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Abstract: New therapeutic agents for cryptosporidiosis are a critical medical need. The marine
organic compound, tartrolon E (trtE), is highly effective against multiple apicomplexan parasites,
including Cryptosporidium. Understanding the mechanism of action of trtE is required to advance
in the drug development pipeline. Here, we validate using Nluc C. parvum parasites for the study
of trtE and pinpoint the life stage targeted by trtE. Results show that trtE kills Nluc and wild type
C. parvum with equal efficiency, confirming the use of the Nluc C. parvum to study this compound.
Results revealed that trtE kills the parasite within an hour of treatment and while the compound has
no effect on viability of sporozoites, trtE does inhibit establishment of infection. Targeting treatment
at particular life cycle stages demonstrated that trtE is effective against asexual of the parasite but has
reduced efficacy against mature sexual stages. Gene expression analysis shows that trtE inhibits the
early sexual stage of the parasite. Results from these studies will aid the development of trtE as a
therapeutic for cryptosporidiosis.

Keywords: antiparasitic compound; cryptosporidiosis; Cryptosporidium; drug candidates; life cycle
stages; marine natural products; phenotypic assays

1. Introduction

Cryptosporidiosis is a diarrheal disease that affects 2 out of 100,000 people yearly in
the United States [1]. This infection is acquired by ingesting food or water contaminated
with oocysts of the protozoan parasite Cryptosporidium [2]. Cryptosporidiosis is recognized
worldwide as a leading diarrheal illness in children under five years old [3–5] and in the
immunocompromised population, such as individuals with AIDS and organ transplant
patients [6,7]. Immunocompromised patients suffer from chronic episodes of fulminant
diarrhea that lead to severe dehydration, secondary gastrointestinal disorders, and, in
extreme cases, death [8]. Even healthy adults that suffered from cryptosporidiosis report
underlying symptoms five years after the initial infection event [9].

Once ingested, Cryptosporidium oocysts excyst in the intestine, each releasing four
sporozoites that invade enterocytes. The parasite replicates within a unique parasitophorous
vacuole that is intracellular but extracytoplasmic [10]. The genesis of the parasitophorous
vacuole and development into the trophozoite stage occurs rapidly after invasion of the
host cell [11]. Trophozoites divide asexually and develop into meronts at 10–12 h post-
infection (hpi), after which merozoites egress to infect new host cells [12]. Cryptosporidium
cycles through merogony three times before male and female gametes start to appear at
36–42 hpi, allowing Cryptosporidium to reproduce sexually within its host [12,13]. Fertil-
ization leads to the development of two types of oocysts; thin-walled oocysts that excyst
within the host leading to autoinfection, and thick-walled oocysts that are shed in the feces
into the environment [10].

Microorganisms 2022, 10, 2260. https://doi.org/10.3390/microorganisms10112260 https://www.mdpi.com/journal/microorganisms

https://doi.org/10.3390/microorganisms10112260
https://doi.org/10.3390/microorganisms10112260
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com
https://orcid.org/0000-0003-0335-2207
https://orcid.org/0000-0002-4561-9005
https://orcid.org/0000-0003-2757-754X
https://doi.org/10.3390/microorganisms10112260
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com/article/10.3390/microorganisms10112260?type=check_update&version=1


Microorganisms 2022, 10, 2260 2 of 13

Current treatment for cryptosporidiosis relies on nitazoxanide, the only FDA-approved
drug for this disease. Recently, there have been reports of reduced efficacy and resistance
to nitazoxanide [14]. Furthermore, nitazoxanide has proven ineffective in immunocom-
promised individuals [14,15]. Thus, there is a need for novel therapeutics to be identified,
characterized, and introduced into the drug development pipeline.

Tartrolon E (trtE), a polyketide natural product isolated from a shipworm symbi-
otic bacterium [16], inhibits several apicomplexan parasites at nanomolar concentrations
in vitro, including Cryptosporidium parvum [17]. Furthermore, trtE is highly effective against
C. parvum in neonatal mice [17], supporting further investigation of this compound as
a potential therapeutic. The target of trtE has not been identified [17,18] therefore it is
critical to identify the specific life cycle stages and processes that the compound targets.
This data will inform development of trtE therapeutic strategies, aid in choosing appro-
priate partner compounds to prevent resistance, and advance progress of trtE through the
therapeutic pipeline.

2. Materials and Methods
2.1. Cell Maintenance and Parasite Strains

Iowa strain transgenic C. parvum oocysts expressing nanoluciferase (Nluc) [19], as
well as wild-type (WT) C. parvum oocysts, were acquired from the University of Arizona in
Tucson, AZ (https://acbs.arizona.edu/cryptosporidium-production-laboratory (accessed
on 23 October 2022)). Human ileocecal colorectal adenocarcinoma cells were obtained from
ATCC (HCT-8, ATCC® CCL244™) and maintained as recommended.

2.2. Compounds

Teredinibacter turnerae T7901 was cultured and trtE purified from the bacterium as
described [17], with some modifications. From a 12-L T. turnerae fermentation batch, the
broths were centrifuged at 16,264× g for 20 min. A total of 1.2 L of acetone was added
to the cell pellets, and the mixtures were shaken for 1 h on an Eberbach shaker at room
temperature. The acetone extract was filtered (Whatman™ grade 1) twice to remove most
of the cell debris. The pooled acetone extracts were then concentrated to dryness by rotary
evaporation. The acetone extract (880 mg) was suspended in about 10 mL DMSO and
centrifuged. The DMSO-soluble material was charged to a 43 g CombiFlash RediSep® Rf
column. The insoluble material was suspended in 50% aqueous acetone and applied to the
column. The column was eluted with a solvent gradient: (A = water, B = acetonitrile) 50% B
for 2 min.; 50% B to 100% B, 20 min.; hold at 100% B, 10 min. The solvent flow rate was
40 mL/min. Four fractions were collected between 0–12.5 min., and 15 mL fractions were
collected beginning at 12.5 min. Fractions 18–52, which contained trtE, were combined and
dried by rotary evaporation. The pool of fractions from the flash C18 column separation was
dissolved in 4 mL of chloroform and applied to a 12 g CombiFlash Gold® silica gel column
pre-equilibrated with hexanes. The silica gel column was eluted with a solvent gradient:
(A = hexanes, B = ethyl acetate) 0.5 min, 0% B; 0% B to 5% B, 10 min.; 5% B to 25% B, 10 min.;
hold at 25% B 6 min. The solvent flow rate was 30 mL/min. Eighty-one fractions were
collected. Fractions 58–66 were pooled and concentrated under vacuum to afford 70 mg
of trtE. All batches of trtE were verified by mass spectrometry and NMR (Supplementary
Figure S1). MMV665917 was provided by Dr. Christopher Huston (University of Vermont,
Burlington, VT, USA). Wiskostatin was purchased from Millipore Sigma (Catalog #W2270).
All compounds were diluted in 100% DMSO. Aliquots were stored at −80 ◦C and subjected
to no more than five freeze–thaw cycles.

