has been made
recently has advanced Cryptosporidium research, although the
approach is complicated compared to methods developed for other
apicomplexan parasites, as it requires the passage of the transgenic
parasites in laboratory animals (Vinayak et al., 2015). Importantly,
some significant progress has been made in generating genetically
modified C. parvum strains in vitro, using mouse-derived intestinal
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organoid cultures grown in a modified air-liquid-interface system,
that enables the completion of the life cycle and produces viable
oocysts that are infectious in cell culture and immunocompromised
mice (Wilke et al., 2019; Wilke et al., 2020). Indeed, recent advances in
genetic manipulation and culture of Cryptosporidium have resulted in
substantial progress in anti- Cryptosporidium drug discovery in recent
years, and several compounds of preclinical, lead, and late lead status
have emerged from target-based and phenotypic screens and are
currently in development (Love and Choy, 2021).

C. parvum infects both humans and cattle as natural hosts, with
the human disease closely resembling the one found in neonatal
calves (Santin and Trout, 2007). Thus, the use of the neonatal calf
infection model is highly recommended for assessment of efficacy of
candidate compounds before advancement to human clinical trials
and should ensure the safety and efficacy of promising compounds in
both humans and livestock. Recently some compounds have shown
promising efficacy in treating cryptosporidiosis in natural animal host
models including the neonatal calf model without any major safety
issues. These include bumped kinase inhibitors (BKIs),
pyrazolopyridine-based KDU731, triazolopyradizine MMV665917,
benzoxaborole AN7973, and compound 2093 (Table 4).

BKIs inhibit the Cryptosporidium parvum calcium-dependent
protein kinase 1 (CpCDPK1), an enzyme that is essential for host
cell invasion and does not have any mammalian analogs (Van
Voorhis et al., 2021). Recent studies have assessed novel BKIs as a
possible cure for cryptosporidiosis. In one study, Lendner et al.
evaluated a bumped kinase inhibitor BKI-1294 for efficacy against
C. parvum in experimentally infected neonatal calves and concluded
that BKI-1294 reduced oocyst shedding but had no effect on
diarrhea and dehydration in treated calves (Lendner et al, 2015).
In another study, Schaefer and others demonstrated that BKI-
1294 significantly improved clinical appearance, diarrhea, and
parasitological outcomes but failed to eliminate diarrhea and other
clinical symptoms of bovine cryptosporidiosis (Schaefer et al., 2016).
Nonetheless, another CpCDPKI1 inhibitor, BKI-1369, has emerged as
an encouraging lead compound for anti-Cryptosporidium therapy in
animals (Van Voorhis et al, 2021). This compound has shown
promising efficacy against cryptosporidiosis in both the C. parvum
infected neonatal calf, and the C. hominis infected gnotobiotic piglet
models (Hulverson et al., 2017; Lee et al., 2018). Unfortunately, these
BKIs possess potent human Ether-d-go-go-Related Gene (hERG)
inhibitory activity, which is associated with a potentially fatal
disorder called long QT syndrome and cardiotoxicity in humans,
effectively removing them from the anti-cryptosporidial drug
development pipeline for humans (Van Voorhis et al., 2021).
Nevertheless, BKI-1369 displayed both efficacy and safety in the
neonatal calf model with a 30-fold reduction in total oocyst
excretion and, therefore, calls for additional development as an
anti-Cryptosporidium therapeutic for cattle (Hulverson et al,, 2017).

The pyrazolopyridine derivative KDU731 is another promising
anti-cryptosporidial drug candidate that inhibits the enzymatic activity
of Cryptosporidium lipid kinase PI(4)K (phosphatidylinositol-4-OH-
kinase) and is active against both C. parvum and C. hominis. Oral
treatment with KDU731 resulted in significant reduction in oocyst
shedding, duration of severe diarrhea, and dehydration without any
adverse drug-related effects in neonatal calves experimentally infected
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with C. parvum (Manjunatha et al., 2017). Intriguingly, KDU731
displayed limited systemic exposure in pharmacokinetic analysis of
the drug in C. parvum-infected calves, suggesting that systemic
exposure may not be important for therapeutic efficacy.

Recently, a piperazine derivative MMV665917 with an unknown
molecular mechanism of action (MMOA), was identified within the
open access “Malaria Box” collection of antimalarial compounds and
found to have potent in vitro activity against both C. parvum and C.
hominis in addition to excellent in vivo anti-Cryptosporidium efticacy
in mouse models of acute (IFN-y KO) and chronic (NSG)
cryptosporidiosis (Jumani et al., 2018). This compound was later
tested in the neonatal calf model of cryptosporidiosis by Stebbins and
colleagues and treatment resulted in rapid resolution and reduced
duration of diarrhea, as well as a 94% reduction in total fecal excretion
of cryptosporidial oocysts in treated calves compared with the control
group (Stebbins et al., 2018). In another study conducted in the
gnotobiotic piglet model, MMV665917 was shown to significantly
reduce fecal C. hominis oocyst shedding, intestinal lesions, parasite
colonization, and severity of diarrhea, compared with untreated
control piglets (Lee et al, 2019). Unfortunately, like BKIs, this
promising compound shows partial hERG inhibition and is
potentially cardiotoxic in humans. However, similarities between
the modes of action of BKIs and MMV665917 cannot be drawn
based on this finding since hERG inhibition is generally an off-target
effect and several compounds with diverse structures and modes of
action are known to promiscuously block this channel (Witchel,
2011). Hence, studies to determine the MMOA of MMV 665917 are
needed to aid further lead optimization efforts to reduce the affinity
for hERG binding.

Another compound that has been discovered by phenotypic
screening of an antimalarial compound library for Cryptosporidium
growth inhibitors is the 6-carboxamide benzoxaborole AN7973
(Lunde et al, 2019). Like MMV665917, AN7973 is active against
both C. parvum and C. hominis in cell culture and shows promising
efficacy in both the acute and chronic murine models of
cryptosporidiosis but does not have a validated target in
Cryptosporidium. In the calf clinical model of cryptosporidiosis,
AN7973 demonstrated exceptional efficacy in reducing the total
parasite fecal excretion by >90% with complete elimination of
diarrhea and significant reduction in dehydration in treated calves.
Furthermore, the compound possesses favorable safety, stability, and
pharmacokinetic characteristics and does not inhibit hERG, a major
liability for development of other potential anti-cryptosporidial
therapeutics including BKIs and MMV665917 for the human
disease (Lunde et al., 2019).

Aminoacyl-tRNA synthetase inhibitors have emerged as
promising therapeutic candidates for targeting protein synthesis in
Cryptosporidium for the development of anti-cryptosporidial drugs
(Jain et al., 2017; Baragana et al., 2019; Buckner et al., 2019; Vinayak
et al., 2020). Amongst these compounds, only the potent
Cryptosporidium parvum methionyl-tRNA synthetase (CpMetRS)
inhibitor, compound 2093, has been tested in the neonatal calf
efficacy model of cryptosporidiosis so far (Hasan et al., 2021). In
dairy calves experimentally infected with C. parvum, compound 2093
initially reduced total oocyst shedding, diarrhea, and dehydration
during the first 4 days of infection but most treated calves relapsed
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later with a severe progressive disease indicating the likely emergence
of drug resistance. Sequencing analysis of parasite DNA extracted
from feces of relapsed animals revealed the presence of two mutant
parasite strains with different single amino acid substitutions in the
CpMetRS genomic locus that potentially conferred MetRS inhibitor
resistance. Further genome editing, structural modeling, and
enzymatic studies confirmed the spontaneous emergence of drug
resistant Cryptosporidium parasites, an alarming finding that
demands immediate attention (Hasan et al., 2021).

In addition to the above discussed compounds, several other
promising compounds have been unveiled in the last few years and
found to be effective in both in vitro and mouse models of
cryptosporidial infection. These include but are not limited to
benzoxaboroles (Swale et al., 2019; Bellini et al., 2020), 5-
aminopyrazole-4-carboxamide-based BKIs (Huang et al., 2019), C.
parvum prolyl-tRNA synthetase (CpPRS) inhibitors (Jain et al., 2017),
C. parvum lysyl-tRNA synthetase (CpKRS) inhibitors (Baragana et al.,
2019), C. parvum phenylalanyl-tRNA synthetase (CpPheRS)
inhibitors (Vinayak et al., 2020), piperazine derivatives (Oboh et al.,
2021), and glycolytic enzyme inhibitors (Li et al., 2019; Khan et al,
2022b). However, demonstration of efficacy and safety of these
compounds in the neonatal calf and gnotobiotic piglet infection
models is essential before further advancement to the next stages of
development. Nevertheless, availability of multiple potential anti-
cryptosporidial compounds is advantageous as a diverse pool of
candidate compounds would be needed to account for the high
attrition rate that is typical of drug development programs.

