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Hsp90 regulates phagocytosis in Entamoeba histolytica
Figure taken from: Singh M, Sharma S, Bhattacharya A and Tatu U (2015) Heat Shock Protein 90 regulates
encystation in Entamoeba. Front. Microbiol. 6:1125. doi: 10.3389/fmicb.2015.01125

One of the top four contributors to the global burden of disease is diarrheal infections. Intestinal
parasites are major causes of morbidity and mortality associated with diarrheal diseases in both
the developed and developing world. Amebiasis is responsible for 50 million cases of invasive
disease and 70,000 deaths annually in the world. Giardiasis has an estimated worldwide prevalence
of 280 million cases annually. In developed countries, Giardia lamblia infects about 2% of adults
and 6-8% of children. The prevalence of G. lamblia infection is generally higher in developing
countries, ranging from 3% to 90%. Furthermore, giardial infections contribute substantially to
the 2.5 million annual deaths from diarrheal disease. In Asia, Africa, and Latin America, about
500,000 new giardiasis cases are reported each year. Cryptosporidium accounts for 20% and 9%
of diarrheal episodes in children in developing and developed countries, respectively. Infection
with Cryptosporidium can be chronic and especially debilitating in immunosuppressed indi-
viduals and malnourished children.
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A recent study to measure disease burden, based on disability-adjusted life years (DALYs), found
that cryptosporidiosis and amebiasis produce about 10.6 million DALYs. This exceeds the DALYs
of any helminth infection currently being targeted by the World Health Organization for preven-
tive chemotherapy. Because of its link with poverty, Giardia and Cryptosporidium were included
in the WHO Neglected Diseases Initiative in 2004. E. histolytica, G. lamblia, and C. parvum have
been listed by the National Institutes of Health (NIH) as category B priority biodefense path-
ogens due to low infectious dose and potential for dissemination through compromised food
and water supplies in the United States.

Despite the prevalence of amebiasis, giardiasis, and cryptosporidiosis there are no vaccines or
prophylactic drugs. The first-line drugs for invasive amebiasis and giardiasis chemotherapy
are nitroimidazoles, with the prototype, metronidazole, being the most common drug used
worldwide. Metronidazole has been shown to be both mutagenic in a microbiological system
and carcinogenic to rodents, and frequently causes gastrointestinal side effects. In spite of the
efficacy of nitroimidazole drugs, treatment failures in giardiasis occur in up to 20% of cases.
Clinical resistance of G. lamblia to metronidazole is proven and cross resistance is a concern
with all commonly used antigiardial drugs. Nitazoxanide, the only FDA-approved drug for the
treatment of cryptosporidiosis, is effective in the treatment of immunocompetent patients and
partially effective for immunosuppressed patients. Therefore, it is critical to search for more
effective drugs to treat amebiasis, giardiasis, and cryptosporidiosis.

This Research Topic for Frontiers in Microbiology will explore the recent progress in drug
development for parasitic diarrheal diseases. This includes an understanding of drug resistance
mechanisms. We would also welcome submissions on the drug development for other diarrheal
parasites. We hope that this research topic will include a comprehensive survey of various attempts
by the parasitology research community to create effective drugs for these diseases.

Citation: Debnath, A., McKerrow, J. H., eds. (2017). Drug Development for Parasite-Induced
Diarrheal Diseases. Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-248-4
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Editorial on the Research Topic
Drug Development for Parasite-Induced Diarrheal Diseases

Diarrhea continues to be a major contributing factor to morbidity and mortality worldwide. It is
the second leading cause of death in children under 5 years old. Three enteroparasites, Entamoeba
histolytica, Giardia lamblia, and Cryptosporidium parvum are common infectious agents causing
persistent diarrhea. The Global Burden of Disease Study (GBDS) found that amebiasis was
responsible for more than 55,000 deaths and 2.2 million disability-adjusted life years (DALYs),
and cryptosporidiosis accounted for about 100,000 deaths and 8.4 million DALYs in 2010 (Hotez,
2014). According to the WHO Foodborne Disease Burden Epidemiology Reference Group (FERG),
giardiasis produced 171,100 DALYs in 2010 (Torgerson et al., 2015). Though giardiasis did not
result in deaths, the economic burden of acute giardiasis in the US continues to be substantial.
The annual cost involving the hospital based treatment for giardiasis is approximately $34 million
(Collier et al., 2012). In addition, E. histolytica, G. lamblia, and C. parvum are considered to be
bioterrorism threats by the National Institutes of Health (NIH) and Centers for Disease Control
and Prevention (CDC).

In absence of vaccines to prevent these parasitic diseases, control relies on chemotherapy which
is far from perfect and limited by adverse drug effects. For example, metronidazole is the most
common drug used to treat invasive amebiasis and giardiasis, but treatment often leads to side
effects, such as nausea, vomiting, diarrhea, or constipation. Moreover, potential resistance of E.
histolytica to metronidazole is an increasing concern. Although millions of people are infected by
E. histolytica each year, most individuals remain asymptomatic but may transmit amebiasis through
fecal excretion of infective cysts. Therefore, an additional drug paromomycin is required following
metronidazole treatment to eliminate cysts (Haque et al., 2003). However, treatment with two
drugs for 20 days is long, burdensome, and reduces compliance. In spite of the reported efficacy of
nitroimidazole drugs, treatment failures in giardiasis occur in up to 20% of cases and a recent report
from the Hospital for Tropical Diseases, London found that the nitroimidazole therapy failure rate
in giardiasis was 40.2% in 2013 (Nabarro et al., 2015). Nitazoxanide, the only treatment option for
cryptosporidiosis, has an efficacy ranging from 56% in malnourished children to 80% in healthy
adults and it is not effective for immunocompromised patients (Manjunatha et al., 2016). All these
factors make the development of new antimicrobials to treat these infections a critical need to avert
future outbreaks and deaths.

Recently, drug discovery efforts to treat parasite-induced diarrheal diseases are burgeoning.
Researchers across the globe are working toward identifying better drug candidates for the
treatment of these parasitic diseases. However, a comprehensive report of their endeavors
encompassing these parasites is lacking. We launched this Research Topic to compile the recent
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progress made by the parasitology research community to
develop effective drugs for the treatment of parasitic diarrheal
diseases. It may also provide a one-stop resource for drug
development research targeting enteric protozoan parasites.
Seventy-three authors enriched the Research Topic with their
contributions leading to 14 articles. These articles have been
organized in an e-book and can be categorized in four sections.

The first section opens with a review of different heterocyclic
compounds for their activity against intestinal protozoan
parasites, and current knowledge of the drug targets and
mechanism of action of some of the compounds (Azam et al.).
This review not only provides a survey of drug discovery research
on E. histolytica, G. lamblia, and C. parvum but also includes
an update on drug development for other intestinal parasites
such as microsporidia, Isospora and Cyclospora. A review article
by Miyamoto and Eckmann highlights different assays used for
drug development and detailed the implementation of both the
activity-centered and target-centered strategies to develop new
drug leads for cryptosporidiosis and giardiasis. The third article
of this section focused on repurposing of an FDA-approved
drug auranofin for the treatment of amebiasis and giardiasis
and the description of E. histolytica and G. lamblia thioredoxin
reductase as an attractive drug target (Andrade and Reed).
Auranofin showed promising activity against multiple parasites
and identifying a broad-spectrum antiparasitic agent may be a
useful drug discovery strategy for rare and neglected parasitic
diseases instead of applying “one bug-one drug” approach.

The second section includes five original research articles on
drug discovery for giardiasis. The articles range from medicinal
chemistry to mechanism of resistance studies and new drug target
identification. In the medicinal chemistry research article, the
authors synthesized 45 novel chalcone analogs with triazolyl-
quinolone scaffold and tested their activity against G. lamblia
(Bahadur et al.). Four compounds were particularly selective for
G. lamblia trophozoites with ICs( better than metronidazole and
less toxic against a human cell line. These new synthetic chalcone
derivatives hold promise for future design of antigiardial
compounds. Since resistance of Giardia to nitroimidazoles
and albendazole is an emerging issue, it is imperative to
understand the mechanisms involved in drug resistance in
order to develop better treatment strategies. Arguello-Garcia
et al. developed albendazole-resistant clones and compared the
expression of different antioxidant enzymes in albendazole-
sensitive and -resistant trophozoites. Albendazole was shown
to induce the formation of reactive oxygen species causing
DNA damage which led to apoptosis (Martinez-Espinosa et al.).
In contrast, albendazole-resistant trophozoites over expressed
antioxidant enzymes to detoxify reactive oxygen species. Two
articles exploited Giardia metabolic enzymes for parasite specific
drug development. An FAD-dependent glycerol-3-phosphate
dehydrogenase of G. lamblia was characterized for activity and
cellular localization (Lalle et al.). The authors validated the
target by inhibiting Giardia glycerol-3-phosphate dehydrogenase
activity chemically using an antitumor compound NBDHEX.
Guo et al. considered Giardia acyl-CoA synthetase (GiACS) as
potential drug target and recombinantly expressed GiIACS1 and
GiACS2. Chemical inhibition of GIACS1 and GiACS2 activity by

an ACS inhibitor triascin C led to growth inhibition of G. lamblia
trophozoites at low micromolar concentration. These studies
pave the way for future in vivo studies and also the development
of more potent inhibitors targeting these metabolic enzymes.

The year 2015 was particularly exciting for the parasitology
community because 2015 Nobel Prize in Physiology or Medicine
was awarded to three scientists who developed therapies against
parasitic infections. These drugs had their origin in microbial
and plant natural products. Our third section consists of four
articles on drug discovery for amebiasis. One article (Mori
et al.) was contributed by researchers of Kitasoto University and
National Institute of Infectious Diseases, Japan and included
Satoshi Omura as a co-author. Dr. Omura was awarded the 2015
Nobel Prize in Physiology or Medicine. This team screened the
Kitasoto Natural Products Library and extracts of 9,173 fungal
and actinomycete broths against two recombinant E. histolytica
cysteine synthases. Identification of deacetylkinamycin C and
nanomycin A as potent amebicidals may serve as a starting
point for natural product based drug discovery for amebiasis.
Identification of a protein that is involved in the virulence
and regulation of different stages of life cycle of a parasite
can aid in the development of new therapeutics. Singh et al.
showed the involvement of E. histolytica heat shock protein 90
(Hsp90) in regulation of phagocytosis and encystation. This study
together with a previous transcriptomic data of an increased
expression of Hsp90 during excystation indicate that E. histolytica
Hsp90 can be a promising therapeutic target. Shahinas et al.
further validated the importance of parasite Hsp90 as a drug
target by identifying five compounds that targeted E. histolytica
Hsp90 and inhibited the growth of E. histolytica trophozoites.
Though no E. histolytica clinical isolates with high levels of
metronidazole resistance have been detected, reliance on a single
drug for more than 50 years puts them at increased risk to
develop drug resistance. Even a low level of metronidazole
resistance in the culture led to several cellular changes in E.
histolytica such as lower rates in growth, adhesion, phagocytosis,
cytopathogenicity, and glucose consumption (Penuliar et al.).
Transcriptional profiling identified genes related to oxidative
stress, nucleotide binding, metabolism, and signal transduction
that were differentially expressed in the resistant parasite
(Penuliar et al.). This study should serve as a cautionary advice
on the importance of continuing the search for an alternative
drug.

The final section deals with an assay development for a
C. parvum drug screen and identification of a new lead for
the treatment of cryptosporidiosis. An improved and simplified
qRT-PCR based assay was developed and made amenable to
high-throughput screen for C. parvum (Zhang and Zhu). The
assay was validated by screening a small set of compounds.
Sonzogni-Desautels et al. identified oleylphosphocholine as a
new drug lead for C. parvum infection. Oral treatment with
40 mg/kg/day of oleylphosphocholine cured the infection in
immunocompromised mice and provided protection up to 30
days. It remains to be seen if similar protection can be achieved in
immunocompetent mice. Still this is an encouraging finding for
the development of future treatment in immunocompromised
patients.
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Together, this Research Topic provided the current status
of drug discovery research in parasitic diarrheal diseases and
covered a wide-spectrum of topics from traditional drug
discovery method to target identification and mechanism of
resistance.
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Diarrhea is the manifestation of gastrointestinal infection and is one of the major causes
of mortality and morbidity specifically among the children of less than 5 years age
worldwide. Moreover, in recent years there has been a rise in the number of reports
of intestinal infections continuously in the industrialized world. These are largely related
to waterborne and food borne outbreaks. These occur by the pathogenesis of both
prokaryotic and eukaryotic organisms like bacteria and parasites. The parasitic intestinal
infection has remained mostly unexplored and under assessed in terms of therapeutic
development. The lack of new drugs and the risk of resistance have led us to carry out
this review on drug development for parasitic diarrheal diseases. The major focus has
been depicted on commercially available drugs, currently synthesized active heterocyclic
compounds and unique drug targets, that are vital for the existence and growth of
the parasites and can be further exploited for the search of therapeutically active
anti-parasitic agents.

Keywords: diarrhea, causative parasitic agents, chemotherapy, drug targets, therapeutic developments

INTRODUCTION

Diarrhea is a symptom of an infection in the intestinal tract, which can be caused by variety of
bacterial, viral, and parasitic organisms. Infection spreads through contaminated food or drinking
water or from person to person as a result of poor hygiene. Diarrheal diseases is the second leading
cause of death in children under 5 years and is responsible for killing around 760,000 children
every year (World Health Organization, 2013). The common symptoms include the frequent bowel
movements, loose watery stool, incontinence, lower abdominal pain, or cramping and in severe
cases it causes blood or flecks of mucus in the stool. The dreadful infection leads to the loss of
appetite and patient is more likely to suffer from loss of weight. There are a number of non-
infectious medical conditions that may cause diarrhea too. The inability in digesting dairy products
which includes lactose intolerance, coeliac disease which is an intolerance of gluten in wheat and
some other grains and pancreatic problems (cystic fibrosis) which interfere with production of
important digestive substances (Haque et al., 2003). Several agents that cause diarrhea include
viruses (rotavirus or Norwalk virus, enterovirus, or a hepatitis virus), bacteria (Shigella species,
Escherichia coli, and Campylobacter jejuni) and parasites (Giardia lamblia, Entamoeba histolytica,
and Cryptosporidium species; Shah et al., 2009). Diarrhea caused by parasites is unlike that of either
bacterial or viral infections. For instance, Giardia has a slow onset of diarrhea and can be present for
months, while most bacterial and viral infections are limited to 1-2 weeks (Petri, 2003). In addition,
parasites are eukaryotic, which makes them larger and more complex than either viruses or bacteria
and also more difficult to eradicate due to their similarity to the host. Though the infection is caused
by a number of parasites which mainly include G. lamblia, E. histolytica, Cryptosporidium parvum,
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Cyclospora cayetanensis, Isospora belli, Blastocystis hominis but
the enzyme immunoassays are only available for the testing of
three parasites G. lamblia, E. histolytica, and C. parvum (Slack,
2012).

Many of the new drug targets are being discovered with
much more ease as the genomic sequences of many parasitic
organisms are becoming available. This advancement has enabled
researchers not only to identify new biochemical pathways and
gene families that can be short-listed as potential drug targets
but also has significantly increased their basic understanding of
parasites that cause some of the most severe diseases. Moreover,
biochemical analysis and genome sequencing both have helped
in identifying potential targets, enzymes, transporters, and
metabolites that are distinct in parasites and their mammalian
host (Loftus et al., 2005). As a consequence one can design even
better and safer effective drugs that can be used in future to
combat the disease caused by the organism. The heterocyclic
compounds with different modifications have been synthesized
and their biological evaluation have identified them to fight
the diarrhea causing parasites. In the following discussion some
of the most important parasites causing diarrhea, their drugs,
important traced targets and the active heterocyclic compounds
synthesized against them have been summarized.

MICROSPORIDIA
Enterocytozoon  bieneusi, Encephalitozoon  cuniculi, and
Encephalitozoon intestinalis are the reported species of

microsporidia which are the causative agents of chronic
diarrhea predominantly in immunocompromised individuals
such as AIDS patients (Blanshard et al., 1992; Chokephaibulkit
et al., 2001; Goodgame, 2003). The diarrheal disease caused
by microsporodia spp. is treated by drugs fumagilin (1) and
albendazole (2) (Goodgame, 2003; Agholi et al, 2013). The
polyamine analogs, fumagillin-related compounds and analogs,
nikkomycins (3), fluoroquinolones (4-9) and benzimidazole-
related compounds are the active sources of new compounds
against microsporidiosis. Fumagillin, a natural product (1)
is an antibiotic and anti-angiogenic compound produced
by Aspergillus fumigatus and has been found potent against
Encephalitozoon spp. and E. bieneusi in vitro (Bacchi and
Weiss, 2004). The antimicrosporidial activity of various
fluoroquinolones derivatives such as norfloxacin (4) and
ofloxacin (5) is more than gatifloxacin (6), lomefloxacin (7),
moxifloxacin (8), and nalidixic acid (9) and can be the effective
option of chemotherapy (Didier et al., 2005). It was observed
that TNP-470 (10), ovalicin (11) and its derivatives inhibited
E. intestinalis replication by more than 70% in vitro which
indicates that these compounds can be used as medication for
this infection (Didier et al., 2006). It has been also reported
that the use of chlorine and ozone as disinfectants kills the E.
intestinalis in water (John et al., 2005).

The albendazole, a benzimidazole derivative inhibits the
microtubule assembly in E. intestinalis but not in E. bieneusi
infections because benzimidazoles bind to the colchicine-binding
site of B-tubulin monomer prior to dimerization with a-tubulin
which blocks subsequent microtubule formation (Macdonald

et al., 2004). The B-tubulin subunit is the primary target of
benzimidazole, where its predictive sensitive residues are Cys
165, Phe 167, Glu 198, Phe 200, Arg 242, and Val 268 (Macdonald
et al., 2004; Tremoulet et al., 2004). It has been also reported
that microtubule assembly gets inhibited due to the presence of
hydrogen atom at the 1-position and a methoxycarbonylamino
group at the 2-position of the benzimidazole ring (Friedman
and Platzer, 1980). Fumagillin along with its analogs act on the
methionine aminopeptidase type 2(MetAP2) by non-competitive
inhibition, i.e., by irreversibly blocking the active site in E.
cuniculi and it seems to be the potent inhibitor (Molina et al.,
2002). Analysis of EcMetAP2 demonstrated conservation of
the key residues associated with the active site of this class
of enzymes including Asp251, Asp262, His331, Glu364, and
Glu459 (involved in coordination of metal binding); His231
(to which fumagillin covalently binds); and Phe219, Leu328,
Ile338, His339, Asp378, Tyr444, Leud47 (involved in binding
substrates into the active site; Upadhya et al., 2006). The
aspartic proteases are a family of protease enzymes that use
two highly conserved aspartic acid residues in the active site for
catalytic cleavage of their peptide substrates (Pozio and Morales,
2005). Ritonavir (12) and indinavir (13) drugs are inhibitors
of aspartyl protease, used in the highly-active antiretroviral
therapy cocktail, inhibited the growth of E. intestinalis in tissue
culture due to intermolecular hydrogen bonding between -NH
group of these drugs with aspartic acid residue (Menotti et al.,
2005; Pozio and Morales, 2005). The polyamine analogs are
important as they act by causing depletion of polyamines, due
to excessive acetylation and excretion of intracellular amines,
followed by cytostasis, apoptosis and cell death (Bacchi et al,
2001). In sporoblasts of E. cuniculi, the chitin deacetylase
activity (EcCDA) is present in the inner part of the cell wall
tightly associated with the plasma membrane. This location was
analyzed by biochemical and sequence data, and suggests a
role in cell-wall formation. Late sporogony was characterized
by the thickening of the chitin-containing endospore, but
the mechanism of chitin deposition is unknown. Since the
EcCDA enzyme is regularly distributed at the plasma membrane
throughout sporogony, chitin may be produced all around
the cell (Brosson et al., 2005). The chitin is potent target of
nikkomycins due to their deacetylation activity (Bacchi et al,
2001). The fluoroquinolones interact with E. cuniculi targets
significantly with DNA topoisomerases, which are the enzymes
that have evolved to solve the topological problems associated
with DNA metabolisms such as transcription, replication,
packing and unpacking of DNA in the cell (Hooper, 2000).
So, present research studies are concentrating on compounds
that target microsporidian polyamines (e.g., polyamine analogs),
Chitin (e.g., nikkomycins), and DNA topoisomerases (e.g.,
fluoroquinolones; Bacchi et al., 2001; Zhang et al., 2005; Didier
and Weiss, 2006).

ENTAMOEBA HISTOLYTICA

E. histolytica is the causative agent of amoebiasis, a contagious
disease of the human gastrointestinal tract (Tengku and
Norhayati, 2011; Watanabe et al., 2011). It is an organism
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implicated in both diarrheal disease and invasive disease such
as liver abscesses. Metronidazole (14) is the first line medication
used against the infection but long-term uses produce several
side effects in patients (Ordaz-Pichardo et al, 2005). It is
potentially carcinogenic to humans because it is genotoxic to
human cells (Bendesky et al., 2002). Furthermore, resistance of
E. histolytica to standard drug metronidazole and relapses of
intestinal and hepatic amoebiasis have been reported (Becker
et al, 2011; Hwang et al., 2011). The authors have earlier
reported diverse functionalized organic compounds synthesized
and screened against E. histolytica (Azam and Agarwal, 2007,
2015). Nitroimidazole compounds have been used to treat
a number of anaerobic bacteria and pathogenic protozoan
infections, including Trichomonas vaginalis, E. histolytica, and
G. lamblia since decades (Miiller, 1983; Upcroft et al., 1999).
Presently, metronidazole, tinidazole (15) and ornidazole (16)
are highly recommended drugs for the treatment of protozoal
infections (Azam and Agarwal, 2007). The interesting fact about
the metronidazole analogs as an alternative to the treatment of
parasitic infections is facilitated by the fact that not only the
metronidazole is an effective drug but it also has a side chain
which provides an opportunity to carry out various modifications
whose significant activity has been reported (Kucik et al., 2004).
Chalcones are the important class of antamoebic drugs and
their analogs have been synthesized having better activity. A
series of chalcones were synthesized bearing N-substituted
ethanamine by aldol condensation reaction and the compound
(17) was found to be very potent amoebicidal indicating that
such compounds can be the effective therapeutic candidates
(Zaidi et al., 2015). Metronidazole hydrazone conjugates were
synthesized and screened in vitro for antiamoebic activity,
the compound (18) was found more active (Ansari et al.,
2015). A series of chloroquinoline-acetamide hybrids were
synthesized and the compound (19) inhibit the growth of E.
histolytica (Inam et al.,, 2015). The N-acylhydrazones derived
from 7-chloro-4-piperazin-1-yl-quinoline were evaluated against
E. histolytica and the compound (20) was more potent than
metronidazole (Inam et al., 2014). Metronidazole-triazole
hybrids (21) showed amoebicidal activity (Negi et al., 2014).
Coordination complexes do exhibit the anti-amoebic activity and
the efficacy depends on the selection of both central metal atom
and ligands. The terpyridine ligand complexed with divalent
metals viz Cu, Co, Mn, Ni, and Zn yield the coordination
complexes of general formula [Metal(Fctpy),][PF6],. The
complex Ni(Fctpy),][PF6], (22) has been found to be having
most promising activity against E. histolytica and therefore,
can be used as significant drug candidates for amoebiasis
(Juneja et al.,, 2014). Hydrazone and oxadiazoline derivatives
of 2-methyl-5-nitro-1H-imidazole were being synthesized and
evaluated in vitro against HM1:IMSS strain of E. histolytica and
it was observed that compounds (23, 24) were more potent
against amoebiasis (Wani et al., 2013). A series of pyrazoline
derivatives were synthesized and their in vitro screening
against HM1: IMSS strain of E. histolytica, results showed the
compounds (2E)-1,3-bis(4-methylphenyl)prop-2-en-1-one (25)
and  1-(4,5-dihydro-5-(4-methoxyphenyl)-3-phenylpyrazol-1-
yD-  2-(5-(4-methoxyphenyl)-1H-tetrazol-1-yl)ethanone (26)

exhibited the excellent antiamoebic activity and were having
the ICsp-values of 4.19 and 1.16 WM, respectively (Wani et al.,
2012b). Compounds bearing a tetrazole and triazine ring motifs
in conjugation with a sulphonamide group were synthesized
and N, N/-6-(1,3-benzodioxol-5-y1)-(1,3,5-triazine-2,4-diyl)-
bis-4-nitrobenzene sulphonamide (27) was found to be more
potent antiamoebic in nature and was having 1Csp-value of
1.02 uM (Wani et al., 2012a). The in vitro antiamoebic activity
of 4,6 aminopyrimidines and their sulphonamide derivatives
was investigated against E. histolytica and it was found that
the compound N-[4-(2-chlorophenyl)-6-phenylpyrimidin-2-
yl]-benzenesulphonamide (28) having ICsg-value 0.44 uM was
most active (Siddiqui and Azam, 2014). Various derivatives
of dioxazoles were synthesized and in vitro analysis showed
that the compound 5-(4-methoxy-phenyl)-3-(5-nitro-2-
thienyl)-1,4,2-dioxazole (29) was having ICsp-value 1.60 LM
and inhibited the growth of E. histolytica significantly (Irfan
et al, 2010). Thiosemicarbazides are the focused moieties
for antiamoebic drug synthesis and the attempt was made
to synthesize a novel series of 4-substituted 1-{[4-(10,15,20-
triphenylporphyrin-5-yl)phenyl]methylidene}thiosemicarbazide
and their antiamoebic activity was investigated. The 4-(3-
methylphenyl)-1-{[4-(10,15,20-triphenylporphyrin-5-yl)phenyl]
methylidene}thiosemicarbazide (30) with an electron-
withdrawing group attached to N(4) exhibited the best
antiamoebic activity and was having ICsp-value 0.538 pM (Bhat
et al., 2008). A new series of thiosemicarbazones of 7-hydroxy-
8-acetylcoumarin with different thiosemicarbazides were
synthesized and were tested against E. histolytica. The 7-hydroxy-
8-acetylcoumarin-N(4,4)methylbenzyl thiosemicarbazone (31)
was having ICsg-value 1.06 uM and found to be antiamoebic
(Igbal et al., 2009). Thiocarbamoyl bis-pyrazoline derivatives
were synthesized by cyclization of chalcones with N-4 substituted
thiosemicarbazides under basic conditions and the evaluation
showed that the compound(4-nitrophenylamino)[5-(4-{1-[(4-
nitrophenylamino)thioxomethyl]-3-phenyl(2-pyrazoline-5-yl-

phenyl)}-3-phenyl(2-pyrazolinyl) |methane-1-thione (32) was
having ICsp-value 0.42pM and predominantly active
as an amoebicidal candidate (Bhat et al., 2009a). An
attempt was made to synthesize the amino-5-substituted-
(3-phenyl(2-pyrazolinyl))methane-1-thione derivatives,
2-(5-substituted-3-phenyl-2-pyrazolinyl)-1,3-thiazolino[5,4-b]

quinoxaline derivatives, and various chalcones derivatives
for evaluation against HMI:IMSS strain of E. histolytica.
The quinoxaline2-{5-[2-(methylethyl)phenyl]-3-phenyl-  2-
pyrazolinyl}-1,3-thiazolino[5,4-b]quinoxaline  (33)  showed
most promising antiamoebic activity with ICsg-value of
0.17 uM. The results suggested that the further modification
of such compounds can enhance their efficacy (Budakoti
et al., 2009). The synthesis of bis-ferrocenyl-substituted core-
modified porphyrins derivatives were synthesized under acidic
conditions and their in vitro screening was performed against
HM1:IMSS strain of E. histolytica. The promising results showed
thel,1/-(10,15-diphenyl-21,23-dithiaporphine-5,20-diyl)bis[2-

{[methyl(phenylmethyl)amino]methyl}-ferrocene] (34) having
ICsp-value of 0.59 WM was extremely potent (Bhat et al., 2009b).
A library of isothiourea derivatives was synthesized and the
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maximum activity was shown by compound (35) with ICsg-
value 2.48 WM. These are the amphiphilic compounds and
exist in cationic form which makes them active in biological
systems (Kazimierczuk et al., 2010). Benzimidazoles proved to be
having antiparasitic activity and 5(6)-chloro-1H-benzimidazole-
2-(3H)-thione (36) was having ICsy-value of 0.005uM for E.
histolytica which indicates that these derivatives are having
higher activity than metronidazole (Valdez et al., 2002). A series
of ethyl and methyl quinoxaline-7-carboxylate 1,4-di-N-oxide
derivatives were synthesized by Beirut reaction and evaluated
against HM1:IMSS strain of E. histolytica. The methyl 2-acetyl-3-
methyl-quinoxaline-7-carboxylate 1,4-di-N-oxide (37) and ethyl
2-amide-3-methylquinoxaline-7-carboxylate 1,4-di-N-oxide
(38) were having ICsp-value 1.41 and 1.47 M, respectively and
showed higher potency toward amoebicidal activity (Duque-
Montano et al., 2013). The benzologue derivative of nitazoxanide
2-{[(6-Nitro-1,3-benzothiazol-2-yl)amino]carbonyl}phenyl
acetate(39) having ICsp-value 0.297uM showed better
antiamoebic activity as compared to metronidazole and
indicated that such derivatives can be explored for the search
of effective chemotherapy (Navarrete-Vazquez et al, 2011).
The amide derivatives of trifluoromethionine (TFM) have been
observed to have excellent activity against E. histolytica. Using
the TFM as lead 3,4-dimethoxyanilide trifluoromethionine (40)
with methoxy group at meta and para positions was having
ICsp-value 1.19 M and was observed most active in vitro
evaluation (Sato et al, 2010). The compound 1,5-bis[4-(5-
methoxy-1H-benzimidazole-2-yl) phenoxy]pentane (41) was
evaluated in vitro against E. histolytica showed remarkable
ICsp-value 0.109 uM for amoebicidal potency due to methoxy
group attached to benzimidazole ring (Torres-Gomez et al,
2008b). Acetamide and sulfonamide derivatives of imidazole
viz N-benzyl-2-(2-methyl-4-nitro-1H-imidazol-1-yl)acetamide
(42) and  2-methyl-1-[(4-methylphenyl)sulfonyl]-4-nitro-
1H-imidazole (43) are important class of antiparasitic
agents and were having ICsp-value 3.96 and 3.55uM,
respectively (Herndndez-Nunez et al., 2009). Phenyl hydrazine
derivatives were synthesized and it was observed that (E)-1-
(3-nitrobenzylidene)-2-phenylhydrazine (44) was most potent
against HM1:IMSS strain of E. histolytica in vitro having ICsq-
value 0.84 WM. This indicated that hydrazine derivatives can be
explored for the search of effective chemotherapeutic agent for
amoebiasis and their mechanism of action needs to be elucidated
(Toledano-Magana et al., 2015).

Emphasizing the elucidated drug targets and mechanism, the
mode of action of metronidazole lies in that it gets reduced to
nitroradical anion or nitrosoimidazole by thioredoxin reductase
(TrxR) inside E. histolytica cell (Leitsch et al., 2007). The
nitroradical anion formed reduces O2 and thereby generates
reactive oxygen species, which are highly noxious to the
cells of microaerophilic E. histolytica. However, the nitroso
imidazole reacts with non-protein thiols or proteins to forms
adduct. The adduct causes depletion of non-protein thiols and
the modification of thioredoxin reductase (TrxR), thioredoxin
(Trx), superoxide dismutase (SOD), metronidazole target protein
1 (Mtpl), and purine nucleoside phosphorylase (PNP). The
combination of proteins with activated metronidazole makes the

cells more vulnerable to oxidative stress and thereby kills E.
histolytica (Figure 1; Samarawickrema et al., 1997; Leitsch et al.,
2007). 5-Nitroimidazoles have been the mainstay of treatment,
but resistance is a concern and new drug targets are needed. One
potential target is the biosynthetic pathway for cysteine which
is crucial for growth and various cellular activities (Diamond
et al.,, 1978; Gilin and Diamond, 1980). Besides being precursor
for protein biosynthesis, cysteine may compensate for the lack
of glutathione, a major component of oxidative stress resistance
in many organisms (Fahey et al., 1984; Loftus et al, 2005).
It is also needed in the attachment to matrix, elongation and
mobility of E. histolytica cells (Gilin and Diamond, 1980). In
this organism, the condensation of O- acetylserine with sulfide
is the major route of cysteine biosynthesis, which involves two
key enzymes: O-acetyl-L-serine sulfhydrylase (OASS) and serine
acetyltransferase (SATase; Nozaki et al, 1998). In general, in
plants and most known organisms, the cysteine biosynthesis
pathway is regulated both by the interaction of SAT and OASS
to form the cysteine synthase complex (CSC) under sulfur
sufficient condition but this type of regulation is absent in E.
histolytica. These enzymes have been demonstrated to play a
central role in controlling the intracellular cysteine concentration
in E. Histolytica (Nozaki et al, 1999) and block of cysteine
biosynthesis is therefore a possible strategy for inhibiting growth
of E. histolytica (Ali and Nozaki, 2007). E. histolytica along
with a number of other parasitic protists utilizes an unusual
form of phosphofructo-1-kinase (PFK; EC 2.7.1.90) in a central
step in carbohydrate metabolism. A homology model of E.
histolytica PPi-PFK was constructed and screened with various
bisphosphonates, which are analogs of pyrophosphate with a
carbon instead of oxygen atom and synthetic pyrophosphate. It
was found that the Compounds BA49280E (45) and CGP42446A
(46) were good inhibitors of PFK in E. histolytica. Based on
this study it has been suggested that PFK is attractive target for
antiamoebic drugs (Reeves et al., 1974, 1976). Triosephosphate
isomerase is another relatively well-studied glycolytic enzyme
with both its sequence and structure known in a large number
of organisms including E. histolytica (Rodriguez-Romero et al.,
2002). It has been proposed to be a target for drug design due to
presence of a cysteine residue (Cys 14) at the dimer interface in
E. histolytica (Gomez-Puyou et al., 1995). Alcohol dehydrogenase
2 (EhADH2) is a bifunctionl 97kDa polypeptide having the
alcohol and aldehyde (ALDH) dehydrogenase activities utilize
NAD and Fe?T as cofactor (Bruchhaus and Tannich, 1994). This
enzyme does not have a homolog in man. However, E. histolytica
possesses other NADP dependent ADH and ALDH enzymes
that could serve a similar function i.e., ENADH1, EhADH3 and
EhALDHI1. EhADH1 enzyme does not utilize acetyl CoA as
substrate thereby suggesting that EhADH2 is solely responsible
for the conversion of acetyl CoA to acetaldehyde (Zhang et al,,
1994). Based on this data it has been suggested that EnADH2
could also serve as a target for antiamoebic drugs. Calcium is
an important secondary messenger in many signal transduction
pathways, is thought to be involved in the pathogenesis of
amoebiasis and the prevention of the influx of Ca’" can be
the potent target (Meza, 2000). In E. histolytica, a number of
calcium binding proteins have been identified. More importantly
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two distinct calcium binding proteins EhCaBP1 and EhCaBP2,
have been characterized and their role has been simultaneously
approached (Sahoo et al., 2003). It has been characterized that
cyclosporine A inhibits calcineurin and P-glycoprotein activity
and thereby inhibits proliferation of E. histolytica (Carrero et al.,
2004). Recently it has been shown that when expression of
EhCaBP1(a calmodulin containing 134 amino acid long proteins
demonstrated to be essential for Entamoeba) is blocked, the
cellular proliferation in E. histolytica gets inhibited (Sahoo et al.,
2004).

GIARDIA LAMBLIA

G. lamblia, an amitochondriate parasite is the major causative
agent of human diarrheal disease, infecting an estimated 10%

of the world’s population both endemically and epidemically
(Huang and White, 2006). For the treatment of the intestinal
infections caused by G. lamblia at least six different classes
of drugs are used, but the drugs containing 5-nitroimidazole
moiety are most often prescribed due to their significant efficacy.
However, the other classes are used when the former fails
in treatment. Metronidazole (14), tinidazole (15), ornidazole
(16) and secnidazole (47) are the 5-nitroimidazole moiety
containing drugs. Furazolidone (48) a nitrofuran derivative,
albendazole (2) and mebendazole (49) the benzimidazole
derivatives, quinacrine (50) an acridine derivative, paromomycin
(51) an aminoglycoside derivative and nitazoxanide (52) a
5-nitrothiazolyl derivative are also used for the treatment of G.
lamblia diarrheal disease depending on the age of patient. But
these drugs have various side effects (Reynoldson et al., 1992;
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Escobedo and Cimerman, 2007). The in vivo effects of benzyl
and cyclohexyl derivatives like, 2-(1H-1-imidazolyl)-1-phenyl-
1-ethanol, 2-(2-methyl-1 H-1-imidazolyl)-1-phenyl-1-ethanol,
2-(2-methyl-4-nitro-1H-1-imidazolyl)-1-phenyl-1-ethanol, =~ 2-
(1H-1-imidazolyl)-1-cyclohexanol and 1[bis-4-methoxyphenyl-
phenylmethyl]-2-methyl-4-nitroimidazole (53-57) were studied
on the G. lamblia trophozoite in the white Syrian mice model
and were found to be active (Motazedian et al., 2014). The
thieno[2,3-b]pyridine derivatives were synthesized and the
4-(4-methoxyphenylamino)thieno(2,3-b]pyridine-5-carbonitrile
having the ~-OCH3 group at para position (58) showed the
excellent giardicidal effect possibly due to the higher electron
density concentrated over phenyl ring (Bernardino et al., 2006).
A series of novel hybrids of benzimidazole-pentamidine
prepared and  1,5-bis[2-methoxy-4-(5-methyl-1H-
benzimidazole-2-yl)phenoxy] pentane (59) was found 3-
and 9-folds more potent against G. lamblia infection than
metronidazole and pentamidine, respectively and was having
1Csp-value of 0.372uM (Torres-Gomez et al, 2008a). The
2-(trifluoromethyl)benzimidazole ~derivatives like 5-chloro-
1-methyl-2-(trifluoromethyl)benzimidazole  (60), differently
substituted at the 1-, 5-, and 6-positions proved to be active
against G. lamblia in their in vitro analysis and ICsp-value of
0.042 M was observed for compound (60) (Gabriel Navarrete-
Vaa Zquez et al, 2001). A library of chalcones was prepared
by condensing substituted acetophenones with benzaldehydes
using the Claisen-Schmidt base-catalyzed aldol condensation
reaction. Among these chalcones, substituted with -OCHj,
-H, -Cl, -F at different positions (E)-3-(6-flourophenyl)-1-
(4-methoxyphenyl)prop-2-en 1-one (61) with ICsy-value of
12.72pM showed the excellent results toward the giardial
infection (Montes-Avila et al., 2009). The benzimidazole
derivative 5(6)-chloro-1H-benzimidazole-2-(3H)-thione
(62) was reported active in vitro against G. lamblia with
ICsp-value of 0.005uM and inhibits tubulin polymerization
(Valdez et al, 2002). The albendazole analogs 1-methyl-6-
(propylthio)-2-(trifluoromethyl)-1H-benzimidazole (63) and
5(6)-(propylthio) -2-(trifluoromethyl)-1H-benzimidazole (64)
were having ICsg-values 1.403 and 1.515uM, respectively are
active toward giardiasis. The mebendazole analogs 5-benzoyl-
1-methyl-2-(trifluoromethyl)-1H-benzimidazole ~ (65)  and
6-benzoyl-1-methyl-2-(trifluoromethyl)-1H-benzimidazole (66)
have also been found to be active against G. lamblia
and these were having ICsp-values 1.098 uM 1.285pM,

were

respectively  (Navarrete-Vazquez et al, 2003). Among
the series of 3-tetrazolylmethyl-4H-chromen-4-ones the
compound 3-((1-cyclohexyl-1H-tetrazol-5-y1)((3,4,5-

trimethoxyphenyl)amino)methyl)-4H-chromen-4-one (67)
having ICsp-value of 171.4uM can represent the suitable
alternatives against resistant G. lamblia parasites(Cano
et al, 2014). Thiazole derivatives were synthesized
and screened against G. intestinalis, two novel methyl
5-nitro-1,3-thiazol-2-ylcarbamate (68) and ethyl [(5-nitro-
1,3-thiazol-2-yl)amino](oxo)acetate  (69) proved to be
potent giardicidal and were having ICsp-value of 0.010
and 6.410uM, respectively(Nava-Zuazo et al, 2014).
By using the Ugi-azide multicomponent reaction, novel

3-tetrazolylmethyl-4H-chromen-4-ones ~ were  synthesized
and evaluated against G. lamblia. The in vivo investigation
demonstrated that these compounds like (70) could be
specifically considered drug candidates for giardial infection
(Cano et al., 2014). A series of novel hybrids from benzimidazole
and pentamidine were prepared and tested in vitro against
the protozoa and it was observed that the compoundl,5-
bis[2-methoxy-4-(5-methyl-1H-benzimidazole-2-  yl)phenoxy]
pentane (71) with ICsgp-value 0.372 M showed 3- and 9-
fold more activity against G. lamblia than metronidazole
and pentamidine, respectively (Torres-Gomez et al, 2008b).
Benzologues of nitazoxanide and tizoxanide were synthesized
and tested in vitro against G. intestinalis. The 2-{[(6-nitro-
1,3-benzothiazol-2-yl)amino]carbonyl}phenyl  acetate  (39)
was having ICsp-value 3.515uM and wasl8-times more
potent than metronidazole (Navarrete-Vazquez et al., 2011).
Acetamide derivatives of imidazole like N-(4-cyanophenyl)-
2-(2-methyl-4-nitro-1H-imidazol-1-yl) acetamide (72) and
2-methyl-4-nitro-1-[(4-nitrophenyl)sulfonyl]-1H-imidazole

(73) were screened in vitro and were found active against
G. lamblia with 1Csg-value 11.25 and 7.50 uM, respectively.
These can be further modified to enhance their activity
(Hernédndez-Nunez et al., 2009).

Accentuating the targets, G. lamblia utilizes the arginine
dihydrolase pathway to produce ATP from ADP and L-
arginine (Schofield et al., 1990), a pathway which is lacking in
higher eukaryotes including humans. The arginine dihydrolase
pathway employs three enzymes, arginine deiminase, ornithine
transcarbamoylase, and carbamate kinase (CK; EC 2.7.2.2). CK
catalyzes the last step of the pathway, converting carbamoyl
phosphate and ADP into carbamate and ATP (Figure 2; Lim
et al., 2013). Carbamate kinase is essential enzyme of Giardia
lamblia, and the antialcoholism drug disulfiram (74) kills the
trophozoites and inhibits this enzyme. Disulfiram and their
analogs act by modifying Cys242 adjacent to the active site
and cure of giardiasis in mice has also been reported (Galkin
et al., 2014). Nitazoxanide, nitroimidazoles, metronidazole and
tinidazole use nitroreductases such as pyruvate ferredoxin
oxidoreductase (PFOR) as their target sites in Giardial infection
(Hoffman et al., 2007; Miiller et al., 2007). The 5-nitroimidazoles
like metronidazole act in G. lamblia by two distinct mechanisms.
In one mechanism metronidazole gets reduced to toxic nitro-
radical anion via pyruvate ferredoxin oxidoreductase/ferredoxin
(PFOR/Fd) couple in presence of pyruvate and the cofactor

Arginine deiminase

— Citrulline

rOmithine transcarbamoylase ]

[ Ornithine B Carbamyl phosphate |
Ea +

FIGURE 2 | Arginine dihydrolase pathway in G. lamblia.
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FIGURE 3 | Mode of action of nitroimidazoles in G. lamblia.
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CoASH during the electron transport pathway in G. lamblia. In
the second mechanism metronidazole reduction occurs due to
the activity of G. lamblia thioredoxin reductase (GlTrxR). The
radicals formed cause oxidative damage to G. lamblia cell and
thereby kills parasite (Figure 3).

Protein disulfide isomerases, specifically PDI2 and PDI4 have
recently been reported as promising targets for new drugs
effective against giardiasis (Miiller et al., 2007). Furazolidone gets
reduced by NADH oxidase when the reduced products obtained
disrupt the action of DNA in Giardial infection (Brown et al.,
1996; Upcroft and Upcroft, 1998). Recently, Hsp90 inhibitors
as potential leads for antiparasitic chemotherapy have been
reported. Hsp90 inhibitor prodrug (SNX-5422) was evaluated
in animal models to proof the principle that an oral drug
could be effective (Debnath et al., 2014). Metronidazole analogs
were more active than metronidazole in changing significantly
the morphology and ultrastructure of the parasite G. lamblia.
The analogs affected parasite cell vesicle trafficking, autophagy,
and triggered differentiation into cysts of G. lamblia (Busatti
et al., 2013). The novel nitroreductase target sites viz GINR1
and GINR2 have been identified to be the potent targets for
nitroimidazole, metronidazole, nitrothiazolide and nitazoxanide
in G. lamblia (Muller et al., 2015).

CRYPTOSPORIDIUM PARVUM

The protozoan C. parvum causes cryptosporidiosis which
is associated with watery diarrhea that may sometimes be
profuse and prolonged in children (Current and Garcia, 1991;
Bouzid et al., 2013). It is the second most common protozoan
pathogen responsible for severe diarrhea and was also associated
with death in young children under 12-23 months of age
(Kotloff et al., 2013). Currently nitazoxanide (52), paromomycin
(51), and azithromycin are the most commonly used for the
treatment of cryptosporidiosis. However, nitazoxanide (52)
is effective in the immunocompetent and ineffective in the
immunocompromised patients (Mead, 2002; Gargala, 2008).
The available medication is not effective in all the patients
besides having side effects of headache, nausea, stomach pain,

severe or persistent dizziness,shortness of breath and unusual
tiredness. Progress in the development of anti-cryptosporidial
drugs has been very slow due to the difficulty in the in vitro
culture of Cryptosporidium (Abrahamsen et al., 2004; Andrews
et al,, 2014). Many drug targets are not present in this parasite
because it has completely lost the plastid derived apicoplast. Its
mitochondrion lacks the citrate cycle and cytochrome based
respiratory chain which directs the novel target identification
for drug development. Recently a research group synthesized
11 derivatives of benzimidazole, out of which three compounds
(75-77) showed anti-cryptosporidic effect equivalent to
paromomycin (Graczyk et al.,, 2011). The dicationic carbazole
compounds are active against C. parvum and compound (78)
was elucidated to be potent against cryptosporidiosis (Blagburn
et al,, 1998). The macrolide antibiotics like spiramycin (79),
roxithromycin (80), and clarithromycin (81) were thought to be
promising drugs against cryptosporidiosis but the final clinical
trials have not yet been completed. There is the intense need for
the development of effective chemotherapy for cryptosporidiosis
in immunodeficient patients (Saez-Llorens, 1989; Uip et al.,
1998). The nitrogen-containing bisphosphonates (N-BPs)
exhibit anticryptosporiudium activities in low micromolar
concentrations. It has been observed that NBPs act on the
novel non-specific polyprenyl pyrophosphate synthase that can
synthesize isoprenoids from C20->C45 in Cryptosporidium spp
(Artz et al., 2008).

In C. parvum, phosphofructokinase enzyme is pyrophosphate
specific (PPi-PFK; Denton et al., 1996). The accepted dogma is
that PPi-PFK is advantageous to anaerobic organisms because
its economic effect on the cell’s consumption of ATP means
that the net production from glycolysis is three ATP molecules
per glucose molecule rather than the more usual two ATP
molecules (Coombs and Miiller, 1995). The critical role played
by PPi-PFK in energy metabolism together with difference from
the human host PFK, make it an attractive target for drug. A
mannitol cycle is an important part of energy metabolism for C.
parvum. A key feature of the cycle is that the enzyme initiates
mannitol biosynthesis, mannitol-1-phosphate dehydrogenase, is
regulated by the binding of a specific inhibitor, a protein that
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has been found to belong to the 14-3-3 group of proteins.
Inhibition of mannitol synthesis would be likely to have a severe
impact upon the oocyst stage of the parasite and so reduces
transmission (Schmatz, 1997). The inosine-5"-monophosphate
dehydrogenase (IMPDH) and proteases are also proposed to
be the target sites in cryptosporidial infection (Mandapati
et al., 2014). It has a bacterial-type inosine-5'-monophosphate
dehydrogenase (IMPDH) as the only means to convert AMP to
GMP (Umejiego et al., 2008). The target site of the paromomycin
is the A site of ribosome where upon action it disrupts the
protein biosynthesis in C. parvum (Miiller et al., 2007). Acyl-
coenzyme-A synthetases have been observed to be inhibited
by triacsin C in cryptosporidial infection in mice (Guo et al,
2014). The dicationic-substituted aromatic molecules act by
binding to the minor groove of DNA in the Cryptosporidium and
thereby affects. DNA-associated enzymes such as topoisomerases,
endo and exonucleases or other processes, such as DNA
replication, recombination, and repair (Hildebrandt et al,
1998). Mebendazole or albendazole acts by interacting with the
colchicine site of tubuline in the microtubules of Cryptosporidium
spp (Brown et al., 1996).

BLASTOCYSTIS HOMINIS

Blastocystis hominis is a unicellular anaerobic protozoon and
infects the human gastrointestinal tract. It gets transmitted via
animal contact, water and food contaminated with excreted cysts
of the organism (Eroglu and Koltas, 2010). The pathogenesis of B.
hominis leads to symptoms such as diarrhea, flatulence, anorexia,
abdominal pain, vomiting, perianal pruritics, and bloating
(Sheehan et al.,, 1986; Chen et al., 2014). The currently used
drugs against this infection are metronidazole (14) or tinidazole
(15) (Sohail and Fischer, 2005; Tan, 2008). Metronidazole
commonly used for the treatment of blastocystosis induces
programmed cell death in the B. hominis(Nasirudeen et al,
2004). The reduction of the nitro group cytotoxic radicals in
mitochondria causes the death of concerned pathogen (Kulda,
1999). Trimethoprim-sulfamethoxazole (TMP-SMX) (82, 83)
is used as the second line medication when the first line
treatment by metronidazole (14) does not work (Ok et al.,
1999). Other compounds being occasionally used include
pentamidine (84), iodochlorhydroxyquin (85), furazolidone
(48), iodoquinol (86), tinidazole (15), nitazoxanide (52), and
emetine (87) (Moghaddam et al., 2005; Sohail and Fischer,
2005). Paramomycin (51), a broad spectrum aminoglycoside
antibiotic has exhibited superior performance in comparison to
metronidazole (14). Therefore, it can act as the therapeutic agent
for B. hominis infections (Van Hellemond et al., 2013).

The mechanism of action of several drugs, included
metronidazole, have been studied and found linked to the
induction of programmed cell death in the parasite, when treated
with a surface reactive cytotoxic monoclonal antibody (MAb
1D5). The central vacuole of B. hominis grown in normal
physiological conditions may contain lipid granules or electron-
dense particles. This central vacuole is used for programmed cell
death (PCD) process and it acts as a repository where apoptotic
bodies are stored before being released into the extracellular

space. Central vacuole is potent target for apoptosis (Nasirudeen
etal., 2001, 2004).

ISOSPORA BELLI

Isosporiasis is human intestinal disease caused by the parasite
I belli. It is most commonly observed in Africa, Asia and
South America. The currently used drugs against this infection
is combination of trimethoprim (82) and sulfamethoxazole (83)
(Goodgame, 2003; Hunter et al., 2004). The pyrimethamine (88)
and sulfadiazine (89) also cure the diarrheal disease caused
by I Belli (Ferguson et al., 1980; Ebrahimzadeh and Bottone,
1996). Macrolide antibiotics like sirimamycin proved to be
effective when pyrimethamine-sulfadoxine (88, 90) fails to cure
the intestinal infection by I belli specifically in AIDS patients
(Ferguson et al., 1980). Similarly, roxithromycin (91) is also
observed to be effective for chronic I. belli induced diarrhea
when TMP-SMX (82, 83) or pyrimethamine (88) treatments
become inadequate (Musey et al., 1988). It has been reported
that metronidazole (14), tinidazole (15), quinacrine (50), and
furazolidone (48) also cure the I. belli induced diarrhea but to
lesser extent. However, the treatment with metronidazole is more
efficient than tinidazole (15), quinacrine (50), and furazolidone
(48) (Trier et al, 1974; Syrkis et al., 1975; Butler and De
Boer, 1981; Weiss et al., 1988). The antimalarial compounds,
primaquine phosphate (92) and chloroquine phosphate (93) may
be helpful in immunocompetent patients with persistent I. belli
infection (Trier et al., 1974). The synthesis of more potent drugs
and tracing the valuable targets is the important area of research
for I. belli intestinal infection.

CYCLOSPORA CAYETANENSIS

Cyclosporiasis is the gastrointestinal illness caused by the
microscopic parasite C. cayetanensis. The extent of illness varies
based on age, condition of the host and size of the infectious dose
(Goodgame, 2003). Trimethoprim-sulfamethoxazole (82, 83)
was at first used to treat cyclosporiasis in immunocompetent and
immunocompromised patients (Madico et al., 1993; Guerrant
et al., 2001). However, the patients who are allergic to sulpha
drugs, the ciprofloxacin (94) or trimethoprim (82) is prescribed
(Verdier et al., 2000). Nitazoxanide (52) had no severe side
effects and was tolerated effectively and can be better option for
intestinal infection caused by C. cayetanensis (Diaz et al., 2003).
The development of effective drugs and the quest of essential
targets are of prime importance to treat cyclosporiasis.

CONCLUSION

Drug development for parasite-induced diarrheal disease is in
progress. There is a pressing need for the identification of
compounds which are efficacious in in vivo animal studies
and can be subjected to clinical trials. Drug development for
C. parvum is particularly challenging because of the difficulty
of in vitro screening. Maximum effort should be directed
toward new compounds to treat cryptosporidiosis because of
the limited availability of effective drugs. Resistance to the
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current drugs, metronidazole, paromomycin, and nitazoxanide
is a major concern. A major research focus on key biochemical
pathways, identification of essential targets, better assay methods,
and in vivo testing are urgently needed to identify new
chemotherapeutic agents for parasite-induced diarrheal disease.
As per our contemplated study, there is a need for the
determination of mechanism of action of the synthesized
compounds against E. histolytica and G. lamblia. The synthesized
heterocyclic scaffolds bearing different substituents that have
been found to be active in vivo studies against the parasites
causing diarrhea, can be further explored as future drug
candidates with higher efficacy, resistance effectiveness, and
lesser side effects.
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Diarrheal diseases are among the leading causes of morbidity and mortality in the world,
particularly among young children. A limited number of infectious agents account for
most of these illnesses, raising the hope that advances in the treatment and prevention
of these infections can have global health impact. The two most important parasitic
causes of diarrheal disease are Cryptosporidium and Giardia. Both parasites infect
predominantly the small intestine and colonize the lumen and epithelial surface, but
do not invade deeper mucosal layers. This review discusses the therapeutic challenges,
current treatment options, and drug development efforts against cryptosporidiosis and
giardiasis. The goals of drug development against Cryptosporidium and Giardia are
different. For Cryptosporidium, only one moderately effective drug (nitazoxanide) is
available, so novel classes of more effective drugs are a high priority. Furthermore, new
genetic technology to identify potential drug targets and better assays for functional
evaluation of these targets throughout the parasite life cycle are needed for advancing
anticryptosporidial drug design. By comparison, for Giardia, several classes of drugs
with good efficacy exist, but dosing regimens are suboptimal and emerging resistance
begins to threaten clinical utility. Consequently, improvements in potency and dosing,
and the ability to overcome existing and prevent new forms of drug resistance are
priorities in antigiardial drug development. Current work on new drugs against both
infections has revealed promising strategies and new drug leads. However, the primary
challenge for further drug development is the underlying economics, as both parasitic
infections are considered Neglected Diseases with low funding priority and limited
commercial interest. If a new urgency in medical progress against these infections can
be raised at national funding agencies or philanthropic organizations, meaningful and
timely progress is possible in treating and possibly preventing cryptosporidiosis and
giardiasis.

Keywords: diarrhea, neglected diseases, protozoan parasites, cryptosporidiosis, giardiasis, antimicrobial drugs,
drug development

The two most frequent parasitic causes of diarrheal disease worldwide are Cryptosporidium and
Giardia. Other parasites, such as Entamoeba histolytica, which is highly invasive and causes amebic
colitis (as discussed in other chapters of this volume), and the coccidia, Cystoisospora belli, and
Cyclospora cayetanensis, have clinical relevance but are less common causes of diarrheal illness. For
instance, the two coccidian parasites are mostly associated with chronic diarrhea in HIV-positive
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individuals (Dash et al., 2013; Mathur et al., 2013) and other
forms of immunodeficiency, but are less important causes of
diarrhea in immunocompetent individuals. This review focuses
on the therapeutic challenges, current treatment options, and
ongoing drug development efforts against cryptosporidiosis and
giardiasis.

Cryptosporidium

Cryptosporidium is a major cause of diarrheal disease in humans
and animals. It became clinically first known as a causative
agent of profuse and persistent diarrhea and morbidity in
immunocompromised patients, particularly those with acquired
immunodeficiency syndrome, and as a major cause of waterborne
diarrheal disease in outbreaks in otherwise healthy individuals.
More recently, large population studies have shown that
Cryptosporidium is among the five leading causes of diarrheal
disease in young children worldwide (Checkley et al., 2015),
underlining the urgency of addressing the medical needs posed
by this parasite, particularly since current treatment options are
severely limited.

Parasite

Cryptosporidium belongs to the phylum of apicomplexan
protists, along with Plasmodium and Toxoplasma, although
it displays significant differences to those parasites. Most
notably, it has lost the phylum-defining apicomplexan plastid
and lacks mitochondria. Genome comparisons suggest that
Cryptosporidium is more closely related to gregarines, intestinal
protozoa of invertebrates (Carreno et al., 1999; Ryan and Hijjawi,
2015). The parasite is an obligate endosymbiont, depending
on invasion of host cells for numerous metabolic functions.
Consistent with the exploitation of this metabolically rich
biological niche, it has a relatively small eukaryotic genome
of ~9 Mb with ~4,000 genes (Abrahamsen et al, 2004; Xu
et al, 2004). Cryptosporidium represents a species complex
comprising at least 27 individual species and over 40 genotypes
with varying degrees of host specificity (Ryan and Hijjawi, 2015).
Humans can be infected by nearly 20 of these species, but
only two, Cryptosporidium hominis and C. parvum, cause the
majority of clinically relevant infections. C. hominis is limited to
humans, so the infectious cycle is strictly anthroponotic, while
C. parvum has several subtypes of which some are human-
specific and others have a broader host range and zoonotic
transmission. Importantly, new drugs must be active against
C. parvum and C. hominis as both species have worldwide
distribution.

The entire Cryptosporidium life cycle occurs in a single host
(monoxenous) and involves both asexual multiplication and
sexual reproduction (Laurent et al., 1999) (Figure 1). Infectious
oocysts are ingested by the host, and sporozoites emerge from
the oocysts upon exposure to acidic conditions followed by
neutralization and exposure to pancreatic enzymes and bile
(Smith et al., 2005). Sporozoites attach to intestinal epithelial
cells, are enveloped by the host cell apical cell membrane, and
differentiate into spherical trophozoites, which occupy a location

that is commonly described as intracellular but extracytoplasmic
(Smith et al., 2005). The parasites reside in a parasitophorous
vacuole, which contains membrane components from the host
and parasite, and allows acquisition of nutrients from the host
cell (Tzipori and Griffiths, 1998). Importantly, the parasite is
completely covered by host cell membrane during its epithelial
growth phase, so drugs have to cross this membrane to be
effective at that stage of the growth cycle.

During maturation of the Cryptosporidium trophozoite,
asexual multiplication occurs and results in the formation of a
type I schizont that contains six to eight merozoites. Rupture
of the schizont results in the release of merozoites that, in
turn, can invade adjacent host epithelial cells, where they
develop subsequently into type I schizonts, leading to further
rounds of asexual multiplication, or into type II schizonts,
which initiate sexual reproduction by differentiating into male
microgamonts or female macrogamonts (Current and Reese,
1986). Male microgamonts release microgametes that can
fertilize the macrogametes inside the female macrogamont. After
fertilization, two types of oocysts form, thin-walled oocysts,
which are important in reinfection of the host and expansion
of parasite numbers, and thick-walled oocysts, which exit the
intestinal tract and are infectious for new hosts.

Pathogenesis and Disease

Transmission occurs by the fecal-oral spread of oocysts. In
particular, fecal contamination of drinking water can serve as
a vehicle for transmission of oocysts and is a substantial public
health concern. Large-scale outbreaks have been associated with
contamination of community drinking water (Widerstrom et al.,
2014; Painter et al., 2015). Cryptosporidium invades and resides
for major parts of its life cycles within epithelial cells, most
commonly in the small intestine. The parasite can be viewed
as a “minimally invasive” mucosal pathogen, because it does
not usually penetrate into the deeper mucosal layers. This
restricted epithelial localization has potential implications for
drug design, as it raises the possibility that orally administered
drugs might be effective locally in the intestine without extensive
systemic absorption. Under conditions of immunodeficiency,
Cryptosporidium infection can be more widespread and involve
epithelial cells of the biliary tract, pancreatic duct, stomach,
esophagus, and even respiratory tract (Chen et al, 2002).
Under these conditions, systemic drug absorption is probably
required, as a drug with limited intestinal activity would be
unlikely to reach these other mucosal sites (Abubakar et al,
2007).

Clinical manifestations of Cryptosporidium infection, which
occur after an incubation period of 2-14 days, include watery
and often profuse diarrhea, as well as abdominal cramps,
nausea, vomiting, weight loss, and a low-grade fever (Chen
et al, 2002). In immunocompetent individuals, disease is
usually self-limited lasting 1-3 weeks, whereas the illness is
typically prolonged in immunocompromised hosts. In addition,
in severe infections, malabsorption can be present due to
decreased absorptive surface, which can contribute to the wasting
syndrome in infected AIDS patients (Hunter and Nichols, 2002).
Immunocompromised patients with bile duct infection may also
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FIGURE 1 | Life cycle of Cryptosporidium. Infection is initiated by ingestion of thick-walled and environmentally resistant oocysts that give rise to sporozoites in
the lumen of the small intestine. These invade epithelial cells to form trophozoites in the apical domain of the cells. Growth occurs by asexual multiplication, leading
to further cycles of infection and growth, or sexual multiplication involving gamonts and gametes, and leading to fertilized zygotes. These can differentiate into
thin-walled oocysts that can initiate further rounds of autoinfection, or to thick-walled oocysts that are shed in the feces.

present with jaundice secondary to biliary tract obstruction or
with symptoms of pancreatitis. Furthermore, in young children,
particularly if malnourished, the infectious diarrhea can be
extensive and associated with significant mortality (Hunter and
Nichols, 2002). In fact, cryptosporidiosis has recently been
identified as the second leading cause (after rotavirus) of
diarrheal disease in children <5 years in developing countries
(Kotloff et al,, 2013; Liu et al, 2014). With increasing use
of the highly effective rotavirus vaccine it can be expected
that Cryptosporidium will soon become the most important
worldwide cause of childhood diarrhea.

Several mechanisms are thought to contribute to the
pathogenesis of Cryptosporidium-induced diarrhea. In patients
having large volume diarrhea, a secretory process appears to be
important. An enterotoxic activity released by the parasite has
been described (Guarino et al., 1995), but these findings remain
controversial. In animal models of C. parvum infection, glucose-
stimulated sodium absorption was inhibited and this paralleled
the extent of villous and epithelial cell damage (Kapel et al.,
1997). In addition, increased mucosal prostaglandin production
(e.g., PGE; and PGI,), which can inhibit neutral NaCl absorption
and result in secretory diarrhea, has been demonstrated in the
porcine model (Argenzio et al., 1990). Such effects may be due,

in part, to PGI, acting on components of the enteric nervous
system (i.e., cholinergic and VIPergic neuronal pathways), and a
direct action of PGE; on enterocytes (Argenzio et al., 1993, 1996).
The mechanisms that lead to increased prostaglandin production
and the cellular source of the prostaglandins are not known,
although the latter may include mesenchymal and/or epithelial
cells (Laurent et al., 1998). In addition, resident and recruited
leukocytes in the mucosa (e.g., macrophages) have the potential
to produce high levels of prostaglandins, and may also be a
source of prostaglandin production during C. parvum infection.
Alterations in intestinal permeability may also play a role in
the diarrhea in C. parvum-infected individuals (Zhang et al.,
2000).

Current Treatment Options

Current therapeutic options for cryptosporidiosis are limited and
only one drug, nitazoxanide, has been approved by the Food and
Drug Administration (FDA). Efficacy is variable, with resolution
of diarrheal symptoms and parasitological cure in 50-90% of
HIV-negative children and adults (Rossignol et al., 1998, 2001;
Amadi et al., 2002; Hussien et al., 2013). Typical oral doses are
500-mg twice daily for adults and adolescents, 200-mg doses
twice daily for children aged 4-11 years, and 100-mg doses twice
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daily for children aged 1-3 years, with treatment duration of 3-
14 days. The drug is generally well tolerated. Notably, placebo
treatment resulted in symptom improvements in a significant
fraction (30-40%) of patients (Rossignol et al., 2001; Amadi
et al,, 2002), underlining that the infection is usually self-limited
in immunocompetent patients. In contrast, nitazoxanide is not
effective in HIV-infected children (Amadi et al., 2002), and is not
FDA approved for this indication.

Other pharmacological interventions have been used clinically
against Cryptosporidium, but they are not FDA-approved for
treating cryptosporidiosis and their efficacy is generally lower
than nitazoxanide. For example, paromomycin (500 mg oral,
four times daily for 2-3 weeks) led to symptom cessation
and microbiological cure in 60-70% of immunocompetent
patients (Vandenberg et al., 2012; Hussien et al., 2013). Results
in HIV-infected adults have been variable, with some studies
showing similar (60-70%) efficacy of paromomycin (Bissuel
et al, 1994; Blanshard et al, 1997), while others reporting
no effectiveness (Hewitt et al., 2000). Immunotherapy has
shown some promise. Most notably, restoration of immune
competence in immunocompromised hosts, particularly an
increase toward normal in the CD4 T cell levels in patients with
AIDS, is associated with clearance of Cryptosporidium (Flanigan
et al., 1992). Passive immunotherapy by oral administration of
colostrum-derived bovine immunoglobulins (which presumably
contained anti-cryptosporidial antibodies as cows get commonly
infected with Cryptosporidium) led to significant improvement
of diarrheal symptoms, although microbiological cure was not
evaluated (Greenberg and Cello, 1996). However, nitazoxanide
remains the most effective current therapeutic agent available
against cryptosporidiosis in immunocompetent individuals,
while no consistently effective drugs exist against infection under
conditions of immunodeficiency.

Assays for Drug Development

Antimicrobial drug development depends on suitable assays
that recapitulate critical growth phases of the microbe in the
host. This is not usually a problem for growth autonomous
microorganisms, such as most bacterial pathogens, but can be
a challenge for symbionts such as Cryptosporidium that rely
partially or completely on host cells for growth and survival.
Nonetheless, an array of cell culture and animal models is
available for drug testing against the parasite.

Asexual and sexual development of Cryptosporidium can be
achieved in vitro using several different cell lines, although the
life cycle is incomplete and the number of oocysts produced
is generally low. A widely used model is the human ileocecal
adenocarcinoma cell line, HCT-8 (Upton et al., 1994; Alcantara
Warren et al., 2008). Monolayers of the cells can be readily
infected in culture (Figure 2), and infection can be optimized
by adding nutritional supplements to the culture media (Upton
et al,, 1995). Other mammalian cell lines (e.g., MDCK and Vero)
are also infectable, although parasite development tends to be
less robust than in HCT-8 cells (Upton et al,, 1994). Several
of the epithelial cell lines, including human T84 and Caco-
2 cells, can be grown as differentiated polarized monolayers
on microporous filter supports, which permits studies of the

A Nitazoxanide
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)
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0.1 1
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FIGURE 2 | In vitro drug assay for Cryptosporidium. HCT-8 human
intestinal epithelial cells were grown as monolayers in 96-well plates to
60-80% confluence. Cryptosporidium parvum oocysts, pretreated for 10 min
at 37°C with 10 mM HCI and 10 min at 15°C with 200 WM sodium
taurocholate to promote excystation, were added to the wells (10°
oocysts/well). After a 4 h infection period, monolayers were washed, serial
dilutions of nitazoxanide were added, and cultures were incubated for 48 h at
37°Cin 5% COz and 95% air. Cells were fixed with 3% formaldehyde,
permeabilized with Triton X-100, and stained with FITC-conjugated Vicia
villosa lectin to detect C. parvum and counterstained with Hoechst 33342 to
detect nuclei. A representative image of host cell nuclei (blue) and parasites
(green) is shown in (A) for controls (left) and after exposure to 20 pM
nitazoxanide (right). A concentration-response curve is shown in (B). Data are
mean =+ SD of triplicate wells, and are expressed relative to the parasite load
in untreated controls. The half-maximal inhibitory concentration (IC50) for
nitazoxanide was 0.7 uM.

effects of Cryptosporidium infection on barrier functions, ion
absorption and secretion, and cytokine responses (Griffiths et al.,
1994; Laurent et al, 1997, 1998). A recent report has also
used primary human intestinal epithelial cells, grown as self-
sustaining organoids (enteroids), for in vitro infections with
Cryptosporidium (Castellanos-Gonzalez et al,, 2013a). These
cultures, unlike epithelial cell lines, display the normal range
of intestinal epithelial cell differentiation, which should allow
more complete analysis of parasite-host interactions than
possible in transformed cell lines, although establishment and
maintenance of primary cultures are technically demanding
at this time and may not yet be readily adaptable to high-
throughput screens. Overall, epithelial cell cultures are poised
to remain an indispensable tool for new drug development
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against Cryptosporidium. It must be borne in mind, however,
that current culture systems probably do not capture all stages
of the cryptosporidial life cycle with equal efficiency and
physiological impact, so drug screening efforts may be skewed
toward compounds that are particularly active in the intracellular
life cycle stages, but not any extracellular stages (Hijjawi et al.,
2002).

Antimicrobial activity in vitro is usually necessary for a new
drug candidate, but it is not sufficient since many candidates
that work in vitro fail to be active in vivo. Appropriate animal
models are therefore critical for drug development. A number
of mammals have been used for Cryptosporidium infections,
including small (mice, rats) and large animals (pigs, cows),
each with advantages and disadvantages. Most animal models
reproduce the cryptosporidial growth cycle and lead to sustained
infection and shedding of infectious oocysts, which is adequate
for drug efficacy studies. Small animal models, particularly
mice, are resource-effective, but are not associated with the
characteristic infection-induced diarrhea seen in humans and can
thus not be used for investigations of this clinical manifestation
and its treatment. On the other hand, large animals such as
piglets and calves develop marked diarrhea (Tzipori et al., 1981,
1983; Argenzio et al, 1993; Gookin et al., 2008; Adell et al.,
2013; Operario et al., 2015), but require greater resources and are
less amenable to genetic and pharmacological manipulations for
mechanistic studies.

Mice are the most commonly used models for in vivo testing
of drug candidates against Cryptosporidium. Newborn mice are
susceptible to infection with C. parvum during the initial 3 weeks
after birth, but subsequently become resistant to infection.
Consequently, adult wild-type mice are generally not suitable
for drug testing, which is presumably due to effective innate or
acquired immune defenses. However, adult mice with selected
immunodeficiencies can be readily infected with the parasite. For
example, SCID mice (Kuhls et al., 1992) and mice deficient in
IEN-y or its receptor (Theodos et al., 1997; von Oettingen et al,,
2008), major histocompatibility complex class II (Aguirre et al.,
1994), CD40 or CD40 ligand (Cosyns et al., 1998; Hayward et al.,
2001), or IL-12 p40 (Urban et al., 1996; Campbell et al., 2002)
are all susceptible to intestinal C. parvum infection and have
been used to varying degrees for drug testing. The observation
that nitazoxanide has efficacy in immunocompetent patients, but
less so or not at all in immunodeficient individuals suggests
that intact host immunity contributes to drug effectiveness. It
follows that the nature of an immune defect that renders adult
mice susceptible to Cryptosporidium may impact the predictive
value of in vivo drug testing. However, few if any comparative
drug efficacy studies have been done between different murine
models, so it is not clear whether any particular model is more
representative of the human situation than others and thus
potentially more predictive of clinical efficacy.

New Agents against Cryptosporidium

Antimicrobial drug development commonly proceeds along one
of two pathways, focused either on whole-cell activity or on
specific molecular targets. In an activity-centered approach,
compound libraries are screened for activity against the live

parasite in a suitable in vitro assay. Upon identification
of biologically active “hits”, the respective compounds are
systematically optimized for in vitro and ultimately in vivo
activity. In a target-centered approach, the focus is on exploiting
molecular targets that are indispensable and, ideally, unique
to the parasite. Target identification may come from genomic
analyses or genetic screens, and is followed by pharmacological
exploration of their “druggability” with suitable inhibitors.
Both approaches have advantages and shortcomings. Activity-
centered drug development can rapidly lead to strong hits and
lead compounds, but if those fail in subsequent preclinical
or clinical trials, development might run into a dead end
because the molecular target is often not known can thus
not be further exploited with alternative chemical scaffolds.
Target-centered drug development is conceptually compelling,
as it promises systematic exploitation of genome information
without the uncertainty of large library screens. However, targets
may not prove as physiologically critical as initially predicted,
and development of specific inhibitors with adequate activity
in vitro and in vivo may not be straightforward. Furthermore,
tools for genetic manipulation of Cryptosporidium are not
presently available, precluding genetic screens as a strategy for
identifying critical target genes in this parasite. To date, activity-
centered approaches have yielded most if not all clinically
utilized antimicrobials, while target-centered approaches remain
an intriguing but unfilled promise.

Both drug development strategies have been applied to
Cryptosporidium. In particular, the obligate endosymbiotic
growth phase has sparked great interest in the systematic
exploitation of this apparent “Achilles’ heel” of the parasite.
Cryptosporidium has degenerate mitosomes instead of
mitochondria and has lost the mitochondrial genome and nuclear
genes for many mitochondrial proteins, including those required
for the tricarboxylic acid cycle, oxidative phosphorylation, and
fatty acid oxidation (Abrahamsen et al., 2004; Xu et al., 2004).
Also lacking are genes for de novo biosynthesis of amino acids,
nucleotides, and sugars (Abrahamsen et al, 2004; Xu et al,
2004). Loss of genes from multiple metabolic pathways indicates
that the parasite relies heavily on scavenging nutrients from the
host, salvage rather than de novo biosynthesis, and glycolysis
or substrate-level rather than oxidative phosphorylation for
energy production (Ryan and Hijjawi, 2015). Consequently, the
parasite must depend on these essential core metabolic pathways,
which are absent in or highly divergent from those in humans
and animals, making many of the enzymes in these pathways
potential drug targets.

Perhaps the most extensively studied metabolic pathway for
drug development is the salvage of purines for nucleic acid
synthesis. Cryptosporidium cannot synthesize purine nucleotides
de novo, but instead converts adenosine salvaged from the
host into guanine nucleotides via a pathway involving inosine
5’-monophosphate dehydrogenase (IMPDH; Umejiego et al.,
2004). This enzyme catalyzes the conversion of inosine-
5-monophosphate into xanthosine-5'-monophosphate as the
rate-determining step in guanine nucleotide biosynthesis.
Interestingly, the parasites appear to have obtained their IMPDH
gene by lateral gene transfer from bacteria, making it structurally
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distinct from mammalian IMPDH enzymes (Striepen et al.,
2004). The exclusive reliance on this guanine salvage pathway
makes IMPDH a potential drug target. Indeed, generic inhibitors
of the enzyme have significant anticryptosporidial activity in vitro
(Striepen et al., 2004). Subsequent studies have systematically
advanced the development of more specific inhibitors. Based
on high throughout screens, a number of structurally diverse
IMPDH inhibitors were identified (Umejiego et al., 2008), and
several of the most promising scaffolds were then explored for
optimal activity in vitro and in vivo. For example, a number of
derivatives of urea, benzoxazole, and benzopyrano[4,3-c]pyrazole
are active against purified IMPDH in the low to mid nM range
(Gorla et al., 2012, 2013; Sun et al., 2014), and several have
activity against C. parvum in cell culture and in a mouse infection
model in vivo (Gorla et al., 2014). As an alternative strategy to
conventional hit identification and lead optimization of small
“drug-like” molecules, peptides have been explored as IMPDH
inhibitors. In particular, phylomer peptides, which represent
naturally stable protein segments from phylogenetically diverse
bacterial genomes with an evolutionarily optimized ability to
bind protein surfaces (Watt, 2009), have been screened for
inhibitory activity against C. parvum IMPDH (Jefferies et al.,
2015). Peptides that interact with IMPDH were identified in a
yeast two hybrid screen, and then tested for parasite inhibition
in vitro. The best peptides suppressed C. parvum growth with
50% efficiency at 8-46 WM, but had only negligible cytotoxicity
in human cells (Jefferies et al., 2015). Although the in vivo
efficacy of these peptides remains to be established, the data
underline that IMPDH is a valid pharmacological target for
parasite inhibition. Taken together, the recent studies suggest
that further preclinical development of IMPDH inhibitors, using
either current scaffolds or perhaps yet to be discovered ones,
holds great promise for a new class of anticryptosporidial
agents.