2.3. In Vitro Growth Inhibition Assay

We have previously described this assay in detail [20]. Briefly, HCT-8 cells were seeded
in 96-well, white sided, clear bottom plates and allowed to grow to confluency. WT and
Nluc C. parvum oocysts were treated with 10% bleach and then washed three times with
1X PBS. Oocysts were then resuspended in complete media with 0.6% taurocholate acid
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(Santa Cruz Biotechnology, Santa Cruz, CA, USA) and introduced to the cell monolayer
at 10,000 oocysts per well. The plate was centrifuged at 1000× g for 5 min to maximize
sporozoite contact with host cells. Infected cells were treated at different times post infection,
and for varying durations, with trtE. DMSO was run in parallel as a vehicle control. Parasite
growth was measured either by relative luminescence (Nluc C. parvum) or qPCR (Nluc
and WT C. parvum) at 72 hpi. Relative luminescence units (RLU) were measured using
a SpectraMax® L Microplate Reader (Molecular Devices, San Jose, CA, USA). Percent
inhibition of Nluc parasites by trtE was calculated relative to the DMSO control with the
formula: % Inhibition = [(RLUDMSO − RLUcompound)/RLUDMSO] × 100.

2.4. Quantification of Parasite Growth by qPCR

DNA of cells infected with Nluc and WT parasites was isolated using the Wizard®

gDNA isolation kit (Promega, WI, USA) following the manufacturer’s protocol. DNA
amplification was quantified in an Mx3500P qPCR system with MxPro Software (v.4.10)
(Agilent, Santa Clara, CA, USA) using SYBR® green Supermix (Bio-Rad Laboratories, Her-
cules, CA, USA). To quantify parasite growth, C. parvum gp40/15 gene (Cp_gp40/15) primers
were used [21]. Human actin primers were used to amplify the reference gene [22]. Relative
abundance of the C. parvum gene was calculated using the 2−∆∆Ct method [23]. Percent
inhibition of parasite growth by trtE was calculated relative to DMSO treated controls.

2.5. Determination of Oocyst Excystation Rate

Oocysts were bleached, washed, and counted on a hemocytometer. The oocysts
were then divided into two aliquots and either 100 nM trtE or DMSO (vehicle control)
were added to the oocysts. Oocysts were then incubated for 2 h in a 37 ◦C water bath
at which time the excystation rate of each sample was determined by counting the re-
maining non-excysted oocysts. Percent excystation was calculated using the formula:
% excystation = ((intact oocystsbefore tmt − intact oocystsafter tmt)/intact oocystsbefore tmt)) × 100.

2.6. Sporozoite Viability Assay

C. parvum sporozoites were tested for viability by modifying a previously described
assay [24]. Briefly, 5 × 106 oocysts were bleached, washed with 1X PBS and the oocysts
suspended in 0.6% taurocholate acid in cell culture medium. Oocysts were excysted at
37 ◦C for 30 min with mixing every 5 min. Excysted oocysts and sporozoites were aliquoted
and treated with either 100 nM trtE or DMSO for 1 h at 37 ◦C. For a positive control
for killing, sporozoites were either treated with 10% formaldehyde and heat shocked for
2 min at 60 ◦C or heat shocked only. To label viable parasites, treated sporozoites were
then incubated with CFSE a final concentration of 10 µM (Invitrogen, C1157) at 37 ◦C
for 30 min. DNA was labeled with 0.9 mM Hoechst (Abcam, ab1455971). Samples were
evaluated by fluorescence microscopy (Zeiss® Axioscope 5). Slides were blinded and the
number of viable sporozoites per 200 sporozoites were counted for each sample. The
Jenoptik GRYPHAX® camera and its image acquisition software (v2.2.0) were used to take
representative images of sporozoites.

2.7. Invasion Inhibition Assay

This method was modified from an assay described previously [11]. Briefly, HCT-8
cells were seeded on cell culture chamber glass slides (NEST® Scientific, Woodbridge, NJ,
USA) until confluent and treated for 1 h with either trtE, DMSO, or wiskostatin. Wisko-
statin was reported to inhibit C. parvum invasion [11] and is used here as a control. HCT-8
monolayers were then infected with 50,000 NLuc oocysts per well. Heat inactivated oocysts
were used as negative control. After 3 h of incubation, cells were washed three times
with 111 mM D-galactose in 1X PBS, fixed with 4% paraformaldehyde, and permeabi-
lized with 0.25% Triton-100X. Staining of parasitophorous vacuoles was performed with
1.33 µg/mL of fluorescein-label Vicia villosa lectin (VVL) (Vector Laboratories, Newark, CA,
USA). Nuclei staining was performed with 0.09 mM Hoechst. Slides were blinded and
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stained vacuoles from at least 10 randomly selected fields were counted in each sample
at 40X magnification (Zeiss® Axioscope 5). Percent inhibition was normalized to DMSO
as described above. The Jenoptik GRYPHAX® camera and its image acquisition software
(v2.2.0) were used to take representative images of infected monolayers.

2.8. Quantification of Gene Expression by RT-qPCR

Total RNA of C. parvum-infected HCT-8 cells was isolated using the RNeasy® Mini Kit
(QIAGEN, Hilden, Germany). Synthesis of cDNA was performed using the SuperScript™
III First-Strand Synthesis System (ThermoFisher Scientific, Waltham, MA, USA). DNA
amplification was quantified in a Mx3500P qPCR system with MxPro Software (v.4.10)
(Agilent, Santa Clara, CA, USA) using SYBR® green Supermix (Bio-Rad Laboratories,
Hercules, CA, USA). To evaluate transition into sexual stages, primers for the DMC1
gene were used [11]. Primers for the male gamete specific HAP2 gene (cgd8_2220) (Fwd—
5′-CTGGTTGGTAGGAAATGC-3′; Rev—5′-CAATATCCCCACTATTCTTA-3′) and the oocyst
wall protein 4 gene (COWP4) [25] were used to measure microgamete and macrogamete
stages, respectively. Human actin primers were used to amplify the reference gene [22]. Rel-
ative gene expression was calculated using the 2−∆∆Ct method [23] and percent inhibition
was calculated relative to DMSO control as previously described.