5 Vaccine development

Since efficacious anti-cryptosporidial drug options are currently
lacking, vaccines could be a relevant option for the control of this
disease. However, there are currently no vaccines available to prevent
cryptosporidiosis. In any case, humans and animals with healthy
immune systems suffer from a mild self-limiting illness and improve
without treatment. Therefore, it is unclear whether vaccination is
justified in these patient groups. However, vaccination could be
particularly useful in preventing cryptosporidiosis in neonatal
animals, immunocompromised individuals, and malnourished
children living in underdeveloped countries. An effective vaccine
should provide rapid long-lasting immunity in vaccinated
individuals and minimize disease in livestock with a reduction in
shedding of oocysts in feces thereby preventing the spread of the
disease. A degree of cross-protective immunity against multiple
species and subtypes, albeit less possible, will also be beneficial. The
most viable strategy would be to vaccinate cattle, as they are the most
significant contributors to contaminated manure globally (Vermeulen
et al., 2017). However, it might be difficult to generate protective
immunity in neonatal calves rapidly enough through active
vaccination (Thomson et al., 2017). Therefore, passive
immunization by transfer of anti-Cryptosporidium antibodies from
immunized dams to calves through colostrum is a feasible alternate
approach to protect them during the early days of life (Innes et al,
2020). Several immunogenic Cryptosporidium antigens, such as gp15,
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Cpl5, and Cp23 that are involved in attachment or penetration of
host cells, are being explored as vaccine candidates especially in the
form of a multivalent vaccine, incorporating multiple antigens or
antigenic epitopes (Mead, 2014; Innes et al., 2020). However, a major
obstacle to the development of vaccines is our current limited
understanding of the protective immune response against
Cryptosporidium infection (Checkley et al., 2015).

6 Concluding remarks

The target patient population for anti-Cryptosporidium drug
development is mainly comprised of young children, neonatal
calves, and immunocompromised patients. These groups frequently
suffer from co-morbidities due to their underdeveloped immunity or
immunodeficiency and thus, there is an increased likelihood of such
patients receiving other treatments. A highly safe pharmacological
profile with a minimal risk of drug-drug interactions is, therefore, a
key selection criterion for anti-Cryptosporidium drug candidates.
Establishment of in vitro safety profiles of candidate compounds
early in the drug development process is also crucial as it can help
researchers filter out compounds with potential toxicity issues before
they enter the costlier late stages of drug development. In addition to
safety-related pharmacological properties, assessment of the
absorption, distribution, metabolism, and excretion (ADME)
properties of a lead compound is also critical to its initial selection
and clinical success. Failure of translation of excellent in vitro efficacy
into in vivo clinical potency may be caused by insufficient drug
concentrations at the target site. Because cryptosporidiosis is
primarily an enteric disease, optimal local gastrointestinal
concentrations, in addition to systemic concentrations, might be
essential for in vivo anti-Cryptosporidium efficacy of the compounds
(Hulverson et al., 2017; Manjunatha et al., 2017; Stebbins et al., 2018;
Lunde et al., 2019).

Modern drug-discovery projects utilize either a phenotype-based
or target-based screening approach to identify lead candidate
compounds for further development. Cryptosporidium drug
discovery programs in the recent past have mostly used phenotypic
screening methods to successfully discover or repurpose compounds
with in vitro and in vivo activity against the parasite (Love et al., 2017;
Jumani et al., 2018; Lunde et al., 2019; Li et al., 2020; Khan et al,,
2022a). However, such an approach invariably results in the
identification of candidate compounds that are difficult to optimize
as their MMOA and structure-activity relationships (SAR) are
generally unknown. This inflexibility typically leads to higher failure
rates once a roadblock is reached in the drug development process. As
such, molecular target identification and validation by various genetic
and molecular “target deconvolution” methodologies are essential for
hits identified from phenotype-based screens (Swinney and
Anthony, 2011).

Another approach to anti-cryptosporidial drug discovery is to
target biochemical pathways that are unique to the parasite and at the
same time, essential for its survival, infection, or multiplication within
the host. This strategy has also been used for anti-Cryptosporidium
drug discovery, albeit less commonly than the phenotypic one. In the
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last few years, several enzymes have been identified as potential drug
targets, including calcium-dependent protein kinases (Van Voorhis
et al,, 2021), aminoacyl-tRNA synthetases (Jain et al., 2017; Baragana
et al,, 2019; Buckner et al., 2019; Vinayak et al., 2020), lipid kinase PI
(4)K (Manjunatha et al., 2017), and glycolytic enzymes (Witola et al.,
2017; Eltahan et al., 2018; Zhang et al., 2018; Eltahan et al., 2019; Li
etal, 2019; Velez et al., 2021; Khan et al., 2022b), among others. The
advantage with this approach is that discovery of drug candidates
with known MMOA and clearer SAR will create better opportunities
for structure-based drug optimization. Indeed, while phenotypic
screening has historically had more success in identifying first-in-
class drugs, target-based screening has produced more best-in-class
drugs (Swinney and Anthony, 2011). However, both approaches need
to go hand in hand to identify safe and efficacious anti-
Cryptosporidium lead compounds for further development.

Finally, the field will need to leverage the advantages of
combination therapy for animal and human cryptosporidiosis to 1)
increase the efficacy of treatment, 2) reduce the chances of host
toxicity, and 3) prevent the inevitable rise of drug resistance in the
future. As pointed out earlier in this review (Table 3), several drug
combinations tested in the past have yielded superior results than
monotherapy for treating Cryptosporidium infections in humans,
though the number of studies evaluating drug combinations in
animals is too small to draw a similar conclusion. Besides, given the
success of combination therapies for other related apicomplexan
diseases such as malaria, babesiosis, and toxoplasmosis, and the
alarming acquisition of spontaneous drug resistant mutations
during anti-cryptosporidial therapy by parasites in a recent study,
more focus should be put on testing drug combinations against
cryptosporidiosis in at-risk individuals.
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Diarrhea is a severe bovine disease, globally prevalent in farm animals with a
decrease in milk production and a low fertility rate. Cryptosporidium spp. are
important zoonotic agents of bovine diarrhea. However, little is known about
microbiota and short-chain fatty acids (SCFAs) changes in yaks infected with
Cryptosporidium spp. Therefore, we performed 16S rRNA sequencing and
detected the concentrations of SCFAs in Cryptosporidium-infected yaks.
Results showed that over 80,000 raw and 70,000 filtered sequences were
prevalent in yak samples. Shannon (p<0.01) and Simpson (p<0.01) were both
significantly higher in Cryptosporidium-infected yaks. A total of 1072 amplicon
sequence variants were shared in healthy and infected yaks. There were 11 phyla
and 58 genera that differ significantly between the two yak groups. A total of 235
enzymes with a significant difference in abundance (p<0.001) were found
between healthy and infected yaks. KEGG L3 analysis discovered that the
abundance of 43 pathways was significantly higher, while 49 pathways were
significantly lower in Cryptosporidium-infected yaks. The concentration of
acetic acid (p<0.05), propionic acid (p<0.05), isobutyric acid (p<0.05), butyric
acid (p<0.05), and isovaleric acid was noticeably lower in infected yaks,
respectively. The findings of the study revealed that Cryptosporidium infection
causes gut dysbiosis and results in a significant drop in the SCFAs concentrations
in yaks with severe diarrhea, which may give new insights regarding the
prevention and treatment of diarrhea in livestock.
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Introduction

The long-haired ruminant yak is a plateau bovine species living
in the 3000-5000 m high-altitude regions and is mostly found on the
Qinghai Tibet plateau (Li et al., 2022a). Diarrhea is a serious bovine
problem detected globally in livestock farms associated with a
decrease in fertility rate and milk production, especially neonatal
diarrhea is usually found with high morbidity and mortality (Han
et al.,, 2017; Li et al., 2019a; Lan et al., 2021)

Previously, studies revealed that diarrhea contributed to more than
50% of calf mortality in Canada (Smith et al., 2014), and affected 19% of
the cattle population in the USA (Smulski et al.,, 2020), which indeed
was the cause of huge economic detriment. Like other bovine animals,
diarrhea has been commonly reported in yaks (Diao et al., 2020; Cui
et al, 2022; Li et al,, 2022a). There have been many biological factors
which are associated for diarrhea and leading cause of death in calves
(Kim et al, 2021). Many pathogens like bovine viral diarrhea virus,
Noroviruses, Escherichia coli, Salmonella spp., and Cryptosporidium
spp. have been commonly observed in infected cattle (Meganck et al,,
2014; Cui et al, 2022). Among others, Cryptosporidium spp. are
important zoonotic protozoa infecting various animal species (Li
et al,, 2019b; Kandeel et al,, 2022), and are also generally recognized
as the primary agent of cattle diarrhea (Li et al,, 2019a; Li et al., 2019b).
A previous study reported that the infection of Cryptosporidium spp.
was an important issue in UK and Scotland (Smith et al., 2014). As yaks
and cattle species are economically important for native herdsmen in
China (Cheng et al,, 2022), infectious diseases like those caused by
Cryptosporidium spp. may not only affect animal health but are also
potential threats leading to public health concerns.

