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A B S T R A C T   

Despite several decades of research on therapeutics, cryptosporidiosis remains a major concern for human and 
animal health. Even though this field of research to assess antiparasitic drug activity is highly active and 
competitive, only one molecule is authorized to be used in humans. However, this molecule was not efficacious 
in immunocompromised people and the lack of animal therapeutics remains a cause of concern. Indeed, the 
therapeutic arsenal needs to be developed for both humans and animals. Our work aims to clarify research 
strategies that historically were diffuse and poorly directed. This paper reviews in vitro and in vivo methodologies 
to assess the activity of future therapeutic compounds by screening drug libraries or through drug repurposing. It 
focuses on High Throughput Screening methodologies (HTS) and discusses the lack of knowledge of target 
mechanisms. In addition, an overview of several specific metabolic pathways and enzymatic activities used as 
targets against Cryptosporidium is provided. These metabolic processes include glycolytic pathways, fatty acid 
production, kinase activities, tRNA elaboration, nucleotide synthesis, gene expression and mRNA maturation. As 
a conclusion, we highlight emerging future strategies for screening natural compounds and assessing drug 
resistance issues.   

1. Introduction 

Cryptosporidium is an intestinal parasite infecting a wide range of 
hosts including animals and humans. It is responsible for cryptosporid
iosis, an infection that causes moderate to severe diarrhea, potentially 
fatal in young children and immunocompromised individuals (HIV/ 
AIDS, transplant, chemotherapy). Forty-four species of Cryptosporidium 
have been documented so far (Ryan et al., 2021) but Cryptosporidium 
hominis (C. hominis) and Cryptosporidium parvum (C. parvum) are 
responsible for more than 90% of human infections (Feng et al., 2018). 
The global prevalence of Cryptosporidium infection in humans has been 
estimated at 7.6 % and the highest prevalence has been estimated at 
69.6 % in some countries (Dong et al., 2020). The most affected pop
ulations were from low-income countries, suffering from gastrointes
tinal disorders and located in rural areas. A meta-analysis study of 
long-term consequences associated with diarrhea from Cryptosporidium 
infection found Cryptosporidium was the fifth leading cause of diarrhea 
in children under 5, responsible for 48 000 deaths and a loss of 4.2 
million disability-adjusted life years (Khalil et al., 2018). 

Although a vaccine has been developed for cattle (Timmermans et al., 
2024), no vaccine is available for humans. Regarding drug therapy, 

Nitazoxanide is the only drug approved for the treatment of crypto
sporidiosis in immunocompetent patients. However, this medicine is not 
effective for immunocompromised adults and despite the use of a pro
longed treatment, it exhibited low efficacy in treating HIV-infected 
children under 5 (Amadi et al., 2002; Amadi et al., 2009). There is 
therefore a critical need for new effective and affordable drugs. Drug 
discovery efforts for cryptosporidiosis have been hindered by the lack of 
cell cultures able to follow the long-term development of the parasite 
and the emergence of the complete sexual reproduction stages. The lack 
of robust screening assays and the complex life cycle have limited drug 
screening as well. Recent advances have been made to culture Crypto
sporidium especially in three-dimensional (3D) environments like orga
noid systems to have a more physiologically relevant environment and 
to study the interaction between C. parvum and intestinal epithelial cells 
(Bhalchandra et al., 2020). With the same objective, an intestinal 
epithelial stem cell-based platform enabling complete Cryptosporidium 
life cycle development was described using an “air-liquid” interface 
culture process (Wilke et al., 2019). Interestingly, this method supported 
parasite expansion more than 100-fold and generated viable oocysts that 
were transmissible in vitro and in vivo, leading to infection and animal 
death in mice. Moreover, by the adaptation of hollow fiber technology 
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mimicking the gut environment by the creation of an aerobic/anaerobic 
interface, it was possible to produce Cryptosporidium oocysts for more 
than 6 months. These oocysts were infective in a dexamethasone 
immunosuppressed mouse model (Morada et al., 2016). However, not all 
these cell-based methods are compatible with High Throughput drug 
Screening (HTS) due to limitations including complexity, cost, or lack of 
automatization. So, 2D cell culture methods are still commonly used for 
HTS of drugs against cryptosporidiosis. 

In this review, we will provide an overview of HTS scalable methods 
to quantify anticryptosporidial activity, the strategy based on metabolic 
pathway targeting, the repurposing/repositioning approach to speed up 
molecule availability and finally we will discuss challenges to take up in 
terms of molecule sources and future analytical tools. 

2. How to quantify C. parvum development by HTS? 

The traditional method for quantifying Cryptosporidium development 
is by microscopic examination involving counting the number of para
sites or infectious foci per field of view by comparing the results to a 
reference molecule such as nitazoxanide or paromomycin. While this 
method is inexpensive, it is time-consuming and requires skilled 
personnel for accurate quantification (Rochelle et al., 2001; Teichmann 
et al., 2012). However, this approach is inconsistent with High 
Throughput Screening (HTS), a technique combining automated mi
croscopy with image analysis to quantify multiple features of cellular 
events. 

Indeed, recent advances in phenotypic assays adapted to HTS tech
nologies have been made in direct parasite detection and are based on 
microscopic techniques using high content automatic imaging (Love et 
McNamara, 2020) or on biomolecular techniques. 

One HTS method developed to assess inhibitory drug efficacy was 
based on indirect quantification of the Cryptosporidium parasite by 
cytopathic effect analysis. Chao and colleagues (Chao et al., 2018) 
screened a collection of FDA-approved drugs leading to the confirmation 
of several previously known anti-Cryptosporidium hits as well as identi
fying a few new candidates. This model is simple, functional, and its 
homogeneous gain of signal format is amenable to High Throughput 
Screening. However, if one needs to confirm direct parasite activity, this 
procedure requires a secondary assay. The main advantage that 
phenotypic screening presents is that no special knowledge is required 
(for instance, the molecular target) to discover new molecules against 
Cryptosporidium. However, additional analyses are required to identify 
the targets or altered biological processes that might lead to side effects. 
In this context, target-based screening seems to be promising. The sec
ond HTS scalable strategy is based on a molecular biological approach. 
This explains the growing list of publications based on qRT-PCR 
methods (Cai et al., 2005). More particularly, protocols have been 
adapted to HTS in vitro by the use of total cell lysate as a template (Zhang 
and Zhu, 2015). For example, based on these HTS methods, the drug 
screening of 1200 compounds allowed the identification of Vorinostat 
(SuberAniloHydroxamic Acid, SAHA) HDAC inhibitors against 
C. parvum (Guo et al., 2018). Additionally, 800 natural products were 
tested (Jin et al., 2019) and led to the identification of active molecules 
such as cedrelone and baicalein. But more interestingly, these results 
provided a large selection of new structures derived from natural 
products, which could be explored as future therapeutics. In the same 
manner, C. parvum glucose-6-phosphate isomerase (CpGPI) inhibitor: 
ebselen (Eltahan et al., 2018) and several C. parvum hexokinase in
hibitors (Eltahan et al., 2019) were also identified by the use of qRT-PCR. 

The third strategy of HTS scalable methods was based on genetically 
tractable C. parvum strains (Vinayak et al., 2015). These transgenic 
strains have enabled researchers to develop more effective and faster 
drug screening methods by the use of in vitro luminescence assays 
(Hulverson et al., 2017; Hennessey et al., 2018). Recently, the use of such 
transgenic C. parvum strains (Vinayak et al., 2015) in drug screening has 
been a real breakthrough, enabling the visualization of parasite 

development and the evaluation of drug efficacy with sensitivity and less 
variability. These strains can express fluorescent (GFP, RFP, mCherry) or 
bioluminescent reporters (luciferase). An in vitro bioluminescent test 
based on the use of the Nano-Glo luciferase reagent to quantify the 
luminescence emitted by the parasite has been used to study KDU731 in 
vitro and to monitor in real-time the parasite’s infection by in vivo im
aging using immunocompromised IFN-γ KO mice. 

In parallel with the creation of new rapid screening methods, the 
diversification of leads and molecule sources needs to be increased. 
Indeed, the strategy to discover new anticryptosporidial drugs could be 
based first on the inhibition of molecules (mainly enzymes) previously 
identified as implicated in specific metabolic pathways. Another strat
egy to identify hits could be based on the screening of large drug li
braries in a repurposing/repositioning strategy. Finally, a third strategy 
of drug sourcing could be achieved by the screening of natural com
pound libraries (for example plant- or marine-derived compounds). 
However, it is noteworthy that despite their efficacy against Cryptospo
ridium, many compounds exhibit toxicity. Considering this limitation, 
anticryptosporidial drug screening strategies will have to include addi
tional chemical modification steps to produce safer analogs. 

3. Targeting metabolic pathways: target-based screening 

This approach consists first in identifying a metabolic pathway that is 
essential for C. parvum without interfering with the host. This strategy 
requires some knowledge of Cryptosporidium’s biological processes, such 
as metabolic pathways, which are extremely limited (Abrahamsen et al., 
2004). 

A second prerequisite is to identify inhibitors of these metabolic 
pathways. This step is often completed by a repositioning/repurposing 
approach resulting in the assessment of the efficacy of inhibitors pre
viously determined to be active against other pathogenic agents, but this 
time for Cryptosporidium. Such trials could be done directly on infected 
cell cultures or using recombinant target proteins. This last approach 
helped identify drug ability to bind and inhibit specifically target 
proteins. 

Recent advances in the characterization of the genome and biology 
of Cryptosporidium have revealed that this parasite possesses distinct 
metabolic pathways and survival mechanisms that render it dependent 
on certain key proteins. Cryptosporidium is an obligate intracellular 
parasite with a minimalist metabolism and depends on the host for 
nutrient and energy supply (Abrahamsen, et al., 2004; Xu et al., 2024; 
Rider and Zhu, 2010). 

Indeed, glycolytic and fatty acid pathways, nucleotide biosynthesis, 
mRNA maturation processes, protein synthesis, kinase activities were all 
investigated as potential target sites. 

3.1. Targeting the energy metabolism of C. parvum 

Due to the absence of mitochondria (Riordan et al., 2003), Crypto
sporidium cannot perform the Krebs cycle in its energy production, 
limiting its metabolic options for ATP production (Yu et al., 2014; Rider 
and Zhu, 2010). Several studies (Denton et al.,1996; Cook et al., 2015) 
have shown that Cryptosporidium predominantly relies on glycolysis, 
indicating that targeting this metabolic pathway could be considered as 
an interesting therapeutic option (Fig. 1). Similarly, lipid metabolism 
also plays a crucial role in the cellular functions of the parasite and 
Cryptosporidium is unable to synthesize certain essential fatty acids, such 
as long-chain fatty acids (Zhu, 2004). Therefore, several studies have 
focused on targeting pathways involved in the energy production of 
C. parvum. 

3.1.1. Glycolytic pathway 
The glycolytic pathway has emerged as a promising target due to its 

essential role in ATP (Adenosine triphosphate) production and studies 
have shown that C. parvum relies mainly on the anaerobic oxidation of 
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glucose for energy production. Several glycolytic enzymes such as 
phosphoglucose isomerase, pyruvate kinase (PyK) or lactate dehydro
genase (LDH) have been flagged as key enzymes for C. parvum’s 
development. 

The Glucose-6-phosphate Isomerase described in C. parvum (CpGPI), 
catalyzing the interconversion of glucose-6-phosphate to fructose-6- 
phosphate, is also an interesting target in the glycolytic pathway. 
After the screening of 1200 known compounds to identify potential anti- 
CpGPI activities (Prestwick chemical library), the authors discovered 
that ebselen, a synthetic organoselenium compound, could irreversibly 
inhibit CpGPI with an IC50 of 8.33 μM without interfering with host GPI. 
Using a qRT-PCR-based drug testing assay, the authors showed that 
ebselen was able to inhibit the growth of C. parvum in vitro at micromolar 
level (EC50 = 165 μM). However, a relatively small safety interval was 
found, requiring further studies or investigating analogs to obtain more 
selective and efficacious inhibitors (Eltahan et al., 2018). 