Several other molecular targets have been explored against
Cryptosporidium. For example, the C. parvum genome encodes
three long chain fatty acyl-coenzyme A synthetases, which are
essential in the fatty acid metabolism of the parasite (Guo et al.,
2014). Their inhibition with triacsin C was highly effective against
parasite growth in vitro and reduced oocyst production by 88%
in infected IL-12 knockout mice (Guo et al., 2014). Another
target, calcium-dependent protein kinase 1 (CDPKI), plays a
role in calcium-mediated signaling of the parasite, which is
important for regulating vital functions in Cryptosporidium and
other apicomplexan parasites (Murphy et al., 2010; Ojo et al,
2010). Inhibition of CDPKI1 with pyrazolopyrimidine derivatives
blocked enzyme activity in vitro in the low nM range and
parasite growth in epithelial cells in the low wM range (Murphy
et al., 2010). Moreover, at least one of the derivatives exhibited
significant efficacy after oral dosing in a mouse infection model
(Castellanos-Gonzalez et al., 2013b). A third group of molecular
targets are cysteine proteases, which have been associated with
excystation and host cell invasion of C. parvum (Nesterenko et al.,
1995; Perez-Cordon et al., 2011). Selective protease inhibitors
have shown promising activity against the parasite in vitro and
in vivo (Kang et al., 2012; Ndao et al,, 2013), although it remains
to be established which out of the twenty or more members of the

papain-like family of cysteine proteases are responsible for these
therapeutic effects.

Beyond target-centered drug development, several activity-
centered drug screening approaches have been undertaken for
Cryptosporidium. For example, a library of 727 FDA-approved
drugs or drug-like compounds with a history of use in human
clinical trials was tested for activity on parasite growth in HCT-
8 epithelial cells (Bessoff et al,, 2013). Approximately twenty
compounds, representing a hit rate of ~3%, showed significant
activity at <10 wM, with the best compounds displaying in vitro
IC50s in the range of 0.2-5 wM (Bessoff et al., 2013). Mechanistic
pursuit of one of these leads revealed that the drug target is 3-
hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase,
which is required for the de novo synthesis of isoprenoids
(Bessoff et al., 2013). Importantly, the parasite lacks all known
enzymes required for the synthesis of isoprenoid precursors,
so inhibition of the critical enzyme in the host blocks parasite
growth because Cryptosporidium is dependent on the host cell
for synthesis of isoprenoid precursors (Bessoff et al., 2013). This
finding nicely supports the concept mentioned above that the
obligate endosymbiosis of the parasite is a potential “Achilles’
heel” that may be exploited for drug development. It must be
noted, however, that drugs that exclusively target host processes
also have an increased risk for adverse effects, so it may be
more difficult for such drugs compared to conventional microbe-
targeted drugs to find an acceptable balance between parasite
clearance and other drug effects.

In another screen, an existing library from the Medicines
for Malaria Venture Open Access Malaria Box was tested
for activity against C. parvum (Bessoff et al, 2014). The
library represents a collection of 400 compounds selected from
19,000 structurally unique molecules with activity against the
erythrocytic stage of Plasmodium falciparum in three large
phenotypic high-throughput screening campaigns undertaken
by large pharmaceutical companies. The screen yielded 19
compounds, representing a ~5% hit rate, with significant
activity against C. parvum growth in HCT-8 cells at 6.6 uM
(Bessoff et al., 2014), suggesting that the relatively high hit rate
of the Plasmodium-active compounds against Cryptosporidium
may be attributed to the general similarities between the two
apicomplexan parasites. The most active compounds belonged
to three chemical series, derived from the quinolin-8-ol,
allopurinol-based, and 2,4-diaminoquinazoline, and several of
the derivatives exhibited submicromolar potency in vitro (Bessoft
et al.,, 2014). Further studies will have to explore their in vivo
efficacy.

Outlook

Taken together, recent studies clearly demonstrate that new
classes of antimicrobials against Cryptosporidium are biologically
possible and pharmacologically feasible, either by advancing
leads against already identified targets or by screening new and
larger compound libraries for activity against the parasite. In
addition, analyses of the genomes and metabolomes of different
Cryptosporidium species and genotypes are likely to reveal more
molecular drug targets. However, as scientifically promising as
drug development against Cryptosporidium is at this time, the

Frontiers in Microbiology | www.frontiersin.org

November 2015 | Volume 6 | Article 1208 | 26


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Miyamoto and Eckmann

New Drugs Against Cryptosporidium and Giardia

major challenge for these efforts is the underlying economics
(Striepen, 2013). As a disease that affects mostly developing
countries and which had up to recently been significantly
underestimated in its clinical prevalence and importance (Lal
and Hales, 2015), cryptosporidiosis remains in the category
of Neglected Diseases with low funding priority and limited
commercial interest. If a new urgency in medical progress
against the disease can be established at national funding
agencies or philanthropic organizations, meaningful and timely
progress could be made in treating and possibly preventing
cryptosporidiosis.

Giardia

Giardiasis is a major cause of diarrheal illness worldwide
with hundreds of millions annual cases. Compared to
cryptosporidiosis, ~ giardiasis is often associated with
more prolonged, chronic diarrhea and disease even in
immunocompetent individuals, which, particularly in children,
can lead to long-term sequelae including intellectual deficits and
failure to thrive. Furthermore, treatment options are currently
broader than those for cryptosporidiosis, but resistance to
existing antimicrobial drugs is becoming a clinical problem that
has not yet been described for cryptosporidiosis.

Parasite

Giardiasis is caused by Giardia lamblia (syn. G. duodenalis or
G. intestinalis), which was first discovered in the 1600s by van
Leeuwenhoek in his own stool. G. lamblia is a flagellated, enteric
parasite that belongs to the order of diplomonads in the phylum
of metamonads, a large group of flagellate amitochondriate
protozoa. The parasite has a comparatively simple life cycle
(Figure 3), which occurs in a single host (monoxenous) and
involves only two forms, the infectious cyst and the replicating
trophozoite. Cysts are spread through contaminated drinking
water or food, or person-to-person contact. G. lamblia is highly
contagious, as evidenced by experimental human infection after
oral ingestion of as few as 10 cysts (Nash et al., 1987). The low
infectious dose, combined with the resistance of cysts to many
common disinfectants (Betancourt and Rose, 2004; Erickson and
Ortega, 2006), makes G. lamblia a constant threat to the safety
of public water supplies. After passing through the stomach,
trophozoites emerge from the cysts and colonize the upper small
intestine. The sequence of exposure to an acidic environment,
followed by neutral conditions and the presence of bile is
sufficient to trigger excystation, as has been shown in vitro
(Boucher and Gillin, 1990).

The haploid genome of G. lamblia comprises ~12 Mb of
DNA encoding ~5,000 genes (Morrison et al.,, 2007; Franzen
et al., 2009). The parasite is polyploid throughout its life cycle.
Trophozoites have two nuclei, each carrying a diploid genome,
so the overall genome is tetraploid (4N) in the trophozoite
stage (Bernander et al., 2001). During encystation, the genome
content acquires 16N ploidy through two successive rounds
of chromosome replication without intervening cell division.
Upon excystation, the cells have four nuclei, each with a
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FIGURE 3 | Life cycle of Giardia lamblia. Infection begins by oral uptake of
cysts, which excyst in stomach and small intestine to form trophozoites, the
replicating, disease-causing form of the parasite. Trophozoites are motile, and
maintain their presence in the small intestine by regulated attachment to and
detachment from the small intestinal epithelium, but they do not invade
epithelial cells. Trophozoites can also differentiate by encystation in the small
intestine into cysts, which are shed in the feces and are infectious for new
hosts.

ploidy of 4N, and divide twice to form four trophozoites
containing two diploid nuclei each (Bernander et al, 2001).
Besides the polyploidy, evidence exists for allelic sequence
heterozygosity within single parasites (Ankarklev et al., 2012),
further complicating the interpretation of genome information,
as well as the use of genetic tools for identification of potential
new drug targets. Moreover, G. lamblia displays considerable
genetic diversity. Isolates are grouped into genetic Assemblages,
A-F, with all human pathogens belonging to groups A and B,
while the others are pathogens in dogs, birds, and other species.
Genome comparison of isolates from Assemblage A and B shows
only 77% nucleotide and 78% amino acid identity in protein-
coding regions (Franzen et al., 2009), indicating that these two
assemblages truly represent different Giardia species, despite
the historic convention of a single species name (Jerlstrom-
Hultqvist et al., 2010). Importantly, Assemblage A and B strains
infect humans throughout the world, making it critical that new
drugs are active against divergent G. lamblia strains of both
Assemblages.

Pathogenesis and Disease

Giardia lamblia causes hundreds of millions of annual cases of
diarrheal disease in endemic and epidemic fashion worldwide
(Karanis et al., 2007; Baldursson and Karanis, 2011). In the
United States, the parasite is one of the two most common causes
of outbreaks of parasitic disease, with prevalence rates of 1-7%
depending on the population sampled (Furness et al., 2000; Barry
et al., 2013). Infections are more frequent and severe in young
children, particularly in day-care centers, and among travelers,
hikers, and military personnel in the field (Overturf, 1994; Sharp
et al,, 1995). Following cyst ingestion, symptoms occur after
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a 1-2 weeks incubation period, although only about half of
all stool-positive Giardia infections are symptomatic. Frequent
clinical manifestations of giardiasis include watery diarrhea,
epigastric pain, nausea, and vomiting. The acute phase typically
lasts 1-3 weeks, although some patients can have persistent
symptoms for months. Most infections are self-limited but
recurrences are common in endemic areas. Chronic infections
can lead to weight loss and malabsorption and may be mistaken
for inflammatory bowel disease or anorexia nervosa (Thomas
Iv et al, 2014). Importantly, chronic giardiasis is associated
with stunting (low height for age), wasting (low weight for
height) and cognitive impairment in children in developing
countries (Berkman et al., 2002; Nematian et al., 2008; Al-
Mekhlafi et al, 2013), a finding that has been reproduced in
murine models of infection (Bartelt et al., 2013). Furthermore,
acute giardiasis may disable patients for extended periods
and can elicit protracted post-infectious syndromes, including
irritable bowel syndrome and chronic fatigue (Hanevik et al.,
2014).

After emergence from cysts, the flagellated G. lamblia
trophozoites colonize the upper small intestine, although
colonization of the lower small intestine, as well as stomach
and colon can occur. Trophozoites reside and replicate in the
intestinal lumen and at the intestinal epithelial surface, but do not
invade deeper layers of the mucosa. The parasite’s ability to attach
to the mucosal surface is critical for its persistence in the host
(Lauwaet et al., 2010), yet the underlying mechanisms remain
poorly defined. The ventral disk of the parasite can assume a
domed conformation that is important for robust attachment
(Woessner and Dawson, 2012), whereas flagellar motility is
important for positioning and orienting trophozoites prior to
attachment, but is not directly required for attachment (House
et al,, 2011). Despite its “off-shore” location outside the mucosa,
the parasite actively engages mucosal immunity, although frank
inflammation is typically absent in most cases (Oberhuber et al.,
1997). However, villus and brush border microvillus atrophy are
common, leading to digestive enzyme deficiencies (Solaymani-
Mohammadi and Singer, 2011), and chronic giardiasis can lead
to overt mucosal inflammation with pronounced villus loss
(Hanevik et al., 2007).

Giardiasis is self-limiting in >85% of cases in non-
endemic areas, indicating that effective immune defenses exist.
Furthermore, symptoms of giardiasis are much less severe in
endemic than non-endemic regions, suggesting gradual build-
up of immunity (Faubert, 2000). Secretory IgA (Langford et al.,
2002; Davids et al., 2006), intestinal hypermotility (Andersen
et al, 2006; Li et al, 2006), and antimicrobial peptides and
nitric oxide (Eckmann et al., 2000; Tako et al., 2013) have all
been shown to have direct effector activity against the parasite,
although their relative contributions to clearance of Giardia may
be variable (Singer and Nash, 2000a; Langford et al., 2002).
Beyond direct effectors, several immune cells and regulators are
known to be involved in antigiardial immune defense. Mast cells
and CD4™ T cells, but not CD8™ T cells, are required for clearing
Giardia infection (Singer and Nash, 2000a; Roxstrom-Lindquist
et al.,, 2006; Solaymani-Mohammadi and Singer, 2010). CD4™ T
cells may act in part by controlling antigiardial IgA responses

(Heyworth, 1989), while their functions are not related to classical
Th1 or Th2 subsets, since their signature cytokines, IFN-y, or
IL-4, play no role in immune defense (Singer and Nash, 2000a).
In contrast, IL-6 and IL-17 are important in Giardia clearance
(Bienz et al., 2003; Zhou et al., 2003; Dreesen et al., 2014; Dann
et al., 2015). IL-6 appears to act by promoting dendritic cell
functions during infection (Kamda et al., 2012), although it has
many other activities, including activation of neutrophils and
monocytes, enhancement of follicular helper T cell responses, and
stimulation of B cell proliferation and antibody production.

A human vaccine against giardiasis is not available. A crude
veterinary vaccine (GiardiaVax), composed of total cell lysates of
a mixture of sheep, dog and human isolates, reduces symptoms
and duration of cyst output in cats and dogs (Olson et al.,
2000). Interestingly, the vaccine has also been used as an
immunotherapeutic agent in dogs with chronic giardiasis that
had failed standard drug treatment (Olson et al., 2001), raising
the intriguing possibility that a vaccine may be effective post-
exposure.

Current Treatment Options
Several classes of antimicrobial drugs are available for the
treatment of giardiasis. The most commonly utilized worldwide
are members of the 5-nitroimidazole (5-NI) family such as
metronidazole and tinidazole. However, this first line therapy
fails in up to 20% of cases and cross-resistance between different
agents can occur (Gardner and Hill, 2001), and resistance to
all major antigiardial drugs has been reported (Ansell et al.,
2015). Alternative agents exist for treatment failures and for
special circumstances (e.g., pregnancy), but these are generally
less effective than 5-NI drugs (Escobedo and Cimerman, 2007).
The oldest and most common 5-NI, metronidazole, is
typically given in three divided daily 250 mg oral doses for
5-10 days, and has a reported efficacy of 80-95% (Gardner
and Hill, 2001). More recently, tinidazole, first approved by
the FDA in 2004, has become a good alternative for giardiasis
because of its efficacy (85-90%), tolerability, and convenience
(a single oral dose is recommended; Speelman, 1985). All 5-
NI drugs are prodrugs whose microbial specificity is due to the
requirement for reduction to toxic free radical intermediates
by low redox potential reactions present only in the anaerobic
target microbes (Upcroft and Upcroft, 2001). The metabolism of
G. lamblia is fermentative, and electron transport proceeds in the
absence of mitochondrial oxidative phosphorylation. However,
the parasite is microaerotolerant and can reduce molecular
oxygen and thus protect the highly oxygen-sensitive, central
metabolic enzyme, pyruvate:ferredoxin oxidoreductase (PFOR),
and iron-containing ferredoxins. PFOR decarboxylates pyruvate
and donates electrons to ferredoxin, which in turn reduces
other components in the electron transport chain and leads to
ATP generation. Reduced ferredoxin can also reduce the critical
nitro group of 5-NI prodrugs to toxic radicals which kill the
parasite. Other reduction pathways, including nitroreductases
and thioredoxin reductase, also activate 5-NI drugs in Giardia
(Pal et al., 2009; Leitsch et al., 2011; Nillius et al., 2011), although
their relative importance in reducing metronidazole and other
nitro drugs remains to be established. The radicals that result
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from nitro drug reduction form covalently bonded adducts on
microbial target molecules, leading to their inactivation. The
specific molecular targets of 5-NI drugs have not been defined
in G. lamblia. In spite of the general efficacy of 5-NI drugs,
treatment failures in giardiasis are common (up to 20%), clinical
resistance is proven, and in vitro resistance can be induced so
that parasites grow in clinically relevant levels of metronidazole
(Wright et al., 2003; Tejman-Yarden et al., 2011).

Nitazoxanide is a nitrothiazole with broad-spectrum activity
against intestinal parasites. Like 5-NI drugs, it is a prodrug
that must be reduced to form toxic radicals, which inactivate
various microbial target molecules including PFOR (Hoffman
et al., 2007). It is usually given in two daily 500 mg doses for
3 days, which is more convenient dosing than metronidazole, but
has slightly lower efficacy (70-80%) than 5-NI drugs (Gardner
and Hill, 2001) and is also impacted by metronidazole resistance
(Tejman-Yarden et al., 2011). In a clinical trial involving children
with diarrheal illness, nitazoxanide reduced symptom duration
in those afflicted with giardiasis as well as in those without
a microbiological diagnosis (Rossignol et al, 2012), further
underlining its utility as a broad-spectrum antimicrobial agent.

Benzimidazoles, such as albendazole and mebendazole, are
generally used to treat intestinal helminth infections. Albendazole
is also effective in giardiasis (Gardner and Hill, 2001; Solaymani-
Mohammadi et al., 2010), although its efficacy varies markedly
(25-90%) depending on the dosing regimen. Albendazole can
be taken once daily for 5 days, making it more convenient than
three-times-a-day metronidazole, and its anti-helminth activity
makes it an attractive agent for dual use purposes (Granados
et al., 2012). However, results from a Bolivian cohort study (a
region with endemic Giardia and helminth infections) found that
treatment with mebendazole reduced hookworm infections but
paradoxically led to an increase in giardiasis (Blackwell et al.,
2013), suggesting an antagonistic relationship between the two
parasites and complicating the prospect of multi-target therapies.

Quinacrine, an old malaria drug, is an acridine derivative
with excellent efficacy against giardiasis (90%). A recent report
describes the experience of a family of four with giardiasis, three
of whom failed therapy with tinidazole but were cured with
quinacrine (Requena-Mendez et al., 2014). In a randomized trial
in children with giardiasis, chloroquine was equally effective
as tinidazole and superior to albendazole (Escobedo et al,
2003). Despite its good efficacy, quinacrine has potentially
severe adverse effects, including a number of psychiatric and
dermatologic manifestations, and is no longer commercially
available in the United States or Canada.

Finally, paromomycin is an aminoglycoside with antigiardial
activity in vitro (Edlind, 1989) and in vivo (Geurden et al., 2006).
However, it less effective among adults with metronidazole-
refractory disease than other therapies and is rarely used in
clinical practice.

Therapeutic strategies for treatment-refractory giardiasis
include longer duration and/or higher doses of the original
agent, switching to a different class of drug, or combination
therapy. In a case series of 10 patients who failed nitroimidazole
therapy, all were cured with one of the following combinations:
metronidazole or tinidazole + paromomycin + albendazole

in three cases, metronidazole + paromomycin in two cases,
tinidazole + paromomycin in two cases, tinidazole + quinacrine
in two cases, and metronidazole + quinacrine in one case
(Morch et al., 2008). All the drugs were administered for 7 or
10 days except for tinidazole, which was given for 1-7 days.
The combinations were well tolerated and had no serious
adverse effects. In a case report, a HIV patient with giardiasis
was unsuccessfully treated five times with metronidazole and
albendazole, but was cured with nitazoxanide 500 mg b.i.d
for 10 days and then 1 g b.i.d. for 15 days (Abboud et al.,
2001). Susceptibility testing showed the strain to be resistant to
metronidazole and albendazole, but susceptible to nitazoxanide
(Abboud et al., 2001). Combination therapy generally decreases
the risk of developing antimicrobial drug resistance, although it
is presently not known how this concept applies to giardiasis.

Assays for Drug Development

Giardia lamblia trophozoites can be readily grown in vitro under
axenic conditions, which greatly simplifies drug testing compared
to the endosymbiont Cryptosporidium. Typical assays for Giardia
involve serial drug dilutions in multi-well plates and parasite
growth for 48 h under anaerobic conditions (Valdez et al., 2009;
Miyamoto et al., 2013) (Figure 4). Cell numbers and viability can
be assessed microscopically (Gut et al., 2011), or by determining
ATP content in the cultures (Valdez et al,, 2009) (Figure 2).
A number of Assemblage A and B isolates are available, and
resistant lines against all major antigiardial drugs have been
generated in the laboratory (Upcroft et al., 1996a,b; Dunn et al.,
2010; Tejman-Yarden et al., 2011). To date, drug-resistant axenic
lines have not been generated from clinical isolates derived from
patients who failed therapy, although short-term animal studies
of such isolates have shown that resistance occurs in vivo (Lemee
et al., 2000).

Appropriate animal infection models are a key requirement
for antimicrobial drug development. A number of mammals,
including different rodents, dogs and cats, can be experimentally
infected with G. lamblia. In cats and dogs, giardiasis has
veterinary relevance (Bouzid et al., 2015), so drug development
has veterinary objectives in these species. For drug testing studies
against human G. lamblia, the most common models are mice
and Mongolian gerbils. Adult mice are not readily infectable
with most human G. lamblia strains, with the sole exception
of the Assemblage B strain, GS/M (Byrd et al., 1994). The
strain was shown to cause diarrheal disease upon experimental
inoculation in humans (Nash et al.,, 1987), so it is a clinically
relevant, pathogenic strain, yet the reasons for its seemingly
unique ability to colonize adult mice remain unclear. However,
following the observation that resistance to infection could
be conferred by co-housing of animals, it was shown that
conditioning of mice with a cocktail of suitable antibiotics
(typically vancomycin + gentamicin or neomycin + ampicillin
or penicillin; none of these kill G. lamblia) in the drinking water
sensitizes mice to infection with a range of different G. lamblia
strains of both A and B assemblages (Singer and Nash, 2000b;
Solaymani-Mohammadi and Singer, 2011). This conditioning
regimen is now commonly used, although the impact on drug
testing has not been explored. As an alternative, gerbils can be
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FIGURE 4 | In vitro drug assay for G. lamblia. Serial dilutions of test
compounds were made in 96-well plates, and trophozoites of G. lamblia WB
were added to the wells (2 x 10%/well). After 48 h incubation at 37°C under
anaerobic conditions, cell growth and viability was determined with an ATP
assay. (A) Representative phase-contrast images for controls without added
drug (left) and cells exposed to 20 uM metronidazole (right). (B) A
concentration-response curve for metronidazole. Data are mean + SD of
triplicate wells, and are expressed relative to the G. lamblia numbers in
untreated controls. The IC50 for metronidazole was 2.1 wM in this experiment.

infected with a wide range of human G. lamblia strains without
antibiotic conditioning (Tejman-Yarden etal., 2011, 2013; Benere
etal., 2012). They have proven valuable for pathophysiologic and
immunological studies, but have not been widely used for drug
testing.

New Drugs

The discovery of antibiotics revolutionized medicine and
represents a turning point in human history. Unfortunately,
enthusiasm for these miracle drugs was soon tempered by
the emergence of resistant strains. As in bacteria, protozoa
like Giardia can develop resistance that make widely used
agents ineffective. While still uncommon, antibiotic resistance
(especially against 5-NI drugs) is increasing in G. lamblia
and contributes to treatment failures (Lemee et al., 2000).
Elucidating the complex resistance mechanisms is an active area
of investigation and important insights have been gained over
the last decade. Recent studies indicate that drug resistance
in G. lamblia is caused by one of several different cellular
adaptations. Of these, the best described mechanism is the
loss of the parasite’s ability to activate nitro prodrugs to toxic
radicals by reduction, thus effectively allowing the parasite to

avoid suicidal drug activation. For example, suppression of
PFOR leads to metronidazole resistance (Dan et al.,, 2000)
and certain strains of metronidazole-resistant G. lamblia have
reduced levels of this critical enzyme required for ferredoxin-
dependent drug activation (Leitsch et al., 2011). Other drug
activation pathways have been identified, and they can also
be impacted in resistant cells (Pal et al., 2009; Leitsch et al.,
2011; Nillius et al., 2011). Another mechanism of drug
resistance to both metronidazole and nitazoxanide is altered
expression of genes involved in stress responses, including
heat-shock proteins and expression of nitazoxanide-binding
proteins (Muller et al., 2008). Fortunately, metronidazole-
resistant giardiasis is not yet common in clinical practice,
perhaps because of the detrimental effects of metronidazole
resistance on attachment and infectivity in a subset of organisms,
although others with resistance can infect normally (Tejman-
Yarden et al, 2011). Resistance to other antigiardial drugs
also exists. For example, resistance to benzimidazoles is
thought to occur through mutations in the molecular target,
p-tubulin (Aguayo-Ortiz et al, 2013). Overall, the studies
on emerging drug resistance and the underlying mechanisms
underline that the development of new antigiardial agents to
broaden the therapeutic armamentarium remains an important
challenge.

The goals of new drug development against G. lamblia and
Cryptosporidium are somewhat different. For Cryptosporidium,
only one moderately effective drug (nitazoxanide) is available,
so new classes of more effective drugs are a high priority.
By comparison, for G. lamblia, several classes of drugs with
good efficacy exist, but dosing regimens are suboptimal
or emerging resistance begins to threaten clinical utility.
Consequently, improvements in potency and dosing,
and the ability to overcome existing and prevent new
forms of drug resistance are priorities in antigiardial drug
development. A number of strategies have been employed
for the development of new drugs against G. lamblia, which
include, as for Cryptosporidium, both activity- and target-
centered approaches. In addition, optimization within existing
drug classes, analogous to the development of next-generation
p-lactam antibiotics, has played a much more important
role in drug development against G. lamblia compared to
Cryptosporidium.

Prime examples for the potential of optimization within
an existing drug class are the 5-NI compounds. The most
common 5-NI, metronidazole, is composed of a 5-membered
nitroimidazole core carrying simple hydroxyethyl and methyl
side chains in the 1’ and 2’ position, respectively (Figure 5).
Modifications of these side chains have been a productive
strategy for developing new and improved agents. For example,
substitution of side chains in the 1, 2/, or 4’ positions of
the imidazole ring with larger and more complex functional
groups has led to compounds with enhanced (up to 500-
fold) antigiardial activity (Upcroft et al., 2006; Valdez et al.,
2009; Miyamoto et al, 2013) (Figure 5). Importantly, many
of the new 5-NI compounds were able to overcome existing
forms of metronidazole resistance (Miyamoto et al., 2013).
The underlying mechanisms for improved activity remain to
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FIGURE 5 | Structures of 5-nitro antimicrobial drugs. The structures of
metronidazole (left) and a 2-position derivative are depicted, along with their
respective in vitro EC50 values against a representative strain of G. lamblia
(Valdez et al., 2009). The numbers along the core imidazole of metronidazole
designate the ring positions.

be determined but may relate to differential drug activation
by one or more reductases (Leitsch et al., 2011; Nillius et al.,
2011). For other metronidazole derivatives it was shown that
they were more active than the parent compound in altering
the morphology and ultrastructure of G. lamblia by affecting
vesicle trafficking and differentiation into cysts (Busatti et al.,
2013). Similar advances have been demonstrated for the 5-
nitrothiazole, nitazoxanide, where placement of a benzene
ring between the nitro group and the thiazole ring was
used to create new benzologues (Navarrete-Vazquez et al.,
2011). The best compounds were five-times more active than
nitazoxanide and 18-times more active than metronidazole
against G. lamblia and showed minimal toxicity in mammalian
cells (Navarrete-Vazquez et al., 2011). In another series of
nitrothiazole derivatives, substitutions at 2 position with a range
of acylamino side chains yielded compounds with >10-fold
greater activity against G. lamblia than the reference compound
nitazoxanide (Nava-Zuazo et al., 2014). Collectively, these
studies demonstrate that systematic structural modifications
of existing nitro drugs are likely to yield vastly improved
antimicrobials that can serve as “next-generation” nitro drugs
for the treatment of giardiasis and potentially other infections
with clinically important anaerobic pathogens (Miyamoto et al.,
2013).

Similar modification strategies have been applied to
benzimidazoles, whose prototype compound, albendazole,
has been used as an alternative to 5-NI drugs against giardiasis.
A number of novel derivatives have been created, including
an alkylthiol group at the 2" position and an ethoxy group at
the 5 position of the benzimidazole ring, resulting in highly
potent compounds with antigiardial activity in the 10-50 nM
range (Perez-Villanueva et al., 2013). Using reverse-phase
high performance liquid chromatography and permeability
assays with cultured epithelial cells, it was observed that the
antigiardial activity of a series of benzimidazole derivatives
was influenced by their lipophilicity, hydrogen bond donors,
and molecular volume, but not by their apparent permeability
across epithelial cell monolayers (Hernandez-Covarrubias

et al., 2012). A computational analysis of the structure-activity
relationships of multiple benzimidazoles showed complex
activity landscapes for antigiardial activity, with substitution at
position 2 on the benzimidazole moiety playing an important
role in increasing potency and substitutions at positions 4-7
influencing selectivity against G. lamblia over other protozoan
parasites (Perez-Villanueva et al,, 2010). These findings offer
hope that quantitative models may help to identify structural
properties associated with enhanced antigiardial activity in
future drug design, at least for compounds that have well-defined
molecular targets such as B-tubulin for benzimidazoles (Aguayo-
Ortiz et al., 2013). Similar structure activity analyses have been
conducted for 5-NI derivatives (Miyamoto et al., 2013), although
the current lack of understanding of the specific reductases
involved in prodrug activation or the molecular targets of
activated drugs confounds these analyses and complicates their
exploitation in drug development.

Besides compound optimization within existing drug classes,
activity-centered screens of drug libraries have also been applied
to G. lamblia. For example, a screen of 1,520 compounds
from the BIOMOL ICCB Known Bioactives 2 and NINDS
Custom Collection 2 libraries for growth-inhibitory activity
against G. lamblia yielded 48 initial hits, some of which, such
as indirubin, were not known to kill G. lamblia, although many
others had known antigiardial agents or were broad inhibitors
of cellular functions (e.g., actinomycin D; Bonilla-Santiago et al.,
2008). Such toxic compounds are not likely to be of clinical
utility. By comparison, screening of libraries of FDA-approved
drugs has the distinct advantage that preclinical safety testing
has already been done, which can accelerate the progression to
clinical trials of efficacy. For instance, screening of a library of 746
compounds available for human use found that auranofin, which
is employed in the treatment of rheumatoid arthritis, inhibited
the growth and survival of multiple different G. lamblia isolates
(Tejman-Yarden et al., 2013). Importantly, auranofin completely
overcame metronidazole resistance (Tejman-Yarden et al., 2013).
The action mechanism involved inhibition of thioredoxin
oxidoreductase, a critical enzyme involved in maintaining
normal protein function and combating oxidative damage in
G. lamblia and other parasites including Entamoeba histolytica
and Schistosoma mansoni (Kuntz et al., 2007; Debnath et al.,
2012; Tejman-Yarden et al., 2013). Given that its pharmacokinetic
properties and toxicology are well established (Blocka et al.,
1986), auranofin may be a promising new candidate for the
treatment of drug-resistant giardiasis. In another screen, a total
of 2,816 compounds from the Library of Pharmaceutical Active
Compounds (LOPAC1280) and the NIH Chemical Genomics
Center Pharmaceutical collection library (NPC) were tested for
activity against G. lamblia (Chen et al., 2011). Detailed follow-up
studies of 28 of the most active compounds identified three new
drugs, fumagillin, carbadox, and tioxidazole, with strong activity
against metronidazole-sensitive and -resistant G. lamblia isolates
(Kulakova et al, 2014). Furthermore, fumagillin, a complex
biomolecule derived from Aspergillus fumigatus with known
antimicrobial activities against Entamoeba and microsporidia,
was efficacious in a mouse giardiasis model (Kulakova et al,
2014).
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An abbreviated form of activity-centered drug discovery is
the retesting of compounds that have shown activity in related
microbes. Screening of an NIH Chemical Genomics Center
Pharmaceutical Collection containing >2,000 compounds
identified 32 highly active compounds against Plasmodium
falciparum (Yuan et al., 2011). One of these, tetrahydrolipstatin
(orlistat), a lipase inhibitor approved for the treatment of
obesity, was then tested for growth inhibition of G. lamblia,
based on the general rationale that efficient lipid metabolism is
important for a fast growing parasite such as Giardia. Orlistat
showed a potent and dose-dependent inhibition of G. lamblia
replication, with a half maximal inhibitory concentration
significantly lower than that of metronidazole (Hahn et al., 2013).
Notably, orlistat is poorly absorbed from the intestinal tract and
remains highly active in the lumen until excreted in the stool,
raising the possibility of essentially topical therapy of giardiasis.
Disadvantages of orlistat are the potential malabsorption of
lipids and other lipophilic drugs, as well as cost issues. Another
example is miltefosine, a potent oral treatment for human
visceral leishmaniasis due to Leishmania donovani. The drug
had previously been shown to kill this parasite by inducing a
cell death process with numerous cytoplasmic, nuclear, and
membrane features of metazoan apoptosis (Paris et al., 2004).
Subsequent testing of miltefosine against G. lamblia revealed
good activity in vitro and efficacy in a mouse model in vivo
(Eissa and Amer, 2012). As with orlistat, trials to ascertain the
effectiveness of miltefosine in humans with giardiasis will be
needed. More broadly, repurposing of existing human drugs
can be a powerful and resource-efficient strategy for rapid
progress in drug development, but the finite number of existing
compounds (with only ~1,500 currently FDA-approved drugs)
ultimately limits this discovery path in the ongoing struggle for
new antimicrobial agents.

One way out of the closed loop of drug repurposing is the
screening of unknown chemical entities. Plants and their extracts
have historically been rich sources for new antimicrobial agents.
One of these is the naturally occurring weed Oxalis corniculata,
long used in India for treating dysentery and diarrhea. Systematic
fractionation of extracts was used to isolate a novel galacto-
glycerolipid compound with antigiardial activity comparable
to metronidazole (Manna et al, 2010). The compound had
no toxicity in human cells (Manna et al, 2010). Extracts
of sandalwood, Osyris alba, have been used by traditional
healers in Jordan to ameliorate diarrheal diseases. Phytochemical
investigation identified a new pyrrolizidine alkaloid, osyrisine,
which had significant activity against Giardia but was non-
toxic to human cells (Al-Jaber et al., 2010). These examples
demonstrate that crude plant extracts, or perhaps in the future
other rich biological sources of structurally diverse compounds,
can be the source of new antigiardial compounds, although
their medicinal characterization, synthesis, and optimization are
likely to pose challenges not encountered with the exploration
of libraries of chemically defined compounds with drug-like
properties.

The third drug development strategy, exploitation of
molecularly defined targets, has been less prominent for Giardia
compared to Cryptosporidium. Nonetheless, a small number

of G. lamblia targets have been explored for druggability. The
metabolic enzyme arginine deiminase (ADI) catalyzes the first
step in a major pathway for generating ATP in the parasite
(Knodler et al., 1998). Knock-down of ADI by RNA interference
resulted in non-viable trophozoites, indicating that ADI is
important for trophozoite survival (Li et al., 2009). Furthermore,
ADI may also serve as a virulence factor by depleting arginine
in the host, which may enable Giardia to evade the host immune
response (Eckmann et al., 2000; Banik et al., 2013). Humans
lack an analogous enzyme to ADI, making it an attractive target
for drug development. Another enzyme target is carbamate
kinase, which catalyzes the final step in the arginine dihydrolase
pathway converting ADP and carbamoyl phosphate to ATP
and carbamate. It is essential in Giardia metabolism, but has
no equivalent in humans (Minotto et al., 1999). A luminescent
enzyme activity assay was employed in a high throughput screen
of over 4,000 compounds to identify 30 hits with activity in
the low mM range (Chen et al,, 2012). Although the detected
activities are low at this point, the hits could be starting points
for the development of more potent and selective inhibitors
of carbamate kinase in G. lamblia and ultimately a novel
class of antigiardial drugs. A third attractive target enzyme in
Giardia is fructose 1,6-bisphosphate aldolase (FBPA), which
catalyzes the reversible cleavage of D-fructose-1,6-bisphosphate
to dihydroxyacetone phosphate and glyceraldehyde 3-phosphate,
a key step in the Embden-Meyerhof-Parnas glycolytic pathway
used by amitochondriate protozoa as a main source of energy
(Li et al., 2011). FBPA is critical for Giardia survival and had
unique structural and functional features that distinguish it
from human analogs (Galkin et al,, 2007). Inhibitors of the
enzyme have antigiardial activity in the 100 nM range and
very low mammalian cytotoxicity (Navarrete-Vazquez et al,
2015).

Outlook

Several treatment options currently exist for giardiasis, but
important therapeutic challenges remain. One major objective
is improvements in dosing, ideally in form of a single, highly
effective oral dose, which is the ultimate goal for most if
not all tropical infection diseases as it allows diagnosis and
definitive treatment on a single clinic visit. Another objective is
the ability to overcome and prevent drug resistance, which is
not yet common for G. lamblia, but constitutes a continuous
threat that should not be taken lightly. Current studies suggest
that these objectives can be achieved within existing classes
of drugs or with new classes of drugs and molecular targets.
However, as for cryptosporidiosis, a major challenge are
the economic incentives for new drug development against
giardiasis, which is clinically important throughout the world
but is typically considered a Neglected Disease with primary
health impact in low-development countries (Escobedo et al.,
2010).
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Amebiasis causes approximately 70,000 deaths annually and is the third cause of
death due to parasites worldwide. It is treated primarily with metronidazole, which has
adverse side effects, is mutagenic and carcinogenic, and emergence of resistance
is an increasing concern. Unfortunately, better therapeutic alternatives are lacking.
Re-purposing of older FDA approved drugs is advantageous to drug discovery since
safety and pharmacokinetic effects in humans are already known. In high throughput
screening studies, we recently demonstrated that auranofin, a gold containing compound
originally approved to treat rheumatoid arthritis, has activity against trophozoites of
E. histolytica, the causative agent of amebiasis. Auranofin’s anti-parasitic activity is
attributed to its monovalent gold molecule that readily inhibits E. histolytica thioredoxin
reductase. This anti-oxidant enzyme is the only thiol-dependent flavo-reductase present
in E. histolytica. Auranofin has also shown promising activity against other protozoans
of significant public health importance. Altogether, this evidence suggests that auranofin
has the potential to become a broad spectrum alternative therapeutic agent for diseases
with a large global burden.

Keywords: amebiasis, thioredoxin reductase, auranofin, Entamoeba histolytica, protozoan, diarrhea

Introduction

The three major causes of protozoal diarrhea worldwide are E. histolytica, G. lamblia, and
Cryptosporidium sp., which cause significant morbidity and mortality in developing and developed
countries (Fletcher et al., 2012). In fact, it is estimated that E. histolytica infects approximately
500 million people worldwide, resulting in 50 million cases of invasive disease and about
70,000 deaths annually (Debnath et al., 2012). Meanwhile, G. lamblia infection prevalence is
estimated at 280 million cases annually! while Cryptosporidium sp. accounts for about 20%
and up to 9% of diarrheal episodes in children from developing (Simango and Mutikani,
2004; Cama et al., 2008) and developed? countries respectively. Although Cryptosporidium sp.
infection can be self-limited in immunocompetent people, but it is chronic and debilitating in
immunosuppressed and malnourished individuals (Cabada and White, 2010). Because of their link
with poverty and association with poor cognitive function in early childhood (Berkman et al., 2002),
Giardia and Cryptosporidium were included in the WHO Neglected Diseases Initiative in 2004

Uhttp://www.cdc.gov/parasites/giardia/epi.html. July 13, 2012
Zhttp://www.cdc.gov/mmwr/preview/mmwrhtml/ss6105al .htm
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(Savioli et al., 2006). Also, the National Institutes of Health (NIH)
has listed G. lamblia, C. parvum, and E. histolytica as category
B priority biodefense pathogens because of their low infectious
dose and potential for dissemination through compromised food
and water supplies in the United States>.

Despite their global burden in public health, there are no
vaccines or prophylactic medications to prevent amebiasis,
giardiasis or cryptosporidiosis. Furthermore, first-line treatment
for invasive amebiasis and giardiasis is metronidazole since
1966 (Powell et al., 1967) and 1963 (Lionetto et al., 1963)
respectively. Metronidazole has been shown to be both
mutagenic in a microbiological system and carcinogenic to
rodents and frequently causes gastrointestinal side effects. In
vitro, E. histolytica trophozoites can adapt to therapeutically
relevant levels of metronidazole (Wassmann et al, 1999).
Treatment failures in giardiasis occur in up to 20% of cases
(Upcroft and Upcroft, 2001). Clinical resistance of G. lamblia
to metronidazole has been documented along with cross
resistance to the newer drugs, tinidazole and nitazoxanide,
making drug resistance an increasing concern (Tejman-Yarden
et al., 2013). Nitazoxanide, the only FDA-approved drug for
the treatment of cryptosporidiosis, is effective in the treatment
of immunocompetent patients but only partially effective
for immunosuppressed patients. Therefore, it is critical to
develop more effective drugs to treat amebiasis, giardiasis and
cryptosporidiosis.

Reprofiling of FDA approved drugs is an advantageous
approach to drug discovery since safety and pharmacokinetic
effects in humans have already been confirmed clinically. These
efforts led to the discovery that auranofin, a gold containing
compound that is FDA approved for the treatment of rheumatoid
arthritis, has anti-parasitic activity (Angelucci et al., 2009) Its
anti-parasitic activity, likely stems from the gold molecule that
readily dissociates and inhibits thiol- dependent flavoreductases
(Saccoccia et al., 2012) such as thioredoxin-thioredoxin reductase
and glutathione-glutathione reductase. These latter enzymes are
the two main detoxifying systems that are independent of reactive
oxygen species (ROS). These antioxidant systems are present in
all protozoan parasites which are constantly exposed to ROS from
their own metabolism and those from the host (Hirt et al., 2002).

Thioredoxin Reductase and its Diversity among
Protozoan Parasites

Like all eukaryotes, protozoan parasites defense mechanisms
include anti-oxidant systems to handle ROS challenges. Among
these anti-oxidant systems, free radicals and radical-free systems
are pivotal to maintain the oxidation/reduction homeostasis and
prevent oxidative stress.

Radical-free systems, that include thiol-oxidoreductases, are
essential and abundant enzymatic systems that account for 0.5-
1% of the cell proteome (Fomenko and Gladyshev, 2012). Many
of these thiol-oxidoreductases form protein complexes where
each thiol oxidoreductase frequently contains cysteine (Cys)
as their conserved catalytic residue (Fomenko and Gladyshev,
2012). Thioredoxin-thioredoxin reductase (Trx/TrxR) and

3http://www.niaid.nih.gov/topics/BiodefenseRelated/Biodefense/Pages/CatA.aspx

glutathione-glutathione reductase (GSH/GR) are the two main
detoxifying systems independent of ROS.

The Trx/TrxR system has drawn significant attention due
to its broad substrate specificity, allowing it to play important
roles in regulating DNA synthesis, gene transcription, cell
growth and apoptosis (Nozaki et al., 1999; Becker et al,
2000). Thioredoxin reductases (TrxRs) are enzymes that belong
to the flavoprotein family of pyridine nucleotide-disulphide
oxidoreductases (Mustacich and Powis, 2000). These enzymes
are homodimeric proteins where each monomer contains a
FAD domain, a NADPH binding domain, and an active site
containing a redox active disulfide (Mustacich and Powis, 2000).
Cysteine is present in the catalytic redox active center, which
is highly conserved in thiol-reductases. The majority of thiol-
oxidoreductases have a single catalytic Cys, but some of these
enzymes are composed of two or more thiol-oxidoreductase
domains, each having the catalytic redox Cys (Fomenko and
Gladyshev, 2012).

Two main types of TrxRs (McMillan et al, 2009) are
recognized:

e High molecular weight (H-TrxR) enzymes that contain a
redox active center (motif CXXXXC) in the FAD binding
domain. H-TrxR is closely related to glutathione reductase
(GR), trypanothione reductase (TryR), mercuric reductase
(MerR) and lipoamide dehydrogenase (LipD) (Nozaki et al.,
1999). There are two varieties of H-TrxR: (a) one that
contains a selenocysteine at the penultimate position in the
C-terminal interface domain: the mammalian form; (b) one
where selenocysteine have been replaced by cysteine in the
interface domain: the apicomplexan parasite form.

e Low molecular weight (L-TrxR) enzymes that contain a redox
active disulfide (motif CXXC) in the NADPH domain. L-
TrxRs are related to alkyl hydroperoxide reductase F52A
(AhpF). It is present in bacteria, fungi, plants and some
protozoan parasites including Trichomonas vaginalis (Nozaki
et al., 1999; Williams et al., 2000; Coombs et al., 2004) and
Entamoeba histolytica (Arias et al., 2007).

Despite only 20% primary sequence identity between H-TrxR
and L-TrxR (Nozaki et al., 1999), they appear to have evolved
from a common ancestor but developed independently. L-TrxR
and H-TrxR are mutually exclusive, suggesting that they do not
act synergistically (Nozaki et al., 1999).

Electrons are transferred from NADPH via FAD to the
active-site disulphide of TrxR, which then reduces the substrate
(thioredoxin). H-TrxR has 3 redox active centers, whereas the
L-TrxR have 2 redox centers and the transfer of reducing
equivalents requires a conformational change, in contrast to
H-TrxR (Williams et al., 2000).

Trx/TrxR systems vary according to parasites subgroups.
Among aerotolerant protozoans, the absence of GSH/GR makes
Trx/TrxR a main member of their antioxidant systems. In fact, E.
histolytica, T. vaginalis and G. lamblia possess a full thioredoxin
system, consisting of thioredoxin (Trx), Trx peroxidase and a L-
TrxR (Hughes et al., 2003; Coombs et al., 2004; Arias et al., 2007;
Leitsch et al., 2009). In the Apicomplexan group, Plasmodium
possesses both GSH/GR and Trx/TrxR redox systems. Its
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complete thioredoxin system comprises thioredoxin reductase
(TrxR), different thioredoxins, thioredoxin-like proteins, and
thioredoxin-dependent peroxidases (TPx) (Kawazu et al., 2001;
Nickel et al., 2006; Kehr et al., 2010).

Genome sequencing of T. brucei (Berriman et al., 2005),
T. cruzi (El-Sayed et al, 2005), and L. major (Ivens et al,
2005) revealed that trypanosomatids lack genes for GSH/GR
and Trx/TrxR. While in most eukaryotic organisms these latter
systems maintain the intracellular thiol redox homeostasis,
trypanosomatids depend exclusively on trypanothione [N1,N8-
bis(glutathionyl)spermidine; T(SH)2] (Fairlamb et al., 1985;
Fairlamb and Cerami, 1992) and trypanothione reductase (TryR)
to keep dithiols in a reduced form (Fairlamb and Cerami, 1992;
Krauth-Siegel and Comini, 2008). TryR is the only enzyme that
connects the NADPH- and the thiol-based redox systems in
these parasites, and it is related to H-TrxR. As such, it shares
many physical and chemical properties with GR. TryR has been
biochemically characterized in T. cruzi (Krauth-Siegel et al,
1987), Leishmania (Cunningham and Fairlamb, 1995), and T.
brucei (Sullivan et al., 1989; Jones et al., 2010).

Entamoeba histolytica Thioredoxin Reductase

E. histolytica trophozoites are considered aerotolerant organisms.
They can survive in an anaerobic environment such as that of
the human gut. During tissue invasion, they are exposed to high
levels of ROS. Earlier studies showed that it can tolerate up to
5% oxygen in the gas phase (Bruchhaus et al., 1997; Choi et al,,
2005; Loftus et al., 2005). Hence, the parasite must have means to
minimize damage caused by ROS produced by the host immune
system. In contrast to most organisms, E. histolytica lacks both
glutathione reductase activity and glutathione synthetic enzymes;
therefore, it relies on TrxR to prevent, regulate and repair the
damage caused by oxidative stress.

The E. histolytica genome has a single TrxR-encoding gene
(EHI_155440) (EhTrxR). EhTrxR belongs to the low molecular
weight TrxR family (L-TrxR). It is 964 bp in length, lacks
introns and encodes a 314-amino-acid protein with a molecular
mass of 33.7kDa and a pI of 6.34. EhTrxR size and domain
topology resembles E. coli TrxR. Both proteins have an active
site dithiol/disulfide center (Cys-Ala-Thr-Cys for EcTrxR, Cys-
Ala-Ile-Cys for EhTrxR). In EhTrxR, the Cys residues in the
catalytic center correspond to Cys 140 and Cys 143. Sequence
homology to other TrxRs is 21% identity to E. coli TrxR (L-
TrxR), Trichomonas vaginalis (23%), Trypanosoma cruzi (27%),
and Homo sapiens (36%) (Arias et al., 2007).

The catalytic mechanism of L-TrxR has been extensively
characterized in E. coli. Spatially, the NADPH and FAD domains
of E. coli ThrxR do not make close contact with the isoalloxazine
ring of FAD. Its NADPH domain rotates 66° while the FAD
domain remains fixed. Then, the bound NADPH moves into
close contact with the FAD isoallaxazine ring that allows electron
transfer to FAD and the active-site disulphide (Waksman et al.,
1994).

EhTrxR demonstrates an unusually high level of NADPH
oxidase activity, which is protective against molecular oxygen
required for the survival of these aerotolerant, anaerobic
organisms (Bruchhaus et al., 1998). EhTrxR exhibited NADPH

oxidase activity with hyperbolic saturation kinetics for NADPH,
and its estimated Km and Vmax values are 3.6 wM and 0.37 U/mg
respectively (Arias et al., 2007). As described by Arias et al. (2007)
EhTrxR is considered a true reductase of thioredoxin in that it
is not able to transfer reducing equivalents directly to Ehp29
(peroxiredoxin). On the other hand, high intracellular levels
of cysteine compensate for the lack of glutathione preventing
auto-oxidation in highly reducing environments (Nozaki et al.,
1999). Interestingly, despite the fact that neither thioredoxin nor
thioredoxin reductase configurations include a transmembrane
hydrophobic domain, E. histolytica thioredoxin-thioredoxin
reductase system was primarily located in the plasma membrane
(Arias et al., 2008) without evidence of intracytoplasmic presence.

Besides ROS, E. histolytica is exposed to high concentrations
of reactive nitrogen species (RNS) such as nitric oxide (NO)
or S-nitrosothiols (such as GSNO and CySNO) during tissue
invasion. Although high levels of these RNS might inhibit E.
histolytica growth in vitro (Arias et al., 2012), the parasite is able
to survive and multiply during tissue invasion. This suggests that
E. histolytica detoxification system is versatile enough to tolerate
hostile environments. This versatility was recently demonstrated
by E. histolytica Trx-TrxR system ability to reduce RNS and use
an alternative electron donor such as NADH (Arias et al., 2012).

As E. histolytica lacks glutathione, Cys is its major intracellular
low molecular mass thiol (Nozaki et al., 1999) that can also react
with NO to generate CysSNO. This metabolite is considered
critical for S-nitrosylation (addition of NO to the thiol group in
Cys) or S-thiolation (addition of Cys to another Cys thiol group)
of cellular proteins (Arias et al., 2012). These metabolites can be
reduced by EhTrxR as was demonstrated by in vitro assays where
NADPH and EhTrxR were exposed to different concentrations
of CySNO and GSNO. The rates of NADPH oxidation were
increased proportionally, suggesting that these compounds
(CySNO or GSNO) can be reduced in a reaction catalyzed by
EhTrxR. The EhTrxR/Trx system reduces S-nitrosothiols (Arias
et al., 2012) compounds and metronidazole (Leitsch et al., 2007)
as well as interacts with downstream peroxidases that are critical
for cellular redox homeostasis (Schlosser et al., 2013).

Unlike other thioredoxin reductases, EhnTrxR does not exhibit
high specificity for NADPH. Arias et al. (2012) evaluated the
reduction of DTNB by EhTrxR using NADPH or NADH as
electron donors. Although EhTrxR affinity for NADH is 10 times
lower than that for NADPH, the enzyme activity with NADH is
not negligible when compared to other thioredoxin reductases
that exhibit high specificity toward NADPH (Arias et al., 2012).
These results suggest that EhTrxR can use either NADPH or
NADH as its reduced co-factor. This evidence strongly shows
the versatility of EhTrx and its ability to protect the parasite
from the ROS and RNI byproducts during host invasion.
Altogether, EhTrxR properties make it an ideal drug target.
In fact, metronidazole decreases EhTrxR reductase activity, by
forming covalent adducts with this enzyme.

Giardia lamblia Thioredoxin Reductase

Giardia lamblia (synonyms: G. intestinalis or G. duodenalis) is
a flagellate whose trophozoites live in the small intestine, while
the infectious cysts are shed in feces and survive outside the
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host. Giardia cysts can infect or re-infect humans, and can be
transmitted in food, water or fomites since they are resistant to
environmental conditions and chemicals. Giardia is considered
an aerotolerant organism as even its cyst is able to take up oxygen,
although only at 10-20% of the level of trophozoites (Paget et al.,
1993).

G. lamblia has a genome size of approximately 10-12 Mb
divided among five chromosomes (Adam, 2001). Giardia isolates
are divided into eight assemblages (genotypes) from A to H.
Assemblages A and B are the only ones typically associated
with human infections (Adam, 2001). Both human Giardia
assemblages A and B possess a single TrxR-encoding gene (GL
50803_9827 and GL50581_832). This single gene is 945 bp in
length, lacks introns and encodes a 314 amino acid protein
(GLTrxR) with a molecular mass of approximately 33.8 kDa and
aplof6.59.

Like most aerotolerant protozoans, G. lamblia lacks
mitochondria, superoxide dismutase, catalase, glutathione-
glutathione reductase system but possesses a thioredoxin-
thioredoxin reductase system while cysteine is its major low
molecular weight thiol (Brown et al, 1998). Given the lack
of ROS-dependent anti-oxidant systems and glutathione,
the thioredoxin-thioredoxin reductase system is thought to
constitute a major part of the antioxidant defense in this
organism. It consists of a soluble dimeric FAD containing
NADPH-dependent disulfide reductase, which contains a
two 35-kDa subunits and a partially purified 12-kDa protein;
a putative thioredoxin, a low molecular weight thioredoxin
reductase (TrxR), which has 75% identity to the E. coli
thioredoxin reductase (Brown et al., 1998), and a thioredoxin-
peroxidase. All genes are expressed in trophozoites and cysts,
although transcripts of most genes are present at lower levels
in cysts (Faghiri and Widmer, 2011). Since Giardia cysts can
take up oxygen (Paget et al, 1993), the Giardia thioredoxin-
thioredoxin reductase system must also be important to maintain
oxidation/reduction homeostasis in its trophozoites and cyst
forms, making it an attractive drug target. This target is even
more important given that metronidazole, a drug used in the
treatment of giardiasis, had no detectable effect on oxygen uptake
or viability in cysts due to impermeability of the Giardia cysts to
metronidazole (Paget et al., 1993).

Thioredoxin Reductase-gold Interactions: An
Unexploited Drug Target

Despite the huge public health burden of parasites worldwide, the
paucity of available anti-parasitic drugs is striking. Reprofiling of
old FDA approved drugs has become an alternative expeditious
approach to drug discovery. Its advantage relies on already
known drug safety and pharmacokinetic effects in humans that
make them readily available for off-label indications.

Auranofin, originally approved to treat rheumatoid arthritis,
is now the leading compound for anti-parasitic treatment
development. Indeed, we have recently demonstrated that
auranofin has activity against trophozoites of Entamoeba
histolytica (Debnath et al., 2012) and Giardia lamblia (Tejman-
Yarden et al., 2013). Due to its activity shown in high throughput
screening studies, in vitro and in vivo rodent models of

colitis and liver abscesses, auranofin was granted Orphan Drug
Status. Auranofin has also shown promising activity against
metronidazole-resistant Giardia lamblia (Tejman-Yarden et al.,
2013), Plasmodium falciparum (Sannella et al., 2008), Schistosoma
mansoni (Angelucci et al., 2009), Leishmania infantum (Ilari
etal,, 2012), Brugia malayi and Onchocerca (Bulman et al., 2015).
Thus, auranofin has the potential to become an alternative broad
spectrum anti-parasitic agent.

Auranofin as an Anti-parasitic Agent
Auranofin was the first oral gold salt approved by the FDA to
treat theumatoid arthritis over 25 years ago. Its pharmacokinetic
characteristics are distinct from those of gold sodium thiomalate,
a chrysotherapy agent of systemic administration. (Blodgett,
1983; Blodgett et al., 1984). Despite its clinical use, auranofin’s
mechanism of action is poorly understood.

Kuntz et al. (2007) were the first ones to describe the effect
of auranofin in S. mansoni. In in vitro assays, they demonstrated
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FIGURE 1 | (A) In vitro susceptibility of trophozoites (control and treated with
auranofin) to reactive oxygen species (HoO») and the effect of added cysteine.
Time points with mean + SEM % survival. Experiments are shown in
triplicates. *p < 0.002 by Student’s t-test. (B) Immunoflouroscence
microscopy: Detection of reactive oxygen species within E. histolytica
trophozoites following treatment with auranofin or auranofin plus HpOs.
Control trophozoites were treated with ethanol alone (auranofin carrier). Insets
are differential interference contrast images. Scale bars, 10 um. Figures were
first published in Andrade and Reed (2015).
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gram of tissue compared with the means of infected controls (as 100%).

that auranofin rapidly killed juvenile and adult forms of S.
mansoni (Kuntz et al., 2007). Their preliminary in vivo data
correlated with their in vitro findings: mice infected with S.
mansoni and treated with auranofin showed a 59 and 63%
decrease in worm burden compared to control mice.

Additionally, auranofin strongly inhibits the growth of
malarial parasite Plasmodium falciparum (Sannella et al., 2008),
the pro-mastigote stage of Leishmania infantum (Ilari et al,
2012), the bloodstream and procyclic stages of Trypanosoma
brucei (Lobanov et al, 2006) and the larval worms of
Echinococcus granulosus (Bonilla et al., 2008). In all these
studies, auranofin’s anti-parasitic dose was in in the nanomolar
range, which is achievable in patients with rheumatoid arthritis
(approximately 5 WM serum blood levels) (Debnath et al., 2012).

Angelucci et al. further analyzed S. mansoni thioredoxin-
glutathione reductase (TGR) crystal structure in the presence
of auranofin (Angelucci et al, 2009). The structure revealed
gold (I) rather than auranofin as an adduct between pairs of
cysteines (Cys-Au-Cys) in two different sites and also bound to
the proposed NADPH binding site of the reductase in a third
location.

Similarly, the crystal structure of reduced Leishmania
infantum trypanothione reductase complexed with NADPH and

auranofin also demonstrated that gold binds two active cysteine
residues of trypanothione reductase (TryR) (Ilari et al., 2012),
i.e., Cys52 and Cys57, while the thiol sugar moiety of auranofin
binds to the trypanothione binding site; thus auranofin appears
to inhibit TryR through a dual mechanism.

We recently demonstrated that auranofin has activity
against E. histolytica trophozoites (Debnath et al., 2012).
Our studies support the hypothesis that EhTrxR likely is the
target for auranofin. Our qualitative in vitro assays showed
that E. histolytica trophozoites treated with auranofin were
more susceptible to oxidative stress in a time dependent
manner (Figure 1A). Staining E. histolytica trophozoites with
dichloro-dihydrofluorescein, which fluoresces green upon
contact with ROS, showed that trophozoites treated with
auranofin accumulated more ROS (Debnath et al, 2012)
(Figure 1B). This effect was inhibited by cysteine, the major
reductant in E. histolytica, which protected trophozoites that
were treated with auranofin (Figure 1). Our in vitro findings
were corroborated in animal models of colitis and liver abscesses
where auranofin not only decreased the parasite tissue burden,
but also the local inflammatory response as measured by
activity of myeloperoxidase in cecal tissue (Debnath et al,
2012) (Figures 2A,B respectively). Besides its activity against
trophozoites, auranofin seems to have activity against cysts of E.
invadens, the only ameba to readily encyst in vitro (R. Andrade,
manuscript in preparation).

G. lamblia assemblages A and B were also susceptible to
auranofin, as demonstrated by Tejman-Yarden et al. (2013).
Auranofin displayed a half-maximal effective concentrations
(EC50s) of 4-6 WM at 48-h. Most importantly, auranofin was
able to overcome resistance to metronidazole. In fact, the
EC50 for auranofin was not significantly different between
metronidazole- sensitive parental Giardia isolates and several of
their metronidazole-resistant isogenic derivative lines.

Similarly, to E. histolytica and G. lamblia, auranofin was found
effective against C. parvum in vitro with EC50 about 2 puM,
which was comparable to nitazoxanide, the current drug of choice
(Debnath et al., 2013).

Altogether, these findings suggest that auranofin may be a
new promising broad spectrum antiparasitic agent with activity
against ameba, giardia and cryptosporidium. Currently, clinical
trials using auranofin to treat ameba and giardia infections are
about to begin.

Funding

This publication was supported in part by a Harold Amos
Minority Medical Faculty Development Program (RMA), UCSD
Academic Senate Grant 70642 (RMA), NIH 2T32AI007036-
31A1 (RMA), NIH grant 5U01A1077822-04, and U01 AI110435
(SLR). The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the
manuscript.

Frontiers in Microbiology | www.frontiersin.org

September 2015 | Volume 6 | Article 975 | 42


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Andrade and Reed

Thioredoxin reductase as anti-parasitic target

References

Adam, R. D. (2001). Biology of Giardia lamblia. Clin. Microbiol. Rev. 14, 447-475.
doi: 10.1128/CMR.14.3.447-475.2001

Andrade, R. M., and Reed, S. L. (2015). “Thioredoxin reductase and its role as a
new drug target,” in Amebiasis: Biology and Pathogenesis of Entamoeba, eds T.
Nozaki and A. Bhattacharya (Tokyo: Springer), 543-552.

Angelucci, F., Sayed, A. A, Williams, D. L., Boumis, G., Brunori, M,
Dimastrogiovanni, D., et al. (2009). Inhibition of Schistosoma mansoni
thioredoxin-glutathione reductase by auranofin: structural and kinetic aspects.
J. Biol. Chem. 284, 28977-28985. doi: 10.1074/jbc.M109.020701

Arias, D. G., Carranza, P. G., Lujan, H. D., Iglesias, A. A., and Guerrero, S. A.
(2008). Immunolocalization and enzymatic functional characterization of the
thioredoxin system in Entamoeba histolytica. Free Radic. Biol. Med. 45, 32-39.
doi: 10.1016/j.freeradbiomed.2008.03.008

Arias, D. G., Gutierrez, C. E., Iglesias, A. A., and Guerrero, S. A. (2007).
Thioredoxin-linked metabolism in Entamoeba histolytica. Free Radic. Biol.
Med. 42, 1496-1505. doi: 10.1016/j.freeradbiomed.2007.02.012

Arias, D. G, Regner, E. L., Iglesias, A. A., and Guerrero, S. A. (2012). Entamoeba
histolytica thioredoxin reductase: molecular and functional characterization
of its atypical properties. Biochim. Biophys. Acta 1820, 1859-1866. doi:
10.1016/j.bbagen.2012.08.020

Becker, K., Gromer, S., Schirmer, R. H., and Miiller, S. (2000). Thioredoxin
reductase as a pathophysiological factor and drug target. Eur. J. Biochem. 267,
6118-6125. doi: 10.1046/j.1432-1327.2000.01703.x

Berkman, D. S., Lescano, A. G., Gilman, R. H,, Lopez, S. L., and Black, M. M.
(2002). Effects of stunting, diarrhoeal disease, and parasitic infection during
infancy on cognition in late childhood: a follow-up study. Lancet 359, 564-571.
doi: 10.1016/S0140-6736(02)07744-9

Berriman, M., Ghedin, E., Hertz-Fowler, C., Blandin, G., Renauld, H,
Bartholomeu, D. C., et al. (2005). The genome of the African trypanosome
Trypanosoma brucei. Science 309, 416-422. doi: 10.1126/science.1112642

Blodgett, R. C. Jr. (1983). Auranofin: experience to date. Am. J. Med. 75, 86-89.
doi: 10.1016/0002-9343(83)90480-1

Blodgett, R. C. Jr., Heuer, M. A., and Pietrusko, R. G. (1984). Auranofin: a
unique oral chrysotherapeutic agent. Semin. Arthritis Rheum. 13, 255-273. doi:
10.1016/0049-0172(84)90029-5

Bonilla, M., Denicola, A., Novoselov, S. V., Turanov, A. A., Protasio, A,
Izmendi, D., et al. (2008). Platyhelminth mitochondrial and cytosolic redox
homeostasis is controlled by a single thioredoxin glutathione reductase and
dependent on selenium and glutathione. J. Biol. Chem. 283, 17898-17907. doi:
10.1074/jbc.M710609200

Brown, D. M., Upcroft, J. A., Edwards, M. R., and Upcroft, P. (1998). Anaerobic
bacterial metabolism in the ancient eukaryote Giardia duodenalis. Int. ].
Parasitol. 28, 149-164. doi: 10.1016/S0020-7519(97)00172-0

Bruchhaus, I, Richter, S., and Tannich, E. (1997). Characterization of two E.
histolytica proteins that inactivate reactive oxygen species. Arch. Med. Res. 28,
Spec No:91-2.

Bruchhaus, I, Richter, S., and Tannich, E. (1998). Recombinant expression
and biochemical characterization of an NADPH:Aflavin oxidoreductase
from Entamoeba histolytica. Biochem. J. 330(Pt 3), 1217-1221. doi:
10.1042/bj3301217

Bulman, C. A, Bidlow, C. M., Lustigman, S., Cho-Ngwa, F., Williams, D., Rascén,
A. A.Jr,, etal. (2015). Repurposing auranofin as a lead candidate for treatment
of lymphatic filariasis and onchocerciasis. PLoS Negl. Trop. Dis. 9:¢0003534. doi:
10.1371/journal.pntd.0003534

Cabada, M. M., and White, A. C. Jr. (2010). Treatment of cryptosporidiosis: do
we know what we think we know? Curr. Opin. Infect. Dis. 23, 494-499. doi:
10.1097/QCO.0b013e32833de052

Cama, V. A, Bern, C,, Roberts, J., Cabrera, L., Sterling, C. R., Ortega, Y., et al.
(2008). Cryptosporidium species and subtypes and clinical manifestations in
children, Peru. Emerg. Infect. Dis. 14, 1567-1574. doi: 10.3201/eid1410.071273

Choi, M. H., Sajed, D., Poole, L., Hirata, K., Herdman, S., Torian, B. E,
et al. (2005). An unusual surface peroxiredoxin protects invasive Entamoeba
histolytica from oxidant attack. Mol. Biochem. Parasitol. 143, 80-89. doi:
10.1016/j.molbiopara.2005.04.014

Coombs, G. H., Westrop, G. D., Suchan, P., Puzova, G., Hirt, R. P., Embley, T. M.,
et al. (2004). The amitochondriate eukaryote Trichomonas vaginalis contains a

divergent thioredoxin-linked peroxiredoxin antioxidant system. J. Biol. Chem.
279, 5249-5256. doi: 10.1074/jbc.M304359200

Cunningham, M. L., and Fairlamb, A. H. (1995). Trypanothione reductase
from Leishmania donovani. Purification, characterisation and inhibition by
trivalent antimonials. Eur. J. Biochem. 230, 460-468. doi: 10.1111/j.1432-
1033.1995.tb20583.x

Debnath, A., Ndao, M., and Reed, S. L. (2013). Reprofiled drug targets ancient
protozoans: drug discovery for parasitic diarrheal diseases. Gut Microbes 4,
66-71. doi: 10.4161/gmic.22596

Debnath, A., Parsonage, D., Andrade, R. M., He, C., Cobo, E. R., Hirata, K, et al.
(2012). A high-throughput drug screen for Entamoeba histolytica identifies a
new lead and target. Nat. Med. 18, 956-960. doi: 10.1038/nm.2758

El-Sayed, N. M., Myler, P. J., Bartholomeu, D. C., Nilsson, D., Aggarwal, G., Tran,
A.N,, etal. (2005). The genome sequence of Trypanosoma cruzi, etiologic agent
of Chagas disease. Science 309, 409-415. doi: 10.1126/science.1112631

Faghiri, Z., and Widmer, G. (2011). A comparison of the Giardia lamblia
trophozoite and cyst transcriptome using microarrays. BMC Microbiol. 11:91.
doi: 10.1186/1471-2180-11-91

Fairlamb, A. H., Blackburn, P., Ulrich, P., Chait, B. T., and Cerami, A.
(1985). Trypanothione: a novel bis(glutathionyl)spermidine cofactor for
glutathione reductase in trypanosomatids. Science 227, 1485-1487. doi:
10.1126/science.3883489

Fairlamb, A. H., and Cerami, A. (1992). Metabolism and functions of
trypanothione in the Kinetoplastida. Annu. Rev. Microbiol. 46, 695-729. doi:
10.1146/annurev.mi.46.100192.003403

Fletcher, S. M., Stark, D., Harkness, J., and Ellis, J. (2012). Enteric protozoa in the
developed world: a public health perspective. Clin. Microbiol. Rev. 25, 420-449.
doi: 10.1128/CMR.05038-11

Fomenko, D. E., and Gladyshev, V. N. (2012). Comparative genomics of thiol
oxidoreductases reveals widespread and essential functions of thiol-based
redox control of cellular processes. Antioxid. Redox Signal. 16, 193-201. doi:
10.1089/ars.2011.3980

Hirt, R. P, Miiller, S., Embley, T. M., and Coombs, G. H. (2002). The diversity
and evolution of thioredoxin reductase: new perspectives. Trends Parasitol. 18,
302-308. doi: 10.1016/S1471-4922(02)02293-6

Hughes, M. A, Lee, C. W., Holm, C. F., Ghosh, S., Mills, A., Lockhart, L. A., et al.
(2003). Identification of Entamoeba histolytica thiol-specific antioxidant as a
GalNAc lectin-associated protein. Mol. Biochem. Parasitol. 127, 113-120. doi:
10.1016/S0166-6851(02)00326-2

Tlari, A., Baiocco, P., Messori, L., Fiorillo, A., Boffi, A., Gramiccia, M., et al. (2012).
A gold-containing drug against parasitic polyamine metabolism: the X-ray
structure of trypanothione reductase from Leishmania infantum in complex
with auranofin reveals a dual mechanism of enzyme inhibition. Amino Acids
42, 803-811. doi: 10.1007/s00726-011-0997-9

Ivens, A. C., Peacock, C. S., Worthey, E. A., Murphy, L., Aggarwal, G., Berriman,
M., et al. (2005). The genome of the kinetoplastid parasite, Leishmania major.
Science 309, 436-442. doi: 10.1126/science.1112680

Jones, D. C., Ariza, A., Chow, W. H., Oza, S. L., and Fairlamb, A. H. (2010).
Comparative structural, kinetic and inhibitor studies of Trypanosoma brucei
trypanothione reductase with T. cruzi. Mol. Biochem. Parasitol. 169, 12-19. doi:
10.1016/j.molbiopara.2009.09.002

Kawazu, S., Komaki, K., Tsuji, N., Kawai, S., Ikenoue, N., Hatabu, T., et al. (2001).
Molecular characterization of a 2-Cys peroxiredoxin from the human malaria
parasite Plasmodium falciparum. Mol. Biochem. Parasitol. 116, 73-79. doi:
10.1016/S0166-6851(01)00308-5

Kehr, S., Sturm, N., Rahlfs, S., Przyborski, J. M., and Becker, K. (2010).
Compartmentation of redox metabolism in malaria parasites. PLoS Pathog.
6:¢1001242. doi: 10.1371/journal.ppat.1001242

Krauth-Siegel, R. L., and Comini, M. A. (2008). Redox control in trypanosomatids,

parasitic ~ protozoa  with  trypanothione-based  thiol — metabolism.
Biochim. Biophys. Acta 1780, 1236-1248. doi: 10.1016/j.bbagen.2008.
03.006

Krauth-Siegel, R. L., Enders, B., Henderson, G. B., Fairlamb, A. H., and Schirmer,
R. H. (1987). Trypanothione reductase from Trypanosoma cruzi. Purification
and characterization of the crystalline enzyme. Eur. ]. Biochem. 164, 123-128.
doi: 10.1111/j.1432-1033.1987.tb11002.x

Kuntz, A. N., Davioud-Charvet, E., Sayed, A. A,, Califf, L. L., Dessolin, J., Arnér, E.
S., et al. (2007). Thioredoxin glutathione reductase from Schistosoma mansoni:

Frontiers in Microbiology | www.frontiersin.org

September 2015 | Volume 6 | Article 975 | 43


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Andrade and Reed

Thioredoxin reductase as anti-parasitic target

an essential parasite enzyme and a key drug target. PLoS Med. 4:e206. doi:
10.1371/journal.pmed.0040206

Leitsch, D., Kolarich, D., Binder, M., Stadlmann, J., Altmann, F., and Duchéne, M.
(2009). Trichomonas vaginalis: metronidazole and other nitroimidazole drugs
are reduced by the flavin enzyme thioredoxin reductase and disrupt the cellular
redox system. Implications for nitroimidazole toxicity and resistance. Mol.
Microbiol. 72, 518-536. doi: 10.1111/j.1365-2958.2009.06675.x

Leitsch, D., Kolarich, D., Wilson, 1. B., Altmann, F., and Duchéne, M. (2007).
Nitroimidazole action in Entamoeba histolytica: a central role for thioredoxin
reductase. PLoS Biol. 5:e211. doi: 10.1371/journal.pbio.0050211

Lionetto, M. D., Manera, O. O., and Rocca, J. A. (1963). Treatment of Giardia
lamblia Infection. Dia Med. 35, 1704-1705.

Lobanov, A. V., Gromer, S., Salinas, G., and Gladyshev, V. N. (2006).
Selenium metabolism in Trypanosoma: characterization of selenoproteomes
and identification of a Kinetoplastida-specific selenoprotein. Nucleic Acids Res.
34, 4012-4024. doi: 10.1093/nar/gkl541

Loftus, B., Anderson, I., Davies, R., Alsmark, U. C., Samuelson, J., Amedeo, P., et al.
(2005). The genome of the protist parasite Entamoeba histolytica. Nature 433,
865-868. doi: 10.1038/nature03291

McMillan, P. J., Patzewitz, E. M., Young, S. E., Westrop, G. D., Coombs, G. H,,
Engman, L., et al. (2009). Differential inhibition of high and low Mr thioredoxin
reductases of parasites by organotelluriums supports the concept that low Mr
thioredoxin reductases are good drug targets. Parasitology 136, 27-33. doi:
10.1017/50031182008005131

Mustacich, D., and Powis, G. (2000). Thioredoxin reductase. Biochem. J. 346(Pt 1),
1-8. doi: 10.1042/bj3460001

Nickel, C., Rahlfs, S., Deponte, M., Koncarevic, S., and Becker, K. (2006).
Thioredoxin networks in the malarial parasite Plasmodium falciparum.
Antioxid. Redox Signal. 8,1227-1239. doi: 10.1089/ars.2006.8.1227

Nozaki, T., Asai, T., Sanchez, L. B., Kobayashi, S., Nakazawa, M., and Takeuchi,
T. (1999). Characterization of the gene encoding serine acetyltransferase, a
regulated enzyme of cysteine biosynthesis from the protist parasites Entamoeba
histolytica and Entamoeba dispar. Regulation and possible function of the
cysteine biosynthetic pathway in Entamoeba. J. Biol. Chem. 274, 32445-32452.
doi: 10.1074/jbc.274.45.32445

Paget, T. A., Manning, P., and Jarroll, E. L. (1993). Oxygen uptake in cysts
and trophozoites of Giardia lamblia. J. Eukaryot. Microbiol. 40, 246-250. doi:
10.1111/j.1550-7408.1993.tb04911.x

Powell, S. J., Wilmot, A. J., and Elsdon-Dew, R. (1967). Further trials of
metronidazole in amoebic dysentery and amoebic liver abscess. Ann. Trop.
Med. Parasitol. 61, 511-514.

Saccoccia, F., Angelucci, F., Boumis, G., Brunori, M., Miele, A. E., Williams,
D. L, et al. (2012). On the mechanism and rate of gold incorporation
into thiol-dependent flavoreductases. J. Inorg. Biochem. 108, 105-111. doi:
10.1016/j.jinorgbio.2011.11.005

Sannella, A. R., Casini, A., Gabbiani, C., Messori, L., Bilia, A. R., Vincieri,
F. F, et al. (2008). New uses for old drugs. Auranofin, a clinically

established antiarthritic metallodrug, exhibits potent antimalarial effects
in vitro: mechanistic and pharmacological implications. FEBS Lett. 582,
844-847. doi: 10.1016/j.febslet.2008.02.028

Savioli, L., Smith, H., and Thompson, A. (2006). Giardia and Cryptosporidium
join the ‘Neglected Diseases Initiative’. Trends Parasitol. 22, 203-208. doi:
10.1016/j.pt.2006.02.015

Schlosser, S., Leitsch, D., and Duchéne, M. (2013). Entamoeba histolytica:
identification of thioredoxin-targeted proteins and analysis of serine
acetyltransferase-1 as a prototype example. Biochem. ]. 451, 277-288. doi:
10.1042/BJ20121798

Simango, C., and Mutikani, S. (2004). Cryptosporidiosis in Harare, Zimbabwe.
Cent. Afr. ]. Med. 50, 52-54.