2.9. Statistics

Data analyses were performed using GraphPad Prism v9.2.0 (La Jolla, CA, USA).
Inhibition curves were extrapolated using the log[inhibitor] vs. response-variable slope
(four parameter) regression equation and compared using the extra sum of squares F test.
Significant differences between experimental groups were calculated using the two-tailed
unpaired t-test, the one-way ANOVA with Dunnet’s multiple comparison test, or the two-
way ANOVA with two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli
for multiple comparisons correction as appropriate. The statistical test used is indicated in
the figure legends. Differences were considered significant if the p value was equal to or
less than 0.05.

3. Results
3.1. The Inhibition Curves of trtE against WT and Nluc C. parvum Strains Are Not
Significantly Different

Genetic manipulations can cause changes in sensitivity to compounds [19]. To elu-
cidate whether there was a difference between Nluc and WT C. parvum strains in their
susceptibility to trtE, HCT-8 cells were infected with either Nluc or WT parasites, and the
infected cells treated with two-fold serial dilutions of trtE at 24 hpi. Parasite growth was
quantified by nanoluciferase activity or qPCR at 72 hpi (Figure 1a). In these experiments, the
effective concentration at which 50% of the parasites were inhibited (EC50) of trtE against
Nluc C. parvum was 15.93 nM when determined by RLU, and 14.83 nM when determined
by qPCR. The EC50 of trtE against WT C. parvum was 11.21 nM (Table 1). Comparative
analysis using the extra sum of squares F test of the three dose–response curves identified
no significant differences (Figure 1b). These results show that trtE is as effective against WT
parasites as Nluc parasites, demonstrating that the transgenic parasites are not especially
sensitive to the compound and can be used to explore the effects of trtE on C. parvum.

Table 1. EC50 of trtE against Nluc and WT C. parvum when measured by luminescence or qPCR.

C. parvum Strain Quantification Method EC50 (nM) 95% Confidence Interval (CI)

Nluc Luminescence 15.9 13.8 to 18.4
Nluc qPCR 14.8 10.4 to 21.7
WT qPCR 11.2 7.6 to 16.3
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Figure 1. Drug-response curves of trtE against WT and Nluc C. parvum strains are not significantly
different. (a) Assay overview of the in vitro growth inhibition assay in the context of a dose–response
curve. (b) Dose–response curve of trtE against C. parvum strains determined with the log[inhibitor]
vs. response-variable slope (four parameter) regression equation. Comparative analysis of the dose
response curves using the extra sum of squares F test revealed no significant difference (p = 0.88).
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3.2. TrtE Kills C. parvum within the First Hour of Treatment

The EC50 of trtE against C. parvum was based on a lengthy treatment period of 48 h
(Figure 1a). To test the minimum time it takes trtE to inhibit parasite growth, cells infected
with Nluc C. parvum were treated with 100 nM trtE at 24 hpi, and the compound was
removed after 0.5, 1, 2, 4, 8, or 48 h of treatment. C. parvum growth was then measured
at 72 hpi (Figure 2a). Analysis shows that parasite growth is inhibited by 99%, relative to
DMSO control, after just an hour of treatment with 100 nM trtE (Figure 2b). These data
demonstrate that trtE rapidly kills C. parvum in vitro.
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Figure 2. TrtE rapidly kills Cryptosporidium. (a) Overview of the inhibition growth assay when testing
the time it takes a compound to kill the parasite. (b) Graph shows the percent inhibition of trtE treatment
relative to DMSO control. The data plotted are the mean ± SD of four independent experiments.

3.3. TrtE Has No Effect on Excystation

Compounds that prevent excystation of oocysts could be employed to reduce environ-
mental contamination or as a prophylaxis in the case of susceptible neonatal ruminants. To
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test whether trtE can inhibit excystation, C. parvum oocysts were excysted in the presence
of 100 nM trtE for 2 h. The number of intact oocysts was counted before and after treatment
to determine percent excystation. Excystation was not significantly influenced by trtE after
2 h of treatment when compared to DMSO (Supplementary Figure S2, p = 0.1503).

3.4. TrtE Inhibits Establishment of C. parvum Infection

The infection assay as performed treats parasites at 24 hpi (Figure 1a), when the
parasites are replicating asexually. To understand the full potential of a compound, it is
necessary to identify the life stages the compound is effective against. To examine the
effect of trtE on parasite invasion and establishment of infection, excysted parasites were
allowed to infect host cells for 3 h in the presence of trtE or the DMSO control (Figure 3a).
Parasitophorous vacuoles were stained with Vicia villosa lectin (VVL) and host nuclei with
Hoechst (Figure 3c). Quantification of parasitophorous vacuoles shows that trtE reduces
establishment of C. parvum infection by 90%, significantly more than the 75% reduction
achieved with wiskostatin treatment (Figure 3b).
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Figure 3. TrtE prevents establishment of C. parvum infection. (a) Overview of the invasion inhibition
assay. (b) Quantification of parasite invasion. The graph shows percent inhibition of invasion
relative to the DMSO control. Data shown are the mean ± SD of three independent experiments.
Statistical significance was determined using one-way ANOVA and Dunnett’s multiple comparison
test, * p < 0.05. (c) Representative images of C. parvum infection. Parasitophorous vacuoles were stained
with 1.33 µg/mL VVL and host cell nucleus with 0.09 mM Hoechst. Scale bar represents 50 µm.

3.5. TrtE Does Not Reduce the Viability of C. parvum Sporozoites

TrtE’s inhibition of early infection (Figure 3) could be the result of killing extracellular
sporozoites, preventing invasion, or inhibiting early growth of the trophozoite. In a
previous study we directly evaluated trtE’s effect on Toxoplasma tachyzoite infectivity [17].
However, Cryptosporidium sporozoites are fragile and damaged during centrifugation
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washes, preventing consistent infection. Thus, we used a viability stain (CFSE) to determine
if trtE-treated sporozoites were directly killed by trtE. TrtE treated sporozoites exhibited
the same viability as DMSO-treated sporozoites (Figure 4), in contrast to sporozoites killed
with either 2 min heat shock (28.5% viability) or 10% formaldehyde plus heat shock (no
viable sporozoites).