Another enzyme acting in the Cryptosporidium glycolytic pathway 
was investigated as a potential drug target: the pyruvate kinase. This 
enzyme catalyzes the conversion of phosphoenolpyruvate to pyruvate. 

To test specific inhibitors, researchers have developed a recombinant 
C. parvum pyruvate kinase protein (CpPyK) and used it to screen 1424 
compounds to identify potential CpPyK inhibitors (Khan et al., 2022). 
Thanks to this strategy six compounds exhibited a 
concentration-dependent inhibitory effect (EC50 values ranging from 
10.29 to 86.01 μM) on the in vitro development of C. parvum. Based on in 
vitro results (resulting in the assessment of efficacy and selectivity of 
tested drugs), these authors have selected 4 compounds: NSC638080, 
NSC303244, NSC252172 and NSC234945 for in vivo assays in IFN-γ KO 
mice. At a dose of 10 mg/kg body weight, NSC252172 and NSC234945 
inhibited cryptosporidiosis in immunocompromised mice. The treat
ment induced very significant reduction in parasite load and in intestinal 
pathologies. 

A third enzyme implied in the glycolytic pathway was finally stud
ied: the lactate deshydrogenase (LDH). LDH catalyzes the interconver
sion of pyruvate to lactate and generates ATP. Previous studies have 
shown that C. parvum’s LDH (CpLDH) is essential for the parasite’s 
growth by associating with the parasitophorous vacuole membrane for 
intracellular C. parvum development (Zhang et al., 2015) and is essential 

Fig. 1. Metabolic pathways targeted by anti-cryptosporidial drugs. Several drugs against Cryptosporidium exhibit inhibiting effects on nuclear- (in grey) as well 
as cytoplasmic-located biochemical processes. In this figure, a Cryptosporidium parasite is represented in its intracellular but extracytoplasmic host location within the 
parasitophorous vacuole. Molecule exchanges between host cell and the parasite take place through the electron dense connection. Surrounding the parasite, the 
purple text refers to the name of compounds inhibiting specific metabolic pathways. In the nucleus, the histone acetylation process (via histone deacetylase) as well as 
mRNA maturation (via polyadenylation specificity factor 3) are both inhibited by drugs. In the cytoplasm the glycolytic pathway (in orange) could be impeded by the 
action on three different enzymes (phosphoglucose isomerase, pyruvate kinase and lactate dehydrogenase). Regarding the fatty acids pathway (in yellow), inhibitors 
were identified as acting on acyl-CoA synthetase). Calcium regulated processes (in purple) were also described as target sites by the inhibition of calcium dependent 
kinases. In the phosphatidyl inositol phosphorylating process, the inhibition of a kinase (CpPi(4)K) exhibited a strong activity by reducing parasite growth (in Pink). 
In the mechanism linking amino acids (phenylalanyl, lysyl or methionyl)) to their specific tRNA, actions of tRNA synthetases are also altered by therapeutic drugs (in 
blue). Finally, the guanosine synthesis pathway (in green) is inhibited by action on the inosine-5 monophosphate dehydrogenase. In red are the enzymes seen to be 
targeted by anticryptosporidial drugs. In order to make the figure readable, the glycolytic pathway has been reduced to the set of enzymes affected by anti-parasitic 
compounds. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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for viability and infectivity of the shed oocysts in mice (Zhang et al., 
2018). Known inhibitors of LDH (gossypol and FX11) are effective 
against C. parvum but they are not specific to CpLDH and inhibit 
mammalian LDH as well. Recently, novel LDH inhibitors have been 
found: compounds NSC158011 and NSC10447 were identified for their 
anticryptosporidial properties using in vitro enzymatic assays by study
ing their inhibitory effects on recombinant CpLDH protein in HCT-8 
cells. Analysis of cultures at 48h post-infection showed that NSC158011 
and NSC10447 significantly inhibited the growth of C. parvum with IC50 
of 14.88 μM and 72.65 μM respectively. In an in vivo model using IFN-γ 
KO mice, NSC158011 dosed at 400 mg/kg for 7 days showed compa
rable efficacy to paromomycin (100 mg/kg) on oocyst excretion, 
whereas a dose of 1000 mg/kg was required for NSC10447. Histopath
ological examination performed on the 9th day post-infection showed 
that mice treated with CpLDH inhibitors retained intact intestinal mu
cosa and villi, unlike untreated infected mice (Li et al., 2019). 

It is noticeable that recent results showed a strong synergistic effect 
against Cryptosporidium reproduction when two inhibitors of CpPyK and 
CpLDH are associated (Khan et al., 2023) both in vitro and in vivo. 
Following the administration of NSC303244 + NSC158011 (100 mg/kg) 
or NSC252172 + NSC158011 (150 mg/kg), C. parvum-infected IFN-γ KO 
mice shed lower oocyst doses compared to mice treated with individual 
compounds. The double compound treatment completely cleared the 
infection without relapse. 

3.1.2. Fatty acid pathway 
Unlike Plasmodium, Toxoplasma, and Eimeria apicomplexans, Cryp

tosporidium does not possess Type II fatty acid synthetic enzymes, sug
gesting this parasite is unable to synthesize fatty acids de novo. 

However, C. parvum possesses a giant Type I fatty acid synthase 
(CpFAS1). This enzyme makes very long chain fatty acids using medium 
or long chain fatty acids as precursors (Zhu et al., 2000). Indeed, this 
strategy of targeting lipid metabolism was used to discover triacsin C, an 
inhibitor of long-chain acyl-CoA synthetases (ACSLs), which are essen
tial enzymes for fatty acid metabolism. The C. parvum genome encodes 
only three Acyl-CoA synthetases (CpACS) (Zhu, 2004). By colorimetry, 
Guo and colleagues (Guo et al., 2014) characterized the enzymatic ac
tivity of the recombinant proteins CpACS1 and CpACS2 and demon
strated that inhibition of these proteins by triacsin C could decrease 
parasite growth, both in cell culture (IC50 = 136 nM) and in IL-12 KO 
mice where the excretion of oocysts was reduced by 50%–88% with 
doses of 8 mg/kg/d to 15 mg/kg/d for one week. More recently, triacsin 
C was used as a baseline to find analogs by virtual screening, resulting in 
the identification of molecule R134 as the best hit. However, these re
sults are based on predictions that must first be tested in an in vitro model 
(Chattopadhyay et al., 2019). 

3.2. Targeting the biosynthesis of nucleotides 

The biosynthesis of nucleotides was initially identified as an attrac
tive target, in particular a key enzyme involved in the de novo biosyn
thesis of guanine nucleotides: Inosine 5′-monophosphate dehydrogenase 
(IMPDH). The inhibition of IMPDH leads to impaired Cryptosporidium 
replication and survival. However, IMPDH finally proved to be an 
edifying example of the difficulty of working on Cryptosporidium meta
bolism pathways, faced with this parasite’s incredible capacity for 
adaptation. 

IMPDH is a key enzyme in the guanine nucleotide biosynthesis 
pathway in Cryptosporidium. Previous studies have suggested that 
inhibiting IMPDH in C. parvum (CpIMPDH) (Umejiego et al., 2004) leads 
to a decrease in DNA and RNA production, blocking the replication and 
the survival of the parasite. Following in vitro assays on infected HCT-8 
cells, phylomers exhibited a parasite growth inhibition activity 
(phylomers 8, IC50 = 8 μM) (Jefferies et al., 2015). Indeed, IMPDH in
hibitors like P131 (250 mg/kg of body weight/day) exhibited in IL-12 
KO mice a higher inhibitory effect against Cryptosporidium than 

nitazoxanide and paromomycin. (Gorla et al., 2014). 
Recently, a chemiluminescence-based HTS system was used to screen 

1400 known bioactive compounds for any CpIMPDH inhibitory activity. 
Finally, three compounds - disulfiram, bronopol and ebselen - were 
identified. However, the selectivity of disulfiram and bronopol seemed 
not to distinguish enough between mammalian and protozoan IMPDH. 
Moreover, bronopol showed significant toxicity in mice (Sarwono et al., 
2019). These results encourage researchers to test analogs to overcome 
toxicity and specificity issues using virtual screening. Indeed, the com
pound ZINC46542062 was selected from a pharmacophore-based vir
tual screening to identify new inhibitors against CpIMPDH using P131 as 
a starting point, making it possible to consider a more specific activity 
and safety profile compared to the parent compound P131 (Omolabi 
et al., 2021). In this context, other analogs have recently been discov
ered. After screening the Hokkaido University Chemical Library and 
using a luciferase-based High Throughput Screening method, re
searchers found two cyclophane-type adenosine derivatives having 
p-quinone amide moieties (compound 1 and 2) as weak inhibitors of 
CpIMPDH. To obtain more potent inhibitors, they synthesized four new 
derivatives free from cyclophane rings (compounds 3 to 6) (Shigetomi 
et al., 2019). However, despite all these promising results, the use of 
directed gene ablation raised the question of using the nucleotide 
biosynthesis pathway as a good means of tackling the Cryptosporidium 
parasite (Pawlowic et al., 2019). It was particularly interesting to 
discover that resulting parasite mutants were viable under normal 
conditions but were hypersensitive to inhibition of purine nucleotide 
synthesis in their host cell. This observation suggested that the lack of 
purine synthesis capacity in the parasite was compensated for by salvage 
enzymes or yet undiscovered purine transporters. Therefore, these re
sults clearly highlight the importance of considering the parasite’s ca
pacity to bypass metabolic pathway inhibition by molecule uptake 
directly from the host cell. 

3.3. Targeting nucleic acid processes and gene expression 

Within the nucleic acid metabolism pathway, two modification steps 
were targeted for drug screening. The first one aimed at the epigenetic 
regulation process by the acetylation of histones. The second target 
focused on the addition of the polyadenylation tail to the mRNA during 
the post transcriptional maturation step. 

Thus, Vorinostat, a molecule previously approved by the FDA for the 
treatment of cutaneous T-cell lymphomas was investigated for its 
inhibitory effect on histone deacetylases (HDACs) in Cryptosporidium. 
Interestingly, HDACs are a family of enzymes that remove acetyl groups 
from histones and play a role in gene expression by modifying the level 
of DNA compaction. Using the qRT-PCR-based phenotypic screening 
assay Vorinostat was shown to be effective in inhibiting C. parvum his
tone deacetylase 3 (CpHDAC3). In vitro studies have shown inhibition of 
parasite growth, with an EC50 of 0.203 μM. In in vivo models of immu
nocompromised mice (IL-12 KO mice) infected with C. parvum, a dose of 
25 mg/kg/day reduced oocyst excretion after 6 days of treatment (Guo 
et al., 2018; Herrera-Martínez et al., 2020). In this context, and just like 
Vorinostat, another HDAC inhibitor molecule has recently been 
discovered in an epigenetic library of compounds already approved by 
the FDA: nullscript. The authors have demonstrated that nullscript in
hibits the growth of C. parvum by inhibiting the deacetylation of histone 
3 (H3K9). Its effectiveness has been demonstrated in vitro with a IC50 of 
2.1 μM on infected HCT-8 cells and in vivo, in SCID mice whose oocyst 
excretion significantly decreased after three days of treatment at 10 
mg/kg/day (Murakoshi et al., 2020). 