Intestine microbiota is composed of millions of complex and
diverse microorganisms, which contribute greatly to host health,
nutrition absorption, host metabolism, and immunological
development (Zeineldin et al., 2018). Previous studies demonstrated
that this bacteria was related to various diseases like Type 2 diabetes
(Martinez-Lopez et al,, 2022), acute pancreatitis (Mei et al., 2022),
obesity (Salazar et al.,, 2022), and diarrhea (Han et al., 2017; Zeineldin
et al,, 2018; Li et al,, 2022b). Short-chain fatty acids are metabolic
products of microbiota, which contribute to the cellular metabolism of
the host (Bachem et al, 2019), regulating immune function and
suppressing inflammatory reactions (Abdalkareem Jasim et al., 2022).
In our previous study, we observed prominent changes in intestinal
microbiota in a horse infected with Cryptosporidium spp. (Wang et al.,
2022). However, scarce information is available about microbiota and
SCFAs changes in plateau yaks infected with Cryptosporidium spp.
Therefore, this study was conducted to explore intestinal microbiota
and SCFAs response to natural Cryptosporidium infection in
plateau yaks.

Materials and methods
Samples

Fecal samples (n=40) were collected from free-ranged yaks in
Xining, Qinghai (North latitude 31°36°-39°19’, east longitude
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89°357-103°04") and examined for Cryptosporidium spp. by
employing nested PCR (Chen et al., 2022) and positive samples
were saved for further analysis. In this study, all the
Cryptosporidium spp. positive samples (n=4) with equal number
of negative samples (n=4) were sequenced and divided into infected
(INF) and healthy (H) groups, respectively.

DNA extraction and PCR ampilification

The extraction of total genomic DNA was performed by
utilizing a commercial TIANamp Stool DNA Kit (Tiangen
Biotech (Beijing) Co., Ltd, China) according to the product’s
specifications. Fecal DNA concentration, purification, and
quality examination were performed through NanoDrop 2000
UV-Vis spectrophotometer (Thermo Scientific, USA) and 1.2%
agarose gel electrophoresis, respectively. Then the hypervariable
regions of bacterial 16S rRNA gene (V3-V4) were amplified
using primers 338F and 806R as described in a previous study
(Wang et al., 2019). All PCR products were individually
subjected to agarose gel electrophoresis, gel extraction, and
purification using the PureLink'" PCR Purification kit
(InvitrogenTM, USA). Finally, the purified DNA products were
quantified by piloting QuantiFluor "-ST as guided by the
instruction manual (Promega, USA).

Library construction, Illumina miSeq
sequencing, and bioinformatics analysis

Library construction was carried out by employing
commercial Hieff NGS® OnePot 11 DNA Library Prep Kit for

Hlumina®

(Yeasen, China) according to the product’s
instructions, and sequenced through the Illumina NovaSeq
platform (Illumina, San Diego, USA). Quality control of
sequencing data was performed by employing QIIME2
(https://docs.qiime2.0rg/2019.1/) to generate amplicon
sequence variant (ASV) (Callahan et al.,, 2016) and taxonomy
table (Bokulich et al., 2018). Analysis of variance was performed
using ANCOM (Analysis of Composition of Microbiomes), One-
way ANOVA, Kruskal Wallis, LEfSe (LDA (Linear Discriminant
Analysis) score >2), DEseq2 (p<0.05 and log2 (FoldChange) > 2),
clustering heatmap (with Z-score > 0.5 or < -0.5) and
evolutionary tree (p<0.05) methods to reveal differences in
bacterial abundance among yak samples (Segata et al.,, 2011;
Love etal, 2014; Mandal et al., 2015). Microbial alpha diversities
analyses were performed through QIIME?2 by calculating indices
including observed OTUs, Chaol, Shannon, and Faith’s.
Microbial beta diversities of principal coordinate analysis
(PCoA), nonmetric multidimensional scaling (NMDS)
(Vazquez-Baeza et al., 2013), and partial least squares
discriminant analysis (PLS-DA) were carried out to explore the
structural variation of microbial communities across yak
samples. The evolutionary relation tree was constructed by
using ggtree in R package.
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Function analysis Grouping of yak microbiota in
different taxa
The potential KEGG Ortholog (KO) functional profiles of yak
microbiota was predicted with PICRUSt (Langille et al., 2013) by The sequence percentage in different taxa of group H and INF is
annotating with MetaCyc and ENZYME database. One-way  shown in Figure 2A. At the phylum level, the dominant phyla were
ANOVA was used to analyze the data, while Duncan test was  Firmicutes (69.61%), Proteobacteria (8.97%), and Actinobacteria
used as post-hoc test to measure the individual differences in  (8.72%) in group H, while Firmicutes (56.38%) and Bacteroidetes
microbial function between the yak groups with a p<0.05 as  (29.83%) were the main phyla in group INF (Figure 2B). At the class
statistically significant. level, Clostridia (51.13%) and Bacilli (17.28%) were the primary
classes in healthy yaks, while Clostridia (51.13%) and Bacteroidia
(29.83%) were the major classes in infected yaks (Figure 2C). At the
SCFAs detection order level, Clostridiales (51.13%), Lactobacillales (8.20%), and
Bacillales (8.10%) were the primary orders in healthy yaks, while
Clostridiales (51.04%) and Bacteroides (29.83%) were the main

The concentrations of SCFAs in fecal samples were detected by
orders in infected yaks (Figure 2D). At the family level, the main

employing GC-MS (Hsu et al., 2019; Zhang et al., 2019), and the

. : families were unclassified, Ruminococcaceae and Lachnospiraceae in
differences between yak groups were explored via t-test.

groups H and INF (Figure 2E). At the genus level, unclassified

(52.06%), Pseudomonadaceae Pseudomonas (6.13%), and

Lo . Lactobacillus (6.00%) were the dominating genera in healthy yaks,
Statistical analySIS while unclassified (69.25%), Prevotellaceae Prevotella (5.13%) and
Arthrobacter (2.45%) were the main genera in infected yaks

The differences between different yak groups were calculated by (Figure 2F). At the species level, the main bacteria in group H
the chi-square test piloting IBM SPSS Statistics (SPSS 22.0). Pvalues  ere unclassified (87.85%), Veronii (6.11%), and Alactolyticus
< 0.05 were considered as statistically significant. (1.66%), while unclassified (95.15%), Flavefaciens (1.50%) and
Veronii (1.12%) were the main bacteria in group INF (Figure 2G).

Results
Shifts of yak microbiota infected
Analysis of 16S rDNA sequencing data by Cryptosporidium
In the current study, over 80,000 raw and 70,000 filtered To reveal the microbiota difference between healthy and

sequences were obtained in yak samples. The non-chimeric infected yaks, beta diversity analysis was carried out through
sequences ranged from 62,133 to 73,453 in healthy yaks, and =~ NMDS, PCoA, Qiime 2f, and PCA analysis. The results showed a
68,173 to 74,350 in infected yaks (Table 1). There were a total of  huge difference in composition and structure between samples from
1072 shared ASVs between the healthy (group H) and infected  group H and group INF animals (Figure 3). To explore the
(group INF) groups. (Figure 1A). Alpha diversity index analysis  microbiota changes caused by Cryptosporidium in different taxa, a
showed that there was no significant difterence in chaol, faith, and  clustering heatmap (top 20 abundance) and evolutionary tree (top
observed features between group H and INF, respectively. Shannon 50 abundance) with heat map analysis were plotted. The results
(p<0.01) and Simpson (p<0.01) were both significantly higher in  revealed that at the order level, infected yaks showed an abundance
group INF than in group H (Figure 1B). of Bacteroidia and Deltaproteobacteria, while healthy animals

TABLE 1 The sequence data statistic analysis.

samples | input | filtered percentage of input denoised | merged percentage of non- percentage of i'nput
passed filter input merged chimeric non-chimeric
H1 93773 86437 92.18 82758 76547 81.63 73453 78.33
H2 88135 81010 91.92 77501 71312 8091 67743 76.86
H3 91889 85557 93.11 82297 76216 82.94 72913 79.35
H4 80446 74466 92.57 71353 65482 81.4 62133 77.24
INF1 89759 83135 92.62 78940 72488 80.76 68173 75.95
INF2 92942 86291 92.84 82357 75217 80.93 71848 77.3
INF3 89810 83187 92.63 80203 75295 83.84 74350 82.79
INF4 88245 81820 92.72 78721 73786 83.61 71099 80.57
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ASV venn map and Alpha diversity index analysis. (A) Venn map, (B) Alpha diversity index. ** refers to significance level, p<0.05.
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Statistical analysis of yak microbiota in different taxa. (A) Sequence percentages in different taxa, (B) Phylum, (C) Class, (D) Order, (E) Family,