Sullivan, F. X., Shames, S. L., and Walsh, C. T. (1989). Expression of Trypanosoma
congolense trypanothione reductase in Escherichia coli: overproduction,
purification, and Biochemistry 28, 4986-4992. doi:
10.1021/bi00438a013

Tejman-Yarden, N., Miyamoto, Y., Leitsch, D., Santini, J., Debnath, A., Gut, J.,
et al. (2013). A reprofiled drug, auranofin, is effective against metronidazole-
resistant Giardia lamblia. Antimicrob. Agents Chemother. 57, 2029-2035. doi:
10.1128/AAC.01675-12

Upcroft, P., and Upcroft, J. A. (2001). Drug targets and mechanisms of
resistance in the anaerobic protozoa. Clin. Microbiol. Rev. 14, 150-164. doi:
10.1128/CMR.14.1.150-164.2001

Waksman, G., Krishna, T. S., Williams, C. H. Jr., and Kuriyan, J. (1994). Crystal
structure of Escherichia coli thioredoxin reductase refined at 2 A resolution.
Implications for a large conformational change during catalysis. J. Mol. Biol.
236, 800-816. doi: 10.1006/jmbi.1994.1190

Wassmann, C., Hellberg, A., Tannich, E., and Bruchhaus, I. (1999). Metronidazole
resistance in the protozoan parasite Entamoeba histolytica is associated
with increased expression of iron-containing superoxide dismutase and
peroxiredoxin and decreased expression of ferredoxin 1 and flavin reductase.
J. Biol. Chem. 274, 26051-26056. doi: 10.1074/jbc.274.37.26051

Williams, C. H., Arscott, L. D., Miiller, S., Lennon, B. W., Ludwig, M. L.,
Wang, P. F., et al. (2000). Thioredoxin reductase two modes of catalysis
have evolved. Eur. J. Biochem. 267, 6110-6117. doi: 10.1046/j.1432-1327.2000.
01702.x

characterization.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Andrade and Reed. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

September 2015 | Volume 6 | Article 975 | 44


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

'." frontiers

ORIGINAL RESEARCH
published: 08 April 2015

in Microbiolog Yy doi: 10.3389/fmicb.2015.00256
triazolyl-quinolone-based chalcone
derivatives: when oxygen makes the
difference
Vijay Bahadur't, Daniela Mastronicola?3t, Amit K. Singh', Hemandra K. Tiwari’,
Leopoldo P. Pucillo?, Paolo Sarti23, Brajendra K. Singh'* and Alessandro Giuffré2*
OPEN ACCESS P / g
! Bio-Organic Laboratory, Department of Chemistry, University of Delhi, Delhi, India,  CNR Institute of Molecular Biology and
Edited by: Pathology, Rome, Italy, ¢ Department of Biochemical Sciences and Istituto Pasteur — Fondazione Cenci Bolognetti, Sapienza
Anjan Debnath, University of Rome, Rome, ltaly, * L. Spallanzani National Institute for Infectious Diseases, Istituto di Ricovero e Cura a
University of California, San Diego, Carattere Scientifico, Rome, ltaly
USA
Reviewed by: Giardiasis is a common diarrheal disease worldwide caused by the protozoan parasite
David Lloyd,

Cardiff University, UK
Joachim Mdiller,
University of Bern, Switzerland

*Correspondence:

Alessandro Giuffre,

CNR Institute of Molecular Biology
and Pathology, Piazzale Aldo Moro 5,
1-00185 Rome, Italy
alessandro.giuffre@uniromal.it;

Brajendra K. Singh,

Bio-Organic Laboratory, Department
of Chemistry, University of Delhi, Delhi
110-007, India
singhbk@chemistry.du.ac.in

These Authors have contributed
equally to this work.

Specialty section:

This article was submitted to
Antimicrobials, Resistance and
Chemotherapy, a section of the
Journal Frontiers in Microbiology

Received: 13 February 2015
Paper pending published:
19 February 2015
Accepted: 16 March 2015
Published: 08 April 2015

Citation:

Bahadur V, Mastronicola D, Singh AK,
Tiwari HK, Pucillo LR, Sarti P,

Singh BK and Giuffre A (2015)
Antigiardial activity of novel
triazolyl-quinolone-based chalcone
derivatives: when oxygen makes the
difference.

Front. Microbiol. 6:256.

doi: 10.3389/fmicb.2015.00256

Giardia intestinalis. 1t is urgent to develop novel drugs to treat giardiasis, due to
increasing clinical resistance to the gold standard drug metronidazole (MTZ). New
potential antiparasitic compounds are usually tested for their killing efficacy against G.
intestinalis under anaerobic conditions, in which MTZ is maximally effective. On the
other hand, though commonly regarded as an ‘anaerobic pathogen,” G. intestinalis
is exposed to relatively high O» levels in vivo, living attached to the mucosa of the
proximal small intestine. It is thus important to test the effect of O, when searching
for novel potential antigiardial agents, as outlined in a previous study [Bahadur et al.
(2014) Antimicrob. Agents Chemother. 58, 543]. Here, 45 novel chalcone derivatives
with triazolyl-quinolone scaffold were synthesized, purified, and characterized by high
resolution mass spectrometry, 'H and '3C nuclear magnetic resonance and infrared
spectroscopy. Efficacy of the compounds against G. intestinalis trophozoites was tested
under both anaerobic and microaerobic conditions, and selectivity was assessed in a
counter-screen on human epithelial colorectal adenocarcinoma cells. MTZ was used as
a positive control in the assays. All the tested compounds proved to be more effective
against the parasite in the presence of O», with the exception of MTZ that was less
effective. Under anaerobiosis eighteen compounds were found to be as effective as
MTZ or more (up to three to fourfold); the same compounds proved to be up to >100-
fold more effective than MTZ under microaerobic conditions. Four of them represent
potential candidates for the design of novel antigiardial drugs, being highly selective
against Giardia trophozoites. This study further underlines the importance of taking O»
into account when testing novel potential antigiardial compounds.

Keywords: chemical synthesis, drug screening, anaerobic protozoa, intestinal disease, microaerobiosis

Introduction

The amitochondriate protozoon Giardia intestinalis is a human parasite, causing extensive
morbidity worldwide (Ankarklev et al, 2010). Approximately 6-8% of children and 2%
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of adults are estimated to be infected in urbanized countries
around the world (Craun, 1996). In spite of its recognition as
an important human pathogen for a long time, nearly 5,000
people are hospitalized with giardiasis annually in the United
States (see (Lengerich et al., 1994; Gardner and Hill, 2001) and
references therein). The disease spreads through fecal-oral trans-
mission of the parasite cysts (Adam, 2001). The host is typically
infected through ingestion of cyst-contaminated water or food.
After exposure to the acidic environment of the stomach lumen,
the cyst develops into the trophozoite, the vegetative form of the
parasite, that in turn attaches to the mucosa of the proximal small
intestine. This is the crucial step in establishing and maintain-
ing the infection. In the small intestine, the trophozoite starts
proliferating, causing symptoms like diarrhea, malabsorption,
dehydration, weight loss, failure to thrive, and chronic fatigue.
Following encystation, the parasite is ready to be expelled into
the environment and infect a new host, thus completing the life
cycle.

Giardiasis is commonly treated with several approved med-
ications, that include metronidazole (MTZ), tinidazole, fura-
zolidone, albendazole, paromomycin, or nitazoxanide (Ali
and Nozaki, 2007; Tejman-Yarden and Eckmann, 2011). This
notwithstanding, because of the limited efficacy, heavy side
effects, and increasing resistance of the parasite to available
treatments, it is mandatory to continue searching for novel anti-
giardial drug candidates (Upcroft and Upcroft, 2001; Ali and
Nozaki, 2007). The gold standard drug against giardiasis is MTZ,
(Edwards, 1993), a pro-drug that needs to be activated intra-
cellularly by reduction of the nitro moiety (Edwards, 1993).
Relevant to this study, by reaction with O, the active form
of MTZ is converted back to the inactive parent compound.
Presence of O, in the epithelium of the proximal small intes-
tine (Espey, 2013), where Giardia trophozoites adhere with their
ventral disks, is therefore expected to significantly decrease the
efficacy of MTZ in vivo. Given the fairly aerobic environment
inhabited by Giardia in the host, it is important to consider
possible effects of O,, when testing novel potential antigiar-
dial drugs. Following this rationale, we have recently carried
out a study (Bahadur et al, 2014) in which a set of syn-
thetic compounds has been initially screened for its antigiardial
activity under anaerobic condition, and then the compounds
with the highest activity were assayed for their efficacy under
microaerobic conditions too. This innovative approach allowed
us to identify two chalcone derivatives that under microaero-
bic conditions proved to be selectively active against Giardia
trophozoites and more effective than MTZ (Bahadur et al,
2014).

Nowadays, molecular hybridization is a coherent strategy
that allows one to design new chemical entities of poten-
tial biomedical relevance by fusing two or more recognized
active compounds and/or pharmacophoric units of known
bioactive molecules (Viegas-Junior et al, 2007; Walsh and
Bell, 2009). In this regard, chalcone derivatives linked to a
triazolyl-quinolone moiety represent an attractive drug scaf-
fold. Nitrogen containing heterocycles are indeed widely used
for the synthesis of compounds of pharmaceutical interest
(Syam et al.,, 2012) and chalcone analogs with their relatively

simple structure have a wide variety of pharmacological activ-
ities, largely attributed to their o, unsaturated ketone moiety
(Kumar et al., 2003). Moreover, quinoline (1-azanaphthalene)
compounds are widely used as “parental” compounds to syn-
thesize molecules with a broad range of biological activities
including anti-inflammatory (el-Gazzar et al., 2009), antileish-
manial (Palit et al., 2009), antifungal (Kategaonkar et al,
2010), and antituberculosis (Eswaran et al., 2010). Finally, tia-
zoles represent another important class of heterocycles because
of their varied biological activities and, accordingly, triazole-
containing ring systems are found in numerous existing drugs,
like fluconazole, itraconazole, and voriconazole, commonly used
as anti-inflammatories, CNS-stimulants, sedatives, antianxiety,
antimicrobials, and antimycotics (Shaker, 2006; Saadeh et al,
2010).

Here, we have synthesized, purified and thoroughly character-
ized a set of 45 novel chalcone analogs with triazolyl-quinolone
scaffold, and comparatively evaluated their antigiardial activity
both in anaerobiosis and microaerobiosis. This led to the iden-
tification of four compounds poorly toxic against human cells,
yet able to affect Giardia trophozoites more effectively than MTZ
under both anaerobic and microaerobic conditions.

Materials and Methods

Materials

All chemicals used in the synthesis of chalcones analogs were
purchased from Sigma-Aldrich and Fluka and were used
as such without any prior purification. MTZ, ATP, peni-
cillin/streptomycin, bovine calf serum, bovine bile, and the chem-
icals for the Diamonds TYI-S-33 medium used for Giardia
cell cultures were purchased from Sigma-Aldrich. Fetal bovine
serum, glutamine, non-essential amino acids, trypsin-EDTA, and
the Eagle’s Minimum Essential Medium (EMEM) were purchased
from GIBCO (Life technologies). Other chemicals and solvents
purchased locally were of analytical grade. Caco-2 cells (ATCC®
HTB-37™) were purchased from Sigma-Aldrich. Incubation
bags for anaerobiosis (Anaerocult® A minisystem) and microaer-
obiosis (Anaerocult® C minisystem) were from Merck. Sterile
96-well white clear-bottom plates were purchased from Perkin
Elmer. The ATP one-step luminescence assay systems for micro-
bial (BacTiter-Glo™) and human (ATPlite™) cells were from
Promega and Perkin Elmer, respectively.

Synthesis and Characterization of

Chalcones

Chemical Methods

Homogeneity/purity of all the products was analyzed by thin-
layer chromatography (TLC) on alumina coated plates (Merck).
Product samples in MeOH were loaded on TLC plates and
developed in CHCl3-MeOH (9.8:0.2, v/v). On detection of
slight impurities by iodine vapor/UV light visualization, com-
pounds were further purified by chromatography on silica
gel columns (100-200 mesh size, CDH), using petroleum
ether-ethyl acetate (3:2, v/v) as the eluent. Melting points
were determined in open glass capillary tubes on a Buchi
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M-560 instrument and are uncorrected. Infrared (IR) spectra
were recorded in KBr medium using a Perkin-Elmer Fourier
Transform-IR spectrometer, whereas 'H and '*C nuclear mag-
netic resonance (NMR) spectra were recorded in CDCl3 medium
on a JNM ECX-400P (JEOL, USA) spectrometer with tetram-
ethylsilane (TMS) as internal reference. IR and NMR spec-
tra were recorded at the Department of Chemistry, University
of Delhi, India. Absorption frequencies (v) are expressed in
cm™!, chemical shifts in ppm (8-scale) and coupling con-
stants (J) in Hz. Splitting patterns are described as singlet
(s), doublet (d), triplet (t), quartet (q), and multiplet (m).
High resolution mass spectroscopy (HRMS) data were col-
lected with a resolution of 10,000 on a KRATOS MS50TC
spectrometer and a Kratos Mach III type at the University
of Leuven (KU Leuven, Celestijnenlaan 200F, 3001 Leuven,
Belgium).

General Procedure for the Synthesis of
2-chloroquinoline-3-carbaldehyde (Ramesh et al.,
2008) (2)

2-chloroquinoline-3-carbaldehyde ~ was  synthesized from
acetanilide (1) via a Vilsmeier-Haack reaction by traditional
methods. To a well-stirred mixture of N,N-dimethylformamide
(DME 3 equiv.) and acetanilide 1 (1 equiv.), POCl; (12 equiv.)
was added dropwise slowly at 0°C. Afterward the reaction
mixture was heated to 100°C for 16 h and the reaction progress
was monitored by TLC. After completion of the reaction, the
mixture was allowed to cool down to room temperature and
poured into crushed ice under vigorous stirring. The obtained
precipitate was filtered, washed with water and re-crystallized
from dry EtOH to give the title compound 2 with 62% yield; mp
146-147°C (lit 148°C).

General Procedure for the Synthesis of
2-oxoquinoline-3-carbaldehyde (Ramesh et al.,

2008) (3)

2-chloroquinoline-3-carbaldehyde 2 was refluxed in 70% acetic
acid to obtain 2-oxoquinoline-3-carbaldehyde 3. The reaction
mixture was heated to 110°C for 12 h and the reaction progress
was monitored by TLC. After completion of the reaction, the mix-
ture was allowed to cool down to room temperature and poured
into crushed ice under vigorous stirring. The obtained precipi-
tate was filtered, washed with water and re-crystallized from dry
EtOH to give the title compound 3 with 90% yield; mp 301-302°C
(lit 304°C).

General Procedure for the Synthesis of 2-oxo-1-
(prop-2-ynyl)-1,2-dihydroquinoline-3-carbaldehyde
(Pal et al., 2011) (4)

To a solution of 2-o0xo-1,2-dihydroquinoline-3-carbaldehyde 3
(1.0 equiv.) in K,CO3 (1.5 equiv.) and DME, propargyl bromide
(1.5 equiv) was added dropwise. The reaction mixture was stirred
at room temperature for 12 h. After completion of the reaction,
the mixture was poured into ice-cooled water. The solid sepa-
rated was filtered, washed, dried, and re-crystallized from ethanol
to give the title compound 4 with 75% yield; mp 195-197°C (lit
198°C).

General Procedure for the Synthesis of Azidobenzene
and its Derivatives (Haridas et al., 2011) (5-9)

To a mixture of appropriate aniline (1 equiv.) in 17% HCI
stirred at 0°C, aqueous sodium nitrite (1.2 equiv.) was added
dropwise with continued stirring for 10 min at 0°C. Afterward,
aqueous sodium azide (1.2 equiv.) was added dropwise to the
reaction mixture at 0°C with continued stirring for additional
3 h at room temperature. The reaction progress was monitored
by TLC [petroleum ether/ethyl acetate (5:1)]. After completion of
the reaction, the mixture was subjected to extraction with ethyl
acetate (2 x 25 mL). The combined organic layer was dried over
Na,SO4 and concentrated under reduced pressure, to obtain an
oily brown colored compound.

General Procedure for the Synthesis of
2-oxo-1-((1-phenyl-1H-1,2,3-triazol-4-yl)methyl)-1,2-
dihydroquinoline-3-carbaldehyde (10-14)

The mixture of alkyne 4 (1 equiv.), appropriate azide (5-9;
1.5 equiv.), CuSO4-5H,0 (0.2 equiv.), and sodium ascorbate
(0.4 equiv.) was taken in a (3:1) mixture of tetrahydrofuran
(THF) and water and stirred at room temperature for 12 h. The
reaction progress was monitored by TLC using CHCl3: MeOH
(9.7:0.3, v/v) as the solvent system. After completion of the reac-
tion, the mixture was subjected to extraction with ethyl acetate
(3 x 30 mL). The combined ethyl acetate layer was dried over
Na,SO4 concentrated under reduced pressure and finally puri-
fied by silica gel (100-200 mesh size) column chromatography
using petroleum ether — ethyl acetate (3:2) as the eluent to yield
the desired product.

General Procedure for the Synthesis of (E)-3-(3-oxo-
3-phenylprop-1-en-1-yl)-1-((1-phenyl-1H-1,2,3-
triazol-4-yl)methyl)quinolin-2(1H)-one (23-67).

To a solution of aryl ketone (15-22; 1 equiv.) and triazolyl-
quinaldehyde (10-14; 1 equiv.) in dry MeOH, cat. sodium
hydroxide was added. The resulting reaction mixture was stirred
at room temperature for 24 h. The reaction progress was mon-
itored by TLC using CHCl3:MeOH (9.8:0.2, v/v) as the solvent
system. After completion of the reaction, the mixture was poured
into ice-cool water. The obtained colored precipitate was filtered
and dried on vacuum. The compounds were finally purified by
silica gel (100-200 mesh size) column chromatography using
petroleum ether — ethyl acetate (3:2) as the eluent.

Assays on Cells

Cell Cultures

Trophozoites of G. intestinalis strain WB clone C6 (ATCC No.
50803TM) were cultured axenically at 37°C in 25-cm? flasks con-
taining Diamond’s TYI-S-33 medium supplemented with 10%
bovine calf serum, 1 mg/mL bovine bile, 0.1 g/L streptomycin
and 100 U/mL penicillin. Typically, 50 ml medium was inocu-
lated with 25 x 10° cells and after 2 days cells were harvested
by chilling the flasks on ice for 30 min for drug susceptibil-
ity assays. Human epithelial colorectal adenocarcinoma (Caco-2)
cells were grown in 25-cm? flasks in EMEM supplemented with
1% (v/v) non-essential amino acids, 2 mM glutamine, 5% (v/v)
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fetal bovine serum, 0.1 g/L streptomycin, and 100 U/mL peni-
cillin.

Assays on Giardia trophozoites

The assays were performed following the procedure described in
Bahadur et al. (2014), using sterile 96-well white clear-bottom
plates. In each well, 50 wL of Giardia trophozoites at a den-
sity of 1 x 10° cells/mL was added to 50 pL medium con-
taining either the compound to be tested, serially diluted from
a stock solution in dimethyl sulfoxide (DMSO), or the same
amount of DMSO as a control; this yielded a final density of
5.000 cells/100 pL in each well. Each drug concentration was
tested in at least six replicates. MTZ was used as an inter-
nal positive control in the assay. The microtiter plates were
then incubated at 37°C under anaerobic or microaerobic con-
ditions, ensured by the Anaerocult® A or the Anaerocult® C
minisystem (Merck), respectively. According to the manufacturer
instructions, the Anaerocult® A minisystem produces anaerobic
conditions within ~1 h, whereas the Anaerocult® C minisys-
tem generates microaerobic conditions (~5% O,) within 24 h.
Following 48 h incubation with the compound to be tested,
100 wL of the BacTiter-Glo™ Microbial Cell Viability Assay
System reagent (Promega) was added to each well for one-step
lysis and ATP level detection. Plates were then incubated at
room temperature for 15 min and ATP levels finally detected by
luminescence on a plate reader (Wallac Victor3 1420 Multilabel
Counter, PerkinElmer).

Assays on Caco-2 Cells

Cells were detached with 0.5% trypsin-EDTA and seeded in sterile
96-well white clear-bottom plates at the same density of Giardia
trophozoites and at increasing concentration of the compound
to be tested, as described above. The assays were carried out
exactly as reported for the Giardia trophozoites, except that the
plates were incubated (still at 37°C) at atmospheric O, level, 5%
CO,, and 95% humidity. Each drug concentration was tested in
at least seven replicates. MTZ was used as an internal negative
control in the assay. Following 48 h incubation with each com-
pound, according to the manufacturer instructions, 100 pL of
the ATPlite™ luminescence assay system (Perkin Elmer) was
added to each well for one-step lysis and ATP level detection by
luminescence.

Determination of Half-Maximal Inhibitory
Concentration (ICsg) and Selectivity Index (Sl)
Luminometric data were calibrated using ATP standard curves
and normalized to the ATP level measured in control
DMSO-treated cells (taken as 100%). The measured ATP
level percentage was plotted as a function of the com-
pound concentration and the half-maximal inhibitory con-
centration (ICsp) was obtained by fitting the resulting titra-
tion profile to the Hill equation (Goutelle et al, 2008).
The selectivity index (SI) of the compounds was then cal-
culated as the ratio between the ICsy, value measured on
human cells over the value determined on Giardia trophozoites
(SI= ICSO,Cacofz/ICSO,Giardia)

Results

Synthesis of Novel Triazolyl-Quinolone

Based Chalcones

Forty-five novel triazolyl-quinolone-based chalcone derivatives
were synthesized based on previously described Claisen-Schmidt
condensation (Li et al, 1995), according to the synthetic
route outlined in Figure 1. Intermediate triazolyl-quinolone
compounds 10-14 were synthesized at room temperature in
THF:water with 50-75% yield, by “click chemistry” (Barral et al.,
2007) of the synthesized alkyne 4 with appropriate aromatic
azides (5-9), using CuSO4-5H,0 and sodium ascorbate as cat-
alysts. As shown in Figure 1, compounds 23-67 were obtained
at room temperature by reaction of the intermediate compounds
10-14 with commercially available aromatic acetophenones 15-
22, in the presence of NaOH in dry MeOH. After purification, the
yield of products 23-67 ranged from 60 to 95%.

The newly synthesized triazolyl-quinolone-based chalcone
derivatives were characterized by HRMS, 'H and '*C NMR and
IR spectroscopy, and relevant data are reported in Supplementary
Material.

Antigiardial Activity of the Synthesized
Chalcones

The antigiardial activity of the novel compounds 23-67 was
tested under both anaerobic and microaerobic conditions.
According to (Dunn et al., 2010; Bahadur et al., 2014), sus-
ceptibility of Giardia trophozoites to increasing concentrations
of each compound was assessed based on ATP level determi-
nation by luminescence. Dose-response curves for each com-
pound were obtained after 48 h-incubation and compared to the
data collected under identical conditions with MTZ, the drug
of choice for treatment of giardiasis. In these assays, the ATP
level measured in control Giardia trophozoites grown under
microaerobic conditions was found to be approximately 25%
lower than in the same cells grown under anaerobic condi-
tions, and DMSO at concentrations <2%,,, caused only marginal
effects on cell ATP levels. Typical dose-response curves are shown
in Figure 2, whereas the ICsy values measured for the syn-
thetic compounds and MTZ under anaerobic and microaerobic
conditions are reported in Table 1. In agreement with the liter-
ature (Miller et al., 2006), under the experimental conditions of
the assay, MTZ proved to be highly effective (IC59 = 3.4 pM)
against Giardia parasites in the absence of O, but remarkably
less (IC5p > 25 wM) under microaerobic conditions. Under
anaerobic conditions, 18 out of the 45 synthetic compounds
were as effective as MTZ or more under identical conditions
(see Table 1). Among them, compounds 41, 43, and 45 dis-
played the highest activity, being three to fourfold more efficient
than MTZ.

Interestingly, at variance from MTZ, all the tested compounds
displayed a higher efficacy against Giardia under microaer-
obic conditions than in the absence of O,. Notably, apart
from a few exceptions (namely, compounds 23 and 58), due
to their enhanced efficacy and the notably lower activity of
MTZ, all the screened compounds were found to be more
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effective than MTZ under microaerobic conditions. In many
cases, the effect of O, was remarkable, as it can be seen from
the ICs¢ values reported in Table 1. Under microaerobic con-
ditions approximately half of the tested compounds proved to
be at least fivefold more active against Giardia than in the
absence of O;. The effect of O, was particularly evident in
the case of compounds 24, 31, 49, and 51, which displayed
>10-fold higher activities under microaerobic conditions than
measured in anaerobiosis. Interestingly, up to 10 compounds dis-
played IC5p < 0.5 wM under microaerobic conditions, thereby
becoming >50-fold more active than MTZ under identical
conditions.

Selectivity of the Synthetic Compounds

Selectivity of the newly synthesized compounds toward Giardia
was assessed by running a counter-screen on human epithe-
lial Caco-2 cells. Similarly to the screen carried out on Giardia
trophozoites, dose-response curves and corresponding ICsg

values for each compound were obtained after 48 h-incubation,
as reported above. This allowed us to calculate the compounds
SI, defined as the ratio between the ICsy value measured on
human cells over the value determined on Giardia trophozoites.
In the assays on human cells, DMSO affected ATP cell levels only
slightly (up to 10% at < 2%v/v, not shown) and, as expected,
MTZ exhibited a high ICsy value (>100 wM). Interestingly,
under the same experimental conditions, 19 compounds were
only poorly effective against human cells, being characterized by
ICs values>40 pM (Table 1). Among these, compounds 29, 39,
65, and 66 were particularly interesting in that they proved to be
(i) more effective than MTZ against Giardia trophozoites both in
anaerobiosis (ICsp ranging from 2.2 to 3.2 wM) and microaer-
obiosis (ICs ranging from 0.4 to 1.6 wM), and (ii) much less
effective on human cells (ICsyp > 40 wM), thereby exhibiting
a high selectivity toward Giardia trophozoites (with SI values
exceeding 15 and 30 under anaerobiosis and microaerobiosis,
respectively).
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FIGURE 2 | Effect of metronidazole (MTZ) and compound 65 on Giardia
trophozoites. Dose-response curves of MTZ (A) and the newly synthesized
compound 65 (B), measured on Giardia trophozoites cultured under
anaerobic (closed symbol) or microaerobic (open symbol) conditions. Data are
expressed as mean + SEM (n > 6).

Discussion

Compared to other more distal tracts of the gut, the proxi-
mal small intestine is a fairly aerobic environment, where O,
is supplied mostly by the submucosal vascular network and
in part with swallowed air (Dawson et al., 1965; Levitt, 1970;
Sheridan et al,, 1990; He et al., 1999). In this tract of the gut,
O, concentration is relatively high and subjected to sudden
oscillations, particularly in the postprandial period when the
metabolic demand increases upon transit of partly processed
food (Espey, 2013). Relevant to the present study, O, concentra-
tion is particularly high at the level of the intestinal epithelium,
where trophozoites of G. intestinalis adhere with their ventral
disks. O, tension indeed decreases along a steep gradient from
80-100 to nearly 0 mm Hg, moving inward from the submu-
cosa toward the luminal midpoint (Espey, 2013). Therefore,
though commonly regarded as an anaerobic protozoon, Giardia

is likely exposed to fairly high and variable O levels in vivo.
The parasite is amitochondriate and thus unable to utilize O,
to sustain energy metabolism. This notwithstanding, pM O,
concentrations have been shown to produce profound changes
in the metabolism of Giardia trophozoites, leading to stim-
ulation of both ethanol and CO, production, elicited oxida-
tion of the intracellular NAD(P)H pool and reduced alanine
production (Paget et al, 1993). In addition to these adaptive
metabolic changes, in order to survive oxidative stress condi-
tions, Giardia needs to activate the antioxidant defense sys-
tem (Brown et al., 1995; Mastronicola et al., 2011; Raj et al,
2014). In this regard, it has been established that, though lack-
ing bona fide catalases or superoxide dismutases, Giardia is
endowed with several alternative antioxidant enzymes that have
been recently identified and partly characterized. These include:
a NADH oxidase (Brown et al., 1996a) and a flavodiiron pro-
tein (Di Matteo et al., 2008; Vicente et al., 2009) detoxifying
0, to H,O, a flavohemoglobin converting nitric oxide into
nitrate (Mastronicola et al., 2010, 2011; Rafferty et al., 2010),
a superoxide reductase promptly degrading superoxide anion
to HyO, (Testa et al., 2011), a thioredoxin reductase (Brown
et al., 1996b) and two peroxiredoxins (Mastronicola et al., 2014)
implicated in peroxide detoxification and repair of oxidatively
damaged molecules. Exposure to O, is therefore expected to
cause notable changes in the metabolic and proteomic profile
of G. intestinalis, an aspect that has not been studied in detail
thus far.

Despite being physiologically exposed to Oy in vivo, Giardia
trophozoites are commonly assayed in vitro for their drug
susceptibility under anaerobic conditions. This may bias the
results of a screening. Leading to changes in cell metabolism,
O, may indeed modify the susceptibility of the parasite to
specific drugs, possibly up- or down-regulating molecular tar-
gets. Moreover, by directly reacting with the tested drugs,
it may alter their mechanism of action, possibly leading to
enhanced or reduced efficacy. This is the case of MTZ, the
gold standard drug against giardiasis, whose efficacy is abol-
ished upon reaction of its nitro-radical active form with
O, (Edwards, 1993). When testing new potential antigiar-
dial drugs, it is thus important to take O, into account also
to attempt identifying antiparasitic compounds that could be
fully effective under the more physiological microaerobic con-
ditions in which MTZ efficacy is reduced due to O, pres-
ence. This issue has been highlighted in a recent study by
our groups (Bahadur et al., 2014) in which O,, while mak-
ing MTZ expectedly less effective, was reported to enhance
the efficacy of three piperidine/piperazine chalcone deriva-
tives, pre-selected in a screen conducted under anaerobic
conditions.

In the present study, 45 novel chalcone derivatives with
triazolyl-quinolone scaffold were synthesized, purified, and char-
acterized by HRMS, 'H and '*C NMR and IR spectroscopy.
As an innovative approach, all the compounds were compara-
tively tested for their efficacy against G. intestinalis trophozoites
under both anaerobic and microaerobic conditions. Compared to
anaerobic conditions, the presence of O, was found to increase
the ICsg of MTZ from 3.4 to >25 wM. This result agrees with
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TABLE 1 | Chemical identity, IC5o values and selectivity index (SI) of the novel synthetic compounds.

Giardia Giardia Caco-2 Selectivity
(anaerobiosis) (microaerobiosis) (IC50,caco/ICs50, Giardia)

S. No R R! R2 R IC5o IC5o IC5o Anaerobiosis Microaerobiosis
23 OMe F H H >100 >20 >100 n.d. n.d.
24 OMe H F >100 8,4 >50 n.d. >6
25 OMe H H F 3,9 1,3 >20 >5 >15
26 OMe H H Cl 5,0 2,6 >20 >4 >7
27 OMe H H Br 9,6 2,0 >20 >2 >10
28 OMe H H Me 54 1,5 >80 >14 >53
29 OMe OMe H H 2,2 0,4 >40 >18 >100
30 OMe H OMe H 59 1,3 >200 >33 >153
31 OMe H H OMe >50 2,0 >80 n.d. >40
32 Me F H H 3,2 0,6 17,6 5,5 29,3
33 Me H F 4,0 0,7 13,4 3,4 19,1
34 Me H H F 3,8 1,2 9,4 25 7.8
35 Me H H Cl 2,4 0,8 7,0 2.9 8.8
36 Me H H Br 10,7 2,3 >50 >4 >21
37 Me H H Me 6,3 1,6 >50 >7 >31
38 Me OMe H H 2,0 0,4 13,7 6,9 34,3
39 Me H OMe H 2,9 1,3 >100 >34 >76
40 Me H H OMe >15 2,4 >60 n.d. >25
41 F F H H 0,9 0,2 5,2 5,8 26
42 F H F 33 0,7 9,6 2,9 13,7
43 F H H F 1,2 0,3 7,0 5,8 23,3
44 F H H Cl 1,5 1,0 7,2 4.8 7,2
45 F H H Br 1,1 0,5 16,7 15,2 33,4
46 F H H Me 2,5 0,4 6,3 2,5 15,8
47 F OMe H H 2,7 0,3 >20 >7 >66
48 F H OMe H 7,0 1,6 > 60 >8 >37
49 F H H OMe 13,0 1,3 >50 >3 >38
50 Cl F H H 4,7 0,9 > 50 >10 >55
51 Cl H F 10,0 0,9 >100 >10 >111
52 Cl H H F 8,9 1,2 23,9 2,7 19,9
53 Cl H H Cl 9,0 1,1 >30 >3 >27
54 Cl H H Br 9,2 1,9 >20 >2 >10
55 Cl H H Me 8,7 1,1 20 2,3 18,2
56 Cl OMe H H 3,2 0,6 8,4 2,6 14,0
57 Cl H OMe H 6,6 11 14,7 2,2 11,3
58 Cl H H OMe >100 >30 19,7 <0,2 <0,7
59 H F H H 1,9 0,4 11,2 5,9 28,0
60 H H F 3,5 0,7 >50 >14 >71
61 H H H F 53 0,8 18,2 3,4 22,8
62 H H H Cl 2,1 0,7 5,9 2.8 8,4
63 H H H Br 6,3 1,0 >50 >7 > 50
64 H H H Me 2,8 0,5 17,8 6,4 35,6
65 H OMe H H 1,6 0,4 >50 >31 >125
66 H H OMe H 3,2 1,6 >50 >15 >31
67 H H H OMe 5,9 0,8 >100 >16 >125
MTZ 3,4 >25 >100 >29.0 n.d.

Bold, ICs0 < ICs0,177 in anaerobiosis; Compounds 29, 39, 65 and 66 display ICso < ICso 177 in both anaerobiosis and microaerobiosis, low toxicity against Caco-2 cells
(ICs0 > 40.0) and SI > 10.
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the notion that O, interferes with MTZ, by converting its nitro-
radical active form into the parental inactive form (Edwards,
1993). However, noteworthy, in spite of the reduced efficacy
of MTZ, all the tested compounds proved to be more effective
in the presence of O, though to different extent. For most of
the compounds the ICsy was four to sevenfold smaller than
measured under anaerobic conditions, but in the case of four
compounds (24, 31, 49, and 51) O, was particularly effec-
tive decreasing their ICsy by more than 10-fold. While under
anaerobic conditions only 18 out of the 45 tested compounds
proved to be as active as MTZ or more, in the presence
of O, almost all the tested compounds (with the exception
of compounds 23 and 58) were more effective than MTZ.
Under microaerobic conditions, up to 10 compounds showed
notably low ICsy values (<0.5 wM), thereby becoming >50-
fold more effective than MTZ under the same microaerobic
conditions, yet less effective than the alternative antigiardial
drug albendazole that under anaerobic conditions shows very
low ICsg values (<0.1 M, Cedillo-Rivera and Munoz, 1992).
Interestingly, 19 out of the 45 tested compounds displayed
very poor toxicity against human Caco-2 cells (IC50>40 pM),
and by comparing their efficacy on human and Giardia cells
10 out of these 19 compounds proved to be highly selec-
tive toward the parasite, being >10-fold more effective against
Giardia under both anaerobic and microaerobic conditions.
Among these 10 compounds highly selective against Giardia,
four can be considered as hits to develop potential antigiar-
dial drugs, namely compounds 29, 39, 65, and 66, being more
effective than MTZ under both anaerobic and aerobic condi-
tions.

The compounds characterized here carry substitutions in
two phenyl rings: ring A (attached to the triazole moiety) and
ring B (attached to the o,f unsaturated moiety). By inspect-
ing Table 1, it can be noted that on average the compounds
with the highest antigiardial activity have either unsubstituted
(compounds 59-67) or fluoro-substituted (compounds 41-49)
ring A. Comparatively, less antigiardial activity is observed
when the same ring is substituted with chloro (compounds
50-58), methoxy (compounds 23-31) or methyl (compounds
32-40) groups. Compared to other types of substitutions in
ring A, the fluoro-substitution seems to result into higher
toxicity of the compounds against human cells. The occur-
rence of substitutions at ring B and their position in the ring
also appear to modulate the antigiardial activity. Comparison
of compounds 29, 30, and 31 shows that the position of a
methoxy substituent in ring B has great effects on the antipar-
asitic activity of the molecules. The ortho substituted com-
pound 29 is more effective than the meta substituted com-
pound 30, that in turn displays a higher antigiardial activ-
ity compared to the para substituted analog (compound 31).
Interestingly, the same trend (ortho > meta > para) is invari-
ably observed by comparing the compound triplets 38-40, 47-
49, 56-58, and 65-67, all having methoxy-substituted ring B.
Finally, it is worth noticing that the compounds optimally com-
bining high antigiardial activity and low toxicity against human

cells (compounds 29, 39, 65, and 66) have ring B invariably
methoxy-substituted at ortho or meta positions, and ring A
either unsubstituted or substituted with methoxy or methyl
groups.

To the best of our knowledge, this is the first study in which
a complete set of new synthetic compounds has been screened
for its ability to affect Giardia trophozoites under both anaer-
obic and microaerobic conditions, providing unequivocal evi-
dence for an effect of O,. The results show that, as compared
to anaerobic conditions, the presence of low, more physiolog-
ical Oy concentrations elicits the antiparasitic activity of the
tested compounds, while having opposite effects on MTZ. The
molecular mechanism underlying the observed effects of O,
has yet to be established. A possibility is that O, by directly
affecting Giardia trophozoites, on the one hand impairs MTZ
activation and on the other makes the cells more susceptible
to the novel synthetic drugs here described. A more intriguing
possibility is that, in response to O, exposure, the parasite acti-
vates specific metabolic pathways that are selectively targeted
by the compounds tested in the present study, but not MTZ.
To address this issue, it would important in future studies to
acquire more detailed information on the pathways that are acti-
vated in Giardia in the metabolic transition from anaerobic to
microaerobic conditions.

Conclusion

In this study we have identified four new compounds that under
both anaerobic and more physiological microaerobic conditions
are highly effective against Giardia trophozoites, targeting the
parasite selectively and more efficiently than MTZ. These four
synthetic chalcone derivatives represent potential candidates for
the design of novel antigiardial drugs. This work further high-
lights that it is important to take O, into account when screening
new potential antigiardial drugs.
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drug resistance. In previous work we compared ABZ-resistant (1.35, 8, and 250 M)
and ABZ-susceptible clones by proteomic analysis and eight proteins involved in
energy metabolism, cytoskeleton dynamics, and antioxidant response were found as
differentially expressed among the clones. Since ABZ is converted into sulphoxide (ABZ-
S0O) and sulphone (ABZ-SO0) metabolites we measured the levels of these metabolites,
the antioxidant enzymes and free thiols in the susceptible and resistant clones.
Production of reactive oxygen species (ROS) and levels of ABZ-SO/ABZ-SOO induced
by ABZ were determined by fluorescein diacetate-based fluorescence and liquid
chromatography respectively. The mRBNA and protein levels of antioxidant enzymes
(NADH oxidase, peroxiredoxin 1a, superoxide dismutase and flavodiiron protein) in
these clones were determined by RT-PCR and proteomic analysis. The intracellular
sulfhydryl (R-SH) pool was quantified using dinitrobenzoic acid. The results showed
that ABZ induced ROS accumulation in the ABZ-susceptible Giardia cultures but not
in the resistant ones whilst the accumulation of ABZ-SO and ABZ-SOO was lower in
all ABZ-resistant cultures. Consistent with these findings, all the antioxidant enzymes
detected and analyzed were upregulated in ABZ-resistant clones. Likewise the R-SH
pool increased concomitantly to the degree of ABZ-resistance. These results indicate
an association between accumulation of ABZ metabolites and a pro-oxidant effect of
ABZ in Giardia-susceptible clones. Furthermore the antioxidant response involving ROS-
metabolizing enzymes and intracellular free thiols in ABZ-resistant parasites suggest that
this response may contribute to overcome the pro-oxidant cytotoxicity of ABZ.

Keywords: Giardia duodenalis, albendazole, drug resistance, antioxidant enzymes, sulfhydryl pool
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Antioxidant response in albendazole-resistant Giardia

Introduction

Giardia duodenalis (syn. G. lamblia, G. intestinalis) is the pro-
tozoan causing giardiasis that is a leading cause of parasitic
diarrheal disease in humans and animals. According to esti-
mations of the World Health Organization (WHO), giardiasis
accounts for almost a billion cases worldwide with ~3 billion
people living in areas in which the incidence of the infection is
around 30% (Escobedo et al., 2010). The disease incidence may
increase due to increasing migrations from and to highly endemic
countries (Ekdahl and Andersson, 2005) and eventual climate
changes (Parkison et al., 2014). The socioeconomic and clinical
impact of giardiasis has prompted its inclusion within the WHO’s
Neglected Diseases Initiative (Savioli et al., 2006). The control
of this infection requires both the inactivation of the infectious
cysts disseminated in the environment and the elimination of
pathogenic trophozoites that attach to small intestinal epithe-
lium. Fatty to watery diarrhea is a hallmark of acute and chronic
giardiasis that in children may result into malabsorption, failure
to thrive and deficit in weight gain. Adult asymptomatic carriers
are frequently observed (Adam, 2001; Escobedo and Cimerman,
2007).

To date, vaccines for giardiasis are only available for ani-
mals and the control of Giardia infections in humans relies on
improvements in sanitation and hygiene (Olson et al., 2000).
Currently available antigiardial drugs include 5-nitro derivatives
of imidazole (metronidazole, tinidazole), furan (furazolidone)
and thiazole (nitazoxanide) as well as alternative drugs such
as acridines (quinacrine, chloroquine), aminoglycosides (paro-
momycin) and benzimidazoles [albendazole (ABZ), mebenda-
zole]. Although 5-nitro derivatives of imidazole have a high
overall efficiency according to non-randomized clinical trials
(60-100%; Busatti et al., 2009), therapeutic failures occur in 20%
of individuals in spite of the compliance of drug dosage and dura-
tion (Upcroft, 1998). The reasons for failures of drug treatment
vary among patients and these include: reinfections, inadequate
doses in drug treatment, immunosuppression, drug sequestration
in the gallbladder or pancreatic ducts, and infections caused by
drug resistant in Giardia (Nash et al., 2001).

Since 1990, ABZ (methyl [5-(propylthio)-1H-benzimidazole-
2-yl] carbamate, ABZ), was used in combination with mebenda-
zole to treat giardiasis. Although ABZ is as effective as metron-
idazole against giardiasis, the efficacy of ABZ may vary signif-
icantly (25-90%) depending on the duration of the treatment
(1-5 days; Watkins and Eckmann, 2014). Failures of drug treat-
ments for giardiasis have been reported when ABZ is used
alone (Kollaritsch et al., 1993; Brasseur and Favennec, 1995;
Nash et al.,, 2001) and when ABZ has been used in combi-
nation with metronidazole (Abboud et al., 2001; Morch et al,,
2008). Benzimidazoles are given at single dose to deworm chil-
dren at 6 month-intervals (i.e., a suboptimal regime for gia-
rdiasis) in community- or cohort-based programs in endemic
regions of Mexico, Bangladesh, and Bolivia This results in poor
elimination of Giardia trophozoites (Quihui-Cota and Morales-
Figueroa, 2012) and an increase in Giardia burdens among the
patients (Northrop-Clewes et al., 2001; Blackwell et al., 2013). In
this context, in vitro studies suggest that ABZ-susceptible and

ABZ-resistant G. duodenalis trophozoites subpopulations may
coexist in culture and continuous exposure to sublethal (e.g.,
ICsp) ABZ concentrations could render not only variant pro-
portions of these subpopulations (Argiiello-Garcia et al., 2004)
but variations in gene expression (Argiiello-Garcia et al., 2009).
When ABZ concentration is continuously increased in cultures
the surviving parasites may be derived from the selection of drug-
resistant trophozoites or by the adaptation of drug-susceptible
ones. Thus ABZ resistance in giardiasis is an issue of grow-
ing concern for public health. In order to identify and analyze
the mechanism(s) involved in ABZ resistance in G. duodenalis,
cultures able to grow in the presence of 1.35, 8 and 250 pM
ABZ [minimal lethal concentration (MLC) of parent WB strain:
0.32 wM] were obtained by continuous exposure of tropho-
zoite subculture under increasing sub-lethal drug concentrations
(Argtiello-Garcia et al., 2009). Since specific mutations at hot-
spot amino acid positions (50, 134, 165, 167, 198, and 200) in
p-tubulin were associated with ABZ-resistant helminthic para-
sites (Venkatesan, 1998), these positions were initially analyzed
in ABZ resistant Giardia clones; however, no mutations were
found at these sites (Argiiello-Garcia et al., 2009). Further pro-
teomic and RT-PCR analyses showed a subset of seven genes
that were upregulated in the ABZ-resistant clones at the pro-
tein and mRNA levels. Some of these genes encoded proteins
that are involved in cytoskeletal dynamics (alpha-2-giardin, ran-
binding protein), energy metabolism (phosphoglycerate kinase
and ornithine carbamoyltransferase) and antioxidant response
(NADH oxidase; Paz-Maldonado et al., 2013). These data are
consistent with the notion that ABZ not only affects parasite
microtubules but also glucose uptake (Vinaud et al., 2008) and
the induction of oxidative stress in the parasites (Docampo, 1990;
Cvilink et al., 2009a). This stress is likely to play an important
role in the drug-resistant phenotype since ABZ may be oxidized
by phase I enzymes into sulphoxide (ABZ-SO) and sulphone
(ABZ-SOO) metabolites that in turn could play a role in the par-
asite susceptibility or resistance to this drug (Cvilink et al., 2008,
2009b).

In this work we analyzed the pro-oxidant activity of ABZ
to assess the production of its metabolites, and to determine
the presence and levels of antioxidant components in drug-
susceptible and -resistant G. duodenalis clones in order to
unravel the effector mechanisms involved in ABZ-resistance in
this parasite.

Materials and Methods

Trophozoite Cultures

The ABZ-resistant clones able to grow under 1.35, 8, and
250 WM concentrations of this drug were obtained as previ-
ously described (Argtiello-Garcia et al., 2009). A control culture
of an ABZ-susceptible clone grown in the presence of 0.5% v/v
dimethylformamide (DMEF: vehicle), were used throughout this
study. Trophozoites were axenically sub-cultured in 4.5 ml screw-
capped vials, tubes or bottles at 37°C in modified Diamond’s
TYI-S-33 medium (ATCC no. 1404; Keister, 1983). Parasites
were harvested at late-log phase by chilling culture tubes on
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ice for 30 min, washed three times in phosphate-buffered saline
(PBS) pH 7.2, counted in a haemocytometer and adjusted to the
required cell density.

Determination of ABZ and ABZ-Metabolite

Levels

To assess the conversion of this drug into sulphoxide and sul-
phone metabolites in ABZ-susceptible and -resistant G. duo-
denalis trophozoites, the intracellular concentration of ABZ
species was determined by high performance liquid chromatog-
raphy (HPLC) in cell lysates obtained at different time periods
(0-48 h) after exposure of parasites to ABZ. To standardize
this technique, synthetic derivatives of ABZ (sulphoxide, sul-
phone and amino) and of MBZ were previously analyzed by
thin layer chromatography and melting point after dissolv-
ing in water:methanol. Then these components were separated
(loop: 200 pL) using a mixture of acetonitrile:water at dif-
ferent proportions containing 0.5% v/v acetic acid as mobile
phase through a Nucleosil™ C18 column (5 jum particle size,
125 x 4.6 mm) coupled to a binary pump (Waters™ 1525) and
a detector with photodiode array (Waters™ 996). In all assays,
chromatographic running was carried out for 13-min to sep-
arate peaks of each ABZ species and MBZ either in cell-free
samples or when added at different concentrations to lysates
of non-treated trophozoites. All species were recovered from
cell lysates by ethyl acetate extraction followed by solubilisa-
tion in methanol/water. The corresponding values of the area
under curve (AUC) were analyzed to generate the concentration-
AUC calibration curves in which the experimental values of
AUCs in lysates from ABZ-treated trophozoites were interpo-
lated. This procedure was used to quantify the intracellular
ABZ species. In this assay trophozoites lysates were prepared
after incubation of 50 x 10° parasites (ABZ-susceptible and -
resistant, previously maintained 5 days in ABZ-free medium)
in 15 mL culture tubes in TYI-S-33 medium containing 10 uM
ABZ at 37°C for different time periods. Cells were harvested
as described above and washed three times with PBS contain-
ing 0.2% wi/v trichloroacetic acid and three times with PBS
alone. After counting parasites cell pellets were resuspended
in 180 L deionized sterile water, frozen at —70°C for 5 min
and thawed at 37°C for 5 min and this procedure was car-
ried out five times. Lysates were extracted by adding ethyl
acetate (700 pL) and incubating the lysates at 37°C for 45 min.
Supernatants were recovered by centrifugation at 750 x g for
10 min and dried under vacuum (SpeedVac™ centrifuge). For
HPLC analysis, all the test samples were resuspended in 50 pwL
ethanol, stirred and mixed with 150 WL of MBZ 10 uM in
water as internal standard. Results were expressed as micro-
molar concentration of each ABZ species per 1 x 10° tropho-
zoites.

Production of Reactive Oxygen Species
(ROS) by Trophozoites Exposed to ABZ
To monitor the induction of oxidative stress in ABZ-exposed
G. duodenalis trophozoites, the Image-iT™ Live Green ROS
detection kit (Molecular Probes™, USA) was used with some

modifications. This assay is based in the non-fluorescent 5-(and-
6)-carboxy-2’, 7'-dichlorodihydrofluorescein diacetate (carboxy-
H,DCFDA) that penetrates into the live cells, as deacetylated
by non-specific intracellular esterases. This compound upon the
presence of non-specific ROS generated in the cell (particularly
during oxidative stress) is oxidized and it emits bright green
fluorescence that is detected by UV light microscopy using stan-
dard fluorescein filters. In these assays, 1 x 10° trophozoites
were exposed to ABZ for 24 h at 37°C, washed three times
with warm PBS, transferred to 1.5 mL microcentrifuge tubes and
labeled in suspension by the addition of 300 wL PBS containing
25 wM carboxy-H, DCFDA for 45 min at 37°C in the darkness.
Then cells were washed again with PBS, transferred to 10-mL
capped polystyrene tubes and resuspended in 200 wL of this
buffer prior to analysis by fluorescence microscopy (microscope
Zeiss Axioskop 40) and flow cytometry (flow cytometer Beckman
FACScalibur II).

Determinantion of the Expression and Levels

of Antioxidant Elements in ABZ-Susceptible

and -Resistant Trophozoites

Proteomic Analyses

Proteomic assays were carried out as previously reported (Paz-
Maldonado et al., 2013). In brief, protein extraction was done
on 1 x 107 trophozoites that were sonicated in the presence of
protease inhibitors (Complete, Roche™, USA); proteins were
extracted with acetone-trichloroacetic acid-f-mercaptoethanol
and then were precipitated at —20°C overnight. Pellets were
washed with ice-cold methanol or acetone, dried and resus-
pended in IEF buffer containing urea, thiourea, CHAPS,
dithiothreitol (DTT), carrier ampholytes pH 3-10 (Amersham
Biosciences™, USA) and bromophenol blue. Protein concen-
trations were quantified using the Lowry assay with bovine
serum albumin as a standard. For two-dimensional electrophore-
sis, 250 pg of protein were loaded on each IPG dry gel strip
(13 cm, pH 3-10; Amersham Biosciences™). After isoelectro-
focusing, strips were reduced with DTT and alkylated with
iodoacetamide. Following slab gel electrophoresis (12.5% acry-
lamide gels) protein spots were stained with silver nitrate.
Three replicate gels were obtained for each clone analyzed.
In this study specific protein spots corresponding to antiox-
idant enzymes namely NADH oxidase (NADHox), peroxire-
doxin la (PXRla), flavodiiron protein (FDP) and superox-
ide reductase (SOR) were analyzed. As a first approach spots
corresponding to the expected molecular weight and isoelec-
tric point of these proteins were defined in stained gels.
To identify the selected spots, tandem mass spectrometry
(MS/MS) was performed using a 3200 Q TRAP™ hybrid
spectrometer (Applied Biosystems/MDS Sciex'™, Canada) as
described before (Paz-Maldonado et al, 2013). Database
searching (NCBI-nr) and protein identification were carried
out from the MS/MS spectra using the Mascot Software
(http://www.matrixscience.com, Matrix Science™, UK). For
image analysis, stained gels were scanned with LabScan soft-
ware on Imagescanner and analyzed using the Image Master
v 5.0 system (Amersham Biosciences™, USA) according to
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manufacturer’s protocols. The following criteria for differen-
tial protein expression were used: a % volume n-fold > 1.0
of spot was considered as increase of expression or a % vol-
ume n-fold < 1.0 of spot was considered as decrease of
expression in ABZ-resistant clones as compared to sensitive
ones.

mRNA Levels of Antioxidant Enzymes

In order to analyze the relative levels of mRNA expression
of each of the aforementioned antioxidant enzymes in ABZ-
resistant or -sensitive G. duodenalis clones, a standardized
retrotranscription-PCR protocol (end point RT-PCR) was used.
This technique has already provided data consistent with semi-
quantitative proteomics results but with intrinsic higher sensitiv-
ity (Paz-Maldonado et al., 2013). RNA was extracted and puri-
fied from each culture using the TRIzol reagent (Invitrogen™)
and resulting material was used for cDNA synthesis with the
SuperScript™ TII First-Strand Synthesis System (Invitrogen™)
following manufacturer’s instructions. To standardize condi-
tions, both RNA and ¢cDNA were quantified by spectropho-
tometry (Nanodrop model 2000, Thermo Scientific™, USA). In
the PCR reactions, 50 ng cDNA from each clone was ampli-
fied using oligonucleotide primer pairs (0.4 WM each primer)
that were designed for test gene loci (nadhox, pxrla, fdp
and sor) and reference gene loci (protein disulfide isomerase-
1 [pdil] and ubiquitin [ubiq]). Primer sequences and condi-
tions used for primer annealing and amplification are listed
in Table 1. In general, primer extension was performed at
72°C for 45 s, except for nadhox (1 min), with a final exten-
sion step at 72°C for 7 min. After electrophoresis in 2.0%
agarose gels, the semi-quantification of amplicons was per-
formed by densitometry using the Image J™ v 1.48 soft-
ware. The ratio of band intensity (test locus/reference locus)
for each ABZ-resistant culture was divided by the corre-
sponding test/reference ratio of the DMF clone to calculate
the fold decrease/increase level of expression of each tested
gene.

Determination of Free Sulfhydryl (R-SH) Pools

The concentration of free thiols in cell lysates from ABZ-
resistant and -susceptible clones was determined using an
adapted 5,5 -dithio-bis(2-nitrobenzoic acid) (DTNB, Elman’s

reagent) method. In this, DTNB reacts with free R-SH groups
and releases 2-nitro-5-benzoate which displays a yellowish color
with absorbance at X = 412 nm (Riddles et al., 1979). Assays
were performed in 1 mL-reactions by suspending 1.2 x 107
PBS-washed trophozoites in 900 pL of 45 mM NaH,;PO4
at pH 7 and adding 100 pL of 1.5 mM DTNB (Sigma™,
USA). The mixture was sonicated with six pulses at 12
microns (60% amplitude) with 30 s-intervals until suspension
was clear. After incubation at 37°C for 10 min, absorbances
were recorded at 412 nm in a SmartSpec 3000 spectropho-
tometer (BioRad™, USA). To obtain a calibration curve,
lysates were substituted for cysteine (stock = 15.5 mM) and
experimental absorbances were interpolated to express results
as the micromolar concentration of thiols per 1.2 x 107
trophozoites.

Protein Modeling

The tertiary structure of the antioxidant enzymes assessed in the
previous experiments was obtained from amino acid sequences
reported in GiardiaDB using the I-Tasser online server (Zhang,
2008; Roy et al., 2010). Sequences in FASTA format were input
in I-Tasser which performs structural alignments between query
sequences and known templates in the protein databank (PDB)
library. This platform retrieves specific parameters for con-
structed models as the TM score (range: 0-1), an index reflect-
ing the accuracy of alignment for two given structures and
considering the root-mean-square-deviation (RMSD) score that
indicates a measure of the differences between values predicted
by retrieved models and the values observed in PDB tem-
plates. As recommended, significant structure alignments when
TM > 0.5 were considered. The Cscore (range: —5 to 2) is an
index that includes the TM and the RMSD scores and allows
to rank the degrees of similarity between two given protein
structures.

Statistical Analyses

In all experiments the data obtained in assays using ABZ-resistant
and -susceptible clones were quantitatively compared with the
least-square method to linearize calibration curves (Microsoft
Excel 2010™) and differences in mean + SD values were assessed
by the t-student test at a significance of P < 0.05.

TABLE 1 | Loci used as test and housekeeping genes in reverse transcriptase-PCR assays.

Locus Orf in GiardiaDB ~ Forward and reverse primer sequences Tm Product Cycle
(GL50803) (5-3) (°C) size (bp) number

Peroxiredoxin 1a (oxr1a)? 16076 AGAAGACCATGGATGCCCGTCCCCATCTCTTCTCC 55 628 25
ATGGTCTTCTTGAACGTCT’

NADH Oxidase LTC (nadhox)? 33769 GTGACGGAGAGGTATGACAAGGTAGTGGGGCTGGAA 55 1020 20
GAAAAA

Flavodiiron protein LTC (fcp)? 10358 AGGAATGGCTCTCTCGTATGACGGTGCTTGCGACTTCA 55 582 25

Superoxide reductase (sor)? GLCHRO1 CTTTGGCATCACTAAGGAGCTAGAGCTCCATGTAGTTCTC 52 175 25

Ubiquitin (ubig)® 7110 GAGCTCATGCAGATCTTCGTCAACCTTCTGGATGGAGTAGT 58 190 25

Protein disulfide isomerase-1 (pdii)? 29487 ACTCCTCTGCTCCTTGTGCTCCTTCGCTGCTTTCAC 55 456 25

aTest gene; PHousekeeping gene; Primer annealing temperature (Tm); Lateral transfer candidate (LTC).
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FIGURE 1 | Differential levels of accumulation of ABZ and ABZ
metabolites in Giardia duodenalis clones susceptible and resistant to
ABZ. Trophozoites from ABZ-susceptible clone (WBDMF, open triangles) and a
representative ABZ-resistant clone (WBR250, filled squares) were exposed to
10 uM ABZ for the times indicated in X-axis at 37°C and cell lysates were
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standardized using cell-free mixtures, adjusted to 13-min lasting elutions and
each ABZ species was separated at the retention time indicated in the
corresponding peak (A). These conditions were used in samples of cell lysates
and the AUCs were used to determine the levels of ABZ (B), ABZ-SO (C), and
ABZ-SOO (D). Results are the mean + SD. of three independent experiments
and asterisks indicate statistical difference at P < 0.05.

Results

ABZ Metabolites are Differentially

Accumulated in G. duodenalis Clones
Susceptible and Resistant to ABZ

In this study, we initially determined if ABZ is metabolized,
i.e., oxidized by G. duodenalis trophozoites. The ABZ-SO and
ABZ-SOO metabolites were identified using a HPLC protocol
standardized to detect the three ABZ species and MBZ as the

TABLE 2 | Experimental time periods of retention and wavelengths of
emission of ABZ species and MBZ (internal standard) as determined by
HPLC.

Species Retention time (min) A of emission (nm)

ABZSO 3.668 + 0.3 2211+ 3.5 288.6 +3.2
ABZSOO 5201 £0.3 2212 +29 284.5 + 3.5
MBZ 7.593 £+ 0.1 2211 +1.8 305.2 +£ 0.4
ABZ 9.459 +£ 0.5 2223+ 2.4 2933+ 1.0

internal standard. A discontinuous gradient, starting with 70%
water:30% acetonitrile followed by changes in relative propor-
tions of vehicles to 50:50% (at 5 min), 20:80% (at 8 min), 40:60%
(at 10 min) and returning to 70:30% (at 11 min), produced an
efficient separation of each ABZ species and MBZ (Figure 1A).
Under these conditions ABZ species presented maximal emis-
sion peaks nearby to 221 and 292 nm (Table 2); of these, samples
including cell lysates gave low backgrounds at 292 nm hence
quantitative chromatograms were obtained at that A. In addition,
the increasing baseline starting at 6-10 min of elution, peaks at
10 min and drops to initial A9, values by 12 min (Figure 1A)
was due to the changing proportions of acetonitrile in the mobile
phase and not by artifacts from any of tested compounds, espe-
cially ABZ and MBZ for which AUCs were obtained considering
these changes in baselines. Likewise controls of ABZ and MBZ-
free cell lysates showed this changing baseline with the absence
of absorbance peaks and the calibration curves rendered reli-
able quantifications of each drug species (R?> > 0.97). Thus,
the results showed that ABZ ([ ]o = 10 wM) accumulated at
varying concentrations by either drug-susceptible (WBDMF) or
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—resistant (WBRA250) parasites during the first 12 h of expo-
sure and this concentration dropped by 24-48 h (Figure 1B).
Although these concentrations were consistently higher in the
ABZ-susceptible clone from 2 to 48 h, these differences were not
statistically significant, which is likely due to the very short time
in which ABZ remains unbound or unmodified. This could also
explain the lower levels of ABZ detected in cell lysates as com-
pared to ABZ-SO and ABZ-SOO (see scales in Y-axis). On the
other hand, the oxidized species ABZ-SO and ABZ-SOO were
progressively accumulated by the two clones. However, in the
ABZ-resistant clone WBRA250, these species peaked at 12 h and
were maintained at similar levels at 24 and 48 h when cells were
still viable. At latter times in the WB-DMF clones, an increas-
ing accumulation of ABZ-SO and ABZ-SOO (Figures 1C,D) was
detected and this was concomitant with generalized cell death.

ABZ Elicits Higher ROS Levels in
ABZ-Susceptible Trophozoites

Since ABZ was metabolized into oxidized species, it was of
interest to assess if this pro-drug could induce a state of oxida-
tive stress in G. duodenalis trophozoites. The use of carboxy-
H,DCEF as a fluorescent ROS tracer allowed the detection of

these reactive species by fluorescence microscopy. We observed
the distribution of these species in the cytoplasm in the ABZ-
susceptible clone (WBDMF), with most cells displaying a punc-
tuate pattern (Figure 2A). In the cells with altered morphology
(a typical effect of ABZ), bright and diffuse fluorescence was
observed (Figure 2A, arrows). This latter pattern was also seen in
some WBDMF trophozoites exposed to tert-butyl hydroperox-
ide (TBHP), which is another ROS-forming compound (arrows
in Figure 2A) that was included as positive control because
unlike ABZ, TBHP does not alter trophozoite morphology.
Interestingly, not all the ABZ-resistant clones displayed sig-
nificant ROS-associated fluorescence (Figure 2A) despite the
exposure of these clones to ABZ concentrations (1.35, 8, and
250 wM) that were higher than the one used with the WBDMF
clone (0.18 wM). These observations were corroborated by
flow cytometry analyses in which the proportions of fluores-
cent cells were quantified (Figure 2B). In quadrant graphics
and histograms, we observed the displacement of cell fluores-
cence (from R4 to R2 and from left to R1 respectively) in the
WBDMF clone exposed to ABZ or TBHP, and the absence of
such an effect in the representative clone WBR250. In gen-
eral up to 30% of WBDMEF cells displayed ROS fluorescence

WBDMF
+
0.18 UM ABZ

WBR250
+

FIGURE 2 | Determination of ROS produced by ABZ exposure in
ABZ-susceptible and ABZ-resistant clones. Trophozoites from the
ABZ-susceptible clone WBDMF or the representative ABZ-resistant clone
WBR250 were exposed to ABZ (test) or TBHP (positive control) at the
concentrations indicated at the left for 24 h at 37°C and observed by light
microscopy (LM) and cell fluorescence microscopy (ROS; A). The same samples
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were processed for flow cytometry analysis (B) with a window calibrated with
fluorescein filters and readings of 20,000 events per sample. Graphs at the left
are quadrant-based distributions of cells by size/granularity (X-axis) and
fluorescence intensity (Y-axis) and histograms at the right show the quantitative
displacement of cell fluorescence. Arrows indicate cells displaying profuse ROS
staining. Scale bars: 20 wm.
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while in ABZ-resistant clones this proportion was lower
(6-9%).

The Antioxidant Enzymes NADHox and

PXR1a are Overexpressed in ABZ-Resistant

G. duodenalis Trophozoites

Since ABZ was able to induce oxidative stress in ABZ-susceptible
G. duodenalis trophozoites, we examined the expression levels of
some antioxidant enzymes in susceptible and resistant parasites.
After two dimensional gel electrophoresis, the intensity of protein
spots corresponding to antioxidant enzymes as NADHox, PXR1a,
FDP and SOR were evaluated by image analysis, and these regions
of the gel were also excised for tandem MS/MS analysis. FDP and
SOR were elusive to detection because no reproducible spot was
found in gel zones nearby to their expected size and isoelectric
point (Figure 3A). However, NADHox and PXR1a were unequiv-
ocally identified as peptides covering 41% of NADHox and 5.7%
of Pxrla amino acid sequences were determined from MS/MS
analysis (score > 50; Table 2). When the sequences of these two
enzymes were submitted to the I-Tasser server, the retrieved pro-
tein models are good quality. For NADHox, the model exhibits
high degree of structural alignment (75%) and a low structural
difference (6.6 A) with crystallized analogs contained in PDB. For
Pxrla these parameters were even more defined (90% and 2.8 A
respectively; Figures 3B,C respectively). In particular, these giar-
dial molecules display maximal structural identity with bacterial
and archaeal template homologs: gNADHox with Lactobacillus
sanfranciscensis NADHox (PDB entry: 2cduB) and gPxrla with
Aeropyrum pernix Pxr (PDB entry: 3a2vA). When protein expres-
sion levels were determined, the two enzymes detected displayed
spots with higher intensity in all ABZ-resistant clones and the
WBR250 exhibited the highest increases. Thus NADHox was
overexpressed in the fold range of 2.7-3.1 and for Pxrla this
range was of 1.4-3.2 (Table 3). These results suggest that at least
two antioxidant enzymes are upregulated at the protein level in
ABZ-resistant clones.

mRNAs of Several Antioxidant Enzymes are
Upregulated in ABZ-resistant G. duodenalis
Trophozoites

Although we did not observe protein spots on the 2-D gels
corresponding to some antioxidant enzymes, this does not nec-
essarily imply that these proteins are absent since they may be
present at cellular levels too low for detection by this method.
Thus RT-PCR was used to examine the mRNA levels of the
genes encoding the antioxidant enzymes and two normalizer
genes (pdil and ubigq). As expected all the mRNAs from the
aforementioned loci could be amplified under the conditions
detailed in Table 1. The mRNAs for three out of four antioxi-
dant enzymes analyzed were upregulated in ABZ-resistant clones
(Figure 4). In the case of pxrla mRNA, the clones WBR1.35
and WBR250 displayed increases (>2-fold) that were slightly
higher than the one observed in clone WBR8. The increase for
nadhox mRNA was more pronounced in the clone WBR1.35
(~6-fold) while the remainder ABZ-resistant clones did not show
significant changes. The fdp mRNA exhibited an increase as fol-
lows: WBR1.35>WBR8>WBR250. In contrast, the sor mRNA

did not show significant changes among the clones. Among the
ABZ-resistant clones displaying mRNA overexpression in the
antioxidant enzymes, the WBR1.35 culture exhibited the highest
increases of these mRNAs.

The Antioxidant R-SH Pool Increases in G.
duodenalis Trophozoites Concomitantly with

the Degree of ABZ Resistance

Since the antioxidant repertoire of a cell usually comprises
enzymes and low MW thiols (R-SH), we were interested in ana-
lyzing the R-SH pool in the ABZ resistance model. The thiol
groups are antioxidant moieties localized in monomeric (e.g.,
cysteine) or oligomeric (e.g., glutathione) amino acids or com-
plex polypeptides that can react with the DTNB reagent. We
were able to determine the total free thiol pool in trophozoite
lysates using calibration curves with reliable accuracy (R* > 0.95,
Figure 5A). Furthermore, it was possible to detect the inter-
action of DTNB reagent with free intracellular thiols with low
backgrounds levels in these assays due to the use of sonica-
tion to lyze the cells. In Figure 5B are shown the micromolar
concentrations of R-SH groups per 1.2 x 107 trophozoites, a
cell amount useful to obtain detectable absorbance that could
be interpolated in the calibration curves (0.05-0.80). In these
assays there were statistically significant increases of R-SH levels
in all ABZ-resistant clones as compared to the ABZ-susceptible
counterpart. Interestingly, there was an increase in the steady-
state R-SH pool levels with increasing ABZ concentrations to
which ABZ-resistant cultures were adapted to grow. All together,
these data were consistent with the notion that ABZ elicits an
antioxidant response in ABZ-resistant trophozoites in which
antioxidant enzymes were over- expressed and the increase on
the R-SH pools might play an important role in the resistant
phenotype.

DISCUSSION

The pathogenic period of giardiasis involves the establish-
ment of trophozoites into the small intestine milieu of sus-
ceptible hosts and the attachment of parasites to the intesti-
nal epithelium. To survive in a hostile microenvironment,
trophozoites needs to cope with potentially cytotoxic factors
such as dietary microbicides, digestive enzymes, bile salts, fatty
acids, mucus as well as the innate or adaptive elements of
the host immune response. In this context, G. duodenalis is
able to display complex responses including antigenic varia-
tion, encystation and secretion of metabolic enzymes and pro-
teases (Ankarklev et al., 2010; Lujan, 2011). However, these
processes are usually bypassed when effective antigiardial com-
pounds are used (Harhay et al., 2010; Beech et al., 2011; Andrews
et al, 2014) since drugs are preferentially directed against
parasitic molecule(s) with crucial function in trophozoite sur-
vival.

Drug resistance in helminthic and protozoal species such as
benzimidazole- or ABZ-resistance has been recognized as a mat-
ter of concern in humans and livestock species. To date, the
B-tubulin locus in ABZ-resistant Giardia generated by in vitro

Frontiers in Microbiology | www.frontiersin.org

April 2015 | Volume 6 | Article 286 | 61


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Arglello-Garcia et al.

Antioxidant response in albendazole-resistant Giardia

C-score:0.29
TN-score:0.75 + 0.10
RMSD: 6.6 +4.0 A

FIGURE 3 | Determination of NADHox and Pxr1a overexpression in
ABZ-resistant G. duodenalis clones. Trophozoite lysates from clones
susceptible (WBDMF) and resistant (WBR1.35, WBR8, and WBR250) to ABZ
were separated by two dimensional gel electrophoresis (A) and the zones
matching the expected molecular weight and isoelectric point of NADHox
(dashed circle), FDP (circle), Pxr1a (dashed rectangle) and SOR (rectangle) were

Mr (kDa)

Cscore:1.31
TM-score:0.90 + 0.06
RMSD:2.8+20A

cut and processed by LC-MS/MS. Proteins detected and identified were
NADHox (B) and Pxr1a (C) and the protein model with the scores of quality
parameters is shown in the upper panel. The image analyses of protein spots in
representative gels of each clone displaying differential peak volumes are shown
in the lower panels. Ligands in protein models (ADP for NADHox and peroxide
ion for Pxr1a) are shown in ball conformation.

subculture is the most extensively model studied (Upcroft et al.,
1996; Argiiello-Garcia et al., 2009). Since mutations reported in
benzimidazole-resistant helminthes (F167Y, E198A, and F200Y)
are absent in the giardial p-tubulin locus, it is likely that other
mechanism(s) related to drug transport or metabolism are con-
tributing to the resistant phenotype. ABC like efflux transporters

(e.g., P-glycoprotein, PgP) are unlikely to be involved in ABZ-
resistant Giardia since this drug, along to MBZ, are not suit-
able substrates for PgP (Dupuy et al., 2010), and we observed
similar kinetics of ABZ accumulation between ABZ-susceptible
and -resistant trophozoites in this study (Figure 1B). Aside
from the direct interaction of ABZ with G. duodenalis B-tubulin
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TABLE 3 | Determination of protein expression levels of antioxidant enzymes in G. duodenalis clones susceptible and resistant to ABZ.

ID of protein spot ORF in GiardiaDB Sequence MW (kDa) Ip R1.35/DMF R8/DMF R250/DMF Expression
(GL50803) coverage (%)
NADH oxidase 33769 41 51.0 6.68 3.01 2.71 3.10 Overexpressed
Peroxiredoxin 1a 16076 5.7 21.0 5.34 1.42 1.45 3.29 Overexpressed
Flavodiiron protein 10358 ND 46.62 6.902 ND ND ND ND
Superoxide reductase GLCHRO1 ND 12.52 6.282 ND ND ND ND
@ Theoretical molecular weight (kDa) and isoelectric point (iP).
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FIGURE 4 | Determination of mRNAs of antioxidant enzymes analyzed clones (A). Semi-quantitative densitometry using housekeeping loci to
by PCR in ABZ-resistant G. duodenalis clones. Total RNA from normalize data showed differential patterns of mRNA overexpression in
trophozoites was reversely transcribed and the resulting cDNA was used to  ABZ-resistant clones for all antioxidant enzyme loci except sor (B). Data
amplify by PCR four test loci that included pxria, nadhox, fdp and sor and represent the mean values of three independent assays. M, size standards;
two housekeeping loci (pdi1 and ubiq). Amplicons of expected size were control, PCR in absence of reverse transcriptase using RNA from the
identified by agarose gel electrophoresis in ABZ-susceptible and —resistant WBDMF clone.

(MacDonald et al., 2004; Aguayo-Ortiz et al., 2013), these obser-
vations suggest an additional cytotoxic role of ABZ as pro-drug
against this parasite.

During ABZ metabolism, new cytotoxic species are generated
that may induce the development of resistance in Giardia tropho-
zoites to this drug. ABZ is a xenobiotic component that in living
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FIGURE 5 | Differential levels of the sulfhydryl pool in G. duodenalis
trophozoites susceptible and resistant to ABZ. (A) Representative
calibration curve using cysteine as standard including the corresponding linear
regression coefficients. (B) Levels of free thiols determined in the
ABZ-susceptible clone (open bar) and the ABZ-resistant clones (dark bars)
using samples of 1.2 x 107 trophozoites from each trophozoite culture. Data
are the mean + SD. of three independent determinations. *P < 0.05,

**p < 0.01.

cells is processed by phase I enzymes (most commonly flavin-
containing mono-oxygenases or cytochrome P4540-like,) which
insert two oxygen atoms in the sulfur atom at the 5-propylthio
group of ABZ in a two-step process (Souhaili-El Amri et al., 1988;
Moroni et al., 1995; Cvilink et al., 2009a). Cytochrome P450-like
gene families (e.g., CYP35) have been identified in helminthes
such as Caenorhabditis elegans (Menzel et al., 2005), but there
are no obvious CYP homologues from searching the GiardiaDB
genome database. The resulting sulphoxide (ABZSO) and sul-
phone (ABZSOO) metabolites still have a parasiticidal effect
albeit ABZSO may retain more potency than ABZSOO (Souhaili-
El Amri etal., 1988; Bartikova et al., 2010; Garcia-Rodriguez et al.,
2012). These oxidized species, particularly ABZSO, have been
reportedly detected in several helminthes (Cvilink et al., 2008,
2009a,b; Garcia-Rodriguez et al., 2012; Vokrdl et al,, 2013). The
present study is in agreement with a previous study in which
ABZ metabolites were detected in trophozoites by antibody-
based microscopy techniques (Oxberry et al., 2000) and confirms
that G. duodenalis has oxygenases that metabolize both ABZ
and ABZSO. Our results that show the greater accumulation of
ABZSO and ABZSOO in ABZ-susceptible Giardia as compared
to its ABZ resistant counterparts (Figures 1C,D), is in agree-
ment with recent studies in Haemonchus contortus where the

S-oxidation of ABZ determined by LC-MS/MS was also lower in
the resistant BR strain as compared to the susceptible ISE strain
(Vokrél et al., 2013). In this context, it is likely that ABZ-resistant
parasites have altered rates of drug metabolization aimed to avoid
ABZSO/ABZSOO levels reaching the cytotoxic levels observed in
ABZ-susceptible ones.

Albendazole could also be cytotoxic by the generation of
oxidative stress in parasites. This phenomenon has been sug-
gested to be induced by other anti-parasitic agents (Docampo,
1990). A hallmark of oxidative stress status is the excessive accu-
mulation of ROS such as oxygen (O3), superoxide anion (O, ™),
peroxide (0,72), hydrogen peroxide (H,O,), hydroxyl radi-
cal (OH), hydroxyl ion (OH™). These species are a result of
endogenous reactions from mitochondrial [superoxide dismu-
tase (SOD)] or membrane-associated (NADPH oxidase and 5-
lipoxygenase) enzymes or from exogenous agents (e.g., pollution,
radiation and xenobiotics including drugs). Cellular damage pro-
voked by ROS includes oxidative transformation of DNA, protein
aminoacids and lipid peroxidation associated to apoptotic or
necrotic cell death. The precise pathway of ROS production by
ABZ in mammals and parasites is yet unknown, hence a direct
participation of ABZSO and ABZSOO cannot be ruled out as
these are S-oxidized species. Moreover benzimidazoles are also
able to induce or modify the oxidative stress status in the host
(Locatelli et al., 2004; Dimitrijevi¢ et al., 2012). In G. duodenalis, a
microaerophilic organism, oxidative stress may be induced using
H,0;, drugs (metronidazole) as well as cysteine- and ascorbic
acid-depleted media. The damage observed varies according to
the inducing agent and include cell cycle blockade, apoptotic-like
processes (caspase-independent) and changes in gene expres-
sion profiles (Ghosh et al., 2009; Raj et al., 2014). In this study,
ABZ induced ROS accumulation in susceptible trophozoites as
did hydroperoxide, but ABZ had a more marked effect in cell
morphology (Figure 2A). Therefore, the evidence of oxidative
damage to DNA, lipids and proteins, as well as the cell death
process elicited by ABZ have been addressed by our group (publi-
cation in process). Moreover, the production of ABZ metabolites
warrants further studies since three of these metabolites have
been detected at distinct locations within ABZ-exposed tropho-
zoites (Oxberry et al., 2000). In contrast, oxidative stress was not
observed in ABZ-resistant trophozoites (Figures 2A,B), which
indicates that an antioxidant response that avoids accumulation
of both ABZ metabolites and ROS is associated to the resistant
phenotype.