In parallel with the HDAC inhibition strategy, the mRNA maturation 
process was also investigated as a potential drug target. In this approach, 
AN7973 was identified through a drug repositioning strategy by 
screening a library of 7802 compounds, including analogs to four anti
protozoal chemical scaffolds under pre-clinical development for 
neglected tropical diseases. In vitro, in the Cryptosporidium-MDCK cell 
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growth model, AN7973 selectively inhibited the intracellular develop
ment and more specifically the asexual reproduction of C. parvum 
(IOWA) and C. hominis (TU502) by inhibiting DNA synthesis, probably 
by targeting CPSF3 (Cleavage and Polyadenylation Specific Factor 3). In 
an in vivo model, a 4-day treatment on the 7th day post-infection reduced 
oocyst excretion by more than 90% at 10 mg/kg/day and over 99% at 
25 mg/kg/day in immunocompromised mice (NOD SCID Gamma). A 
dose dependent efficacy was also demonstrated for AN7973 in IFN-γ KO 
mice (efficacy at a dose of 10 mg/kg/day. In addition, its effectiveness 
has also been demonstrated in newborn calves without side effects, 
encouraging the continuation of preclinical toxicological studies (Lunde 
et al., 2019). 

3.4. Targeting protein synthesis 

Before translation steps leading to the production of proteins, tRNA 
are associated with their specific amino acids using tRNA synthetase. 
Three of them were targeted during anticryptosporidial drug screening 
studies. 

First of all, several bicyclic azetidine compounds with known 
mechanisms of action against the phenylalanyl-tRNA synthetase on 
Plasmodium falciparum (pfPheRS) were tested in vitro against the Cryp
tosporidium enzyme exhibiting the same function (CpPheRS). Following 
a cell-based high-content microscopy assay (Vinayak et al., 2020) the 
bicyclic azetidine BRD3914 showed the most potent Cryptosporidium 
inhibitor activity with an EC50 of 62 nM. Further characterizations of a 
selection of bicyclic azetidines and their synthetized analogs have 
demonstrated their efficacy against different strains and species of 
Cryptosporidium and their safety. Among the multiple hits, the bicyclic 
azetidine BRD7929 showed significant efficacy curing immunosup
pressed mice (NOD SCID Gamma) at doses at low as 10 mg/kg/day for 4 
days without relapse after 14 days’ observation. To directly test if the 
mechanism of action was conserved, the authors used CRISPR/Cas9 
genome editing to introduce mutation in CpPheRS (L482V) and showed 
that the mutant transgenic parasite showed a 23-fold decrease in 
BRD7929 susceptibility and 9-fold in BRD3914 susceptibility. The mo
lecular target (PheRS) was confirmed using recombinant C. hominis 
PheRS (ChPheRS) protein, showing that inhibition of the amino
acylation activity of recombinant ChPheRS is correlated with in vitro 
activity in culture and validating Cryptosporidium PheRS as the molec
ular target of bicyclic azetidines (Vinayak et al., 2020). 

A previous study showed BRD7929 blocked nuclear replication using 
EdU (5- ethynyl- 2′- deoxyuridine) incorporation and specific mono
clonal antibodies. The authors demonstrated that parasites in control 
cultures had progressed to the mature meront stage but only trophozo
ites were present in BRD7929-treated cultures (Funkhouser-Jones et al., 
2020). 

The C. parvum methionyl-tRNA synthetase (CpMetRS) was also 
investigated as a potential drug target and resulted in identifying the 
compound 2093 as an inhibitor. This compound showed significant in
hibitor activity against different strains of C. parvum in HCT-8 cells with 
an EC50 ranging from 6 nM to 29 nM. In vivo assays using IFN-γ KO mice 
(Buckner et al., 2019) confirmed this parasite growth inhibitory effect 
following a treatment with 50 mg/kg twice a day. However, the com
pounds revealed a resistance issue (Hasan et al., 2021). The authors 
evaluated the efficacy of these compounds in calves infected by 
C. parvum. The treatment of 15 mg/kg every 12 h, starting on the second 
day of infection, made it possible to considerably reduce the excretion of 
oocysts. Unfortunately, a gradual increase in excreted oocysts was 
observed as well as a reappearance of diarrheal symptoms in two of the 
three calves treated. After sequencing, the authors noticed that the two 
relapsed calves were infected with parasites presenting mutations in the 
gene coding for CpMetRS. Two mutations involved in changing amino 
acids (D243E and T246I) conferred resistance to the drug. Structural 
modeling indicated that these mutations strongly disrupt inhibitor 
binding to CpMetRS. Subsequently, tests carried out with recombinant 

enzymes containing these mutations showed that they were 170 times 
less sensitive to the inhibition of Compound 2093. Similarly, C. parvum 
parasites genetically modified by the CRISPR/Cas9 method to express 
these mutations were 128 times (D243E) and 613 times (T246I) less 
sensitive to the 2093 inhibitor (Hasan et al., 2021). 

This study reinforces the urgent need to develop new therapeutic 
molecules and the concern about the rapid resistance of Cryptosporidium 
to drugs. 

Finally, Lysyl tRNA synthetase (KRS) was also identified as a po
tential drug target against Cryptosporidium. Initially this enzyme was 
identified in Plasmodium falciparum as a target of a fungal secondary 
metabolite: cladosporin (Hoepfner et al., 2012). Unfortunately, clado
sporin exhibited a high metabolic instability leading to this compound 
being considered a poor drug lead. Despite this limitation, based on 96% 
structural homology, pfKRS inhibitors were still tested on Cryptospo
ridium Lysyl tRNA synthetase (CpKRS) activity (Baragaña et al., 2019). 
Using a kinase glo assay platform, a 13 000-compound library (Tres 
Cantos Antimalaria Set, GlaxoSmithKline) was screened for compounds 
to use against recombinant KRS. A chromene compound (N-(cyclo
hexylmethyl) 4-oxo-4H-chromene-2-carboxamide called Compound 2) 
was identified as an inhibitor and modified to increase its stability as 
well as oral bioavailability. This optimized lead (N-[(4,4-difluor
o-1-hydroxy-cyclohexyl) 
methyl]-6-fluoro-4-oxo-chromene-2-carboxamide (called compound 5 
or DDD01510706) inhibited in vitro development of both C. hominis 
(TU502) with an EC50 = 6 μM and C. parvum (IOWA strain) with an EC50 
= 1.3 μM). Compound 5 exhibited excellent drug-like properties by 
competing with the ATP for the same bonding site on CpKRS. Interest
ingly, Compound 5 exhibited in vivo activity against Cryptosporidium in 
NOD SCID and in INF-γ KO mice treated orally at 20 mg/kg once a day 
for 7 days. Following the validation of CpKRS as the molecular target of 
the chromene-based compound, the mode of action was confirmed 
(Hanna et al., 2023). Using a conditional CRISPR/Cas9 knockdown 
strategy, CpKRS was proved to be essential for Cryptosporidium infection 
in IFN-γ KO mice. Interestingly, the overexpression of CpKRS or the 
mutation of CpKRS’s active site supported resistance to treatment. 
Indeed, it provided important validation of KRS as a drug target. 

3.5. Targeting protein kinases 

As shown above, targeting single pathways or a single component 
within one pathway is not a robust enough strategy due to the ability of 
the parasite to find alternative pathways or develop resistance. Target
ing multiple metabolic pathways is therefore a much better approach. 

Calcium-Dependent Protein Kinases (CDPKs) have emerged as 
promising candidates due to their essential role in parasite development 
and lack of counterparts in mammalian hosts (Ojo et al., 2010). These 
kinases are involved in calcium signaling and regulate various processes 
such as invasion, motility, and egress. Recent studies showed that 
CpCDPK1 and CpCDPK9 might play different roles in the invasion and 
growth of C. parvum. They are transcribed at different times during 
development and are expressed in different organelles of the parasite. 
Therefore, CpCDPK9 is more likely to play a role in the invasion of 
C. parvum, while CpCDPK1 might participate in the growth of the 
parasite. Nevertheless, inhibition of both CDPKs in in vitro cultures 
reduced the parasite load (~40%) (Su et al., 2022). Also, gene encoding 
CpCDPK2A is one of the CDPK genes highly expressed in multiple life 
cycle stages of C. parvum and it is one of the first CpCDPKs that has been 
identified with high expression in macrogamonts, suggesting that it is a 
good target for the development of drugs against Cryptosporidium spp 
(Shu et al., 2022). 

In 2016, the screening of Bumped Kinase Inhibitors (BKIs) against 
Cryptosporidium both in vitro and in vivo models identified the compound 
BKI-1517 as an interesting drug candidate (Castellanos-Gonzalez et al., 
2016). The results showed that a concentration of 10 μM resulted in a 
90% reduction in the number of parasites in HCT-8 cells infected with an 
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EC50 ranging from 10 nM to 50 nM. In immunocompromised SCID mice, 
the authors evaluated the efficacy of BKI-1517 dosed at 60 mg/kg for 5 
days, administered in a single or divided daily dose starting from the 4th 
day post-infection. Surprisingly, the 60 mg/kg/day administered as a 
single dose was more effective than the divided dose, but an increase in 
oocyst excretion was observed in several mice on the 28th day after the 
start of treatment. However, this relapse was limited by doubling the 
dose of BKI-1517, and 83.3% of the mice were cured. 

A second inhibitor, BKI-1369, also showed good in vitro results with 
an EC50 of 2.4 μM and demonstrated efficacy in several animal models 
infected with C. parvum, for example calves infected and treated with 5 
mg/kg/day of BKI-1369 at the 2nd day of infection. Results showed an 
oocyst excretion reduced up to 30-fold, and a decrease in diarrheal 
symptoms was observed as early as the 3rd day of infection (Hulverson 
et al., 2017). In the gnotobiotic piglet model infected with C. hominis and 
treated with 10 mg/kg of BKI-1369 twice a day for 5 days (Lee et al., 
2018), the piglets showed a reduction in oocyst excretion throughout the 
study from the 2nd day of treatment. Similarly, unlike in the control 
group, diarrheal symptoms significantly decreased and even completely 
disappeared for some of the piglets treated. Histopathological analysis 
conducted on the 13th day post-infection in the control group showed 
structural abnormalities of intestinal villi, lymphocyte infiltration of the 
lamina propria, and a significant infection of C. hominis at the apical pole 
of epithelial cells. In contrast, in the group treated with BKI-1369, 
cellular damage, inflammation, and parasite quantity were greatly 
reduced. 

However, the main drawback of BKI-1369 is that it blocks the hERG 
(Human Ether-a-go-go-Related Gene) ion channel, leading to car
diotoxicity at concentrations as low as 2 μM, thus limiting its use in 
clinical studies in humans. 

Additional research has been carried out to find safe and effective 
drug candidates for Cryptosporidium by structure modification of BKIs 
using a pyrrolopyrimidine (PrP) central scaffold. Newly designed BKIs 
(BKI-1770 and BKI-1708) were found to exhibit efficacy against 
C. parvum without cardiotoxicity issues using in vitro and IFN-γ KO 
mouse models (Huang et al., 2019). Similarly, new BKI-1812 and 
BKI-1814 were tested (Hulverson et al., 2021) but the authors demon
strated that several human kinases were affected by both BKIs and 
BKI-1814 was quickly metabolized into high plasma concentration of its 
metabolite BKI-1649, a compound which showed abortifacient toxic 
effects in pregnant mice, limiting the development of these BKIs. 
Overall, the authors showed that data from these studies serve as a 
strong proof-of-concept for the continued development of the pyrrolo
pyrimidine (PrP) central scaffold as inhibitors of CpCDPK1 for the 
treatment of Cryptosporidium (Hulverson et al., 2021). Other BKI analogs 
based on a 5- aminopyrazole- 4- carboxamide (AC) scaffold like 
BKI-1770 and BKI-1708 were tested and shown to be efficacious in the 
C. parvum infected IFN-γ KO mouse model, emerging as potential 
pre-clinical leads for cryptosporidiosis treatment (Huang et al.,2019). 
Finally, the authors highlighted the utility of knowing the metabolism of 
these BKI analogs, in particular the potential effects of their metabolites 
during a study comparing toxicities among BKI analogs (Hulverson et al., 
2023). Indeed, BKI-1770, BKI-1841 and BKI-1708 showed significant 
efficacy in in vitro and in mice models with different dose intervals to 
reach efficacy against C. parvum and these variations could be explained 
by different metabolic stabilities. Despite efficacy against C. parvum, 
BKI-1770 and BKI-1841 resulted in neurological and bone toxicity ef
fects in calves and rodents. However, BKI-1708 continues to be a po
tential candidate for cryptosporidiosis treatment (Hulverson et al., 
2023). 