(F) Genus, (G) Species.
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showed abundance of Bacilli, Erysipelotrichi, Betaproteobacteria,
Alphaproteobacteria, and Nitriliruptoria as expressed in the
clustering heatmap. The evolutionary tree also showed an obvious
abundance difference in Betaproteobacteria, Fibrobacteria, SJA_176,
4C0d_2, Nitriliruptoria, Clostridia, and Bacilli between groups H
and INF (Figure 4A). At the order level, the clustering heatmap
revealed significant differences in the abundance of Bacteroidales,
Lactobacillales, Burkholderiales, Erysipelotrichales, YS2,
Turicibacterales and Enterobacteriales between healthy and
infected animals. Evolutionary tree detected remarkable
differences in the abundance of Oceanospirillales, Burkholderiales,
Enterobacteriales, Fibrobacterales, Turicibacterales, RB046, YS2,
Nitriliruptorales, Clostridiales and Lactobacillales between healthy
and infected animals (Figure 4B). At the family level, there was a
noteworthy difference of Clostridiaceae, Prevotellaceae,
Lactobacillaceae, Peptostreptococcaceae, BS11, Christensenellaceae,
Oxalobacteraceae, Paraprevotellaceae, Streptococcaceae and
Erysipelotrichaceae between groups H and INF as revealed by
the clustering heatmap. Evolutionary tree analysis showed a
clear difference of Halomonadaceae, Oxalobacteraceae,
Enterobacteriaceae, Streptococcaceae, Peptostreptococcaceae,
Turicibacteraceae, Dietziaceae, Sanguibacteraceae,
Nitriliruptoraceae, Christensenellaceae, Clostridiaceae and

Frontiers in Cellular and Infection Microbiology

Lactobacillaceae between healthy and infected yaks (Figure 4C).
At the genus level, interesting difference of Lactobacillus,
Prevotellaceae_Prevotella, Ralstonia, Streptococcus, SMB53,
Turicibacter, and Adlercreutzia was found between the two
yak groups. Evolutionary tree analysis demonstrated that the
abundance of Halomonadaceae, Oxalobacteraceae,
Streptococcaceae, Clostridiaceae, Turicibacteraceae, Planococcaceae,
Erysipelotrichaceae, Sanguibacteraceae, Coriobacteriaceae,
Paraprevotellaceae, Ruminococcaceae, Lachnospiraceae,
Clostridiaceae, Lactobacillaceae and Lachnospiraceae were
significantly different between the two yak groups (Figure 4D). At
the species level, the abundance of alactolyticus, celatum, reuteri,
butyricum, ruminicola, prausnitzii, biforme, p_1630_c5, and
aerofaciens were noticeably different in groups H and INF.
Evolutionary tree analysis uncovered that the abundance of
alactolyticus, ruminis, p_1630_c5, biforme, umbonata, aerofaciens,
prausnitzii, butyricum, celatum and reuteri were significantly
different between healthy and infected animals (Figure 4E).

To further uncover the marker bacteria between healthy and
Cryptosporidium-infected yaks, we performed one-way ANOVA
and Kruskal Wallis tests to determine the significance of the
difference and depicted results by DESeq 2 volcano diagram and
LEfSe chart, respectively. Results showed that at the phylum level,
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FIGURE 3
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Beta diversity analysis between yak groups. (A) NMDS, (B) PCoA, (C) Qiime 2, (D) PCA.
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Clustering heatmap and evolutionary tree with heat map analysis of yak microbiota in different taxa. (A) Class, (B) Order, (C) Family, (D) Genus,

(E) Species.

the abundance of SR1 (p<0.0001), Bacteroidetes (p<0.0001),
Armatimonadetes (p<0.0001), Fibrobacteres (p<0.01), and
Synergistetes (p<0.01) were visibly higher in infected yaks, while
Cyanobacteria (p<0.0001), Proteobacteria (p<0.0001),
Armatimonadetes (p<0.0001), Euryarchaeota (p<0.0001),
Actinobacteria (p<0.01), Firmicutes (p<0.01), and Elusimicrobia
(p<0.05) were significantly lower (Figure 5A). At the genus level,
the abundance of YRC22 (p<0.0001), Prevotellaceae_Prevotella
(p<0.0001), CF231 (p<0.0001), L7A_E11 (p<0.0001), BF311
(p<0.0001), Desulfovibrio (p<0.0001), Succiniclasticum (p<0.0001),
Desemzia (p<0.0001), Anaerovorax (p<0.0001), Pseudobutyrivibrio
(p<0.0001), Acinetobacter (p<0.0001), Fibrobacter (p<0.0001),
Ruminococcaceae_Ruminococcus (p<0.0001), Anaerorhabdus
(p<0.0001), Treponema (p<0.0001), Selenomonas (p<0.001),
Clostridium (p<0.001), Shuttleworthia (p<0.001), Dehalobacterium
(p<0.001), TG5 (p<0.01), unclassified (p<0.01), Anaerostipes
(p<0.01), Syntrophomonas (p<0.01), Brachymonas (p<0.01),
Pyramidobacter (p<0.01), SHD_231 (p<0.05), Butyrivibrio
(p<0.05), Desulfobulbus (p<0.05), RFN20 (p<0.05), and
Anaerofustis (p<0.05) were significantly higher in infected yaks,
while Turicibacter (p<0.0001), Lactobacillus (p<0.0001),
Sporosarcina (p<0.0001), Ralstonia (p<0.0001), Akkermansia
(p<0.001), Streptococcus (p<0.001), Methylobacterium (p<0.01),
Adlercreutzia (p<0.01), Faecalibacterium (p<0.01), Roseburia

Frontiers in Cellular and Infection Microbiology

(p<0.01), Paenibacillus (p<0.01), Methanosphaera (p<0.01),
(p<0.01),
Peptostreptococcaceae_Clostridium (p<0.01), Slackia (p<0.01),
Cupriavidus (p<0.01), Halomonas (p<0.01), Gemmiger (p<0.01),
Dietzia (p<0.01), Blautia (p<0.05), Agrobacterium (p<0.05),
Nesterenkonia (p<0.05), Sanguibacter (p<0.05),
Phascolarctobacterium (p<0.05), Actinomycetospora (p<0.05),
Bifidobacterium (p<0.05), SMB53 (p<0.05), and Dorea (p<0.05)
were significantly lower in infected animals (Figure 5B).

Pseudomonadaceae_ _Pseudomonas

Cryptosporidium infection potentially
affected the microbiota function of yaks

The prediction of yaks” microbiota function was carried out by
PICRUSt2, and the functional difference between yaks was explored
by using one-way ANOVA and Duncan test through R language as
previously reported (Zhai et al., 2020). A total of 235 enzymes with a
significant difference in abundance (p<0.001) were found between
healthy and infected yaks, with 119 higher and 116 lower
abundance enzymes in INF yaks (Figure 6A). Only one different
MetaCys pathway of pentose phosphate pathway (non-oxidative
branch) was found between the two yak groups (Figure 6B). KEGG
L1 analysis found that the abundance of genetic information
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FIGURE 5

Cryptosporidium infection changes microbiota in different taxa through DESeq 2 volcano plot and LEFSe analysis. (A) Phylum, (B) Genus.

processing was prominently higher in infected yaks, while cellular
processes and environmental information processing were
significantly lower (Figure 7A). KEGG L2 analysis revealed that
the abundance of biosynthesis of other secondary metabolites,
glycan biosynthesis, and metabolism, metabolism of cofactors and
vitamins, and nucleotide metabolism were remarkably higher in
INF yaks, while amino acid metabolism, chemical structure
transformation maps, lipid metabolism, metabolism of other
amino acids, xenobiotics biodegradation, and metabolism were
conspicuously lower (Figure 7B). KEGG L3 analysis discovered
that the abundance of 43 pathways was significantly higher in INF
yaks, while 49 pathways were significantly lower (Figure 7C).

Cryptosporidium infection decreased the
concentration of SCFAs in yaks

The concentration of acetic acid (p<0.05), propionic acid
(p<0.05), isobutyric acid (p<0.05), butyric acid (p<0.05) and
isovaleric acid was significantly lower in infected yaks,

respectively, while there was no significant difference of valeric
acid and caproic acid between H and INF groups (Figure 8).

Discussion

Cattle diarrhea is still an important worldwide issue on farms,
despite observing advanced preventive measures such as herd
management, animal facilities and care, feeding and nutrition, and
timely medication (Wei et al,, 2021). The infectious Cryptosporidium
was one of the main causative agents of diarrhea with limited available
effective treatments (Li et al., 2019a). The harsh climatic conditions
with heavy snowfall in the long frigid season (from October to May,
with average temperature —15 to —5°C) didn’t permit collection of
many samples in the Plateau region. Also, very few positive samples
(n=4) were observed out of total collected samples (n=40) in the
present study. However, a prevalence as low as 1.3% of
Cryptosporidium spp. positive samples has been reported in yaks in
China region (Li et al., 2020). Moreover, despite the harsh climatic
conditions and the low number of positive samples available for

FIGURE 6

S

Cryptosporidium infection affected enzyme and MetaCys pathway abundance of yaks. (A) Enzyme (p<0.001), (B) MetaCys (p<0.05). "a, b" are showing

significance relation.
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Cryptosporidium infection potentially affected the microbiota function of yaks. (A) KEGG L1 (p<0.05), (B) KEGG L2 (p<0.05), (C) KEGG L3 (p<0.05).