These data demonstrate that, since trtE has no effect on excystation nor on the extra-
cellular sporozoite, the compound prevents establishment of infection. Since the numbers
of parasitophorous vacuoles were greatly reduced in the presence of trtE, it is reasonable to
hypothesize that trtE inhibits attachment and invasion mechanisms.
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Figure 4. TrtE does not affect sporozoite viability. Sporozoites were labeled with 10 µM CFSE after
compound treatment to determine their metabolic viability. DNA was labeled with 0.9 mM Hoechst
dye. (a) Representative images of DMSO treated C. parvum sporozoites in suspension. Scale bar
represents 10 µm. (b) Quantification of viable sporozoites. The graph shows the percent of viable
sporozoites (mean ± SD of three independent experiments). Experimental groups were compared
with an unpaired t-test; ns = not significant.

3.6. TrtE Is Most Effective during the Asexual Stage of C. parvum

The intracellular stages present in 2D culture of C. parvum are the asexual stages
and the microgametes and macrogametes (sexual stages). Various anti-Cryptosporidium
compounds have been shown to target either asexual or sexual stages, or both [11,26]. A
time course treatment was performed to elucidate the exact stage at which trtE inhibits
the parasite (Figure 5a). Infected cells were treated with 100 nM of trtE for 4 h at 4 and 8 h,
when the parasite is undergoing asexual division, 32 and 36 h when asexual division is
ending and parasites are committing to sexual differentiation and at 40 and 44 hpi when
the microgametes and macrogametes predominate in the culture [12]. Parasite growth was
measured at 72 hpi. TrtE inhibits ≥ 90% of parasite growth during asexual replication, but
the efficacy of trtE against C. parvum is significantly reduced at 40 to 48 hpi when gametes
are present (Figure 5b). MMV665917, a piperazine that inhibits the asexual to sexual
conversion of C. parvum [11], was run in the assay in parallel. The EC50 of MMV665917 was
determined to find a comparable drug-response to that of trtE (Supplementary Figure S3)
and it was confirmed that the compound inhibits 75% of the parasite after 4 h of treatment
(Supplementary Figure S4). MMV665917, at 6 µM, does not inhibit establishment of
infection (Supplementary Figure S5), fails to inhibit more than 50% of the parasites early
during infection and inhibits parasite growth predominantly at 32–40 hpi, concomitant
with the time that the parasite commits to gamete formation ([11] and Figure 5c). Similar to
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MMV665917, trtE exhibits a significant decrease in inhibition after 40 hpi (Figure 5c). These
data demonstrate that while trtE is highly effective against asexual stages and MMV665917
is active during sexual differentiation, both compounds have reduced efficacy once the
parasites pass the sexual stage commitment threshold.
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of (b) trtE and (c) MMV665917 relative to DMSO. The data plotted are means ± S.D of three indepen-
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3.7. TrtE Targets Early Sexual Stages of Cryptosporidium

In C. parvum, expression of the DNA meiotic recombinase 1 gene (DMC1) serves as a
marker of transition into sexual stages [11]. MMV665917 inhibits expression of DMC1, thus
inhibiting macrogamete development [11,26]. Since both trtE and MMV665917 were effec-
tive between 32 and 40 hpi (Figure 5) it, is possible that trtE is also inhibiting transition to the
sexual stages, as MMV665917 has been shown to do [11]. To test this hypothesis, C. parvum
infected cells were treated with either DMSO (vehicle control), trtE or MMV665917 for
4 h at either 40 or 44 hpi. After the 4 h of treatment, RNA was isolated for RT-qPCR of
sexual stage gene expression markers. Percent inhibition of gene expression was calculated
relative to DMSO control. Relative expression profile of sexual marker genes revealed
that trtE significantly decreases DMC1 expression when added at 40 hpi, compared to
DMSO (Figure 6a). MMV665917 similarly reduces DMC1 gene expression, corroborating
previous findings [11]. Gamete specific gene markers HAP2 (male) and COWP4 (female) are
expressed in concert with DMC1 [11,13]. Data shows that trtE treatment reduces expression
of HAP2, but not COWP4, when added at 40 hpi (Figure 6b,c). However, neither compound
significantly affects the sexual gene markers when added at 44 hpi. These data suggests
that trtE can inhibit C. parvum early in sexual development but does not affect the parasite
once it has committed to sexual stages.
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4. Discussion

Cryptosporidium parasites are a major public health concern due to their ubiquity,
their capability to easily infect children, to cause chronic ailments in adults and severe,
unresolvable symptoms in the immunocompromised population. Current treatments for
cryptosporidiosis are poorly efficacious, thus new therapeutic alternatives are desperately
needed. Top candidates with bioactivity against Cryptosporidium at sub micromolar concen-
trations and selectivity for parasite molecular targets inhibit calcium-dependent protein
kinases [27,28] and tRNA-synthetases [29,30]. These compounds were discovered using
target-based or phenotypic-based approaches [31] and are either in preclinical trials or late-
lead discovery phase [32–34]. Libraries of approved compounds with activity against other
pathogens have been screened to identify and repurpose drugs with activity against Cryp-
tosporidium [35,36], thus accelerating clinical trials and approval processes. For example,
clofazimine, an approved therapy for leprosy, was identified as an anti-cryptosporidiosis
candidate through a drug repurposing screen [37]. While clofazimine had in vivo and
in vitro efficacy against the parasite [37], the compound failed clinical trials because it
did not reduce disease symptoms in HIV infected adults [38,39]. With so few drugs in
the pipeline, characterization of new therapeutics with anti-cryptosporidial activity is a
critical need.