Finally, another type of protein kinase was investigated as a potential 
anticryptosporidial drug target: Phosphatidyl inositol-4-kinase (CpPI(4) 
K). Following the screening of 6220 compounds against C. parvum with 
known activity against various protozoan parasites (Plasmodium falcip
arum and Trypanosoma brucei) using the high-content imaging infection 
assay previously described and a second screening based on cell viability 

(CPE, Cytopathic Effect), the authors found pyrazolopyridine analogs and 
other known PI(4)K inhibitors to be effective against C. parvum and 
against C. hominis. Notably, KDU731 exhibited inhibitor activity on CpPI 
(4)K by interacting with the ATP-binding site of the enzyme (Manjunatha 
et al., 2017). In vitro assays using KDU731 confirmed the efficacy against 
C. parvum (EC50 = 0.1 μM) and C. hominis (EC50 = 0.13 μM). Oral 
treatment with Pyrazolpyridine KDU731 significantly reduced intestinal 
infection and oocyst shedding in a IFN-γ KO mice model (treated 7 days 
post infection with a dose of 10 mg/kg for 1 week) and neonatal calves 
(treated 4 days post infection with 5 mg/kg every 12h for 7 days). 

A daily dose of 10 mg/kg of KDU731 for 7 days reduced the excretion 
of oocysts from infected mice. In addition, histological analyzes carried 
out at the end of treatment show the absence of parasites in the in
testines of treated mice, whereas this is not the case in untreated ani
mals. The authors then evaluated the efficacy of KDU731 in newborn 
calves at 5 mg/kg, showing a significant reduction in the excretion of 
oocysts, diarrhea, and dehydration, from three days of treatment 
(Manjunatha et al., 2017). 

4. Repositioning and repurposing strategy 

During drug development, the biopharma industry or research lab
oratories often reposition agents for a different indication than what 
they were originally intended for. In other words, repositioning takes 
place during drug development before approval (for instance before FDA 
approval). By contrast, drug repurposing refers to the change in thera
peutic indication for an established drug (Ballard et al., 2020). Consid
ering these definitions, several drugs active against a broad spectrum of 
pathogenic agents were tested for their anticryptosporidial activity 
(Bessoff et al., 2013, 2014; Guo et al., 2018). As indicated in the previous 
part, the repositioning/repurposing strategy was often used when a 
specific metabolic pathway was targeted and led for instance to the 
identification of CpPI(4)K inhibitors, CpKRS inhibitors or HDAC in
hibitors (like Vorinostat). Nevertheless, repurposing/repositioning is 
not always successful. Indeed, despite trials with medicines used to treat 
HIV positive patients (such as spiramycin (Wittenberg et al., 1989), clo
fazimine (Iroh Tam et al., 2021), azithromycin (Blanshard et al., 1997), 
clarithromycin (Fichtenbaum et al., 2000), or paromomycin (Fichtenbaum 
et al., 1993)), clinical success has not yet been achieved. 

However, a repositioning/repurposing approach remains of major 
interest to researchers because it drastically reduces efforts to synthesize 
drugs and in fact it represents a relevant way to accelerate the discovery 
of new treatments in a cost-effective manner. 

Moreover, these compounds can easily be tested to obtain pharma
cokinetic and ADMET (Absorption, Distribution, Metabolism, Excretion, 
and Toxicity) parameters. 

For example, in 2017, a large library of 78 942 compounds was 
screened and clofazimine, an FDA-approved drug for treating leprosy, 
was identified with sub-micromolar activity against the two most com
mon Cryptosporidium species infecting humans: C. parvum and C. hominis 
(Love et al., 2017). However, in a Phase 2A clinical trial, the efficacy of 
clofazimine for the treatment of cryptosporidiosis failed in a severely 
immunocompromised HIV patient (Iroh Tam et al., 2021). 

Using the same strategy, two hit compounds were found after the 
screening of an open-access drug repurposing library named ReFRAME 
(Repurposing, Focused Rescue, and Accelerated MedChem) comprising over 
12 000 compounds of which 38% were FDA-approved drugs and 59% 
previously tested in clinical trials. VB-201 and ASP-7962 showed an in 
vitro efficacy against C. parvum (EC50 860 nM and 54 nM, respectively). 
In vivo, a significant reduction of oocyst shedding (100-fold and 10-fold 
for VB-201 and ASP-7962, respectively) was observed in juvenile IFN-γ 
KO mice when drugs were administrated at 10 mg/kg and 50 mg/kg 
twice per day for 3 day at 4 days post-infection. It is noteworthy that 
these results were better than the standard treatment with nitazoxanide 
(Janes et al., 2018). However, the mechanisms by which these com
pounds exhibit anti-cryptosporidial activity is not yet known and require 
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further investigation. 
The repurposing/repositioning strategy led also to the identification 

of a piperazine-based inhibitor, compound MMV665917, as a good 
candidate to treat cryptosporidiosis. In an in vitro HCT-8 model, EC50 
values ranging from 2.10 μM to 4.05 μM were determined for different 
species (C. parvum and C. hominis strain TU502) (Jumani et al., 2018). 
Using specific fluorescent antibodies for each stage of the parasite, it was 
demonstrated that compound MMV665917 particularly inhibited the 
development of macrogamonts (Funkhouser-Jones et al., 2020). In NGS 
mice, the efficacy of compound MMV665917 was evaluated on the 7th 
day post-infection at 30 mg/kg/day or 60 mg/kg/day and compared to 
the efficacy of paromomycin (administered at 1000 mg/kg/day) for 7 
days of treatment. As with treatment with paromomycin, oocyst excre
tion was reduced by over 90% in the presence of compound 
MMV665917, but a relapse was observed at the dose of 30 mg/kg 
(although not at the dose of 60 mg/kg) (Jumani et al., 2018). The effi
cacy of MMV665917 was also determined in newborn calves infected 
with C. parvum oocysts. A daily dose of 22 mg/kg was administered two 
days after the onset of severe diarrhea and continued for 7 days. The 
treatment significantly reduced the severity of diarrhea and the quantity 
of excreted oocysts (94%) (Stebbins et al., 2018). Additionally, promising 
results were obtained in gnotobiotic piglets (Lee et al., 2019). However, 
a low inhibition of the hERG ion channel, correlated with cardiotoxicity, 
was reported. Recently, a new inhibitor has been developed through 
optimization of MMV665917 to reduce toxicity, the triazolopyridazine 
compound SLU-2633 which has an EC50 of 0.17 μM and is 12 times more 
potent than MMV665917. It demonstrated significant efficacy in NSG 
mice in just 4 days at 50 mg/kg BID (Oboh et al., 2021). Analogs of 
SLU-2633 have been synthetized and tested to reduce their affinity to 
the hERG channel but for the moment all the compounds have been less 
potent and future studies are necessary (Oboh et al., 2023). 

5. Discussion 

Despite the numerous challenges associated with the development of 
drugs against Cryptosporidium, significant progress has been made in 
identifying new therapeutic molecules that demonstrate both in vitro and 
in vivo activity. Several dozen compounds have been tested in various 
animal models, with the most advanced ones including BKI-1369, 
compound 2093, KDU731, and MMV665917. 

Historically, traditional screening methods were primarily based on 
manual analyses using microscopy or molecular methods to quantify the 
development of C. parvum in the presence of inhibitors. The advent of 
High Throughput Screening techniques has enabled the automation of 
many screening steps, rapidly analyzing many compounds while 
obtaining quantitative and more reproducible data. Two types of strat
egy have been employed to screen for anti-Cryptosporidium molecules: 
the phenotypic approach has directly tested the effect of compounds on 
the parasite itself by observing phenotypic changes. This method has 
been used particularly when the biological target has not yet been 
clearly identified and allows new targets to be discovered. However, 
additional analyses are required to identify the targets or altered bio
logical processes that might lead to side effects. Contrary to the 
phenotypic approach, the target-based approach involves identifying 
and then validating specific targets of the parasite. The goal is to use 
compounds that will selectively interfere with the parasite’s metabolic 
pathways (energy metabolism, replication, and other pathways essential 
for the parasite’s survival) while minimizing their effects on the host 
cell. 

5.1. Why is targeting a metabolic pathway of C. parvum so challenging? 

Several studies highlight the difficulty in targeting certain metabolic 
pathways or enzymes because the metabolic pathways of parasites are 
often similar to those of host cells, making it difficult to create specific 
drugs for the parasites without harming the host. Targeting the 

parasite’s metabolic pathways is therefore particularly complex. As a 
matter of fact, the metabolic pathways of C. parvum are often less well- 
characterized compared to those of the hosts, which makes the selection 
of specific metabolic targets more challenging, and many inhibitors have 
multiple modes of action. For example, ebselen, an inhibitor initially 
discovered as an anti-GPI, showed a new mechanism of action after a 
repurposing drug strategy, and demonstrated an inhibition action 
against CpIMPDH. In this study, ebselen seemed to be of a mixed-model 
inhibitory mechanism that changes from a reversible mode to an irre
versible mode depending on the concentration of ebselen (Sarwono 
et al., 2019). 

Moreover, recent studies clearly demonstrated the parasite’s ability 
to circumvent the sudden absence or inactivation of such a pathway. 
Research on IMPDH was particularly edifying, as Pawlowic’s findings 
(Pawlowic et al., 2019) proved that this enzyme was not essential for 
Cryptosporidium. The authors suggested that mutant parasites lacking 
this pathway remained viable due to their ability to transport purine via 
an unknown transporter or to access an as yet undiscovered rescue 
enzyme. Following these observations, and despite much research tar
geting IMPDH as a promising target, IMPDH should be considered a poor 
drug target. In the same vein, the inactivation of Cryptosporidium 
hexokinase (an enzyme that catalyzes the first reaction of glycolysis) had 
no impact on the parasite growth. These results suggested that Crypto
sporidium utilizes an alternative pathway to obtain phosphorylated 
glucose and also highlighted the metabolic flexibility of Cryptosporidium. 
(Xu et al., 2024). Furthermore, studies on compound 2093, an inhibitor 
of CpMetRS, revealed a resistance issue and exemplify the fragility of 
strategies based on specific targets. 

Such observations of Cryptosporidium ’s ability to develop sponta
neous resistance highlighted the importance of improving High 
Throughput Screening techniques and refining in vitro tests to quickly 
identify resistance phenomena. In parallel with this methodological 
innovation, an alternative way to circumvent the issue raised by parasite 
adaptation/resistance would be to treat patients with several inhibitors. 
As demonstrated by Khan and colleagues (Khan et al., 2023), in some 
cases a synergistic efficacy can be observed, but this double treatment 
will also reduce the capacity for the parasite to generate mutations 
leading to resistance. 

Another way to limit the emergence of resistant parasites could be to 
develop therapeutic strategies based on the enhancement of host cell 
defense. For instance, the screening of 473 kinase inhibitors found three 
compounds exhibiting selective targeting of tyrosine kinases. The au
thors point out that Cryptosporidium does not express any tyrosine ki
nases, but its genome encodes three tyrosine kinase-like enzymes 
(TKLs). Future studies will be needed to determine the role of these TLKs 
using genetic approaches to confirm the target. Also, the authors 
discovered that several kinase inhibitors enhanced parasite growth, 
suggesting that host kinases may be involved in preventing Cryptospo
ridium infection (Nava et al., 2023). In this context, a recent study 
examined the role of protein kinase C-α (PKCα) activity in human HCT-8 
intestinal epithelial cells during infection with C. parvum sporozoites. 
Their results show that HCT-8 cell PKCα is activated by C. parvum 
infection and plays an important role in promoting parasite adherence 
and invasion. Their findings suggest intestinal epithelial cell PKCα as a 
potential host-directed therapeutic target for cryptosporidiosis. By spe
cifically targeting host mechanisms, host-directed therapies can have 
potential advantages, such as reducing the risks of parasite resistance 
emergence (McCowin et al., 2022). 