"a, b" are showing significance relation.
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FIGURE 8

Concentration of SCFAs in yaks. Significance is presented as *p < 0.05; data are presented as the mean + SEM (n = 4).

analysis, this number was above the minimum required for high
throughput sequencing, and validation of changes of the microbiota
(Ray et al, 2019). In the current study, we performed 16S rDNA
sequencing of fecal samples collected from healthy and
Cryptosporidium-infected yaks. Results showed that Cryptosporidium
infection increased the alpha diversity index of Shannon (p<0.01) and
Simpson (p<0.01) (Figure 1B), which demonstrated the increased
microbiota complexity of infected animals. The current results are in
line with our previous results found in Cryptosporidium-infected horses
(Wang et al,, 2022). Beta diversity analysis through NMDS, PCoA,
Qiime 23, and PCA analysis revealed microbiota differences between
healthy and infected yaks (Figure 3), which were confirmed by
comparing the dominating gut microbiota in different taxa
(Figures 2, 4). Then we explored the significantly different bacteria
between the H and INF groups through DESeq 2 volcano diagram and
LEfSe chart analysis. The results showed that a total of 11 phyla and 58
genera were significantly different (Figure 5), which is in accordance
with the previously reported results in a study conducted on infected
people and horses (Chappell et al., 2016; Wang et al., 2022). The
increased genera in yaks were in line with previous studies that found a
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higher abundance of Desulfovibrio and Butyrivibrio in colitis patients
(Berry and Reinisch, 2013; Gryaznova et al.,, 2021),
Prevotellaceae_Prevotella in diarrheic pigs (Yang et al, 2017),
Anaerovorax in slow growth performers in nursery pigs (Zhai et al,
2020), Succiniclasticum in LPS induced dual-flow continuous culture
system (Dai et al., 2019), Pseudobutyrivibrio in chronic kidney people
(Wu et al,, 2020), Anaerorhabdus in pulmonary fibrosis persons (Tong
etal, 2019), Selenomonas in gastric cancer patients (Zhang et al., 2021),
Anaerostipes in diabetic nephropathy patients (Du et al., 2021),
Pyramidobacter in endoscopic sphincterotomy surgery gallstone
patients (Shen et al., 2021), and Anaerofustis in Alzheimer people
(Hou et al,, 2021). The genus of Acinetobacter is an underrated food-
borne pathogen (Amorim and Nascimento, 2017). A previous study
found Acinetobacter in acute diarrhea of children (Polanco and Manzi,
2008). The genus of Treponema is the main pathogen in bovine
dermatitis (Mamuad et al., 2020), Clostridia are clinical species and
some of them may cause severe infections like colitis (Sanchez Ramos
and Rodloff, 2018). Those increased genera may have contributed
greatly to diarrhea caused by Cryptosporidium. The lower abundance of
genera in yaks was in accordance with the results revealing Turicibacter
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and Lactobacillus in Salmonella-infected pigs (Garrido et al,, 2021),
Akkermansia and Roseburiain in colitis in mouse (Bu et al., 2021; Li
et al., 2021), Adlercreutzia in influenza virus-infected mouse (Lu et al.,
2021), Faecalibacterium in pre-eclampsia people (Chen et al., 2020),
Methanosphaera in sheep without treatment of anthelmintic (Moon
etal,, 2021), Slackia in Vogt-Koyanagi-Harada patients (Li et al., 2022a;
Li et al,, 2022b), Gemmiger in immune-mediated inflammatory people
(Forbes et al, 2018), and Dorea in HIV patients (Xu et al, 2021).
Those deficient genera in Cryptosporidium-infected animals may be
the reason for diarrhea in yaks. The genus of Cupriavidus was related
to mycotoxin biodegradation (AL-Nussairawi et al., 2020), and
the dropped Cupriavidus in yaks may affect mycotoxin metabolism
in yaks. The previous study uncovered probiotics of Dietzia as
a new therapy for Crohn’s disease (Click, 2015), and Blautia,
Phascolarctobacterium, and Bifidobacterium are probiotic genera
(Papizadeh et al., 2017; Chen et al., 2021; Liu et al,, 2021), which
demonstrated that Cryptosporidium led diarrhea may be due to the
decrease of probiotics in the microbiota.

The shifted intestine microflora also changed their functions, as
235 significantly different enzymes were found between healthy and
infected yaks (p<0.001) (Figure 6A). Only one obvious different
MetaCys pathway of pentose phosphate pathway (non-oxidative
branch) was found between the two yak groups (Figure 6B). Also,
KEGG L3 analysis discovered that the abundance of 92 pathways
was significantly different between healthy and infected animals
(Figure 7C). Those results may infer that Cryptosporidium broke the
balance of gut microbiota, which affected the microbiota function
and caused diarrhea in yaks.

In the present study, significantly lower concentrations of SCFAs
were found in Cryptosporidium-infected animals (Figure 8),
consistent with yak diarrhea (Li et al., 2022a), LPS-induced piglets
(Yang et al, 2021), and dextran sulfate sodium-induced colitis in
mouse (Xu et al, 2020). SCFAs play very important roles in host
physiology and energy homeostasis (Chambers et al., 2018). Among
them, acetate and propionate can provide energy to peripheral tissues
(den Besten et al,, 2013). A previous study reported that acetate was
responsible for maintaining intestine barrier integrity by inhibiting
pathogens infection (Skonieczna-Zydecka et al, 2018). In a recent
study, it was found that acetate could regulate IgA reactivity
(Takeuchi et al, 2021), and propionate contributed to intestinal
epithelial turnover and repair (Bilotta et al., 2021). Butyrate is
highly related to intestine structure, energy providing to epithelial
cells, and regulates immune function (Abdalkareem Jasim et al,
2022). Isobutyric acid and isovaleric acid may be related to mucosal
and inflammation responses (Li et al, 2022a). Therefore, the
decreased SCFAs in Cryptosporidium-infected yaks might have
affected the intestinal barrier and immunity of the host (Aho et al,
2021), which potentially caused diarrhea in plateau yaks.

In conclusion, Cryptosporidium is an important zoonotic
protozoon causing severe diarrhea in young animals; however,
limited treatment measures are available. Here we reveal that
Cryptosporidium infection causes dysbiosis and results in reduced
SCFAs in yaks with severe diarrhea, which may give new insights
regarding the prevention and treatment of diarrhea in livestock. The
low sample size remains the limitation of our study.
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Introduction: Malaria and Babesiosis are acute zoonotic disease that caused by
infection with the parasite in the phylum Apicomplexa. Severe anemia and
thrombocytopenia are the most common hematological complication of
malaria and babesiosis. However, the mechanisms involved have not been
elucidated, and only a few researches focus on the possible role of anti-
erythrocyte and anti-platelet antibodies.

Methods: In this study, the Plasmodium yoelii, P. chabaudi, Babesia microti and
B. rodhaini infected SCID and ICR mice. The parasitemia, survival rate, platelet
count, anti-platelet antibodies, and the level of IFN-yand interleukin (IL) -10 was
tested after infection. Furthermore, the P. yoelii, P. chabaudi, B. rodhaini and B.
microti infected ICR mice were treated with artesunate and diminaze, the
development of the anti-erythrocyte and anti-platelet antibodies in chronic
stage were examined. At last, the murine red blood cell and platelet
membrane proteins probed with auto-antibodies induced by P. yoelii, P.
chabaudi, B. rodhaini, and B. microti infection were characterized by
proteomic analysis.

Results and discussion: The high anti-platelet and anti-erythrocyte antibodies
were detected in ICR mice after P. yoelii, P. chabaudi, B. rodhaini, and B. microti
infection. Actin of murine erythrocyte and platelet is a common auto-antigen in
Plasmodium and Babesia spp. infected mice. Our findings indicate that anti-
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erythrocyte and anti-platelet autoantibodies contribute to thrombocytopenia
and anemia associated with Plasmodium spp. and Babesia spp. infection. This
study will help to understand the mechanisms of malaria and babesiosis-related
thrombocytopenia and hemolytic anemia.

KEYWORDS

malaria, Babesiosis, thrombocytopenia, anemia, anti-erythrocyte auto-antibodies, anti-
platelet auto-antibodies

Introduction

The intraerythrocytic apicomplexan parasites Plasmodium and
Babesia spp. cause malaria and babesiosis, respectively. Malaria and
babesiosis are accountable for significant mortality and morbidity to
humans and animals globally (Zoleko Manego et al., 2019; Zottig
and Shanks, 2021; Zowonoo et al., 2023). Thrombocytopenia and
anemia, are common symptoms of malaria and Babesia spp.
infection (Yuan-Yuan et al, 2016; Yu et al, 2021; Waked and
Krause, 2022). It has been reported that acute malaria infection is
associated with autoimmune hemolytic anemia (AIHA), but it has
not been well characterized. The symptom of AIHA include
shortened red blood cells (RBCs) survival as well as the
autoantibodies found in direct antiglobulin tests (DATs). DATSs
test complement C3d and/or immunoglobulins against autologous
RBCs (Santos et al., 2020; Rajapakse and Bakirhan, 2021; Sporn
et al., 2021; Ueda, 2022).