Antioxidant responses are complex but well-orchestrated pro-
cesses that are evolutionarily conserved from bacteria to higher
eukaryotes. These usually involve enzyme systems and molecu-
lar antioxidants based on the tripeptide glutathione, single amino
acids as cysteine or the R-SH pool that are used to scavenge
toxic oxidants and radicals including ROS. G. duodenalis belongs
to one of the earliest lines of eukaryotic descent and lacks the
catalase, SOD, glutathione and glutathione-dependent reductases
and peroxidases. However, Giardia contains alternative antioxi-
dants such as (a) a NADH oxidase (NADHox) and a FDP (A-type
flavoprotein), that can detoxify O, from trophozoites to form
water (Brown et al., 1996; Di Matteo et al., 2008); (b) a SOR
that converts -O,~ into HyO, (Testa et al,, 2011); (c) 2-cys
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peroxiredoxins (Pxrla and Pxrlb) with ability to detoxify H,O;
to form oxygen and water (Mastronicola et al., 2014); and (d)
cysteine as the major molecular antioxidant. Based on a reverse
proteomics (effect-to-cause) strategy to search for the expression
of the aforementioned enzymes, two of these enzymes, namely
NADHox and Pxrla, could be detected and were found overex-
pressed in ABZ-resistant clones. Furthermore, the up-regulation
of NADHox, Pxrlaand FDP mRNAs in ABZ-resistant clones sug-
gest that FDP could be overexpressed at the protein level since
proteomics and RT-PCR assays gave qualitatively similar results
(Figures 3 and 4; Paz-Maldonado et al., 2013). The functional
significance of changes of expression of antioxidant enzymes (at
protein and mRNA levels) could reflect the levels of substrates
that are processed by these enzymes, or alternatively, by differ-
ences in total catalytical activities between ABZ-susceptible and
—resistant trophozoites. In the first scenario, the higher expres-
sion of NADHox, Pxrla and FDP is likely related to a requirement
to detoxify O, and H,O; under constitutive conditions in resis-
tant parasites while -O,~ levels are not increased under ABZ
exposure because SOR mRNA levels were virtually unchanged
(Figure 4). In the second scenario, the likely increased in the
total activity of antioxidant enzymes in ABZ-resistant Giardia
could be a process associated with resistance to ABZ and other
drugs in protozoa and helminthes (Cvilink et al., 2009a; James
et al., 2009; Vokial et al,, 2013). Collectively, these observations
support the notion that ABZ-resistance in Giardia is associated
with increased (mRNA or protein) levels of antioxidant enzymes
that could cope more efficiently with ROS levels generated during
ABZ-induced oxidative stress.

The role of the increased R-SH pool in antioxidant responses
and drug resistance has been scarcely studied albeit found in
mammalian cell lines, fungal and bacterial models (Cantoni et al.,
1994; Canovas et al., 2004; Song et al., 2013). The requirement
of Giardia for L-cysteine as a major constituent of its R-SH pool
is largely known. In ABZ-resistant trophozoites, the increasing
thiol pool observed with the increasing degree of ABZ resistance
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The control of Giardia duodenalis infections is carried out mainly by drugs, among
these albendazole (ABZ) is commonly used. Although the cytotoxic effect of ABZ usually
involves binding to B-tubulin, it has been suggested that oxidative stress may also play
a role in its parasiticidal mechanism. In this work the effect of ABZ in Giardia clones
that are susceptible or resistant to different concentrations (1.35, 8, and 250 wM) of this
drug was analyzed. Reactive oxygen species (ROS) were induced by ABZ in susceptible
clones and this was associated with a decrease in growth that was alleviated by cysteine
supplementation. Remarkably, ABZ-resistant clones exhibited partial cross-resistance to
HzOs, whereas a Giardia HpOg-resistant strain can grow in the presence of ABZ. Lipid
oxidation and protein carbonylation in ABZ-treated parasites did not show significant
differences as compared to untreated parasites; however, ABZ induced the formation of
80HJG adducts and DNA degradation, indicating nucleic acid oxidative damage. This
was supported by observations of histone H2AX phosphorylation in ABZ-susceptible
trophozoites treated with 250 uM ABZ. Flow cytometry analysis showed that ABZ
partially arrested cell cycle in drug-susceptible clones at G2/M phase at the expense of
cells in G1 phase. Also, ABZ treatment resulted in phosphatidylserine exposure on the
parasite surface, an event related to apoptosis. All together these data suggest that ROS
induced by ABZ affect Giardia genetic material through oxidative stress mechanisms and
subsequent induction of apoptotic-like events.

Keywords: Giardia duodenalis, albendazole, oxidative stress, DNA damage, apoptosis

Introduction

Giardia duodenalis is an intestinal parasitic protozoan that causes the infection known as giardiasis
which affects about 280 million people around the world; 500,000 new cases are reported each year
(Lane and Lloyd, 2002; Plutzer et al., 2010). This parasite is orally transmitted by the ingestion
of infective cysts. Once in the host’s stomach excystation occurs and trophozoites emerge. At
the duodenum the parasites replicate and colonize this portion of the intestine. Subsequently
trophozoites are transported by peristalsis to the jejunum and the ileum where encystation takes
place and mature cysts are expelled in the stool (Ankarklev et al., 2010; Watkins and Eckmann,
2014). The infection can be asymptomatic or present several clinical manifestations ranging from
mild to severe symptoms that include diarrhea, steatorrhea, post-prandial epigastric pain, anorexia,
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bloating, and flatulence (Rossignol et al., 2012; Nash, 2013).
Some infected patients may develop a chronic infection with
recurrent diarrhea, steatorrhea, malabsorption, weight loss, and
poor growth in children (Plutzer et al, 2010; Watkins and
Eckmann, 2014).

The control of this infection is mainly carried out by
treatment with chemotherapeutic agents. Among the drugs
used are components that belong to 5-nitroimidazoles
(e.g., metronidazole) and benzimidazoles (e.g., albendazole)
derivatives. Other drugs prescribed against Giardia include
nitazoxanide, furazolidone, paromomycin, and quinacrine
(Tejman-Yarden and Eckmann, 2011; Watkins and Eckmann,
2014). Among these drugs albendazole (ABZ) is given in massive
chemotherapy interventions against helminths based on its
relative safety, high efficacy, broad spectrum against helminths,
and low cost (Rossignol, 2010; Watkins and Eckmann, 2014).
Further ABZ has been used against Giardia, particularly when
metronidazole refractory cases occur (Lemée et al, 2000;
Solaymani-Mohammadi et al., 2010). The side effects of this
drug are rare but in some cases anorexia, constipation and
neutropenia have been reported (Dayan, 2003). The use of ABZ
is contraindicated during pregnancy due to possible teratogenic
effects, although such effects have not been entirely confirmed
(Gardner and Hill, 2001; Dayan, 2003).

In pharmacokinetic studies it has been determined that after
its absorption, ABZ is oxidized to its metabolites, sulphoxide
and sulphone, by cytochrome P450 and/or by flavin-dependent
oxidases (Dayan, 2003). The production of these metabolites has
been reported in Giardia after ABZ exposure (Oxberry et al,
2000; Argiiello-Garcia et al., 2015). It has also been reported that
in helminths and fungi ABZ selectively binds to four p-tubulin
sites, preventing its polymerization and affecting microtubule
stability which in turn inhibits mobility and transport of
molecules within the microorganism (Robinson et al., 2004;
Diawara et al., 2013; Watkins and Eckmann, 2014). In helminths,
ABZ-resistant parasites harbor hot-spot mutations in B-tubulin
encoding different amino acids, particularly at glutamate 198 and
phenylalanine 200 (Rossignol, 2010; Diawara et al., 2013; Hansen
et al., 2013). In Giardia, it has been established that hot-spot
amino acid mutations in B-tubulin are absent (Upcroft et al,
1996; Argtiello-Garcia et al., 2009) suggesting that the induction
of ABZ-resistant phenotypes involves different mechanisms.

Regarding ABZ resistance in Giardia, it has been reported
that resistant trophozoites display morphological changes,
particularly in the median body, despite the conserved amino acid
residues at positions 198 and 200 in B-tubulin (Chavez et al., 1992;
Upcroft et al., 1996; Argiiello-Garcia et al., 2009). On the other
hand, chromosomal rearrangements have been documented in
ABZ-treated parasites, although there is no evidence of a gene
or group of genes that may be affected during ABZ resistance
in this parasite (Upcroft and Upcroft, 2001). Previous studies
by our group suggest that diverse metabolic mechanisms may
be involved in the ABZ resistance in Giardia that could include
components of antioxidant and energy metabolism as well as
cytoskeletal changes in the parasite (Paz-Maldonado et al., 2013).

In this context, recent reports have suggested a direct
relationship between the use of ABZ and oxidative stress. In

a report in which ABZ was administered to rats in various
doses and times, oxidative stress was elicited particularly in
hepatocytes (Locatelli et al., 2004). Other studies have also
shown the ability of ABZ to induce oxidative stress in sheep
liver (Dimitrijevi¢ et al., 2012), and ABZ consumption may be
correlated with liver damage in humans (Nandi and Sarkar,
2013). In Dicrocoelium dendriticum, a fluke of veterinary and
human health importance, an increase in antioxidant enzyme
activity after ABZ exposure was identified (Bartikovd et al., 2010).
However, no reports on oxidative damage due to ABZ in other
parasites are available.

To determine in more detail the mode of action of ABZ in
Giardia, in this work we have assessed the induction of oxidative
stress by ABZ in G. duodenalis trophozoites by monitoring
reactive oxygen species (ROS) formation. Results identified ABZ-
induced oxidative stress in this protozoan. Oxidative damage
to the parasite’s DNA is associated with cell cycle arrest and
apoptosis. The consequences of this stress and its possible
relationship to ABZ resistance in Giardia are discussed.

Materials and Methods

Trophozoite Cultures, Growth of

ABZ-Resistant Clones and Obtention of
H,0,-Resistant Trophozoites

Giardia duodenalis trophozoites of the WB strain (ATCC#30957)
and ABZ-resistant clones were maintained in TYI-S-33 medium
supplemented with 10% adult bovine serum (HyClone) and
antibiotic/antimycotic solution (Thermo, USA) at 37°C (Keister,
1983) in 4.5 mL screw-capped vials. ABZ-resistant trophozoites
were selected by continuous subculture under increasing sub-
lethal concentrations of ABZ (Sigma cat. A-4673). When parasites
were adapted to each increase of drug concentration, cultures
were cloned by limiting dilution using the corresponding ABZ
concentration (Paz-Maldonado et al., 2013). Trophozoites were
sub-cultured twice a week under the continuous presence of
drug (for ABZ-resistant clones) and for the ABZ-sensitive clones
only in the presence of the vehicle (N, N-dimethylformamide;
DME Sigma). To obtain the H,O;-resistant parasites (ROX),
trophozoites were selected by continuous subculture under
increasing sub-lethal concentrations of H,O; (Sigma, USA). Vials
containing trophozoites were refilled to three-quarter capacity
and H,O;-resistant parasites were cultured as described above
for ABZ-resistant Giardia. Stock solutions (0.01-25 mM) of ABZ
in DMF or DMF alone were used in all assays. Oxidative stress
was induced by exposing the parasites to 100 M H,0O; and these
cultures were used as positive controls (Raj et al., 2013).

Determination of Trophozoite Growth

Trophozoite growth was assessed by the fluorescent tracer
SYTOX Green according to the manufacturer’s instructions
(Invitrogen, USA). Briefly, trophozoites were washed three times
in phosphate buffered saline (PBS) then suspended in lysis buffer
(6% SDS, 10 mM HEPES) using a Vortex shaker for 10 s.
A stock solution of SYTOX Green (5 mM) was added in a
1:5 v/v ratio and incubated for 10 min in the dark. The standard
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growth curve was obtained using variable numbers of lysed
trophozoites and absorbance values of each sample from non-
treated and treated trophozoites were determined in 96-well,
black-bottomed microtiter plates using a FACSCalibur reader
fitted with 504/525 nm excitation/emission filters (Gerphagnon
et al., 2013). Negative control absorbance values were obtained
from wells with no cells.

Detection of Reactive Oxigen Species (ROS) in
Trophozoites Incubated with ABZ or H,0,
Albendazole-sensitive trophozoites were incubated with ABZ
(1.35, 8, and 250 wM), Dimethylformamide (DMF referred as
vehicle) or H,O, (100 wM) as control for oxidative stress,
for 16 h at 37°C. ROS formation was assessed by Image-IT
LIVE Green Reactive Oxygen Species Detection Kit™ according
to manufacturer’s instructions (Life Technologies, USA). After
incubation, trophozoites were washed in PBS and suspended
in 25 pM 6-carboxy-2’,7’-dichlorodihydrofluorescein diacetate
(carboxy- H2DCFDA) at 37°C for 30 min. Then Hoechst 33342
was added at a final concentration of 1 WM for 5 min. Cell
fluorescence signals were detected at the end of the incubation
period in a Beckman FACSCalibur Flow Cytometer or in an
optical microscope using the BD FACSComp software.

Determination of Cross-Resistance to ABZ and
H>0, and Protection by Cysteine

The cross resistance between ABZ and H,O; was evaluated using
the ABZ-resistant and H,O,-resistant clones mentioned above.
The ABZ-resistant clones (R1.35, R8, R250) were exposed to 0,
25, 50, 75, and 100 wM H, O, for 24 h at 37°C. Cell number was
determined by SYTOX Green. Resistance to ABZ was determined
in ROX (H,O;-resistant) parasites which were exposed to 0.05,
0.1, 0.2, 0.4, and 0.8 M of ABZ for 24 h at 37°C. In control
cultures, ABZ or H,O, were not added. Cell number was also
determined using SYTOX Green. For cysteine protection assays,
ABZ-sensitive trophozoites were grown in TYI-S-33 medium
supplemented with different concentrations of cysteine (0.5, 1, 2,
or 4 mM). Then, trophozoites were incubated in the presence of
0.2 uM ABZ for 48 h at 37°C. Cell growth was determined by
SYTOX Green as indicated above.

Detection of Protein Carbonylation and Lipid
Peroxidation

Albendazole-sensitive trophozoites were incubated with DME,
ABZ (1.35, 8, and 250 uM) or H,O; (100 uM) for 24 h at 37°C.
Protein carbonylation was determined using a commercial kit
(Protein Carbonyl Assay, Cayman Chemical, USA). Trophozoites
were washed with PBS, suspended in lysis solution (50 mM
MES, 1 mM EDTA at pH 7.4) and lysed by three cycles
of freezing-thawing followed by centrifugation at 10,000 x g
for 10 min. Subsequently the protein was derivatized with
dinitrophenylhydrazine (DNPH) for 60 min in the dark, the
reaction was stopped with 20% trichloroacetic acid and samples
were centrifuged at 10,000 x g for 10 min. Then the samples were
washed three times with ethanol/ethyl acetate solution. Finally,
the proteins were suspended in guanidine hydrochloride and the
absorbance was determined at 450 nm (Krisko and Radman,

2010). The concentration of protein in the soluble fraction was
determined by absorbance at 280 nm.

For lipid peroxidation determination, after incubation with
compounds or vehicle a solution of 1-methyl-2-phenylindole in a
mixture of acetonitrile/methanol (3:1) was added to trophozoite
homogenates. For malondialdehyde (MDA) determination, the
reaction was initiated by adding HCl to a 37% v/v final
concentration and for the 4-hydroxynonenal (HNE) assay
methanesulfonic acid and FeCls at 34 uM (final concentration
each) were used. The absorbance at 586 nm was measured upon
incubation of the reaction mixture at 45°C for 40 min. For
each series of assays, the absorbance of a control containing
water instead of a sample was always subtracted. For each assay
homogenate, a control sample in which the reagent was replaced
by acetonitrile/methanol (3:1, v/v) was included. A standard
curve of trimethoxypropane was used in all assays (Gérard-
Monnier et al., 1998; Orozco-Ibarra et al., 2007).

Detection of DNA Fragmentation
Albendazole-sensitive trophozoites were incubated with different
concentrations of ABZ (1.35, 8 and 250 wM), DMF or H,0,
(100 wM) for 24 h at 37°C, then washed twice in PBS 1X
and incubated overnight at 42°C in a lysis solution (10 mM
Tris-HCl, pH 7.4, 10 mM EDTA, 150 mM NaCl, 0.4% sodium
dodecyl sulfate, and 200 pg/mL proteinase K). RNA was removed
by incubating samples with 20 mg/mL RNase A at 37°C for
30 min. The lysate was treated with phenol/chloroform (1:1) and
nucleic acids were precipitated at —20°C with 0.3 M sodium
acetate pH 7 and ethanol. After quantification, the extent of
DNA fragmentation was analyzed by electrophoresis on 1%
agarose/ethidium bromide gels (Ghosh et al., 2009).

Detection of Oxidative DNA Damage

DNA damage was assessed by immunofluorescence with an
anti-8-hydroxydeoxyguanosine (80HdG) monoclonal antibody
(Santa Cruz Technologies, USA). ABZ-sensitive trophozoites
treated with DMEF, different concentrations of ABZ (1.35, 8, and
250 wM) or H,O, (100 wM) for 16 h at 37°C were incubated for
1 h at 37°C on poly-L-lysine-coated (2 mg/ml) coverslips, rinsed
twice with PBS and fixed with a solution of methanol:acetone
(1:1 v/v) at —20°C. Fixed cells were treated with 0.05 N HCI for
5 min on ice, rinsed with PBS and washed with PBS containing
35, 50, and 75% ethanol consecutively for 3 min each time. DNA
was denatured in situ with 0.15 N NaOH in 70% ethanol for
4 min. The precipitate was rinsed twice with PBS and incubated
with 0.2 pg/ml Hoechst dye for 10 min. Subsequently parasites
were washed with PBS containing 75, 50, and 35% ethanol
consecutively in the presence of 4% formaldehyde for 2 min each
time. The samples were incubated in trypsin solution (49.5 mM
Tris base, 1 mM EDTA, 150.7 mM Na,HPOy, 14.9 mM K, HPOy,
0.1% trypsin at pH 7.2) for 10 min at 37°C and washed three
times with PBS. Trophozoites were then incubated for 30 min
with 1% bovine serum albumin (BSA) to block nonspecific
binding and incubated with mouse monoclonal anti- 8-OHdG
for 1 h. After a wash with PBS, cells were incubated for 1 h at
room temperature with goat anti-mouse IgG coupled to FITC
(Santa Cruz Technologies, USA). Samples were analyzed using a
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FIGURE 1 | Reactive oxygen species (ROS) are produced in Giardia
duodenalis trophozoites exposed to Albendazole (ABZ). ABZ-sensitive
Giardia strain (WB) was exposed to vehicle (DMF, A) and to 1.35 uM (B), 8 uM
(C), or 250 uM (D) of ABZ for 8 h at 37°C, then DCFDH was added to monitor
ROS production. In these experiments a control of intracellular ROS production
was included. In this WB trophozoites were incubated with 100 uM HxO» (E).
Trophozoites micrographs are as follows: top panels bright field (BF), middle
panel trophozoites’ nuclei stained with Hoechst and lower panel trophozoites

° WB+DMF o WB+1.35 uM ABZ ° WB+8 uM ABZ
S Mz & Mz
=2 .2 T .2 I ™1
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stained with DCFDH. The cells showed increased ROS production by ABZ
treatment in comparison to control cells with no drug. Bottom panels are ROS
production monitored by flow cytometry, the shift of fluorescence in X axis
indicates ROS production by live trophozoites (determined by Trypan blue
exclusion) at the highest ABZ concentration. The table shows population
percent in M1 (negative to ROS) and M2 (positive to ROS) according to flow
cytometry data. Micrographs are from representative results of at least three
experiments performed with independent batch cultures.

Zeiss microscope equipped with epifluorescence illumination as
previously described (Suzuki et al., 2006).

Detection of Protein-MDA Adducts and H2AX
Phosphorylation by Western Blot

Both protein-MDA adducts and histone H2AX phosphorylation
(at ser139) were evaluated by Western blot assays using specific
antibodies. In these, ABZ-sensitive trophozoites were incubated
with DME, different concentrations of ABZ (1.35, 8, and 250 uM)

or H,O, (100 wM) for 24 h at 37°C, washed with PBS tree
times and suspended in lysis buffer. Twenty microgram of
protein were analyzed by SDS-PAGE in 12% acrylamide gels
for the protein-MDA assay and in 15% acrylamide gels for
detection of H2AX phosphorylation. After electrophoresis, gels
were transferred to nitrocellulose membranes. Membranes were
blocked with PBS containing 0.1% Tween-20 and 1% skim milk
for 2 h at 37°C. After washing with Tris-buffered saline (TBS)
membranes were incubated with rabbit anti-MDA (Abcam, USA)
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Hoechst

DCFDH

FIGURE 2 | Intracellular localization of ROS production in G. dudodenalis
trophozoites exposed to ABZ. WB Giardia trophozoites were exposed to
DMF or to the indicated ABZ concentrations (from left to right: 1.35, 8, and

250 wM) for 8 h at 37°C. Cells were then incubated with DCFDH. Trophozoite
micrographs are as follows: (A) top panel: representative images of trophozoites
exposed to DMF (a,b) or to 250 uM ABZ (c,d) and then incubated with DCFDH.
Morphological changes in trophozoites (c BF) and ROS localization (d

A WB+DMF
; .
B WB+DMF WB+1.35 uM ABZ

 WB+250 M ABZ

i’ K? .

WB+8 uM ABZ WB+250 pM ABZ

%)
(=

epifluorescence illumination) are evident in ABZ treated cells. (B) Images of
representative individual cells. Top panel trophozoites” nuclei stained with
Hoechst, middle panel trophozoites incubated with DCFDH (epifluorescence
illumination) and lower panel merged cell images. At the lowest concentrations,
ROS production is restricted to nuclei, whereas at the highest ABZ
concentration, this is detected all over the cytoplasm. The micrographs are
representative of at least three independent experiments.

and rabbit anti-H2AX (Millipore, USA) antibodies for 1 h at
room temperature under constant shaking. Membranes were
washed and incubated with horseradish peroxidase-conjugated
mouse anti-rabbit IgG (Thermo, USA). Chemiluminescence
detection was performed with the Amersham ECL detection kit
according to manufacturer’s instructions (HofS$tetrova et al., 2010;
Moore et al., 2013).

Identification and Quantification of Apoptotic
and Necrotic Cells

The cells undergoing apoptotic or necrotic processes after ABZ-
or H,O, exposure were analyzed by flow cytometry in which
fluorescence by annexin V binding (green) and propidium iodide
(PI) uptake (red) were quantified. Positioning of quadrants on
annexin V/PI dot plots was analyzed according to the following
pattern: living cells (annexin V-/PI-), early apoptotic/primary
apoptotic cells (annexin V+4/PI-), late apoptotic/secondary
apoptotic cells (annexin V+4/PI4) and necrotic cells (annexin

V-/PI+). The assay was carried out using the Annexin
V-FITC Apoptosis Detection Kit (BioVision, USA) following the
manufacturer’s instructions. Briefly, cells were incubated with
DME different concentrations of ABZ (1.35, 8, and 250 uM) or
H,0; (100 wM) for 24 h. Then, trophozoites were centrifuged at
440 x g at 4°C and suspended in 500 pl of 1X binding buffer.
Cells were then incubated with 5 nl of annexin V-FITC and 5 pl
of PI (50 wg/ml) for 5 min in the dark at room temperature. The
FITC and PI fluorescence was measured with a FACS Calibur
Flow Cytometer equipped with an FL-1 filter (530 nm) and an
FL-2 filter (585 nm), respectively, in at least 10,000 events (Ghosh
etal., 2009) in each experiment.

Determination of Cell Cycle Stages in

G. duodenalis Trophozoites Exposed to ABZ

To determine the proportions of trophozoites at the different
cycle stages, nuclear staining with PI was coupled to flow
cytometry. In brief, ABZ-sensitive trophozoites were exposed to
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FIGURE 3 | Cross-resistance to ABZ and H,0, and cysteine (Cys)
protection in trophozoites exposed to ABZ. (A) Cross-resistance to
HoO, was evaluated in the ABZ-resistant clones R1.35 (black bars), R.8
(horizontal lined bars), and R.250 (vertical lined bars) previously obtained
in our group (Paz-Maldonado et al., 2013). Parasites were exposed to
the indicated HoO, concentrations for 24 h and the cell number was
determined by SYTOX Green. As control, wild type WB strain (white bars)
was incubated with the indicated H,O, concentration. (B) Cross-resistance
to ABZ in a HoO»-resistant G. dudodenalis. A HyOo-resistant Giardia
strain (ROX) was obtained by sub-culturing the WB strain in increasing
H>O» concentration for 6 months. Control WB (white bars) and ROX
(gray bars) trophozoites were exposed to the indicated increasing ABZ
concentrations for 24 h and the cell number was determined using the
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fluorescent tracer SYTOX Green. The ROX strain showed cross-resistance
to ABZ. (C) Cysteine protection of Giardia trophozoites exposed to ABZ.
WB trophozoites were incubated in growth medium with 0.5 mM (white
bar), 1 mM (lined up to the right bar), 2 mM (lined up to the left bar),
or 4 mM (boxed bar) of cysteine for 24 h and then trophozoites were
further incubated with 0.2 pM ABZ for 48 h. In all graphs the results are
the mean + SD of at least three independent experiments. In graphs
(B,C) * indicates p < 0.05 by ANOVA and Tukey's analysis in which
values obtained with WB trophozoites were compared with values
obtained in ROX trophozoites exposed to the different ABZ concentrations
(B). (C) Values obtained in WB trophozoites treated with 0.5 mM cysteine
were compared to values obtained in WB trophozoites treated with
different cysteine concentrations and then exposed to ABZ.

different concentrations of ABZ (1.35, 8, and 250 wM) for 4 h
at 37°C, washed with PBS and fixed 30 min with 70% ethanol
in PBS. Then cells were washed again and incubated in PBS
containing 0.1 mg/mL RNAase overnight at 4°C. Finally cell
pellets were washed, stained with PI (1 pM in PBS), washed and
resuspended in small volume (200-300 L) for analysis in a FACS
Calibur Flow Cytometer in at least 10,000 events per sample.
The histogram areas were identified as reported by Reaume et al.
(2013).

Statistical Analyses

All the data were obtained from at least three experiments and
where indicated the results are expressed as mean =+ SD.
Inter-group variation was assessed by one-way analysis
of variance (ANOVA) followed by Tukeys multiple
comparison test. Statistical significance was determined if
p <0.05.

Results

Intracellular ROS Formation
In some reports using animal models ABZ was shown to produce
oxidative damage (Locatelli et al., 2004; Bartikova et al., 2010).
In G. duodenalis oxidative stress damage has been induced using
pro-oxidant compounds such as H,O, (Ghosh et al., 2009; Raj
et al., 2013) in which intracellular ROS formation hallmarks
this phenomenon. ABZ-exposed parasites showed greater ROS
signals than parasites not exposed to the drug (Figure 1, top
panels). The effect was mainly detected at the highest ABZ
concentration tested (250 M), however, ROS formation could be
determined by flow cytometry at lower concentrations (Figure 1,
bottom panels).

To determine the localization of intracellular ROS formation
within the trophozoites confocal microscopy was used. In
these experiments the typical altered morphology caused by

Frontiers in Microbiology | www.frontiersin.org

August 2015 | Volume 6 | Article 800 | 73


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Martinez-Espinosa et al.

Albendazole and oxidative stress in Giardia

A
15+ *
i
(=]
E
© 10 -
E e
= -
g ! !
a 59
[
13
(&)
e,
0 T Y
LR
B ABZ concentration
0.3
z
0.2
e | T
-
S 0.1-
E ) -
0.0 T T
< N R R
& oY o° S N

ABZ concentration

FIGURE 4 | Oxidative damage to proteins in G. duodenalis
trophozoites exposed to ABZ. (A) Protein carbonylation in G. duodenalis
ABZ-sensitive trophozoites (WB) exposed to ABZ. Parasites were exposed to
vehicle (DMF white bars) or to different ABZ concentrations (1.35 nM black
bars; 8 wM horizontal lined bars; 250 wM vertical lined bars) for 16 h at
37°C. Control WB trophozoites were exposed to direct ROS damage with
100 uM H>O» (white and black boxes). Proteins from each sample were
obtained and were derivatized with DNPH for protein cabonylation
determination. DNP-protein adducts were detected by absorbance at
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trophozoites were exposed to the different ABZ concentrations as indicated
in (A). HNE or MDA were determined by absorbance at 586 nm. The values
in (A,B) are the mean &+ SD. *p < 0.05 by ANOVA and Tukey’s analysis in
which values obtained with trophozoites treated with the different ABZ
concentrations were compared to values obtained with the DMF treated
parasites. (C) MDA-protein adducts were detected by Western blot in the
same trophozoites samples treated with the indicated ABZ concentrations
using rabbit anti-MDA antibodies. At the bottom of panel (C) the Coomassie
blue stained gel is included and shows that similar protein amounts of each
sample were loaded.

Coomassie blue
stained (load
control)

benzimidazoles (Paz-Maldonado et al., 2013) was observed in
ABZ-treated trophozoites (Figure 2A top panel ¢). In these cells
ROS formation was also evident in most cells as determined by
fluorescent staining (Figure 2A top panel d). When individual
cells were observed the trophozoites 'nuclei were determined as
the primary site of ROS formation (Figure 2B) as judged by
fluorescent staining at low ABZ concentrations used (1.35 pM
and 8 wM). At the highest drug concentration used (250 wM)
there was a widespread distribution of ROS throughout the
trophozoite cytoplasm (Figure 2B middle panel).

Cross Resistance to ABZ and H,0, in Giardia
Trophozites

The ABZ-resistant clones, namely R1.35, R.8, and R.250
(Argtello-Garcia et al, 2009; Paz-Maldonado et al., 2013)

were used to determine whether cross-resistance to classical
oxidative stressor (H,O,) and ABZ was induced in the resistant
trophozoites. For this purpose the ABZ-resistant clones were
incubated under increasing concentrations of H;O,, and cell
growth was determined. In general the resistant clones R1.35
and R.250 showed a tendency to increased resistance to H,O;-
induced death in comparison to the ABZ-susceptible WB strain
(Figure 3A). A special case is the R8 resistant strain which
frequently behave, in this and other studies, as a “transition
state” between low and high ABZ resistance depending on the
parameter that is evaluated (see also Figure 6A; Argiiello-Garcia
et al., 2009; Paz-Maldonado et al., 2013)

Resistance to H,O, was achieved by using continuous
trophozoite subcultures under increasing concentrations of
H,0O,. Following this procedure for approximately 6 months, a
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WB+DMF

WB+1.35 uM ABZ

FIGURE 5 | Oxidative damage to DNA in G. duodenalis trophozoites
exposed to ABZ. Parasites of the WB strain were exposed to DMF, 1.35 uM,
8 uM, 250 M of ABZ or 100 uM of HoO» (the latter as control of ROS
damage) for 8 h at 37°C. Then trophozoites were fixed on slides and incubated
with the anti-8-hydroxydeoxyguanosine monoclonal antibody to detect modified

WB+8 uM ABZ

) . . . .

WB+250 uM ABZ WB+100 uM H,0,

nucleotides in DNA as described in materials and methods. Trophozoite
micrographs are as follows: top panel trophozoites’ nuclei stained with Hoechst;
lower panel reactivity of anti-8-hydroxydeoxyguanosine (80OHdJG) antibodies in
trophozoites’ nuclei (WB + 8 pM ABZ) and cytoplasm (WB + 250 uM ABZ).
The figures are representative of at least three independent experiments.

strain displaying resistance to 75 wM H;O; was obtained (ROX).
This strain was incubated in the presence of ABZ showing a
significantly higher growth rate as compared with the H,0,-
susceptible WB strain (Figure 3B).

Cysteine Increases Tolerance to ABZ in the

Drug Treated Trophozoites

Giardia duodenalis possesses a bacterial-like antioxidant
metabolism in which cysteine is the major antioxidant thiol
instead of glutathione. To test if increased levels of extracellular
cysteine may confer increased tolerance to the drug in ABZ-
susceptible trophozoites, these clones were incubated in
culture media containing different cysteine concentrations and
subsequently ABZ at 0.2 wM was added and after 48 h-incubation
trophozoite growth was measured. As a result, parasites
incubated at cysteine concentrations higher than 1 mM showed
higher growth after ABZ exposure than those incubated at lower
concentrations of this amino acid (Figure 3C). These results
suggest that cysteine may help to contend the ROS damage upon
ABZ exposure.

Damage to Biomolecules after ABZ Exposure

in G. duodenalis Trophozoites

The formation of intracellular ROS may trigger oxidative
damage to various biomolecules such as proteins, lipids, and
DNA. Protein carbonylation was determined in ABZ-sensitive
trophozoites exposed to increasing ABZ concentrations. As can
be seen in Figure 4A, a consistent but not statistically significant
increase in protein carbonylation correlated with the increase in
drug concentration, confirming the presence of oxidative damage
by ABZ treatment in cellular proteins of G. duodenalis.

The levels of lipid peroxidation in healthy cells are maintained
under controlled limits but these can be affected, i.e., increased,
when cells are treated with pro-oxidant xenobiotics. This process
leads to the formation of some intermediates such as MDA
and HNE. The determination of such intermediates was carried
out after ABZ exposure of drug-sensitive trophozoites. In both
cases there was not a significant change in ABZ-treated parasites
as compared with untreated cultures contrary to the drug
susceptible clones exposed to H,O; used as a control (Figure 4B).
This observation was further corroborated using antibodies
detecting MDA-protein adducts which displayed more intense
staining only when drug susceptible trophozoites were exposed
to H,O, (Figure 4C).

Oxidative damage to DNA by ABZ treatment was determined
by immunocytochemistry assays using antibodies against 8-
OHJG. In these, a significant increase in intranuclear staining,
denoting 8-OHdG-containing DNA in ABZ-treated cells was
observed (Figure 5). At the highest drug concentrations used
(250 M) the fluorescent signal was observed in nucleus and
the entire cytosol displayed a diffuse pattern with a punctuated
pattern in some regions within the trophozoites (Figure 5).

Characterization of DNA Damage in

G. duodenalis Trophozoites Induced by ABZ

From the previous observations we concluded that ABZ caused
a preferential oxidative damage at the DNA level over other
biomolecules which could be severe as judged by the extra
nuclear 8OHAG detection at higher ABZ concentrations. To
assess damage to DNA integrity, genomic DNA was purified from
control and ABZ-exposed trophozoites and analyzed in agarose
gels to assess its integrity (presence of a high-sized band) or
partial/total degradation. As shown in Figure 6A, genomic DNA
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FIGURE 6 | DNA fragmentation and histone H2AX phosphorylation in concentrations of ABZ (B). Histone H2AX phosphorylation was determined in
G. duodenalis trophozoites exposed to ABZ. (A) WB strain trophozoites total extract obtained from G. duodenalis WB trophozoites that were exposed to
(WB) were exposed to 1.35, 8, and 250 uM of ABZ or to 100 uM of HyOs in DMF and to different ABZ concentrations (from left to right: 1.35, 8, and
parallel with the resistance clones (R1.35, R.8, R.250) and the HoO»-resistant 250 wM) for 16 h at 37°C. The reactivity of H2AX phosphorylation was
strain (ROX) which was exposed only to 8 wM of ABZ. Then the cells were determined by Western blot using rabbit anti-H2AX antibody. In the bottom of
incubated for 16 h at 37°C. Total DNA was extracted, treated with RNAse and panel (B) the 15 kDa region of the Coomassie blue stained gel used as a load
analyzed in agarose gels. DNA degradation zone is shown by an arrow. DNA control is shown. The figures are representative of at least three independent
degradation was mainly observed in the WB strain treated with the different experiments.

was broken down in ABZ-exposed trophozoites as determined
by the presence of diffuse and low molecular weight bands. This
DNA degradation was absent or present at a lesser extent in the
ABZ- and ROX-resistant strains. To further confirm the damage
to the double stranded DNA, anti-histone H2AX antibodies were
used. This protein becomes phosphorylated upon DNA double-
strand break. In Figure 6B it is shown that exposure of parasites
to the highest ABZ concentration (250 uM) induced a H2A signal
indicating damage to DNA. The level of phosphorylated Giardia
H2A was proportional to the DNA damage, therefore the signal
was better observed at the highest concentration of ABZ.

ABZ Induces Apoptosis-Like Death and Partial

Cell Cycle Arrest in G. duodenalis Trophozoites

To determine if ABZ causes necrosis or an apoptotic-
like phenomenon, the translocation of phosphatidylserine in
ABZ treated trophozoites was detected using anti-annexin V
antibodies as a specific marker of early apoptosis. Trophozoites
exposed to ABZ displayed a significant increase in annexin V

staining. At higher drug concentration a significant number of
cells positive to both markers indicated a process of cell death
involving late apoptosis and necrosis (Figure 7). In further
experiments the trophozoites nuclei were stained with PI to assess
if ABZ exposure may alter the cell cycle progression between
control and ABZ-exposed trophozoites. As can be observed in
Figure 8, ABZ produced a noticeable and consistent decrease
in the G1 subpopulation (yellow area, from 14.6% in vehicle-
treated cells to 2.7% in 250 uM ABZ-treated cells), a slight
decrease in the S-phase subpopulation in 1.35 puM ABZ-treated
cells as compared to DMF-treated cells (stripped area, from
27 to 22.1%, respectively) and a moderated increase in G2
subpopulation between these same samples (blue area, from
61.0 to 69.9%, respectively). The cells treated with 8 uM ABZ
displayed a similar distribution to the one observed in the
population exposed to 250 WM ABZ. These data suggest that
cytotoxic ABZ concentrations allow only a partial G1—S— G2
transit in cells in a pattern (G2 >> S > G1 > M) that indicates
an arrested state at the G2/M phase boundary.
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FIGURE 7 | Albendazole induces apoptosis-like death in Giardia. Annexin
V binding in the parasite’s cell surface (as indicator of early apoptosis) was
detected as a consequence of translocation of phosphatidylserine to the
plasmatic membrane (middle panel). The parasites were exposed to DMF (A),
1.35 uM (B), 8 M (C), 250 uM (D) of ABZ for 16 h at 37°C. Then annexin
V-FITC and PI (indicator of late apoptosis and necrosis) were added to the
medium. Trophozoites™ micrographs are as follows: top panel: in BF; bottom
panel: trophozoites stained with annexin V-FITC and PI. The FITC and PI
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fluorescence was determined using a FACS Calibur Flow Cytometer. Data
shown in the figure are as follows: quadrant R1 are cells positive for necrosis;
quadrant R2 are cells positive for necrosis and apoptosis; quadrant R3 are cells
negative for both markers; quadrant R4 are cells positive for early apoptosis. As
control, flow cytometry was performed with WB cells exposed to 200 uM HyOo.
The figures are representative of at least three independent experiments. The
table shows population percent in each quadrant according to flow cytometry
data.

Discussion

Parasitic diseases by protozoa and helminths represent a serious
health problem worldwide. The control of the infections caused
by these parasites is carried out mainly by drug treatment.
The drug ABZ is a broad spectrum benzimidazole with an
anti-helminthic effect and its low cost makes this drug a
suitable candidate for mass drug administration programs to
deworm children in countries where giardiasis is endemic as
well. However, up to five 400 mg doses are needed to clear
infections by G. duodenalis, limiting the utility of these campaigns
to diminish burdens of giardiasis. Also, the use of suboptimal

doses may engender and disseminate ABZ-resistant Giardia
(Tian et al., 2010; Watkins and Eckmann, 2014). Likewise many
parasites including Giardia exhibit cross-resistance to diverse
drugs. Therefore, it is essential to understand the mechanisms
involved in the toxicity of the drugs used; this understanding
can help to devise high efficiency regimes and new and effective
drugs against resistant strains (Watkins and Eckmann, 2014).
Understanding the mechanisms of the effects of ABZ on Giardia
will also help to define at least in part, the ABZ toxicity reported in
some patients particularly in the liver, as well as other side effects
such as possible teratogenisis (Dayan, 2003; Nandi and Sarkar,
2013).

Frontiers in Microbiology | www.frontiersin.org

August 2015 | Volume 6 | Article 800 | 77


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Martinez-Espinosa et al.

Albendazole and oxidative stress in Giardia

Counts {(events)

™
e

g Plfluorescence (channels)

+ 8 uM ABZ

1000H

Counts (events)

; TR
| A A IS IS A ST A

Pl fluorescence (channels)

FIGURE 8 | Cell cycle stages determined by flow cytometry analysis in
G. duodenalis trophozoites exposed to ABZ. Parasites were exposed to
DMF (control) and to different ABZ concentrations (1.35, 8, and 250 uM) for 4 h
at 370C. Then cells were stained with propidium iodide (Pl) and PI fluorescence
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was measured using a FACS Calibur Flow Cytometer and fitted with a FL-2 filter
(5685 nm). Cells in the G1 (yellow area), G2 (blue area), S (stripped area), and M
(indicated as 16C) cell cycle phases are as indicated with red arrows. The
figures are representative of at least three independent experiments.

In this context, the mechanisms of ABZ action have been
studied mainly in helminthic parasites and information in
protozoans is limited. The main mechanism of ABZ action
involves binding to B-tubulin causing the destabilization of the
cytoskeleton. In this regard, resistance to ABZ has been associated
with point mutations in this protein and so far other effects of
ABZ have received little attention. Some studies in mammalian
cells have correlated the use of ABZ to the presence of oxidative
stress. Since the susceptibility of many parasites to oxidative stress
has been reported (Pal and Bandyopadhyay, 2012), in this study
we have evaluated the capacity of ABZ to induce oxidative stress
in the protozoan parasite G. duodenalis.

The results indicated that ABZ exposure induced
intracellular ROS formation in drug susceptible trophozoites

and interestingly ROS were detected mainly in the nuclei.
Therefore, oxidative-stress caused by ABZ can be part of
the cytotoxic effect of this drug in Giardia. An important
aspect to be addressed in future studies is to determine which
ROS are involved as well as the mechanisms inducing their
formation.

Since ABZ cytotoxicity was herein related to oxidative
stress, another pro-oxidant molecule (H,O,) was evaluated.
Of note, a partial degree of cross-resistance to this agent was
detected in the ABZ-resistant clones suggesting that similar
antioxidant responses may be induced by each compound.
This correlation between drug resistance and antioxidant
response has also been suggested in drug resistant Leishmania
strains (Berg et al, 2015) and in other pathogens such as
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Plasmodium and Pseudomonas (Lehane et al., 2012; Poole, 2014).
The phenomenon of cross-resistance in Giardia to different
drugs including metronidazole and ABZ has already been
reported (Miiller et al, 2007) although the causes of this
have not yet been fully elucidated. The protection conferred
by cysteine in ABZ-treated trophozoites further suggests that
this drug induces some toxicity through oxidative stress thus
cysteine may provide a reductive environment, however, the
mechanisms involved in this protective effect remains to be
elucidated. Interestingly in a recent study of our group, a
set of antioxidant enzymes present in Giardia (e.g, NADH
oxidase, flavoprotein-A, superoxide reductase, peroxiredoxins,
Li and Wang, 2006; Mastronicola et al., 2014) have shown an
increased expression along to increased intracellular cysteine
concentrations in the ABZ-resistant clones used in this
study (Argiiello-Garcia et al., 2015). Other processes as drug
metabolization could also play a role in resistance because
Giardia apparently has metronidazole-activating enzymes (nitro
reductases; Pal et al., 2009) and ABZ metabolites (sulphoxide
and sulphone) have been detected in this parasite (Oxberry
et al, 2000). Interestingly these are accumulated in lower
levels in the ABZ-resistant clones (Argiiello-Garcia et al,
2015).

Regarding the damage promoted by ABZ in trophozoites,
two interesting findings were observed: (a), the lack of lipid
peroxidation and protein carbonylation, and (b) the presence
of DNA damage as a main mechanism of the cytotoxic
effect of ABZ. The lack of lipid peroxidation may be due
either to the fact that Giardia uptakes lipids and cholesterol
from exogenous sources, to the unique lipid metabolism in
this parasite, or to the nuclear localization of ROS that
may limit damage to membrane-associated lipid metabolites
(Gibson et al., 1999; Das et al, 2002). Moreover, protein
carbonylation, an irreversible oxidative damage, showed only a
tendency (not statistically significant) to increase when high ABZ
concentrations were used, despite being easily detected when
the parasites were treated with H,O,. Although carbonylation
is an important marker for protein damage, it will also be
important to analyze if other mechanisms of oxidative damage
to proteins (Moller et al.,, 2011) may occur in the ABZ treated
trophozoites.

The detection of 80OHdG adducts, together with DNA
degradation in ABZ exposed trophozoites indicated that the DNA
was the most affected molecule by the pro-oxidant action of ABZ.
The in vitro damage of DNA by drugs such as metronidazole
has been recently shown in Giardia (Uzlikova and Nohynkova,
2015). Other redox active drugs such as benzinidsazole and
hydroxymethylnitrofurazone have been reported to affect mainly
DNA (Davies et al, 2014), a pattern commonly present in
necrosis. Further evidence of DNA damage in ABZ-treated
trophozoites included histone H2AX phosphorylation that
indicates a repair signal after DNA double strand break. In
particular, H2AX phosphorylation observed in parasites treated
with 250 WM ABZ could be due to the cell damage induced by the
drug. Thus, phosphorylation of histone H2AX will be activated
upon damage of trophozoites by ABZ. As shown in Figure 7,
a process of necrosis appears particularly significantly when the

parasites are exposed to 250 wM and in this condition H2AX
phosphorylation occurs.

In other parasites such as Toxoplasma gondii, the
phosphorylation of H2AX has been correlated with loss of
pathological potential and reduced growth rates (Vonlaufen
etal., 2010). It is worth mentioning that the typical ladder pattern
of DNA degradation observed in Giardia exposed to ABZ was
not entirely similar to the one associated with apoptosis in other
organisms or as commonly present in necrosis (Bagchi et al,
2012). Thus the DNA degradation pattern correlates with an
apoptotic-like phenomenon present in G. duodenalis. Indeed, the
detection of phosphatidylserine translocation to the outer side of
the cell membrane suggested an apoptotic-like event.

Our findings resemble studies reported by others regarding an
apoptotic-like process in Giardia when it is exposed to classical
inducers of oxidative stress and to metronidazole (Bagchi et al.,
2012). Interestingly a partial arrest in S and G2 phases of the cell
cycle was observed in ABZ-exposed trophozoites that correlate
with the induction of oxidative stress and an apoptotic-like
process. It is noteworthy that the cell cycle arrest is not complete
and this allows a portion of the cell population to continue
through the cell cycle. The effect of different drugs on the Giardia
cell cycle has been reported to show different phenomena,
including partial arrest in different cell cycle stages depending on
the drug under study (Reaume et al., 2013). In our work, ABZ-
treated trophozoites showed a pattern consistent with Giardia
trophozoites displaying incomplete cytokinesis upon exposure to
microtubule-acting compounds (Mariante et al., 2005).

In summary, this work demonstrated that ABZ induces the
formation of intracellular of ROS in G. duodenalis leading to an
oxidative stress status where the main affected biomolecule is
DNA. This damage involves the formation of 80HdG adducts
and double-strand DNA break. This damage in turn leads
to cell cycle dysregulation and eventually apoptotic-like cell
death. These observations allow us to expand our understanding
on the cytotoxic mechanism of ABZ in Giardia and opens
future directions to a rational drug design for giardiasis,
considering antioxidant responses as likely mechanisms of
multidrug resistance. In this context, generating ROS or
inhibiting endogenous antioxidant enzymes would be a rational
approach to developing new anti-Giardia drugs as previously
proposed for other parasites (Pal and Bandyopadhyay, 2012).
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The flagellated protozoan Giardia duodenalis is a worldwide parasite causing giardiasis,
an acute and chronic diarrheal disease. Metabolism in G. duodenalis has a limited
complexity thus making metabolic enzymes ideal targets for drug development.
However, only few metabolic pathways (i.e., carbohydrates) have been described
so far. Recently, the parasite homolog of the mitochondrial-like glycerol-3-phosphate
dehydrogenase (gG3PD) has been identified among the interactors of the g14-3-
3 protein. G3PD is involved in glycolysis, electron transport, glycerophospholipids
metabolism, and hyperosmotic stress response, and is emerging as promising target in
tumor treatment. In this work, we demonstrate that gG3PD is a functional flavoenzyme
able to convert glycerol-3-phosphate into dihydroxyacetone phosphate and that its
activity and the intracellular glycerol level increase during encystation. Taking advantage
of co-immunoprecipitation assays and deletion mutants, we provide evidence that
gG3PD and g14-3-3 interact at the trophozoite stage, the intracellular localization
of gG3PD is stage dependent and it partially co-localizes with mitosomes during
cyst development. Finally, we demonstrate that the gG3PD activity is affected by
the antitumoral compound 6-(7-nitro-2,1,3-benzoxadiazol-4-ylthio)hexanol, that results
more effective in vitro at kiling G. duodenalis trophozoites than the reference drug
metronidazole. Overall, our results highlight the involvement of gG3PD in processes
crucial for the parasite survival thus proposing this enzyme as target for novel antigiardial
interventions.

Keywords: Giardia duodenalis, FAD-dependent glycerol-3-phoshate dehydrogenase, 14-3-3 protein, energy
metabolism, mitosome, encystation, NBDHEX, nitroreduction

Frontiers in Microbiology | www.frontiersin.org

June 2015 | Volume 6 | Article 544 | 82


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://dx.doi.org/10.3389/fmicb.2015.00544
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3389/fmicb.2015.00544
http://journal.frontiersin.org/article/10.3389/fmicb.2015.00544/abstract
http://community.frontiersin.org/people/u/184997
http://community.frontiersin.org/people/u/218988
http://community.frontiersin.org/people/u/240264
http://community.frontiersin.org/people/u/240187
http://community.frontiersin.org/people/u/234776
http://community.frontiersin.org/people/u/213536
http://community.frontiersin.org/people/u/240236
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Lalle et al.

The gG3PD of Giardia duodenalis

Introduction

The flagellated protozoan Giardia duodenalis (syn. lamblia,
intestinalis) is a parasite of the upper part of small intestine of
mammals, including humans. Infection with G. duodenalis causes
giardiasis, one of the most common foodborne and waterborne
gastroenteric diseases (Halliez and Buret, 2013; Ryan and Caccio,
2013). The parasite has a simple two-stages life cycle consisting of
the trophozoite, that replicates and colonizes the host intestine
causing symptoms, and the cyst, the environmentally resistant
stage that is spread with feces and is responsible for transmission
of the infection. Generally, infection is acquired by ingestion of
cysts in contaminated water and food or by the fecal-oral route
(Ryan and Caccio, 2013). Clinical symptoms of giardiasis can
vary from asymptomatic infection to acute and chronic diarrhea,
ultimately leading to chronic post-infectious gastrointestinal
complications, including irritable bowel syndrome and chronic
fatigue (Halliez and Buret, 2013). Up to date, no human
vaccine for giardiasis is available and treatment relies only on
a limited panel of effective approved drugs. Nitroheterocyclics,
such as metronidazole (MTZ) and nitazoxanide (NTZ), are the
antigiardial drugs of choice. Unfortunately, treatment failure
has been reported in 10-20% of cases and strains resistant
to different compounds have been either clinically isolated or
induced in vitro (Lalle, 2010; Watkins and Eckmann, 2014).
In this scenario, alternative, safe, and effective therapies are
required.

Giardia duodenalis has a peculiar energy metabolism. It is a
microaerophilic organism that, instead of mitochondria, contains
mitosomes, highly reduced mitochondria-derived organelles
which sole function seems to be restricted to Fe-S cluster
biosynthesis (Tovar et al., 2003; Jedelsky et al., 2011). Energy
is then generated by substrate level phosphorylation and
fermentation occurring in the cytoplasm or at the inner side
of the plasma membrane (Adam, 2001). In terms of sequence
similarity, these metabolic pathways of G. duodenalis consist of a
mixture of eukaryote-like and bacteria-like enzymes. Therefore,
energy and intermediate metabolism of G. duodenalis have
been shown to provide opportunities to identify novel and
effective compounds, as well as potentially interesting targets
by means of high-throughput drug screening and target-based
drug design (Miiller and Hemphill, 2013; Watkins and Eckmann,
2014).

We recently detected a putative glycerol-3-phosphate
dehydrogenase/flavin-dependent ~ oxidoreductase  (gG3PD,
GL50803_16125) of G. duodenalis among proteins interacting
with the parasite 14-3-3 isoform, gl4-3-3 (Lalle et al, 2012).
The 14-3-3s are a family of highly conserved eukaryotic
phosphoserine/phosphothreonine-binding  proteins ~ which
participate to the regulation of key cellular processes by
direct interaction with 100s of target proteins (Gardino and
Yaffe, 2011; Kleppe et al, 2011). The characterized gl4-
3-3 interactome provides evidences that gl4-3-3 can be
involved in parasite energy metabolism, as supported by the
identification and confirmation of components of both the
glycolytic/gluconeogenetic pathway and pyruvate metabolism
(Lalle et al., 2012).

Flavin adenine dinucleotide (FAD)-dependent glycerol-3-
phosphate dehydrogenase (G3PD, EC 1.1.5.3) is a key enzyme at
the crossroad of glycolysis, redox, and fatty acid metabolism, in
both prokaryotes and eukaryotes. G3PD catalyzes the oxidation
of glycerol-3-phosphate (G3P) to dihydroxyaceton phosphate
(DHAP) with simultaneous reduction of FAD to FADH, and
transfer of electrons to quinones (e.g., ubiquinone; Unden and
Bongaerts, 1997; Mracek et al., 2013). In eukaryotes, a single
subunit enzyme (mG3PD, 69-75 kDa) is strongly associated, as
peripheral protein, with the outer face of the inner mitochondrial
membrane (Janssen et al, 2002; Mracek et al, 2013). The
mG3PD has multiple functions: (i) it forms the glycerophosphate
shuttle in combination with the cytosolic NADH-dependent
G3PD (cG3PD, EC 1.1.1.8) to re-oxidize the cytosolic NADH
produced by glycolysis; (ii) it is part of the mitochondrial
respiratory electron transport chain (ETC) channeling electron
to quinone pool and bypassing Complex I; (iii) it regulates the
cytosolic level of G3P (Bell and Coleman, 1980; Mrécek et al.,
2013). Prokaryotes harbor two distinct membrane-associated
FAD-dependent G3PDs, both necessary for bacterial growth
in presence of glycerol or G3P as sole carbon source, and
represent key primary dehydrogenases transferring reducing
equivalents to a short respiratory ETC with different terminal
reductases and electron acceptor (O, nitrate, or fumarate; Unden
and Bongaerts, 1997). The homodimeric GlpD is associated
with the cytoplasmic side of plasma membrane, shows 30-
33% homology with eukaryotic mG3PD, and is expressed under
aerobic conditions when O; is the terminal acceptor (Walz et al.,
2002; Yeh et al.,, 2008). The heterotrimeric GlpACB is induced
under anaerobic conditions, with fumarate as terminal acceptor
(Cole et al., 1988; Varga and Weiner, 1995): it forms a functional-
associated complex with fumarate reductase and contributes to
generate a proton gradient across the membrane via an associated
ETC (Miki and Wilson, 1978). The GlpAC heterodimer (62 and
41 kDa, respectively) is the soluble catalytic subunit, containing
the FAD and FMN binding sites (Cole et al., 1988). The GlpB
(44 kDa) subunit, that contains a ferredoxin-type (4Fe-4S) cluster
binding motif, anchors the GIpAC dimer to the inner cytoplasmic
membrane and mediate the transfer of reducing equivalent to the
menaquinone pool and finally to the fumarate reductase (Varga
and Weiner, 1995).

The G3PDs are also involved in pathogenicity as a source of
reactive oxygen species (ROS). The mG3PD has been implied in
the establishment of a pro-oxidative environment that promotes
the fast growth of undifferentiated tumors (Chowdhury et al.,
2007; Mracek et al., 2013), whereas the oxidase activity of GlpD of
Mycoplasma sp. seems to be crucial for the pathogenicity, leading
to high levels of H,O5, and host cell damage (Grof3hennig et al.,
2013).

In the present work, we investigated gG3PD expression,
activity, and cellular localization in the G. duodenalis trophozoite
stage and during the encystation process. Moreover, we
demonstrated that the antitumoral compound [NBDHEX, 6-
(7-nitro-2,1,3-benzoxadiazol-4-ylthio)hexanol] is an effective
antigiardial compound that negatively affected gG3PD activity.
Overall, our results pointed out the role of gG3PD in biological
processes crucial for the parasite survival, thus suggesting that
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this enzyme could represent a good candidate for targeted
antigiardial interventions.

Materials and Methods

Chemicals

The NBDHEX was synthetized as previously described (Ricci
et al, 2005). MTZ, FAD disodium salt, sn-g3p, phenazine
methosulfate (PMS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylt
etrazolium bromide (MTT) were from Sigma-Aldrich (St. Louis,
MO, USA).

Parasite Cultivation, Differentiation, and
Transfection

The G. duodenalis isolate WB clone C6 (WB-C6) was axenically
grown in TYI-S-33 medium at 37°C and differentiation into
cyst (encystation) was induced in TYI-S-33 medium containing
5 mg/ml of bovine bile at pH 7.8 for the indicated time (Schupp
et al., 1988). Parasites were collected by chilling tubes on ice
and centrifugation at 800 x g. Transgenic lines were generated
by trophozoite electroporation with 15 pg of plasmid DNA and
selected and maintained under constant selection with 100 uM
puromycin (Invivogen, Toulouse, France).

Vector Construction

Escherichia coli BL21-DE3 competent cells were used. The full-
length sequence of gG3PD (accession number GL50803_16125),
the gG3PD N-terminal (nucleotide 3-1590; gG3PD_N), and
the C-terminal half (nucleotide 1569-3333; gG3PD_C), were
PCR amplified from the G. duodenalis WB-C6 genomic DNA,
prepared as previously described (Lalle et al., 2012). The primers
used and their combinations are reported in Table 1. Reactions
were performed on a T-Personal Thermocycler (Biometra,
Gottingen, Germany) using 100 ng of gDNA, 10 units of high
fidelity Pfu turbo DNA polymerase (Agilent Technologies, Santa
Clara, CA, USA), 50 uM dNTP, 20 pmols of each primer in
50 pl of reaction mixture. Amplification conditions were: 1
cycle at 95°C for 2 min; 30 cycles at 95°C for 30 s, 58°C for
30 s, and 72°C for 30 s; and 1 cycle at 72°C for 7 min. PCR
fragments were cloned either in the BamHI/PspOMI digested
pTUB-FLAG_HApac vector (Lalle et al., 2012) for expression
in G. duodenalis, or in the BamHI/NotI digested pQ30 vector
(Qiagen, Germany) for expression in bacteria as N-terminal
6xHIS-tagged fusion protein.

Expression and Purification of the

Recombinant Proteins

Transformed E. coli were grown in SOB medium and
recombinant proteins expression was induced at ODggp = 0.6,
with 0.5 mM isopropyl-thio-B-D-galactoside at 37°C for 4 h.
All 6xHIS-fused proteins were purified under native condition
by affinity chromatography on nickel resin (Qiagen) and eluted
with 250 mM imidazole (pH 8.0). Proteins were dialyzed against
PBS (140 mM NaCl, 2.7 mM KCl, 10 mM Na,HPOy, 1.8 mM
KH,POy4, pH 7.4) using Slide-A-Lyzer dialysis cassettes (cut-
off 3.5 kDa, Thermo Fisher Scientific, Rockford, IL, USA).
The protein concentration was determined by Bradford assay
(Thermo Fisher Scientific) and proteins were stored at —70°C
until use.

Production of Polyclonal Antibodies

Purified HIS-gG3PD fusion protein was used to immunize
intraperitoneally two BALB/c mice (Charles River Laboratories
International, Inc., Wilmington, MA, USA) on days 0, 21, and
42 with 50 pg protein in 300 pl of emulsified 1:1 PBS/Freund’s
complete adjuvant (Sigma-Aldrich; at day 0) or 1:1 PBS/Freund’s
incomplete adjuvant (Sigma-Aldrich; at day 21) or without any
adjuvant (at day 42). Blood was collected from the tail vein before
initial immunization and after each boost. Sera fractions were
assayed for specific antibody content.

Preparation of G. duodenalis Proteins

Total soluble proteins (S) and octyl P-D-glucopyranoside
solubilized proteins from membranous material (M) were
prepared as previously described (Lalle et al., 2012) starting
from 2 x 10° trophozoites or encysting parasites. The protein
concentration was determined by Bradford methods (Thermo
Fisher Scientific) and the protein lysates were stored at
—70°C. Alternatively, to assess the G3PD enzymatic activity in
G. duodenalis, 10° parasites were collected, washed two times
with cold PBS, suspended in 200 pl of PBS/1% TritonX100
and incubated 1 h on ice. After centrifugation at 13.000 x g
for 15 min, supernatant was collected, protein concentration
quantified by Bradford methods and the preparation was
immediately used for the enzymatic assay as detailed below.

Western Blot Analysis
Proteins were separated on SDS-PAGE and transferred onto
PVDF membrane with 39 mM glycine, 48 mM Tris, 0.1% SDS,

TABLE 1 | Primer list.

Target Forward primer?

Reverse primer?

Full length glycerol-3-phosphate
dehydrogenase (gG3PD)

N-terminal gG3PD

gG3PDforw

gG3PDforw

C-terminal gG3PD CTforw

5'-GGATCCACCACCGCTCACCCTTTACC-3

gG3PDrev
5-GCGGCCGCTCACTTCATAGCCGGAATGTTC-3'

NTrev
5-GCGGCCGCTCAGTATGCCTTGTCCATCGGGGTG-3

gG3PDrev

5'-GGATCCACCCCGATGGACAAGGCATAC-3'

aThe BamH site is underiined.
5The Notl site is underlined.
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and 10% methanol, using a semidry apparatus (BioRad, Hercules,
CA, USA). Membranes were blocked with 5% skin milk in TTBS
(20 mM Tris-HCI, pH 7.5, 100 mM NaCl, 0.05% Tween 20) for
1 h and then incubated with the primary antibody (Ab) in 2.5%
skin milk/TTBS buffer. After incubation with an appropriate
HRP-conjugated secondary Ab (1:3000), the interaction was
revealed by chemiluminescence (Millipore, France). Antibodies
were used at the following dilution: mouse polyclonal anti-
gG3PD antiserum 1:3000; mouse anti-HA mAb (Sigma-Aldrich)
1:3000; rabbit N14 (anti-g14-3-3) antiserum (Lalle et al., 2006)
1:5000; mouse anti-aTubulin (Sigma-Aldrich) 1:10000; rabbit
anti-gPGN (phosphoacetylglucosamine mutase, Lopez et al,
2003) 1:1000; mouse anti-HIS mAb (Qiagen) 1:2000.

Blue Native PAGE (BN-PAGE)

Three to twelve percentage of BN-PAGE (Invitrogen, Carlsbad,
CA, USA) was carried out using 1 pg of purified HIS-
tagged recombinant proteins according to the manufacturer.
This technique allows the separation of very high molecular
weight multiprotein complexes. Gels were run in Running buffer
(0.002% Coomassie G-250, 50 mM BisTris/50 mM Tricine, pH
6.8) at 150 V for approximately 2 h. Gels were incubated in
Tris/glycine/SDS buffer for 30 min and either stained with a
Silver Staining kit (Invitrogen) or processed for western blot as
described.

Affinity Purification

FLAG-tagged proteins were purified by affinity chromatography
on mouse anti-FLAG M2 mAb covalently bound to agarose beads
(Sigma-Aldrich) as previously reported (Lalle et al., 2012) and
directly eluted from the resin by incubation with 200 wM FLAG-
peptide at 4°C for 1 h. The eluted materials were stored at —70°C
until use.

Confocal Laser Scanning Microscopy (CLSM)

Trophozoites or encysting parasites were fixed and permeabilized
as previously described (Lalle et al., 2006). Antibodies were used
at the following dilution: polyclonal rabbit N14 antiserum
1:50; mouse polyclonal anti-gG3PD antiserum 1:50; polyclonal
rabbit anti-gTom40 antiserum (Dagley et al, 2009) 1:50,
FITC-conjugated mouse anti-HA mAb (Miltenyi Biotec,
Germany) 1:50; Cy5-conjugated anti-CWP mAb (Waterborne
Inc., New Orleans, LA, USA) 1:30. Alexa-Fluor 647- and
488-conjugated anti-rabbit and anti-mouse secondary Ab
(Invitrogen) were used at a 1:500 dilution. After parasite staining,
coverslips were extensively rinsed and then mounted using
Vectashield® mounting medium (Vector Laboratories Inc.,
Burlingame, CA, USA) containing 300 nM of 4',6-diamidino-
2-phenylindole (DAPI). Confocal laser scanning microscopy
(CLSM) observations were performed on a Leica TCS SP2 AOBS
(Leica Microsystems, Germany) apparatus, using excitation
spectral laser lines at 405, 488, and 647 nm and selecting
emission wavelengths by a proper setting of the spectral
detection system. Signals from different fluorescent probes were
taken in sequential scan mode. Image acquisition and processing
were conducted using the Leica Confocal Software (Leica
Microsystems). Image deconvolution was performed using the

Huygens software (Scientific Volume Imaging BV, Hilversum,
The Netherlands). Data were inferred from two independent
experiments following the analysis of different fields of view
(>200 cells) on the microscope for each labeling condition.

G3PD Enzymatic Assay, Spectrophotometric,

and Fluorimetric Analysis

The dehydrogenase activity of gG3PD was assayed
spectrophotometrically according to Kistler and Lin (1972)
measuring the rate of PMS-mediated reduction of the tetrazolium
dye, MTT, to its formazan by addition of g3p. Reactions were
performed in 96 well plate using either 100 pg of G. duodenalis
Triton X-100 protein lysate or 16 pmol of purified recombinant
HIS-tagged proteins in a final volume of 200 pl containing
67 mM of potassium phosphate (pH 7.5), 0.2% Triton X100,
6.6 ug of MTT, 20 pg of PMS, and 17 mM of g3p with or
without 10 wM FAD. The g3p was omitted in the blank. Since
crude extracts could contain substantial endogenous substrates,
to ensure a linear rate of MTT reduction, reactions were
pre-incubated at 25°C for 5 min prior to the addition of MTT
and g3p. Plates were sealed with an air-tight adhesive tape
(Greiner Bio One, Austria) to prevent evaporation. After blank
subtraction, the enzyme activity was calculated and expressed as
micromoles per minute per milligram of protein, considering
that the extinction coefficient of reduced MTTis 17 mM~0cm~!
a 570 nm. UV-visible spectra of HIS-gG3PD (10 pg/pl) in 67 mM
of potassium phosphate (pH 7.5), were recorded at 25°C in 10 pl
quartz capillaries. UV-visible spectra of 100 uM NBDHEX were
recorded in 67 mM of potassium phosphate (pH 7.5), 17 mM
of g3p, with or without HIS-gG3PD (42 pmol) in 0.5 ml quartz
cuvette. All measures were done at 25°C in a Multiskan Spectrum
(Thermo) spectrophotometer. Fluorescent spectra (excitation at
430 nm) were acquired in a Luminescence Spectrometer LS50B
(Perkin-Elmer, Waltham, MA, USA).

Determination of Intracellular Glycerol

For the assay, 10 parasites were collected as previously described,
suspended in 100 pl of PBS, incubated 10 min at 95°C and
the supernatant collected after centrifugation at 12,000 x g for
1 min. Protein concentration was measured by Bradford assay.
Intracellular glycerol level was enzymatically determined using
the Free Glycerol Reagent kit (Sigma-Aldrich) by measuring
spectrophotometrically the production of a quinoneimine dye
at 540 nm. Assay was performed on 96 well-plate according
to the manufacturer’s instruction, using 40 pl of parasite
lysate and 160 pl of enzyme mixture per well. After 5 min
of incubation at 37°C, absorbance was read by Multiskan
Spectrum (Thermo Scientific) spectrophotometer. Intracellular
glycerol concentration was calculated interpolating the obtained
absorbance with a glycerol standard curve and expressed as pmol
of glycerol/pug of total protein. Each condition was assayed in
triplicate and the experiment was performed independently three
times.

In Vitro Drug Susceptibility Assay
The in vitro assays were performed according to Bénéré
et al. (2007) and Hounkong et al. (2011) with modifications.
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All compounds were dissolved and serially diluted in 1:1vol
ethanol/DMSO. G. duodenalis trophozoites (5 x 10° parasite/ml)
were cultured in 96-well plates (Nunc A surface, Thermo
Scientific) in TYIS-33 medium and 3 pl of 100X concentrated
compound, or solvent, were added to reach the desired
compound concentration. The plates were sealed with an air-
tight adhesive tape (Greiner Bio-One GmbH, Austria) and
incubated for 48 h at 37°C. After the incubation period,
culture medium was removed. Adherent trophozoites were
immediately fixed with 300 pl of methanol for 2 min and
then stained with a solution of 0.1% methylene blue in PBS
for 10 min at RT. Wells were washed three times with PBS
and incubated with 200 pl of ethanol and 0.1 M HCI [1:1
(v/v) in H,O], to elute the dye. Absorbance was determined at
655 nm by Multiskan Spectrum (Thermo Scientific) microplate
spectrophotometer. Growth inhibition was calculated as the
percentage of treated parasite in comparison with untreated
parasite. Three independent experiments were performed and
each drug dilution was assayed in triplicate. Alternatively,
for drug efficacy tests with resazurin (Bénéré et al, 2007),
trophozoites were grown in the presence of serial dilutions of
the drugs, or DMSO as control, in an anaerobic growth chamber
(100% N>, 37°C). After 72 h, the medium was removed, the wells
were washed three times with pre-warmed PBS containing 1% of
glucose (0.2 ml per well), and finally, 0.2 ml PBS with glucose
containing 10 mg/l resazurin were added. Reduced resazurin
was quantified by fluorimetry (excitation at 365 nm, emission
at 455 nm) using a 96-well-multimode plate reader Enspire
(Perkin-Elmer).

For immunolocalization and enzymatic assays, drug
treatments were performed in 10 ml screw cap tubes using
1 x 10° parasite/ml of G. duodenalis trophozoites. Twenty five
microliter of 20 mM NBDHEX in ethanol, or the equal volume
of ethanol, was added to 10 ml of TYS-I-33 medium (final
concentration 50 LM) and parasites were incubated at 37°C for
the indicated time periods and cells were processed as described
in previous paragraphs.

Mass Spectrometry Analysis

Proteins were separated on a 1D-gel NuPAGE 4-12%
(Novex, Invitrogen) run in morpholinepropanesulfonic
acid (MOPS) buffer and stained with the Colloidal Blue
Staining kit (Invitrogen). Slices were excised and digested with
modified sequencing-grade trypsin (Promega Corporation,
France), as previously described (Shevchenko et al, 1996).
Nanoflow reversed-phase liquid chromatography tandem mass
spectrometry (RP-LC-MS/MS) analysis of peptide mixtures
was performed using an HPLC Ultimate 3000 (DIONEX,
Sunnyvale, CA, USA) coupled with a linear ion trap (LTQ,
Thermo Electron, San Jose, CA, USA) mass spectrometer.
Peptides were desalted in a trap column (Acclaim PepMap 100
C18, LC Packings, DIONEX) and separated in the analytical
column, a 10 cm long fused silica capillary (Silica Tips FS
360-75-8, New Objective) in house slurry-packed with a 5 pm,
200 A pore size C18 resin (Michrom BioResources, Auburn,
CA, USA). Peptides were eluted using a 40 min linear gradient
from 96% aqueous buffer containing 5% acetonitrile and 0.1%

formic acid to 60% organic buffer constituted by acetonitrile
with 5% H,O and 0.1% formic acid, at 300 nL/min flow rate.
Analyses were performed in positive ion mode and the HV
Potential was set up around 1.7-1.8 kV. Tandem mass spectra
were matched against the G. duodenalis protein database
(Giardia DB version 1.2) downloaded from the Web site
http://www.giardiadb.org/giardiadb and through the SEQUEST
algorithm incorporated in the Bioworks software (version
3.3, Thermo Electron). The following match parameters were
considered: fully tryptic cleavage constraints (one miscleavage
allowed), static cysteine carbamidomethylation, and variable
methionine oxidation. Precursor and fragment ions were
searched with 1.5 and 1 Da tolerance, respectively. Possible
NBDHEX adducts on cysteine or lysine residues were searched.
The mass increments considered were 4296, 4281, 4265 Da,
for the intact, partially or completely nitro-reduced NBDHEX
adducts, respectively. Statistical parameters used for legitimate
protein identification were described elsewhere (Lalle et al,
2012).

Chemical Reduction of NBDHEX

Sodium dithionite was prepared as a 1M solution in ddH,O
and was used 100 mM to chemically reduce 10 mM NBDHEX
in 20 pl 0.5% NHj. After 5 min, 2 pl reaction was diluted
to 200 pl in 67 mM potassium phosphate buffer (pH 7.5).
NBDHEX fluorescence quenching was verified at 25°C in a
Luminescence Spectrometer LS50B (Perkin-Elmer) whereas the
UV-visible spectra was acquired at 25°C in a Multiskan Spectrum
(Thermo Scientific) spectrophotometer in 0.5 ml quartz cuvettes.
For the mass spectrometry analysis, the reaction mixture was
diluted in 50% ethanol and 1% ammonia and directly infused in
the LTQ mass spectrometer through a glass tip. The nanospray
ionization in positive ion mode was allowed applying 1.5-1.6 kV.
HV Potential. Full MS in the 150-350 m/z range were acquired;
then MS3 fragmentation of the ions 280 and 250, derived from
MS2 of 298 and 268, respectively, was induced.

Sequence Analysis

Conserved functional domains and sites in the protein sequence
were search using ELM (Dinkel et al., 2014) and BLASTP'
algorithms. Transmembrane (TM) regions were search by
TMHMM Server v.2.0°. Mitochondrial targeting signal were
search using Psort II* and MitoProt II*. Genomic sequences of
1133 organisms were downloaded from EggNog database v.3.0
(Powell et al., 2012). If more than one strain was available,
only the strain classified as “core” was retained. This selection
resulted in 774 organisms, which were included in the reference
set. The Smith-Waterman algorithm available in the FASTA
package (Pearson and Lipman, 1988) was exploited using as
query the gG3PD full-length sequence, or the protein portions
encompassing: the first 500 residues (referred as N-terminal
domain); or the residues 501-950 (referred as central domain); or

Thttp://blast.ncbi.nlm.nih.gov
Zhttp://www.cbs.dtu.dk/services/ TMHMM/
Shttp://psort.hgc.jp/form2.html
*http://ihg.gsf.de/ihg/mitoprot.html
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the residues 951-1111 (referred as the C-terminal domain); or the
protein portion including the N- and central domains (residues
1-950). Sequences having a match result with E-value lower
than 107 were selected, except for the C-terminal domain for
which the E-value threshold was set at 10~2. Sequence analysis,
editing and phylogenetic analysis were performed using Bioedit
(Hall, 1999), MEGA 5.0 (Tamura et al., 2013), and Jalview 2.8.2
(Waterhouse et al., 2009).

Statistics

Statistical analyses were performed with PRISM 6.0 software
(GraphPad Software, Inc; La Jolla, CA, USA) and significance
was calculated by Student unpaired ¢-test and one-way ANOVA.
A P-value <0.05 was considered statistically relevant.

Results

Sequence Analysis of the Putative FAD-D
glycerol-3-Phosphate Dehydrogenase (gG3PD)

of G. duodenalis Reveals an Unusual Protein
Organization

The GL50803_16125 entry encodes a protein of 1111
amino acids (~119 kDa) annotated as FAD-dependent
oxidoreductase/glycerol-3-phosphate ~ dehydrogenase,  that
we named gG3PD. A combined search for conserved regions in
the gG3PD protein sequence retrieved three principal domains
(Supplementary Figure S1A). The region encompassing residues
31-510 contains the multidomain TIGR03377 corresponding to
the protein family of the subunit A (GlpA) of anaerobic GlpACB.
A second domain, residues 587-910, corresponds to a small
NADH binding domain within a larger FAD binding domain
(Pyr_redox_2, PF07992) which is common to flavoproteins
of the pyridine nucleotide-disulphide oxidoreductases family
[e.g., thioredoxin reductases (TRxR), NADH oxidases, and
peroxidases]. The last domain (DUF 1667), encompassing
residues 1039-1103, was previously found in archaeal and
bacterial hypothetical proteins, some of which are annotated
as being potential metal-binding proteins. As for other G3PDs,
no TM regions could be detected. Due to its unusual domain
organization, the full-length or three portions (residues 1-
510, 511-950, and 951-111) of the gG3PD protein sequence
were used as query against a large non-redundant set of high
quality reference genomes obtained from EggNog. Despite
an homologous sequence present in the genome of the
closely related diplomonad Spironucleus salmonicida, only
protozoan parasites of the genus Entamoeba encode for a
single sequence orthologous to the full length gG3PD and
also annotated as glycerol-3-phosphate dehydrogenase. One
orthologue of the first two portions of the gG3PD was found
in the genomes of Eggerthella sp., a non-sporulating medically
important anaerobic Gram-positive bacillus, and annotated
as FAD-dependent oxidoreductase. On the contrary several
hundred orthologues of the first portion of gG3PD (residues
1-510), all annotated as glycerol-3-phosphate-dehydrogenases,
were found in the genome of human and animal pathogenic
bacteria, such as Treponema sp. (Spirochaetes) and Clostridium

sp. (Firmicutes), or to halophilic archaea, e.g., Halorhabdus
utahensis, (Supplementary Figure S1B). More than 100
orthologues of the second portion (residues 501-950) were
found in human and animal pathogenic bacteria, but also in soil
and plant bacteria (data not shown). Although several of these
proteins were annotated as oxidoreductases it was not possible
to define, in terms of substrate or biochemical pathway, any
specific enzymatic function. Finally, only 33 orthologues were
found respect to the third portion of gG3PD (residues 951-
111), which putative function could be that of metal-binding
proteins.