Another limitation observed during drug development targeting on a 
specific metabolic pathway is to consider if the targeted set of enzymes is 
active during all parasite life stages. Thus, a stage-specific gene 
expression has been shown in the energy metabolism of C. parvum, (in 
particular the glycolytic pathway, where the enzymes are not expressed 
in the same way during the C. parvum life cycle (Tandel et al., 2019)). 
This calls into question the targeting of the glycolytic pathway as a 
potential drug target. Additionally, as for glycolytic enzymes, CpACS 
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genes involved in fatty acid metabolism were differentially expressed at 
different parasite developmental stages, also with different subcellular 
localization. Indeed, CpACS1 is mainly responsible for the fatty 
acyl-CoA synthesis during the parasite invasion and/or early stage of 
intracellular development whereas CpACS2 is active throughout the 
entire parasite life cycle (Guo et al., 2016). Therefore, targeting a spe
cific enzyme that is present throughout the life cycle remains complex. 

From a general point of view, drug discovery is also limited by the 
appearance of side effects in animal models that could represent major 
obstacles for medicine approval. In this context, the example of CDPK1 
inhibitors (such as BKI-1534 and BKI-1649) mentioned previously was 
particularly revealing. Indeed, both molecules failed the mouse preg
nancy safety test despite their excellent efficacy in treating Cryptospo
ridium infection in mice. As this assay was mandatory for pediatric safety 
approvement by the FDA, this failure eliminated both molecules from 
further consideration. The study of BKI-1369 has further highlighted this 
side effect issue and discussed the importance of final molecule con
centration detected in the plasma. So, daily administration in mice of 
BKI-1369 at a dose of 300 mg/kg led to a plasma concentration of 8.3 
μM, and signs of cardiotoxicity were demonstrated in Q-Patch, Q-TiSA 
and rat cardiovascular assays. However, administration of the same 
compound at a dose of 150 mg/kg led to a final concentration in plasma 
of 3.9 μM and no sign of toxicity was observed in animal models. These 
results led to BKI-1369 being considered as a viable candidate for animal 
use when administered at a low concentration. During high systemic 
exposure however, the potential cardiotoxicity of BKI-1369 could hinder 
its development as a potential treatment for humans. 

This example of BKI studies was nevertheless particularly interesting 
as it raised the question of the final treatment strategy in terms of sys
temic versus nonsystemic use. This question of systemic action for future 
therapeutics against Cryptosporidium is crucial. The review by Zhu and 
colleagues (Zhu et al., 2021) highlighted several complex questions. First 
of all, the absorption of a drug could be reduced in a diarrheal context 
that may flush out the therapeutic compound. In order to limit this, 
future treatment based on systemic drugs could be administrated at the 
same time as an anti-diarrheal medicine. Secondly, following the ab
sorption step, systemic drugs will need to be able to pass through the 
electron dense band. Because of its highly “selective” properties, the ED 
band could impede drug access to the parasite imbedded in the para
sitophorous vacuole. Consequently, future screening processes will 
require assessment of the ED permeability for hits/leads. In some cases, 
nonsystemic drugs could represent an alternative therapeutic strategy. 
This approach could be of interest for compounds featuring poor 
absorbability. If Cryptosporidium had been present uniquely in the gut, a 
systemic exposure would not have been required as was observed for BKI 
efficacy (Arnold et al., 2017). In this case, the action of a drug located 
only in the gut would be expected to minimize toxicity associated with 
systemic drug distribution. One should consider the possibility of 
screening drugs active in the digestive tract and which may be elimi
nated by passing through the liver. These ‘soft drugs’ would also be of 
interest in the reduction of toxic side effects and be useful to treat 
Cryptosporidium in immunocompetent adults or children. But this does 
not take into consideration the fact that the small intestine is a major site 
(besides the liver) for drug biotransformation by Cytochrome P450 
metabolism (Thelen et al., 2009). However, Cryptosporidium is not al
ways located in the gastrointestinal tract. In people with AIDS, Crypto
sporidium was observed in the respiratory tract indicating the necessity 
of a systemic action drug (Meynard et al., 1996). This question of the 
systemic action of future drugs was also raised by Arnold (Arnold et al., 
2017). The authors highlighted the need for future drugs to treat Cryp
tosporidium not only through good exposure in the gastrointestinal tract 
but also through systemic exposure. Thus, future screening strategies 
will have to integrate the metabolization processes of the therapeutic 
compounds and their diffusion in plasma. 

5.2. Natural products, a new source of anti-Cryptosporidium compounds? 

Considering issues limiting drug screening strategies, finding inno
vative compounds is also a major obstacle in anticryptosporidial drug 
discovery. As previously described in the repurposing/repositioning 
strategies, several synthetic molecular banks have already been tested, 
but active molecules purified from plant extracts have not yet been fully 
explored. Indeed, the main advantage of natural products is that they 
present a diverse range of bioactivities and provide a set of new chemical 
structures which could prove to be a source of new, so far unidentified 
anticryptosporidial hits (for review see Ali et al., 2024). Furthermore, 
these products might be more easily allowed in animal feed (for 
example) compared to synthetic drugs. A library of 3764 marine-derived 
compounds was screened to discover new inhibitors against C. parvum. 
After selecting 23 compounds and purifying them, the macrolide leio
dolide A, derived from a sponge of the genus Leiodermatium, was tested, 
and showed very good selectivity for the parasite in HCT-8 cells, as well 
as an EC50 of 103.5 nM (Bone Relat et al., 2022). This is the second 
marine-derived compound identified for its anticryptosporidial activity 
after tartrolon E, a compound from shipworm symbiotic bacteria (Ter
edinibacter turnerae). This has been shown to display effective activity 
against a broad range of apicomplexan parasites including C. parvum, in 
vitro (EC50 = 3.85 nM) and in vivo in a neonatal mouse model with no 
signs of toxicity up to 40 mg/kg (O’Connor et al., 2020). Tartrolon E has 
a rapid inhibitory action on asexual stage parasites and prevents 
establishment of infection, with an additional inhibitory action on early 
sexual development during the transition to sexual development (Cot
to-Rosario et al., 2022). Compounds derived from plants have been 
discovered in The NatProd Collection (800 pure chemicals derived from 
natural products) using a qRT-PCR High Throughput Screening. This 
screening identified three top phytochemicals: cedrelone (EC50 = 0.267 
μM; SI = 13.4), the homoisoflavanoid Deox B 7,4 (EC50 = 0.734 μM) and 
baicalein (EC50 = 0.981 μM), which produced long-term inhibition on 
the intracellular parasites (i.e, irreversible killing) despite a relatively 
short treatment time. Among them, cedrelone and baicalein inhibited 
the parasite growth in a time-dependent manner, whereas Deox B 7,4 
produced a “delayed death effect” on C. parvum (Jin et al., 2019). These 
results support the need to determine the effective treatment window for 
the best results against Cryptosporidium. 

5.3. Innovative tools for drug screening against Cryptosporidium 

With regard to the tools currently available to assess drug efficacy 
using rapid, sensitive and easy-to-use methods, several limitations have 
been observed and innovative approaches have been developed to 
circumvent these problems. Firstly, the cell culture models used to 
develop the parasite still need to be improved. Secondly, new analytical 
processes have to be developed and adapted to enable High Throughput 
Screening. 

Initially a major issue in in vitro drug screening assays came from the 
lack of highly efficient cell culture methods supporting both sexual and 
asexual parasite stages. Several recent major improvements in cell cul
ture (by the use of hollow fiber (Morada et al., 2016), 3D silk scaffolds 
(Cardenas et al., 2020), colo680N cells (Miller et al., 2018), primary cell, 
stem-cell-derived IEC under ALI conditions (Wilke et al., 2019, 2020) or 
organoids (Heo et al., 2018)) have suppressed these technical limitations 
thanks to their ability to sustain the complete parasite development 
(including the fertilization step). But one should consider these technical 
approaches as a black box: not user-friendly and unsuited to investi
gating drug activity at the cell level and consequently, not scalable to 
HTS. 

Moreover, when cell culture supports all life stages, C. parvum in vitro 
culture systems are not fully synchronized, resulting in a combination of 
asexual and sexual stages present at the same time. Such a reality makes 
partial inhibitor interpretation difficult. Certainly, it is not clear if a drug 
needs to be active against both asexual and sexual stages of the parasite 
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or if activity against only one of them is sufficient. 
A way to circumvent this issue would be to use C. parvum transgenic 

strains (Vinayak et al., 2015) that allow such elucidation of the life cycle 
of C. parvum (Tandel et al., 2019). For the first time, the authors were 
able to distinguish the switch from asexual to sexual reproduction 
following three generations of meronts, and eventually, sexual stages 
developing directly from type I meronts rather than the previous 
postulate which indicated that sexual stages were derived from type II 
meronts. The mechanisms that control the switch from asexual to sexual 
stages are not yet understood. Targeting a specific phase of the Crypto
sporidium life cycle seems to be a promising strategy for developing 
effective treatments, specifically to determine the effective treatment 
window for anti-Cryptosporidium compounds. Another advantage of 
transgenic strains is to enable studying the phenomenon of the parasite’s 
resistance to drugs (Hasan et al., 2021) or studying an essential gene 
function (Choudhary et al., 2020). However, some limitations and 
questions have been pointed out, such as the technical challenge that 
obtaining transgenic parasites presents. Furthermore, the lingering 
question of whether transgene insertion may affect the parasite’s 
biology or drug susceptibility remains. Can we translate these results to 
a native wild-type strain? A study on the marine natural product tar
trolon E (TrtE) showed significant efficacy against C. parvum in vitro and 
in vivo in neonatal mice (Bone Relat et al., 2022), investigating the spe
cific life cycle phases and processes that TrtE targets. The authors 
demonstrated that between Nluc and WT C. parvum strains, there was no 
difference in their susceptibility to this compound, demonstrating that 
transgenic parasites can be used to explore the effects of TrtE on 
C. parvum with the same efficiency as with WT strains (Cotto-Rosario 
et al., 2022). 

Thus, the investigation of a drug activity at the sexual/asexual life 
stage remains technically limited. On the other hand, the identification 
of DMC1 protein expression coinciding with the appearance of the 
sexual stage and the selection of the DMC1 antibody by Jumani and 
colleagues (Jumani et al., 2019) will potentially pave the way to the 
creation of a tool dedicated to the study of sexual development of 
Cryptosporidium in a High Throughput Screening assay. 

It is noticeable that none of these cell culture improvements inves
tigate the detection process in a context requiring the arsenal of 
analytical tools to be reinforced. This is because analytical processes 
supporting screening, irrespective of their advantages associated with 
rapid screening, still exhibit many disadvantages. 

The high content imaging method supports the development of 
C. parvum and C. hominis. This technique allows readout at the same time 
for both host cells and Cryptosporidium growth. Moreover, the use of a 
1536- well format is particularly interesting as it allows a high number 
of tests to be carried out at the same time. But the frequent requirement 
of fixation and staining steps make this a cumbersome process especially 
when a kinetic question is investigated. The requirement of special im
aging equipment is also impeding the implementation of this method in 
all labs. 

Considering the cytopathic effect method, inhibitors were tested 
against C. parvum and C. hominis. This technique is very simple and only 
requires a commercially available reagent to be added 24h post infec
tion. But despite this cheap method allowing at the same time the se
lection of non-cytotoxic compounds and inhibitors, the infection step 
often requires large amounts of parasite. What’s more, if the direct 
parasitic activity needs to be confirmed, this must be done in a sec
ondary assay. 