TrtE is a macrodiolide polyketide synthesized by Teredinibacter turnerae, a symbiotic
bacterium of shipworms [16] that inhibits the growth of multiple apicomplexan parasites at
nanomolar to picomolar levels [17]. Multiple phenotypic based assays have been developed
to pinpoint the stage at which compounds target Cryptosporidium and to narrow the search
for the drug’s molecular target [11,31]. Using these strategies, we found that trtE inhibits
99.0% growth of C. parvum within an hour (Figure 2), prevents establishment of infection
(Figure 3) and is most effective during the asexual stages of parasite development (Figure 5).
Given that trtE kills T. gondii rapidly after two hours without discriminating between
extracellular tachyzoite stages and parasites within the parasitophorous vacuole [17], it
is sensible to infer that trtE is acting on the extracellular sporozoites. However, there is
no difference in sporozoite viability when treated with either trtE or DMSO in suspension
(Figure 4). Taken together, these observations suggest that trtE is inhibiting establishment
of infection or targeting the parasite once it is inside the host cell.
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MMV665917 and trtE are highly inhibitory between 32 and 40 hpi and exhibit a decline
in efficacy if added at later timepoints (Figure 4). MMV665917 is a piperazine from the
Medicines for Malaria Venture known to inhibit the transition to sexual stages and the
macrogamete development of Cryptosporidium [11,26,33]. Both compounds were tested in
parallel to evaluate the transition into the sexual stages. Interestingly, trtE inhibits DMC1
expression similarly to MMV665917 (Figure 5a), suggesting that the compounds affect the
transition to sexual stages when added prior to 40 hpi but do not affect those that have
already committed after 44 hpi. Furthermore, trtE significantly reduces the expression of
HAP2 but not COWP4 at 40–44 hpi, suggesting that the compound is targeting male gamete
differentiation. Alternatively, it can be hypothesized that trtE targets actively replicating
parasites and the decrease in HAP2 expression is a result of inhibition of microgamete
replication. Further studies focused on the effect of trtE on sexual stages are needed to
pinpoint the stage specificity of the compound.

TrtE is a unique compound that acts against multiple apicomplexan species at nanomo-
lar concentrations [17]. Since forward genetic methods for trtE target identification failed,
an RNAseq approach was tried to identify the target of this broad-spectrum compound.
Transcriptomic analysis of T. gondii in the presence of trtE revealed the upregulation of
a conserved coccidian gene, named tartrolon resistant gene (trg) [18]. However, T. gondii
parasites lacking trg were only marginally more resistant to trtE, suggesting that trg was not
the primary target of the compound. Furthermore, Cryptosporidium, and the hemoparasites
also targeted by trtE [17], lack a trg homolog. For now, the target of trtE remains unknown.

While most natural products in drug discovery history have been isolated or derived
from terrestrial sources [40], there has been a recent shift of focus to mining marine sources
to uncover novel bioactive compounds for therapeutic use. Marine bioactive material
(commonly isolated from bacteria, fungi, algae, sponges, and corals) has been shown to act
against multiple eukaryotic pathogens [41]. For example, Leiodolide A, isolated from hard
sponges, was discovered to have anti-Cryptosporidium activity [20]. Marinopyyrole A and
its analogs, isolated from marine Streptomyces, have been shown to inhibit T. gondii [42].
Additionally, a multitude of marine alkaloids and their synthetic derivatives have been
found to have activity against malaria and kinetoplastids [43]. These reports highlight the
tremendous potential that marine-sourced compounds, like trtE, have as anti-parasitics.

5. Conclusions

Cryptosporidiosis is a growing public health concern worldwide. The marine natural
product, trtE, inhibits Cryptosporidium growth in vitro and in vivo. TrtE rapidly kills asexual
stage parasites and prevents establishment of infection possibly through inhibition of
attachment and invasion or by preventing development of the early trophozoite. TrtE
also inhibits the parasite during transition to sexual development and may also target male
gametes. Further characterization of trtE is required to determine the molecular target of trtE.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/microorganisms10112260/s1. Figure S1: NMR spectra
of purified trtE used in these experiements; Figure S2: TrtE does not affect Cryptosporidium ex-
cystation; Figure S3: Drug-response curve of MMV665917 against C. parvum; Figure S4: Time it
takes MMV665917 to inhibit C. parvum; Figure S5: MMV665917 does not inhibit establishment of
C. parvum infection.

Author Contributions: Conceptualization, A.C.-R. and R.M.O.; Formal analysis, A.C.-R., J.A.C. and
R.M.O.; Funding acquisition, M.J.T. and R.M.O.; Investigation, A.C.-R., E.Y.D.M., F.G.F., J.A.C. and
M.J.T.; Methodology, A.C.-R., F.G.F., J.A.C. and R.M.O.; Supervision, M.J.T. and R.M.O.; Validation,
A.C.-R.; Visualization, A.C.-R.; Writing—original draft, A.C.-R., F.G.F. and J.A.C.; Writing—review
and editing, A.C.-R., E.Y.D.M., F.G.F., J.A.C., M.J.T. and R.M.O. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was funded by NIH grant R01AI154943 to R.M.O.

https://www.mdpi.com/article/10.3390/microorganisms10112260/s1


Microorganisms 2022, 10, 2260 11 of 13

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank Christopher Huston and Jubilee Ajiboye, University of
Vermont for compounds and technical support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Centers for Disease Control and Prevention (CDC) Cryptosporidiosis NNDSS Summary Report for 2019|Water-Related

Topics|Healthy Water|CDC. Available online: https://www.cdc.gov/healthywater/surveillance/cryptosporidium/
cryptosporidium-2019.html (accessed on 2 August 2022).

2. Centers for Disease Control and Prevention (CDC) Pathogen & Environment|Cryptosporidium|Parasites|CDC. Available online:
https://www.cdc.gov/parasites/crypto/pathogen.html (accessed on 2 August 2022).

3. Kotloff, K.L.; Nataro, J.P.; Blackwelder, W.C.; Nasrin, D.; Farag, T.H.; Panchalingam, S.; Wu, Y.; Sow, S.O.; Sur, D.; Breiman, R.F.;
et al. Burden and Aetiology of Diarrhoeal Disease in Infants and Young Children in Developing Countries (the Global Enteric
Multicenter Study, GEMS): A Prospective, Case-Control Study. Lancet 2013, 382, 209–222. [CrossRef]

4. Kotloff, K.L.; Nasrin, D.; Blackwelder, W.C.; Wu, Y.; Farag, T.; Panchalingham, S.; Sow, S.O.; Sur, D.; Zaidi, A.K.M.; Faruque,
A.S.G.; et al. The Incidence, Aetiology, and Adverse Clinical Consequences of Less Severe Diarrhoeal Episodes among Infants
and Children Residing in Low-Income and Middle-Income Countries: A 12-Month Case-Control Study as a Follow-on to the
Global Enteric Multicenter Study (GEMS). Lancet Glob. Health 2019, 7, e568–e584. [CrossRef]