The Intracellular Localization and Stage
Expression of gG3PD Protein
According to the data reported in GiardiaDB, the expression
level of the gg3pd is downregulated during encystation. To
investigate whether the gG3PD protein expression level was
similarly regulated we used a mouse polyclonal antibody raised
against a full-length HIS-tagged recombinant gG3PD expressed
in bacteria. As shown in Figure 1A, a band of approximately
120 kDa was immunodecorated with comparable intensity by the
anti-gG3PD Ab, both in cellular lysates from trophozoites and
from parasites harvested at different time points after encystation
induction (at 6, 12, and 24 h). Encystation progress was checked
by immunostaining with anti-phosphoacetylglucosamine mutase
(gPGN) Ab, a protein induced during cyst formation (Lopez
et al, 2003). The anti-gG3PD Ab was also used to study
the intracellular localization of the protein by CLSM. In the
trophozoite (Figure 1Ba) the anti-gG3PD strongly stained
the plasma membrane of the parasite ventral surface likely
corresponding to the marginal groove and ventrolateral flanges
(VLE), fingerlike projections of the plasma membrane involved
in parasite attachment to the surface and to the host cell (Sousa
et al., 2001). As previously reported, the gl4-3-3 showed a
spotty broad distribution in the parasite cell body, excluding the
nuclei and the median body (smile-like microtubule aggregate in
the middle of parasite body). The widespread gl4-3-3 staining
makes it difficult to claim for a discrete co-localization with the
gG3PD, although a slight co-localization signal (pseudo color
yellow) was visible at the posterior edge of the trophozoite
(Figure 1Ba, merge). G. duodenalis encystation was monitored
by the progressive appearance of specialized structures for the
secretion of the cyst wall proteins (CWP), the encysting specific
vesicles (ESVs), which were stained, together with the cyst wall,
by the anti-CWP mAb. In encysting parasites, in addition to the
ventral plasma membrane, the anti-gG3PD Ab (Figures 1Bb,c)
labeled several structures, similar to aggregates/small vesicles,
in the cytoplasm. These structures did not co-localize with the
ESVs and no straightforward co-localization with g14-3-3 could
be detected (Figures 1Bb,c). In cysts, the gG3PD was diffused in
the cytoplasm, although a marked aggregation close to the plasma
membrane, below the cyst wall was evident (Figure 1Bd). A faint
co-localization with g14-3-3 (pseudo color yellow) was detected
below the cyst wall.

Since the staining with the anti-gG3PD Ab observed in
encysting parasites resembled that of mitosomes, additional
co-localization experiments were performed using an antibody
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FIGURE 1 | Expression and localization of the glycerol-3-phosphate
dehydrogenase (gG3PD) during the differentiation stages of Giardia
duodenalis. (A) Western blot from three independent analysis of Triton
lysates (20 pg) from G. duodenalis WB-C6 trophozoites (T) and parasites
harvested at 6, 12, and 24 h after encystation induction. Immunoblotting
was performed with: anti-gG3PD polyclonal serum (a-gG3PD);
anti-phosphoacetylglucosamine mutase (a-PGM) (Lopez et al., 2003), to
follow the progression of encystation; the anti-a-tubulin (a-a-TUB), as loading
control. Molecular size markers (kDa) are reported on the left. The analysis is
representative of three independent experiments. (B) Confocal laser scanning
microscopy (CLSM) observations of fixed and permeabilized G. duodenalis
WB-C6 parasites at different stages: trophozoite (panel a, Trophozoite),
encysting parasite after 12 h of encystation (panel b and ¢, Encystation) and

merge+DAPI f i 3 T

merge+DAPI

merge+DAPI |

merge+DAPI

cyst (panel d, Cyst) stained with the mouse polyclonal serum a-gG3PD (red)
and the a-g14-3-3 rabbit polyclonal (green). Cyst wall and encystation
specific vesicles (ESVs) were stained with Cy3-conjugated a-CWP mAb
(gray). Nuclei (N) were stained with 4’,6-diamidino-2-phenylindole (DAPI;
blue). Displayed micrographs correspond to a single z-stack: a and b, ventral
stacks; ¢ and d, central stacks encompassing the nuclei. T, transmission light
acquisition. Scale bars, 5 wm. Arrows indicate the ventrolateral flanges (VLF).
A magnification (zoom) of the indicated area in the merged image is shown.
(C) CLSM observation as in (B). Parasites were stained with a-gG3PD (red)
and a-Tom40 antiserum (green; Dagley et al., 2009). Nuclei (N) were stained
with DAPI (blue). A magnification (zoom) of the indicated area in the merged
image is shown. Mitosomes are indicated (m). Images in (B) and (C) are
representative of >50 fields analyzed in two independent experiments.
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directed against the mitosomal marker Tom40 (Dagley et al.,
2009). As shown in Figures 1Ca,b, both in trophozoites
and encysting parasites, the anti-Tom40 Ab stained the main
central mitosome between the nuclei and several peripheral
smaller mitosomes. In trophozoites no co-localization with
anti-G3PD could be detected (Figure 1Ca), whereas in
encysting parasites superimposable signals (mean average
42 + 6%; Figure 1Cb, pseudo color yellow) were mainly
evident in the peripheral mitosomes (mean average 27 £ 5%),
and to a lesser extent in the central one (mean average
2 £ 0.5%), suggesting a partial re-localization of the protein to
mitosomes.

Interaction between gG3PD and g14-3-3

To further characterize the gG3PD, a N-terminally FLAG-
HA tagged gG3PD was expressed in G. duodenalis under the
a-tubulin constitutive promoter. The FLAG-HA-gG3PD was
expressed at the same level, and comparable to the endogenous
protein, both in trophozoites and during the encystation
stage (Figure 2A) and the intracellular localization largely
resembled that of the endogenous gG3PD (Supplementary
Figure S2). By following protein fractionation (soluble and
membrane fractions), the endogenous and the FLAG-HA-
gG3PD were mainly detected in the soluble fraction at
both stages (Figure 2B). Whereas, a small protein amount
could be detected in the membrane fraction only at the
trophozoite stage (Figure 2B), partially in agreement with
immunolocalization observations, suggesting that the gG3PD
could form strong interactions with the membrane or with
membrane proteins. To better investigate the previously
suggested interaction between gl4-3-3 and gG3PD (Lalle et al,,
2012), immunoprecipitation experiments were performed. As
shown by anti-HA immunoblotting (Figure 2C, upper), the

anti-FLAG mAb immunoprecipitated the FLAG-HA-gG3PD
only from transfected parasite extracts. Despite FLAG-HA-
gG3PD was comparably immunoprecipitated from both
trophozoites and encysting parasites, gl4-3-3 was mainly co-
immunoprecipitated from trophozoites, whereas only a faint
signal was observed in the immunoprecipitate from encysting
parasites (Figure 2C, lower).

To shed light on the relevance of the two principal domains
characterizing the gG3PD protein, two deletion mutants were
constructed and independently expressed in G. duodenalis
as FLAG-HA-tagged proteins. The FLAG-HA-gG3PD_N
corresponds to N-terminal half of the protein (Supplementary
Figure S1A) and contains the FAD-dependent anaerobic
glycerol-3-phosphate  dehydrogenase-like domain (residues
2-530); whereas the FLAG-HA-gG3PD_C corresponds to the
C-terminal half and contains the FAD-dependent pyridine
nucleotide-disulphide oxidoreductase-like domain (residues
524-1111). As shown by immunoblot (Figure 3A, upper and
middle), the expression of both FLAG-HA-tagged proteins
was detected at both stages. In all transfection experiments,
the expression of deletion mutants was lower than that of the
full-length FLAG-HA-gG3PD.

Intracellular localization of both mutants was performed
with anti-HA antibody. CLSM analyses (Figures 3Ba,b) showed
that, in trophozoites and encysting parasites, the FLAG-HA-
gG3PD_N npartially localized to the ventral plasma membrane
and VLE like the endogenous gG3PD. Although a spotty
cytoplasmic and an intense nuclear/perinuclear staining were
evident, in contrast with the endogenous and the full-length
FLAG-HA-gG3PD, suggesting that a fraction of the deleted
protein could be misfolded and/or mislocalized. In FLAG-
HA-gG3PD_C transgenic parasites the protein was completely
mislocalized and appeared widespread distributed, also inside

FIGURE 2 | Expression of the recombinant FLAG-HA-gG3PD in

G. duodenalis and its interaction with g14-3-3. (A) Western blot
analysis of Triton lysates from trophozoites (T) or parasites after 12 h of
encystation (E) obtained from FLAG-HA-gG3PD transfected line or from the
control WBC6 strain. Twenty-microgram of protein extracts were loaded in
each lane and separated on a 4-12% SDS-PAGE, then transferred on
nitrocellulose membrane and finally probed with the indicated antibodies.
Equal protein loading was monitored by anti-TUB Ab, whereas encystation
induction was confirmed by anti-gPGM Ab. Molecular size markers (kDa)
are reported in the left. (B) Subcellular distribution of gG3PD.
Thirty-microgram of fractionated protein lysate, soluble (S) or octyl
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B-D-glucopyranoside solubilized membrane proteins (M), from trophozoites
(T) or 12 h encysting parasites (E) of FLAG-HA-gG3PD transfected
parasites or control WB-C8, were treated as described in (A) and probed
with the indicated antibodies. Molecular size markers are on the left.

(C) Co-immunoprecipitation assay of endogenous g14-3-3 with
FLAG-HA-gG3PD. An aliquot (1:5) of the FLAG peptide-eluted material
from WB-C6 or FLAG-HA-gG3PD transgenic line, deriving from trophozoites
(T) or encysting parasite (E), was separated on 4-12% SDS-PAGE and
immunoblotted with anti-HA (a-HA) or anti-g14-3-3 polyclonal serum
(a-g14-3-3). Molecular size markers are on the left. Immunoblots of (A-C)
are representative of three independent experiments.
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FIGURE 3 | Expression and intracellular localization of the
FLAG-HA-tagged gG3PD deletion mutants in G. duodenalis parasites.
(A) Representative western blot analysis of soluble protein lysate (20 wg)
from control WB-C6 and transgenic trophozoites (T) or parasites after 12 h
of encystation (E), expressing the full-length FLAG-HA-G3PD, or the
FLAG-HA-gG3PD_N or _C. Lysates were separated on 4-12% SDS-PAGE
and immunoblotted with the indicated antibodies. Arrows on the right
indicate the molecular size of the corresponding proteins. Molecular size
markers are on the left. The vertical line in the panel corresponding to the
a-HA blotting indicates two different times of exposure between the samples
of the same gel. The immunoblots are representative of three independent

merge+DAPI

merge+DAPI

experiments. (B) CLSM observations of fixed and permeabilized transgenic
G. duodenalis parasite expressing the FLAG-HA-gG3PD_N or the
FLAG-HA-gG3PD_C at different stages: trophozoite (panels a and d,
Trophozoite), encysting parasites after 12 h of encystation (panels b and e,
Encystation), and cysts (panels ¢ and f, Cyst). Parasites were stained with
mouse a-HA mAb (green) and rabbit polyclonal a-g14-3-3 (red). Cyst wall
and encystation specific vesicles (ESVs) were stained by Cy3-conjugated
a-CWP mAb (gray). Nuclei were DAPI-stained (blue). Displayed micrographs
correspond to a single z-stack. T, transmission light acquisition. Scale bars
are reported. Arrows indicate the ventral plasma membrane and VLF. Images
are representative of >50 fields analyzed in two independent experiments.

nuclei, with the nuclear/perinuclear localization even more
evident in encysting parasites (Figures 3Bd,e). No mitosome-
like staining was observed in encysting parasites for any of the
mutants (Figures 3Bb,e). Few cysts with a spotty cytoplasmic
localization of the protein were observed in both transgenic
strains (Figures 3Bc,f). These observations likely suggest, that the
N-terminal half of the protein contains the structural/sequence
determiners necessary to localize the gG3PD at the ventral
plasma membrane and VLF. Looking for the domain(s) involved
in the interaction with gl4-3-3, co-immunoprecipitation with
anti-FLAG was also performed using the FLAG-HA deletion

mutants. Despite several attempts no conclusive results were
obtained (data not shown), likely due to the low expression
of these proteins or to the presence of other factors that
could affect the interaction (e.g., partial misfolding, incomplete
phosphorylation).

Evaluation of gG3PD Enzymatic Activity

To better define the role of gG3PD during G. duodenalis
differentiation, we first characterized the protein activity using
N-terminally HIS-tagged versions of both full-length gG3PD
and deletion mutants heterologously expressed in E. coli. All
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FIGURE 4 | Evaluation of the gG3PD enzymatic activity.

(A) Spectrophotometric analysis of purified HIS-gG3PD. The UV-visible
spectrum of HIS-gG3PD (10 mg/ml) in 67 mM of potassium phosphate
buffer, pH 7.5, was recorded at 25°C. The insert shows a magnification of
the HIS-gG3PD spectrum (solid line) in comparison with the spectrum of
authentic FAD (dotted line) recorded in the same buffer. Peak maxima are
reported. Spectra are representative of three independent experiments.

(B) Assessment of HIS-gG3PD dimerization in vitro. Purified recombinant
proteins (3 wmol) were separated on 3-12% Blue Native-PAGE and
silver-stained or transferred on polyvinylidene difluoride (PVDF) membrane
and probed with anti-HIS mAb. Native size markers (kDa) are indicated on
the left. Asterisks indicate HIS-gG3PD monomer (*) or dimer (**). Empty dots
indicate HIS-gG3PD_C monomer (°) or dimer (°°). The arrow indicates
HIS-gG3PD_N monomer (<). Native-PAGE and immunoblot are
representative of three independent experiments. (C) The enzymatic activities
of both the purified HIS-gG3PD and the deletion mutant HIS-gG3PD_N were
measured in vitro, by MTT assay, in the presence (+FAD) or absence (no
FAD) of 10 wM FAD. The G3PD activity (mean £ SD) from three independent
experiments is expressed as nmol of reduced MTT per min per mg of
recombinant protein. Statistical analyses were performed using unpaired
t-test between the full length and the deletion mutant: *P < 0.05 and

**P < 0.01. (D) The FAD-glycerol-3-phosphate dehydrogenase activity was
measured in protein extract (100 pg) from G. duodenalis trophozoites
(Trophozoite) or in parasite after 6 or 12 h from encystation induction
(Encystation). The relative enzymatic activity (mean + SD) from three
independent experiments is expressed as the percentage change respect to
the value measured in trophozoites. Statistical analyses were performed
using unpaired t-test [Trophozoite vs. Encystation 6 h (**£ < 0.01) and
Trophozoite vs. Encystation 12 h (ns)], and one-way ANOVA (°°P < 0.001).
(E) Western blot analysis of protein extracts (20 wg) used to assay the
gG3PD enzymatic activity (as described in D), extracts were separated on
4-12% SDS-PAGE and immunoblotted with the indicated antibodies.
Molecular size markers are indicated on the left. Immunoblot is representative
of three independent experiments. (F) The intracellular glycerol content was
measured in supernatant from G. duodenalis trophozoites (Trophozoite) and
parasites after 6 or 12 h from encystation induction (Encystation). The relative
glycerol amount of three independent experiments (mean 4 SD) is expressed
as the percentage change respect to the amount detected in trophozoites.
Statistical analyses were performed using unpaired t-test between Trophozite
and Encystation 6 h (***P < 0.001) and Trophozite vs Encystation 12 h
(**P < 0.01). One-way ANOVA confirmed that differences among groups
were statistically significant (°°P < 0.001).

recombinants were expressed as soluble proteins and could be
purified (up to 95%) under native conditions (Supplementary
Figure S3). The purified full-length HIS-gG3PD, but not the
deletion mutants, showed a distinctive yellow color (data not
shown), compatible with the presence of a flavin cofactor. Indeed,
the UV-visible spectra of the HIS-gG3PD showed two absorbance
peaks with a maximum approximately at 350 and 440 nm
(Figure 4A), very close to those of free flavin (either FAD or
FMN or both), supporting that the gG3PD is a flavoprotein. No
similar peaks could be observed in the spectra of any deletion

mutants (data not shown). Since mG3PD/glpD are homodimeric
proteins (Mréacek et al., 2013), the dimeric nature of gG3PD was
assayed using native PAGE. As shown in Figure 4B, the HIS-
gG3PD_N was exclusively monomeric (60 kDa); whereas the
HIS-gG3PD migrated in the gel both as a 120 kDa monomer
and as a 240 kDa dimer, as confirmed by immunoblot assay with
anti-HIS. Similarly, the HIS-gG3PD_C migrated as a monomer
around 60 kDa, and as a dimer of 120 kDa, thus suggesting that
at least one function of the gG3PD C-terminal half is to mediate
protein dimerization.
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The FAD-glycerol-3-phosphate dehydrogenase activity of the
HIS-gG3PD was then assayed by measuring the g3p-dependent
reduction of MTT in presence of PMS, which mediates
the transfer of reducing equivalent from the enzyme to the
terminal dye (Kistler and Lin, 1972). As shown in Figure 4C,
the HIS-gG3PD displayed a specific activity corresponding to
86.7 £ 5.6 nmol/min/mg in the absence of exogenous FAD,
that did not significantly increase (89.8 £ 0.7 nmol/min/mg)
even when 10 uM FAD was added. Moreover, no activity
could be observed either in the absence of g3p or PMS
(data not shown), thus proving that g3p is indeed the
substrate of the enzyme and that an electron carrier molecule,
such as PMS, is required to reduce MTT. This is in
agreement with the role of quinone described for other
FAD-dependent G3PDs (Unden and Bongaerts, 1997; Mracek
et al, 2013). Intriguingly (Figure 4C), the HIS-gG3PD_N,
containing the GlpA-like domain, also displayed a basal
enzymatic activity (30.5 £ 1.0 nmol/min/mg), 2.8-fold lower
in comparison with the full length protein, and it showed an
increase of 17% in the activity (36.7 £ 3.0 nmol/min/mg)
after stimulation with exogenous FAD. On the contrary,
the HIS-gG3PD_C did not show any enzymatic activity in
any condition (data not shown). These results support the
homology data and confirm that the glycerol-3-phospate
dehydrogenase activity is localized to the N-terminal half of the
gG3PD.

To study the possible correlation between encystation-
dependent intracellular re-localization of gG3PD and its
function, the enzyme activity was measured in trophozoites and
encysting parasites extracts. Indeed, compared to trophozoites,
the gG3PD activity showed a 20% increase at 6 h of encystation
(Figure 4D), then it was reduced nearly down to the trophozoite
level after 12 h of encystation. No variation in the expression
level of the gG3PD protein could be observed at any time points
(Figure 4E). The encystation process in G. duodenalis has been
proposed as a primitive response to cellular stress (Argiiello-
Garcia et al,, 2009). In unicellular organisms, as response to
stress signals, the intracellular level of glycerol increases, as
consequence of a massive conversion of DAPH to g3p, due to the
greater activity of the NADPH-dependent G3PDs and in some
cases also to that of FAD-dependent G3PDs (Yang et al., 2007).
To test this hypothesis we measured the intracellular content of
glycerol during encystation. The amount of glycerol increased
up to 60% already at 6 h post-encystation induction (Figure 4F)
and then of an additional 15% in 12 h encysting parasites, thus
suggesting a possible relationship between the enhanced gG3PD
activity and the glycerol accumulation occurring during parasite
differentiation.

In Vivo Effects of NBDHEX on G. duodenalis
Survival and gG3PD Activity

Recently, a 7-nitro benzoxadiazole (NBD) derivative has been
shown to impair the growth of PC-3 adenocarcinoma cell
line by a significant inhibition of the glycerol-3-phosphate
oxidoreductase activity of mG3PD (Singh, 2014). We wondered
whether this class of molecules could be effective against
G. duodenalis trophozoites and the gG3PD. We selected the

NBDHEX, a promising antitumoral drug acting as a suicide
inhibitor of human glutathione S-transferases (GSTs), that also
shows a good tolerance in mouse models (Ricci et al.,, 2005;
Turella et al., 2005; Pellizzari Tregno et al, 2009; Tentori
et al, 2011). NBDHEX cytotoxicity against G. duodenalis
trophozoites was evaluated in vitro after 48 h of treatment in
microaerophilic growth conditions, using a colorimetric assay. As
shown (Figure 5A), NBDHEX was effective against the parasite
(ICs0: 0.3 £ 0.1 wM) at a lower concentration (5.6-fold) than
that of the reference drug MTZ (ICsq: 1.5 £ 0.1 wM). Moreover,
under anaerobic growth conditions NBDHEX was also more
effective than MTZ (ICsp: 0.6 4+ 0.4 uM for NBDHEX and
ICs0: 1.9 + 0.2 wM for MTZ; data not shown). To maximize
in a short time period the possible NBDHEX effects, taking
into account the parasite intracellular environment, trophozoites
were treated in vivo with 50 uM NBDHEX and then the
gG3PD enzymatic activity was assayed in parasite extracts. A 50%
decrease of the gG3PD activity was already evident after 2 h of
treatment (Figure 5B, P < 0.01), and a further 5% decrease was
achieved after 4 and 6 h. This suggests that in vivo NBDHEX
treatment reduces the gG3PD activity, without inducing any
statistically relevant variation of the protein expression level
(Figure 5C).

Interaction of NBDHEX with gG3PD

To ascertain if the effects on the gG3PD activity were due
to a direct NBDHEX binding to the enzyme, co-localization
experiments were performed by CLSM (Figure 6A), taking
advantage of the fluorescent properties of the compound
(maximum emission peak at 525 nm; Ricci et al., 2005). Only
trophozoites treated with NBDHEX showed a spotted faint
fluorescence in the cytoplasm. A more intense signal was
observed around the nuclei, in the areas corresponding to the
median body, in the intracellular portion of ventral flagella and,
intriguingly, at the ventral plasma membrane. As shown, co-
localization signal (pseudo color yellow) between gG3PD and
NBDHEX was evident only at plasma membrane, without any
relevant alteration in the intracellular localization of gG3PD (for
comparison see Figures 1B,Ca). To further study the interaction
between NBDHEX and gG3PD, E. coli expressing the HIS-
gG3PD was incubated with NBDHEX, then the recombinant
protein was purified and, finally, the enzymatic activity was
assayed. Similar to the in vivo treatment of G. duodenalis with
NBDHEZX, incubation of bacteria with the compound resulted
in a recombinant HIS-gG3PD having a 25% reduced enzymatic
activity (Figure 6B). Next, we wondered whether NBDHEX could
bind HIS-gG3PD. We take advantage of the property of NBD
derivatives covalently bound to a protein to be visualized by
fluorescence under ultraviolet (UV) light after SDS-PAGE (Bragg
and Hou, 1999). Indeed, HIS-gG3PD, purified from NBDHEX
treated bacteria, was fluorescent under UV-light (Figure 6C,
right), even in the presence of a reducing agent (such as DTT).
On the contrary, no fluorescence was associated with the HIS-
gG3PD purified from untreated bacteria. These results suggest
that NBDHEX strongly binds HIS-gG3PD. To confirm this
hypothesis, purified HIS-gG3PD from bacteria, treated or not
with NBDHEX, was subjected to mass spectrometry analysis.
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FIGURE 5 | Evaluation of NBDHEX effects on G. duodenalis growth and
gG3PD enzymatic activity. (A) Survival of G. duodenalis WBC6 trophozoites
was determined by methylene blue colorimetric assay after 48 h of treatment
with different concentrations, ranging from 0.05 to 10 wM, of NBDHEX (empty
dots) or metronidazole (MTZ, empty squares) in microaerophilic growth
conditions. Data (mean percentage + SD) represent three independent
experiments, each done in triplicate. The structure of the NBDHEX compound is
reported in the insert. (B) The FAD-glycerol-3-phosphate dehydrogenase activity
was measured in protein extract (100 g) from G. duodenalis trophozoites
treated for the indicated times with 50 wM NBDHEX or for 6 h with ethanol
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(Control). The enzymatic activity of three independent experiments (mean + SD)
is expressed as the percentage change respect to the control. Unpaired t-test
was performed between control and each time point (*£ < 0.05 and

**P < 0.01). One-way ANOVA indicated statistically significant differences
among all stages (°°°P < 0.0001). (C) Twenty-microgram of protein extracts
derived from trophozoites treated as described in (B), were separated on
4-12% SDS-PAGE and immunoblotted. A representative western blot analysis is
shown and the antibodies indicated. Molecular size markers are reported in the
left. Table in the bottom reports the densitometric analysis of three independent
experiments (mean + SD). Statistical analyses using t-test were not significant.

MS/MS spectra were acquired matching two HIS-gG3PD
peptides carrying NBDHEX derived adducts on cysteine residues:
the detected mass shift was compatible with an NBDHEX form
in which the nitro group was reduced to amine (Figure 6D).
No adduct with the intact NBDHEX moiety could be found,
probably because it was unstable or not detectable under the
applied experimental conditions. The presence of nitro-reduced
NBDHEX adducts was in favor of an electrochemical reduction
of the drug, likely by gG3PD. Therefore, NBDHEX properties
were evaluated by spectrophotometric and fluorimetric analyses
after in vitro incubation with HIS-gG3PD. The UV-visible spectra
of NBDHEX, incubated either with g3p or with HIS-gG3PD,
showed the typical peak centered around 430 nm (Figure 7A),
even after 80 min of incubation (data not shown). Incubation in
the presence of both HIS-gG3PD and g3p led to the progressive
decrease of the 430 nm absorption peak and to the appearance
of a less intense new one around 450-455 nm (Figure 7A). The
reaction was also associated with a change in color, from bright
yellow to brown (Figure 7B, insert) and the disappearance of the
525 nm emission peak of NBDHEX in the fluorescence spectra
(Figure 7B). Since the amount of NBDHEX was in large excess
compared to HIS-gG3PD, the observed spectral alterations were
not imputable to binding of NBDHEX to the enzyme, but they
argued on NBDHEX modification by the glycerol-3-phosphate
dehydrogenase activity of HIS-gG3PD. Such modifications could
be ascribable to a partial or complete reduction of the nitro group
to hydroxylamine or amine. Chemical reduction of the NBDHEX
nitro group to amine by sodium dithionite, proved by mass
spectrometry analysis (Supplementary Figure S4), resulted in the
decrease of the NBDHEX absorption peak at 430 nm, although
with the appearance of a new peak at 405 nm (Figure 7C), and
loss of fluorescence too (Figure 7D). The observed differences
between UV-visible spectra of HIS-gG3PD and sodium dithionite

treated NBDHEX suggest that the enzymatic activity produced an
optical species, probably compatible with an incomplete reduced
form of NBDHEX, carrying an hydroxylamine instead of an
amine moiety. On the other side, looking to the NBDHEX-
treated HIS-gG3PD, both in the presence or absence of g3p,
the enzyme resulted fluorescent under UV light after SDS-
PAGE (Figure 7E). This suggests that protein adducts with
the unreduced NBDHEX occurred despite, enzyme activation.
Products from in vitro reactions between HIS-gG3PD and
NBDHEX were also analyzed by mass spectrometry. In the
sample incubated in the presence of g3p, some HIS-gG3PD
cysteine residues were modified by NBDHEX and MS/MS spectra
analysis allowed to detect mass shifts compatible with NBDHEX
adducts carrying the NO, moiety completely reduced to NH,,
but also the semi-reduced hydroxylamine group (Supplementary
Figure S5). These adducts could not be detected when g3p was
omitted.

Since toxicity of the nitrocompound MTZ over G. duodenalis
has been related to its reduction to nitrosoimidazole or
hydroxylamine intermediate by flavin enzymes (Leitsch et al.,
2007, 2009, 2011), we asked whether the gG3PD could be able
to nitroreduce MTZ. We then monitored variation in the MTZ
absorbance at 320 nm (Leitsch et al., 2011). As shown, no decrease
in MTZ absorbance occurred even after 80 min of incubation in
the presence of HIS-gG3PD and g3p (Figure 7F), thus suggesting
that in our experimental conditions MTZ is not nitroreduced by
gG3PD.

Discussion

In this work we have characterized, for the first time, the FAD-
dependent glycerol-3-phosphate dehydrogenase of G. duodenalis
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FIGURE 6 | Interaction of NBDHEX with gG3PD. (A) CLSM analysis of fixed
and permeabilized G. duodenalis WBCB6 trophozoites after 2 h incubation with
50 wM NBDHEX. NBDHEX (green) was directly visualized using the laser light at
488 nm ex. Parasites were stained with rabbit polyclonal anti-g14-3-3 and
AlexaFluor 647-conjugated anti-rabbit (red). Nuclei were stained with DAPI
(blue). Displayed micrographs correspond to a single z-stack. T, transmission
light acquisition. Scale bar is reported. Images are representative of >50 fields
analyzed in two independent experiments. (B) Histograms represent the
FAD-glycerol-3-phosphate dehydrogenase activity (mean percentage + SD) of
recombinant HIS-gG3PD (16 pmol) purified from HIS-gG3PD-overproducing

E. coli after 2 h incubation with 50 wM NBDHEX (NBDHEX) or ethanol (Control).
The relative change in the enzymatic activity is given as percentage in relation to
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the control. Statistical analyses were performed using unpaired t-test

(****P < 0.0001) on three independent experiments. (C) SDS-PAGE (4-12%) of
2 g of purified NBDHEX-treated (NBDHEX) or ethanol-treated (Control)
HIS-gG3PD, as described in (B), under reducing (+DTT) or not reducing
condition. On the left, gel stained with Coomassie blue; on the right, the same
gel photographed under UV light prior to staining. Molecular size markers are
indicated on the left. (D) MS/MS spectra matching the gG3PD peptides
(residues 539-551, left, and residues 859-872, right) carrying a mass increase
of 265 Da on the cysteine residues C545 and C865, respectively. The mass shift
is compatible with an NBDHEX-derived adduct in which the nitro group was
completely reduced to an amine. Data shown in (C) and (D) are representative
of three independent experiments.

both at molecular and functional level, and we have shown
that the antitumoral 7-NBD derivative NBDHEX displays a
remarkable antigiardial activity, targets the gG3PD and, when
in vivo administered to G. duodenalis, induces gG3PD activity
reduction.

The full length gG3PD has no orthologues in other organisms,
including humans, except for the diplomonad S. salmonicida
and the amebidae Entamoeba sp. The presence in the gram-
positive anaerobic actinobacteria Eggerthella sp. of an orthologue
of the first 950 amino acids suggests that a first gene fusion
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event between a GlpA-like gG3PD and a pyridine nucleotide-
disulphide oxidoreductase occurred in this prokaryotic lineage.
A lateral gene transfer (LGT) event could account for the
presence of this multi-domain protein both in G. duodenalis and
Entamoeba sp., that share with Eggerthella sp. the mammalian
intestine as ecological niche. LGT events have been already well
documented for genes of the anaerobic metabolism in eukaryotic
protozoan parasites such as Entamoeba histolytica, Trichomonas
vaginalis, and G. duodenalis (as well as in S. salmonicida;
Andersson et al., 2007; Morrison et al., 2007; Alsmark et al., 2009).

We demonstrate that the gG3PD is an active flavoenzyme able
to use g3p as source of reducing equivalents. In agreement with
the domain topology and homology with bacterial GlpA subunit,
the enzymatic activity, as proven by deletion mutants, resides
in the N-terminal half of the protein. It is worth noting that
the modest stimulatory effect exerted by additional FAD on the
enzymatic activity of both the gG3PD and the gG3PD_N, could
be explained by different reasons (i) the full length gG3PD is
fully complexed with FAD; and/or (ii) the deletion mutant lacks
the ability to properly bind FAD; and/or (iii) the enzyme needs
FMN in addition to FAD. Indeed, the maximal activity of E. coli
trimeric GIpACB in vitro requires both FMN and FAD (Cole
et al., 1988), whereas glpD binds only FAD (Yeh et al., 2008).
Furthermore, we show that gG3PD is able to dimerize and that
the C-terminal half is required for the dimer formation. The
dimerization properties of this gG3PD region, absent in bacterial
GlpA, could be ascribable to its homology with members of the
FAD-dependent pyridine nucleotide-disulphide oxidoreductases,
a family of generally dimeric proteins (Argyrou and Blanchard,
2004).

Localization of the gG3PD to the ventral plasma membrane,
likely in correspondence to the VLE and the detection of the
enzymatic activity in parasite extracts are in favor of the existence
of functional glycerol biosynthetic pathway and of a role of
the protein in G. duodenalis energy metabolism. Similar to
bacteria (Unden and Bongaerts, 1997), metabolization of g3p by
G. duodenalis could occur at plasma membrane via gG3PD thus
providing an extra source of DHAP for glycolysis and reducing
equivalents to putative ETCs. Experimental evidences indicate
that G. duodenalis can proliferate in vitro even in absence of
glucose, its main energy source (Adam, 2001), either in the
presence of serum (Schofield et al., 1991) or of a defined mixture
of bile salts, phosphatidylcholine (PC) and cholesterol (Gillin
et al., 1986; Gault et al., 1987). Incorporation of free glycerol
and g3p in trophozoites has been reported to be negligible
(Jarroll et al., 1981). Nevertheless, mammalian bile and intestinal
epithelium mucus are rich of PC, that is efficiently taken up by
G. duodenalis trophozoites (Stevens et al., 1997). PC, in turns,
can potentially be converted to g3p by the combined activity of
a phospholipase PLB and a putative GPC-PDE, both encoded
by G. duodenalis genome (Morrison et al., 2007; Yichoy et al.,
2011).

We show that the gG3PD activity increases early at
encystation, without up-regulation of protein expression. In
this phase of encystation, energy metabolism and galactosamine
synthesis require extra carbon sources as consequence of
the highly reduced glucose uptake and decrease in oxygen

consumption (Paget et al, 1998). We may speculate that
gG3PD could provide extra carbon to glycolysis, via an
improved metabolization of g3p to DHAP. In parallel, we also
observed an increase in intracellular glycerol levels. In response
to stress conditions, including hyperosmotic stress, several
microorganisms synthesized glycerol as stress protector via an
increased DHAP to g3p conversion mediated by the NAD(P)H-
dependent G3PD (Albertyn et al., 1994; Yang et al., 2007; Chen
et al., 2012; Suescun-Bolivar and Thomé, 2015). The increase in
the bile salt, together with a slight alkaline pH, is a key encystation
signal eventually perceived by G. duodenalis as hyperosmotic
stress. It is worth to note that, in E. histolytica, intracellular
accumulation of both g3p and glycerol occurs in response to
oxidative stress despite only the gG3PD orthologue is present
and no NAD(P)H-dependent G3PD activity has been detected
(Husain et al., 2012). The unusual domain architecture of FAD-
dependent G3PDs from both G. duodenalis and E. histolytica may
explained for a bi-directional activity of this enzymes A further
characterization of the gG3PD and a detailed metabolomics
analysis of the trophozoite and encystation stage of G. duodenalis
will be necessary to unravel any metabolic re-arrangement
occurring during the parasite differentiation and its link with
gG3PD activity.

The subcellular localization of gG3PD requires also other
considerations. The presence, only in trophozoites but not in
encysting parasites, of a fraction of the enzyme in the membrane
preparation is in agreement with the immunolocalization data
and suggests that gG3PD can associate with membranes in a stage
dependent-manner. The structural/sequence determinant(s)
responsible for the localization of the protein may reside in
the N-terminal half of gG3PD, as supported by the partial
localization of the gG3PD_N deletion mutant to the ventrolateral
side of the trophozoite. In addition, we confirm that gG3PD and
g14-3-3 co-precipitate (this work; Lalle et al., 2012) mainly at
the trophozoite stage implying a role of the gl4-3-3 in gG3PD
localization to ventral plasma membrane. The presence of several
putative mode-1 and mode-2 binding sites along the sequence of
gG3PD (Supplementary Figure S1; Lalle et al., 2012) can allow for
a direct interaction between the two proteins. Nevertheless, we
cannot exclude that the interaction between gG3PD and g14-3-3
is indirect and that both proteins are present in a multiprotein
complex, and further studies with different deletion and point
mutants will clarify this issue. However, beyond the exact
interaction mechanism, a clear relationship between gl4-3-3
and gG3PD localization and, possibly, its enzymatic activity, is
indicated by the strongly reduced co-precipitation of gl4-3-3
with gG3PD during encystation and the partial re-localization of
gG3PD to mitosomes.

The re-localization of gG3PD to mitosomes, despite the
absence of any predictable mitochondrial targeting sequence
or cleavage site in the N-terminus, has been proved at least
for another G. duodenalis protein, namely GiiscS (Dolezal
et al, 2005). In our case, the lost of mitosomal localization
in both gG3PD deletion mutants suggests that targeting
to these organelles at least requires the full-length protein.
Although G. duodenalis mitosomes clearly miss the TCA
cycle and the typical ATP-generating mitochondrial respiratory
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FIGURE 7 | NBDHEX is substrate of HIS-gG3PD. (A) Spectrophotometric
analysis of the reaction between NBDHEX and gG3PD. The UV-visible spectrum
of NBDHEX (100 wM) in 67 mM potassium phosphate buffer (pH 7.5) was
recorded at 25°C either in the presence of 17 mM g3p (red line, +g3p) or 80 nM
HIS-gG3PD (dashed black line, +HIS-gG3PD). The NBDHEX (100 uM)
UV-visible spectrum was also recorded at different time points (0, 10, 20, 40,
and 80 min) in the presence of both 17 mM g3p and 80 nM HIS-gG3PD
(+HIS-gG3PD+g3p). Arrows indicate the wavelength (nm) of the maximal
absorption. (B) Fluorescence spectra of 100 pM NBDHEX (excitation at

430 nm) after 80 min of incubation with 80 nM HIS-gG3PD, either in the
presence (solid line) or absence (dashed line) of 17 mM g3p. Fluorimetric
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analyses were recorded at 25°C in 67 mM potassium phosphate buffer (pH
7.5). NBDHEX fluorescence emission has a maximum peak wavelength at
525 nm. Fluorescence intensity (v axis) is arbitrary. The change in color of the
two reactions is shown in the insert. (C) The UV-visible spectrum of NBDHEX
(100 wM) in 67 mM potassium phosphate buffer (pH 7.5) was recorded at 25°C
before (solid line) and after (dashed line) treatment with sodium dithionite
(Na2S204). The wavelengths (nm) of the maximal absorption are indicated with
arrows. (D) Fluorescence spectra of 100 wM NBDHEX (excitation at 430 nm)
before (solid line) and after Nax S2O4 (dashed line). The slight change in color of
the two conditions is shown in the insert. Spectra and images from (A-D) are
(Continued)
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FIGURE 7 | Continued

representative of three independent experiments. (E) SDS-PAGE (4-12%)
of 2 ng of HIS-gG3PD after 80 min of incubation at 25°C with NBDHEX
(+NBDHEX) in the presence or not of g3p, or with ethanol (no NBDHEX). Gel
was photographed under UV light (UV, right) before staining with Coomassie
blue (Coomassie, left). Molecular size markers are reported in the left. Images
are representative of three independent experiments. (F) Comparison of the
UV-visible spectra of NBDHEX (green and orange line) or MTZ (solid and
dashed line) incubated with HIS-gG3PD and g3p (G3PD) at time O min and
after 80 min of incubation at 25°C (TO and T80, respectively). Arrows indicate
the wavelengths (nm) of the maximal absorption. Spectra are representative of
three independent experiments.

ETC (Han and Collins, 2012), the encystation-dependent
localization of gG3PD to mitosomes could be a reminiscence
of mitochondrial function of mG3PDs, where they participate
in the g3p shuttle and supply electrons to the mitochondria
ETC. A homolog of FAD-dependent mG3PD has been identified
also in the mitosomes of the microsporidia Antonospora
locustae, a group of spore-forming fungus-related intracellular
parasites (Dolgikh et al, 2011). The protein is expressed in
the spore and localizes in the mitosomes, where it channels
reducing equivalent to the so called alternative oxidase (Dolgikh
et al., 2011). Similarly, the presence of alternative ETCs in
G. duodenalis, as in the anaerobic bacteria respiration, cannot
be excluded (Unden and Bongaerts, 1997; Han and Collins,
2012). GiOR-1, a di-flavoprotein able to reduce the gCYTb5-
IV and having ferredoxin-independent and NADPH-dependent
reductase activity, has been localized to the G. duodenalis
mitosome, suggesting that a NAD(P)-dependent ETC exists
in this organelle (Jedelsky et al, 2011; Pyrih et al, 2014).
Similarly, the presence of a pyridine nucleotide-disulphide
oxidoreductase domain and of a putative metal binding
domain in gG3PD, both present in the flavoprotein reductase
family (Argyrou and Blanchard, 2004), may imply that the
protein possesses a combined dehydrogenase and reductase
activity, although the final acceptor, if any, is still to be
identified. Our results disclose a new perspective on the
role of mitosome in G. duodenalis suggesting that mitosomal
components and functions can change during the parasite
life cycle. Indeed, gG3PD was not detected in the proteome
of mitosomes isolated from trophozoites (Jedelsky et al,
2011).

Looking for compounds affecting the gG3PD activity, we
demonstrate that the 7-NBD derivative NBDHEX, a patented
anti-tumor drug (Ricci et al., 2005; Turella et al., 2005), exerts
cytotoxic activity toward G. duodenalis trophozoites and, when
administered in vivo, hampers the g3p dehydrogenase activity of
gG3PD. The IC5¢ of NBDHEX is twofold to fivefold lower than
MTZ, proving that the compound is more effective in killing
G. duodenalis than the reference drug, even in microaerobic
conditions. This indicates that the presence of O, does not
produce opposite effects on NBDHEX, as on the contrary occurs
for re-oxidation of MTZ nitroradical anions. G. duodenalis
is a microaerophilic parasite that lives in the fairly aerobic
(up to 60 uM O;) environment of the upper intestine, so
that a drug potentially effective also in presence of O, is

more attractive for therapeutic use. We show that NBDHEX
binds to gG3PD, when administered both in vivo and in vitro.
NBDHEX is an excellent electrophile that can easily form
o-complexes, as occurs between glutathione and the C-4 position
of the drug in the G-site of GST, leading to the inhibition of
the detoxifying and anti-apoptotic activity of human GSTP1-
1 (Ricci et al, 2005; Federici et al, 2009). Since no gene
coding for GST is present in G. duodenalis (Morrison et al,
2007), we can bona fide exclude that antigiardial activity of
NBDHEX may be due to any GST inhibition, although a low
level of GSH has been detected (Krauth-Siegel and Leroux,
2012). The formation of o-complexes likely occurs between
NBDHEX and gG3PD, as suggested by in gel fluorescence
of gG3PD after NBDHEX treatment, but, unfortunately, our
attempts to identify these complexes by mass spectrometry were
unsuccessful. Furthermore, we demonstrate the occurrence of
NBDHEX covalent adducts at several gG3PD cysteine residues,
with the 7-nitro group of the drug being reduced either
completely to amine or partially to hydroxylamine. Different
NBDHEX modified cysteine residues of His-gG3PD were found
in different experimental conditions, i.e., NBDHEX treatment
in E. coli or in vitro, likely as the result of a differential
accessibility of the drug to such residues. Our in vitro assays
and MS data indicate that the nitro reduced NBDHEX adducts
derive from the gG3PD-mediated electrochemical reduction
of the drug, possibly via the formation of highly reactive
intermediates, such as nitroso or hydroxylamine radicals. It is
well known that during the FAD-mG3PD-mediated oxidation
of the 2-hydroxy group of g3p, to form DHAP, two electrons
are transferred to FAD and then to the quinone pool (Mracek
et al, 2013). Similarly, gG3PD activity can generate two
electrons able to reduce the nitro group to a hydroxylamine
intermediate. Enzymatic reduction has also been proposed
as a mechanism for the activation of nitrocompounds, i.e.,
MTZ, leading to protein covalent adducts formation and
cytotoxicity in several microaerophilic protozoan parasites. In
particular, the flavoprotein TRxR can nitroreduce MTZ, by
a process involving its flavin cofactor, thus forming covalent
adducts with the drug (Leitsch et al., 2007, 2009, 2011).
Remarkably, although gG3PD displays nitroreductase activity
toward NBDHEX, no nitroreduction of MTZ could be observed
in our experimental conditions. Nitroimidazoles and other
nitrocompounds seem to be metabolized in G. duodenalis in
a different manner, also in comparison to E. histolytica and
T. vaginalis, and protein adducts can be formed only with
some of these drugs (Leitsch et al., 2012). Indeed, gG3PD was
not identified among the proteins forming adducts with MTZ
or tinidazole neither in G. duodenalis nor in E. histolytica
(Leitsch et al., 2007, 2012). In particular, these differences
in nitrocompound metabolization have been related to the
adaptation of G. duodenalis to rather high concentrations
of O, in the upper small intestine. We can speculate that
gG3PD-mediated NBDHEX nitroreduction may be influenced
by a redox-cycling property of 7-NBD derivative in presence
of O;. NBF-SPh, a compound related to NBDHEX, has a
redox-cycling activity with nitro group cycling to nitroso and
hydroxylamine intermediates by reversible electron transfer to
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O, before becoming exhausted and finally reduced to amine
(Patridge et al., 2012). During redox-cycling, NBF-SPh rapidly
converts O to ROS at an higher rate than that of the most
toxic redox-cycling quinones and the nitrocompound MTZ.
Bio-reduction of the redox cycling naphthoquinone menadione
by flavoprotein/iron-sulphur-mediated electron transfer in both
G. duodenalis trophozoites and cysts has been proven to be a
potent generator of ROS, even in the presence of low levels
of oxygen, thus leading to parasite killing (Paget et al., 2004).
Therefore, we propose that the cytotoxicity exerted by NBDHEX
against G. duodenalis could be due to its nitroreduction and to
ROS generation during the reductive process, likely involving
gG3PD. Finally, it should be considered that nitroreduction of
NBDHEZX, at least in part mediated by gG3PD, could subtract
electrons from their physiological acceptor(s) thus altering the
G. duodenalis intracellular redox metabolism.

Although further studies are necessary to fully understand
the metabolic pathways involving the gG3PD, as well as the
mechanisms of the enzyme regulation in G. duodenalis, we
have clearly proven, for the first time, that a functional FAD-
dependent gG3PD works in G. duodenalis and could be a valuable
potential candidate for the design of novel antigiardial drugs
having NBDHEX, a representative of novel class of antitumoral
molecules, as leading compound.
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and the emerging drug resistance. By data-mining genome sequences, we observed
that G. intestinalis is incapable of synthesizing fatty acids (FA) de novo. However, this
parasite has five long-chain fatty acyl-CoA synthetases (GIACS1 to GIACS5) to activate
FA scavenged from the host. ACS is an essential enzyme because FA need to be
activated to form acyl-CoA thioesters before they can enter subsequent metabolism. In
the present study, we performed experiments to explore whether some GIACS enzymes
could serve as drug targets in Giardia. Based on the high-throughput datasets and
protein modeling analyses, we initially studied the GIACS1 and GIACS2, because genes
encoding these two enzymes were found to be more consistently expressed in varied
parasite life cycle stages and when interacting with host cells based on previously
reported transcriptome data. These two proteins were cloned and expressed as
recombinant proteins. Biochemical analysis revealed that both had apparent substrate
preference toward palmitic acid (C16:0) and myristic acid (C14:0), and allosteric or
Michaelis-Menten kinetics on palmitic acid or ATP. The ACS inhibitor triacsin C inhibited
the activity of both enzymes (ICsg = 1.56 uM, Kj = 0.18 uM for GIACS1, and ICsq
= 2.28 uM, K;j = 0.23 uM for GIACS2, respectively) and the growth of G. intestinalis
in vitro (ICsg = 0.8 wM). As expected from giardial evolutionary characteristics, both
GIACSs displayed differences in overall folding structure as compared with their human
counterparts. These observations support the notion that some of the GIACS enzymes
may be explored as drug targets in this parasite.

Keywords: Giardia intestinalis, fatty acyl-CoA synthetases, drug target, protein modeling, triacsin-C

Introduction

Giardia intestinalis (syn. G. lamblia, G. duodenalis) is one of the major causative agents of diarrheal
diseases in humans around the world. In the U.S. alone, there are estimated 1.2-2 million (but up to
8 million) cases per year, resulting in annual costs of >$30 million USD (Hlavsa et al., 2005; Yoder
et al,, 2007, 2010, 2012). The recently reported infection rates range from 0.4-7.6% in developed
countries, and 0.9-40% in developing countries (Plutzer et al., 2010; Feng and Xiao, 2011). Because
Giardia cysts exhibit moderate resistance to the chlorine used in treating water for drinking and
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recreational purposes, it is also one of the most common water-
borne pathogens and is listed as a Category B priority pathogen in
the NIH/CDC Biodefense program'. In addition to water-borne
and food-borne transmissions, G. intestinalis is also a zoonotic
pathogen capable of transmitting infections between animals
and humans. Drugs to treat giardiasis are available, but the
choices are limited (e.g., metronidazole, tinidazole, albendazole,
and nitazoxanide) (Busatti et al., 2009; Tian et al., 2010; Tejman-
Yarden and Eckmann, 2011; Granados et al., 2012). These drugs
are also not 100% effective and may be unsuitable for some
patients due to toxicity. Drug resistance is also an emerging
problem (Ali and Nozaki, 2007; Lalle, 2010; Tian et al., 2010).
Therefore, new or alternative drugs are needed, particularly

if massive infection occurs under natural or man-made
conditions.
Giardia species are anaerobic protozoa evolutionarily

branched early at the base of eukaryotes (Morrison et al., 2007).
The genome of G. intestinalis has been sequenced and reported
in 2007, which revealed that this parasite has none or limited
ability to synthesize most nutrients de novo, such as amino
acids, nucleosides, and fatty acids (FA) (Morrison et al., 2007).
In FA metabolism, Giardia lacks both types I and II synthetic
pathways, and thus relies on scavenging FAs from hosts. This
notion is also supported by earlier biochemical analysis on this
parasite (Jarroll et al., 1981; Beach et al., 1990; Das et al., 2002;
Lee et al., 2007). This anaerobic protozoan retains limited fatty
acyl extension ability by possessing one or more elongating
(ELO) genes. Congruent with its anaerobic life style, Giardia also
lacks enzymes for FA degradation and B-oxidation. FA scavenged
from hosts are first activated by acyl-CoA synthetase (ACS, aka.
FA-CoA ligase, ACL) to form fatty acyl-CoA (FA-CoA) thioesters
before they can enter to subsequent metabolic pathways, such
as FA elongation and synthesis of lipids and biomembranes
(Figures 1A,B). Therefore, targeting ACS may block the entire
FA metabolism, thus killing the parasite.

In this study, we cloned and expressed two of the five ACSs
from G. intestinalis (named as GiACS1 and GiACS2) as maltose-
binding protein (MBP)-fusion proteins, and characterized their

Uhttp://www.niaid.nih.gov/topics/BiodefenseRelated/Biodefense/Pages/CatA.
aspx

substrate preference and enzyme kinetic features. We also
showed that the ACS inhibitor triacsin C could not only inhibit
the activity of GiIACS1 and GiACS2, but also display efficacy
against the growth of G. intestinalis in vitro at micromolar levels.

Materials and Methods

Data-mining the G. intestinalis ACS Genes and
their Expression Profiles

To ensure the full recovery of ACS genes from the G. intestinalis
genomes, we searched the GiardiaDB* and the Giardia reference
genomes at the National Center for Biotechnology Information’
(NCBI) with relevant keywords and by BLAST searches using
known long-chain fatty acyl (LCFA)-CoA protein sequences as
queries. The identities of GIACS proteins were further confirmed
by BLAST searches for their orthologs and signature domains at
the NCBI Conserved Domain Database* (CDD). This strategy
identified five G. intestinalis ACS (GiACS) orthologs and three
related genes that are summarized in Table 1.

By taking advantage of already published and publically
available transcriptome datasets at the GiardiaDB, we also data-
mined the expression levels and fold changes of the five GiACS
genes to evaluate their importance and potential differential roles
in various parasite stages. These included their transcript levels
in trophozoites and cysts, as well as during the encystation,
excystation, and interactions with host cells that were determined
by serial analysis of gene expression (SAGE), microarray analysis,
and RNA-seq using the Illumina HiSeq2000 platform (Palm et al.,
2005; Morf et al., 2010; Ringqvist et al., 2011; Franzen et al., 2013).
Expression data of individual GIACS genes were extracted from
corresponding datasets in GiardiaDB and values were plotted for
comparison.

Protein Modeling
Structure homology modeling was performed on GiACS1 and
GiACS2 (853 and 693 aa, respectively) using the I-Tasser

2http://www.giardiadb.org
Shttp://www.ncbi.nlm.nih.gov/
“http://www.ncbi.nlm.nih.gov/cdd/

TABLE 1 | Fatty acyl-CoA (FA-CoA) synthetase (ACS) orthologs and related genes identified from the Giardia intestinalis genome and their top hits at the

NCBI conserved domain (CDD) database.

Gene GenBank GiardiaDB Gene GiardiaDB description Protein CDD top hit CcDD E-value to
Name Accession No. ID size accession CDD top hit
GIACST1 XP_001705891 GL50803_9062 Long-chain fatty acid (FA) 853 aa LC-FACS_euk cd05927 8.73E-120
CoA ligase 5
GIACS2 XP_001706424 GL50803_15063 Long-chain FA CoAligase 5 693 aa LC-FACS_euk cd05927 1.92E-157
GIACS3 XP_001705009 GL50803_21118 Long-chain FA CoA ligase 5 765 aa LC-FACS_euk cd05927 2.72E-117
GIACS4 XP_001708520 GL50803_30476 Long-chain FA CoA ligase 4 804 aa LC-FACS_euk cd05927 8.47E-163
GIACS5 XP_001709411 GL50803_113892 Long-chain FA CoA ligase, 758 aa LC-FACS_euk cd05927 5.37E-117
putative
Unnamed XP_001707853 GL50803_17170 Long-chain FA CoA ligase 5 1,623 aa VL_LC_FACS_like cd05907 6.85E-19
Unnamed XP_001710279 GL50803_86511 Acyl-CoA synthetase (ACS) 970 aa ATP-grasp_5 pfam13549 4,05E-38
Unnamed XP_001709605 GL50803_16667 ACS 905 aa ATP-grasp_5 pfam13549 1.16E-38
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(Iterative Threading ASSEmbly Refinement) webserver at http://
zhanglab.ccmb.med.umich.edu/I-TASSER/ (Zhang, 2008; Roy
et al, 2010). This platform is the most widely used system
to build structural protein models from query sequences using
the solved crystal structures contained at the RCSB Protein
Data Bank (PDB) as templates. The quality of the model is
given by a C-score (range -5 to 2), which is an index that
considers TM and RMSD scores and allows for the ranking of
the degrees of similarity between query and template protein
structures. The C-score is used in combination with the TM
score (range 0-1) to obtain the best model (Yang et al,
2015). The root-mean-square-deviation (RMSD) score indicates
a measure of the differences (in A) between values predicted
by retrieved models and the values actually observed in PDB
templates. The quality of protein models obtained was further
visualized and tested by Ramachandran plots in the Discovery
Studio v4.1 client (AccelrysTM) software. To compare the overall
folding of two given protein models, the PDB files generated
by I-Tasser platform were submitted to the TM-Align platform®
that retrieves the RMSD and TM scores for the structural
alignment of the proteins studied. According to PDB statistics,
TM-scores below 0.2 corresponds to randomly chosen unrelated
proteins, whereas a score higher than 0.5 match generally the
same fold.

Expression of Recombinant GiACS Proteins

From identified GiACS genes, we chose to first clone and
express two genes for potential functional analysis (i.e., GIACSI
and GiACS2, corresponding to the G. intestinalis WB strain
Gene ID numbers GL50803_9062 and GL50803_ 15063, or
GenBank accession numbers XP_001705891 and XP_001706424,
respectively) (Table 1). Genomic DNA was isolated from the
WB strain of G. intestinalis (ATCC # 30957) using Qiagen
DNeasy Blood & Tissue Kit using protocol recommended for
cultured cells. For biochemical analysis, the entire intron less
open reading frames (ORFs) of GiACSI and GiACS2 genes were
amplified from the genome DNA by PCR using high-fidelity
Pfu Turbo HotStart DNA polymerase (Agilent Technologies, Los
Angeles, CA, USA). Linker sequences containing BamHI and
HindllI restriction sites were added to the sense and antisense
primers, respectively (Table 2). The PCR products were digested
by BamHI and Hindlll, and ligated into the linearized pMAL-c2E
vector. The ligated plasmids were transferred into the Rosetta 2
strain of Escherichia coli competent cells (Novagen) and cultured

Shttp://zhanglab.ccmb.med.umich.edu/TM-align/

TABLE 2 | Primers used in the cloning of GIACS1 and GiACS2 genes.

Gene Orientation Linker Sequence (5'-3')"

Name

GIACS1 Forward BamHI  ctggatccATGATCTTTCCATTTCTAAAAC
GIACS1 Reverse Hindlll  gcaagcttCTCTCCTTATCAACCATGGCTTC
GIACS2 Forward BamH|I  ctggatccATGTCGGATTTCATCTGCC
GIACS2 Reverse Sall gcgtcgacCTTACTAGATGGTCTAGA

in LB agar plates containing 100 pg/mL ampicillin, from which
plasmids were isolated from individual colonies by E.Z.N.A.
plasmid DNA miniprep kit (Omega Bio-Tek, Atlanta, GA, USA)
and sequenced by Sanger sequencing technique at the Texas
A&M University Gene Technologies Laboratory® to confirm their
identity and sequence accuracy.

The expression of MBP-fusion proteins was carried out as
described (Guo and Zhu, 2012; Guo et al.,, 2014; Yu et al., 2014).
Briefly, engineered plasmids were transferred into the Rosetta 2
strain of E. coli to grow colonies in LB agar plates containing
100 pg/mL ampicillin and 34 pg/mL chloramphenicol, from
which bacterial colonies (less than 1 week old) were individually
transferred into 25 mL LB broth containing 0.2% glucose and
allowed to grow at 37°C overnight. The next day, bacterial broths
were diluted by 1:100 with fresh medium and incubated at 37°C
for 2 h or until OD4g5 reached to ~0.5, followed by the induction
of expression by isopropyl p-D-1-thiogalactopyranoside (IPTG)
(0.3 mM) at 16°C overnight. Bacteria were collected by
centrifugation (6000 x g, 10 min) and lysed by sonication in
Tris-HCl buffer (pH 7.5), from which the recombinant proteins
were purified by amylose resin-based affinity chromatography
according to the manufacturer’s instructions (New England
Biolabs). The quality and quantity of purified proteins were
analyzed by SDS-PAGE and Bradford assay using BSA as the
protein standard. Proteins were used immediately after the
purification or stored at —20°C.

Biochemical Assays
The ACS activity was determined by a five, 5'-dithio-bis-(2-
nitrobenzoate) (DTNB) colorimetric assay for both GiACS1 and
GiACS2. In the assay, free CoA in reduced form (CoA-SH)
reacted with DTNB to form 5-thionitrobenzoic acid that was
measured at ODy4;; (Bernson, 1976; Zhuravleva et al., 2012; Guo
etal., 2014). Reactions were carried out in 200 L Tris-HCI buffer
(0.1 mM, pH 8.0) containing 10 mM KCl, 50 uM CoA, 500 .M
ATP, 10 mM MgCly, and 100 pM FA. The concentrations of
substrates and cofactors might be varied for determining their
dose-response curves and FA with carbon chains ranging from
C2:0 to C30:0 were used for determining substrate preference.
Reactions were started by the addition of 1 pug of recombinant
MBP-GiACS proteins, followed by incubation at 32°C for 10 min,
and then stopped by heating samples at 80°C for 5 min. Following
sample cooling to room temperature, 4 wL of DTNB (5 mM) was
added into each reaction that was allowed for color development
for 5 min, followed by the measurement of ODy;, values with
a Multiskan Spectrum spectrophotometer (Thermo Scientific).
Serial concentrations of CoA in the same reaction buffer were
assayed and used as standard curves for calculating the amounts
of CoA reduced in experimental samples. Enzyme kinetic
parameters were determined using varied concentrations of
palmitic acid (10-600 M) and ATP (10- 3000 M), respectively.
To confirm the formation of palmitoyl-CoA catalyzed by
GiACS1 and GiACS2, we performed a radioactive assay in
which reactions were carried out with the use of *H-palmitic
acid (25 pM) and other reagents as described above. Negative

1Lower cases indicate added linker sequences.

Chttp://www.idmb.tamu.edu/gtl/

Frontiers in Microbiology | www.frontiersin.org

July 2015 | Volume 6 | Article 753 | 103


http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/TM-align/
http://www.idmb.tamu.edu/gtl/
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Guo et al.

Giardia ACS as drug targets

controls consisted of an MBP-tag to replace MBP-GiACS proteins
for background subtraction. After the reaction, samples were
subjected to a heptane extraction procedure to remove free
palmitic acid, and the radioactivity of >H-palmitoyl-CoA in the
aqueous phase was counted in a Beckman Coulter LS 6000SE
counter as described (Fritzler and Zhu, 2007; Fritzler et al., 2007).
We also evaluated the effects of an ACS inhibitor, triacsin C
(2,4,7-undecatrienal nitrosohydrazone; CAS 76896-80-5) on the
GIACS activity, in which 1-32 pM of triacsin C was used to
determine the ICsg value. In each experiment, there was a set of
reactions under the same conditions, but without enzyme for use
as controls for background subtractions.

Efficacy of Triacsin C on the Growth of

G. intestinalis In Vitro

The effect of triacsin C on the growth of G. intestinalis (WB
strain) in vitro was assessed by subculture in liquid medium as
described (Arguello-Garcia et al., 2004). In this assay, 1 x 10°
Giardia trophozoites were cultured in 4.5-mL screw-capped
vials containing fresh TYI-S-33 medium (less than 1 week old)
containing varied concentrations of Triacsin C (0.13-16 wM) for
24 h at 37°C. Then 1 x 10° drug-exposed trophozoites were
transferred to new 4.5-mL vials containing drug-free medium
and incubated for additional 48 h at 37°C. Parasites were then
counted and the parasite growth was expressed as the percent
of surviving trophozoites in comparison to those in the negative
controls that did not received an inhibitor.

Results

The Genome of G. intestinalis Encodes Five

Long Chain FA-CoA Synthetases that are
Differentially Expressed the Parasite

By data-mining the genome sequences of G. intestinalis (WB),
we identified eight candidate genes encoding proteins that either
exhibited high degree of identities with other known ACS
proteins or annotated as long-chain FA CoA ligases or ACSs by
the GiardiaDB (Table 1). Among them, five genes (designated
as GIiACS1 to GiACS5) appear to encode for ACS enzymes based
on their identities to other ACS proteins and by the presence of
AMP-binding domain, ACS signature motifs, and other active
sites in their protein sequences (Figure 1C; Supplementary
Figure S1). The top hit at the NCBI CDD for all five GIACS
proteins is LC_FACS_euk (CDD No. ¢d05927) with expectation
values (E-values) ranging from 1.92E-157 to 5.37E-117 (Table 1).
Among the other three genes, GL50803_17170 (GenBank:
XP_001707853) was annotated as “LCFA CoA ligase 5, and
several short regions within the sequence could be mapped to
the “VL_LC_FACS_like” domain at CDD (cd05907) with a much
less significant E-value at 6.85E-19 (Table 1). The sequence also
lacked most of the active sites in ACS, but only contained limited
conserved amino acids at the two signature motifs, suggesting
that GL50803_17170 was derived from an ancient very-long
LC-FACS, but probably lost its ACS function. The remaining
two genes were annotated as ACSs (GL50803_86511, GenBank:
XP_001710279; and GL50803_16667, GenBank: XP_001709605)

Exogenous fatty acids B
Long chain fatty acid
(LCFA)
ATP
Fatty acids
CoA PPi
TriaC= Fatty acyl-AMP
Synthesis of lipids CoA
Fatty acyl-CoA (Cn) = & membranes, efc _
ELO pathway N AMP
Y Fatty acyl-CoA
Fatty acyl-CoA (Cn+2) H
v

acid-synthesis Metabolic pathways

*
GIACST 295 TISS[LIYTSGTSSTPK|GVIISHGAL?
GIACS2 85DDLMTILIYTSGTTGNPK|GVKL SHGNV?3%®
GIACS3 *6DEVHT|IILYTSGSSGNPKGVTHTHSTI
GIACS4 *'DDLMTILVYTSGTTGNPKIGVKLTQGNV 34
GiACS5 *TDDLHTIILYTSGTSGNPKIGVVHTQKTI342
Acyl-activating enzyme consensus motif

[LIVMFY]-x-x-[STGHSTAG}-G-[STHSTEIHSG]-x-[PASLIVM}-[KR]

GIACS1 **TEWYRSGDCGLMNE-DNKLILKDRINS
GIACS2 62D GWFMTGDIGEYDRSLGELRLIDRKR®®
GIACS3 %91DGYFHTGDLMRLND-DGSLTFVRRIN®®
GIACS4 88DGWFMTGDIGEYDRSLGELRLIDRKGS™
GiACS5 S8DGYFHTGDLMRLND-DGSLTFVRRIN®E

ACS signature motif
DGWLHTGDIGxWxPxGxLKIIDRKK

FIGURE 1 | Fatty acid (FA) metabolism and acyl-CoA synthetase (ACS)
in Giardia intestinalis. (A) Highly streamlined FA metabolism in

G. intestinalis based on the genome sequences. This parasite relies on
exogenous FA due to the incapability of synthesizing FA de novo. FA are
transported into parasite cell by undefined transporters or other mechanisms.
FA are activated by ACS immediately or from the FA pool to form FA-CoA
thioesters that may be elongated via the ER-associated elongation system
(ELO) table before entering subsequent synthetic pathways. The ACS activity
may be inhibited by triacsin C. (B) ACS catalyzes a two-step reaction to form
FA-CoA thioesters from FA and CoA; (C) Multiple alignments of the five GIACS
proteins at the AMP-binding domain conserved in acyl-activating enzymes
and ACS signature motif. Residues conserved in all GIACSs are shaded, while
those important to the catalytic function and interacting substrates are boxed
and marked with asterisks, respectively. Also, see Supplementary Figure S1
for a multiple alignment of the five full-length GIACS protein sequences with
annotation of predicted active sites.

(Table 1). They both contained an ATP_grasp-5 domain (CDD:
pfam549) with less significant E-values at 4.05E-38 and 1.16E-
38, respectively. Interestingly, proteins encoded by these two
genes were ortholog of CoA-binding proteins from prokaryotes,
suggesting they were derived from prokaryotic genes by lateral
gene transfer and might more likely function as CoA-binding
proteins than as ACS. Based on these observations, we concluded
that the G. intestinalis genome encoded five ACSs and three
ACS-related proteins.

Further transcriptome analysis by data-mining previously
published transcriptome data generated using various platforms
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(i.e, SAGE, RNA-seq, and microarray) and available at
GiardiaDB (Palm et al., 2005; Morf et al., 2010; Ringqvist et al.,
2011; Franzen et al., 2013), we noticed that the five GiACS
genes were differentially expressed in different parasite stages
(Figure 2). In trophozoites, an earlier SAGE analysis detected
the transcripts of four GiACS genes (with the exception of
only GiACS4) (Figure 2A), whereas a more recent RNA-seq
analysis was able to detect the transcripts of all five GiACS
genes (Figure 2B). However, the general expression profiles in
these two datasets were similar (i.e., the highest for GiACS3
and GiACS5, moderate for GiACS1 and GiACS2, and the lowest
for GiACS4). In other stages including cysts and parasites
during encystation and excystation, GiACSI was the most
highly expressed among all GIiACS genes in all stages in the
SAGE dataset (Figure 2A). GiACS1 also maintained the highest
levels of expression during excystation process, but mid-level
expressions during the encystation process (Figure 2A). GIACS2
was consistently expressed at moderate levels in all parasite
stages, while GIACS3 had relatively high transcript levels in
trophozoites and during encystation, but generally lower levels
in cysts and excysation. GiACS4 was consistently the lowest or

undetectable in all stages, whereas GiACS5 was highly expressed
in trophozoites and during encystation, but slightly expressed
during excystation (Figure 2A). In agreement with the SAGE
analysis, a microarray analysis also detected apparent down-
regulation of GiACS3 and up-regulation of GIACS5 during the
encystation process (Figure 2C). Although GiACS4 gene displays
the lowest or even undetectable expression levels in all parasite
life cycle stages, this gene significantly elevated its expression
during the interaction with host cells or when culture medium is
changed from DMEM to TYDK medium (Figure 2D). Although
further functional studies are needed to delineate the biological
roles played by the five Giardia ACS genes, their differential
expressions in various biological processes and conditions clearly
imply that they might play differential roles in the parasite life
cycle.

Insights from GiACS1 and GiACS2 Protein
Models

Considering the aforementioned data and the fact that
chemotherapy in giardiasis is mostly directed against the
trophozoite stage, the GiACS1, and GiACS2 proteins were

A
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FIGURE 2 | Differential expressions of the five GIACS genes as et al., 2013). FPKM = fragments per kilobase of exon model per million
determined by data-mining previously published transcriptome data mapped reads; (C) Transcriptional changes in response to encystation stimuli
available at GiardiaDB. All data were derived from G. intestinalis based on a dual-color hybridization of a full-genome microarray analysis, in
assemblage A WB strain. (A) Expression profiles based on serial analysis of which encystation was induced in vitro for 45 min, 3 h, and 7 h by standard
gene expression (SAGE) in trophozoites (Troph), cysts, and during excystation 2-step protocol or for 7 h by lipid starvation (7hLS) (Morf et al., 2010).
and encystation (Palm et al., 2005). S1 (stage 1) = under acidic condition to (D) Transcriptional changes in trophozoites during interacting with host cells
mimic the stomach. S2 (stage 2) = trypsin and slight alkaline conditions to as determined by a full-genome microarray analysis, in which trophozoites
mimic the small intestines. (B) Transcriptional levels in trophozoites based on  were used to infect Caco-2 cells in DMEM medium or cultured in cell-free
strand-specific RNA-seq using the lllumina HiSeq2000 platform (Franzen TYDK medium for varied times (Ringavist et al., 2011).
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considered as potential drug targets due to their stable and
comparable transcription levels in trophozoites (Figure 2B),
even though expression of both proteins differ upon trophozoite-
epithelial cell interactions. GiACS2 was up regulated while
GiACS1 was down regulated at < 6 h of interacting with host
cells (Figure 2D). In addition, GIACS1 is a much larger protein
(853 aa) than the other GiACSs and their human counterparts
(generally <700 aa); hence, the GiACS1 represents a divergent
ACS.

In an initial mining of ACS crystals in PDB, protozoan
templates were absent. When the GiACS1 and GACS?2 sequences
were submitted to preliminary modeling, the retrieved models
shared the highest scores with members of the CoA synthetase
family as firefly luciferase, ACS of Saccharomyces cerevisiae
and acetoacetyl-CoA synthetase of Streptomyces lividans (PDB
IDs: 2D1S, 1RY2, and 4WD1, respectively). From these, the

yeast homolog (1RY2) was chosen as template for refinement
of protein models due to its ACS nature that closely matches
with the proposed GiACS functions. In this way, a template-
directed modeling was performed and the two GiACS models
(Figures 3A,D) had satisfactory scores: C-score: -2.57, TM-
score = 0.636, and RMSD = 0.95 for GiACS1; C-score: -1.04,
TM-score = 0.773, and RMSD = 1.65 for GiACS2. These data
reflect that GIACS models share 63.6% (GiACS1) and 77.3%
(GiACS2) homology (average deviation <2A) with respect to
the yeast ACS template. Also, the identity in sequence may
be indicated with the available PDB structures resolved since
I-Tasser is good for modeling protein targets in the “twilight
zone” (20-30% identity), which have no or weakly homologous
templates (Roy et al., 2010).

In a further assessment of the quality for GIACS1/2 protein
models, the Ramachandran plots were constructed. This tool
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FIGURE 3 | Protein modeling features of GIACS1 and GIiACS2. The
protein folding models for GIACS1 (A) and GIACS2 (D) were retrieved using
yeast ACS (PDB ID: 1RY2) as a template. Protein models are colored from
N-terminus (blue) to C-terminus (red) and oriented in relation to the AMP/ATP
heterogen (insets). The Ramachandran plots calculated for GIACS1 (B) and
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GIACS2 (E) display glycine (triangles), proline (squares), and non-glycine
non-proline (circles) residues. The structural alignments of GIACS1 (magenta)
with HSACS5CRAc (cyan) (C) and 541 GIACS2 (magenta) with HsSACS5b
(cyan) (F) display folding differences between giardial and human
counterparts.
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TABLE 3 | Ramachandran plots statistics of GIACS1 and GiACS2.

GIiACS1
(853 aa)

GIACS2
(693 aa)

Residues in Ramachandran plot

In most favored regions 581 (78.30%)

125 (16.85%)

443 (72.63%)

In additionally allowed regions 104 (17.04%)

In generously allowed or disallowed regions 36 (4.85%) 63 (10.33%)
Non-Gly and non-Pro residues 742 (100%) 610 (100%)
# Gly (triangles) 66 43
# Pro (squares) 45 40

not only predicts secondary structures from dihedral angles of
individual amino acids (¢ and 1), but also provides distributions
of residues in “favored regions” (contoured in blue line),
“additionally allowed regions” (contoured in pink line), and the
external “generously allowed” and “not allowed” regions as stated
by the ProCheck platform (Figures 3B,E). The special cases of
glycine and proline are ruled out as recommended and only
residues contained in the two former regions were considered
of satisfactory conformation. These distributions for GIACS1 and
GiACS?2 are listed in Table 3. In this, more than 75% of residues
fall within favored regions, more than 15% fall within allowed
regions and <10% are in external regions. In summary, up to
95.15% of residues in GIACS1 and 89.67% of residues in GiACS2
have a satisfactory conformation within the protein structure
predicted for these molecules; hence, the protein models obtained
have an acceptable quality.

Further analyses to evaluate GIACS1 and GiACS2 as likely
druggable targets were performed to determine the structural
alignment of GiACSs with their most resembling human
counterparts. In these, two isoforms of the human long chain
fatty acyl CoA synthetases had the closest similarity to these
GiACSs: the 5CRAc isoform (HsACS5CRAc, Acc. No. gb|
EAW49534.1, 663 aa) displaying the highest expectation value
(8e-76) and 37% of sequence identity with GIACS1 over a 64.1%
coverage and the 5b isoform (HsACS5b, Acc. No. NP_976313.1,
683 aa) that displayed the highest expectation value (5e-60)
and 26% of sequence identity with GiACS2 over a 79.4%
coverage. Despite the high E-values, the structural comparison
of giardial and human counterparts revealed striking differences:
GiACS1 and HsACS5CRAc had 31.0% of structure identity over
a span of 561 aa (RMSD: 3.20; TM-score: 0.769 normalized
with HsACS5CRAc) while GiACS2 and HsACS5b shared 23.9%
of structure identity over a span of 594 aa (RMSD: 3.90; TM-
score: 0.775 normalized with HsACS5b). In general, there were
obvious folding differences between the Giardia and human ACS

counterparts (Figures 3C,F), particularly in the case of GIACS1
as a consequence of the multiple insertions contained in this
unusually large (853 aa) molecule. Based on these observations,
it was tempting to compare purified GiACS in terms of catalytic
abilities and susceptibility to specific inhibitors.

Functional Confirmation of GIACS1 and

GiACS2 as a Long Chain FA-CoA Synthetase

After we determined that G. intestinalis possessed five ACSs,
we decided to first investigate the biochemical features for
two of them. We selected GiACSI and GiACS2 in our initial
study because both genes were relatively highly and consistently
expressed in different life cycle stages, and GiACS2 appeared
to be important in host-parasite interaction. Their whole ORFs
were successfully cloned into the pMAL-c2E expression vector,
and their products were expressed as MBP-fusion proteins
(Figure 4A, inset). GIACS1 protein was purified into high purity,
while the majority of GIACS2 was expressed at expected size,
but some lower bands were present, suggesting some incomplete
translation of GiACS2 probably due to the differences in codon
usage between G. intestinalis and E. coli.

Using DTNB assay, we were able to individually evaluate the
activity of GIACS1 and GiACS2 toward various saturated FA
with chain lengths ranging from C2:0 to C30:0. Both GiACS1
and GIiACS2 displayed the highest activity over palmitic acid
(C16:0) and myristic acid (C14:0) (Figure 4A). Their activity on
other FA was much lower, mostly ranging from ~5% to ~25%.
These observations confirmed that both GiIACS1 and GiACS2 are
long-chain FACS with a relatively restricted substrate preference
toward C14:0 and C16:0 FA. This feature makes these two GIACS
proteins differ from the two Cryptosporidium ACSs that could
use C12:0-C18:0 FA with comparable levels of activity (Guo
et al., 2014). In kinetic studies, these two enzymes exhibited
allosteric and Michaelis-Menten kinetics toward palmitic acid
and ATP, respectively (Figures 4B,C). Their kinetics parameters
are listed in Table 4. We also validated the function of GiACS1
and GiACS2 by directly detecting the formation of palmitoyl-
CoA using a radioactive assay, in which both enzymes exhibited
specific activities comparable to those obtained using DTNB
assay (Figure 4E).