The quantitative real time PCR reverse transcription polymerase 
chain reaction (qRT-PCR) was used to study C. parvum growth inhibi
tion. This method was of particular interest because it reduced the risk of 
errors due to dead parasites by the use of the whole well for lysate. 
Moreover, it can assess host cell quantification at the same time. For all 
that, this strategy exhibits several disadvantages. The use of 96-well 
plates limits its use as a high throughput method, although the recent 
use of 384-well plates could solve this question if laboratories invest in 

suitable thermocyclers. This requirement of specialized instrumentation 
associated with the need for high-cost reagents, represents a major 
limitation as well. 

Finally, the luciferase-expressing reporter strain of C. parvum was 
presented as a simple method using a commercially available reagent 
leading to the production of a robust stable and quick luminescence. 
However, this genetically modified strain has restricted access. 

As far as all these assays are concerned, they remain invasive as they 
require harvesting cells in order to label, to observe or to analyze genetic 
markers. 

Taking all this into account, the development of analytical tools will 
require investigating methods at the interface of disciplines such as 
Biology and Physics. Therefore, cross-functional projects must be 
deployed using biophysical properties such as the electrical response of 
infected cells. For instance, a new strategy for HTS against Cryptospo
ridium could be derived from impedance spectroscopy. This method 
based on interdigitated planar microelectrodes exhibited highly inter
esting responses (Dibao-Dina et al., 2015). When applying alternating 
current with a range of frequencies between electrodes, the authors 
demonstrated that infected cells exhibited a specific impedimetric 
signature directly linked to parasite viability. Considering this, adding 
new compounds into the growth medium for their parasite inhibitory 
effect would be very easy to do. Moreover, this method will not require 
any additional reagent. Impedance spectroscopy has potential advan
tages due to its sensitivity, non-invasiveness, and ability to provide 
real-time information automatically. Each dynamic change in the elec
trical properties of Cryptosporidium is tracked over time, which can 
provide kinetic data on the molecule’s effect on parasites. However, the 
limitations of impedance spectroscopy lie not only in the ownership of 
the specialized equipment required, which can limit its accessibility in 
some laboratories, but also in the conception of a 96-well device for 
HTS. Developing this standard format will facilitate its accessibility and 
reduce the cost of acquisition. Previous results (internal data) showed its 
applicability as real-time monitoring of early parasitic stage develop
ment with alternating zoite and intracellular forms, observed respec
tively at peaks and local minima in the impedimetric signal. Also, thanks 
to differences in the magnitude of the impedimetric response, it can be 
used as an infectivity sensor which responds faster (under 12 h 
post-infection) than current methods (Dibao-Dina et al., 2015). This 
method allows meaningful sample times to be defined, which would not 
have been visualized if the experiment was stopped at a fixed time (24h, 
48h or 72 h). This is an opportunity to specifically target the window of 
action of anti- Cryptosporidium molecules. 

6. Conclusion 

The search for an efficient vaccine against Cryptosporidium is an 
ongoing process making significant progress, but which remains a pre
ventive approach mostly applied to animal health (Timmermans et al., 
2024). As a result, therapeutic approaches remain important especially 
for human health. In this review we have presented the various ways 
screening for active molecules can be carried out and which pathways 
are currently targeted. It is clear that the diversity of experimental 
protocols carried out (cell type, animal, detection methods …) makes it 
difficult to compare the various activities and mechanisms. It would 
therefore be of benefit to the whole community to move towards some 
form of standardization. Moreover, it would be interesting to check the 
hits against various strains of Cryptosporidium to ensure the real-life ef
ficacy of these molecules when they encounter a diversity of strains and, 
most importantly, when they come up against C. hominis. 
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Gamo, F.J., Mäser, P., Kyle, D.E., Winzeler, E.A., Myler, P.J., Wyatt, P.G., Floyd, D., 
Matthews, D., Sharma, A., Striepen, B., Huston, C.D., Gray, D.W., Fairlamb, A.H., 
Pisliakov, A.V., Walpole, C., Read, K.D., Van Voorhis, W.C., Gilbert, I.H., 2019. 
Lysyl-tRNA synthetase as a drug target in malaria and cryptosporidiosis. Proc Natl 
Acad Sci U S A 116 (14), 7015–7020. https://doi.org/10.1073/pnas.1814685116. 
Epub 2019 Mar 20. PMID: 30894487; PMCID: PMC6452685.  

Bessoff, K., Sateriale, A., Lee, K.K., Huston, C.D., 2013. Drug repurposing screen reveals 
FDA-approved inhibitors of human HMG-CoA reductase and isoprenoid synthesis 
that block Cryptosporidium parvum growth. Antimicrob. Agents Chemother. 57 (4), 
1804–1814. https://doi.org/10.1128/AAC.02460-12. Epub 2013 Feb 4. PMID: 
23380723; PMCID: PMC3623326.  

Bessoff, K., Spangenberg, T., Foderaro, J.E., Jumani, R.S., Ward, G.E., Huston, C.D., 
2014. Identification of Cryptosporidium parvum active chemical series by 
Repurposing the open access malaria box. Antimicrob. Agents Chemother. 58 (5), 
2731–2739. https://doi.org/10.1128/AAC.02641-13. Epub 2014 Feb 24. PMID: 
24566188; PMCID: PMC3993250.  

Bhalchandra, S., Lamisere, H., Ward, H., 2020. Intestinal organoid/enteroid-based 
models for Cryptosporidium. Curr. Opin. Microbiol. 58, 124–129. https://doi.org/ 
10.1016/j.mib.2020.10.002. Epub 2020 Oct 25. PMID: 33113480; PMCID: 
PMC7758878.  

Blanshard, C., Shanson, D.C., Gazzard, B.G., 1997. Pilot studies of azithromycin, 
letrazuril and paromomycin in the treatment of cryptosporidiosis. Int. J. STD AIDS 8 
(2), 124–129. https://doi.org/10.1258/0956462971919543. PMID: 9061412.  

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., 2022. High-throughput screening of 
a marine compound library identifies anti-cryptosporidium activity of leiodolide A. 
Mar. Drugs 20 (4), 240. https://doi.org/10.3390/md20040240. PMID: 35447913; 
PMCID: PMC9026894.  

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., Ochida, A., Akao, Y., Choy, R.K. 
M., Van Voorhis, W.C., Arnold, S.L.M., Jumani, R.S., Huston, C.D., Fan, E., 2019. 
Optimization of methionyl tRNA-synthetase inhibitors for treatment of 
cryptosporidium infection, 18 Antimicrob. Agents Chemother. 63 (4), e02061. 
https://doi.org/10.1128/AAC.02061-18. PMID: 30745384; PMCID: PMC6437504.  

Cai, X., Woods, K.M., Upton, S.J., Zhu, G., 2005. Application of quantitative real-time 
reverse transcription-PCR in assessing drug efficacy against the intracellular 
pathogen Cryptosporidium parvum in vitro. Antimicrob. Agents Chemother. 49 (11), 
4437–4442. https://doi.org/10.1128/AAC.49.11.4437-4442.2005. PMID: 
16251280; PMCID: PMC1280145.  

Cardenas, D., Bhalchandra, S., Lamisere, H., Chen, Y., Zeng, X.L., Ramani, S., 
Karandikar, U.C., Kaplan, D.L., Estes, M.K., Ward, H.D., 2020. Two- and three- 
dimensional Bioengineered human intestinal Tissue models for cryptosporidium. 
Methods Mol. Biol. 2052, 373–402. https://doi.org/10.1007/978-1-4939-9748-0_ 
21. PMID: 31452173; PMCID: PMC7058245.  

Castellanos-Gonzalez, A., Sparks, H., Nava, S., Huang, W., Zhang, Z., Rivas, K., 
Hulverson, M.A., Barrett, L.K., Ojo, K.K., Fan, E., Van Voorhis, W.C., White Jr., A.C., 
2016. A novel calcium-dependent kinase inhibitor, bumped kinase inhibitor 1517, 
cures cryptosporidiosis in immunosuppressed mice. J. Infect. Dis. 214 (12), 
1850–1855. https://doi.org/10.1093/infdis/jiw481. Epub 2016 Oct 12. PMID: 
27738055; PMCID: PMC5142094.  

Chao, A.T., Lee, B.H., Wan, K.F., Selva, J., Zou, B., Gedeck, P., Beer, D.J., Diagana, T.T., 
Bonamy, G.M.C., Manjunatha, U.H., 2018. Development of a cytopathic effect-based 
phenotypic screening assay against cryptosporidium. ACS Infect. Dis. 4 (4), 635–645. 
https://doi.org/10.1021/acsinfecdis.7b00247. Epub 2018 Jan 25. PMID: 29341586.  

Chattopadhyay, S., Mahapatra, R.K., 2019. Identification of adaptive inhibitors of 
Cryptosporidium parvum fatty acyl- coenzyme A synthetase isoforms by virtual 
screening. Parasitol. Res. 118 (11), 3159–3171. https://doi.org/10.1007/s00436- 
019-06445-0. Epub 2019 Sep 5. PMID: 31486948.  

Choudhary, H.H., Nava, M.G., Gartlan, B.E., Rose, S., Vinayak, S., 2020. A conditional 
protein degradation system to study essential gene function in cryptosporidium 
parvum, 20 mBio 11 (4), e01231. https://doi.org/10.1128/mBio.01231-20. PMID: 
32843543; PMCID: PMC7448269.  

Cook, W.J., Senkovich, O., Hernandez, A., Speed, H., Chattopadhyay, D., 2015. 
Biochemical and structural characterization of Cryptosporidium parvum Lactate 
dehydrogenase. Int. J. Biol. Macromol. 74, 608–619. https://doi.org/10.1016/j. 
ijbiomac.2014.12.019. Epub 2014 Dec 24. PMID: 25542170.  

Cotto-Rosario, A., Miller, E.Y.D., Fumuso, F.G., Clement, J.A., Todd, M.J., O’Connor, R. 
M., 2022. The marine compound tartrolon E targets the asexual and early sexual 
stages of Cryptosporidium parvum. Microorganisms 10 (11), 2260. https://doi.org/ 
10.3390/microorganisms10112260. PMID: 36422330; PMCID: PMC9693555.  

Denton, H., Brown, S.M., Roberts, C.W., Alexander, J., McDonald, V., Thong, K.W., 
Coombs, G.H., 1996. Comparison of the phosphofructokinase and pyruvate kinase 
activities of Cryptosporidium parvum, Eimeria tenella and Toxoplasma gondii. PMID: 
8919992 Mol. Biochem. Parasitol. 76 (1–2), 23–29. https://doi.org/10.1016/0166- 
6851(95)02527-8. 

Dibao-Dina, A., Follet, J., Ibrahim, M., Vlandas, A., Senez, V., 2015. Electrical impedance 
sensor for quantitative monitoring of infection processes on HCT-8 cells by the 
waterborne parasite Cryptosporidium. Biosens Bioelectron. Epub 2014 Nov 10. PMID: 
25460884, 66, 69–76. https://doi.org/10.1016/j.bios.2014.11.009. 

Dong, S., Yang, Y., Wang, Y., Yang, D., Yang, Y., Shi, Y., Li, C., Li, L., Chen, Y., Jiang, Q., 
Zhou, Y., 2020. Prevalence of cryptosporidium infection in the global population: a 
systematic review and meta- analysis. Acta Parasitol. 65 (4), 882–889. https://doi. 
org/10.2478/s11686-020-00230-1. Epub 2020 Jun 8. PMID: 32514837.  

Eltahan, R., Guo, F., Zhang, H., Xiang, L., Zhu, G., 2018. Discovery of ebselen as an 
inhibitor of Cryptosporidium parvum glucose-6-phosphate isomerase (CpGPI) by high- 
throughput screening of existing drugs. Int J Parasitol Drugs Drug Resist 8 (1), 
43–49. https://doi.org/10.1016/j.ijpddr.2018.01.003. Epub 2018 Jan 30. PMID: 
29414105; PMCID: PMC6114080.  