5. Boudou, M.; Cleary, E.; ÓhAiseadha, C.; Garvey, P.; McKeown, P.; O’Dwyer, J.; Hynds, P. Spatiotemporal Epidemiology of
Cryptosporidiosis in the Republic of Ireland, 2008–2017: Development of a Space-Time “Cluster Recurrence” Index. BMC Infect.
Dis. 2021, 21, 880. [CrossRef] [PubMed]

6. Omolabi, K.F.; Odeniran, P.O.; Soliman, M.E. A Meta-Analysis of Cryptosporidium Species in Humans from Southern Africa
(2000–2020). J. Parasit. Dis. Off. Organ Indian Soc. Parasitol. 2021, 46, 304–316. [CrossRef]

7. Yulfi, H.; Fakhrur Rozi, M.; Andriyani, Y.; Masyithah Darlan, D. Prevalence of Cryptosporidium Spp. and Blastocystis Hominis in
Faecal Samples among Diarrheic HIV Patients in Medan, Indonesia. Med. Glas. Off. Publ. Med. Assoc. Zenica-Doboj Cant. Bosnia
Herzeg. 2021, 18, 55–61. [CrossRef]

8. Vanathy, K.; Parija, S.C.; Mandal, J.; Hamide, A.; Krishnamurthy, S. Cryptosporidiosis: A Mini Review. Trop. Parasitol. 2017, 7,
72–80. [CrossRef] [PubMed]

9. Sjöström, M.; Arvidsson, M.; Söderström, L.; Lilja, M.; Lindh, J.; Widerström, M. Outbreak of Cryptosporidium hominis in Northern
Sweden: Persisting Symptoms in a 5-Year Follow-Up. Parasitol. Res. 2022, 121, 2043–2049. [CrossRef]

10. Bouzid, M.; Hunter, P.R.; Chalmers, R.M.; Tyler, K.M. Cryptosporidium Pathogenicity and Virulence. Clin. Microbiol. Rev. 2013, 26,
115–134. [CrossRef]

11. Jumani, R.S.; Hasan, M.M.; Stebbins, E.E.; Donnelly, L.; Miller, P.; Klopfer, C.; Bessoff, K.; Teixeira, J.E.; Love, M.S.; McNamara,
C.W.; et al. A Suite of Phenotypic Assays to Ensure Pipeline Diversity When Prioritizing Drug-like Cryptosporidium Growth
Inhibitors. Nat. Commun. 2019, 10, 1862. [CrossRef]

12. English, E.D.; Guérin, A.; Tandel, J.; Striepen, B. Live Imaging of the Cryptosporidium parvum Life Cycle Reveals Direct Develop-
ment of Male and Female Gametes from Type I Meronts. PLoS Biol. 2022, 20, e3001604. [CrossRef] [PubMed]

13. Tandel, J.; English, E.D.; Sateriale, A.; Gullicksrud, J.A.; Beiting, D.P.; Sullivan, M.C.; Pinkston, B.; Striepen, B. Life Cycle
Progression and Sexual Development of the Apicomplexan Parasite Cryptosporidium parvum. Nat. Microbiol. 2019, 4, 2226–2236.
[CrossRef]

14. Sparks, H.; Nair, G.; Castellanos-Gonzalez, A.; White, A.C. Treatment of Cryptosporidium: What We Know, Gaps, and the Way
Forward. Curr. Trop. Med. Rep. 2015, 2, 181–187. [CrossRef] [PubMed]

15. Abubakar, I.; Aliyu, S.H.; Arumugam, C.; Usman, N.K.; Hunter, P.R. Treatment of Cryptosporidiosis in Immunocompromised
Individuals: Systematic Review and Meta-Analysis. Br. J. Clin. Pharmacol. 2007, 63, 387–393. [CrossRef]

16. Elshahawi, S.I.; Trindade-Silva, A.E.; Hanora, A.; Han, A.W.; Flores, M.S.; Vizzoni, V.; Schrago, C.G.; Soares, C.A.; Concepcion,
G.P.; Distel, D.L.; et al. Boronated Tartrolon Antibiotic Produced by Symbiotic Cellulose-Degrading Bacteria in Shipworm Gills.
Proc. Natl. Acad. Sci. USA 2013, 110, E295–E304. [CrossRef]

17. O’Connor, R.M.; Nepveux, V.F.J.; Abenoja, J.; Bowden, G.; Reis, P.; Beaushaw, J.; Bone Relat, R.M.; Driskell, I.; Gimenez, F.; Riggs,
M.W.; et al. A Symbiotic Bacterium of Shipworms Produces a Compound with Broad Spectrum Anti-Apicomplexan Activity.
PLoS Pathog. 2020, 16, e1008600. [CrossRef]

18. Bowden, G.D.; Reis, P.M.; Rogers, M.B.; Bone Relat, R.M.; Brayton, K.A.; Wilson, S.K.; Di Genova, B.M.; Knoll, L.J.; Nepveux,
V.F.J.; Tai, A.K.; et al. A Conserved Coccidian Gene Is Involved in Toxoplasma Sensitivity to the Anti-Apicomplexan Compound,
Tartrolon E. Int. J. Parasitol. Drugs Drug Resist. 2020, 14, 1–7. [CrossRef]

19. Vinayak, S.; Pawlowic, M.C.; Sateriale, A.; Brooks, C.F.; Studstill, C.J.; Bar-Peled, Y.; Cipriano, M.J.; Striepen, B. Genetic
Modification of the Diarrheal Pathogen Cryptosporidium parvum. Nature 2015, 523, 477–480. [CrossRef] [PubMed]

https://www.cdc.gov/healthywater/surveillance/cryptosporidium/cryptosporidium-2019.html
https://www.cdc.gov/healthywater/surveillance/cryptosporidium/cryptosporidium-2019.html
https://www.cdc.gov/parasites/crypto/pathogen.html
http://doi.org/10.1016/S0140-6736(13)60844-2
http://doi.org/10.1016/S2214-109X(19)30076-2
http://doi.org/10.1186/s12879-021-06598-3
http://www.ncbi.nlm.nih.gov/pubmed/34454462
http://doi.org/10.1007/s12639-021-01436-4
http://doi.org/10.17392/1271-21
http://doi.org/10.4103/tp.TP_25_17
http://www.ncbi.nlm.nih.gov/pubmed/29114483
http://doi.org/10.1007/s00436-022-07524-5
http://doi.org/10.1128/CMR.00076-12
http://doi.org/10.1038/s41467-019-09880-w
http://doi.org/10.1371/journal.pbio.3001604
http://www.ncbi.nlm.nih.gov/pubmed/35436284
http://doi.org/10.1038/s41564-019-0539-x
http://doi.org/10.1007/s40475-015-0056-9
http://www.ncbi.nlm.nih.gov/pubmed/26568906
http://doi.org/10.1111/j.1365-2125.2007.02873.x
http://doi.org/10.1073/pnas.1213892110
http://doi.org/10.1371/journal.ppat.1008600
http://doi.org/10.1016/j.ijpddr.2020.07.003
http://doi.org/10.1038/nature14651
http://www.ncbi.nlm.nih.gov/pubmed/26176919