Triacsin C Inhibits GIACS1 and GiACS2

Enzyme Activity as Well as the In Vitro Growth

of G. intestinalis

We further tested whether GIACS1 and GiACS2 were amendable
to the inhibition by an ACS inhibitor triacsin C, and observed

TABLE 4 | Kinetic parameters for GIACS1 and GiACS2'.

Enzyme Substrate K’ or Ky (WM) Vmax (wmol/mg/min) h? K; of triacsin C (WM)
GIACS1 Palmitic acid 13.09 £ 2.42 1256 +£0.12 1.36 0.18

ATP 279 + 18.46 2.19 £ 0.04
GIACS2 Palmitic acid 1115+ 0.54 2.64 4+ 0.06 2.19 0.23

ATP 175 4+ 18.68 3.55 4+ 0.08

1Values for K', Km, and Vmax are expressed as mean + SD; 2h = Hill coefficient.
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FIGURE 4 | Enzyme kinetic features of recombinant GIACS1 and GIiACS proteins on palmitic acid; (C) Michaelis—-Menten kinetics of GIACS
GIACS2 as determined by a 5, 5'-dithio-bis-(2-nitrobenzoate) (DTNB) on ATP; (D) Inhibition of triacsin C on the GIACS enzyme activity; and
colorimetric assay. (A) Substrate preference of GIACS1 and GIACS2 (E) Enzyme activity by detecting the formation of 3H-palmitoyl-CoA using
toward FA with varied carbon chain lengths. Relative activities were a heptane extraction-based radioactive assay. Bars represent SEM derived
shown in comparison with that on the C16:0 palmitic acid. Inset showed from three or more reactions. At least two independent assays were
SDS-PAGE analysis of purified recombinant GIACS1 and GIACS2 as performed for each experiment, and the data from one representative
maltose-binding protein (MBP)-fusion proteins; (B) Allosteric kinetics of assay were shown here. U = pmol/mg/min.

that this compound could inhibit their enzyme activity with
ICs¢ values at 1.56 and 2.28 uM on GiACS1 and GiACS2,
respectively (Figure 4D). Their corresponding K; values were at
0.18 and 0.23 wM, respectively, based on a competitive inhibition
model (Cheng and Prusoff, 1973) (Figure 4D). The efficacy data
were comparable to those observed for the two ACSs from the
apicomplexan parasite Cryptosporidium parvum (i.e., ICsq values
at3.70 and 2.32 wM for CpACS1 and CpACS2, respectively) (Guo
etal., 2014).

Since the major goal of this study is to explore the potential
of GiACSs to serve as drug targets, we further investigated the
in vitro efficacy of triacsin C against the growth of G. intestinalis
in axenic culture. We observed that triacsin C indeed effectively
inhibited the parasite growth in a dose-dependent manner with
an estimated ICsp value at 0.8 WM (Figure 5). At other tested
doses, 2.2 uM and >10 uM triacsin C achieved 90 and 100%
inhibitions, respectively.

Discussion

FA are essential to all organisms as one of the major components
of biomembranes. In most organisms, FA also serves as an
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FIGURE 5 | Efficacy of triacsin C on the growth of G. intestinalis (WB
strain) in vitro, in which axenically cultured trophozoites were treated
with various doses of inhibitor for 24 h, transferred to drug-free
medium, and allowed to grow for additional 48 h before being counted
for calculating the parasite growth.

energy source. Because FA needs to be activated to form FA-CoA
before they can enter subsequent metabolic pathways, enzymes
catalyzing the formation of FA-CoA are essential and considered
as potential drug targets. We have recently reported that ACS
enzymes could serve as effective drug targets in Cryptosporidium
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(Guo et al,, 2014), which prompted us to explore whether
ACSs could also be targeted for developing novel anti-Giardia
drugs. Indeed, in the present study, we have confirmed that the
ACS inhibitor could inhibit not only the reactions catalyzed by
GiACS2, but also the in vitro growth of G. intestinalis at sub-
micromolar levels (Figure 5). The possibility to consider GIACS1
and GIiACS2 as likely drug targets was further supported by
bioinformatics data in which protein modeling analyses showed
structural differences between giardial and human counterparts
(Figure 3F). This fact could be the result of evolutionary
processes in which the giardial ACSs are likely ancestors of other
ACSs counterparts. In this context, it is conceivable that GIACS1
(853 aa) could have had a reductive process during evolution. In
spite of the predicted satisfactory quality of the protein models in
this study, further crystallographic studies in purified GIACS1/2
will offer additional insights not only for site-targeted drug
design, but also to assess if a differential adaptation in the catalytic
pocket of GiACS2, as compared to GiACSI, exists. Moreover,
the possibility to recover enzyme activities from recombinant
GiACS1/2 will allow refining crystallographic analyses at distinct
enzyme conformations and under interaction with Triacsin C
or other specific inhibitors. This renders an advantage over the
failure to detect enzyme activities in other parasitic recombinant
ACSs (Matesanz et al., 1999; Guo et al., 2014).

Triacsin C is an analog of polyunsaturated FA that was
first isolated from the fungal Streptomyces aureofaciens (Omura
et al., 1986). It is known as a long-chain ACS-specific inhibitor
with little effect on short-chain or mitochondrial-type ACSs in
mammals (Omura et al., 1986; Tomoda et al., 1987; Hartman
et al, 1989; Van Horn et al, 2005). Mammals possess six
genes encoding long-chain ACS enzymes that are designated as
ACSL1-6 including some variants produced by alternative intron-
splicing with varied spectra of substrate preferences (Soupene and
Kuypers, 2008; Watkins and Ellis, 2012). Among them, triacsin
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Amebiasis is a common worldwide diarrheal disease, caused by the protozoan parasite,
Entamoeba histolytica. Metronidazole has been a drug of choice against amebiasis
for decades despite its known side effects and low efficacy against asymptomatic
cyst carriers. E. histolytica is also capable of surviving sub-therapeutic levels of
metronidazole in vitro. Novel drugs with different mode of action are therefore urgently
needed. The sulfur assimilatory de novo L-cysteine biosynthetic pathway is essential
for various cellular activities, including the proliferation and anti-oxidative defense of
E. histolytica. Since the pathway, consisting of two reactions catalyzed by serine
acetyltransferase (SAT) and cysteine synthase (CS, O-acetylserine sulfhydrylase), does
not exist in humans, it is a rational drug target against amebiasis. To discover inhibitors
against the CS of E. histolytica (EhCS), the compounds of Kitasato Natural Products
Library were screened against two recombinant CS isozymes: EhCS1 and EhCSS.
Nine compounds inhibited EhCS1 and EnCS3 with ICsg values of 0.31-490 wM. Of
those, seven compounds share a naphthoquinone moiety, indicating the structural
importance of the moiety for binding to the active site of EhCS1 and EhCS3. We
further screened >9,000 microbial broths for CS inhibition and purified two compounds,
xanthofulvin and exophillic acid from fungal broths. Xanthofulvin inhibited EhCS1 and
EhCS3. Exophillic acid showed high selectivity against EnCS1, but exhibited no inhibition
against EnCS3. In vitro anti-amebic activity of the 11 EhCS inhibitors was also examined.
Deacetylkinamycin C and nanaomycin A showed more potent amebicidal activity with
ICsq values of 18 and 0.8 uM, respectively, in the cysteine deprived conditions. The
differential sensitivity of trophozoites against deacetylkinamycin C in the presence or
absence of L-cysteine in the medium and the IC5q values against ENCS suggest the
amebicidal effect of deacetylkinamycin C is due to CS inhibition.

Keywords: amebiasis, compound library screening, cysteine synthase, Entamoeba histolytica, secondary
metabolites
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Introduction

Amebiasis is a common diarrheal disease in humans, arising from
infection with the parasitic protozoan Entamoeba histolytica.
WHO estimates 50 million people are infected worldwide,
resulting in 40,000-100,000 deaths annually (Harque et al., 2003;
Stanley, 2003; Ximénez et al., 2009). Transmission occurs via
the fecal-oral route, either directly by person to person contact
or indirectly through consumption of contaminated food or
water. In developed countries, including Japan, domestic cases
of amebiasis are increasing among men who have sex with men,
particularly those infected with HIV (Watanabe et al., 2011; Hung
etal., 2012).

Metronidazole, has been a drug of choice against amebiasis for
decades despite its low efficacy against asymptomatic cyst carriers
(Ali and Nozaki, 2007). Moreover, metronidazole is teratogenic
and causes several adverse side effects, such as nausea, vomiting,
and a metallic taste (Ohnishi et al., 2014). It has been shown
that E. histolytica is capable of surviving sub-therapeutic levels of
metronidazole in vitro (Samarawickrema et al., 1997; Wassmann
et al., 1999). Therefore, new drugs with targets and modes of
action different from those of metronidazole are urgently needed.

The de novo biosynthetic pathway of L-cysteine, is essential
for various cellular activities, including the attachment, motility,
proliferation, and anti-oxidative defense of E. histolytica (Gillin
and Diamond, 1981; Fahey et al, 1984; Jeelani et al., 2010,
2014; Hussain et al., 2011). Since the homologous pathway
does not exist in humans, it could be a rational drug target
for anti-amebic agents. This pathway consists of two reactions
catalyzed by serine acetyltransferase (SAT, EC 2.3.1.30) and
cysteine synthase (CS, O-acetylserine sulfhydrylase, EC 2.5.1.47)
(Figure 1; Nozaki et al., 1998, 1999, 2005). In the first reaction, L-
serine is acetylated with acetyl-CoA by SAT, and in the second
reaction, the alanyl moiety of O-acetylserine is transferred to
sulfide by CS to produce L-cysteine. This sulfur-assimilatory
cysteine biosynthetic pathway exists in bacteria, plants, and some
parasitic protozoa, including Leishmania major, Trichomonas
vaginalis, and Trypanosoma cruzi. The E. histolytica genome
encodes three isotypes of SAT (EhSAT1-3) and CS (EhCS1-3)
(Nozaki et al., 2005; Ali and Nozaki, 2007; Hussain et al., 2009).
The SAT and CS enzymes of E. histolytica have unique features.
Three isotypes of SAT and CS are all present in the cytosol,
whereas in plants three isotypes are compartmentalized, i.e., the
cytosol, mitochondria, and plastids. EhCS1 and EhSAT1 do not
form a heteromeric complex (Nozaki et al., 1999; Kumar et al.,
2011), which is in stark contrast to bacteria and plants, in which
SAT and CS form such a complex (Kredich et al., 1969; Feldman-
Salit et al., 2009). In addition, EhSAT1-3 are both sequence-
wise and biochemically divergent; EnSAT1-3 show remarkably
different sensitivity against allosteric feedback by L-cysteine (Al
and Nozaki, 2007; Hussain et al., 2009). Thus, amebic SATs and
EhCSs are a rational target to develop anti-amebic drugs.

The sulfur-assimilatory cysteine biosynthetic pathway in
plants and bacteria have been exploited for drug development
(Salsi et al., 2010; Amori et al., 2012; Spyrakis et al., 2013).
Nagpal et al. (2012) recently performed in silico screening
of ZINC database studies based on the crystal structure of

human
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FIGURE 1 | Cysteine biosynthetic pathway of Entamoeba histolytica
and human.

EhCS1. One compound was discovered and showed moderate
inhibitory activity against EhCS1 (74% inhibition at 100 wM)
in vitro. A similar virtual screening was also carried out against
Trichomonas CS, which yielded some potential inhibitors (Singh
etal., 2013).

Structure-based drug discovery can identify potential ligand
compounds fit for predicted active sites of target proteins.
Alternatively, screening of natural product libraries or microbial
extracts by directly evaluating inhibitory activity against target
enzymes can also identify existent and novel inhibitors.
Consequently, we developed an enzymatic assay system using
recombinant CSs to identify inhibitors with potentially novel and
diverse structures.

Natural products have been playing a very important role in
drug discovery and development for over a century. In particular,
microbial secondary metabolites have provided many kinds of
compounds, and it is widely considered that a plethora of
unique chemical compounds must still exist undiscovered in the
microbial environment (Newman and Cragg, 2012).

Several anti-amebic compounds have been found from natural
sources, particularly from plants. However, microbial metabolite
sources have not been vigorously exploited (Singh et al., 2009)
as plants or herbs used for traditional remedies have been
historically utilized to isolate active anti-amebic components.

In this study, we utilized two libraries of microbial
secondary metabolites, a chemically defined natural product
library and microbial culture broths as a source of novel
lead compounds for anti-amebic drugs. We first screened
316 compounds from the Kitasato Natural Products Library
against the recombinant enzymes of two representative CSs:
EhCS1 and EhCS3. We also screened extracts from more
than 9,000 fungal and actinomycete culture broths against
EhCS1 and EhCS3. We obtained two compounds, xanthofulvin
and exophillic acid, as EhCS1 inhibitors from the broths
of two fungi, Penicillium sp. and Exophiala sp., respectively.
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Xanthofulvin, which contains a xanthone moiety in its structure,
inhibited both EhCS1 and EhCS3. The other inhibitor, exophillic
acid, showed high selectivity against EhCS1. In vitro anti-
amebic activity of the 11 EhCS inhibitors found were also
evaluated.

Materials and Methods

Expression and Purification of Recombinant

E. histolytica CSs

The E. coli BL21 (DE3) cell introduced pET-EhCS (CS1, CS3)
construct was used for protein expression. Each EhCSs protein
was expressed by 1 mM isopropyl p-D-thiogalactopyranoside
induction for 12 h at 30°C. After induction, the E. coli cell
was harvested and re-suspended in the lysis buffer (50 mM
Tris-HCI, pH 8.0, and 300 mM NaCl) containing 0.5 mM
phenylmethylsulfonyl fluoride. The suspension was sonicated
and centrifuged at 24,000 x g for 30 min at 4°C. The histidine-
tagged rEhCS proteins were purified from the supernatant
fraction using a Ni>*-NTA column and tagged proteins were
eluted with 100-200 mM imidazole in 50 mM Tris-HCI, pH 8.0,
and 300 mM NaCl. The purity of the eluted rEhCS proteins was
confirmed by SDS-PAGE and then dialyzed in 50 mM Tris-HCI,
and 150 mM NaCl, pH 8.0 containing 10% glycerol (v/v) for 24 h
at 4°C. The dialyzed proteins were stored at -80°C with glycerol
in small aliquots until use, purified proteins retaining activity for
more than three months when stored at this temperature.

Evaluation of Enzymatic Activities

For measurement of CS inhibitory activity, 10 pl of sample
solution [dimethylsulfoxide (DMSO)/H,0O = 1/1 solution] and
30 pl of reaction mixture, composed of 2 1 of 50 mM O-acetyl-
L-serine, 2 pl of 50 mM Na,S, 12.5 pl of 200 mM Tris-HCI
(pH 7.5), and 13.5 pl of water, was poured into each well of
a flat-bottom 96-well plate. After 10 pl of enzyme solution
(containing 0.1 pg of rEhCSI or rEhCS3 in H,0O) was added
to each well, plates were incubated for 15 min at 37°C. The
final concentrations of reagents in each well are; 2 mM O-acetyl-
L-serine, 2 mM Na,S, and 50 mM Tris-HClL. The enzymatic
reaction was stopped by adding 50 pl of acetic acid (>99.9%),
and subsequently the reaction for cysteine detection was started
by adding 50 pl of acid-ninhydrin reagent (Gaitonde, 1967).
The mixture in each well was transferred to a 96-well PCR plate
and heated at 95°C for 10 min. After the plate was cooled on
ice, the mixture was transferred into a flat-bottom 96-well plate
filled with 100 pl of ethanol (EtOH). Absorbance at 560 nm was
measured by spectrophotometer (SH-9000Lab, Corona Electric,
Ibaraki, Japan). A standard inhibitor of this assay system does
not exist, therefore we defined that the values without samples are
0% inhibition, and the values without both samples and enzyme
are 100% inhibition. To determine whether the sample interferes
the acid-ninhydrin reagent reaction, 10 pl of sample solution,
10 pl of water, and 30 pl of 1 mM cysteine solution (cysteine
hydrochloric acid salt in water) were mixed in a well of 96-well
microtiter plate, and then 50 pl of acetic acid (>99.9%) and 50 .l
of acid-ninhydrin reagent were added. The mixture was treated

and measured the absorbance at 560 nm as above mentioned to
check the effect of the sample to the color reaction.

Evaluation of Cytotoxicity against MRC-5 Cells
Human fibroblast cells, MRC-5, were plated on 96-well flat
bottom plates at a density of 1.5 x 10* cells/well with 100 pl
of MEM medium (Life Technologies, Grand Islands, NY, USA)
containing 10% fetal bovine serum (Hana-nesco Bio, Tokyo,
Japan) and 1% penicillin-streptomycin (Life Technologies) and
incubated at 37°C with 5% CO; for 2 days. Test compounds
in 5 ul of 50% DMSO-H,0 and 100 pl of MEM medium
were mixed and added to each well. After 2 days cultivation
at 37°C with 5% CO,, cell density and morphological changes
were observed under a microscope. After observation, 10 1 of
WST-8 solution (Dojindo, Kumamoto, Japan) was added to the
cells and the plate was incubated at 37°C with 5% CO; for 2 h.
Then, absorbance at 450 nm was measured by spectrophotometer
(SH-9000Lab, Corona Electric). Cytotoxicity was measured in
duplicate. Staurosporine (our product, in Kitasato Natural
Products Library) was used as a positive (cytotoxic) compound.
The concentration range of test compounds are: 1.6 to
50 pg/ml (final concentration) for kerriamycin B, kerriamycin
C, and aggreticin; 0.075 to 10 pg/ml for deacetylkinamycin C,
deoxyfrenolicin, nanaomycin A, and naphthacemycin Ag; 3.1
to 200 pg/ml for tetracycline and patulin; 9.4 to 75 pg/ml
for exophillic acid. ICsy values were calculated by the equation
described in the reference (Arita-Morioka et al., 2015).

Screening Sources

The Kitasato Natural Products Library comprises 316
compounds. Each compound was dissolved in DMSO at
1.0 mg/ml. The source microbes for screening were collected in
Japan and Indonesia. Fungal strains originating in Japan were
isolated from soil samples collected near plants. Actinomycetes
originating in Japan were isolated from plants as well as from
soil samples attached to plant roots. The Indonesian fungi and
actinomycetes were isolated from soils, plants and insects. In
total, 9,173 broth extract samples (4,800 fungal plus 4,373 from
actinomycete) were prepared. After cultivation, the same amount
of EtOH was added to each broth, which were then centrifuged.
Obtained supernatants were used for screening as broth extract
samples.

Screening of CS Inhibitors from Natural Compounds
and Microbial Broths

Each 5 pl of DMSO solution (1 mg/ml, final concentration
100 pg/ml) of 316 library compounds and 5 pl of water
(total 10 pl of DMSO/H,O = 1/1 solution per well) were
poured into each well of a 96-well microtiter plate to screen
for CS inhibitors. For screening microbial broths, 10 pl of the
individual broth extract samples (50% EtOH solution) were
poured into each well of a 96-well microtiter plate and dried
up in vacuo. After drying, 10 pl of DMSO/H,0 = 1/1 solution
was added and dissolved. Samples showing more than 50%
inhibitory activity and having no inhibitory activities against
acid ninhydrin reaction were selected for further evaluation.
The inhibition values were measured in duplicate or triplicate.
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The concentration range of test compounds are: 0.15 to
20 pg/ml (final concentration) for kerriamycin B, kerriamycin
C, and aggreticin; 2.0 to 250 pwg/ml for deacetylkinamycin C,
deoxyfrenolicin, nanaomycin A, tetracycline and patulin; 1.5
to 200 pg/ml for naphthacemycin Ag; 3.1 to 400 pg/ml for
xanthofulvin, terreinol and citromycetin; 0.06 to 200 pg/ml for
exophillic acid. ICs values were calculated as shown in Section
“Evaluation of Cytotoxicity against MRC-5 Cells” with each
concentration range.

Isolation of CS Inhibitors from Culture Broths

of Microorganisms

Isolation of Xanthofulvin from a Culture Broth of
Penicillium sp. if08054

Producing strain and cultivation

The fungal strain Penicillium sp. if08054 was isolated from a soil
sample collected at Jember, Java Island, Indonesia. The sequence
of the 285 rDNA D1/D2 region of this strain had 100% similarity
with Penicillium lagena. However, the results of morphological
and sequencing analyses confirmed that the producing strain,
if08054, was an unidentified species of the genus Penicillium. The
medium used to culture this organism consisted of 2% rice starch,
1% glucose, 2% soybean meal, 1% KH,POy, 0.5% MgSO4-7H,0
(pH was not adjusted). Frozen broth of this strain (0.2 ml) was
inoculated into a 250-ml Erlenmeyer flask containing 20 ml of
medium and incubated in a rotary shaker (220 rpm) at 25°C for
3 days. This seed culture (0.5 ml) was inoculated into a 500-ml
Erlenmeyer flask containing 50 ml of medium and the production
culture was incubated in a rotary shaker (220 rpm) at 25°C for
4 days.

Isolation of xanthofulvin from the culture broth

The culture broth (50 ml) was extracted with 50 ml of n-BuOH,
and the extract was evaporated and dried in vacuo. The dried
extract (0.23 g) was dissolved in 50 ml of 50% EtOH-H,O,
and after removing EtOH, then applied to an ODS column
(30¢ x 300 mm, YMC, Kyoto, Japan). The column was eluted
with H;O-acetonitrile (MeCN) system to give six fractions
(0, 20, 40, 60, 80, and 100% MeCN, each 0.6 1). The 40%
MeCN fraction (50 mg) was purified by Sephadex LH-20
column chromatography (10¢ x 300 mm, GE Healthcare Bio-
Sciences, Piscataway, NJ, USA; solvent, MeOH). The eluate was
fractionated every 1 ml. Fractions 46-50 were collected and
concentrated in vacuo to dryness to afford xanthofulvin (1.9 mg).
Fractions 41-43 contained terreinol (2.1 mg). The 20% MeCN
fraction (25 mg) of ODS column chromatography was purified by
preparative HPLC (column, Pegasil ODS SP100, 20¢ x 250 mm,
Senshu Scientific, Tokyo, Japan; solvent, 20% MeCN-H,O; flow
rate, 7.0 ml/min; detection, UV at 254 nm). The peak eluted at
24-26 min was collected and concentrated in vacuo to dryness to
afford citromycetin (7.8 mg).

Xanthofulvin.  Yellowish-brown amorphous. 'H NMR
(500 MHz, DMSO-dg) § 7.69 (1H, s), 6.85 (1H, s), 6.49 (1H,
s), 4.78 (2H, s), 2.66 (3H, s), 2.19 (3H, s). ESI-MS calcd. for
Cy8H17014 [M-H] : 577.0624, found 577.0628 [M-H] .

Terreinol. Yellowish-brown amorphous. 'H NMR (400 MHz,
CD;OD) § 6.97 (1H, s), 4.92 (1H, d, 16 Hz), 4.75 (1H, d, 16 Hz),

4.06 (1H, m), 3.97 (1H, dd, 15 and 7.5 Hz), 2.66 (1H, m), 2.13
(3H,s), 2.13 (1H, m, overlapped), 2.04 (1H, m), 1.89 (1H, m). ESI-
MS calcd. for C;3H1405Na [M+Na]*t: 273.0739, found 273.0730
[M+Na]™.

Citromycetin. Yellow amorphous. 'H NMR (400 MHz,
CD3;0D) 8 6.51 (1H,s), 6.20 (1H, s), 5.01 (2H, s), 2.33 (3H, s). ESI-
MS caled. for C3H51014 [2M+H]T: 581.0931, found 581.0923
[2M+H]*.

Isolation of Exophillic Acid from a Culture Broth of
Exophiala sp. FKI-7082

Producing strain and cultivation

The fungal strain Exophiala sp. FKI-7082 was isolated from
a soil sample collected in Kouzu-shima Island, Japan. The
producing strain FKI-7082 was classified in the genus Exophiala
according to its morphology. This fungal strain was maintained
on an LcA slant consisting of 0.1% glycerol, 0.08% KH,POy,
0.02% K;HPOy, 0.02% MgSO4-7H,0, 0.02% KCl, 0.2% NaNOs3,
0.02% yeast extract, and 1.5% agar (adjusted to pH 6.0 before
sterilization). A loopful of spores was inoculated into two test
tubes, each containing 10 ml of a seed medium consisting of 2%
glucose, 0.5% Polypepton (Nihon Pharmaceutical, Tokyo, Japan),
0.2% yeast extract, 0.2% KH,POy, 0.05% MgSO4-7H,0, and 0.1%
agar (adjusted to pH 6.0 before sterilization) and incubated on
a shaker at 27°C for 3 days. One milliliter of the seed culture
was inoculated into each of ten 500-ml Erlenmeyer flasks, each
containing 100 ml of a production medium consisting of 3%
soluble starch, 1% glycerol, 2% soy bean meal, 0.3% dry yeast,
0.3% KCl, 0.05% KH,POy, and 0.05% MgSO4-7H,O (adjusted to
pH 6.5 before sterilization) and incubated on a rotary shaker at
27°C for 6 days.

Isolation of exophillic acid from the culture broth

The obtained culture broth (1 1) was extracted with 1 1 of EtOH
and mycelia were then removed by centrifugation and filtration.
After evaporation, the residue was extracted three times with 11 of
ethyl acetate, and the organic layer was dried in vacuo. The dried
extract (1.2 g) was dissolved in a small amount of chloroform
and then applied to a silica gel column (30¢p x 140 mm,
particle size: 0.063-0.200 mm, Merck, Darmstadt, Germany).
The column was eluted with chloroform-MeOH system to give
five fractions (100:0, 99:1, 98:2, 95:5, 90:10, 50:50, and 0:100,
each 200 ml). The two active fractions, 90:10 fraction (27 mg)
and 50:50 fraction (442 mg), were combined and applied to an
ODS column (30¢ x 70 mm, YMC). An H,O-MeCN system
(0, 20, 40, 50, 60, 80, and 100% MeCN, each 100 ml) was used
as eluent. The active component was eluted in 40-100% MeCN
fractions. One of the fractions, 60% MeCN fraction (151 mg),
was purified by preparative HPLC (column, Pegasil ODS SP100,
20¢ x 250 mm, Senshu Scientific; solvent, 100% MeOH; flow
rate, 9.0 mL/min; detection, UV at 210 nm). The main peak
was collected and concentrated in vacuo to dryness to afford
exophillic acid (103.4 mg).

Exophillic acid. White amorphous. 'H NMR (400 MHz,
pyridine-ds) 3 7.36 (1H, d, 2.0 Hz), 7.30 (1H, d, 2.0 Hz), 7.10 (1H,
d, 2.0 Hz), 6.90 (1H, d, 2.0 Hz), 5.62 (1H, d, 7.5), 4.39 (1H, dd,
12.0, 2.5 Hz), 4.37 (1H, t, 7.5 Hz), 4.33 (1H, dd, 12.0, 5.0 Hz), 4.32
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(1H, m), 4.30 (1H, m), 3.94 (1H, ddd, 7.5, 5.0, 2.5 Hz), 3.39 (1H,
dt, 13.0, 7.5 Hz), 3.34 (1H, dt, 13.0, 7.5 Hz), 2.97 (2H, t, 7.5 Hz),
1.85 (2H, m), 1.76 (2H, m), 1.42 (2H, m), 1.39 (2H, m), 1.31 (4H,
m), 1.23 (16H, br.s, overlapped), 0.87 (3H, t, 7.0 Hz), 0.85 (3H, t,
7.0 Hz). ESI-MS calcd. for C33Hs5501, [M-H]™: 703.3694, found
703.3683 [M-H] .

Measurement of Anti-Amebic Activity

Trophozoites of E. histolytica clonal strain HM-1:IMSS cl6 were
cultured axenically in Diamond’s BI-S-33 medium at 35.5°C
(Clark and Diamond, 2002). Trophozoites were harvested in
3-4 days after inoculation of 1/30 to 1/12 of the total culture
volume. After the cultures were chilled on ice for 5 min,
trophozoites were collected by centrifugation at 500 x g for
10 min at 4°C and washed twice with BI-S-33 medium. The
obtained trophozoites were suspended in BI-S-33 medium and
approximately 1 x 10* trophozoites in 200 pl of BI-S-33 medium
were poured into each well of a 96-well plate and incubated for
2 h. Subsequently, the medium was removed and 200 pl of BI-S-
33 medium or cysteine-deprived BI-S-33 medium containing 1%
(v/v) penicillin/streptomycin (Life Technologies) together with
test compounds (final concentrations; 0.1, 1, 10, 100 pwg/ml for
kerriamycin B, kerriamycin C, aggreticin, and xanthofulvin; 0.1,
1, 10, 50, 100 pg/ml for the other compounds) was added to each
well and incubated under anaerobic conditions for 48 h. After
incubation, the medium was removed and 90 pl of pre-warmed
Opti-MEM 1 (Life Technologies) and 10 pl of WST-1 solution
(Dojindo) were added to each well. Viability of trophozoites
was detected with absorbance at 450 nm (SH-9000Lab, Corona
Electric). Cytotoxicity was measured in triplicate. ICsy values
were calculated as shown in Section “Evaluation of Cytotoxicity
against MRC-5 Cells” with the concentration range showed
above. Metronidazole (Sigma-Aldrich, MO, USA) was used as
positive control.

Results and Discussion

Screening of the Kitasato Natural Products
Library for CS Inhibitors
Entamoeba histolytica has two classes of CS isotypes:
EhCS1/EhCS2 and EhCS3. While EhCS1 and EhCS2 are
identical except for two amino acid changes (Nozaki et al., 1998),
whereas EnCS3 is most divergent from EhCS1 and EhCS2, with
83% amino acid identity (Ali and Nozaki, 2007). Therefore, we
selected EnCS1 and EhCS3 as representative CSs in this study.
The Kitasato Natural Products Library consists of >300
natural or semisynthetic compounds. We initially evaluated the
EhCS1/EhCS3 inhibitory activity of all compounds at 100 pg/ml.
Nine compounds, kerriamycins B and C, aggreticin, tetracycline,
patulin, nanaomycin A, deacetylkinamycin C, deoxyfrenolicin,
and naphthacemycin Ay, exhibited inhibition of EhCS1 and/or
EhCS3, and their ICsqg values were subsequently determined
(Table 1). The structures of these inhibitors are shown in
Figure 2. Only nephthacemycin Ag inhibited EhCS1 selectively,
whereas the other compounds showed inhibitory activity against
both EhCS1 and EhCS3. Three compounds, kerriamycins B

TABLE 1 | Inhibitory activities of EhCS inhibitors from the Kitasato Natural
Products Library.

Compound ICs0 (LM)

cs1 CSs3
Kerriamycin B 0.63 + 0.07 0.31 £ 0.01
Kerriamycin C 1.2 +£0.04 0.56 + 0.04
Aggreticin 0.98 £+ 0.05 0.64 £0.10
Deacetylkinamycin C 21+24 22 £ 3.7
Deoxyfrenalicin 57 +£20 53 +1.1
Nanaomycin A 53+ 39 65+ 4.4
Naphthacemycin Ag 75+ 1.8 >490
Tetracycline 170 £ 16 190 £ 9.5
Patulin 490 + 81 470 £ 37

and C, and aggreticin, showed the most potent inhibition
(IC50 = 0.31-1.2 wM). The ICsq values against human fibroblast
cells MRC-5 of the nine compounds were also evaluated, as
shown in Table 2.

The naphthoquinone substructure is found in most of the
inhibitors shown in Figure 2. The most potent EnCS1 and EhCS3
inhibitors, kerriamycins B and C (Hayakawa et al., 1985a,b) and
aggreticin (Omura et al., 1988) have the same chromophore
containing the naphthoquinone substructure. The structural
difference among the three compounds is the number of sugar
moieties (Figure 2). Despite these structural differences, they
inhibited EhCSs at similar concentrations, suggesting that the
chromophore structure is essential for inhibitory activity but
the sugar moieties may not be important. These compounds
are known to have biological activities such as anti-Gram-
positive bacteria (Hayakawa et al., 1987), anti-cancer properties
(Hayakawa et al,, 1987), stimulation of platelet aggregation
(Omura et al., 1988), and inhibition of protein SUMOylation
(Fukuda et al., 2009).

Deacetylkinamycin C (kinamycin F) is the perdeacylated
compound of kinamycin C, and has the naphthoquinone
substructure in its chromophore (Figure 2; Omura et al., 1973;
Gould et al., 1994; Mithani et al., 1994). Its inhibition potency
against EhCS ranked next to the kerriamycins, with the ICsq
values of 21 pM (EhCS1) and 22 pM (EhCS3), respectively.
Kinamycin C displays anti-Gram-positive bacterial activity and
anti-tumor activity (Omura et al., 1973; Hasinoff et al., 2006).
Kinamycins can bind to DNA weakly and produce DNA- and
protein-damaging effects (Hasinoff et al,, 2006; O'Hara et al,,
2007).

Nanaomycin A, a naphthoquinone antibiotic, has anti-
malarial activity (Tanaka et al, 1999) along with anti-
fungal, anti-bacterial, and anti-mycoplasma activities (Tanaka
et al, 1975). Both nanaomycin A and its structural-related
compound, deoxyfrenolicin (Ellestad et al., 1966; Iwai et al,
1978), showed modest inhibitory activity against EhCS1 and
EhCS3 (ICsp = 53-65 wM). The structural difference between
the two compounds is the length of alkyl chain attached
to a chromophore. Therefore, the chromophore containing
the naphthoquinone substructure must be important for the
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FIGURE 2 | Structures of EhCS inhibitors from the Kitasato Natural Products Library.

inhibition of EhCSs. Unfortunately, cytotoxicities against MRC-
5 cells of nanaomycin A and deoxyfrenolicin were also
more potent than CS inhibitory activities, as in the case of
deacetylkinamycin C.

Tetracycline also has a naphthoquinone-like substructure in
its chromophore. However, inhibition of EhCS1 and EhCS3 by
tetracycline was weak, with ICsy values of 170 and 190 M,
respectively. One of the mycotoxins, patulin, is the smallest
inhibitor found in this screening. Inhibition of both EhCS1 and
EhCS3 by patulin was also weak.

Naphthacemycin Ay, isolated from a broth of Streptomyces
sp. KB3346-5 was found to be a novel potentiator of
imipenem activity against methicillin-resistant Staphylococcus
aureus (Omura et al., 2009). Naphthacemycins have naphthacene
structures with an aryl group attached via biaryl bond. This
compound showed selective inhibitory activity against EhCSI;
the ICsg value was 75 wM. However, it displayed no inhibition
of EnCS3.

Taken together from the results of screening of the Kitasato
Natural Products Library, the naphthoquinone moiety appears to
be a common important structure for the inhibition of EhCSs.

Screening of the Microbial Broths for CS
Inhibitors

Extracts of 9,173 fungal and actinomycete broths were screened
for inhibition of CS activity of recombinant EhCS1 and EhCS3.
Screening results are shown in Table 3. Many microbial broth
extracts selectively inhibited one isoenzyme, but not the other.
We found that 104 extracts solely inhibited EhCS1, while 167
extracts solely inhibited EhCS3. Seventy extracts inhibited both
EhCS1 and EhCS3. We found a comparable number of active
extracts from broths of fungi and actinomycetes. This is in
good contrast to the CS inhibitors found from the Kitasato
Natural Products Library; most of them inhibited both EhCS1
and EhCS3.
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TABLE 2 | In vitro anti-amebic activity and cytotoxicity against MRC-5
cells of EhCS inhibitors.

Compound Cytotoxicity

Against Entamoeba
histolytica ICsq (LM)

Against MRC-5
cells IC5g (LM)

Cys (+) Cys ()

Kerriamycin B 26 +1.5 23 +0.3 21+04
Kerriamycin C 6.9+04 3.0+ 0.6 23+1.9
Aggreticin 54 + 4.8 18+ 0.7 23+ 0.6
Deacetylkinamycin C 140 + 13 18 £10 23+0.1
Deoxyfrenaclicin 1.3 £0.04 0.5+ 0.1 47 +£0.2
Nanaomycin A 12+ 04 0.8 +£0.04 0.7 £ 0.04
Naphthacemycin Ag >390 >390 16+ 0.6
Tetracycline >230 >230 430 + 4.3
Patulin >650 110+ 12 110+ 4.6
Xanthofulvin >170 >170 NT
Exophillic acid >140 >140 >100

NT, Not tested. Cys (+), normal BI-S-33 medium (8 mM L-cysteine); Cys (-),
cysteine deprived BIl-S-33 medium.

TABLE 3 | EhCS inhibitors found in microbial broth extracts.

Origin Number of CSs1 CS3 CS1 and CS3
samples
Fungi 4,800 64 87 47
Actinomycetes 4,373 40 80 23
Total 9,173 104 167 70
(1.1%) (1.8%) (0.8%)

We tested the above-mentioned active broth extracts showing
CS inhibitory activity for cytotoxicity using human fibroblast
cells (MRC-5), and selected two fungal broth extracts with no or
low cytotoxicity. One extract was obtained from Penicillium sp.
if08054, which showed inhibitory activity against both isotypes.
The other extract was from Exophiala sp. FKI-7082, which
showed inhibitory activity specifically against EhCS1. We isolated
xanthofulvin and exophillic acid as the active components from
the broths of these two fungal strains, respectively.

Xanthofulvin, an EnCS1 and EhCS3 Inhibitor

from a Broth of Penicillium sp. if08054

Xanthofulvin was isolated from the n-BuOH extract of a broth
of Penicillium sp. if08054 using an ODS column. CS inhibitory
activity was found in the 40% acetonitrile (MeCN) fraction.
Subsequently, about 2 mg of xanthofulvin (Figure 3; Kumagai
et al, 2003) was purified by preparative HPLC from 50 ml
of the cultured broth. Two structurally related compounds,
citromycetin (Robertson et al., 1951; Capon et al., 2007) and
terreinol (Macedo et al., 2004) were also isolated from the
20% MeCN fraction and 40% MeCN fraction, respectively.
The structures of the compounds were confirmed by 1D
and 2D NMR spectra and MS spectra. Xanthofulvin was
originally isolated as a semaphorin inhibitor with the ICsg
value of 0.09 pg/mL (Kumagai et al, 2003). We compared

xanthofulvin

HO (0] OH
(0]
HO N0 U HO
(0]

terreinol

citromycetin

FIGURE 3 | Structures of xanthofulvin, citromycetin, and terreinol.

CS inhibitory activity of xanthofulvin, citromycetin, and
terreinol. The ICsyp values of these compounds against two
EhCS isotypes are shown in Table 4. Among these three
compounds, only xanthofulvin inhibited EhCSs, whereas
citromycetin and terreinol showed no inhibitory activities
against EhCSs at 1,400 or 1,600 wM. Xanthofulvin inhibited
EhCS1 more potently than EhCS3: the IC5( values against EhCS1
and EhCS3 are 7.9 and 110 pM, respectively. Xanthofulvin
has a naphthoquinone-like substructure similar to EhCS
inhibitors identified from the Kitasato Natural Products
Library. Although citromycetin and terreinol also have
xanthofulvin-related structures, no/weak inhibitory activities
against EhCSs were detected. Therefore, the three-dimensional
conformation provided by the dimeric-like structure of
xanthofulvin seems to be important for producing inhibition of
EhCSs.

Exophillic Acid, a CS1 Inhibitor from a Broth of
Exophiala sp. FKI-7082

Exophillic acid was isolated from the ethyl acetate extract
of the broth of Exophiala sp. FKI-7082 by silica gel and
ODS column chromatography (Figure 4; Ondeyka et al,
2003). The structure was clarified by measurement of MS
and NMR spectra. Exophillic acid was originally isolated
from a broth of Exophiala pisciphila, and its main biological
activity includes inhibition of the strand transfer reaction

TABLE 4 | Inhibitory activities of xanthofulvin, citromycetin, and terreinol
against EhCS1 and EhCS3.

Compound ICs50 (LM)

CSi1 CSs3
Xanthofulvin 79+13 110+ 8.2
Terreinol >1,600 >1,600
Citromycetin >1,400 >1,400
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FIGURE 4 | Structure of exophillic acid.

of HIV-1 integrase (Ondeyka et al., 2003). Exophillic acid
inhibited EhCS1 with the ICsy value of 24 £+ 2.9 pM,
whereas it showed no inhibition against EhCS3 even at a
concentration of 2.5 mM. Exophillic acid is a dimeric alkyl-
benzoate glucoside and does not contain naphthoquinone.
Exophillic acid likely recognizes the structural differences
between the two enzymes. Further structure elucidation is
needed to understand EhCS1-specific inhibition by exophillic
acid.

Anti-Entamoeba histolytica Activity of CS
Inhibitors

We next examined whether the CS inhibitors show an
amebicidal activity against E. histolytica trophozoites in vitro.
To verify whether an amebicidal activity is due to inhibition
of CS, we estimated the ICsy values of inhibitors against
E. histolytica trophozoites in the cysteine-supplemented and
cysteine-deprived BI-S-33 medium. In theory, the amebicidal
activity and the growth inhibitory effects should be more
pronounced in the absence of cysteine than in the presence of
cysteine if these effects are due to the inhibition of CS. The
amebicidal activities of CS inhibitors are shown in Table 4,
together with the cytotoxicity of the compounds against MRC-5
cells.

Deacetylkinamycin C, nanaomycin A, and patulin
showed cysteine-dependent amebicidal activity. The ICsp of
deacetylkinamycin C against EhCSs (21 and 22 pM) and
the ICso value in the cysteine-deprived medium (18 pwM)
were comparable, which suggests the amebicidal effect of
deacetylkinamycin C is likely due to CS inhibition. Nanaomycin
A exhibited amebicidal activity 15-fold more potent in cysteine-
deprived medium, however, the ICsy values against EhCSs
were less potent than the amebicidal activity. Though patulin
also showed selective amebicidal activity, inhibition of EhCSs
was less potent than its anti-amebic activity. Xanthofulvin
and exophillic acid did not show amebicidal activities at 170
and 140 pwM, respectively. It was reported that xanthofulvin
was not likely incorporated into cells (Kaneko et al., 2006;
Kikuchi et al., 2009). In an E. histolytica case, it may be
difficult to incorporate this compound into cells. The reason

why exophillic acid did not exhibit amebicidal activity was
unknown.

Deacetylkinamycin C, which has DNA- and protein-
damaging effects (Colis et al., 2014), showed potent cytotoxicity
against MRC-5 cells; the ICsp value against MRC-5 cells was
lower than those of the ICsy values against E. histolytica
cells and against EhCS. Nanaomycin A and deoxyfrenolicin
also showed cytotoxicity against MRC-5 cells, at the lower
concentrations showing CS inhibition, as in the case of
deacetylkinamycin C. Although most compounds that
inhibited EhCS in this study were toxic against a human-
derived cell line, MRC-5, it is possible to design and produce
by organic synthesis their derivatives that possess EhCS-
dependent anti-amebic activity but lack cytotoxicity to
humans. To design such derivatives, structural studies are
needed to determine the moieties required for binding to
EhCS.

In this study, we identified nine general EhCS inhibitors
and two isotype-specific EhCS inhibitors, naphthacemycin
Ag and exophillic acid, from microbial secondary metabolite
sources. A naphthoquinone structure seemed to contribute
significantly to EhCS inhibition. One EhCS1-selective inhibitor,
naphthacemycin Ag, has a naphthacene structure with an
aryl group attached via biaryl bond. The other EhCSI-
selective inhibitor, exophillic acid, has a depside structure
which two aryl groups attach to via an ester bond. For
EhCS1-selective inhibition, the substituted small aryl group
is likely important. Further structural studies using EhCS
inhibitors found in this study are needed for developing
anti-amebic drugs. We also found EhCS3-selective inhibitors
from both fungal and actinomycete broths. These EhCS3-
selective inhibitors will be purified and identified in future
studies. Since CS is also present in other protozoa, such as
Trichomonas vaginalis, Leishmania major, and Trypanosoma
cruzi, the newly identified CS inhibitors in this study can also
be exploited to develop drugs against other neglected parasitic
diseases.
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Enteric protozoan Entamoeba histolytica is a major cause of debilitating diarrheal
infection worldwide with high morbidity and mortality. Even though the clinical burden of
this parasite is very high, this infection is categorized as a neglected disease. Parasite is
transmitted through feco-oral route and exhibit two distinct stages namely — trophozoites
and cysts. Mechanism and regulation of encystation is not clearly understood. Previous
studies have established the role of Heat shock protein 90 (Hsp90) in regulating stage
transition in various protozoan parasites like Giardia, Plasmodium, Leishmania, and
Toxoplasma. Our study for the first time reports that Hsp90 plays a crucial role in life
cycle of Entamoeba as well. We identify Hsp90 to be a negative regulator of encystation
in Entamoeba. We also show that Hsp90 inhibition interferes with the process of
phagocytosis in Entamoeba. Overall, we show that Hsp90 plays an important role in
virulence and transmission of Entamoeba.

Keywords: Entamoeba, Hsp90, phagocytosis, encystation, 17-AAG, Cyst

INTRODUCTION

Entamoeba histolytica is a primitive protozoan and causative organism of amoebiasis. It is
estimated that around 50 million people are infected with E. histolytica in tropical and developing
nations. Entamoeba infection could either be asymptomatic or present itself as invasive intestinal
amoebiasis with symptoms including colitis, dysentery, and toxic megacolon. If not checked in
time, the disease could manifest as invasive extra-intestinal amoebiasis including amoebic liver
abscess. Fatality rate for amoebiasis is higher compared to giardiasis caused by a related enteric
parasite Giardia. The frontline drug for treatment of amoebiasis is metronidazole. However,
there are many dose-related side effects associated with the drug and there is emergence of drug
resistance as well (Freeman et al., 1997).

Entamoeba has a biphasic life cycle. The two stages of its life cycle are trophozoite and
cyst. Human is the only known host of E. histolytica. Infection of the host happens upon
ingestion of food contaminated by Entamoeba cysts. Cysts are environmentally resistant infective
stage of Entamoeba. Ingested cysts undergo excystation to form trophozoites in small intestine.
Trophozoites are the pathological stage of the life cycle and colonize large intestine, where they
rapidly proliferate (Aguilar-Diaz et al., 2011). Virulence of trophozoites is characterized by their
ability of phagocytosis. Phagocytosis is a well-studied process in mammalian host defense system.
But our understanding of phagocytosis process in Entamoeba is still in its nascence. Many studies
have identified signaling pathways regulating phagocytosis and proteome of phagosomes has been
recently elucidated (Huston et al., 2003; Marion et al., 2005; Okada et al., 2005; Okada and Nozaki,
2006; Tovy et al., 2011; Mansuri et al., 2014).
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For development of new therapeutics against Entamoeba, it
is essential to understand the regulation of its virulence and
life cycle. There have been few efforts by different groups to
understand the regulation and mechanism of stage transition in
Entamoeba (Ehrenkaufer et al., 2007, 2013; De Cédiz et al., 2013;
Mi-Ichi et al., 2015). However, questions like: what are the cues
for stage transition, how stage transition is regulated and what is
the mechanism of stage transition; are largely unanswered.

Heat shock protein 90 (Hsp90), a key molecular chaperone,
has been implicated to play a crucial role in growth and life cycle
of protozoa like Giardia, Plasmodium, Leishmania, Toxoplasma,
and Trypanosoma (Wiesgigl and Clos, 2001; Graefe et al,
2002; Banumathy et al., 2003; Echeverria et al., 2005; Nageshan
et al.,, 2014; Rochani et al., 2014). In Giardia, Hsp90 has been
shown to regulate encystation and inhibition of Hsp90 promotes
encystation (Nageshan et al., 2014). In Plasmodium falciparum
Hsp90 regulates ring to trophozoites transition (Banumathy et al.,
2003). Hsp90 is an abundant protein and regulates various
biological pathways. Its clients include transcription factors,
kinases and other non-signaling proteins like telomerase etc.
(Taipale et al., 2010). Hsp90 is a dimeric protein with three
domains. The N-terminal domain is the ATP binding domain
and links to the middle domain via a flexible linker. Middle
domain interacts with various clients and co-chaperones and
also harbors the critical catalytic Arg. C-terminal is responsible
for dimer formation (Pearl and Prodromou, 2006; Taipale et al.,
2010). Hsp90 function is regulated by many co-chaperones,
which are well conserved in higher eukaryotes (Johnson and
Brown, 2009).

Many of the signaling proteins identified in phagosome
proteome like Rabll, PAK6, TOR, and Racl are known
interactors of Hsp90 in mammalian cells (Ohji et al., 2006;
Keestraetal., 2013; Bozza et al., 2014). Hsp90 has also been shown
to regulate phagocytosis in murine macrophage cell lines (Yan
etal., 2004).

In our previous study, we had shown that Entamoeba
Hsp90 is an active ATPase and its activity was inhibited
by pharmacological inhibitor of Hsp90 - 17-allylamino-17-
demethoxygeldanamycin (17-AAG; Singh et al., 2014). Others
and we have also shown that Hsp90 is crucial for survival
and growth of E. histolytica (Debnath et al., 2014; Singh et al,,
2014). Inhibition of Hsp90 by 17-AAG results in death of
Entamoeba trophozoites. Entamoeba also has a minimal co-
chaperone repertoire and lacks many conserved co-chaperones
(Singh et al., 2014).

In the current study, we have examined specific roles of Hsp90
in Entamoeba life cycle. We found Hsp90 to regulate the process
of phagocytosis and encystation. We show that pharmacological
inhibition of Hsp90 in trophozoites of E. histolytica interferes
with the process of phagocytosis. Further, we have used
E. invadens as a model for encystation to examine the role of
Hsp90 in stage transition. We have analyzed the transcriptome
data available at amoebadb.org and observed that Hsp90
expression levels along with few of its co-chaperones decrease in
cysts followed by an increase during excystation. We now provide
an experimental evidence for the role of Hsp90 in encystation
process using pharmacological approach. We observe an increase

in encystation upon Hsp90 inhibition. Together our results
provide evidence for the role of Hsp90 in essential processes such
as phagocytosis in actively proliferating trophozoites. Inhibition
of Hsp90 function with sub lethal doses of Hsp90 inhibitors
disrupts growth of trophozoites and promotes encystation.

MATERIALS AND METHODS

Culture

Entamoeba histolytica strain HM-1: IMSS was maintained in
TYI-S-33 medium at 33.5°C containing 15% heat inactivated
adult bovine serum (Himedia), and 2.5% Diamond vitamin mix
(Sigma; Diamond et al., 1978). E. invadens was maintained in
TYI-S-33 medium at 25°C.

Phagocytosis Assay

To quantify phagocytosis rate of E. histolytica, 5 x 10* Entamoeba
cells were incubated with 107 washed RBCs in TYI-S-33 medium
at 37°C for 1 h in 1 mL culture medium. Cells were centrifuged
and non-phagocytized RBCs were lysed with cold distilled water
and Entamoeba cells were harvested by centrifugation at 1000g
for 2 min. Cells were washed with PBS. Cells containing engulfed
RBCs were lysed in 1 mL formic acid and absorbance was
recorded at 397 nm (Somlata et al, 2012). Cells were also
observed under microscope to ascertain phagocytosis. To test the
effect of Hsp90 inhibition on phagocytosis, cells were pre treated
with 600 nM 17-AAG for 24 h. 0.2% DMSO was used to treat
control cells.

Immunofluorescence Assay

Entamoeba histolytica cells were resuspended in incomplete TYI-
S-33 medium and transferred onto acetone-cleaned coverslips
placed in a petridish and allowed to adhere for 5 min at 37°C.
Cells were fixed with 3.7% paraformaldehyde (PFA) in PBS at
37°C for 30 min after taking out the culture medium. Fixed cells
were permeabilized with 0.1% Triton-X-100 in PBS for 3 min and
washed with PBS followed by quenching with 50 mM NH,4Cl in
PBS for 30 min. The coverslips were then blocked with 1% BSA
in PBS for 1 h and then incubated with primary antibody for 1 h
at 37°C. After that, cells were washed with 1% BSA in PBS and
labeled with secondary antibody at 37°C for 30 min. Antibody
dilutions used are as follows: a-EhHsp90 was used at 1:100,
TRITC-phalloidin (Sigma; 1 mg/ml) at 1:200 and anti-rabbit
Alexa-488 (Molecular probes) at 1:200. The stained cells were
washed with PBS followed by mounting on a glass slide using
DABCO {1,4-diazbicyclo (2,2,2) octane} (sigma) as antifade. The
edges of coverslips were sealed to avoid drying. Confocal images
were taken using an Olympus Fluoview FV1000 laser-scanning
microscope.

Cell Viability Assay

Cell viability assay was carried out as described previously (Singh
etal., 2014). Briefly, 15,000 E. invadens trophozoites grown to log
phase were seeded per well in TYI-S-33 medium or LG medium
in a 96-well plate. Cells were treated for 24 h with 17-AAG
(concentration varying from 10 nM to 100 pM). DMSO (0.2%)
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was used as control. Cell viability was assessed by trypan blue
dye exclusion. 50% Growth inhibitory concentration (GIsp) was
calculated by plotting percent survival against Logip 17-AAG
concentration.

Encystation

Entamoeba invadens trophozoites grown to log phase were chilled
on ice for 5 min and harvested by centrifugation at 600g for 5 min.
Trophozoites were induced for encystation in LG medium (TYI
medium without glucose diluted to 47% with 5% adult bovine
serum and 2.5% Diamond vitamin mix) at a concentration of
5 x 10° cells/mL (Singh et al., 2011). Induction was carried
out for 72 h. Cysts were identified under microscope by their
spherical refractile morphology and staining of chitin cell wall
by caulcoflour white. Number of cysts formed, was scored by
counting cysts resistant to detergent (0.05% SDS). For effect of
Hsp90 inhibition on encystations, trophozoites were treated with
600 nM 17-AAG for 24 h. 0.2% DMSO was used as control.
Treated cells were then induced for encystation in LG medium.
Cells were also treated with 200 wM DTT for 5 h to induce ER
stress and treated cells were then induced for encystation.

Immunoblot

Equal number of trophozoites and cyst were harvested and lysed
in laemmli buffer. Lysate was resolved on 10% polyacrylamide
SDS gel under reducing conditions and immunoblot for EiHsp90
was carried out as described previously (Singh et al., 2014).
Ponceau profile was used as a representative of equal loading.

RNA Extraction and RT PCR

RNA extraction was carried out using TriZol reagent (Thermo
Fisher Scientific) according to manufacturer’s instructions. The
concentration and purity of the RNA extracted were evaluated
using the Nanodrop spectrophotometer (Thermo Scientific).
2 ng RNA of all samples was used to synthesize cDNA using
Verso cDNA Synthesis kit (Thermo Fisher Scientific) according
to manufacturer’s instructions.

Primers for Ahalc, Sgtl, and HOP were designed as follows:
Ahalc Fwd: 5-CCGAGAGATTGACTGCGTTG-3/, Ahalc Rev:
5-GGCCATGTGTTAAACCTCCA-3" (product size: 154 bp),
Sgtl Fwd: 5-CGCAGTGAGTTTCAACGAGA-3/, Sgtl rev: 5'-
TGTTAACAGCGTCCCAGTCT-3' (product size: 242 bp), and
HOP fwd: 5-TAGAGCCGGACAATGAAGCA-3, HOP Rev:
5'-ACGCCATCAAAGCTTCAGTG-3" (Product size: 237 bp).
rRNA primers were used as described before (Makioka et al.,
2009). Amplification was performed in Mastercycler (Eppendorf)
for 25 cycles. RT-PCR products were analyzed on a 2% agarose gel
with ethidium bromide and rRNA amplicon was used as loading
control for comparing trophozoites and cysts samples.

RESULTS

Hsp90 Inhibition by 17-AAG Interferes

with Erythrophagocytosis in Entamoeba
Erythrophagocytosis is a well-accepted method to quantitate
phagocytosis rate by Entamoeba. E. histolytica cells were treated

with 600 nM 17-AAG for 24 h. DMSO was used as control.
Treated cells were then incubated with washed RBCs for 1 h.
Microscopic observation was carried to ensure phagocytosis was
optimum in control cells at end of 1 h (Figure 1A). Phagocytosis
of control and treated cells was compared by absorbance of
hemoglobin released from engulfed RBCs. It was observed that
upon inhibition of Hsp90 by 17-AAG, there was a 60% decrease
in phagocytosis by Entamoeba compared to DMSO treated cells
(Figure 1B). This suggests Hsp90 plays a crucial role in regulation

of phagocytosis.
In order to understand the role of Hsp90 in
erythrophagocytosis, ~immuno-fluorescence  staining  was

carried out. Hsp90 is found at the phagocytic cups along with
actin during erythrophagocytosis (Figure 1C). Quantitation of
the staining in images during erythrophagocytosis showed that
fluorescence intensity of Hsp90 is higher in phagocytic cups
compared to the rest of the cell and that there is a high degree
of co-localization between Hsp90 and actin (Pearson correlation
coeflicient 0.8) implicating that Hsp90 is enriched in the cups
along with actin. We also observed that Hsp90 did not get
localized in mature phagosomes (Figure 1D).

Cell motility is required for host cell invasion and survival
of E. histolytica. Entamoeba cells extend finger like projections
called pseudopodia during cell movement that is driven by actin
polymerization underneath the plasma membrane (Voigt and
Guillen, 1999). It is observed that Hsp90 also gets accumulated at
the leading edge of the cell during pseudopod extension and cell
motility (Figure 1E). The enrichment of Hsp90 at the advancing
pseudopods and phagocytic cups suggests that it may play a role
in cell motility and initiation of phagocytosis.

Hsp90 Expression Levels are Modulated

during Encystation Process

Hsp90 is known to regulate stage transition in various parasites
and its levels get modulated in different stages of parasite life
cycle. Hsp90 as a chaperone modulates both activation and
inactivation of various client proteins. Some of the Hsp90
clients including transcription factors are activated upon a
depletion of free Hsp90 pool and on the other hand many
clients which are dependent on Hsp90 for their activation are
degraded upon Hsp90 inhibition. In Entamoeba, very little is
known about Hsp90 biology or the clients. Therefore, it is of
interest to understand how Hsp90 levels are modulated in the
entire life cycle. Hsp90 and its co-chaperone homologs were
identified in E. invadens by homology search. Hsp90 (EIN_
134370) co-chaperones identified included Ahalc (EIN_036190),
Sgtl (EIN_038830), Hop (EIN_109220), PP5 (EIN_054040),
and Cnsl (EIN_168820). Transcript data for expression of
these genes was retrieved from amoebadb.org (De Cddiz et al.,
2013; Ehrenkaufer et al., 2013). It was observed that Hsp90
transcript levels decrease by 150-folds in cysts compared to
trophozoites during encystation. On the other hand, during
excystation Hsp90 levels were observed to increase again by
270-folds in excysting parasites compared to cysts (Figure 2).
Hsp90 co-chaperones are known to regulate Hsp90 function
by either activating or suppressing ATPase activity or by
facilitating Hsp90-client interaction or aid in chaperone function.
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FIGURE 1 | Hsp90 regulates phagocytosis in Entamoeba histolytica. (A) Microscopic image of Entamoeba showing engulfed RBCs. Arrows show engulfed
RBCs (B) Hsp90 inhibition by 600 nM 17-AAG decreases phagocytosis by 60% in comparison to DMSO treated cells (P < 0.01) Graph is representative of three
experiments. (C) Localization of Hsp90 during erythrophagocytosis: E. histolytica cells were incubated with RBCs for different time points at 37°C. The cells were
then fixed, stained with rabbit anti-Hsp90 and followed by secondary labeling with Alexa 488 (EhHsp90) and TRITC-Phalloidin (Actin) and Solid arrow represents
phagocytic cups and asterisk indicates mature phagosome (D). (E) Arrow represents pseudopod extension and enrichment of Hsp90. Differential interference
contrast (DIC).

Therefore, expression levels of various Hsp90 co-chaperones
were also analyzed. It was observed that with the exception
of PP5 and Cnsl, other three identified co-chaperones of
Hsp90 in Entamoeba show expression profiles similar to Hsp90
(Figure 2A). Ahalc, an activator of Hsp90 ATPase activity, also
shows a threefold decrease in transcript levels in cysts compared
to trophozoites followed by an increase of 1.3-folds in excysting
parasites.

Transcript data available at amoebadb.org was further
validated by immunoblot of Hsp90 in trophozoites and cysts.
A marked decrease in the expression of Hsp90 protein was
observed in cysts (Figure 2B). Further, transcript levels of Hsp90
co-chaperones were also validated by semi-quantitative RT PCR.
A significant down-regulation of Ahalc was observed in cysts and
no transcript for Sgtl and Hop was detected in cysts by RT PCR
(Figure 2C). rRNA was used as control for equal loading. These

observations altogether suggest that a functional Hsp90 multi-
chaperone complex is involved in maintaining the trophozoite
stage of parasite and a decrease in Hsp90 and co-chaperone levels
co-relates with encystation.

Hsp90 is a Negative Regulator of

Encystation

Hsp90 is known to regulate stage differentiation in various
other protozoa including Giardia, Plasmodium, Leishmania,
and Toxoplasma (Wiesgigl and Clos, 2001; Graefe et al., 2002;
Banumathy et al., 2003; Nageshan et al., 2014). Therefore, in
light of the expression profile of Hsp90 in Entamoeba life cycle,
its involvement in stage transition was examined. Firstly, we
determined the G5 value of Hsp90 inhibition for E. invadens by
17-AAG in both the growth medium TYI-S-33 and encystation
LG medium. The GIsq in TYI-S-33 and LG medium are 711 and
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FIGURE 2 | Expression levels of Hsp90 and co-chaperones during
Entamoeba life cycle. (A) According to transcript data available at
amoebadb.org, Hsp90 level decreases during encystation being least in cyst
and again during excystation, the level of Hsp90 increases. Transcript profiles
of co-chaperones Sgt1, Ahaic, Hop follow the same trend. However,
transcripts for PP5 and Cns1 go up in 48 and 72 h encysting parasites (data
adapted from amoebadb.org). (B) Validation of expression of Hsp90 at protein
level by immunoblot at trophozoite and cyst stage. Ponceau profile is
representative of equal loading. There is a marked decrease in expression level
of Hsp90 in cyst. (C) Validation of expression levels of co-chaperones Ahalc,
Sgt1, and Hop by semi- quantitative RT-PCR in trophozoites and cysts. rRNA
was used as loading control. There is a significant decrease in transcript levels
of Ahaic in cysts. Transcripts for Sgt1 and Hop were not detectable in cysts.

935 nM, respectively, (Figure 3A). A sub lethal concentration of
600 nM was chosen for all further inhibition studies. E. invadens
encystation was established in vitro and cyst formation was
scored by either caulcoflour white staining of chitin (Figure 3B)
or by counting detergent resistant cysts.

Trophozoites were treated for 24 h with 600 nM 17-AAG
and DMSO was used as vehicle control. Post 24 h, 17-AAG
and DMSO treated trophozoites were transferred to LG medium
to induce encystation. Cyst formation was scored after 72 h.
A twofold increase in cyst formation was observed in 17-
AAG treated parasites compared to DMSO treated parasites
(Figures 3C,D). We observed this increase is specific to Hsp90

inhibition and not a general stress by treating E. invadens with
DTT to induce ER stress and score for encystation rate. No
significant change was observed in encystation efficiency upon
ER stress (Supplementary Figure S1). Further, it was observed
that the conversion of 17-AAG treated trophozoites to cysts on
day 1 of encystation itself was threefolds higher than DMSO
treated cells (Figure 3E). This suggests that Hsp90 acts as a
negative regulator of encystation process. Inhibition of Hsp90
promotes encystation.

DISCUSSION

Phagocytosis is a key hallmark of Entamoeba virulence. During
invasion of intestine and extra-intestinal tissue, parasite has to
phagocytize host epithelial cells and erythrocytes. Phagocytosis
is an important bioprocess for virulence, growth and survival of
Entamoeba (Bracha and Mirelman, 1984). There are extensive
studies on signaling involved in phagocytosis (Sahoo et al., 2004;
Aslam et al., 2012; Mansuri et al., 2014). Hsp90 has been also
implicated in regulating cell motility and actin polymerization
in cancer cells (Taiyab and Rao Ch, 2011). We demonstrate
that inhibition of Hsp90 interferes with phagocytosis of RBCs
by the parasite, which is important for parasite virulence and
survival. We see specific localization of Hsp90 at the phagocytic
cup and not in mature phagosome suggesting Hsp90 may
play an important role for initiation of phagocytosis. We also
see enhanced localization of Hsp90 in pseudopodia suggesting
involvement of Hsp90 in cell motility.

We also studied the role of Hsp90 in Entamoeba life cycle
during stage transition from trophozoites to cysts. As mentioned
before, Hsp90 is known to regulate life cycle in many related
protozoa like Plasmodium, Giardia, Leishmania, Toxoplasma etc.
(Wiesgigl and Clos, 2001; Graefe et al., 2002; Banumathy et al.,
2003; Echeverria et al,, 2005; Nageshan et al., 2014; Rochani
et al., 2014). Hsp90 is also known to regulate morphogenesis to
filamentous form in Candida albicans (Shapiro et al., 2009).

In Entamoeba, encystation and excystation are complex
biological processes. High throughput studies have determined
the transcriptional and metabolite level changes during
encystation and excystation (Jeelani et al., 2012; De Céadiz et al,,
2013; Ehrenkaufer et al., 2013). There is an up-regulation of
transporters, cytoskeletal proteins, proteins involved in vesicular
trafficking, cysteine proteases, components of the proteasome,
and enzymes for chitin biosynthesis and a down-regulation of
metabolic genes. In this study, we have demonstrated for the first
time involvement of Hsp90 in regulation of encystation process
in Entamoeba. We show that upon Hsp90 inhibition there is
a twofold increase in conversion of trophozoites to cysts. In a
closely related parasite Giardia lamblia, Hsp90 has been shown
to be a negative regulator of encystation (Nageshan et al., 2014).
Hsp90 is traditionally well known to regulate various signaling
and stress response pathways in higher eukaryotes. Cues for
encystation are unknown but it is believed that environmental
factors, like nutritional stress, change in gut micro-flora and host
response are perceived by the parasite (Bailey and Rengypian,
1980; Vézquezdelara—Cisneros and Arroyo-Begovich, 1984; Byers
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FIGURE 3 | Hsp90 is a negative regulator of encystation in Entamoeba. (A) Sensitivity of E. invadens Hsp90 inhibition using pharmacological inhibitor 17-AAG
in both- growth medium TYI-S-33 and encystation medium (LG medium). The Glsg in TYI-S-33 and LG medium are 711 and 935 nM, respectively. (B) Cyst
formation upon 72 h of encystation period in LG medium. Caulcoflour white stains the chitin cell wall of cysts. (C,D) Hsp90 inhibition using 17-AAG increases
encystation efficiency by twofolds over control. Cyst formation was scored after 72 h encystation in LG medium by staining for chitin (£ < 0.05) as well as by
detergent resistant nature of cysts (****P < 0.0001). Graph is representative of the mean of two biological replicates performed in triplicates (E) Hsp90 inhibition
enhances time kinetics of encystation. In 24 h of encystation process in LG medium there is a threefold increase in number of cysts upon Hsp90 inhibition compared
to control (**P < 0.005). Graph is representative of the mean of two biological replicates.
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et al., 2005). These cues act as a trigger for encystation. Hsp90
could possibly act as a transducer of these environmental cues
leading to the initiation of encystation. Our study shows that
inhibition of Hsp90 results in accelerated initiation of encystation
process with a substantial increase in cysts observed on 24 h of
encystation. We also examined if increased encystation is specific
to Hsp90 inhibition or a general stress response. In Plasmodium
falciparum, ER stress is known to induce stage transition to
gametocyte (Chaubey et al., 2014). We induced ER stress at
trophozoite stage by DTT treatment followed by induction
of encystation. However, no significant change in encystation
rate was observed upon ER stress, thus suggesting increased
encystation is not a general stress response.

Transcriptome data suggests, that the level of Hsp90 transcript
during excystation goes up by 270-folds compared to cysts

(De Cédiz et al.,, 2013; Ehrenkaufer et al., 2013). Therefore,
it will not be far-fetched to hypothesize that inhibition of
Hsp90 during excystation can inhibit the excystation process.
Further studies are required to understand the involvement
of Hsp90 in excystation process. Hsp90 clients include many
kinases, transcription factors and cytoskeletal proteins to name
a few. Identification of Hsp90 clients in Entamoeba and their
modulation in the encystation and excystation process will help in
understanding the molecular details of Hsp90’s role in Entamoeba
life cycle.

Our previous observation that Hsp90 is essential for
survival of Entamoeba (Singh et al., 2014) and its involvement
in regulation of phagocytosis, encystation and possibly in
excystation indicates Hsp90 to be an excellent therapeutic target.
Hsp90 is also known to regulate drug resistance in many fungal
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species (Rutherford and Lindquist, 1998; Cowen et al., 2009).
Therefore, it will also be worth exploring a combination therapy
with Hsp90 inhibitors in the cases of drug resistant amoebiasis.
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Hsp90 is an essential chaperone responsible for trafficking a vast array of client proteins,
which are substrates that Hsp90 regulates in eukaryotic cells under stress conditions.
The ATP-binding N-terminal domain of Hsp90 (also known as a GHKL type ATPase
domain) can serve as a specific drug target, because sufficient structural diversity in
the ATP-binding pocket of Hsp90 allows for ortholog selectivity of Hsp90 inhibitors. The
primary objective of this study is to identify inhibitors specific for the ATP-binding domain
of Entamoeba histolytica Hsp90 (EhHsp90). An additional aim, using a combination of
site-directed mutagenesis and a protein in vitro assay, is to show that the antiparasitic
activity of Hsp90 inhibitors is dependent on specific residues within the ATP-binding
domain. Here, we tested the activity of 43 inhibitors of Hsp90 that we previously
identified using a high-throughput screen. Of the 43 compounds tested, 19 competed
for binding of the EhHsp90 ATP-binding domain. Five out of the 19 EhHsp90 protein
hits demonstrated activity against E. histolytica in vitro culture: rifabutin, rutilantin,
cetylpyridinium chloride, pararosaniline pamoate and gentian violet. These five top E.
histolytica Hsp90 inhibitors showed 30-100% inhibition of E. histolytica in culture in the
micromolar range. These data suggest that E. histolytica-specific Hsp90 inhibitors are
possible to identify and provide important lead compounds for the development of novel
antiamebic drugs.

Keywords: EhHsp90 inhibitors, rifabutin, rutilantin, cetylpyridinium chloride, pararosaniline pamoate, gentian violet

Introduction

Entamoeba histolytica is a protozoan intestinal parasite that causes amebiasis worldwide (Walsh,
1986), Amebiasis presents as diarrhea in humans causing 50 million cases of invasive disease and
70-100 thousand deaths worldwide (Stanley, 2003; Ralston and Petri, 2011b). Current therapy relies
solely on metronidazole and is complicated by resistance and adverse neurotoxic, mutagenic and
carcinogenic effects (Freeman et al., 1997; Kapoor et al., 1999; Bendesky et al., 2002). Considering
the prevalence of amebiasis and the lack of other therapeutic options, it is of paramount importance
to search for other effective, better-tolerated antiamebic drugs. To this end, we propose the
discovery of new antiamebic drugs by targeting heat shock protein 90 (Hsp90), one of the
best-studied members of the heat shock protein (HSP) family.
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Stress inducible cytosolic Hsp90 exists in the form of a multi-
chaperone complex and is essential for helping client proteins to
fold (Li and Buchner, 2013). As such, it is essential for normal
eukaryotic growth and development (Li and Buchner, 2013).
The existing model suggests that the stress inducible isoform
of cytosolic Hsp90 serves as a buffer of phenotypic variation
and potentiator of drug resistance by preventing cellular toxicity
caused by misfolded and aggregated proteins in response to
heat shock or pharmacological stress (Cowen and Lindquist,
2005; Cowen et al., 2009; Marubayashi et al., 2010). Many
Hsp90 clients are essential cellular proteins with pathogenic
functions that render the inhibition of the Hsp90 pathway lethal
in cells undergoing pathogenic, pharmacological or heat-shock
stress, but not in normal cells (Cowen and Lindquist, 2005;
Chiosis et al., 2006; Cerchietti et al., 2009, 2010; Cowen et al.,
2009; Taldone et al., 2010). Pharmacologic inhibition of Hsp90
effectively results in lethality in abnormal cells such as infected or
transformed cells by disruption of the broad spectrum of Hsp90
interactions and signaling pathways (Jhaveri et al., 2011; Usmani
and Chiosis, 2011). As such, this inhibition provides specific
anti-disease effects and a decreased likelihood for developing
resistance.

In particular, inhibition of this ATPase activity at the
N-terminal ATP-binding domain is an effective approach for
blocking its function and interaction with client proteins (Jhaveri
et al, 2011; Usmani and Chiosis, 2011). Significant similarity
exists at the ATP-binding domain between other eukaryotic
stress-inducible Hsp90s and parasite Hsp90s such as Plasmodium
falciparum Hsp90 (PfHsp90) and E. histolytica Hsp90 (EhHsp90)
(Banumathy et al., 2003; Pavithra et al., 2004, 2007; Acharya et al.,
2007; Kumar et al., 2007; Pallavi et al., 2010). In addition, the
pocket architecture of the orthologous ATP binding domains of
stress inducible Hsp90 also contains unique residues that can be
selectively targeted by inhibitors (Wider et al., 2009; Corbett and
Berger, 2010; Pallavi et al., 2010). Such unique residues may be
involved in ligand binding, but do not participate in the catalytic
function of this domain, because residues involved in catalysis
are essential for the ATPase function of this domain and are
therefore conserved (Wider et al., 2009; Corbett and Berger, 2010;
Pallavi et al., 2010). For example, crystal structures of human and
P. falciparum Hsp90 N-terminal domains (PDB ID: 2FWZ and
3K60, respectively) reveal that PfHsp90 Met84 adopts a different
side-chain rotamer than human Met98, altering the shape of
the “ceiling” of the binding pocket (Corbett and Berger, 2010).
Ser52, Lys112 and Val186 of human (Hs) Hsp90 are replaced by
Ala38, Arg98 and Ile173 in PfHsp90 (Corbett and Berger, 2010).
Even though these residues are not involved in ATP hydrolysis
(Corbett and Berger, 2010), in general, these differences in pocket
architecture suggest that the PfHsp90 ATP-binding domain is
slightly more hydrophobic, constricted, and basic relative to the
human ortholog (Corbett and Berger, 2010).

We hypothesize that targeting of cytosolic-inducible Hsp90 is
a viable strategy for drug discovery as this protein is essential
in most eukaryotes studied to date e.g., Drosophila melanogaster
(Bandura et al., 2013), Caenorhabditis elegans (Inoue et al., 2003),
P. falciparum (Banumathy et al., 2003). In addition, conservation
of the N-terminus ATP binding domain suggests that this domain

is under selection pressure to be conserved so that it may provide
the energy needed to fold client proteins. Due to both this
conservation, and presence of unique residues that may confer
selectivity, repurposing of previously identified Hsp90 inhibitors
is an attractive strategy and opportunity to capitalize on existing
safety and pharmacokinetic data. Therefore, we tested the effect
of 43 previously identified HsHsp90 and P. falciparum (PfHsp90)
(Shahinas et al., 2010) inhibitors for their ability to inhibit
EhHsp90. The objectives of this study were: (1) to biochemically
characterize and identify the unique residues in the ATP binding
pocket of HsHsp90 vs. EhHsp90; (2) to explore the selectivity of
binding of these inhibitors to EhHsp90, PfHsp90 and HsHsp90 as
well as to the site-directed mutants of each of these domains (3)
to assess the effect of selective inhibitors on E. histolytica in cell
culture.

Materials and Methods

Cloning and Protein Purification

A P. falciparum Hsp90 ATP-binding domain construct was
amplified from genomic DNA harvested from the intra-
erythrocytic life cycle of P. falciparum strain 3D7 obtained
from the MR4 Malaria Research and Reference Resource Center
(Forward primer: 5 CGCCGGCGCCATATGAGTTTTCCAAG
3’ Reverse primer 5 CGCCGGCGCGGATCCTAAATTCAT
TAAACT 3’) and was cloned into the pET28b vector (Novagen).
The E. histolytica Hsp90 ATP-binding domain was also amplified
from genomic DNA extracted from a frozen E. histolytica (strain
HM1:IMSS) culture obtained from the American Type Culture
Collection (ATCC) (Forward primer: 5 CCGGGATCCATGGGA
AATAGAAAA3 ') (Reverse primer: 5 GCGCGGTTCGAAATA
TTGAATAAATTC 3') and was cloned into the pET28a vector
(Novagen).