Anemia and thrombocytopenia are the most common
hematological complications of malaria and babesiosis. Several
studies have documented a high rate of thrombocytopenia in
malaria patients. Over the past four decades, research has been
conducted on the malaria thrombocytopenia, however, the exact
mechanism behind this phenomenon remains unclear (Zumla and
Hui, 2019; Tao et al., 2020; Totkacz et al., 2021; Vanheer and
Kafsack, 2021; Voisin et al., 2021; Zottig and Shanks, 2021).
Thrombocytopenia in malaria is a multifactorial phenomenon
likely caused by increased platelet destruction and consumption.
The explanation for malaria-induced thrombocytopenia has been
proposed by several authors (Coelho et al., 2013). There was some
research suggested that the low level of platelet count in malaria
might be because of apoptosis and/or activation of platelets.
However, immune complexes elicited by malarial antigen may
also be able to sequester injured platelets in the spleen and then
be phagocytosed by splenic macrophages (Thapa et al., 2009;
Lacerda et al, 2011; Zhan et al, 2019). The immune system
attacks platelets resulting in immune thrombocytopenia (ITP).
There are a few tests available to test antibodies against platelets
(Michel et al., 2002). A majority of IgG subclasses are found bound
to platelets in ITP. It may be useful to test for platelets-bound IgG in
patients with thrombocytopenia.

Plasmodium yoelii and P. chabaudai are widely used as murine
models to identify parasite induced immune responses. Babesia
rodhaini and B. microti have been served as useful experimental
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model in mice for the analysis of human babesiosis (Rizk et al.,
2020; Ji et al, 2021; Li et al, 2022). Anti-erythrocyte and anti-
platelet autoantibodies producing is the crucial step between
hematological complication and the host defense mechanisms
after Plasmodium and Babesia spp. infection. To investigate the
development of anti-erythrocyte and anti-platelet auto-antibodies
and identify the related auto-antigens, in this study, the anti-
erythrocyte and anti-platelet auto-antibodies were detected in
Plasmodium and Babesia spp. infected mice, and the mechanism
of antibody-mediated hemolytic anemia and thrombocytopenia
were investigated.

Materials and methods
Mice ethics statement

From Central Institute for Experimental Animals (CIEA) in
Japan, we purchased 6-week-old female ICR mice as well as C.B-17/
Icr-scid/scid (SCID) mice. In accordance with the research protocol,
the experimental animals were handled under the permit issued by
Obihiro’s Animal Care and Use in Research Committee
Promulgated by Obihiro University of Agriculture and Veterinary
Medicine, Japan (Permit Number: 201109-5).

Maintenance of the parasites and
mice infections

Plasmodium yoelii, P. chabaudi, B. rodhaini and B. microti were
maintained in mice by intraperitoneal (i.p.) passage as previously
described (Li et al., 2012). SCID mice are severely combined
immunodeficient mice. The weight of the thymus, spleen, and
lymph nodes was less than 30% of normal, and histologically
there were significant lymphocyte defects. To determine the role
of B and T lymphocytes in the protection against infection with P.
yoelii, P. chabaudi, B. rodhaini and B. microti, four groups of SCID
mice were also infected with P. yoelii, P. chabaudai, B. rodhaini and
B. microti by i.p. inoculation with 107 of parasitized erythrocytes
(pRBCs). At the same time, four groups of ICR mice were infected
with P. yoelii, P. chabaudai, B. rodhaini and B. microti as
mentioned above.
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Determination of survival rates
and parasitemia

The survival rates and parasitemia of these groups of mice were
monitored after P. yoelii, P. chabaudi, B. rodhaini and B. microti
infection. The parasitemia of each mouse was tested by Giemsa-
stained thin blood films. The blood samples from the ICR and SCID
mice were serially collected every two days post-infection (dpi). The
plasma was separated from RBCs by centrifuge (3000 r/min, 3 min),
the RBCs and plasma were stored at -70°C until use.

Detection of serum cytokines

The blood samples from the ICR and SCID mice infected with
P. yoelii, P. chabaudi, B. rodhaini and B. microti were serially
collected. The plasma was separated and used to detect the serum
cytokines. A standard curve was used to determine the
concentration of individual cytokines in the samples by using
enzyme-linked immunosorbent assay (ELISA) kits. According to
the manufacturer’s instructions, standard curves were prepared
with mouse recombinant IFN-y and interleukin (IL) -10 (Cusabio
Biotech Co., Germany) according to the manufacturer’s
instructions. Double-antibody one-step sandwich ELISA
was used. The samples, standard products, and HRP labeled
detection antibodies were added into the coated micropores pre-
coated with antibodies, incubated and thoroughly washed. Substrate
TMB was added to the micropores for color development. The
depth of the color is positively correlated with the concentration of
the substance in the sample. The absorbance (OD value) was
measured at 450 nm wavelength and the sample concentration
was calculated.

Establishment of chronic infection

The mice should survive for more than 60 days to monitor the
anti-erythrocyte and anti-platelet autoantibody level during
infection. Therefore, we established the chronic infection and
tried to extend the survival period of the Plasmodium and
Babesia spp. infected mice. P. yoelii, P. chabaudi, B. rodhaini
and B. microti were infected to 5 ICR mice for each group. The
Plasdodium spp. infected-mice were treated by Artesunate, and the
Babesia spp. infected-mice were treated by Diminazen for collecting
the chronic stage serum. The parasitemia of each mouse was
assessed every 2 days for 60 days. In order to determine the
parasitemia percentage, thin blood smears were prepared, fixed in
methanol, and stained for 30 minutes with 10% Giemsa solution.
The level of parasitemia was estimated according to the matching
method. A serial blood sample was collected from the ICR mice
every two days. The plasma and RBCs were harvested and stored at
-70°C until use.
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Platelets and red blood cells (RBCs)
membrane isolation

Isolated platelets and RBC membranes were used for ELISA and
two-dimensional LC and MS assays. To generate platelet-rich
plasma (PRP), whole blood was centrifuged for 10 minutes at 200
x g. Platelets were acidified with citric acid 0.15 M until pH 6.4, then
prostaglandin E-1 (PGE-1) was added at 1 mg/mL to prevent
aggregation and activation.

After centrifugation, the pellet was resuspended in phosphate
buffered saline (PBS). The whole blood was spun to separate
packed red cells. To isolate host erythrocyte membrane, packed
erythrocytes were extensively washed and lysed. The packed
erythrocytes were washed in a ten-fold volume of 1X PBS. For the
remaining steps, the washed cells were placed on ice. The washed
RBC pellets were lysed with cold lysis buffer; after that, the lysis was
spun on a Beckman Coulter ultracentrifuge, and five washes were
performed after removing the supernatant. The resulting host
membranes were collected and frozen at 70 °C.

Detection of anti-erythrocyte and
anti-platelet antibodies

The platelets and RBC membrane were washed two times, 100
ng of platelets and RBC membrane were coated in each well to
detect of anti-erythrocyte and anti-platelet antibodies. After
blocking, the mice serum collecting at all time points was added
(50 pL/well, 100-time diluted) after incubating 1 hour and washing.
We add 50 uL/well of a 1:2000 dilution in blocking buffer of HRP-
labelled 2nd antibody. ELISA reader was used to read absorbance at
450 nm after incubation with stop solution. The quantity of
erythrocyte and platelet-associated immunoglobulin IgM, IgG,
IgGl, IgG2a, and IgG2b in plasma were determined by using the
ELISA Kkit.

Two-dimensional electrophoresis (2-DE)
and Western blot analysis

The purified platelets and RBC membrane proteins were
treated separately with DTT and iodoacetamide, and digested
with trypsin. The sample was loaded on IPG strip, rehydration
and focusing steps were run with isoelectric focusing carried out
simultaneously over 17 hours at a total voltage of 35 kV/h. Second-
dimension electrophoresis was performed at 200 volts for 45-50
minutes with Criterion precast gels. In the next step, colloidal
Coomassie blue was used to stain the 2DE gels, followed by acetic
acid to destain them. At the same time, 2DE gels were detected by
Western blot using a mouse serum (diluted 1:100), which was
generated in the laboratory by infecting with Plasmodium spp. and
Babesia spp.
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Trypsin digestion and two-dimensional LC
with MS/MS

In each gel, selected spots were manually removed and
dehydrated with acetonitrile for 10 minutes before being dried
with a Speed-Vac system. After overnight incubation, each dried
protein spot was pipetted with trypsin solution and incubated. A
Speed-Vac system was used to dry the supernatants after each step.
The peptides were solubilized in 0.5% formic acid using an
ultrahigh-performance liquid chromatography system. A reverse
phase column Pepmap C18 was used for peptide separation. The
most abundant peptides were analyzed by mass spectrometry (MS)
using a continuous MS scan followed by 10 times analyses. The

10.3389/fcimb.2023.1143138

Mascot search engine was used to identify proteins in the NCBI
Genbank database. The contaminants were excluded during
the process.