Microorganisms 2022, 10, 2260 12 of 13

20. Bone Relat, R.M.; Winder, P.L.; Bowden, G.D.; Guzmán, E.A.; Peterson, T.A.; Pomponi, S.A.; Roberts, J.C.; Wright, A.E.; O’Connor,
R.M. High-Throughput Screening of a Marine Compound Library Identifies Anti-Cryptosporidium Activity of Leiodolide A. Mar.
Drugs 2022, 20, 240. [CrossRef]

21. Godiwala, N.T.; Vandewalle, A.; Ward, H.D.; Leav, B.A. Quantification of In Vitro and In Vivo Cryptosporidium parvum Infection
by Using Real-Time PCR. Appl. Environ. Microbiol. 2006, 72, 4484–4488. [CrossRef]

22. Behera, A.K.; Thorpe, C.M.; Kidder, J.M.; Smith, W.; Hildebrand, E.; Hu, L.T. Borrelia Burgdorferi-Induced Expression of Matrix
Metalloproteinases from Human Chondrocytes Requires Mitogen-Activated Protein Kinase and Janus Kinase/Signal Transducer
and Activator of Transcription Signaling Pathways. Infect. Immun. 2004, 72, 2864–2871. [CrossRef] [PubMed]

23. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

24. Boxell, A.; Hijjawi, N.; Monis, P.; Ryan, U. Comparison of Various Staining Methods for the Detection of Cryptosporidium in
Cell-Free Culture. Exp. Parasitol. 2008, 120, 67–72. [CrossRef]

25. Kato, S.; Lindergard, G.; Mohammed, H.O. Utility of the Cryptosporidium oocyst Wall Protein (COWP) Gene in a Nested PCR
Approach for Detection Infection in Cattle. Vet. Parasitol. 2003, 111, 153–159. [CrossRef]

26. Funkhouser-Jones, L.J.; Ravindran, S.; Sibley, L.D. Defining Stage-Specific Activity of Potent New Inhibitors of Cryptosporidium
parvum Growth In Vitro. mBio 2020, 11, e00052-20. [CrossRef]

27. Murphy, R.C.; Ojo, K.K.; Larson, E.T.; Castellanos-Gonzalez, A.; Perera, B.G.K.; Keyloun, K.R.; Kim, J.E.; Bhandari, J.G.; Muller,
N.R.; Verlinde, C.L.M.J.; et al. Discovery of Potent and Selective Inhibitors of Calcium-Dependent Protein Kinase 1 (CDPK1) from
C. parvum and T. gondii. ACS Med. Chem. Lett. 2010, 1, 331–335. [CrossRef] [PubMed]

28. Shu, F.; Li, Y.; Chu, W.; Chen, X.; Zhang, Z.; Guo, Y.; Feng, Y.; Xiao, L.; Li, N. Characterization of Calcium-Dependent Protein
Kinase 2A, a Potential Drug Target Against Cryptosporidiosis. Front. Microbiol. 2022, 13, 883674. [CrossRef]

29. Baragaña, B.; Forte, B.; Choi, R.; Nakazawa Hewitt, S.; Bueren-Calabuig, J.A.; Pisco, J.P.; Peet, C.; Dranow, D.M.; Robinson, D.A.;
Jansen, C.; et al. Lysyl-TRNA Synthetase as a Drug Target in Malaria and Cryptosporidiosis. Proc. Natl. Acad. Sci. USA 2019, 116,
7015–7020. [CrossRef]

30. Buckner, F.S.; Ranade, R.M.; Gillespie, J.R.; Shibata, S.; Hulverson, M.A.; Zhang, Z.; Huang, W.; Choi, R.; Verlinde, C.L.M.J.; Hol,
W.G.J.; et al. Optimization of Methionyl TRNA-Synthetase Inhibitors for Treatment of Cryptosporidium Infection. Antimicrob.
Agents Chemother. 2019, 63, e02061-18. [CrossRef]

31. Love, M.S.; McNamara, C.W. Phenotypic Screening Techniques for Cryptosporidium Drug Discovery. Expert Opin. Drug Discov.
2021, 16, 59–74. [CrossRef]

32. Manjunatha, U.H.; Vinayak, S.; Zambriski, J.A.; Chao, A.T.; Sy, T.; Noble, C.G.; Bonamy, G.M.C.; Kondreddi, R.R.; Zou, B.; Gedeck,
P.; et al. A Cryptosporidium PI(4)K Inhibitor Is a Drug Candidate for Cryptosporidiosis. Nature 2017, 546, 376–380. [CrossRef]
[PubMed]

33. Jumani, R.S.; Bessoff, K.; Love, M.S.; Miller, P.; Stebbins, E.E.; Teixeira, J.E.; Campbell, M.A.; Meyers, M.J.; Zambriski, J.A.; Nunez,
V.; et al. A Novel Piperazine-Based Drug Lead for Cryptosporidiosis from the Medicines for Malaria Venture Open-Access
Malaria Box. Antimicrob. Agents Chemother. 2018, 62, e01505-17. [CrossRef]

34. Choi, R.; Hulverson, M.A.; Huang, W.; Vidadala, R.S.R.; Whitman, G.R.; Barrett, L.K.; Schaefer, D.A.; Betzer, D.P.; Riggs, M.W.;
Doggett, J.S.; et al. Bumped Kinase Inhibitors as Therapy for Apicomplexan Parasitic Diseases: Lessons Learned. Int. J. Parasitol.
2020, 50, 413–422. [CrossRef]