The clones were expressed in E. coli Bl21 (DE3) Codon
Plus cells (Agilent Technologies) grown in terrific broth (12¢g
tryptone, 24 g yeast extract, 17mM KH,;POy4, 72mM K,;HPO4
and 4mL glycerol per liter broth), and induced with 0.4 mM
Isopropyl p-D-1-thiogalactopyranoside (IPTG) overnight at
24°C. These E. coli cells were harvested by centrifugation
(5000 rpm for 10min), resuspended in lysis buffer (20 mM
4- (2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
pH 7.5, 10% glycerol, 20mM imidazole, 500mM NaCl,
0.5% nonyl phenoxypolyethoxylethanol NP-40 surfactant) and
supplemented with 100x bacterial protease inhibitor cocktail
(Sigma). Cells were lysed by 5 times 45s rounds (separated by
a pause of 45s) of sonication. The cell debris was removed
by centrifugation (14,000rpm for 30 min), and the protein
was purified using nickel-nitrilotriacetic acid (Ni-NTA) resin
(QIAGEN). Tobacco etch virus (TEV) protease was added at a
ratio of 1:50 TEV protease in dialysis buffer [20 mM HEPES, pH
7.5, 100mM NaCl, 5mM MgCl,, and 0.01 mM 4,40-dianalino-
1,10-binaphthyl-5,50-disulfonic acid dipotassium salt (bis-ANS)]
and incubated overnight at 4°C. This mixture was washed over
a Ni-NTA column to remove the TEV protease and cleaved
polyhistidine tags from the purified protein. The proteins were
concentrated to ~10 mg/mL using Amicon® Ultra centrifugal
filters for protein concentration (Millipore) and centrifugation

Frontiers in Microbiology | www.frontiersin.org

April 2015 | Volume 6 | Article 368 | 130


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Shahinas et al.

Hsp90 inhibitors against Entamoeba histolytica

at 2800 rpm. The same conditions were used for the expression
and purification of all the proteins used in this study. The
HsHsp90 ATP binding domain pET15b (Novagen) clone was
kindly provided by Dr. Daniel Gewirth (Hauptman-Woodward
Medical Research Institute).

Site-Directed Mutagenesis

Site-directed mutants were generated using site-specific primers
(Supplementary File 2) that target unique residues in the ATP
binding pockets of HsHsp90, PfHsp90, and EhHsp90 proteins.
The site directed mutagenesis procedure was followed as per
instructions of the QuickChange site-directed mutagenesis
kit (Agilent Technologies, Santa Clara, CA) with some
modifications. Briefly, the mutant plasmid was amplified
using the proofreading enzyme Pfx (Invitrogen, Carlsbad, CA).
Denaturation of the initial template was allowed to take place
for 3min at 95°C. After the initial denaturation, 14 cycles of
denaturation (95°C), annealing (58°C) and elongation (68°C)
took place. The nascent template was digested by the Dpnl
enzyme (37°C for 1h), which digests methylated DNA that has
been replicated inside E. coli Dh5-alpha bacteria (Invitrogen),
which were used for the plasmid purification in this case.
The undigested (amplified) plasmids were transformed in
ultracompetent E. coli XL-Gold 10 cells (Agilent Technologies,
Santa Clara, CA). The plasmids were purified using the Qiagen
Miniprep kit (Qiagen, Germantown, MD). These plasmids
were screened for the presence of the mutation using Sanger
sequencing (Applied Biosystems 3130xl, Carlsbad, CA) after
amplification of the Hsp90 ATP binding domain gene using
standard T7 primers and annealing conditions (Novagen,
Madison, WI).

4,40-dianalino-1,10-binaphthyl-5,50-disulfonic
acid dipotassium salt (bis-ANS) Binding Assay
with the PfHsp90 ATP-Binding Domain

By optimization of a previously established technique
(Wassenberg et al., 2000), the fluorescent probe 4,40-dianalino-
1,10-binaphthyl-5,50-disulfonicacid dipotassium salt (bis-ANS,
Sigma-Aldrich) was used to demonstrate nucleotide binding to
the ATP-binding domain of PfHsp90 (Shahinas et al., 2010).
Recombinant purified protein (final protein concentration
1 wM) was pre-incubated for 45min at 37°C with no drug or
in the presence of 200 nL of drug to a final concentration of
100 nM (Spectrum and Lopac libraries) and 50 nM (Prestwick
library). bis-ANS was then added to a final concentration
of 5pM in binding buffer [20mM  tris(hydroxymethyl)
aminomethane(Tris) pH 7.5, 10mM MgCl,, 50mM KCI] in
a final volume of 20 WL and incubated at 37°C for 30 min.
In order to facilitate the high throughput screening of 4000
compounds, all these volumes were optimized for robotic
handling. Drug distribution was carried out using a pintool that
can accurately dispense 200 nL volumes. Fluorescence emission
data were collected on an EnVision fluorescent monochromator
spectrophotometer (Perkin-Elmer Life Sciences). Excitation
wavelength for bis-ANS was set at 372nm, and emission was
captured at 490 nm. All chemical compounds had 99% purity by
high performance liquid chromatography (HPLC).

Entamoeba histolytica Culture Experiments

E. histolytica trophozoites (HM1:IMSS strain from ATCC) were
maintained in TYI-S-33 medium (20 g casein digest, 10 g yeast
extract, 10 g glucose, 2 g sodium chloride, 1g L-cysteine HCI,
0.2g ascorbic acid, 1g KyHPOy, 0.6 g KHyPOy4, 28.75mg
ferric nitrate per liter) that was supplemented with penicillin
(100 U/mL), streptomycin (100 pg/mL), and 10% adult bovine
serum, under axenic conditions according to the methods of
Diamond (Diamond et al., 1978; Debnath et al., 2004, 2005).
All of the experiments were conducted with trophozoites that
had been harvested during the logarithmic phase of growth.
The logarithmic phase of growth was determined by counting
the cells using the particle counter (Beckman Coulter) and the
cells were maintained in this growth phase by routine passage
every 2 days. Compounds were tested for antiparasitic activity
using an ATP-bioluminescence based screen for cell growth and
survival (Debnath et al, 2012). Assay plates were inoculated
with trophozoites (5 x 103 parasites/well) and incubated in
the GasPak™ EZ Anaerobe Gas Generating Pouch Systems
(VWR, West Chester, PA) to maintain anaerobic conditions
throughout the incubation period. The assays were performed
in triplicate using the CellTiter-Glo Luminescent Cell Viability
Assay (Promega). Metronidazole was used as a positive control
because it is the current treatment for E. histolytica infection.

Results

Homology Modeling Reveals Ortholog-specific
Residues in the N-terminal ATP-binding Domain
of Hsp90

Homology modeling studies using the crystal structures of
PfHsp90 (PDB accession no. 3K60) and HsHsp90 (PDB accession
no. 2FWZ) and the homology model of EhHsp90 ATP-binding
domain suggest that although the pocket is overall very well
conserved, there are three corresponding positions that contain
unique residues in the three structures (Figure 1). Ser52, Asn106,
and Lys112 in HsHsp90 correspond to Ala38, Asn92, and
Arg98 in PfHsp90 and Cys49, Cys103 and Argl09 in EhHsp90.
This finding suggests that the ATP-binding pocket of EhHsp90
may not be as constricted as that of PfHsp90 but it is more
hydrophobic than that of PfHsp90 and HsHsp90.

Biochemical Screen with Recombinant EhHsp90
ATP-binding Domain

We have previously reported the results of an initial screen
vs. HsHsp90 and PfHsp90 based on competitive inhibition of
bis-ANS binding with 4000 compounds consisting of natural
compounds [Spectrum], FDA approved drugs [Prestwick], and
pharmacologically active compounds [Lopac] (Shahinas et al,
2010). Forty-three compounds were identified that caused a
reduction of >70% in fluorescence against HsHsp90 and PfHsp90
ATP binding domains, suggesting competitive inhibition of
ATP-binding (Shahinas et al., 2010). This threshold of >70%
fluorescence inhibition was set based on Hsp90 inhibition by
radicicol, a well-known cross-species Hsp90 inhibitor (Schulte
et al, 1998, 1999). Screening of these 43 inhibitors against
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the EhHsp90 ATP-binding domain showed that 19 of them
competitively inhibit this domain by >70% (Figure 2).

Site-directed Mutagenesis of Unique Residues in
Orthologous Hsp90 ATP-binding Domains Affects
Inhibitor Selectivity

To determine the importance of the three unique positions
tabulated in Figure 1D, site directed mutants were generated

at each of those sites in the corresponding vectors. The
proteins were expressed and the affinity of each mutant for any
of the 43 compounds was determined based on competitive
inhibition of bis-ANS binding using the same conditions
as for the wild-type proteins. Even though, the expression
level and yield varied among the different mutants, equal
concentration of each protein was used to test competitive
inhibition with bis-ANS. The top 10 inhibitors for the
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FIGURE 1 | lllustration of ATP binding pocket differences. (A)
Molecular model of adenosine diphosphate (ADP) in the adenosine
triphosphate (ATP) binding pocket of human (2FW2) Hsp90 (HsHsp90). (B)
Molecular model of ADP in the ATP binding pocket of P, falciparum (3K60)
Hsp90 (PfHsp90). (C) Molecular model of ADP in the ATP binding pocket of

Pfalciparum

D
 HsHsp90 | PfHsp90 | Ehtsp90 |
Lys112
Ser52

Asn106

E.histolytica

Arg98 Arg109
Ala38 Cys49
Asn92 Cys103

E. histolytica Hsp90 (EhHsp90) (based on PfHsp90 template: 3K60). (D)
Summary of the unique residues in the ATP binding pockets of HsHsp90,
PfHsp90 and EhHsp90. Please note that these residues are at conserved
positions in the 3D model. These residues were mutated by site-directed
mutagenesis to examine alterations in binding specificity.

FIGURE 2 | Competitive binding assay using the fluorescent probe
bis-ANS for the identification of EnHsp90 inhibitors at a final
concentration of 2.5 pM. The error bars represent standard deviation of
duplicate readings. Inhibition is defined as >70% reduction of fluorescence in
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this assay. Compounds 1-43 are listed in Supplementary File 1. Please
note that 48 compounds are shown, of which five could not be obtained any
longer from the manufacturer. Therefore, the manuscript focuses on the rest
43 compounds, which were used for downstream assays.
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FIGURE 3 | Drug binding specificity of the Hsp90 ATP binding
domains and their mutants. Top 10 inhibitors are shown for each of the
wild-type (WT) or site-directed mutant ATP binding domains. Any inhibitors in
overlapping ovals are not selective. Inhibition was evaluated by competition
for bis-ANS binding. Top 10 inhibitors of the HsHsp90 (A), PfHsp90 (B),
EhHsp90 (C) ATP binding domains and the mutants generated in each
domain, respectively. (D) Top 10 inhibitors of HsHsp90 and mutants that
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mimic HsHsp90 residues at the corresponding positions (1). (E) Top 10
inhibitors of HsHsp90 and mutants that mimic HsHsp90 residues at the
corresponding positions (2). (F) Top 10 inhibitors of PfHsp90 and mutants
that mimic PfHsp90 residues at the corresponding positions. (G) Top 10
inhibitors of EnHsp90 and mutants that mimic EhHsp90 residues at the
corresponding positions. The abbreviations for the drugs displayed in this
figure are listed in Supplementary File 1.
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wild-type (WT) protein and each mutant are shown relative
to each other in the Venn diagrams of Figure3. Venn
diagrams show common inhibitors that compete for binding

TABLE 1 | Summary of inhibition results for the EnHsp90 protein screen
and the effect of the inhibitors on E. histolytica culture.

Compound Percent inhibition of Percent inhibition of
fluorescence in protein E. histolytica growth
screen at 2.5 .M (%) at 25 .M (%)
GW5074 70.5 -
Sanguinarine sulfate 71.3 -
Rifabutin 73.7 30
Bilirubin 73.7 -
Clofazimine 73.7 -
Purpurin 75.0 -
Tyrphostin AG 538 75.0 -
Rutilantin 771 100
Rifaximin 78.2 -
Berberine chloride 78.3 -
Chlorophyllide 78.9 -
Amodiaquindihydrochloride 82.1 -
dihydrate
Daunorubicin 83.2 -
hydrochloride
WB 64 (Malachite Green) 84.9 -
Hycanthone 90.9 -
Mitoxantronedihydrochloride 95.3 -
Cetylpyridinium chloride 95.9 42
Pararosanilinepamoate 99.0 81
Gentian Violet 99.3 35

(overlapping ellipses) and unique inhibitors that compete for
binding of this ATP binding domain (where no overlap is
observed). It is important to note that most of these residues
confer selectivity of binding for the 43 inhibitors tested.
There are three inhibitors among the 43 tested that show
consistent non-selective high inhibition: quinacrine (QNC),
curcumin (CUR), and ethaverine hydrochloride (ETH). The
abbreviations used for the drugs shown in Figure 3 are listed in
Supplementary File 1.

EhHsp90 Inhibitor Effect on Cell Culture

The hits of the protein screen were next tested against a
standard lab strain of E. histolytica HM1:IMSS in vitro. Five out
of the 19 EhHsp90 protein hits inhibited E.histolytica growth
(replication of trophozoites) in the range of 30-100% at the
concentration of 25 wM (Table 1). These five compounds were:
rifabutin, rutilantin, cetylpyridinium chloride, pararosaniline
pamoate, and gentian violet. Based on the site directed
mutagenesis experiment outlined above, rifabutin showed the
highest inhibition against PfHsp90 and displayed amino acid
preferences for A38, N92, and R98. Rutilantin was present in
the top 10 inhibitors of the HsHsp90 and PfHsp90 constructs
and displayed preference for N106 in HsHsp90 and N92 in
the corresponding position of PfHsp90. Pararosaniline pamoate
and gentian violet showed highest inhibition for the EhHsp90
construct and displayed preference of binding as assessed by
competitive inhibition for C49, C103, and R109. These results
are summarized in Table 2. From these five compounds, it was
possible to obtain titration curves for pararosaniline pamoate
and rutilantin with IC50s of 1.1uM and 2uM, respectively
(Figure 4).

TABLE 2 | Summary of biochemical specificity results for inhibitors of E.histolytica in culture.

Drug Chemical structure Highest % inhibtion Amino acid prefernce
Rifabutin (RIF) . PfHsp90 PfHsp90: A38 + N92 + R98
»
1 -
Rutilantin (RUT) HsHsp90 & PfHsp90 HsHsp90: N106 PfHsp90: N92
Cetylpyridinium chloride (CPC) EhHsp90 EhHsp90: C49 + C103 + R109
Pararosaniline pamoate (PSP) ( EhHsp90 EhHsp90: C49 + C103 + R109
J
Gentian Violet (GVI) EhHsp90 EhHsp90: C49 + C103 + R109 HsHsp90: S52A or KII2R

The chemical structures shown here have been adapted from ChemDB (Pavithra et al., 2007, Corbett and Berger, 2010).
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FIGURE 4 | Anti-amebic activity of (A) pararosaniline pamoate (IC50 =
1.1 M) and (B) rutilantin (IC50 = 2.0 wM) using a standard cell-based
assay. Mean IC5q curves are shown. Error bars represent standard deviation
of triplicate samples.

Discussion

The discovery of five compounds that target HSP90 and
inhibit E. histolytica growth has significant implications for
antiparasitic drug development. Amebiasis caused by E. hisolytica
is responsible for 35-50 million cases of symptomatic disease and
about 100,000 deaths per year (Ralston and Petri, 2011b). Parasite
cysts are transmitted through contaminated food and water
(Stanley, 2003). Currently, nitroimidazoles (metronidazole) are
prescribed for treatment, but despite toxic side effects, cure is not
reached in 40-60% of the patients (Ralston and Petri, 2011b).
In addition, novel drugs for E. histolytica are urgently needed
as the approved therapy (metronidazole) may result in clinical
treatment failure due to resistance.

Infection occurs after ingestion of cysts and may lead to
liver abscess (Ralston and Petri, 2011a,b). Parasite excystation in
the small intestine produces eight trophozoites per cyst, which
colonize the large intestine, existing both in the lumen and
attached to mucus and epithelial cells (Petri et al., 2002). Not all
strains have the same virulence and are capable of causing liver
abscess (Ralston and Petri, 2011b). Chaperoning of virulence
factors by stress-inducible Hsp90 is likely to be important.
Therefore, inhibition of Hsp90 ATP binding is a compelling
strategy for antiparasitic drug design.

Our recombinant Hsp90 ATP-binding domain assay relies
on competitive inhibition of bis-ANS competes with ATP
for the ATPase domain and emits fluorescence upon binding
at the hydrophobic pocket (Wassenberg et al, 2000). This
suggests that the hit compounds identified here compete for
the ATP-binding domain. While the full binding mode has not
been fully elucidated for these hits, the Hsp90 ATP-binding
domain contains several basic and hydrophobic residues that are
characteristic of protein binding pockets that bind structurally
diverse compounds (Dutta and Inouye, 2000).

Only 19 out of the 43 compounds inhibited bis-ANS binding
of the EhHsp90 ATP binding domain and 43 of the 43
compounds inhibited the HsHsp90 ATP binding domain. This
result suggests that there is sufficient biochemical diversity in
this pocket to allow for ortholog selectivity of some of these
compounds. This hypothesis was further tested by the site

directed mutagenesis study which showed selective binding of
most of the 43 drugs tested upon switch of one of the three
unique residues in each of the binding pockets of EhHsp90,
PfHsp90, and HsHsp90. This experiment showed that sufficient
structural diversity in the ATP-binding pocket of Hsp90 allows
for ortholog selectivity of Hsp90 through manipulation of
the architecture of EhHsp90, malaria and human Hsp90 by
mutagenesis.

The 19 EhHsp90 hits were further tested against live E.
histolytica trophozoites. Five of the 19 compounds exhibited
inhibitory activity in vitro. The other 14 compounds may
not have been able to penetrate the plasma membrane of
the trophozoites in vitro or otherwise access EhHsp90. The
five inhibitors of EhHsp90 with promising activity against the
parasite were rifabutin, rutilantin, cetylpyridinium chloride,
pararosaniline pamoate, and gentian violet. Rifabutin is a
rifamycin-class antibiotic with an ansamycin moiety (O’Brien
et al,, 1987, 1990). Ansamycin inhibitors such as geldanamycin
are well characterized inhibitors of the chaperone activity
of Hsp90 (Bohen, 1998; Onuoha et al., 2007; Porter et al,
2009). Both rifamycin and rifabutin have been used widely
against mycobacteria (O’'Brien et al., 1987, 1990), but there is
no report of their use against amebiasis. Other studies have
suggested that rifabutin is effective against cryptosporidiosis,
another intestinal parasitic infectious disease (Holmberg et al.,
1998; Fichtenbaum et al., 2000). The antibiotic rutilantin
has antiphage and antiviral activity (Asheshov and Gordon,
1961; Hume et al, 1965). Cetylpyridinium chloride is an
antiseptic compound that is used in mouthwash and other
mouth/throat care products (Sheen et al, 2003; Herrera
et al., 2005; Gunsolley, 2008; Herrera, 2009; Rioboo et al.,
2011). Potent activity has also been reported against a fungal
pathogen: Candida albicans (Jones et al., 1995). Pararosaniline
pamoate has already been used as an antiparasitic drug against
schistosomiasis in the Philippines (Pesigan et al,, 1967). This
compound has shown anti-Hsp90 activity in another high
throughput screen as well (United States Patent Application
20110263693). Gentian violet is also known as crystal violet
and is one of the constituents of the Gram stain used to
visualize bacteria (Berberovic, 1953; Saji et al, 1994). 1%
solution of gentian violet is reported as a treatment for C.
albicans infections (Traboulsi et al., 2011). Gentian violet
and pararosaniline pamoate are structurally related molecules
(triarylmethanes group). Considering this previous literature and
actual usage, these drugs come with known pharmacokinetic,
pharmacodynamics, and safety profiles that allow bypassing
of the initial evaluation of bioavailability, metabolic stability,
adsorption, and excretion.

Conclusion

ATP is required for client protein and co-chaperone binding
with Hsp90 (Prodromou et al., 1997). Therefore, inhibition of the
Hsp90 ATP binding is lethal in all higher organisms studied to
date and may prove effective in the treatment of amebiasis. The
efficacy and safety of these candidate drugs needs to be reassessed
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in animal models. Even if the repurposed drug candidates
reported here do not turn out to be optimal antiamebic agents,
they provide a starting point for further structure-based drug
design. Novel drugs for amebiasis as well as other neglected
tropical diseases are urgently needed and Hsp90 provides a
radically new target whereby resistance can be circumvented. The
long term goal of these preliminary studies is co-formulation of
drug combinations including Hsp90 inhibitors.
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Antimicrobial chemotherapy is critical in the fight against infectious diseases caused
by Entamoeba histolytica. Among the drugs available for the treatment of amebiasis,
metronidazole (MTZ) is considered the drug of choice. Recently, in vitro studies have
described MTZ resistance and the potential mechanisms involved. Costs to fitness and
adaptive responses associated with resistance, however, have not been investigated. In
this study we generated an HM-1 derived strain resistant to 12 uM MTZ (MTZR). We
examined its phenotypic and transcriptional profile to determine the consequences and
mRNA level changes associated with MTZ resistance. Our results indicated increased
cell size and granularity, and decreased rates in cell division, adhesion, phagocytosis,
cytopathogenicity, and glucose consumption. Transcriptome analysis revealed 142
differentially expressed genes in MTZR. In contrast to other MTZ resistant parasites,
MTZR did not down-regulate pyruvate:ferredoxin oxidoreductase, but showed increased
expression of genes for a hypothetical protein (HP1) and several iron-sulfur flavoproteins,
and downregulation of genes for leucine-rich proteins. Fisher’'s exact test showed 24
significantly enriched GO terms in MTZR, and a 3-way comparison of modulated genes
in MTZR against those of MTZR cultured without MTZ and HM-1 cultured with MTZ,
showed that 88 genes were specific to MTZR. Overall, our findings suggested that MTZ
resistance is associated with specific transcriptional changes and decreased parasite
virulence.

Keywords: Entamoeba histolytica, metronidazole, drug resistance, transcriptome

Introduction

Currently, 500 million cases of amebiasis are reported each year (World Health Organization
Amoebiasis, 1997). Most of these cases are children from developing nations, who are particularly
vulnerable to infectious diseases (Marie and Petri, 2014). Among the drugs available for the
treatment of amebic dysentery and amebic liver abscess, metronidazole (MTZ) is one of the most
widely used, and is often considered the drug of choice (Léfmark et al., 2010). Treatment with MTZ
is usually very effective, i.e., no clinical isolates with high levels of resistance have been observed.
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However, reports of patients refractory to the drug are
documented (Koutsaimanis et al., 1979; Dooley and O’Morain,
1988). In addition, in wvitro studies on the induction of
MTZ resistance in Entamoeba histolytica are described
(Samarawickrema et al, 1997; Wassmann et al., 1999).
Coincidentally, clinical and in vitro resistance to the drug
in Trichomonas vaginalis (Miiller et al., 1980; Wright et al.,
2010), Giardia lamblia (Miller et al., 2007; Tejman-Yarden
et al.,, 2011), Blastocystis spp. (Mirza et al., 2011a,b), Neisseria
gonorrhoeae (Yoshikawa et al., 1974), and several anaerobic
bacteria (Pumbwe et al., 2007; Peldez et al., 2008; Tanih et al,,
2011) have also been reported since the drug was introduced in
1960 (Figure S1) (Durel et al., 1960). Based on these findings, it is
reasonable to assume that clinical resistance to MTZ might soon
be reported in E. histolytica.

Unlike aerobic cells, anaerobic organisms are sensitive to
MTZ because their electron transport proteins have sufficient
negative redox potential that can activate MTZ (Samuelson,
1999). After entering the cell, the drug is reduced to a cytotoxic
nitro radical anion by electron donors like thioredoxin reductase
and ferredoxin (Fdx), which in turn serve as electron acceptors
for pyruvate:ferredoxin oxidoreductase (PFOR) (Samuelson,
1999; Leitsch et al., 2007). The nitro radical anion is reduced
further to a nitrosoimidazole, and further reduction leads to
the formation of hydroxylamine and eventually to an amine
(West et al., 1982; Moreno and Docampo, 1985; Ludlum et al.,
1988). In E. histolytica, the actual mechanism of action is not
fully understood, but evidences from other organisms suggest
inhibition of DNA synthesis, and damage to DNA, protein,
and other cell components by oxidation and adduct formation
(Ludlum et al., 1988; Sisson et al., 2000; Leitsch et al., 2007).

A few mechanisms have been proposed to explain how
pathogens survive MTZ treatment. The process varies among
organisms, but the general principle includes at least one of
the following: altered reduction efficiency (Leiros et al., 2004),
drug inactivation (Ralph and Clarke, 1978), reduced drug uptake
(Lacey et al., 1993), active efflux (Pumbwe et al., 2007), and
increased DNA damage repair (Land and Johnson, 1999). In E.
histolytica, Samarawickrema et al. (1997) reported the increased
expression of iron-containing superoxide dismutase (Fe-SOD) in
a strain resistant to 10 uM MTZ, while Wassmann et al. (1999)
showed that in addition to Fe-SOD upregulation, resistance to
40 WM MTZ was associated with increased peroxiredoxin (Prx)
expression and decreased expression of Fdx. On the contrary,
Tazreiter et al. (2008) showed no substantial increase in Fe-SOD
expression and less than 3-fold upregulation of Fdx and Prx in
cells exposed to 50 uM MTZ. In addition, all three studies did
not find any significant changes in PFOR expression, indicating
that its downregulation may not be mandatory for low to modest
drug resistance in this parasite. Studies on MTZ resistance in T.
vaginalis and G. lamblia also showed variable results regarding
the role of PFOR (Quon et al., 1992; Rasoloson et al., 2002;
Miiller et al., 2008; Leitsch et al., 2011). Strains of T. vaginalis
deficient in PFOR activity, for example, showed only low levels
of anaerobic resistance to MTZ (Rasoloson et al., 2002). In
addition, some clinical strains exhibited resistance only under
aerobic conditions, and were completely sensitive to MTZ in the

absence of oxygen (Rasoloson et al., 2002). These strains also
showed no decrease in PFOR activity (Rasoloson et al., 2002).
Other reports, however, have shown decreased Fdx levels in MTZ
resistant trichomonads (Ralph et al., 1974; Yarlett et al., 1986) and
anaerobic resistance that was correlated with decreased PFOR
activity (Kulda et al., 1989). From these results, it is conceivable
that different pathways are involved in drug activation, and that
various mechanisms for MTZ resistance exist in protozoa.

Currently, most of the work done in E. histolytica focused
either on pathways known to activate, i.e., chemically reduce,
MTZ (Leitsch et al, 2007) or antioxidants that counteract
oxidative stress, such as pyruvate:ferredoxin oxidoreductase,
superoxide dismutase, and peroxiredoxin (Samarawickrema
et al., 1997; Wassmann et al., 1999). Fitness costs and adaptive
responses have not yet been examined. In this study we generated
an E. histolytica HM-1-derived isogenic strain resistant to 12 uM
MTZ (MTZR). By comparing its phenotype and transcriptional
profile against the parental strain, our goal was to identify
phenotypic and transcriptional changes related to or involved
in MTZ resistance. We compared the transcriptome of a single
MTZR line cultured with MTZ [MTZR (+)] against MTZR
cultured without the drug [MTZR (—)], and HM-1 exposed to
MTZ [HM-1 (+)] to determine the significance of the genes we
identified. Finally, to verify their involvement in resistance, some
genes were overexpressed by episomal transfection, followed by
drug challenge.

Materials and Methods

Chemicals and Reagents

MTZ, ornidazole, emetine, chloroquine, paromomycin, L-
cysteine, and N-(trans-Epoxysuccinyl)-L-leucine 4-guanidinobut
ylamide (E-64) were purchased from Sigma-Aldrich (St. Louis,
MO, USA), while tinidazole was acquired from LTK Laboratories
(St. Paul, MN, USA). DNAzol reagent, TRIzol reagent, PLUS
reagent, Lipofectamine, and geneticin (G418) were secured from
Invitrogen (Carlsbad, CA, USA). All other chemicals were
obtained from Wako Pure Chemical Industries (Osaka, Japan)
unless otherwise stated. Drugs were dissolved either in distilled
water or dimethyl sulfoxide (DMSO) to a stock concentration of
100 mM and stored at —30°C.

Cultivation and Induction of MTZ Resistance

E. histolytica strain HM-1:IMSS cl6 (HM-1) (Diamond et al,
1972) was cultured under axenic conditions in 6 mL BI-S-33
medium (BIS) at 35.5°C in 13 x 100 mm Pyrex screw cap culture
tubes (Corning, Corning, NY) (Diamond et al., 1978). Induction
of MTZ resistance was initiated when cells in mid-logarithmic
phase of growth were exposed to 1 M of the drug until late
logarithmic phase. In this study, cultures with cell concentrations
between 4 x 10* and 2 x 10°/mL were considered to be in
mid-logarithmic phase, and corresponds to cell densities after
1 and 2 days, respectively, after the cultures were initiated with
at 2-5 x10* trophozoites per mL. The drug concentration was
increased by 1 wM until it reached 4 WM. Cells were maintained
with the same dose for 4 weeks before further increase in
drug concentration was made. A strain growing at 12 uM MTZ
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[MTZR (+)] was obtained approximately after 28 weeks, and
was used in all experiments. MTZR was also cultured without
the drug [MTZR (—)] for 24h up to 1 week when we tested for
reversibility of resistance and when samples were prepared for
microarray.

Cultivation of Chinese Hamster Ovary (CHO)
Cells

CHO cells, a gift from Dr. Kentaro Hanada, were cultured
in Ham’s F-12 medium (GIBCO, Invitrogen Co., Auckland,
New Zealand) with 10% fetal calf serum (Medical Biological
Laboratory International, Woburn, MA, USA) in 25 cm? canted
neck culture flasks (IWAKI, Tokyo, Japan) at 37°C with
humidified air and 5% CO5.

Growth Kinetics

After trophozoite cultures in mid-log phase of HM-1 and MTZR
were placed on ice for 5 min to detach cells from the glass surface,
cells were collected by centrifugation 500 x g for 5min at room
temperature. After centrifugation, spent medium was discarded
and the pellet was resuspended in 1-2 mL of BIS medium. The
cell number was estimated on a haemocytometer. Approximately
6 x 10* trophozoites were inoculated in 6 mL BIS medium with or
without 12 uM MTZ, and the cultures were examined every 24 h
for 5 days. Trypan blue exclusion assay was used to determine the
number of viable cells in duplicate cultures (Penuliar et al., 2011).

Half Maximal Inhibitory Concentration (IC5p) and
Cross-Resistance

Trophozoites in mid-log phase of HM-1 and MTZR were
harvested, resuspended in BIS medium as described above, and
the concentration was adjusted to 1 x 10° cells/mL. About 1 x 10*
cells in 100 L BIS were seeded per well of a 96-well microtiter
plate (Iwaki, Tokyo, Japan) and incubated at 35.5°C for 1 h under
anaerobic conditions using Anaerocult A (Merck, Darmstadt,
Germany). One hundred microliters of BIS containing 2-fold
increases in concentration of the drugs listed in Table1 was
added, and the plates incubated for 24 and 48 h. The medium
was removed and replaced with 200 L 10% WST-1 reagent
(Roche, Indianapolis, IN, USA) in phosphate-buffered saline
(PBS) and the plates incubated for 20-40 min. Optical density
at 450 nm was measured using a DTX 880 Multimode Detector
(Beckman Coulter, Fullerton, CA, USA). The percentage of viable
cells was calculated after subtraction of background absorbance
as % viability = (absorbance of treated cells/absorbance of
untreated cells) x 100%. ICsy values were calculated using
the sigmoidal dose-response equation in GraphPad Prism 5.0
(GraphPad Software, La Jolla, CA, USA). All experiments were
repeated three times with two replicates per experiment. To assay
the hydrogen peroxide sensitivity of the transformants harboring
one of the following plasmids: HP1-HA, ISF1-HA, ISF2-HA,
ISF4-HA, and pEhEx-HA, about 1 x 10* cells were seeded per
well of a 96-well microtiter plate and incubated at 35.5°C for 12—
16 h under anaerobic conditions. The cells were then exposed to
25-1600 wM of hydrogen peroxide for 4 h. Then the cell viability
was measured by using WST-1 reagent as described above.

TABLE 1| IC5( of drugs used to treat amebiasis and hydrogen peroxide in
HM-1 and MTZR.

Compound Description HM-1 MTZR RI2
Chloroquine Amebicide 1662.7+0.3 3125.3+0.4 2.0
Emetine Amebicide 12.8+0.3 50.3+0.3 3.9
Metronidazole Amebicide 6.5+0.3 12.9+0.3 2.0
Ornidazole Amebicide 6.5+0.3 12.3+0.3 1.9
Paromomycin Amebcide 12.6+0.4 25.1+0.3 2.0
Tinidazole Amebicide 126+£0.2 249+0.3 2.0
Hydrogen peroxide Stress inducer 2442+0.4 488.1+£0.3 2.0

@Resistance index values are determined by dividing the ICsq of drug in MTZR by that in
HM-1.

CHO Monolayer Destruction Assay

Rate of CHO monolayer destruction was measured as described
previously with minor modifications (Penuliar et al, 2011).
Briefly, CHO cells in logarithmic phase of growth were prepared
as follows. After spent medium was discarded, CHO cells were
incubated with trypsin-EDTA at 37°C for 5min to detach
cells. Cells were transferred to a 50 mL tube containing 5mL
of Ham’s F-12 medium and cell density was estimated on a
haemocytometer. Cells were collected by centrifugation at 500
x g for 10 min at room temperature. After the supernatant was
discarded, the cell pellet was re-suspended in Ham’s F-12 medium
at 1 x 10° CHO cells per mL. Approximately 100 uL of the
CHO suspension was dispensed into each well on a 96-well
plate and the plate was incubated at 37°C as described (Penuliar
et al., 2011) for 24-48 h until CHO cells form a monolayer. The
medium was removed and the plates washed twice with warm
PBS. Approximately 1 x 10* cells of HM-1 and MTZR were
resuspended in 200 pL Opti-MEM medium (GIBCO, Invitrogen
Co., Auckland, New Zealand) and added to each well. The
plates were incubated under anaerobic conditions at 35.5°C
for 15min intervals up to 2h. The plates were placed on ice
for 15min to release adhered trophozoites and washed twice
with cold PBS. The percentage of CHO monolayer destroyed
was determined relative to wells without the ameba using 10%
WST-1.

Substrate Gel Electrophoresis

Proteinase activity was detected by substrate gel electrophoresis
as described previously (Hellberg et al., 2000). Briefly, 20 ug
of cell lysate from HM-1 and MTZR strains were separated in
a 12% [w/v] sodium dodecyl sulfate (SDS)-polyacrylamide gel
copolymerized with 0.1% [w/v] gelatin. The gel was incubated
in 2.5% [v/v] Triton X-100 for 1h and then in 100 mM sodium
acetate, pH 4.5, 1% [v/v] Triton X-100, and 20 mM dithiothreitol
for 3h at 37°C. Bands were visualized after staining with 0.5%
[w/v] Coomassie Brilliant Blue R-250.

Phagocytosis Assay

Trophozoites of HM-1 and MTZR in mid-logarithmic phase of
growth were harvested, resuspended in BIS medium as described
above, and the concentration was adjusted to 1 x 10° cells/mL.
Approximately 1.0 x 10® of HM-1 and MTZR trophozoites
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were seeded on each well of 12-well plates. Spent medium was
removed and replaced with 500 L warmed BIS with 1.5 x 107
FluoSpheres carboxylate-modified (2.0 m) Nile Red fluorescent
beads (Invitrogen, Eugene, OR, USA). The plates were sealed and
incubated at 35.5°C for up to 80 min. After incubation, 500 wL of
PBS containing 2% galactose was added and the plates incubated
on ice for at least 20 min. Formaldehyde was added to a final
concentration of 4% and plates incubated on ice for 1 h. The cells
were collected, washed three times with cold PBS and analyzed
by flow cytometry as previously described (Nakada-Tsukui et al.,
2005). Cells that ingested the beads were gated based on increased
fluorescence compared to control non-phagocytic cells.

Glucose Consumption

Trophozoites of HM-1 and MTZR in mid-logarithmic phase of
growth were harvested, resuspended in BIS medium as described
above, and the concentration was adjusted to 1 x 107 cells/mL.
Approximately 1 x 107 cells were seeded in 6-well dishes and
incubated for 12 and 24h. Spent medium was decanted and
centrifuged at 500 x g for 5min. Glucose consumption was
determined from the clarified medium using a Glucose (GO)
Assay kit (Sigma Aldrich, Saint Louis, MO, USA) according to
manufacturer’s protocol.

Estimation of Total Protein Amount in a

Single Cell

Trophozoites of HM-1 and MTZR in mid-logarithmic phase of
growth were harvested as described above. Cell pellet was re-
suspended in PBS at 1 x 10®/mL. Approximately 500 pL of the
cell suspension were dispensed to a 1.5 mL tube and the cells were
collected by centrifugation at 500 x g for 3 min at 4°C. After the
supernatant was carefully removed, the cell pellet was lysed with
50 wL of lysis buffer [50 mM Tris-HCI, pH 7.5, 150 mM NaCl,
1% Triton-X 100, complete mini EDTA-free protease inhibitor
cocktail (Roche Molecular Biochemicals, Mannheim, Germany)
and 200 mM E-64]. Protein amount of the lysate were quantified
by DC protein assay kit (Bio-Rad Laboratories, Inc., Hercules,
CA, USA).

RNA Isolation

HM-1 and MTZR were cultured with and without 12 uM
MTZ in 25cm? tissue culture flasks. HM-1 cultured with the
drug was incubated for 5h [(HM-1 (+)], while MTZR without
MTZ was maintained for 1 week [(MTZR (—)]. Except for
HM-1 (+), the spent medium for all other cultures were
removed and replaced with fresh BIS with and without the
drug and the flasks incubated at 35.5°C for 5h. Total RNA was
extracted with TRIzol Reagent according to the manufacturer’s
instructions for cells grown in monolayers; cleaned with RNeasy
kit (Qiagen, Hilden, Germany), and assessed for quality with
the Experion automated electrophoresis system and Experion
RNA StdSens analysis kit (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). RNA quantity was determined by measuring
the absorbance at 260 nm with NanoDrop ND-1000 UV-Vis
spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA).

Microarray Hybridization

Samples from two independent RNA extractions were processed
using Ambion MessageAmpTM Premier RNA Amplification
Kit (Applied Biosystems, Foster City, CA, USA) according
to manufacturers instructions. Fragmented cRNA was then
hybridized onto a probe array chip (Eh_Eia520620F) that was
custom-made by Affymetrix (Santa Clara, CA, USA) (Husain
et al, 2011; Penuliar et al., 2012) using kits and protocols
specified in the Affymetrix GeneChip Expression Analysis
Technical Manual (Affymetrix, Santa Clara, CA, USA). Following
hybridization, arrays were washed, stained with streptavidin-
phycoerythrin (Molecular Probes, Eugene, OR, USA) using
Aftymetrix GeneChip Fluidics Station 450, and scanned with an
Affymetrix GeneChip Scanner 3000 at 570 nm. Each array image
was visually screened to check for scratches, signal artifacts, and
debris.

The microarray used in this study was made based on
E. histolytica and E. invadens sequences stored at TIGR and
Pathema databases (Loftus et al,, 2005; http://amoebadb.org/
amoeba/). It contained 9230 probe sets for E. histolytica and
an additional 25 and 81 control probe sets for Entamoeba and
Affymetrix, respectively (Eh_Eia520620F_Eh). Nomenclature
for the IDs was based on whether the probe set is unique to
either Pathema (e.g., EHI_123456) or TIGR (e.g., 12.m00345),
or is found in both databases (e.g., 98.m00765_234567). Probe
sets labeled with “_at” represent a single gene, while those
labeled with “_s_at” represent probe sets that share all probes
identically with at least two sequences. The “_s_at” probe sets
represent highly similar transcripts, shorter forms of alternatively
polyadenylated transcripts, or common regions in the 3’ ends
of multiple alternative splice forms. Probe sets labeled with
“_x_at) on the other hand, represent probe sets where it was
not possible to select either a unique probe set or a probe set
with identical probes among multiple transcripts. These probe
sets could cross-hybridize with other genes in an unpredictable
manner (Affymetrix, Santa Clara, CA, USA).

Data Normalization, Analysis, and Deposition

Raw probe intensities were generated by the GeneChip
Operating Software (GCOS) and GeneTitan Instrument
from Affymetrix. Resulting expression values were analyzed
by R/BioConductor and GeneSpring GX Ver.11.5 to identify
differentially expressed genes. Reproducibility of the experiments
was determined by Pearson’s correlation coefficient and
confirmed by principal component analysis (Pearson, 1901;
Stigler, 1989). Only genes that were considered “present” by
GCOS in both arrays were used in further analysis. Gene
probe sets were considered differentially expressed between
samples if they had at least a 3-fold change and a P-value
< 0.05, calculated using Welch’s t-test (Welch, 1947), after
multiple test correction by the Benjamini-Hochberg method
(Benjamini and Hochberg, 1995). A post-hoc test using Tukey’s
Honestly Significant Difference test was conducted to determine
significant differences between samples (Tukey, 1949). Probe
sets ending with “_x_at” were removed together with redundant
genes identified by sequence alignment using ClustalW2.48
Finally, RefSeq’s annotated pseudogenes were omitted from
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the final list (ClustalW2; http://www.ebi.ac.uk/Tools/msa/
clustalw2/).

Nucleotide sequences of differentially expressed genes
were searched against GenBank (http://www.ncbi.nlm.nih.
gov/genbank/) and Amoeba DB (http://amoebadb.org/
amoeba/) by using Basic Local Alignment Search Tool
(BLAST;  http://blast.ncbi.nlm.nih.gov/Blast.cgi). =~ Matches
against hypothetical proteins (HP) with E-value < e~>° and
maximal scoring pair alignment that covered at least 40%
were considered as putative orthologs (McLysaght et al,
2003). Hierarchical clustering of modulated genes in MTZR,
MTZR (—), and HM-1 (+) was performed with Cluster 3.0
(http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm)
using average linkage, while dendrograms and heatmaps
were generated with Java TreeView version 1.1.6r2. (http://
jtreeview.sourceforge.net) Gene Ontology (GO) annotations
were mined from the Gene Ontology Annotation Database
(http://www.ebi.ac.uk), and Amoeba DB. GO term enrichment
was computed using Fisher’s exact test (Agresti, 1992), against
a background consisting of all GO IDs for genes symbols
beginning with EHI, which were downloaded from the QuickGO
database of European Molecular Biology Laboratory - European
Bioinformatics Institute (EMBL-EBI) (Taxon ID: 5759) (http://
www.ebi.ac.uk/QuickGO/). Genomic location of each gene was
obtained from Pathema-Entamoeba (http://pathema.jcvi.org)
while transmembrane domain prediction was performed using
the following online servers: HMMTOP (http://www.enzim.
hu), SOSUI (http://bp.nuap.nagoya-u.ac.jp), TMHMM (http://
www.cbs.dtu.dk), TopPred (http://mobyle.pasteur.fr), TMpred
(http://www.ch.embnet.org), and Phobius (http://phobius.sbc.
su.se). Signal peptide sequences were predicted using SignalP
(http://www.cbs.dtu.dk), SOSUIsignal (http://bp.nuap.nagoya-u.
ac.jp), and Phobius. Putative transmembrane domains and signal
peptides were considered present only if positive hits were found
in all programs used. Venn diagrams were constructed using
Venn Diagram Generator (http://www.pangloss.com/seidel/
Protocols/venn.cgi).

The microarray data reported in this paper has been deposited
in the Gene Expression Omnibus (GEO) database (http://www.
ncbi.nlm.nih.gov/geo/) with accession number GSE35990.

Generation of Transgenic Ameba Overexpressing
HP1 and ISFs

Full-length gene sequences were amplified from MTZR ¢cDNA
with sense- and anti-sense primers containing appropriate
restriction sites (Table S2). PCR primers were designed as follows:
sense primers contained 26~30 nucleotides corresponding to
a region of each gene encoding the amino-terminal portion
of each target proteins, fused at the 5 end with three
additional nucleotides and Smal restriction enzyme recognition
site (tccCCCGGG); reverse primers contained 22~33 nucleotides
corresponding to a region of each gene encoding the carboxyl-
terminal portion of each target proteins, fused at the 5 end
with three additional nucleotides and Xhol restriction enzyme
recognition site (ccgCTCGAG). PCR was performed with the
cDNA as a template using a DNA Engine Peltier Thermal Cycler
(Bio-Rad, Hercules, CA, USA). The PCR cycling conditions

consisted of an initial step of denaturation at 94°C for 1 min,
followed by 30 cycles of denaturation at 98°C for 10, annealing
at 55°C for 30 s, and extension at 72°C for 60 s with Phusion DNA
polymerase (New England BioLabs, Tokyo, Japan). Resultant
PCR fragments were precipitated with ethanol, digested with
appropriate restriction enzymes, and then purified from an exised
piece of agarose gel by using GENECLEAN kit (Funakoshi,
Tokyo, Japan). After purification, the gene was inserted into an
expression plasmid, pEhEx, as previously described (Penuliar
et al, 2012). The plasmid was introduced into E. histolytica G3
strain by lipofection, with minor modifications as previously
described (Penuliar et al, 2012). Briefly, E. histolytica G3
trophozoites in the mid- logarithmic growth phase were
harvested as described above, and re-suspended with Opti-MEM
medium supplemented with 5mg/mL L-cysteine and 1 mg/mL
ascorbic acid at 1 x 10° cells/mL. Approximately 5mL of the
suspension was dispensed into each well on a 12-well plate and
the plate was incubated under anaerobic condition at 35.5°C
for 30 min. Following incubation, 4.5mL medium from each
well was removed and 500 pL liposome-plasmid-mixture (5 g
plasmid, 10 pnL PLUS reagent, 20 pL Lipofectamine in Opti-
MEM medium) was added. After 5h of transfection, cells were
harvested by placing the plate on ice for 15min, then added
to culture tubes with 5.5mL cold BIS, and incubated at 35.5°C
for 24 h. Transformants were initially selected in the presence
of 1ug/mL of G418, and drug concentration was gradually
increased to 10 ug/mL during the following 6 weeks before the
transformants were analyzed.

Reverse Transcriptase (RT)-PCR and Quantitative
Real-Time (qRT)-PCR

Total RNA from semi-confluent cultures, about 2 x 10> cells/mL,
of HM-1, MTZR, and transformants harboring one of the
following plasmids: pEhEx-HA (mock plasmid), HP1-HA, ISF1-
HA, ISF2-HA, and ISF4-HA, cultured in 25cm? flasks, was
extracted and quantified as described previously (Penuliar et al.,
2012). cDNA was reverse transcribed from 5pg RNA with the
SuperScript III First-Strand Synthesis System, and RT-PCR was
performed with the resulting cDNA as template and primers
listed in Table S2 on a DNA Engine Peltier Thermal Cycle
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The PCR
parameters used were: an initial denaturation step at 95°C for
2min followed by 30 cycles of denaturation at 94°C for 155,
annealing at 55°C for 30s, and extension at 72°C for 30 or
60s. The products were resolved on 1.5% [w/v] agarose gel
with 0.5 pg/mL ethidium bromide, visualized, and photographed
under ultraviolet illumination.

The Fast SYBR Green Master Mix (Applied Biosystems, Foster
City, CA, USA) was used for qRT-PCR in accordance with the
manufacturer’s instructions. The list of primers for genes whose
expression was quantified by qRT-PCR can be found in Table
S1, and includes a housekeeping gene, RNA polymerase II gene
(rpoll), as control. Each PCR reaction contained 5pL (1:50
dilution) of cDNA and 15 pL primer mix, composed of 10 L 2X
Fast SYBR Green Master Mix, sense and antisense primers, and
nuclease-free water, to bring the volume to 20 L. QqRT-PCR was
performed using StepOne Plus Real-Time PCR System (Applied
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Biosystems, Foster City, CA, USA) with the following cycling
conditions: enzyme activation at 95°C for 20, followed by 40
cycles of denaturation at 95°C for 3 s and annealing/extension at
60°C for 30s. All test samples were run in triplicate including
an RT-negative control for each sample set along with a blank
control consisting of nuclease-free water in place of cDNA.
Quantification for each target gene was determined by the AACt
method with rpoll as reference gene (Livak and Schmittgen,
2001).

Statistical Analysis

Correlation coefficients were calculated using the Students ¢-
test function of Microsoft Excel statistical package (Microsoft
Corp., Redmond, WA, USA). Probability levels (P) < 0.05 were
considered significant.

Results

Generation and Phenotypic Characterization of
MTZR

Exposure of HM-1 to MTZ concentrations up to 3 uM for 24h
did not result in any significant changes in cell morphology. Cells
continued to grow and cultures formed confluent lawns after
72 h. Starting at 6 uM MTZ, however, cells became rounder than
usual and were slightly bigger in size. Cells also took longer to
attach to surfaces and for cultures to form confluent lawns. Cell
viability, however, was verified by cell adhesion and trypan blue
exclusion assay. After 29 weeks, cells growing at 12 uM MTZ
(MTZR) were obtained. We tried to increase the concentration
of MTZ further, but this resulted in further increase in doubling
time.

The population doubling time of MTZR was significantly
longer compared to HM-1 (26.8 = 0.9 and 182 £ 0.5h,
respectively; P-value < 0.001, Figure 1). MTZR also appeared
rounder, bigger, and more granular than HM-1. In contrast,
parental cells exposed to 12uM MTZ showed signs of
morphological changes as early as 2h, rounding in 5h, cell
shrinkage, and detachment within 24 h. The slight enlargement
of MTZR (+4) compared to HM-1 was suggested when we
measured the total protein content of MTZR and HM-1, 4.81
£ 0.04 and 4.24 £ 0.03 pg/cell, respectively. Flow cytometric
analysis also confirmed that MTZR was slightly larger than
HM-1 (data not shown).

The ICsyp of MTZ in MTZR and HM-1 was 12.9 & 0.3 and
6.5 £ 0.3 M, respectively, and its resistance index was 2.0
(Table 1). When MTZR was cultured without the drug for 1
week followed by MTZ challenge for 24 h, percent survival was
only 28%, indicating that resistance to the drug was reversible
(data not shown). To determine if MTZR was cross-resistant with
other amebicides, the ICsq of the drugs listed in Table 1, against
MTZR and HM-1 was determined. Results showed that MTZR
had reduced sensitivity to the drugs.

MTZR had a slower rate of CHO monolayer destruction,
especially at early time points, indicating a slight decrease in
virulence (P-value < 0.05 for 30, 45, 60, and 75 min; Figure 2A).
This was consistent with the observed decrease in intensity of
bands corresponding to cysteine protease 1 and 2 (CP1 and
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FIGURE 1 | Growth kinetics of HM-1 (circles) and MTZR (triangles)
cultured with (open symbols) or without (filled symbols) 12 .M MTZ.

CP2, synonymous to EhCP-A1 and EhCP-A2, respectively) in
the zymogram (Figure 2B), and by an ImageJ (http://rsbweb.
nih.gov/ij/) analysis of the same bands that indicated an
approximately 33% decrease in band areas. The band for CP5
(EhCP-A5) and control bands (arrow head) were comparable
between HM-1 and MTZR. The decrease in cytopathy in MTZR
was also indicated by the lower the number of engulfed beads
(Figure 2C) and percentage of cells with engulfed beads in the
phagocytosis assay (Figure 2D). MTZR also consumed glucose at
areduced rate compared to HM-1 (P-value < 0.05, Figure 2E). In
addition, MTZR adhered to plastic surfaces, and to fibronectin-
and collagen-coated plates at relatively comparable levels, but not
as efficiently as HM-1 (Supplementary Figure S2).

Transcriptomic Analysis of MTZR

Our expression data showed variations in the number of
differentially expressed genes between MTZR and HM-1 cultured
with and without MTZ (GEO ID: GSE35990). To identify genes
whose expression was most highly affected, a general filtering
of the expression data, as indicated in Materials and Methods,
was used. This resulted in the identification of 142 probe sets
for MTZR, 58 probe sets for MTZR (—), and 37 probe sets for
HM-1 (+) that showed at least 3-fold changes compared to HM-
1 (—) (Figure 3A, Table S3). In MTZR, 95 (66.9%) of the genes
were upregulated, while 47 (33.1%) genes were downregulated
(Tables 2, 3). Only 55 (38.7%) genes were annotated after
conducting BLAST search, while 87 (61.3%) genes encoded for
proteins of unknown function, i.e., hypothetical proteins (Table
S4). The most upregulated gene was a hypothetical protein (HP)
(EHI_006850) with some similarity to a zinc finger protein in E.
histolytica (E-value = 1.0e*%), designated as HP1 in this study.
Its expression in MTZR was increased by 36.9 folds. Genes for
DNA polymerase (EHI_164190), iron-sulfur flavoprotein (ISF)
(EHI_025710), AIG1 family protein [XP_648192 (522.m00018)],
and four other HPs were also upregulated by more than 10
folds. The most downregulated genes were three leucine-rich
proteins [EHI_033560, EHI 077280, EHI_124070 (371.m00031)]
which had fold changes of more than 160, and two AIG family
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FIGURE 2 | Phenotypic changes observed in MTZR. Statistical
significance is indicated (P-value < 0.05). (A) CHO monolayer
destruction assay of HM-1 (black bars) and MTZR (gray bars). (B)
Zymography of whole cell lysates of HM-1 and MTZR. An arrowhead
indicates comparable protein loading per lane as estimated by CBB
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staining of irrelevant proteins. (C,D) Phagocytosis assay with
carboxylated beads in HM-1 (black bars) and MTZR (gray bars). The
number of beads phagocytosed (C) and the percentage of cells with
engulfed beads (D) at indicated time points are compared between
HM-1 and MTZR. (E) Glucose consumption assay.

proteins [XP_648014 (628.m00011), EHI_180390] and two CPs
(EHI_160330, EHI_121160) genes that were downregulated by
at least 5 folds. The two CPs identified had high similarity to
CP7 (synonymous to EhCP-B1) (81%) based on amino acid
sequence (Tillack et al., 2007). The differential expression of 16
genes was validated by qRT-PCR, using rpoll as an endogenous
control (Table 4). Pearson’s correlation coefficient (0.81) between
microarray and qRT-PCR results indicated a reasonable degree of
concordance between the fold-changes of the genes selected for
this comparison.

To determine whether the genes we identified were important
in MTZ resistance or resulted from a general stress response, a
3-way comparison of differentially expressed genes in MTZR,
MTZR (—) and HM-1 (+) was performed. Figures3A,B,
and Table S3 show that out of 142 genes modulated in
MTZR, 48 genes (33.8%) were also modulated in MTZR
(—), while only 8 genes (5.6%) were differentially transcribed
in HM-1 (4). Among the genes specifically modulated

in MTZR were DNA polymerase (EHI_164190), 4 AIGI1
family proteins [EHI_026000, EHI_126550, EHI_126560,
XP_648127 (554.m00020)], four iron-sulfur flavoproteins
(EHI_022270, EHI_022600, EHI_181710, EHI_067720,
EHI_103260), metal-dependent hydrolase (EHI_054690), dUTP
nucleotidohydrolase domain-containing protein (EHI_072960),
three serine-rich 25kDa antigen protein [EHI_073980,
EHI_072000, EHI_072000 (82.m00164)], two Ras family protein
(EHI_074750, EHI_045600), Rho guanine nucleotide exchange
factor (EHI_006140), and a competence/damage-inducible
protein (EHI_090260). In MTZR (—), AP-2 complex protein
(EHI_014390), serine acetyltransferase (EHI_021570), zinc
finger protein (EHI_091050), cysteine protease (EHI_117650),
and a cell division control protein (EHI_154270) were specifically
modulated. In HM-1 (+), on the other hand, genes for heat
shock proteins [EHI_005657 (181.m00064), EHI 156560
(482.m00014), EHI_034710)] were specifically upregulated
together with genes putatively involved in drug resistance
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like P-glycoprotein 5 (EHI_075410, EHI_125030) and ATP-
binding cassette protein (EHI_134470, EHI_178580). Two
iron-sulfur flavoproteins (EHI_025710, EHI_138480) and an
ABC transporter [EHI_084730 (36.m00218)] were upregulated
in both MTZR and HM-1 (+4), although their expression in HM1
(4) was 2 to 3 folds higher. It is also interesting to note that in
all three strains, induction of gene transcription clearly prevailed
over inhibition. This was particularly true for HM-1 (4) where
almost 95% of the modulated genes were upregulated.

Go Classification, Features, and Clustering on
the Genome
To have a general view of the cellular functions regulated as
a result of MTZ resistance, we performed a GO enrichment
analysis. A total of 132 GO terms were mined from Amoeba DB
representing 63 unique GO IDs (Table S5). However, based on
Fisher’s exact test, only 24 terms were significantly enriched in
MTZR (Table 5). Genes involved in GTP binding and proteolysis
were the most highly enriched, followed by genes associated with
cysteine-type peptidase activity, small GTPase-mediated signal
transduction, oxidoreductase activity, protein kinase activity, and
electron carrier activity. Roughly, the enriched terms could be
classified into four functional categories, namely (1) nucleotide
binding, (2) metabolism, (3) oxidative stress response, and (4)
signal transduction.

Only a fraction of the differentially expressed genes in
MTZR (about 5%) encoded for membrane proteins, based on
positive results for transmembrane and signal peptide predictions

(Table S6). Only 21 genes (14.8%) contained at least one
transmembrane domain. Eleven of these were upregulated, while
10 were downregulated. Proteins encoded by 25 genes (17.6%)
also had predicted signal peptides. Only seven genes have both
transmembrane domains and signal peptides. Only one, however,
was annotated as tyrosine kinase (EHI_118410), while the rest
were all genes for HPs.

Most of the modulated genes were encoded on different
scaffolds. Thirty-four genes (30.6% of EHI-probe sets), however,
formed 15 sets of dyads or triads that occupied the same contig
(Table S7). Included were genes for four AIG1 family proteins
(EHI_126550, EHI_126560, EHI_176700, EHI_176580) and two
Ras family proteins (EHI_045450, EHI_045600). In four sets of
genes, the members were found to be located on opposite strands,
but the regulation of their expression was the same and their fold-
changes were comparable. For some genes found on the same
strand, the distance between the genes was less than 1kb. It was
therefore possible for these genes to be co-regulated by the same
transcription factor.

Functional Analysis

To study further the relationship between the expression of some
of the modulated genes in MTZR with drug resistance, generation
of stable transformants overexpressing HA-tagged HP1, ISF1,
ISF2, and ISF4 was performed (Figure 4A). The mRNA level of
these proteins was estimated by qRT-PCR. The levels of mRNA of
HP1 and ISFs were about 5.5 or 2.5 to 3 fold, respectively, higher
in MTZR compared to their expression in HM-1 transfected
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TABLE 2 | List of annotated genes that were upregulated in MTZR by >3 fold compared to HM-1.

Probe Set ID NCBI RefSeq Gene name P-value Fold-change
EHI_164190_at XM_001913665.1 DNA polymerase, putative 2.80E-03 12.9
EHI_025710_at XM_644279.1 Iron-sulfur flavoprotein, putative 4.50E-05 11.6
522.m00018_at XM_643100.1 AIG1 family protein 6.50E-04 11.5
EHI_189960_at XM_647238.1 ADP-ribosylation factor 1, putative 9.20E-04 7.2
EHI_026000_s_at XM_643099.1 AIG1 family protein, putative 2.60E-03 6.5
EHI_138480_at XM_650038.1 Iron-sulfur flavoprotein, putative 6.50E-04 6.3
EHI_073980_s_at XM_648468.1 Serine-rich 25 kDa antigen protein 1.10E-02 6.2
EHI_022270_s_at XM_644761.1 Iron-sulfur flavoprotein 1.60E-02 5.5
EHI_129890_at XM_646723.1 Type A flavoprotein, putative 1.00E-02 5.4
EHI_022600_s_at XM_643169.1 Iron-sulfur flavoprotein 1.40E-02 5.4
EHI_181710_s_at XM_001914510.1 Iron-sulfur flavoprotein, putative 1.30E-02 5.3
82.m00157_s_at XM_648374.1 Surface antigen arielt 6.80E-03 5.3
EHI_096770_at XM_650580.1 Acetyltransferase, putative 1.30E-02 4.9
EHI_072960_s_at XM_001914217.1 dUTP nucleotidohydrolase domain protein 3.20E-02 4.9
EHI_067720_s_at XM_643101.1 Iron-sulfur flavoprotein, putative 5.30E-04 4.8
EHI_072000_s_at XM_001913846.1 Serine-rich 25 kDa antigen protein, putative 9.40E-03 4.8
EHI_103260_s_at XM_001913434.1 Iron-sulfur flavoprotein 2.30E-02 4.5
82.m00164_s_at XM_648353.1 Serine-rich 25 kDa antigen protein 4.10E-02 4.1
EHI_074750_at XM_644490.1 Ras family GTPase 3.80E-04 3.9
EHI_148550_at XM_652392.1 Protein tyrosine kinase domain-containing protein 4.10E-02 3.8
432.m00028_at XM_643464.1 AIG1 family protein 2.70E-04 3.7
EHI_075660_at XM_643678.1 CAAX prenyl protease, putative 1.70E-04 3.6
EHI_075150_at XM_643772.2 NAD-specific glutamate dehydrogenase, putative 6.10E-03 3.6
EHI_126550_at XM_643463.2 AIG1 family protein, putative 2.00E-03 3.5
EHI_082060_at XM_646822.1 Leucine rich repeat protein, BspA family 1.00E-02 3.4
36.m00218_s_at XM_649994.1 Truncated ABC transporter, putative 4.80E-02 3.3
EHI_147020_at XM_644619.1 Ser/thr protein phosphatase family protein 9.30E-04 3.3
EHI_092100_at XM_649470.1 Chitinase, putative 4.10E-02 3.2
EHI_045450_at XM_652204.1 Ras family GTPase 8.70E-04 3.1
EHI_029620_s_at XM_642949 1 Aldose reductase, putative 1.20E-03 3.1
EHI_118410_at XM_644811.1 Tyrosine kinase, putative 7.20E-03 3.1
EHI_075640_at XM_001914030.1 Protein phosphatase domain-containing protein 2.10E-02 3.1
EHI_045600_at XM_648507.1 Ras family protein 2.30E-02 3.1
EHI_126560_at XM_001914189.1 AIG1 family protein, putative 1.40E-02 3.1
EHI_091450_at XM_645308.2 Cysteine protease, putative 9.00E-04 3.0

with mock vector (pEhEx-HA). Transformants cultured with
10 M G418 were challenged with MTZ for 48h (Figure 4B).
The highest concentration shown was based on the IC5y of MTZ
against HM-1, performed under the same conditions (6.5 wM).
No significant difference in percent survival was observed
at all concentrations tested between the overexpressors and
control (Figure 4B). Neither was significant difference in survival
against hydrogen peroxide, observed, among the transformants
(Figure 4C).

Discussion

Differences in MTZR Generation in This Study
and Previous Works

Currently, only 4 studies have been published regarding
E. histolytica and its response to or resistance to MTZ
(Samarawickrema et al., 1997; Wassmann et al., 1999; Leitsch

et al., 2007; Tazreiter et al., 2008). These studies either exposed
wild-type cells to serum level concentrations of the drug
(70-100 wM) or generated drug resistant trophozoites, similar
to what we did in this study. However, the MTZ concentrations
used in these studies and ours differ, which might explain some
of the differences observed. The concentration used here is
slightly higher compared to those used by Samarawickrema
et al. 10 M (Samarawickrema et al, 1997), but significantly
lower than those used by Wassmann et al. 40 uM (Wassmann
et al., 1999), Tazreiter et al. 50 uM (Tazreiter et al., 2008), and
Leitsch et al. 50 uM (Leitsch et al., 2007). Our strain adapted
more quickly to 1uM MTZ compared to the strain used by
Samarawickrema (7 vs. 38 days) but overall the length of time
used to generate MTZR was comparable.

For reasons we do not understand, our attempts to further
increase the level of resistance failed, and no resistance above
the concentration used here could be established. We could
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TABLE 3 | List of annotated genes that were downregulated in MTZR by > 3 fold.

Probe Set ID NCBI RefSeq Gene name P-value Fold-change
EHI_033560_s_at XM_001913757.1 Leucine rich repeat protein 1 2.20E-04 171.4
EHI_077280_s_at XM_649853.2 Leucine rich repeat protein, BspA family 1.70E-04 163.1
371.m00031_s_at XM_643815.1 BspA-like leucine rich repeat protein, putative 3.50E-04 163
628.m00011_at XM_642922.1 AIG1 family protein 4.10E-04 8.4
EHI_160330_s_at XM_001914054.1 Cysteine protease, putative 3.90E-03 7.3
EHI_121160_s_at XM_001914417 1 Cysteine protease, putative 2.20E-03 7.3
EHI_054690_at XM_646973.2 Metal dependent hydrolase, putative 4,90E-04 5.8
EHI_180390_at XM_648725.1 AIG1 family protein, putative 2.40E-03 5.0
EHI_174230_s_at XM_647412.2 S-adenosylmethionine synthetase 5.40E-03 41
EHI_176700_at XM_001914268.1 AIG1 family protein, putative 1.00E-02 4.1
EHI_179060_at XM_651187.2 Glycosyltransferase 9.10E-03 3.6
EHI_176580_at XM_643164.1 AIG1 family protein, putative 5.90E-04 3.5
EHI_090260_at XM_645039.1 Competence/damage-inducible protein, putative 6.80E-04 3.4
EHI_020250_at XM_643256.1 Lecithin:cholesterol acyltransferase protein 7.30E-03 3.3
2.m00624_s_at XM_652243.1 Protein kinase, putative 3.20E-02 3.3
EHI_006140_at XM_648345.1 Rho guanine nucleotide exchange factor, putative 3.00E-02 3.2
EHI_026360_s_at XM_650291 .1 Phosphoserine aminotransferase, putative 6.30E-03 3.2
554.m00020_s_at XM_643035.1 AIG1 family protein, putative 3.00E-03 3.0
EHI_067220_at XM_647568.1 Rho family GTPase 1.90E-03 3.0
EHI_061760_at XM_643432.1 Protein folding regulator 2.00E-02 3.0
TABLE 4 | gRT-PCR validation of selected genes from our microarray data.

Probe set ID Gene name Fold change by Microarray Fold change by qRT-PCR Regulation
EHI_096770_at Acetyltransferase, putative 4.9 4.6 Upregulated
EHI_176700_at AIG1 family protein, putative 4.1 5.1 Downregulated
EHI_126550_at AIG1 family protein, putative 3.5 5.1 Upregulated
EHI_164190_at DNA polymerase, putative 12.9 2.5 Upregulated
EHI_006850_at Hypothetical protein 1 36.9 57.8 Upregulated
EHI_165190_at Hypothetical protein 2 271 16.3 Upregulated
EHI_127670_at Hypothetical protein 3 17 25.2 Downregulated
EHI_087210_at Hypothetical protein 4 8.9 22.5 Upregulated
EHI_054690_at Metal dependent hydrolase, putative 5.8 15.4 Downregulated
EHI_138480_at Iron-sulfur flavoprotein, putative (ISF1) 6.3 5.8 Upregulated
EHI_025710_at Iron-sulfur flavoprotein, putative (ISF2) 11.6 15.8 Upregulated
EHI_129890_at Type A flavoprotein, putative 5.4 3.8 Upregulated
EHI_022600_s_at Iron-sulfur flavoprotein (ISF4) 5.4 8.1 Upregulated
EHI_075150_at NAD-specific glutamate dehydrogenase, putative 3.6 16.8 Upregulated
EHI_147020_at Ser/thr protein phosphatase family protein 3.3 1.9 Upregulated
EHI_118410_at Tyrosine kinase, putative 3.1 2.3 Upregulated

not culture MTZR consistently at drug concentrations higher
than 12 M. In contrast, strains of Trichomonas and Giardia
can be readily adapted to grow at 584 uM and 115uM MTZ,
respectively (Kulda et al, 1984; Townson et al., 1992). Our
results are therefore consistent with previous reports indicating
that MTZ resistant strains are more difficult to generate
in E. histolytica (Samarawickrema et al, 1997). While the
concentration we used is several times lower than serum levels
after MTZ treatment (Van Oosten et al., 1986), the changes we
observed may still provide insights as to what occurs in the

parasite in vivo. It was previously reported that in an abscess,
parasites encounter significantly lower levels of drug than those
found in the serum as drug penetration is limited by poor
perfusion and mechanical barriers such as fibrin clots and the
abscess wall (Sirinek, 2000).

Decrease in Growth and Reversibility of
Resistance in MTZR

Formation of drug resistance is often accompanied by fitness
costs (Andersson and Hughes, 2010). One particular cost,
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TABLE 5 | List of GO terms that were significantly enriched in MTZR.

GOID GO Name Aspect Count p-value
G0:0005525 GTP binding Function 14 3.95E-06
G0:0005622 Intracellular Component 1 8.89E-03
G0:0006508 Proteolysis Process 10 2.78E-08
GO:0007264 Small GTPase mediated signal transduction Process 8 4.58E-05
G0:0008234 Cysteine-type peptidase activity Function 8 5.09E-09
G0:0016491 Oxidoreductase activity Function 7 2.06E-05
G0:0008152 Metabolic process Process 6 5.52E-03
G0:0004713 Protein tyrosine kinase activity Function 5 5.20E-10
G0:0006508 Proteolysis Process 4 1.34E-02
G0O:0009055 Electron carrier activity Function 4 9.26E-05
G0:0015031 Protein transport Process 3 3.99E-03
G0:0003887 DNA-directed DNA polymerase activity Function 2 2.06E-02
GO:0004222 Metalloendopeptidase activity Function 2 1.54E-03
G0:0005089 Rho guanyl-nucleotide exchange factor activity Function 2 4.95E-02
G0:0005886 Plasma membrane Component 2 5.95E-04
G0:0006260 DNA replication Process 2 2.66E-02
G0:0006520 Cellular amino acid metabolic process Process 2 1.84E-03
G0:0008408 3'-5" exonuclease activity Function 2 7.91E-04
GO0:0010181 FMN binding Function 2 3.29E-03
GO0:0035023 Regulation of Rho protein signal transduction Process 2 4.95E-02
G0:0004648 O-Phospho-L-serine:2-oxoglutarate aminotransferase activity Function 1 5.39E-03
GO:0006564 L-Serine biosynthetic process Process 1 5.39E-03
G0:0006913 Nucleocytoplasmic transport Process 1 5.39E-03
G0:0008483 Transaminase activity Function 1 3.71E-02
G0:0050662 Coenzyme binding Function 1 4.23E-02

reduction in growth rate, is the main parameter that determines
the rate by which resistance develops and level of resistance
reached. Similar to resistant strains previously generated
(Samarawickrema et al, 1997; Wassmann et al., 1999), the
doubling time of MTZR was longer compared to HM-1.
Fitness cost in growth associated with drug resistance are well
documented in mammalian cells, e.g., lymphoma and cancer cells
(Lee, 1993; Bishop et al., 2001). It should be noted, however, that
the growth kinetics of MTZR in the absence of drug pressure
improved over time. This indicates that some of the drug-
selection-induced changes developed by MTZR were temporal
and reversible. This also indicates that cells in the culture may
have varying degrees of resistance. In addition, MTZR (—)
that was re-exposed to MTZ showed significantly lower growth
compared to MTZR, but slightly higher compared to HM-1,
which may indicate that some drug-selection-induced changes
in MTZR were still operative even after the removal of drug
pressure.

Cross-Resistance in MTZR

The resistance level displayed by MTZR is significantly lower
compared to previous reports: the ICsy value of 12 LM in this
study compared to 40 uM in the previous study (Samuelson,
1999; Wassmann et al., 1999). However, its survival in otherwise
lethal concentration of MTZ for long periods of incubation, does
indicate reduced sensitivity and resistance. The cross-resistance

of MTZR to ornidazole and tinidazole is not surprising,
because both are 5-nitroimidazoles like MTZ. It is therefore
likely that their mode of action and mechanism of resistance
were similar (Pasupuleti et al., 2014). T. vaginalis isolates that
were characterized as having very high resistance to MTZ were
similarly insensitive to tinidazole (Narcisi and Secor, 1996). In
the case of paromomycin, emetine, chloroquine, and hydrogen
peroxide, it is possible that the reduced sensitivity was nonspecific
and could be due to an increased capacity of MTZR to deal with
stress. Studies have shown that cell lines resistant to one drug
are often cross-resistant to closely related drugs or to unrelated
compounds when their mode of action is the same or when they
carry membrane alterations (Upcroft and Upcroft, 1993).

Decreased Adhesion, Phagocytosis, Cytolysis,
and Virulence in MTZR

In E. histolytica, establishment and outcome of infection depend
heavily on adhesive and invasive capacity (Flores-Romo et al.,
1997). Recently, drug resistance has been shown to modulate
these factors and vice versa (Giha et al., 2006). The decreased
rate of adhesion observed in MTZR indicated that MTZ selection
negatively affected the synthesis or expression of surface adhesion
molecules. While other studies have shown that cell adhesion
is a key determinant in drug resistance (Shain and Dalton,
2001), this apparently was not the case in MTZ resistance.
Inhibition of adherence in this parasite has previously been
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FIGURE 4 | (A) gRT-PCR measurement of transfected genes in HP1-HA,
ISF1-HA, ISF2-HA, and ISF4-HA showed overexpression of the genes. Fold
changes relative to pEhEx-HA are shown. (B) MTZ challenge of the
transformants. Transformants cultured with 10 uM G418 were challenged with
MTZ for 48 h. (C) Hydrogen peroxide challenge of the transformants. Indicated
transformants were cultured with 25-1600 pM hydrogen peroxide for 4 h.

shown to decrease host cell cytotoxicity (Ravdin et al., 1985)
and experimental evidence strongly suggests the involvement of
surface adhesins in phagocytosis (Heron et al., 2011). As shown in
the results, MTZR also had decreased cytopathy and phagocytosis
(Figures 2A,C). The decreased band intensity for CP1 and CP2
in the zymogram may partially explain this phenotype. CP1 has
been shown to be upregulated in a mouse model of amebic
colitis following invasion (Gilchrist et al, 2006), while CP2
has been reported to contribute to intestinal damage and liver
abscess formation (Hellberg et al., 2001). Our microarray data,
however, did not show any significant repression of these genes,
except for two uncharacterized CPs that were repressed by more
than 7 folds. These CPs had high similarity (81%) to CP7 (also
called EhCP-B1) based on amino acid sequence (Tillack et al.,

2007). No significant change was observed in the expression
of the genes known to be involved in the inactivation and
intracellular trafficking of CPs such as intrinsic inhibitors of CPs
(Sato et al., 2006) and cysteine protease binding protein family
1 (Nakada-Tsukui et al., 2012) and other lysosomal hydrolase
carriers (Furukawa et al., 2012, 2013; Marumo et al., 2014).
It is also possible, however, that resistance to MTZ may not
necessarily result to decreased virulence in vivo.

Implications from Transcriptomic Profiling of
MTZR

Our transcriptomic profiling suggests that the transcriptomic
changes we observed in MTZR strain cultured with MTZ were a
combination of the changes responsible for MTZ resistance and
those associated with the adaptation to stresses caused by the
exposure to MTZ. However, we believe that among the observed
changes, the changes that were specific to MTZR strain with
MTZ and absent in HM-1 with MTZ were responsible, at least in
part, for resistance, rather than adaptation. This is based on the
following observations: the transcriptomic profile of E. histolytica
HM-1 cultured with MTZ was remarkably different from that of
MTZR strain cultured with MTZ, while MTZR strain cultured
with or without MTZ showed similar transcriptomic profiles.
In other words, a larger number of common changes in gene
expression were identified between MTZR strain cultured with
MTZ and those without MTZ when compared between MTZR
strain cultured with MTZ and HM-1 cultured with MTZ.

GO enrichment of MTZR-associated transcriptomic changes
revealed regulation of genes encoding for proteins potentially
involved in nucleotide binding, metabolism, oxidative stress
response, and signal transduction. These are apparently the
processes most influenced by MTZ resistance. However, since
most of the genes are without GO annotations, it is likely
that additional processes are involved. When we examined the
genomic locations of these genes, we found that 30% of them
formed dyads or triads that occupied the same contig. While
some genes forming dyads and triads are apart by more than
10kb, the distance between some of the adjacent genes in dyads
and triads was less than 1kb. Thus, co-expression of some genes
in dyads and triads in MTZR could be attributed to a shared
regulatory system.

Consistent with previous findings, no significant difference in
PFOR mRNA levels was observed between MTZR and HM-1
(Samarawickrema et al., 1997; Wassmann et al., 1999; Tazreiter
etal., 2008). This observation could mean 3 things. First, it’s likely
that the level of resistance achieved in this study was not sufficient
to downregulate PFOR, although a similar finding was reported
in strains resistant to 40 uM MTZ (Wassmann et al., 1999).
Second, since E. histolytica lacks pyruvate dehydrogenase (Clark
et al., 2007; Tazreiter et al, 2008) or pyruvate decarboxylase
(Lo and Reeves, 1978), the significance of PFOR cannot be
overstated. The lack of an alternative enzyme to compensate for
its downregulation makes this enzyme difficult to repress without
severe consequences to the ameba. Third, in contrast to Giardia
and Trichomonas, lack of PFOR downregulation may indicate
the existence of an alternative mechanism for MTZ resistance in
this parasite. It should be noted, however, that clinically resistant

Frontiers in Microbiology | www.frontiersin.org

May 2015 | Volume 6 | Article 354 | 149


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Penuliar et al.

Metronidazole resistance transcriptome in Entamoeba

isolates of Trichomonas have been reported with no decrease in
PFOR activity (Miiller and Gorrell, 1983).