Eltahan, R., Guo, F., Zhang, H., Zhu, G., 2019. The action of the hexokinase inhibitor 2- 
deoxy-d-glucose on Cryptosporidium parvum and the discovery of activities against 
the parasite hexokinase from marketed drugs. J. Eukaryot. Microbiol. 66 (3), 
460–468. https://doi.org/10.1111/jeu.12690. Epub 2018 Oct 5. PMID: 30222231; 
PMCID: PMC6421115.  

Feng, Y., Ryan, U.M., Xiao, L., 2018. Genetic diversity and population structure of 
cryptosporidium. Trends Parasitol. 34 (11), 997–1011. https://doi.org/10.1016/j. 
pt.2018.07.009. Epub 2018 Aug 11. PMID: 30108020.  

Fichtenbaum, C.J., Ritchie, D.J., Powderly, W.G., 1993. Use of paromomycin for 
treatment of cryptosporidiosis in patients with AIDS. Clin. Infect. Dis. 16 (2), 
298–300. https://doi.org/10.1093/clind/16.2.298. PMID: 8443313.  

Fichtenbaum, C.J., Zackin, R., Feinberg, J., Benson, C., Griffiths, J.K., AIDS Clinical Trials 
Group New Works Concept Sheet Team 064, 2000. Rifabutin but not clarithromycin 
prevents cryptosporidiosis in persons with advanced HIV infection. AIDS 14 (18), 
2889–2893. https://doi.org/10.1097/00002030-200012220-00010. PMID: 
11153670.  

Funkhouser-Jones, L.J., Ravindran, S., Sibley, L.D., 2020. Defining stage-specific activity 
of potent new inhibitors of Cryptosporidium parvum growth In vitro, 20 mBio 11 (2), 

A.-C. Lenière et al.                                                                                                                                                                                                                              

https://doi.org/10.1126/science.1094786
https://doi.org/10.3390/life14010080
https://doi.org/10.1016/S0140-6736(02)11401-2
https://doi.org/10.1186/1471-2334-9-195
https://doi.org/10.1093/infdis/jix247
https://doi.org/10.1038/s41582-020-0397-4
https://doi.org/10.1038/s41582-020-0397-4
https://doi.org/10.1073/pnas.1814685116
https://doi.org/10.1128/AAC.02460-12
https://doi.org/10.1128/AAC.02641-13
https://doi.org/10.1016/j.mib.2020.10.002
https://doi.org/10.1016/j.mib.2020.10.002
https://doi.org/10.1258/0956462971919543
https://doi.org/10.3390/md20040240
https://doi.org/10.1128/AAC.02061-18
https://doi.org/10.1128/AAC.49.11.4437-4442.2005
https://doi.org/10.1007/978-1-4939-9748-0_21
https://doi.org/10.1007/978-1-4939-9748-0_21
https://doi.org/10.1093/infdis/jiw481
https://doi.org/10.1021/acsinfecdis.7b00247
https://doi.org/10.1007/s00436-019-06445-0
https://doi.org/10.1007/s00436-019-06445-0
https://doi.org/10.1128/mBio.01231-20
https://doi.org/10.1016/j.ijbiomac.2014.12.019
https://doi.org/10.1016/j.ijbiomac.2014.12.019
https://doi.org/10.3390/microorganisms10112260
https://doi.org/10.3390/microorganisms10112260
https://doi.org/10.1016/0166-6851(95)02527-8
https://doi.org/10.1016/0166-6851(95)02527-8
https://doi.org/10.1016/j.bios.2014.11.009
https://doi.org/10.2478/s11686-020-00230-1
https://doi.org/10.2478/s11686-020-00230-1
https://doi.org/10.1016/j.ijpddr.2018.01.003
https://doi.org/10.1111/jeu.12690
https://doi.org/10.1016/j.pt.2018.07.009
https://doi.org/10.1016/j.pt.2018.07.009
https://doi.org/10.1093/clind/16.2.298
https://doi.org/10.1097/00002030-200012220-00010


International Journal for Parasitology: Drugs and Drug Resistance 25 (2024) 100542

11

e00052. https://doi.org/10.1128/mBio.00052-20. PMID: 32127445; PMCID: 
PMC7064746.  

Gorla, S.K., McNair, N.N., Yang, G., Gao, S., Hu, M., Jala, V.R., Haribabu, B., Striepen, B., 
Cuny, G.D., Mead, J.R., Hedstrom, L., 2014. Validation of IMP dehydrogenase 
inhibitors in a mouse model of cryptosporidiosis. Antimicrob. Agents Chemother. 58 
(3), 1603–1614. https://doi.org/10.1128/AAC.02075-13. Epub 2013 Dec 23. PMID: 
24366728; PMCID: PMC3957894.  

Guo, F., Zhang, H., Fritzler, J.M., Rider Jr., S.D., Xiang, L., McNair, N.N., Mead, J.R., 
Zhu, G., 2014. Amelioration of Cryptosporidium parvum infection in vitro and in vivo 
by targeting parasite fatty acyl- coenzyme A synthetases. J. Infect. Dis. 209 (8), 
1279–1287. https://doi.org/10.1093/infdis/jit645. Epub 2013 Nov 23. PMID: 
24273180; PMCID: PMC3969544.  

Guo, F., Zhang, H., Payne, H.R., Zhu, G., 2016. Differential gene expression and protein 
localization of Cryptosporidium parvum fatty acyl-CoA synthetase isoforms. 
J. Eukaryot. Microbiol. 63 (2), 233–246. https://doi.org/10.1111/jeu.12272. Epub 
2015 Oct 19. PMID: 26411755; PMCID: PMC4775295.  

Guo, F., Zhang, H., McNair, N.N., Mead, J.R., Zhu, G., 2018. The existing drug Vorinostat 
as a new lead against cryptosporidiosis by targeting the parasite histone 
deacetylases. J. Infect. Dis. 217 (7), 1110–1117. https://doi.org/10.1093/infdis/ 
jix689. PMID: 29300993; PMCID: PMC5939870.  

Hanna, J.C., Corpas-Lopez, V., Seizova, S., Colon, B.L., Bacchetti, R., Hall, G.M.J., 
Sands, E.M., Robinson, L., Baragaña, B., Wyllie, S., Pawlowic, M.C., 2023. Mode of 
action studies confirm on-target engagement of lysyl-tRNA synthetase inhibitor and 
lead to new selection marker for Cryptosporidium. Front. Cell. Infect. Microbiol. 13, 
1236814 https://doi.org/10.3389/fcimb.2023.1236814. PMID: 37600947; PMCID: 
PMC10436570.  

Hasan, M.M., Stebbins, E.E., Choy, R.K.M., Gillespie, J.R., de Hostos, E.L., Miller, P., 
Mushtaq, A., Ranade, R.M., Teixeira, J.E., Verlinde, C.L.M.J., Sateriale, A., Zhang, Z., 
Osbourn, D.M., Griggs, D.W., Fan, E., Buckner, F.S., Huston, C.D., 2021. Spontaneous 
selection of cryptosporidium drug resistance in a calf model of infection, 21 
Antimicrob. Agents Chemother. 65 (6), e00023. https://doi.org/10.1128/ 
AAC.00023-21. PMID: 33753338; PMCID: PMC8316126.  

Hennessey, K.M., Rogiers, I.C., Shih, H.W., Hulverson, M.A., Choi, R., McCloskey, M.C., 
Whitman, G.R., Barrett, L.K., Merritt, E.A., Paredez, A.R., Ojo, K.K., 2018. Screening 
of the Pathogen Box for inhibitors with dual efficacy against Giardia lamblia and 
Cryptosporidium parvum. PloS Negl Trop Dis 12 (8), e0006673. https://doi.org/ 
10.1371/journal.pntd.0006673. PMID : 30080847 ; PMCID : PMC6095626.  

Heo, I., Dutta, D., Schaefer, D.A., Iakobachvili, N., Artegiani, B., Sachs, N., 
Boonekamp, K.E., Bowden, G., Hendrickx, A.P.A., Willems, R.J.L., Peters, P.J., 
Riggs, M.W., O’Connor, R., Clevers, H., 2018. Modelling Cryptosporidium infection 
in human small intestinal and lung organoids. Nat Microbiol 3 (7), 814–823. https:// 
doi.org/10.1038/s41564-018-0177-8. Epub 2018 Jun 25. PMID: 29946163; PMCID: 
PMC6027984.  

Herrera-Martínez, M., Orozco-Samperio, E., Montaño, S., Ariza-Ortega, J.A., Flores- 
García, Y., López-Contreras, L., 2020. Vorinostat as potential antiparasitic drug. Eur. 
Rev. Med. Pharmacol. Sci. 24 (13), 7412–7419. https://doi.org/10.26355/eurrev_ 
202007_21909. PMID: 32706080.  

Hoepfner, D., McNamara, C.W., Lim, C.S., Studer, C., Riedl, R., Aust, T., McCormack, S. 
L., Plouffe, D.M., Meister, S., Schuierer, S., Plikat, U., Hartmann, N., Staedtler, F., 
Cotesta, S., Schmitt, E.K., Petersen, F., Supek, F., Glynne, R.J., Tallarico, J.A., 
Porter, J.A., Fishman, M.C., Bodenreider, C., Diagana, T.T., Movva, N.R., 
Winzeler, E.A., 2012. Selective and specific inhibition of the plasmodium falciparum 
lysyl-tRNA synthetase by the fungal secondary metabolite cladosporin. Cell Host 
Microbe 11 (6), 654–663. https://doi.org/10.1016/j.chom.2012.04.015. PMID: 
22704625; PMCID: PMC3391680.  

Huang, W., Hulverson, M.A., Choi, R., Arnold, S.L.M., Zhang, Z., McCloskey, M.C., 
Whitman, G.R., Hackman, R.C., Rivas, K.L., Barrett, L.K., Ojo, K.K., Van Voorhis, W. 
C., Fan, E., 2019. Development of 5-Aminopyrazole-4-carboxamide-based bumped- 
kinase inhibitors for cryptosporidiosis therapy. J. Med. Chem. 62 (6), 3135–3146. 
https://doi.org/10.1021/acs.jmedchem.9b00069. Epub 2019 Mar 15. PMID: 
30830766; PMCID: PMC6559944.  

Hulverson, M.A., Choi, R., Arnold, S.L.M., Schaefer, D.A., Hemphill, A., McCloskey, M.C., 
Betzer, D.P., Müller, J., Vidadala, R.S.R., Whitman, G.R., Rivas, K.L., Barrett, L.K., 
Hackman, R.C., Love, M.S., McNamara, C.W., Shaughnessy, T.K., Kondratiuk, A., 
Kurnick, M., Banfor, P.N., Lynch, J.J., Freiberg, G.M., Kempf, D.J., Maly, D.J., 
Riggs, M.W., Ojo, K.K., Van Voorhis, W.C., 2017. Advances in bumped kinase 
inhibitors for human and animal therapy for cryptosporidiosis. Int. J. Parasitol. 47 
(12), 753–763. https://doi.org/10.1016/j.ijpara.2017.08.006. Epub 2017 Sep 9. 
PMID: 28899690; PMCID: PMC5772984.  

Hulverson, M.A., Choi, R., Vidadala, R.S.R., Whitman, G.R., Vidadala, V.N., Ojo, K.K., 
Barrett, L.K., Lynch, J.J., Marsh, K., Kempf, D.J., Maly, D.J., Van Voorhis, W.C., 
2021. Pyrrolopyrimidine bumped kinase inhibitors for the treatment of 
cryptosporidiosis. ACS Infect. Dis. 7 (5), 1200–1207. https://doi.org/10.1021/ 
acsinfecdis.0c00803. Epub 2021 Feb 10. PMID: 33565854; PMCID: PMC8559537.  