Statistical analysis

An analysis of one-way Analysis of variance test was used to
determine if there were any significant differences between the
means of all variables (GraphPad Prism 5; GraphPad Software,
Inc.). The significance of P-values was denoted as follows: ns, non-
significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; and ****, p
< 0.0001.
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FIGURE 1

Parasitemia and survival rates, platelet counts and anti-platelet antibody of ICR mice and SCID mice after Plasmodium yoelii, P. chabaudi, Babesia
rodhaini and B. microti challenge infection. (A—D) Parasitemia profiles of P. yoelii, P. chabaudi, B. rodhaini and B. microti infected ICR mice and SCID

mice. (B—H) Survival rates of P. yoelii, P. chabaudi, B. rodhaini and B. microti

infected ICR mice and SCID mice. (I-L) Platelet counts of P. yoelii, P.

chabaudi, B. rodhaini and B. microti infected ICR mice and SCID mice. (M—P) anti-platelet antibody of P. yoelii, P. chabaudi, B. rodhaini and B.
microti infected ICR mice and SCID mice. |.p. inoculations infected test mice with 107 of parasitized erythrocytes (pRBCs). The results are expressed
as mean value + the SD for five mice. The significance of P-values was denoted as follows: ns, non-significant; *, p < 0.05; **, p < 0.01; ***, p <

0.001; and **** p < 0.0001.
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FIGURE 2

Kinetics of serum cytokines of ICR mice and SCID mice after P. yoelii, P. chabaudi, B. rodhaini and B. microti challenge infection. (A—D) Production
of IFN-v. (E=H) Production of IL-10 post challenge infection with P. yoelii, P. chabaudi, B. rodhaini and B. microti. The results are expressed as mean
value + the SD for five mice. The significance of P-values was denoted as follows: ns, non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; and

**** p < 0.0001.

Results

Thrombocytopenia and parasitemia
after Plasmodium spp. and Babesia
spp. infection

To determine the role of B and T lymphocytes during lethal
infection with Plasmodium spp. and Babesia spp, the immune
sufficient ICR mice and SCID mice were infected with P. yoelii, P.
chabaudi, B. microti and B. rodhaini. The percentage parasitemia,
survival rate, platelet count and anti-platelet autoantibodies were
tested (Figures 1A-P). In the group that infected with P. yoelii and
B. Rodhaini, all the infected mice died within ten days (Figures 1B,
]); parasitemia was similar in ICR and SCID mice (Figures 1A, I).
The low survival rate was correlated with the high percentage of
parasitemia. In the group that was infected with P. chabaudi and B.
microti, all the mice were alive for more than 20 days (Figures 1F,
N); parasitemia was similar in P. chabaudi-infected ICR and SCID
mice (Figures 1G, O), the parasitemia in B. microti-infected ICR
and SCID mice was significant different after 20 days infection
(P<0.05). Both ICR and SCID mice developed rapid increases in
parasitemia within one week of infection (Figures 1E, M).
Compared with the SCID mice, high anti-platelet autoantibodies
were found in P. yoelii, P. chabaudi, B. microti and B. rodhaini
infected ICR mice (P<0.05). Furthermore, negative correlation
existed between platelet count and anti-platelet in P. yoelii
(Figures 1C, D), P. chabaudi (Figures 1G, H), B. rodhaini
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(Figures 1K, L) and B. microti (Figures 10, P) infected ICR mice.
The concentration of individual cytokines in Plasmodium and
Babesia spp. infected mice has been tested (Figures 2A-G).
Likewise, detectable IFN-y and IL-10 levels were lower in SCID
mice (P<0.01) than those detected in ICR mice at days 5 and 7 post
challenge with P. yoelii and B. rodhaini (Figure 2H). According to
these findings, the anti-platelet autoantibodies induced by
Plasmodium spp. and Babesia spp infection might be impaired by
B and T lymphocytes.

The Plasmodium spp. and

Babesia spp. infection induces
the production of anti-erythrocyte
and anti-platelet autoantibodies

To examine the possible contribution of anti-erythrocyte and
anti-platelet autoantibodies in thrombocytopenia and hemolytic
anemia caused by lethal infection with Babesia spp. and
Plasmodium spp. The chronic Babesia spp. and Plasmodium spp.
infections were established by administering artesunate and
diminaze to infected-ICR mice. The trend of parasitemia was
similar in Babesia spp. and Plasmodium spp. infected mice, and
hematocrit and parasitemia were negatively correlated (Figures 3A-
H). The IgM and IgG reached to the highest level after reaching
high parasitemia (Figures 3A-D). These results indicated that
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Plasmodium spp. and Babesia spp. infection lead to the destruction
of RBCs and the production of anti-erythrocyte autoantibodies may

not be the important reason for anemia. The platelet counts

significantly decreased in the mice infected with Plasmodium spp.

and Babesia spp. Moreover, IgM and IgG levels negatively
correlated with platelet count (Figures 3E, F). Thus, anti-platelet
auto-antibodies may be the cause of thrombocytopenia.

The IgG isotypes of anti-erythrocyte and
anti-platelet autoantibodies

The infected mice produced a high amount of anti-platelet and

anti-erythrocyte IgG2a and a low amount of IgGl and IgG2b after
Plasmodium spp. and Babesia spp. infection. The anti-erythrocyte
IgG2a was detectable ten days after infection and peaked between 22
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The production of anti-erythocyte and anti-platelet IgG1, IgG2a, 1gG2b of of chronically P. yoelii, P. chabaudi, B. rodhaini and B. microti infected ICR
mice. (A-D) The production of anti-erythocyte 1gG1, 1gG2a, IgG2b in ICR mice challenge infection of P. yoelii, P. chabauai, B. rodhaini and B. microti
(E—H). The anti-platelet 1gG1, 1IgG2a, IgG2b in ICR mice challenge infection of P. yoelii, P. chabaudi, B. rodhaini and B. microti. Test mice with
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for 60 days. The results are expressed as mean value + the SD for five mice.
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FIGURE 5

Reference image 2DE map of differentially expressed platelet proteins with marked selected spots and Western blot analysis of murine platelet
proteins probed with auto-antibodies induced by P. yoelii, P. chabaudi, B. rodhaini and B. microti. infection. (A) Representative 2DE map of murine
platelet proteins. (B) Western blot analysis of murine platelet proteins probed with auto-antibodies induced by P. yoelii infection. (C) Western blot
analysis of murine platelet proteins probed with auto-antibodies induced by P. chabaudi infection. (D) Western blot analysis of murine platelet
proteins probed with auto-antibodies induced by B. rodhaini infection. (E) Western blot analysis of murine platelet proteins probed with auto-
antibodies induced by B. microti infection. A representative 2DE map of murine platelet proteins was obtained by performing the first dimension (IEF)
on IPG strips pH 3-10 and the second dimension on 4-12% gradient SDS-PAGE gels. The protein spots were visualized by Coomassie blue staining.
The indicated spots were excised from the gel and identified by MS/MS.

and 30 days and 40 and 50 days (Figures 4A-D) in plasmodium spp.  elevated levels of anti-platelet antibody at 40 days post-infection.
and Babesia spp. infection. The anti-platelet IgG2a was detectable  Furthermore, anti-platelet antibody also reached the peak at 22 days
within six days after Plasmodium spp. and Babesia spp. infection. The =~ post-infection in B. microti infected mice. However, the B. rodhaini-
anti-platelet IgG2a reached to high level at 24 days and 48 days after  infected mice developed low moderate levels anti-platelet IgG2a
illness in P. yoelii-infected mice. The P. chabaudi-infected mice had  (Figures 4E-H).
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FIGURE 6

Reference image 2DE map of differentially expressed erythrocyte proteins with marked selected spots and Western blot analysis of murine
erythrocyte proteins probed with auto-antibodies induced by P. yoelii and B. rodhaini infection. (A) Representative 2DE map of murine erythrocyte
proteins. (B) Western blot analysis of murine erythrocyte proteins probed with auto-antibodies induced by P. yoelii infection. (C) Western blot
analysis of murine erythrocyte proteins probed with auto-antibodies induced by B. rodhaini infection. Representative 2DE map of murine platelet
proteins obtained by performing the first dimension (IEF) on IPG strips pH 3-10 and the second dimension on 4-12% gradient SDS-PAGE gels. The
protein spots were visualized by Coomassie blue staining. The indicated spots were excised from gel and identified by MS/MS.

Frontiers in Cellular and Infection Microbiology 174 frontiersin.org


https://doi.org/10.3389/fcimb.2023.1143138
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Zhou et al.

10.3389/fcimb.2023.1143138

TABLE 1 Protein identification of murine erythrocyte proteins probed with anti-erythrocyte auto-antibodies.