35. Bessoff, K.; Sateriale, A.; Lee, K.K.; Huston, C.D. Drug Repurposing Screen Reveals FDA-Approved Inhibitors of Human
HMG-CoA Reductase and Isoprenoid Synthesis That Block Cryptosporidium parvum Growth. Antimicrob. Agents Chemother. 2013,
57, 1804–1814. [CrossRef] [PubMed]

36. Hulverson, M.A.; Choi, R.; McCloskey, M.C.; Whitman, G.R.; Ojo, K.K.; Michaels, S.A.; Somepalli, M.; Love, M.S.; McNamara,
C.W.; Rabago, L.M.; et al. Repurposing Infectious Disease Hits as Anti-Cryptosporidium Leads. ACS Infect. Dis. 2021, 7,
1275–1282. [CrossRef] [PubMed]

37. Nachipo, P.; Hermann, D.; Quinnan, G.; Gordon, M.A.; Van Voorhis, W.C.; Iroh Tam, P.-Y. Evaluating the Safety, Tolerability,
Pharmacokinetics and Efficacy of Clofazimine in Cryptosporidiosis (CRYPTOFAZ): Study Protocol for a Randomized Controlled
Trial. Trials 2018, 19, 456. [CrossRef]

38. Iroh Tam, P.; Arnold, S.L.M.; Barrett, L.K.; Chen, C.R.; Conrad, T.M.; Douglas, E.; Gordon, M.A.; Hebert, D.; Henrion, M.;
Hermann, D.; et al. Clofazimine for Treatment of Cryptosporidiosis in Human Immunodeficiency Virus Infected Adults: An
Experimental Medicine, Randomized, Double-Blind, Placebo-Controlled Phase 2a Trial. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc.
Am. 2021, 73, 183–191. [CrossRef]

39. Zhang, C.X.; Love, M.S.; McNamara, C.W.; Chi, V.; Woods, A.K.; Joseph, S.; Schaefer, D.A.; Betzer, D.P.; Riggs, M.W.; Iroh Tam,
P.-Y.; et al. Pharmacokinetics and Pharmacodynamics of Clofazimine for Treatment of Cryptosporidiosis. Antimicrob. Agents
Chemother. 2022, 66, e0156021. [CrossRef] [PubMed]

40. Dias, D.A.; Urban, S.; Roessner, U. A Historical Overview of Natural Products in Drug Discovery. Metabolites 2012, 2, 303–336.
[CrossRef] [PubMed]

41. Nweze, J.A.; Mbaoji, F.N.; Li, Y.-M.; Yang, L.-Y.; Huang, S.-S.; Chigor, V.N.; Eze, E.A.; Pan, L.-X.; Zhang, T.; Yang, D.-F. Potentials
of Marine Natural Products against Malaria, Leishmaniasis, and Trypanosomiasis Parasites: A Review of Recent Articles. Infect.
Dis. Poverty 2021, 10, 9. [CrossRef]

http://doi.org/10.3390/md20040240
http://doi.org/10.1128/AEM.00189-06
http://doi.org/10.1128/IAI.72.5.2864-2871.2004
http://www.ncbi.nlm.nih.gov/pubmed/15102798
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://doi.org/10.1016/j.exppara.2008.04.023
http://doi.org/10.1016/S0304-4017(02)00353-9
http://doi.org/10.1128/mBio.00052-20
http://doi.org/10.1021/ml100096t
http://www.ncbi.nlm.nih.gov/pubmed/21116453
http://doi.org/10.3389/fmicb.2022.883674
http://doi.org/10.1073/pnas.1814685116
http://doi.org/10.1128/AAC.02061-18
http://doi.org/10.1080/17460441.2020.1812577
http://doi.org/10.1038/nature22337
http://www.ncbi.nlm.nih.gov/pubmed/28562588
http://doi.org/10.1128/AAC.01505-17
http://doi.org/10.1016/j.ijpara.2020.01.006
http://doi.org/10.1128/AAC.02460-12
http://www.ncbi.nlm.nih.gov/pubmed/23380723
http://doi.org/10.1021/acsinfecdis.1c00076
http://www.ncbi.nlm.nih.gov/pubmed/33740373
http://doi.org/10.1186/s13063-018-2846-6
http://doi.org/10.1093/cid/ciaa421
http://doi.org/10.1128/AAC.01560-21
http://www.ncbi.nlm.nih.gov/pubmed/34748385
http://doi.org/10.3390/metabo2020303
http://www.ncbi.nlm.nih.gov/pubmed/24957513
http://doi.org/10.1186/s40249-021-00796-6


Microorganisms 2022, 10, 2260 13 of 13

42. Martens, M.C.; Liu, Y.; Sanford, A.G.; Wallick, A.I.; Warner, R.C.; Li, R.; Davis, P.H. Analogs of Marinopyrrole A Show
Enhancement to Observed In Vitro Potency against Acute Toxoplasma gondii Infection. Antimicrob. Agents Chemother. 2022, 66,
e00794-21. [CrossRef]

43. Tempone, A.G.; Pieper, P.; Borborema, S.E.T.; Thevenard, F.; Lago, J.H.G.; Croft, S.L.; Anderson, E.A. Marine Alkaloids as Bioactive
Agents against Protozoal Neglected Tropical Diseases and Malaria. Nat. Prod. Rep. 2021, 38, 2214–2235. [CrossRef] [PubMed]

http://doi.org/10.1128/AAC.00794-21
http://doi.org/10.1039/D0NP00078G
http://www.ncbi.nlm.nih.gov/pubmed/34913053

	Introduction 
	Materials and Methods 
	Cell Maintenance and Parasite Strains 
	Compounds 
	In Vitro Growth Inhibition Assay 
	Quantification of Parasite Growth by qPCR 
	Determination of Oocyst Excystation Rate 
	Sporozoite Viability Assay 
	Invasion Inhibition Assay 
	Quantification of Gene Expression by RT-qPCR 
	Statistics 

	Results 
	The Inhibition Curves of trtE against WT and Nluc C. parvum Strains Are Not Significantly Different 
	TrtE Kills C. parvum within the First Hour of Treatment 
	TrtE Has No Effect on Excystation 
	TrtE Inhibits Establishment of C. parvum Infection 
	TrtE Does Not Reduce the Viability of C. parvum Sporozoites 
	TrtE Is Most Effective during the Asexual Stage of C. parvum 
	TrtE Targets Early Sexual Stages of Cryptosporidium 

	Discussion 
	Conclusions 
	References