Hulverson, M.A., Choi, R., Schaefer, D.A., Betzer, D.P., McCloskey, M.C., Whitman, G.R., 
Huang, W., Lee, S., Pranata, A., McLeod, M.D., Marsh, K.C., Kempf, D.J., LeRoy, B.E., 
Zafiratos, M.T., Bielinski, A.L., Hackman, R.C., Ojo, K.K., Arnold, S.L.M., Barrett, L. 
K., Tzipori, S., Riggs, M.W., Fan, E., Van Voorhis, W.C., 2023. Comparison of 
toxicities among different bumped kinase inhibitor analogs for treatment of 
cryptosporidiosis. Antimicrob. Agents Chemother. 67 (4), e0142522 https://doi.org/ 
10.1128/aac.01425-22. Epub 2023 Mar 15. PMID: 36920244; PMCID: 
PMC10112232.  

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., Hollingsworth, B., Houpt, E., 
Jere, K.C., Lindblad, R., Love, M.S., Makhaza, L., McNamara, C.W., Nedi, W., 
Nyirenda, J., Operario, D.J., Phulusa, J., Quinnan, G.V., Sawyer, L.A., Thole, H., 

Toto, N., Winter, A., Van Voorhis, W.C., 2021. 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. 73 (2), 183–191. https://doi.org/10.1093/cid/ciaa421. PMID: 32277809; 
PMCID: PMC8282326.  

Janes, J., Young, M.E., Chen, E., Rogers, N.H., Burgstaller-Muehlbacher, S., Hughes, L.D., 
Love, M.S., Hull, M.V., Kuhen, K.L., Woods, A.K., Joseph, S.B., Petrassi, H.M., 
McNamara, C.W., Tremblay, M.S., Su, A.I., Schultz, P.G., Chatterjee, A.K., 2018. The 
ReFRAME library as a comprehensive drug repurposing library and its application to 
the treatment of cryptosporidiosis. Proc Natl Acad Sci U S A 115 (42), 10750–10755. 
https://doi.org/10.1073/pnas.1810137115. Epub 2018 Oct 3. PMID: 30282735; 
PMCID: PMC6196526.  

Jefferies, R., Yang, R., Woh, C.K., Weldt, T., Milech, N., Estcourt, A., Armstrong, T., 
Hopkins, R., Watt, P., Reid, S., Armson, A., Ryan, U.M., 2015. Target validation of 
the inosine monophosphate dehydrogenase (IMPDH) gene in Cryptosporidium using 
Phylomer(®) peptides. Exp. Parasitol. 148, 40–48. https://doi.org/10.1016/j. 
exppara.2014.11.003. Epub 2014 Nov 20. PMID: 25447124.  

Jin, Z., Ma, J., Zhu, G., Zhang, H., 2019. Discovery of novel anti-cryptosporidial activities 
from natural products by in vitro high-throughput phenotypic screening. Front. 
Microbiol. 10, 1999. https://doi.org/10.3389/fmicb.2019.01999. PMID: 31551955; 
PMCID: PMC6736568.  

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., Woods, A.K., 
McNamara, C.W., Huston, C.D., 2018. A novel piperazine- based drug lead for 
cryptosporidiosis from the medicines for malaria venture open-access malaria box, 
17 Antimicrob. Agents Chemother. 62 (4), e01505. https://doi.org/10.1128/ 
AAC.01505-17. PMID: 29339392; PMCID: PMC5913971.  

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., Huston, C.D., 2019. A suite of 
phenotypic assays to ensure pipeline diversity when prioritizing drug-like 
Cryptosporidium growth inhibitors. Nat. Commun. 10 (1), 1862. https://doi.org/ 
10.1038/s41467-019-09880-w. PMID: 31015448; PMCID: PMC6478823.  

Khalil, I.A., Troeger, C., Rao, P.C., Blacker, B.F., Brown, A., Brewer, T.G., Colombara, D. 
V., De Hostos, E.L., Engmann, C., Guerrant, R.L., Haque, R., Houpt, E.R., Kang, G., 
Korpe, P.S., Kotloff, K.L., Lima, A.A.M., Petri Jr., W.A., Platts-Mills, J.A., Shoultz, D. 
A., Forouzanfar, M.H., Hay, S.I., Reiner Jr., R.C., Mokdad, A.H., 2018. Morbidity, 
mortality, and long-term consequences associated with diarrhoea from 
Cryptosporidium infection in children younger than 5 years: a meta-analyses study. 
Lancet Glob Health 6 (7), e758–e768. https://doi.org/10.1016/S2214-109X(18) 
30283-3. PMID: 29903377; PMCID: PMC6005120.  

Khan, S.M., Zhang, X., Witola, W.H., 2022. Cryptosporidium parvum pyruvate kinase 
inhibitors with in vivo anti-cryptosporidial efficacy. Front. Microbiol. 12, 800293 
https://doi.org/10.3389/fmicb.2021.800293. PMID: 35046922; PMCID: 
PMC8761912.  

Khan, S.M., Bajwa, M.R., Lahar, R.Y., Witola, W.H., 2023. Combination of inhibitors for 
two glycolytic enzymes portrays high synergistic efficacy against Cryptosporidium 
parvum. Antimicrob. Agents Chemother. 67 (10), e0056923 https://doi.org/ 
10.1128/aac.00569-23. Epub 2023 Sep 1. PMID: 37655889; PMCID: PMC10583678.  

Lee, S., Ginese, M., Beamer, G., Danz, H.R., Girouard, D.J., Chapman-Bonofiglio, S.P., 
Lee, M., Hulverson, M.A., Choi, R., Whitman, G.R., Ojo, K.K., Arnold, S.L.M., Van 
Voorhis, W.C., Tzipori, S., 2018. Therapeutic efficacy of bumped kinase inhibitor 
1369 in a pig model of acute diarrhea caused by Cryptosporidium hominis, 18 
Antimicrob. Agents Chemother. 62 (7), e00147. https://doi.org/10.1128/ 
AAC.00147-18. PMID: 29661877; PMCID: PMC6021680.  

Lee, S., Ginese, M., Girouard, D., Beamer, G., Huston, C.D., Osbourn, D., Griggs, D.W., 
Tzipori, S., 2019. Piperazine-derivative MMV665917: an effective drug in the 
diarrheic piglet model of cryptosporidium hominis. J. Infect. Dis. 220 (2), 285–293. 
https://doi.org/10.1093/infdis/jiz105. PMID : 30893435 ; PMCID : PMC7368243.  

Li, K., Nader, S.M., Zhang, X., Ray, B.C., Kim, C.Y., Das, A., Witola, W.H., 2019. Novel 
lactate dehydrogenase inhibitors with in vivo efficacy against Cryptosporidium 
parvum. PLoS Pathog. 15 (7), e1007953 https://doi.org/10.1371/journal. 
ppat.1007953. PMID: 31356619; PMCID: PMC6687188.  

Love, M.S., Beasley, F.C., Jumani, R.S., Wright, T.M., Chatterjee, A.K., Huston, C.D., 
Schultz, P.G., McNamara, C.W., 2017. A high-throughput phenotypic screen 
identifies clofazimine as a potential treatment for cryptosporidiosis. PloS Negl Trop 
Dis 11 (2), e0005373. https://doi.org/10.1371/journal.pntd.0005373. PMID : 
28158186 ; PMCID : PMC5310922.  

Love, M.S., McNamara, C.W., 2020. High-content screening for cryptosporidium drug 
discovery. Methods Mol. Biol. 2052, 303–317. https://doi.org/10.1007/978-1-4939- 
9748-0_17. PMID: 31452169.  

Lunde, C.S., Stebbins, E.E., Jumani, R.S., Hasan, M.M., Miller, P., Barlow, J., Freund, Y. 
R., Berry, P., Stefanakis, R., Gut, J., Rosenthal, P.J., Love, M.S., McNamara, C.W., 
Easom, E., Plattner, J.J., Jacobs, R.T., Huston, C.D., 2019. Identification of a potent 
benzoxaborole drug candidate for treating cryptosporidiosis. Nat. Commun. 10 (1), 
2816. https://doi.org/10.1038/s41467-019-10687-y. PMID: 31249291; PMCID: 
PMC6597546.  

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., Brooks, C.F., Herbert, G.T., 
Sateriale, A., Tandel, J., Noh, S., Lakshminarayana, S.B., Lim, S.H., Goodman, L.B., 
Bodenreider, C., Feng, G., Zhang, L., Blasco, F., Wagner, J., Leong, F.J., Striepen, B., 
Diagana, T.T., 2017. A Cryptosporidium PI(4)K inhibitor is a drug candidate for 
cryptosporidiosis. Nature 546 (7658), 376–380. https://doi.org/10.1038/ 
nature22337. Epub 2017 May 31. PMID: 28562588; PMCID: PMC5473467.  

McCowin, S., Petri Jr., W.A., Marie, C., 2022. Protein kinase C-α is a gatekeeper of 
cryptosporidium sporozoite adherence and invasion. Infect. Immun. 90 (3), e0067921 

A.-C. Lenière et al.                                                                                                                                                                                                                              

https://doi.org/10.1128/mBio.00052-20
https://doi.org/10.1128/AAC.02075-13
https://doi.org/10.1093/infdis/jit645
https://doi.org/10.1111/jeu.12272
https://doi.org/10.1093/infdis/jix689
https://doi.org/10.1093/infdis/jix689
https://doi.org/10.3389/fcimb.2023.1236814
https://doi.org/10.1128/AAC.00023-21
https://doi.org/10.1128/AAC.00023-21
https://doi.org/10.1371/journal.pntd.0006673
https://doi.org/10.1371/journal.pntd.0006673
https://doi.org/10.1038/s41564-018-0177-8
https://doi.org/10.1038/s41564-018-0177-8
https://doi.org/10.26355/eurrev_202007_21909
https://doi.org/10.26355/eurrev_202007_21909
https://doi.org/10.1016/j.chom.2012.04.015
https://doi.org/10.1021/acs.jmedchem.9b00069
https://doi.org/10.1016/j.ijpara.2017.08.006
https://doi.org/10.1021/acsinfecdis.0c00803
https://doi.org/10.1021/acsinfecdis.0c00803
https://doi.org/10.1128/aac.01425-22
https://doi.org/10.1128/aac.01425-22
https://doi.org/10.1093/cid/ciaa421
https://doi.org/10.1073/pnas.1810137115
https://doi.org/10.1016/j.exppara.2014.11.003
https://doi.org/10.1016/j.exppara.2014.11.003
https://doi.org/10.3389/fmicb.2019.01999
https://doi.org/10.1128/AAC.01505-17
https://doi.org/10.1128/AAC.01505-17
https://doi.org/10.1038/s41467-019-09880-w
https://doi.org/10.1038/s41467-019-09880-w
https://doi.org/10.1016/S2214-109X(18)30283-3
https://doi.org/10.1016/S2214-109X(18)30283-3
https://doi.org/10.3389/fmicb.2021.800293
https://doi.org/10.1128/aac.00569-23
https://doi.org/10.1128/aac.00569-23
https://doi.org/10.1128/AAC.00147-18
https://doi.org/10.1128/AAC.00147-18
https://doi.org/10.1093/infdis/jiz105
https://doi.org/10.1371/journal.ppat.1007953
https://doi.org/10.1371/journal.ppat.1007953
https://doi.org/10.1371/journal.pntd.0005373
https://doi.org/10.1007/978-1-4939-9748-0_17
https://doi.org/10.1007/978-1-4939-9748-0_17
https://doi.org/10.1038/s41467-019-10687-y
https://doi.org/10.1038/nature22337
https://doi.org/10.1038/nature22337


International Journal for Parasitology: Drugs and Drug Resistance 25 (2024) 100542

12

https://doi.org/10.1128/iai.00679-21. Epub 2022 Jan 18. PMID: 35099276; 
PMCID: PMC8929341.  

Meynard, J.L., Meyohas, M.C., Binet, D., Chouaid, C., Frottier, J., 1996. Pulmonary 
cryptosporidiosis in the acquired immunodeficiency syndrome. Infection 24 (4), 
328–331. https://doi.org/10.1007/BF01743372. PMID: 8875287.  
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