Spot no. Accession no. Protein name Theoretical M, (Dr)/pl Sequence coverage (%) MASCOT value
1 gi|187956529 Spectrin alpha 1 280931/4.94 20% 156
2 gi|187956529 Spectrin alpha 1 280931/4.94 17% 149
3 2i|187956529 Spectrin alpha 1 280931/4.94 18% 141
4 £i[469566230 beta actin 40847/5.56 53% 145
5 gi|512956198 actin 41995/5.29 49% 130
6 gi|156257635 beta-globin 15838/7.86 62% 91

Identification of murine erythrocyte and
platelet auto-antigens

In order to further investigate and understand the mechanism of
autoimmune antibody-mediated thrombocytopenia and hemolytic
anemia, we isolated the platelets and RBC membrane proteins
followed by identification of the autoimmune antibody-binding
proteins by 2DE and Western blot analysis. 2DE analysis of platelets
samples showed differentially expressed spots (Figure 5A). In
Figures 5B-E, representative gel images for each group are shown. A
total of sixteen spots were selected for mass spectrometry analysis. 2DE
image analysis of RBC membrane showed differentially expressed
spots (Figure 6A). Each experimental group is represented by a gel
image in Figures 6B, C. For mass spectrometry, six spots were
chosen. Overall, the results showed that many host polypeptides are
bound to autoimmune antibodies specifically (P<0.05).

Comparative analysis of the
antibody-binding proteins

The selected spots were analyzed by 2D LC-MS/MS after
trypsinization to identify the autoimmune antibody-binding
proteins. Our study combined Western blot, 2-DE, and proteomic
analysis. All of the above proteins have been identified via analysis
of the antibody-binding proteins. As shown in Tables 1 and 2, the
MS/MS spectra have been analyzed. Masses of the peptides
identified by LC-MS/MS were compared with sequences from the
National Center for Biotechnology Information database (NCBI:
http://www.ncbinlm.nih.gov/), separately. By using the ion score,
we compare the fragment ions to all tryptic peptides calculated from
parasites and mice. Actin of murine erythrocyte and platelet is a
common auto-antigen in Plasmodium spp. and Babesia spp.
infected mice.

TABLE 2 Protein identification of murine platelet proteins probed with anti-platelet auto-antibodies.

Spot no. Accession no. Protein name Theoretical M, (Dr)/pl Sequence coverage (%) MASCOT value
1 2i|148683477 fibrinogen 63570/6.95 26 87
2 2i|49868 beta-actin 39446/5.78 39 104
3 gi|74213524 actin 42066/5.30 73 207
4 i|568930542 alpha-enolase 47640/6.30 40 139
5 i|568930542 alpha-enolase 47640/6.30 36 123
6 8i[568930542 alpha-enolase 47640/6.30 46 120
7 gi[33859809 fibrinogen beta chain 55402/6.68 26 100
8 gi[33859809 fibrinogen beta chain 55402/6.68 34 168
9 gi[33859809 fibrinogen beta chain 55402/6.68 25 97
10 2i|26341396 serum albumin precursor 67013/5.49 21 108
11 gi[26341396 serum albumin precursor 67013/5.49 29 166
12 gi|74142813 heat shock cognate 71 kDa protein 50547/6.17 27 87
13 i|178847300 70kDa heat shock cognate protein 59895/5.91 32 116
14 gi|1430883 zyxin 62063/6.47 20 74
15 i|148670554 valosin containing protein 91675/5.26 27 127
16 i|149045716 valosin-containing protein 76799/5.49 43 229
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Discussion

Malaria and babesiosis continue to be important diseases in the
world. The varied presentations of these diseases and their diversity
in terms of hematological manifestations have been well endowed in
literature (Zhan et al., 2019; Wang et al., 2020; Varshavsky et al.,
2021; Voisin et al,, 2021). The most common hematological
complications of malaria and babesiosis are thrombocytopenia
and anemia. Anemia is caused by a various of pathophysiologic
mechanisms, including accelerated RBCs removal by the spleen,
obligatory RBCs destruction at parasite schizogony, and ineffective
erythropoiesis (Nie et al., 2021; Rizk et al., 2021; Rizk et al,, 2022).
Recent advancements have shown that a variety of cytokine
dysregulations are indeed vital participants in inducing and
accelerating the pathogenesis of hemolysis in malaria and
babesiosis. They include a significant increase in IFN-y, IL-6
and IL-1 and a decrease in IL-10 and IL-12 levels. In patients
with malaria and babesiosis, autoimmune hemolytic anemia
(ATHA) has been described previously (Narurkar et al, 2017;
Santos et al.,, 2020; Rajapakse and Bakirhan, 2021). Several
parasite and virus infections have been reported to be associated
with ATHA, such as influenza virus, Leishmania species, hepatitis
virus, and cytomegalovirus. Multiple studies have documented the
high frequency of thrombocytopenia in malaria patients
(Rodriguez-Morales et al., 2005; Coelho et al., 2013). For more
than four decades, researchers have investigated the pathogenesis of
malaria thrombocytopenia, but it remains unclear how it occurs
(McMorran et al,, 2009). According to some studies, malaria may
cause low platelet counts due to activation or apoptosis of platelets,
which prevents the immune system from removing them.
Nevertheless, malarial antigens have also been implicated in
sequestering injured platelets in the spleen due to immune
complexes formed. In addition, there are some evidences of
platelet-associated IgG involvement in malaria thrombocytopenia.
Immune-mediated hemolytic anemia and thrombocytopenia in
malaria and babesiosis has gathered more attentions in recent
years (Lacerda et al., 2011).

We investigated the autoimmune-mediated hemolytic anemia
and thrombocytopenia during Plasmodium spp. and Babesia spp.
infection in this study. High levels of anti-platelet auto-antibodies
were found in P. yoelii, P. chabaudi, B. rodhaini and B. microti
infected ICR mice. In contrast, SCID mice displayed lower level of
anti-platelet auto-antibodies. There was obvious relation between
platelet count and anti-platelet. According to the findings of a
previous study, acute malaria and babesiosis infection are associated
with ATHA. B and T lymphocytes are the important inducers of the
immune effector mechanisms, which are needed for initial control
of Plasmodium spp. and Babesia spp. infection. Therefore, the SCID
mice are unable to produce anti-platelet auto-antibodies (Watier
etal.,, 1992; Wheeler et al., 2011; Aschermann et al., 2013). Our data
indicate that the absence of B and T lymphocytes impaired the
production of anti-platelet auto-antibodies. There are a few possible
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reasons of the presence of anti-platelet auto-antibodies. Such as the
erythrocyte share some similar peptides with platelet, which
induced auto-antibodies against both, or the broken erythrocyte
induced disrupt of some platelet, which consequently induced anti-
platelet auto-antibodies thus lead to more platelet disruption and
more antibody. We found that ICR mice infected with Plasmodium
and Babesia species emitted significantly higher levels of IL-10 and
IFN-y. It is a strong support for the idea that the timing and
magnitude of specific cytokines influence the severity of malaria and
babesiosis. It is necessary to study the cytokine production in
Plasmodium spp. and Babesia spp. infected mice.

In addition, chronic infection with Plasmodium spp. and
Babesia spp. was established after the Plasdodium spp.
infectedmice were treated by artesunate, and the Babesia spp.
infectedmice were treated by diminaze. The trend of parasitemia
was similar in Plasmodium spp. and Babesia spp. infected mice, a
negative correlation was observed between parasitemia and
hematocrit. Moreover, The IgM and IgG reached to the highest
level after the day of high parasitemia (Boes et al, 2000). These
observations suggest that the production of anti-erythrocyte
autoantibody is not the main reason of anemia. Generally, platelet
antibodies in ITP are IgG or IgM, but IgA and IgE have also been
reported (Klaassen et al., 1989). IgG are responsible for interacting
with macrophages in the reticuloendothelial system when
antibodies bind to platelets. Complement-mediated lysis can also
remove antibodies-sensitized platelets from circulation. Therefore,
the platelet-associated IgG and IgM were comparably elevated in
the majority of Plasmodium spp. and Babesia spp. infected mice,
and the IgG might be the majority of platelet antibodies in ITP. In
this study, the anti-platelet IgG2a and low amounts of IgG1 and
IgG2b also was detected after Plasmodium spp. and Babesia
spp. infection.

The autoimmune antibody-binding proteins were identified in
the study. The autoimmune antibody-binding proteins identified
for platelet and RBC membrane were similar in both subcellular
location and function categories. In contrast, membrane-associated
cytoskeleton proteins from platelet and RBCs membrane was found
(Tables 1, 2). Though we could not rule out that the actual number
of platelet and RBC membrane proteins, which were more than that
of the membrane-associated cytoskeleton proteins may affect the
production of autoimmune antibodies. The membrane associated
cytoskeleton proteins triggering the autoimmune response in
Plasmodium spp. and Babesia spp.infected mice require
further characterization.

In conclusion, we have demonstrated that the autoimmune
response is elicited during Plasmodium spp. and Babesia spp.
infection. The autoimmune antibody may participate in
thrombocytopenia and hemolytic anemia and regulate the
autoimmune response. As a result of this research, we can
develop an effective babesiosis and malaria therapeutic that
modulates autoimmune responses for overcoming infection.
Understanding of the effector molecules that inhibit autoimmune
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responses may provide important clues for future infection control
strategies. In addition to antibiotics for the treatment of malaria and
babesiosis, ITP treatment should be initiated in severe cases.
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