Two previous studies have reported the upregulation of
Fe-SOD and downregulation of Fdx in the MTZ resistant ameba
(Samarawickrema et al., 1997; Wassmann et al., 1999). In the
previous work, fold changes were determined based on enzyme
activity assay or northern blot (Samarawickrema et al., 1997;
Wassmann et al.,, 1999). Disparity, however, between changes
in mRNA abundance and enzyme activity have been reported,
and in some cases, increases in enzyme activity can exceed those
of mRNA abundance (Glanemann et al,, 2003). Interestingly,
the lack of Fe-SOD modulation in cells exposed to MTZ was
also reported by Tazreiter et al. (2008). On the contrary, in this
work, neither gene was modulated significantly. It is possible that
similar to PFOR, differences in resistance levels could explain
the lack of modulation in the levels of Fe-SOD and Fdx. Other
studies also indicated that Fe-SOD and Fdx are not tightly
associated with MTZ resistance. It was shown that parasites
in which Fdx was repressed did not display full resistance to
MTZ (Rasoloson et al., 2002) and in bacteria, increased SOD
activity was not always associated with MTZ resistance (Smith
and Edwards, 1995).

In this study, genes involved in nucleic acid synthesis and
binding, stress response, metabolism, and vesicular trafficking
were mostly affected in MTZR. The significance of these genes
relative to phenotypic changes and drug resistance will be
discussed here through their known roles in E. histolytica or in
other organisms, in regulating key cell functions. One should also
note that since only a single MTZ resistant line was analyzed in
this study, it is possible that MTZ resistance can be also conferred
by the mechanisms that are independent of those described in
this study.

Nucleic Acid Synthesis and Binding

In prokaryotes, upregulation of DNA polymerases imparts
plasticity to their genome, allowing them to adapt in unfavorable
environmental conditions (Joseph et al, 2006). It has been
suggested that pathogenic bacteria utilize this adaptation to
develop resistance against therapeutic agents (Karpinets et al.,
2006). Since it has been shown that primary effect of MTZ
is rapid inhibition of DNA replication (Ludlum et al., 1988;
Sisson et al.,, 2000; Leitsch et al, 2007), the upregulation of
a DNA polymerase (EHI_164190) in this study may indicate
that this mode of action is operative in MTZ resistance. One
hypothetical protein identified in this study (HP1, EHI_006850)
has some similarity to zinc finger proteins, which are known
to be involved in DNA recognition, RNA packaging, and
transcriptional activation (Laity et al.,, 2001). It has an NAD+
binding pocket and a tetrachlorodibenzo-p-dioxin (TCDD)-
inducible poly(ADP-ribose) polymerase (PARP)-like domain
that is involved in the attachment of ADP-ribose units to
DNA-binding proteins (Ma et al,, 2001). Its also known to
be a regulatory component induced by DNA damage and an
enzyme involved in DNA repair (Nguewa et al., 2006; Marchler-
Baueretal,, 2011). The dUTP nucleotidohydrolase (EHI_072960)
upregulated in MTZR may be involved in the removal of dUTP
from the ANTP pool, de novo biosynthesis of dTTP, and DNA

replication as reported (Richards et al,, 1984; Gadsden et al.,
1993). In cancer cells, high level of dUTPase is implicated
as a mechanism of resistance to chemotherapy (Ladner et al,,
2000).

Stress Response

ISFs that were modulated in MTZR are part of family of redox-
active proteins mainly found in anaerobic prokaryotes (Andrade
et al., 2005). In NCBI, 18 ISF genes are annotated in the E.
histolytica genome, although 50% of these are identical proteins
(http://www.ncbinlm.nih.gov/). In this study 7 ISF probe sets
were upregulated by at least 4 folds in MTZR. The overexpression
of ISF1 (EHI_138480) was also observed in HM-1 (+), while ISF2
was upregulated in both MTZR (—) and HM-1 (+). These 2 ISFs
were upregulated in HM-1 (4) by least 20 folds, compared to
6 to 11 folds in MTZR, hinting that these genes are involved
in stress response. These two genes were also induced in E.
histolytica cultured under L-cysteine deprived and oxidative
stress conditions (Vicente et al., 2009; Husain et al., 2011), but
were downregulated in a mouse model of intestinal amebiasis
(Gilchrist et al., 2006). Our findings together with these reports
suggest that induction of these ISFs, particularly ISF1, is an
adaptation that may enhance survival when cells experience
environmental stress.

Metabolism

Several metabolic genes were upregulated in MTZR. NAD-
specific glutamate dehydrogenase (EHI_075150) catalyzes the
oxidative deamination of glutamate to a-ketoglutarate using
NAD as cofactor (Plaitakis and Zaganas, 2001; Girinathan et al.,
2014). Most likely, its upregulation is a part of stress response.
In humans, its activity is regulated through ADP-ribosylation,
and interestingly, Arfl (EHI_189960) was also upregulated in
this study (Herrero-Yraola et al., 2001). Chitinase (EHI_092100)
(Escueta- De Cadiz et al., 2013) was also upregulated in MTZR
and MTZR (—) by at least 3 folds, although its precise role in
drug resistance is not known. In plants, its upregulation plays
a defensive role against toxins and antibiotics (Gooday, 1999).
Aldose reductase (EHI_029620), on the other hand, can reduce
a broad spectrum of substrates including cytotoxic aldehydes
(Ramana, 2011). Its upregulation in human liver cancer cells was
associated with resistance to daunorubicin and was confirmed by
sensitizing cells to the drug by the addition of aldose reductase
inhibitors (Lee et al., 2001).

The decrease in cell growth observed in MTZR may
be partially explained by the repression of phosphoserine
aminotransferase (EHI_026360) (Ali and Nozaki, 2006;
Mishra et al, 2010), which catalyzes the conversion of
3-phosphohydroxypyruvate to L-phosphoserine, the second
step of phosphorylated serine biosynthetic pathway (Ali and
Nozaki, 2006). L-serine has a well-recognized role in cell
proliferation, providing precursors for amino acids, protein
synthesis, and nucleotide synthesis (Nozaki et al., 2005;
Tabatabaie et al., 2010). The downregulation of this enzyme,
therefore, may contribute to the decreased growth rate. The
repression of lecithin: cholesterol acyltransferase (EHI_020250)
may also be associated with decreased growth rate, because the
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enzyme is crucial in the maturation, remodeling, and metabolism
of high density lipoprotein, HDL (Calabresi et al., 2011).

BspA1 Gene Family

Several genes encoding for leucine-rich repeat (LRR) proteins
of the BspA family were also modulated in MTZR, and
were the most downregulated genes with fold changes of
more than 150. LRR is known to provide a structural
framework for the formation of protein-protein interactions
and serve as recognition motifs for surface proteins (Kobe and
Kajava, 2001). BspA family protein was originally identified
in Bacteroides forsythus and the LRR motifs of the BspA
protein have been linked to cell binding to components of
the extracellular matrix (Sharma et al., 1998). It is therefore
possible that their downregulation may partially explain the
reduced adhesion seen in MTZR. It was previously shown
that an LRR BspA family protein in E. histolytica was located
primarily on the plasma membrane, although it did not
show whether the protein was involved in surface interactions
(Davis et al., 2006).

AlIG1 Gene Family

The E. histolytica AIG1 gene family consists of 47 members
(Biller et al, 2010), and in this study 10 genes were found
to be differentially expressed by 3 to 11 folds. Members of
this protein family contain a domain found in Arabidopsis
protein AIG1, which is likely involved in plant recognition
and resistance to bacterial pathogens (Reuber and Ausubel,
1996). In E. histolytica, however, some AIG proteins appear
to be linked with virulence. Comparative genomic analysis
of Japanese clinical isolates indicated that an AIG family
protein (EHI_176590) and the region around it were uniquely
present in KU50, a strain isolated from a diarrheic patient, but
absent in a non-pathogenic isolate called KU27 (Nakada-Tsukui
et al., unpublished data). Interestingly, the same gene was
downregulated by 2.7 folds in MTZR, and two adjacent
genes encoding for AIG family proteins (EHI_176580 and
EHI_176700) were also repressed by 3 to 4 folds. A previous
study also reported the upregulation of an AIG family protein
(EHI_180390) in a pathogenic strain of E. histolytica (Biller et al.,
2010), although here the same gene was downregulated by 5
folds. It is therefore possible that the downregulation of these
AIG family proteins might be related to the decrease in MTZR’s
cytopathogenicity.

Overall, we believe that these transcriptional changes
participate in a global regulatory response resulting to the fitness
costs and adaptive responses we observed in MTZR. The fact that
more genes were upregulated than downregulated also suggests
that increasing the amount of cellular components that play roles
in stress response, DNA repair and others, is more important
in developing low levels of resistance to MTZ than repression
of proteins involved in activating the drug. Indeed, the most
profound difference we observed between MTZR and HM-1 was
the upregulation of genes for several ISF proteins. It should be
noted, however, that more than half of the genes reported in
this study are hypothetical. It is also likely that the effects of the

repressed genes, although fewer in number, are more important
in explaining the growth defect.

Functional Analysis of Potential Resistance
Genes

In this study, we examined possible role of genes encoding
HP1 and several ISF proteins in MTZ resistance. However, their
episomal transfection and overexpression did not confer MTZ
resistance to the extent observed in MTZR. Thus, at present,
direct causal connection between HP1 and ISF overexpression
and MTZ resistance has not been demonstrated. It is likely that
in E. histolytica, resistance to the drug is multi-factorial in nature
and requires the global regulation of genes involved in several key
cell processes and not just DNA repair and stress response.

In conclusion, here we described the biological state of
E. histolytica that was selected for MTZ resistance in vitro.
Phenotypic and transcriptional profiling revealed fitness costs
and adaptive responses that we could associate with drug
resistance. Some of the consequences of resistance included
decreased cell growth and virulence, which have significant
implications on host-pathogen interaction and infection
outcome. Comparative transcriptional analysis, on the other
hand, revealed genes not previously associated with MTZ
resistance in this parasite. The list of differentially transcribed
genes also did not indicate in MTZR a reduced capacity to
activate MTZ, but hinted on adaptations to tolerate the lethal
effects of MTZ. Identifying the signaling mediators for the
proteins that these genes encode, however, requires further
investigation. Finally, while our data showed that high levels
of MTZ resistance cannot be readily induced in vitro, the data
presented here may still help researchers in better understanding
the mechanisms involved should clinical cases of high levels of
resistance are reported in the future.
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Our laboratory has previously developed a gRT-PCR assay to assess drug efficacy on
the growth of Cryptosporidium parvum in vitro by detecting the levels of parasite 18S
rRNA. This approach displayed up to four orders of magnitude of linear dynamic range
and was much less labor-intensive than the traditional microscopic methods. However,
conventional gRT-PCR protocol is not very amendable to high-throughput analysis when
total RNA needs to be purified by lengthy, multi-step procedures. Recently, several
commercial reagents are available for preparing cell lysates that could be directly used
in downstream gRT-PCR analysis (e.g., Ambion Cell-to-cDNA kit and Bio-Rad iScript
sample preparation reagent). Using these reagents, we are able to adapt the gRT-PCR
assay into high-throughput screening of drugs in vitro (i.e., 96-well and 384-well formats
for the cultivation of parasites and gRT-PCR detection, respectively). This gRT-PCR
protocol is able to give a >150-fold linear dynamic range using samples isolated from
cells infected with various numbers of parasites. The new assay is also validated by the
NIH-recommended intra-plate, inter-plate, and inter-day uniformity tests. The robustness
and effectiveness of the assay are also confirmed by evaluating the anti-cryptosporidial
efficacy of paromomycin and by a small scale screening of compounds.

Keywords: Cryptosporidium parvum, in vitro, qRT-PCR, high-throughput screening, assay development,
paromomycin

Introduction

Cryptosporidium is a genus of protozoan pathogens belonging to the Phylum Apicomplexa that
infect humans and/or animals. Among them, C. parvum and C. hominis are the two major
species causing water-borne and food-borne diarrheal illness in humans (Baldursson and Karanis,
2011; Budu-Amoako et al., 2011). These two and some other species, including C. meleagridis,
C. muris, C. canis, and C. felis, also cause opportunistic infections in AIDS patients (AIDS-OlIs)
that can be chronic and fatal (Thompson et al., 2005; Feasey et al., 2011; O’connor et al., 2011;
Shirley et al., 2012). A more recent multi-country study also revealed that Cryptosporidium is
one of the top five diarrheal-causing pathogens in children in developing countries, in which
the infection increased death rate and negatively affected the growth of children (Kotloff et al.,
2013). However, options to treat cryptosporidiosis are limited. In fact, only a single drug,
nitazoxanide (NTZ) is approved by the U.S. Food and Drug Administration (FDA) to treat
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human cryptosporidial infection in immunocompetent patients.
Moreover, NTZ is ineffective in treating cryptosporidiosis in
AIDS patients, and its efficacy in immunocompetent patients
is also debatable (Cabada and White, 2010; Feasey et al., 2011;
O’connor et al.,, 2011; Checkley et al., 2015).

Two approaches are commonly employed in early stages of
drug discovery against infectious diseases. Hits and leads may
be identified from new chemical entities by directly testing
their efficacies against an in vitro or in vivo model of disease
(traditional methods), or by screening compounds against drug
targets from a pathogen such as essential enzymes or receptors
(target-based methods). In the later case, identified hits/leads
will still be evaluated on their in vitro efficacy before being
advanced to in vivo drug testing. Therefore, the availability
of a good in vitro disease model is critical in drug discovery
against diseases including cryptosporidiosis. In vitro models of
cryptosporidial infection are available, including the cultivation
of C. parvum in HCT-8 or Caco-2 cells (Arrowood, 2002; Cai
et al., 2005; Karanis and Aldeyarbi, 2011). However, there is a
need for developing new methods that can efficiently evaluate
the parasite growth in response to drug treatment in high-
throughput or high-volume format. Conventional microscopic
examination to count the numbers of parasites stained chemically
or by immunofluorescence labeled antibodies is highly labor-
intensive and sometimes subjective, making it unsuitable for
testing a large number of drugs. ELISA and chemiluminescence
immunoassay methods were reported, but they appeared to
have relatively narrow linear dynamic ranges of detection (i.e.,
the ratio between the largest and smallest signal values of
detection is proportional to the difference between the two
samples, such as the relationship between the OD values
and concentrations of an antigen in an ELISA assay) and
heavily relying on the quality and availability of specific
antibodies.

More recent approaches include quantitating parasite loads by
quantitative PCR (qPCR), qRT-PCR and automated fluorescence
imaging analysis that are generally more advantageous than the
earlier methods. Among them, the qRT-PCR method originally
developed in our laboratory evaluates drug efficacy by detecting
the relative levels of parasite 18S rRNA transcripts, which displays
up to four orders of magnitude of linear dynamic range between
the cycle threshold (Cr) value and the logarithm of the number
of oocyst inoculum (Cai et al, 2005; Ctrndctd et al., 2010;
Zhang et al., 2012). However, classic qRT-PCR protocol is not
very amendable to the high-throughput or high-volume analysis
when total RNA needs to be purified by lengthy, multi-step
procedures.

Here we report an improved and simplified qRT-PCR protocol
for evaluating of drug efficacies against the growth of C. parvum
in vitro. This new protocol takes advantage of the commercially
available lysis buffers to prepare cell lysates that could be directly
used in downstream qRT-PCR analysis. We also re-optimized the
primers and procedures, and adapted the in vitro cultivation of
parasite in 96-well plates and real-time RT-PCR detection in 384-
well plates, making the protocol suitable for high-throughput or
high-volume evaluation of drug efficacy against the growth of C.
parvum in vitro.

Materials and Methods

Cultivation of Parasite In Vitro

Fresh oocysts of C. parvum (Iowa strain) were purchased from
Bunch Grass Farm (Deary, ID). Oocysts were further purified
by a Percoll-based gradient centrifugation method and surface
sterilized with 10% bleach for 7 min on ice, followed by washes
with phosphate-buffered saline (PBS). Only C. parvum oocysts
less than 3 months old were used in all experiments. An ileocecal
colorectal adenocarcinoma cell line (HCT-8, ATCC # CCL-
244) was used to host the growth of C. parvum in vitro. One
day before the inoculation, HCT-8 cells were seeded in 96-well
plates (2.5 x 10* cells/well) containing RPMI 1640 medium
supplied with 10% fetal bovine serum (200 L medium/well in
all experiments) and allowed to grow overnight at 37°C under
5% CO, atmosphere until they reached ~90% confluence. The
infection and growth of C. parvum in vitro in 96-well plates were
examined by differential interference contrast (DIC) microscopy
and immunofluorescence (IF) labeling using a rabbit polyclonal
antiserum raised against C. parvum sporozoite total membrane
proteins (Zeng and Zhu, 2006; Zeng et al., 2006; Fritzler et al.,
2007), and by qRT-PCR (as described below).

For generating standard curves, host cells were inoculated
with five-fold serial dilutions of parasite oocysts (i.e., 4 x 10%-
64 oocysts/well), responding to the ratios between parasite and
host cells ranging from ~1:1 to 1:625. For drug testing, host
cells were infected with 2 x 10* oocysts per well (i.e., ratio
1:2). After inoculation, parasite oocysts were allowed to undergo
excystation and invasion into host cells for 3h at 37°C. Free
parasites and oocyst walls in the medium were removed from the
plates by an exchange of the culture medium. Drugs at specified
concentrations were added into the culture at this time point
(i.e., immediately after the medium exchange). Parasite-infected
cells were then incubated at 37°C for additional 41 h (i.e., total
44 h infection time). For dose response of paromomycin (PRM),
3 x serial diluted PRM from 30 to 800 pg/mL (i.e., 42-1120 wM)
was added to infected cells after 3 h post-infection (hpi) and the
treatment lasted for 41 h. At least two independent experiments
were conducted for every experimental condition, each including
two replicates drugs and three replicates for negative and positive
controls.

Preparation of Cell Lysates
Plates containing HCT-8 cells infected with C. parvum for
44h and uninfected cells grown under the same condition
were first centrifuged in a Sigma 2-5 plate centrifuge (Sigma
Laborzentrifugen GmbH, Germany) for 10 min at 1000 x g to
ensure that free merozoites in the medium were firmly settled on
the bottom of the wells. Medium was removed by gentle flicking
the plate over a container placed in the biosafety cabinet, followed
by two gentle washes with PBS. After removal of PBS and blotting
plates on paper towels to remove remaining drops, plates were
placed on ice in a rectangle bucket. An eight-channel electronic
pipette (Rainin Instrument, Oakland, CA) was used to add PBS
and lysis buffer in subsequent procedures.

For extracting total RNA used in high-throughput screening
(HTS), 200 nL of ice-cold Bio-Rad iScript qRT-PCR sample
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preparation reagent (lysis buffer) (Bio-Rad Laboratories,
Hercules, CA) was added into each well. Plates were sealed with
adhesive and heat sealing films and the bucket containing racked
plates on ice was secured in a multi-tube vortexer (VX-2500,
VWR International, Radnor, PA) and subjected to vortex for
20 min at the speed set at 7. Plates were then incubated at 75°C
for 15min, followed by centrifugation (5min, 2000 x g) to
settle down cell debris. Supernatants were used immediately
in subsequent qRT-PCR reactions or the plates were stored
at —80°C until use.

Real-time qRT-PCR Assay

The levels of 18S rRNA transcripts from C. parvum and host cells
(referred to as Cp18S and Hs18S) were detected by real-time qRT-
PCR method using qScript™ one-step SYBR green qRT-PCR kit
(Quanta Biosciences, Gaithersburg, MD). Cell lysates prepared
as described above were diluted by 100 and 2000 folds for
detecting Cp18S and Hs18S transcripts, respectively. Reactions
were performed in hard-shell 384-well skirted PCR plates (Bio-
Rad Laboratories, Hercules, CA) (10 wL/well) containing 3 pL
diluted cell lysate, 5 L L one-step SYBR green master mix, 0.2 pl
RT master mix and the following primers: Cp18S-1011F (5'-TTG
TTC CTT ACT CCT TCA GCA C-3') and Cp18S-1185R (5'-
TCC TTC CTA TGT CTG GAC CTG-3') primer pair for Cp18S
rRNA (GenBank accession number: NC_006986.1), and Hs18S-
1F (5-GGC GCC CCC TCG ATG CTC TTA-3) and Hs18S-
IR (5-CCC CCG GCC GTC CCT CTT A-3') primer pair for
Hs18S rRNA (GenBank accession number: NR_003286). Among
them, Cp18S-1011F and Cp18S-1185R were described in our
earlier studies reporting the original qRT-PCR assay and the
efficacy of S-adenosylhomocysteine hydrolase inhibitors against
the growth of C. parvum in vitro (Cai et al., 2005; Ctrnactd et al.,
2010), whereas Hs18S-1F and Hs18S-1R represented our newly
optimized primers (that were also described in one of our more
recent publications (Zhang et al., 2012). Hs18S levels were used
as controls and for normalization. All reagents for the qRT-PCR
were loaded using an epMotion 5070 automated pipetting system
(Eppendorf, Hauppauge, NY).

Real-time qRT-PCR reactions were performed by a Bio-Rad
CFX384 Touch Real-Time PCR Detection System. The reactions
started with synthesizing cDNA at 50°C for 20 min, followed by
5min at 95°C to denature RNA-cDNA hybrids and deactivate
reverse transcriptase, and 40 two-temperature thermal cycles of
PCR amplification at 95°C, 10 s and 58°C, 30 s. At the end of PCR
amplification, melting curve analysis was performed between 65
and 95°C. At least two technical replicates were included in
qRT-PCR reactions for each sample.

After qRT-PCR reactions were completed, amplification
curves and melting peaks were examined to assess the quality
and specificity of the reactions, followed by the computation
of relative parasite loads based on the cycle threshold (Cr)
values of Cp18S and Hs18S transcripts as previously described.
Briefly, the means of Cr values from technical replicates
were first obtained for individual biological replicates, which
were used to compute ACt values between Cpl8S and
Hs18S (ie., ACt = Cricpiss)-Crusiss)), and AACr values
between each experimental sample and control (i.e., AACr =

ACt[sample]~ACrT{control])- Standard curves were generated by
plotting ACr values against the logarithm of the oocyst numbers
used to inoculate cells, followed by linear regression to obtain
the slope value (parameter A in Equation below) to calculate
the detection efficiency and parasite loads using the following
equation as described (Cai et al., 2005):

Inhibition (%) = (1 — 1042471 . (100)

Because all samples contained much lower levels of Cp18S rRNA
than those of Hs18S rRNA, we used two different dilution
factors (i.e., 100- and 2000-fold dilutions of lysates for detecting
Cp18S and Hs18S, respectively) as described above to maintain
the linearity of detections. These dilution factors needed to be
considered in calculating the relative level between Cp18S and
Hs18S in a specified sample:

Cp18S 100
Relative [CplSS] = [[I-}DISS} = (m> . 104 2Cr[cpr1ss—Hsss)
s

However, the effect of the dilution factors was eliminated in
subsequent computation of the relative growth of C. parvum (Cp)
between a sample (s) and control (c) based on AAC values:

[Cp1S]s (00 . 1oa-aCry

. _ V[HEs18SIs/  \3Z000
Relative Cp growth = [Cpiss]e, (M) . 10A-ACrg
[Hs18S]c ) 2000
— 10A24Crp5—q

Evaluation of the Growth of Host Cells and
Parasite in 96-well Plates

We also evaluated the growth of C. parvum in 96-well plates by
qRT-PCR and microscopy, in which HCT-8 cells were cultured
and infected with C. parvum as described above. For qRT-PCR
analysis, total RNA was isolated from cells using an RNeasy
RNA isolation kit (Qiagen), rather than directly using cell lysates,
to ensure more precise measurements of the levels of Cpl18S
and Hsl18S transcripts. RNA samples included those from cells
infected with C. parvum for 3 and 44 h, respectively, and from
uninfected cells cultured under the same condition and for the
same time periods. For microscopic examination, sterilized glass
coverslips were gently broken into pieces and placed into selected
wells before seeding host cells. Cells infected with parasites for 3
and 44 h were fixed in 3.7% paraformaldehyde and stained with
a rabbit polyclonal antibody against total C. parvum membrane
proteins following standard protocols (Chen et al., 2003; Zeng
et al., 2006). Samples were then mounted onto glass microscopic
slides with a Anti-Fade mounting medium containing 4’,6-
diamidino-2-phenylindole (DAPI) for counter-staining nuclei
(Molecular Probes, Invitrogen), and examined under Olympus
BX51 Research Microscope.

Assay Quality Assessment

In addition to determining the linear dynamic range from
standard curve derived from samples infected with varied
numbers parasites, the uniformity and signal variability of the
assay were also validated according to the “Assay Guidance
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Manual” (see chapter “HTS Assay Validation” at http://www.
ncbi.nlm.nih.gov/books/NBK53196/) (Iversen et al., 2012). This
method is recommended by the National Center for Advancing
Translational Sciences (NCATS), National Institutes of Health
(NIH) (see “Pre-Clinical Research Toolbox” at http://www.ncats.
nih.gov/expertise/preclinical). In this study, inter-day tests were
performed by three independent experiments. Each experiment
used three 96-well plates to assess inter-plate variations, and
each plate contained three experimental groups, which included
uninfected HCT-8 cells (“Min” background signal), cells infected
with parasites but untreated (“Max” signal), and cells that were
infected with parasites and treated with 120 pg/mL (168 wM) of
PRM (“Mid” signal). These groups (32 wells each) were arranged
in an interleaved-signal format according to the Assay Guidance
Manual.

The cultivation of host cells and C. parvum in vitro,
preparation of cell lysates, and qQRT-PCR assay were performed
as described above. PRM was added into specified wells after the
invasion and the removal of uninfected parasites. At the same
time, DMSO at 0.5% final concentration was added into all wells.
Based on the qRT-PCR data, mean (AVG), standard deviation
(SD), and coeflicient of variation (CV) were calculated for each
group in each plate. Signal window (SW) and Z' factor for each
plate were calculated based on the Assay Guidance Manual as
follows (Iversen et al., 2012):

(AVGmax_3SDmax/ﬁ) - (AVGmin+3SDmin/ﬁ)

SW =
SDmax/ﬁ

' (AVGrax—3SDiax//n) = (AVGrin+3SDyin/ /1)
AVGpax — AVGyin

Small-scale Drug Screening

The assay is currently used in our laboratory to test drug efficacy
and screen compound libraries against C. parvum in vitro.
Here we report the data on 48 small molecules designated as
C001-C048 to provide a snapshot on the assay performance.
HCT-8 cells were cultured in 96-well plates and infected
with C. parvum using procedures described above. In primary
screening, drugs dissolved in DMSO were added into the culture
immediately after the medium exchange at 3h post-infection
(hpi) time (10 wM final concentration). Each plate contained five
negative controls without receiving drug treatment and three
positive controls treated by 100 pg/mL (140 wM) of PRM. Each
well, including negative and positive controls, contained 0.5%
DMSO. At 44 hpi time, cell lysates were prepared using Bio-Rad
iScript lysis buffer and the anti-cryptosporidial efficacies of drugs
were evaluated by qRT-PCR as described above. Compounds that
inhibited >65% of the parasite growth were re-tested. Two of the
most effective drugs were then selected to generate dose-response
curves to determine ICs values.

Results and Discussions

Growth of Host Cells and Parasites in 96-well
Format in the 44-h Infection Assay

Similar to other apicomplexans, Cryptosporidium sporozoites
invade host cells and undergo at least two generation of asexual

cell cycles (merogony) before entering sexual development
(gametogenesis and fertilization between macro- and micro-
gametes) to form oocysts. We have observed that most C. parvum
cultured in 24- or 48-well plates may complete the second
generation of merogony and a large number of free merozoites
may be released into the culture medium at 48 hpi. This
complicates the quantification of parasite loads because free
merozoites in the medium may be easily washed off during the
sample preparation. To minimize this problem, our laboratory
uses the 44h infection assay, in which the majority of the
intracellular parasites are in the late stage of meronts and only
a minimal number of merozoites are present in the medium.
To confirm that C. parvum cultured in 96-well plates followed
similar invasion and intracellular developmental timeline, we
compared the parasite growth at 3 and 44 hpi by qRT-PCR and
fluorescence microscopy. We also evaluate the host cell growth at
the time points correlated to the 3 and 44 hpi by qRT-PCR.

Using qRT-PCR, we have observed rapid intracellular parasite
growth (i.e., 34-fold increase of Cp18S rRNA from 3 to 44 hpi)
(Figure 1A), which gave us a good dynamic range to quantify the
relative parasite growth. For comparison, there was only ~1.6-
fold increase of uninfected Hs18S cultured for the same time
period (Figure 1B), indicating that parasite grew >20 times faster
than the HCT-8 cells in this cultivation system. We also observed
that parasite infection slightly reduced the HCT-8 cell growth
(i.e., ~10% decrease based on Hs18S rRNA levels) (Figure 1B),
which might be attributed by the arrest of host cell growth
upon infection and cell death upon the completion of merogony
development and the release of parasite merozoites as reported by
other investigators (Dobbelaere and Kiienzi, 2004; Brunet et al.,
2008).

DIC microscopy and IF labeling revealed the successful
invasion of C. parvum sporozoites into the host cells after
3-h initial incubation of oocysts with host cells, in which
the elongated sporozoites were transformed to small round
trophozoites (Figure 1C, 3 hpi panel). However, it was possible
that some sporozoites might have attached to, but failed to
invade into host cells or undergo further development at the
3 hpi time point. The growth of parasite into late stage of
meronts as evidenced by the presence of multiple nuclei in
many meronts by DAPI staining (Figure 1C, 44 hpi panel).
Intracellular parasites in these stages were also clearly visualized
by IF staining using a rabbit antiserum against C. parvum
sporozoite membrane proteins (Figure 1C, TRITC staining).
These observations indicated that parasite cultured in 96-well
plates exhibited an intracellular development timeline similar to
those cultured in 24- and 48-well plates. Because majority of
the parasites still remained intracellular at 44 hpi, they could
be lysed together with host cell monolayers for RNA extraction.
However, we still included a plate centrifugation step before
washing cell monolayers and preparing cell lysates to ensure any
free merozoites released into the medium were not excluded from
subsequent analysis.

Optimization the Sample Preparation used for
Simplified gRT-PCR

Several commercial lysis buffers are currently available for
preparing cell lysates suitable for qRT-PCR without further
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FIGURE 1 | Comparison of the growths between Cryptosporidium
parvum and host cells (HCT-8 cell line) cultured in 96-well plates for

44 h post-infection (hpi) as determined by detecting their relative levels
of 18S rRNA transcripts. (A) The growth rate of C. parvum in HCT-8 cells
between 3 and 44 hpi. The levels of 18S rRNA transcripts from the parasite
(Cp18S) and host cells (Hs18S) were determined by gRT-PCR, and those of
Hs18S were used for normalization before calculating the fold changes in
Cp18S transcripts. (B) The relative levels of Hs18S in HCT-8 cells infected with
C. parvum for 3 and 44 hpi. Uninfected cells were grown in parallel under the
same condition for the same time periods. Bars represent standard error of the
mean (SEM, n = 9) from three independent experiments. (C) Micrographs
showing the development of C. parvum cultured in HCT-8 cells at 3 and 44 h
post-infection (hpi) time points, in which intracellular parasites were labeled
with a rabbit antiserum against C. parvum sporozoite total membrane proteins
and a TRITC-conjugated goat anti-rabbit IgG secondary antibody and
counter-stained with DAPI for nuclei. DIC, differential inference contrast
microscopy. DAPI, 4’, 6-diamidino-2-phenylindole for counterstaining of nuclei.
TRITC, Tetramethylrhodamine.

purification of RNA (Ho et al, 2013). At the early of the
project, we briefly evaluated Ambion Cells-to-cDNA™ 1I kit
(Life Technologies) and iScript™ RT-qPCR Sample Preparation
Reagent (Bio-Rad), and observed slight better performance in
releasing intracellular parasite RNA by the Bio-Rad’s reagent

(data not shown) that was then used in our subsequent
assay development. We also observed that standard sample
preparation procedures recommended by the manufacturer was
insufficient to release parasite RNA, largely because intracellular
parasites were contained in parasitophorous vacuoles and
protected by extra layers of membranes. We hence performed
experiments to determine the optimal conditions including the
amounts of lysis buffer and the addition of vortex and heating
steps.

We observed that heat treatment of cell lysates at 75°C for 10-
30 min significantly improved the release of parasite RNA. When
samples were lysed in 100, 150, or 200 pL/well lysis buffer, heat
treatment for 10, 20, or 30 min reduced the Cr(cp1ss] values from
24.4, 24.0, and 23.9 to 22.4, 22.3, and 22.2 in the 100 pL/well
group, from 25.3, 24.9, and 24.5 to 23.6, 23.4, and 23.3 in the
150 wL/well group, or from 25.6, 25.5, and 25.2 to 23.9, 23.6, and
23.6 in the 200 pL/well group, respectively (p < 0.005 by Student
t-test in all samples in comparison to the unheated counterparts)
(Figure 2). However, we also observed certain levels of heat-
induced host cell RNA degradation (i.e., Cr[nsigs] values in
heated samples were increased by ~0.2-1.0) (Figure 2). One
possible explanation was that the host cell membranes could be
rapidly lysed to release RNA with ice-cold lysis buffer (as heating
was not included in the manufacturer’s protocol), and there was a
small window of time at the beginning of the heating process for
the host cell RNases to become active before being deactivated by
heat. On the other hand, more parasite RNA was released after
the temperature reached to 75°C and RNases were deactivated.
However, the final host cell RNA concentrations appeared to be
consistent within each experimental group (i.e., CV values at
0.75-3.04% for all groups), indicating that the RNA degradation
would not result in inconsistency in subsequent determination
of relative Hs18S levels. Finally, based on the observation that
heating between 10 and 20 min in wells containing 200 L lysis
buffer resulted in the least degradation of host cell RNA (ACr at
0.20-0.25), but the most improvement in releasing parasite RNA
(ACr at —1.8 to —2.0), we determined that the optimal condition
was the use of 200 L iScript™ RT-qPCR Sample Preparation
Reagent and heating for 15 min.

The subsequent qRT-PCR amplification protocol in 384-well
format using cell lysates was effective and specific based on
agarose gel analysis of amplicons (data not shown) and post-
run analysis of amplification and melting curves (Figure 3). In
the melting curves, Cp18S and Hs18S displayed two strong and
distinguishable peaks, although there was a small minor peak in
the Cp18S curves (Figure 3B).

Assay Validation on Plate Uniformity, Linear
Dynamic Range, and Drug Testing

Three experimental cell culture groups were used in assay
validation (i.e., a total of 864 uninfected, infected/untreated, and
infected/PRM-treated samples in nine plates). For uninfected
cell samples containing that should not contain any Cpl18S
transcripts, the determined Cp18S Cr values were resulted from
low level non-specific amplification due to the lack of specific
templates and/or self-amplification of primers, which was similar
to the background signals produced in negative controls without
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FIGURE 2 | Effects of the amount of lysis buffer and heat treatment on the release of RNA from Cryptosporidium parvum and HCT-8 cells. Cell lysates
were first diluted by 100 and 2000 times with nuclease-free water prior to gqRT-PCR detection for Cp18S and Hs18S rRNA transcripts, respectively. The plotted Ct
values were not calibrated to equal volume of lysis buffer. Bars represent standard error of the mean (SEM, n = 6). Heat treatment vs. un-treatment control, p < 0.005
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FIGURE 3 | Specific detection of Cp18S and Hs18S rRNA transcripts as demonstrated by amplification curve (A) and melting curve (B) analyses of a
representative plate. Lysates of HCT-8 cells grown in 96-well plates and infected with Cryptosporidium parvum for 44 h were used in gRT-PCR reactions in 384-well
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enzyme in a biochemical assay. Under the conditions used
in the assay, the overall mean of Cr values for Cpl8S from
uninfected cells in all plates was 30.14 (between 29.34 and
31.07). These Ct values were much higher than those derived
from cells infected with C. parvum (mean = 22.15, between
21.40 and 22.90) (Table 1). Because of the negative correlation
(inversely proportional) relationship between Cr values and
template concentrations, the higher Ct values in uninfected cells
indicated that the noise signals in this assay (i.e., background
signals in negative controls in the absence of parasites) were
roughly >250-fold lower than the signals from the infected
cells (i.e., noise levels equivalent to 0.4% of the signals). For
Hs18S transcripts, the overall mean of Ct values from all groups
was 13.46 (between 12.92 and 14.06). In the infected/untreated
groups, the average ACr value difference between those of Hs18S

and Cpl18S was 8.6 (Table1). After considering the dilution
factors (i.e., cell lysates used for detecting Hs18S and Cp18S
transcripts were diluted by 100 and 2000 folds, respectively),
these Cr values suggested the presence of 7000-8000-fold more
Hs18S than Cp18S in a typical sample.

Using the validation protocols recommended by
NIH/NCATS, we observed high intra-plate, inter-plate, and
inter-day uniformity for the assay (Table2). All CV values
were <5%, much better than the 20% threshold recommended
by the Assay Guidance Manual. No significant inter-plate and
inter-day data shifts were observed. The SW and Z' values
in the nine plates were ranging from 17.35 to 44.14 and 0.73
to 0.87, respectively. Both values were much higher than the
recommended acceptance criterions (i.e., SW > 2 and Z' > 0.4).
The excellence of the assay is largely due to high specificity in the
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TABLE 1 | Summary of the Cy values in the uniformity assay using the simplified gRT-PCR assay?.

Exp Plate Infected, untreated Infected, PRM-treated Uninfected, untreated
Cp18S Hs18S Cp18S Hs18S Cp18S Hs18S

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
1 1 22.24 017 13.93 017 23.32 4.31 13.55 2.55 30.70 0.25 13.58 0.31
1 2 22.57 0.20 18.77 0.19 23.85 0.30 13.88 0.18 31.07 0.26 12.92 0.30
1 3 22.90 0.53 14.06 0.23 24.47 0.41 13.88 0.25 30.68 0.19 13.69 0.19
2 1 21.67 0.25 13.49 0.25 23.29 0.33 13.51 0.22 30.15 0.29 13.51 0.20
2 2 21.40 0.25 13.32 0.18 23.17 0.27 13.25 0.22 29.68 0.27 13.36 0.29
2 3 21.94 0.52 13.45 0.34 23.65 0.43 13.42 0.34 30.08 0.26 13.42 0.36
3 1 21.93 0.36 13.02 0.38 23.59 0.31 12.99 0.28 29.78 0.26 13.09 0.38
3 2 22.25 0.27 13.33 0.29 23.83 0.31 13.27 0.27 29.34 0.24 13.30 0.25
3 3 22.49 0.41 138.57 0.34 24.09 0.26 138.45 0.30 29.79 0.40 138.44 0.28

aAll mean values are Ct values derived from each plate in three independent cell cultivation experiments (Exp) performed in different dates. PRM, paromomycin at 120 ug/mL (168 uM).

TABLE 2 | Assay validation on the uniformity of the simplified QRT-PCR assay based on normalized ACt values?.

Exp Plate Infected, untreated Infected, PRM-treated Uninfected, untreated sSwW z Efficacy of PRM
Mean SD CV (%) Mean SD CV (%) Mean SD CV (%) % Inh SD
1 1 8.31 0.23 2.00 10.08 0.40 2.00 17.12 0.35 1.45 30.40 0.86 69.54 7.84
1 2 8.79 0.20 1.61 9.97 0.32 1.61 18.15 0.36 1.42 31.74 0.87 54.90 10.49
1 3 8.84 0.49 3.94 10.60 0.39 3.94 16.99 0.21 0.89 4414 0.82 69.34 7.81
2 1 8.18 0.36 3.13 9.78 0.36 3.13 16.64 0.40 1.72 23.94 0.81 66.07 8.30
2 2 8.08 0.36 3.16 9.93 0.33 3.16 16.32 0.38 1.65 24.80 0.81 71.46 6.35
2 3 8.49 0.47 3.95 10.24 0.64 3.95 16.67 0.48 2.02 18.26 0.75 67.30 13.58
3 1 8.91 0.53 4.24 10.59 0.46 4.24 16.68 0.45 1.89 18.06 0.73 67.20 11.32
3 2 8.92 0.31 2.47 10.57 0.44 2.47 16.04 0.33 1.45 24.79 0.81 66.67 10.19
3 3 8.92 0.47 3.77 10.65 0.39 3.77 16.37 0.45 1.94 17.35 0.74 68.82 8.70

aAll mean values are ACt values between Cp18S and Hs18S derived from each plate in three independent cell cultivation experiments (Exp) performed in different dates. % Inh, %

inhibition; PRM, paromomycin at 120 pug/mL (168 uM); SW, signal window; Z', Z' score.

RT-PCR amplification, resulting in a ~256-fold signal difference
between infected and uninfected samples as described above.
In the PRM-treated groups, the classic anti-cryptosporidial
drug inhibited the parasite growth by 66.07-71.46% in all plates
except for the plate 2 in experiment 1 that was at a slightly lower
level of 54.90% (Table 2). These values were consistent with our
in vitro drug efficacy tests using total RNA samples isolated by
traditional column-based isolation kits from cells cultured in 24-
and 48-well plates (Cai et al., 2005; Zhang et al., 2012; Yu et al.,
2014).

We also generated standard curves from cells infected with
various numbers of parasites. We considered that this approach
was better than the traditional method using serially diluted
RNA templates, because standard curves derived from various
numbers of infected parasites would correct systematic errors
from infection, sample preparation to qRT-PCR procedures,
rather than to only correct the errors introduced at the qRT-
PCR step. In this assay, linear relationship was observed between
the ACt values and the samples isolated from cells infected
with 64-4 x 10* oocysts per well (Figure 4A). The ACr values

from samples infected with more or less parasites frequently
fell outside of the linear range (data not shown). The linear
dynamic range for this new assay (~156-fold) was smaller than
our previously reported assay using conventional protocols (Cai
et al., 2005). There were two possible explanations. Firstly, the
96-well format had lower limits on the number of parasites that
could be cultured in 96-well without density effect. Secondly, in
comparison to conventional RNA isolation methods, cell lysates
contained much less RNA due to the less efficiency in releasing
RNA by the lysis buffer and higher dilutions needed to minimize
the inhibition of RT-PCR reactions caused by substances present
in the lysis buffer. However, the 156-fold linear dynamic range
was sufficient for testing drug efficacy in vitro, as it could
theoretically resolve <1% changes of parasite loads in the assay
system.

We further evaluated the assay by testing the dose-response of
PRM on the parasite growth, in which the drug at concentrations
from 30 to 800 pg/mL reduced the growth of C. parvum by 19-
97%. Using a non-linear curve fit with a sigmoidal model, the
ICsq value was determined at 88.1 pg/mL (123 wM) (Figure 4B).
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These inhibition values were comparable to those obtained in
our previous report at 89.7 pg/ml (Cai et al.,, 2005), suggesting
that the assay was suitable for determining the inhibitory kinetics
and ICsp values of anti-cryptosporidial compounds identified
by HTS.

Testing the Assay by a Small Scale Drug
Screening

In the primary screening of 48 small molecules (10 uM each),
two compounds (C012 and C020) displayed cytotoxicity on
HCT-8 cells, while others displayed a wide range of effects
on the C. parvum growth in vitro (ie., from —86.6 to 98.8%
inhibition) (Figure 5). The negative inhibition values suggested
that a few compounds might actually promote the parasite
growth and/or affected more on host cells than on parasites,
which could be evaluated by looking at the Hs18S and Cp18S
Cr values. For example, for C023 with —86.6% inhibition, the
mean Cr values for Hs18S and Cpl8S were 13.38 and 18.08
(vs. 13.63 and 19.17 in the DMSO control), suggesting that
this compound likely promoted the parasite growth more than
reducing the host cell growth. Because we were interested only

in identifying anti-cryptosporidial inhibitors in this study, we
repeated the primary testing on the seven most efficacious
compounds, in which six compounds exhibited similar efficacies
(Figure 5A, red circles). We also performed dose-response
experiments on C004 and C028, in which both compounds
at 10 M displayed the same efficacy as observed in the two
primary testing experiments (Figure 5B). Their ICs( values were
at 0.98 and 1.33 uM, respectively, suggesting that these two
compounds might be further explored for drug development
or serve as leads. Experiments to further characterize these two
compounds and other top hits from the 48 compounds are
still ongoing as part of our larger effort in discovering new
anti-cryptosporidial drugs, which will be reported separately.
Nonetheless, these observations conformed the robustness and
suitability of the assay in high-throughput screening of drugs by
directly evaluating their anti-cryptosporidial efficacy in vitro.

Conclusions

We have developed a simplified real-time qRT-PCR assay suitable
for high-throughput or high-volume screening of drugs against
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the growth of C. parvum in vitro. This was achieved by
directly using cell lysates in qRT-PCR amplification. The assay
was adapted and optimized in 96-well format for culturing
parasite and 384-well format for SYBR-green based one-step
real-time RT-PCR amplification and detection. Intra-plate, inter-
plate, and inter-day uniformities were validated by NIH/NCATS
recommended tests (i.e., SW and Z’ values = 17.35-44.14 and
0.73-0.87, respectively). The assay exhibited >150-fold linear
dynamic range using samples isolated from cells infected with
serially diluted parasites. The robustness and effectiveness of the
assay were also confirmed by evaluating the anti-cryptosporidial
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Cryptosporidium parvum is a species of protozoa that causes cryptosporidiosis, an
intestinal disease affecting many mammals including humans. Typically, in healthy
individuals, cryptosporidiosis is a self-limiting disease. However, C. parvum can cause
a severe and persistent infection that can be life-threatening for immunocompromised
individuals, such as AIDS patients. As there are no available treatments for these patients
that can cure the disease, there is an urgent need to identify treatment options. We
tested the anti-parasitic activity of the alkylphosphocholine oleylphosphocholine (OIPC),
an analog of miltefosine, against C. parvum in in vitro and in vivo studies. In vitro
experiments using C. parvum infected human ileocecal adenocarcinoma cells (HCT-8
cells) showed that OIPC has an ECsg of 18.84 nM. Moreover, no cell toxicity has been
seen at concentrations <50 uM. C57BL/6 interferon gamma receptor knock-out mice,
were infected by gavage with 4000 C. parvum oocysts on Day 0. Oral treatments, with
OIPC, miltefosine, paromomycin or PBS, began on Day 3 post-infection for 10 days.
Treatment with OIPC, at 40 mg/kg/day resulted in 100% survival, complete clearance
of parasite in stools and a 99.9% parasite burden reduction in the intestines at Day
30. Doses of 30 and 20 mg/kg/day also demonstrated an increased survival rate
and a dose-dependent parasite burden reduction. Mice treated with 10 mg/kg/day of
miltefosine resulted in 50% survival at Day 30. In contrast, control mice, treated with
PBS or 100 mg/kg/day of paromomycin, died or had to be euthanized between Days
6 and 13 due to severe illness. Results of parasite burden were obtained by gPCR and
cross-validated by both flow cytometry of stool oocysts and histological sections of the
ileum. Together, our results strongly support that OIPC represents a potential candidate
for the treatment of C. parvum infections in immunocompromised patients.

Keywords: Cryptosporidium parvum, cryptosporidiosis, oleylphosphocholine, OIPC, miltefosine, interferon
gamma receptor knockout mice, oocysts, parasite burden
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Introduction

Cryptosporidium parvum is an obligate parasite of the phylum
Apicomplexa that infects the microvilli of the small intestine
of many mammalian hosts including humans (Ryan and Xiao,
2014). Considered as a major waterborne pathogen (drinking
and recreational water) that can also be transmitted through
contaminated foods (Fayer et al., 2000; Caccio and Putignani,
2014), C. parvum outbreaks have been widely reported in
numerous countries from all continents (Caccio et al., 2005;
Putignani and Menichella, 2010; Caccid and Putignani, 2014).
This parasite can remain infectious for months in a humid
environment (Robertson et al., 1992; King et al., 2005; Caccio and
Putignani, 2014). As a result, C. parvum has been categorized as
a class B bioterrorist pathogen by the Center for Disease Control
and Prevention (CDC; Feldmann et al., 2002; Rotz et al., 2002).

As one of the major causative agents of cryptosporidiosis
in humans, along with Cryptosporidium hominis (Caccio et al.,
2005), C. parvum causes self-limiting watery diarrhea or
persistent and severe diarrhea depending on the age and the
immune status of the patient (Chalmers and Davies, 2010;
Putignani and Menichella, 2010; Shikani and Weiss, 2014).
Indeed, C. parvum infection has been reported to be life-
threatening in AIDS patients, among which the prevalence
of cryptosporidiosis was determined to be 14% in developed
countries and 24% in developing countries (Collinet-Adler and
Ward, 2010; Putignani and Menichella, 2010). Cryptosporidium
spp., along with Giardia spp., has also been identified as the
leading cause of chronic or persistent diarrhea in children in
a context of malnutrition or immunodeficiency (Thapar and
Sanderson, 2004; Putignani and Menichella, 2010). The Global
Enteric Multicenter Study identified Cryptosporidium as one of
the top five pathogens causing mild to severe diarrhea in children
under the age of 2 in developing countries (Kotloff et al., 2013).
Studies have shown that Cryptosporidium infections in young
children have often resulted in stunting and lead to poor cognitive
functions later in childhood (Berkman et al., 2002). However,
currently available treatments have demonstrated limited effect
in these vulnerable populations (Mead and Arrowood, 2014).

Nitazoxanide, the only American Food and Drug
Association (FDA) approved drug to treat cryptosporidiosis
in immunocompetent patients, has shown little activity to fight
against C. parvum infections in AIDS patients (Cabada and
White, 2010; Rossignol, 2010; Mead and Arrowood, 2014).
Similarly, paromomycin, the currently used drug to treat
C. parvum infections in AIDS patients, has shown modest
activity and limited results in different case studies (Hewitt
et al., 2000; Rossignol, 2010). With no efficient way to treat
immunocompromised patients, many drugs have been tested
over the years, but very few have shown consistent activity (Mead
and Arrowood, 2014).

Oleylphosphocholine (OIPC, C23H48NO4P) belongs to the
family of alkylphosphocholines (Hernandez et al., 2014) and is
structurally related to miltefosine (van Blitterswijk and Verheij,
2008), with the chemical formula C21H46NO4P - xH20O. Both
compounds have shown in vitro and in vivo anti-leishmanial
activity (Fortin et al., 2014), and in vitro activity of miltefosine

against C. parvum has also been reported (Shahiduzzaman et al.,
2009). This study reports the strong activity of OIPC, both in vitro
and in vivo in an immunocompromised C57BL/6 IFNyR-KO
mouse model of C. parvum infection.

Materials and Methods

Parasites

Cryptosporidium parvum (Iowa strain) oocysts, generously
provided by Dr. Michael J. Arrowood (CDC, Atlanta, GA, USA),
were maintained through a C57BL/6 IFNyR-KO mouse infection
model previously described by our laboratory (von Oettingen
et al, 2008). Oocysts were purified following the reported
technique (von Oettingen et al., 2008) and were stored in 2.5%
(w/v) aqueous potassium dichromate (K,Cr,0O7, Sigma-Aldrich,
Qakville, ON, Canada) at 4°C.

Test Compound

Oleylphosphocholine was generously provided by Dafra Pharma
Research and Development (Turnhout, Belgium) and stored at
4°C, away from light. For in vitro studies, OIPC was diluted
to a stock solution of 11.5 mM in ddH,O. Miltefosine (Sigma-
Aldrich, Oakville, ON, Canada) was used as a control in the in
vitro assays because of its previously reported activity against
C. parvum (Shahiduzzaman et al., 2009). Paromomycin (Sigma-
Aldrich) was also used as a control in the in vitro assays. The
drugs were prepared fresh daily in phosphate-buffered saline
(PBS) for animal studies.

Host Cells

For in wvitro studies, human colonic tumor cells (ileocecal
adenocarcinoma; HCT-8: ATCC CCL-244) were used. Cells
were maintained in T225 flasks (BD Bioscience, Mississauga,
ON, Canada) using DMEM media (Wisent, St-Bruno, QC,
Canada). For OIPC in vitro studies, media was supplemented
with 10 pg/ml gentamycin, 10 pg/ml streptomycin, 100 U/ml
penicillin, 10% heat-inactivated fetal bovine serum (FBS), and
non-essential amino acids (NEAA; Wisent). For the cytotoxicity
assays, cells were grown in supplemented DMEM without phenol
red and further supplemented with 4.5 g/L D-glucose (Sigma-
Aldrich, Oakville, ON, Canada) and 110 mg/L sodium pyruvate
(Sigma-Aldrich). For miltefosine and paromomycin in vitro
studies, media was supplemented with 10 pg/ml gentamicin,
50 pwg/ml streptomycin, 50 U/ml penicillin, and 10% heat-
inactivated FBS.

Cytotoxicity of OIPC in HCT-8 Cells

XTT assay (Sigma-Aldrich) was used (Roechm et al, 1991),
which relies on the ability of live cells to cleave XTT causing
a colorimetric change, to quantify the possible cytotoxicity of
OIPC in HCT-8 cells. For this assay, DMEM without phenol
red was used. Initially, 5 x 10* HCT-8 cells in 200 pL of
supplemented DMEM were seeded in a 96-well flat-bottom
plates (BD Falcon, Franklin Lakes, NJ, USA) and incubated
overnight (or until they reached ~80% confluency) at 37°C with
5% CO,. Freshly prepared serial dilutions of OIPC diluted in
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supplemented DMEM were used and 50 pL of these solutions
were added to the wells to obtain final OIPC concentrations
ranging from 10 to 1000 wM (4.33 to 433 pg/mL). Samples were
run in quadruplicate and plates were incubated at 37°C with
5% CO, for 48 h. Then, 50 pL of XTT (dissolved in DMEM)
was added to each well and plates were re-incubated for 4 h.
Absorbance was measured at 450 nm using a plate reader (EL800
BioTek; Fisher, Nepean, ON, Canada).

C. parvum Infection Model in HCT-8 Cells

We tested the effect of OIPC on C. parvum sporozoites in
HCT-8 cells. Briefly, 24-well flat-bottom plates (BD Falcon)
were seeded with 3 x 10° cells in 1.4 mL of supplemented
DMEM and incubated overnight (or until they reached ~80%
confluency) at 37°C with 5% CO,. Stock oocysts in 2.5%
K,Cr,O; were washed three times with 0.1 M acetate-NaCl
buffer, pH 5.5, and subsequently incubated in 10 mM sodium
periodate on ice for 20 min. Oocysts were then washed three
times with PBS containing 0.1% bovine serum albumin (BSA;
Sigma-Aldrich). To release the sporozoites from the oocysts
(excystation), parasites were incubated in DMEM containing
0.75% sodium taurocholate (Sigma-Aldrich) at 37°C for 30 min
or until 50% excystation was determined by microscopy. Then,
sporozoites from 1 x 10° oocysts were inoculated in each
well. Non-infected cells incubated with supplemented DMEM
served as negative controls as well as infected cells incubated
with supplemented DMEM, as positive controls. OIPC was
serially diluted in supplemented DMEM and was subsequently
added to each well at concentrations ranging from 10 pM
to 100 pM (4.33 pg/mL to 43.3 pg/mL). Miltefosine and
paromomycin, diluted in supplemented DMEM, were also tested
at concentrations ranging from 10 pM to 10 wM (4.08 pg/mL to
4.08 pg/mL) and 10 pM to 100 uM (7.14 pg/mL to 71.4 pg/mL)
respectively, to serve as controls. Plates were further incubated
for 48 h at 37°C with 5% CO,. In vitro assays were run two
independent times and each condition was run in triplicate
for the miltefosine assay and in duplicate for the OIPC and
the paromomycin assays. At the completion of the incubation,
supernatants were removed and cells were lifted using 0.25%
trypsin in EDTA (Wisent). To assess parasite burden in each well
and determine the efficacy of OIPC, miltefosine or paromomycin
against C. parvum, DNA was extracted from samples using
QIAamp DNA Mini Kit (Qiagen, Toronto, ON, Canada). Purified
DNA was stored at —20°C until use.

Quantitative Polymerase Chain Reaction

Primers, Probe, and Standard Curve

Parasite burden from DNA samples from in vitro assays as
well as from mouse fecal and intestinal samples were assessed
by quantitative polymerase chain reaction (qQPCR) targeting
the hsp70 gene of C. parvum (GenBank: U69698.2) using
the LightCycler 2.0 system (Roche, Laval, QC, Canada).
Primers and probe sequences (TagMan) were used according to
previously published sequences (Shahiduzzaman et al., 2009).
Briefly, a master mix per sample was prepared by adding
5 wL of PCR-grade water (Roche), 2 pL of 10 uM of forward
primer (CP_hsp70_fwd: 5-AACTTTAgCTCCAgTTgAgAAA

gTACTC-3'; Tib MolBiol, Adelphia, NJ, USA), 2 pL of 10 uM
reverse primer (CP_hsp70_rvs: 5-CATggCTCTTTACCgTTA
AAgAATTCC-3; MolBiol), 2 pL of 2 pM 5 6-carboxy
fluorescein reporter dye (FAM) probe with a 3’ tetramethylrh
odamine quencher dye (TMR; hsp-taq: 5'-AATACgTgTAgAAC
CACCAACCAATACAACATC-3’; MolBiol), and 4 nL of buffer
mix containing dNTP, MgCl,, and Taq-polymerase (Roche).
Prior to the polymerase chain reaction, 5 pL of sample and 15 pL
of master mix were added to LightCycler capillaries (Roche).
The initial denaturation step was conducted at 95°C for 15 min
followed by 45 cycles of denaturation at 94°C for 15 s and
annealing at 60°C for 1 min (Shahiduzzaman et al., 2009).

In order to quantify parasite burden, a standard curve
was necessary. First, C. parvum oocysts were diluted to
concentrations of 1 x 10! to 1 x 10° in 200 pL and then, they
were disrupted by five freeze-thaw cycles of 2 min incubation
in liquid nitrogen followed by 2 min incubation in a 56°C
water bath. Second, DNA from the oocyst extracts was purified
using QIAamp DNA Blood Mini Kit (Qiagen) and these samples
were run (qPCR) in the LightCycler 2.0; qPCR was used to
correlate threshold cycle values (C; values) to parasite burden
(R? = 0.9989). This standard curve was used to extrapolate
parasite burden from DNA samples from in vitro assays as well
as from mouse stool and intestine samples.

Immunocompromised Mouse Model of

C. parvum Infection

Cryptosporidium parvum oocysts in 2.5% K,Cr,O7 were washed
three times with PBS; parasites were then counted using a
hemocytometer and diluted in PBS to a concentration of
4 x 10*/mL. Six to eight week old C57BL/6 IFNYR-KO female
and male mice (Jackson Laboratories, Bar Harbor, ME, USA)
were infected with a lethal dose of 4000 oocysts in 100 pL
of PBS on Day 0 using a 22-gage gavage needle (CDVM, St-
Hyacinthe, QC, Canada). Mice were separated in eight groups (13
mice/group for treated groups and 4-8 mice/group for control
groups). Groups 1 and 2 were non-infected controls, treated
per os (oral gavage) with PBS or with 40 mg/kg/day of OIPC,
respectively. Group 3 was infected and treated with PBS (positive
controls). Groups 4-6 were infected and treated per os with
40, 30, and 20 mg/kg/day of OIPC, respectively. Groups 7 and
8 were infected controls treated per os with 10 mg/kg/day of
miltefosine and 100 mg/kg/day of paromomycin, respectively.
Treatment started at Day 3 and continued for 10 days. OIPC and
control drugs were prepared fresh on a daily basis for the length
of the treatment. Mice were weighted daily. Starting on Day 4,
individual stool samples were collected every 3-4 days until study
termination.

Five mice from each group were sacrificed at Day 10 (before
daily treatment) to assess and compare disease progression. Other
mice were maintained until study termination (Day 30) unless
they were found dead or had to be sacrificed due to severe
illness. Because of the lethality of this model (von Oettingen
et al, 2008; Ndao et al, 2013) an objective mouse rating
system based on symptom severity and behavioral changes was
developed in accordance with the Animal Care Committee and
the Canadian Council on Animal Care (CCAC) guidelines to
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determine when mice should be sacrificed due to illness. Upon
death or euthanasia, the mouse ileum was preserved in formalin
for histological purposes and the rest of the intestine (duodenum
to rectum) was collected individually and chopped into 0.5 cm
pieces into a 60 mL specimen container (ThermoFisher Scientific,
Ottawa, ON, Canada) with 10 mL of 0.02% (v/v) Tween20 in
PBS (one container per mouse). During necropsy, stool was also
collected for oocyst purification.

After completion of the in vivo study, a constant volume
of purified oocysts from intestinal samples of mice from
each treatment groups was inoculated to naive C57BL/6
IFNYR-KO mice to determine if the concentration of
oocysts remaining in the intestines of treated mice was
able to induce clinical signs of cryptosporidiosis in naive
mice.

All mouse studies were conducted at the Montreal General
Hospital rodent animal facility site of the Research Institute
of McGill University Health Center. All studies performed
were approved and in accordance with the MGH Facility
Animal Care Committee and also in accordance with the CCAC
guidelines.

Oocyst Purification from Intestinal Samples

and Oocyst Burden Analysis by qPCR

For each mouse intestine sample in 0.02% (v/v) Tween20
in PBS, 0.05 g of sputasol (dry mixture of 10% DTT, 76%
NaCl, 2% KCI, 10% Na,HPOQ,, and 2% KHPO,) was added.
Oocyst purification was performed using a previously described
method reported in literature and by our lab (Meloni, 1996; von
Oettingen et al., 2008). Briefly, each sample was homogenized
for 2 min at 7000 rpm with the Polytron PT3000D homogenizer
(Kinematica, Lucerne, Switzerland). Between each sample, the
homogenizer was cleaned with bleach and ethanol to avoid cross-
contamination. Samples were placed on a rotary mixer at low
speeds for 90 min at room temperature. Samples were then
transferred to 50 mL Falcon tubes (BD Falcon, Franklin Lakes,
NJ, USA) and centrifuged at 2000 x g for 10 min at 4°C. The
supernatant was removed and the pellet was resuspended in
8 mL of 0.02% (v/v) Tween20 in ddH,O and 2 mL of diethyl
ether (Sigma-Aldrich, Oakville, ON, Canada). Samples were
thoroughly vortexed and centrifuged at 2000 x g for 10 min
at 4°C. The layers containing fatty cells and tissues as well as
the supernatants were removed. The pellets were washed with
20 mL of cold ddH,O and centrifuged at 2000 x g for 10 min
at 4°C. Supernatants were discarded and the pellets resuspended
in 20 mL of saturated NaCl. Samples were vortexed thoroughly,
carefully overlayed with 5 mL of cold ddH,0 and centrifuged at
2000 x g for 10 min at 4°C. Five milliliters of the interphase
were collected and centrifuged at 2000 x g for 10 min at 4°C;
supernatants were discarded and oocyst-containing pellets were
resuspended in 1 mL PBS containing 10 pg/ml streptomycin and
100 U/ml penicillin. Purified oocyst samples were stored at 4°C.
For gPCR analysis, 200 wL were taken from each purified oocyst
sample and five freeze/thaw cycles of 2 min incubation in liquid
nitrogen followed by 2 min incubation in a 56°C water bath were
performed. DNA was then extracted using the QIAamp DNA
Blood Mini Kit (Qiagen) and samples was used for gPCR analysis.

Oocyst Purification from Stool Samples and
Oocyst Shedding Analysis by qPCR

Individual stool samples were collected in 500 pwL of distilled
and deionized (18.2 MQ cm) water (ddH,O) and stored in
microcentrifuge tubes at 4°C until used. Samples were thoroughly
vortexed until stools were homogenized to smaller particles,
then centrifuged at 14000 x g and washed with cold ddH,O.
Supernatants were discarded and the pellets resuspended in 1 mL
of saturated NaCl. Samples were vortexed thoroughly, carefully
overlayed with 250 L of cold ddH,O and centrifuged at 1600 x g
for 10 min at 4°C. All of the supernatant was collected and
the sample was exposed to another NaCl-ddH,O overlay. The
supernatants collected from both overlays were centrifuged at
14000 x g for 3 min at 4°C, combined into one tube and
resuspended in 200 wL of ddH,O. Purified oocysts were exposed
to five freeze/thaw cycles as described above. DNA was extracted
using the QIAamp DNA Blood Mini Kit and stored at —20°C
until oocyst shedding was quantified by qPCR. Values were
normalized by gram of stool.

Oocyst Burden Analysis by Flow Cytometry

All oocyst samples purified from mouse intestine were incubated
in a final concentration of 1% paraformaldehyde for 15-
30 min prior to analysis. Briefly, 40 ul of sample and 50 ul of
CountBright™ absolute counting beads (Invitrogen, Burlington,
ON, Canada) were added to a paraformaldehyde solution
for a final volume of 500 ul. Oocysts within each sample
were quantified by morphology (FSC-A and SSC-A) using BD
LSRFortessa™ cell analyser (BD, Franklin Lakes, NJ, USA).
Oocysts were initially identified with a FITC-labeled mouse
IgG3 monoclonal antibody targeting a surface antigen (AbD
Serotec, Raleigh, NC, USA). Results demonstrated that 98% of the
FITC positive events occupied a distinct population by size and
complexity in the FSC-A and SSC-A channels. Results generated
by flow cytometry are based on unstained samples gating on this
distinct oocyst population. Oocyst concentration per sample was
calculated by determining the quantity of sample collected based
on the number of CountBright™ bead events collected. Final
oocyst numbers were normalized by gram of mouse intestines.

Histopathology

Cryptosporidium parvum is known to preferentially infect
the jejunum and ileum (Fayer and Xiao, 2008), thus the
ileum was collected for histopathology. Liver and spleen
were also fixed in formalin, paraffin-embedded and cut to
4 pm thick sections. Sections were stained with hematoxylin
and eosin to further assess disease progression by light
microscopy.

Data Analysis

All in vitro studies and qPCR data were analyzed using Microsoft
Excel (Microsoft Corporation, Redmond, WA, USA). Graphs
and P-values were obtained using GraphPad Prism® version 6.0
(GraphPad Software, Inc., La Jolla, CA, USA). Results represent
mean =+ standard error mean (SEM). For OIPC and miltefosine
ECs calculations, the same software, GraphPad Prism® version
6.0, the non-linear fit of ECsq shift and the “shared value for
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all data sets” constraint for Bottom and Top were used. Flow
cytometry data was analyzed using FlowJo v10 analytical software
(Treestar, Inc., San Carlos, CA, USA).

Results

OIPC and Miltefosine Inhibit C. parvum

Infection in HCT-8 Cells In Vitro

To test the efficacy of OIPC to inhibit C. parvum infection in
vitro, we used HCT-8 cells which allowed the parasite to replicate
(Widmer et al., 2000). Miltefosine was used as a control as its
efficiency to inhibit C. parvum infection in vitro has already been
described (Shahiduzzaman et al., 2009). However, the dose of
100 wM was not tested for miltefosine as cell toxicity has been
reported at a concentration of 24.5 LM when cells are incubated
for 45 h (Shahiduzzaman et al., 2009). For the OIPC and the
miltefosine assays, DNA was extracted after 48 h of incubation
with the compound. A standard curve was used to correlate
threshold cycle values (C; values) obtained by qPCR to parasite
burden. Then, for each well, the percentage of parasite burden
reduction was assessed according to this formula:

=[1-(parasite burden from tested well/parasite burden of

positive control)]*100

Positive controls were infected cells incubated with
supplemented media (no compound). Figure 1 represents
the mean of the parasite burden reduction of tested wells for each
concentration of OIPC (A) and miltefosine (B) &= SEM.

HCT-8 cells treated with 100, 10, and 1 pM of OIPC
showed the highest C. parvum inhibition with 87, 84, and 85%
reduction in parasite burden, respectively (Figure 1A). Therefore,
these concentrations of OIPC are not statistically different than
uninfected controls showing the clear potency of these treatments
to inhibit C. parvum infection in vitro. There is a statistical
difference (P < 0.0001) between OIPC treatment and uninfected
controls starting at the concentration of 100 nM due to the
lack of efficiency of these doses to inhibit C. parvum infection.
Results demonstrated a dose-dependent reduction of C. parvum
burden when treated with increasing concentrations of OIPC and
a calculated ECs of 18.84 nM. Cell toxicity of OIPC was not
observed at concentrations of <50 M using an XTT assay (data
not shown).

Miltefosine at concentrations of 10 and 1 WM showed
the highest inhibitory effect with 85 and 69% reduction in
parasite burden, respectively (Figure 1B). Similarly to the
OIPC treatment, at these concentrations, there is no statistical
difference between the miltefosine treatment and uninfected cells.
So, OIPC is as potent as miltefosine at inhibiting C. parvum
infection in vitro at a concentration of 10 M (84 vs. 85%), but
OIPC better inhibits infection at a concentration of 1 wM (85 vs.
69%). The calculated ECsy for miltefosine is 0.81 WM, which is
slightly lower than the previously published value of 1.87 uM for
this compound and this parasite (Shahiduzzaman et al., 2009),
but within the same range. Batch differences in oocyst virulence
due primarily to freshness are normal and can explain this type of
variation. Concentrations of paromomycin ranging from 10 pM
to 100 pM were tested to determine the ability of this compound

to inhibit C. parvum infection in vitro. However, no significant
effect was observed (data not shown), which is in agreement with
what has been published previously (Ndao et al., 2013).

OIPC shows a Dose-Dependent Effect on

C. parvum-Induced Mortality in an
Immunodeficient Mouse Model

The C57BL/6 IFNYR-KO mouse model is an excellent model
to assess the efficacy of compounds to treat acute C. parvum
infection because of the high susceptibility of these knockout
mice to this parasite (von Oettingen et al., 2008; Ndao et al,
2013). According to previous reports, mice infected with as low
as 1500 oocysts had a mortality rate of 80% by Day 14 (Ndao
et al., 2013). Therefore, in this study, mice were infected with
4000 oocysts, and survival, as well as parasite burden reduction,
was used to differentiate an effective treatment from an inefficient
treatment. To ensure the objectivity of the study, an external
blinded examiner scored the mice reaching pre-defined critical
clinical end-points according to a pre-established rating system.

As expected, infected controls started showing symptoms of
illness as early as Day 5 and had a very high mortality rate
at Day 14. For the PBS treated group, mice started showing
signs of illness (such as hunched back, weight loss, dehydration,
lethargy, and watery stools) at Day 5 and all mice from this
group died or were euthanized between Days 6 and 10 (Figure 2).
Mice treated with 100 mg/kg/day of paromomycin for 10 days
displayed clinical symptoms of cryptosporidiosis at Day 7 and a
60% mortality rate was observed at Day 9. Some paromomycin-
treated mice did survive until Day 13 but, the Mantel-Cox or
the Gehan-Breslow-Wilcoxon tests used to compare survival
curves showed no significant difference with the PBS-treated
group (Figure 2).

Mice treated with 10 mg/kg/day of miltefosine, the analog
of OIPC, also showed signs of illness as early as Day 7 and a
50% mortality rate at Day 13 but, survivors remained alive until
the end of the study (Day 30; Figure 2).This clear difference
in survival rates with the PBS-treated group (P < 0.001)
determined that a 10 mg/kg/day miltefosine treatment for 10 days
significantly decreased mortality. Nevertheless, at Day 30, clinical
signs of cryptosporidiosis were still visible in these mice such as
15% weight loss, hunched backs, dehydration, and soft stools.

Mice treated with 40 mg/kg/day of OIPC displayed a 100%
survival rate by the experimental endpoint (Day 30; P < 0.001;
Figure 2). Additionally, the onset of symptoms began later (Day
9) than the PBS-treated controls; clinical signs were less severe
and did not last as long in comparison with other groups.
Furthermore, at Day 10, which is the peak of infection (von
Oettingen et al., 2008), weight loss (about 10% reduction from
initial weight for the 40 mg/kg/day OIPC-treated group) was
already significantly lower compared to any of the infected
control groups (>15% of initial weight, P < 0.05, data not
shown). By Day 30, 40 mg/kg/day OIPC-treated mice looked
healthy as they displayed no visible signs of illness. Moreover,
unlike the miltefosine-treated group, 40 mg/kg/day OIPC-treated
mice had exceeded, by Day 30, their initial weights (P < 0.0001,
data not shown). Mice treated with 30 mg/kg/day of OIPC for
10 days, had less severe clinical signs of cryptosporidiosis. For
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these latter mice, on one hand, treatment was not able to rescue
all mice which showed a severe weight loss of up to 15% of
initial weight; on the other hand, the onset of symptoms was
delayed to Days 8 or 9. Their survival rate was of 87.5% at Day
11, 75% at Day 30 (Figure 2) and, by Day 30, the survivors
displayed no visible signs of illness and had returned to their
initial weights (data not shown). Finally, the lowest dose of OIPC
(20 mg/kg/day) was still able to rescue 75% of mice at Day 30
even if there were still visible signs of illness and mice had a 5%
weight loss in comparison with initial weights. Non-infected mice
treated with 40 mg/kg/day of OIPC presented a constant weight
through the length of the study and no clinical sign were noted in
this group (data not shown).

OIPC Eliminates Oocyst Shedding in a
Dose-Dependent Manner

All infected mice began shedding oocysts between Days 5 and
7. Stool samples were collected from individual mice, processed
and analyzed by qPCR. At Day 10, infected mice treated with
PBS and with 100 mg/kg/day of paromomycin were shedding
8.52 x 107 and 1.84 x 108 oocysts per gram of stool (0o/g
of stool) respectively (data not shown). Similarly, mice treated
with 10 mg/kg/day of miltefosine were shedding 1.94 x 10® oo/g
of stool at Day 10 (Figure 3). At Days 14 and 30, surviving
mice of this group continued to shed considerable levels of
oocysts; 1.49 x 107 and 1.5 x 107 oo/g of stool respectively
(Figure 3).

In mice treated with 40 mg/kg/day of OIPC, oocyst shedding
reduction occurred as early as Day 10 with only 7.59 x 10°
oo/g of stool which is a significant reduction in comparison
with the 10 mg/kg miltefosine group (P < 0.01; Figure 3). At
Day 14, after 10 days of OIPC-treatment, oocyst shedding in
this group was even lower with 5.14 x 10 oo/g, representing a
99.96% reduction (4-log reduction) in oocyst shedding. At Day

14, the 40 mg/kg/day OIPC-treated group is also statistically
different when compared with the 10 mg/kg miltefosine-treated
mice (P < 0.05; Figure 3). Finally, at Day 30, there was a
100% elimination of oocyst shedding (>7-log reduction) in all
mice of the 40 mg/kg/day OIPC-treated group (P < 0.0001;
Figure 3). Light microscopy was used to confirm qPCR results.
Indeed, all the samples of 40 mg/kg/day OIPC-treated mice at
Day 30 were negative as no oocysts could be visualized under the
microscope.

Mice treated with 30 mg/kg/day of OIPC showed a similar
tendency in oocyst shedding as the 40 mg/kg/day OIPC-treated
group. Effectively, all average oocyst counts were significantly

=== PBS * 20mg/kg/day of OIPC
=== 100mg/kg/day of paromomycin === 30mg/kg/day of OIPC
=== 10mg/kg/day of miltefosine === 40mg/kg/day of OIPC
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FIGURE 2 | Survival curves in C57BL/6 IFNyR-KO mice infected with

C. parvum. Results are shown in a survival curve. Results do not include
mice sacrificed at Day 10 for disease progression analysis. On Day 30

remaining mice were sacrificed along with uninfected controls.
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lower when compared with the 10 mg/kg/day miltefosine-treated
group (Figure 3); at Day 10, the average oocyst shedding was
2.45 x 10 0o/g of stool (P < 0.0001), at Day 14, 4.9 x 10? oo/g
of stool (P < 0.05) and, at Day 30, 13 oo/g of stool (P < 0.01).
Mice treated with 20 mg/kg/day of OIPC had the least important
reduction in oocyst shedding but remained significantly lower
than the 10 mg/kg miltefosine-treated mice. In fact, 4.04 x 107,
3.68 x 10°, and 5.95 x 10% 00/g of stool, was evaluated in these
20 mg/kg/day OIPC-treated mice at Day 10 (P < 0.01), Day 14
(P < 0.01), and Day 30 (P < 0.05) respectively (Figure 3).

Oocyst shedding was not statistically different between mice
treated with 30 mg/kg/day and 40 mg/kg/day at Days 10 and
14. The fact that the numerical value of the mean for parasite
burden/g of stool for the 40 mg/kg/day treated mice was slightly
higher at Days 10 and 14 than the one for 30 mg/kg/day treated
mice is most probably due to inter-individual variations in this
mouse model.

OIPC Significantly Reduces Parasite Burden in
the Intestines of C57BL/6 IFNyR-KO Mice
Infected with C. parvum

To quantitate parasite and oocyst burden in the intestines and
assess disease progression of infected mice during and after
their respective treatments, mice were euthanized and intestines
were collected at two time points: Days 10 or 30. Intestinal
samples from every mouse were processed individually to purify
C. parvum parasites, analyzed using qPCR and normalized to
parasites per gram of intestines (p/g of intestines). On Day 10,
infected control groups revealed massive levels of C. parvum in
the gut. Mice treated with PBS had the highest parasite burden
with 4.77 x 107 p/g of intestines followed by mice treated with
100 mg/kg/day of paromomycin with 5.01 x 10° p/g of intestines

(Figure 4A). Mice treated with 10 mg/kg/day of miltefosine also
had very high parasite burden with 7.94 x 10° p/g of intestines
(Figure 4A). In mice treated with OIPC, parasite burden was
significantly lower compared to the infected PBS control group.
After 7 days of treatment (Day 10), 20 mg/kg/day OIPC-treated
mice showed a parasite burden of 3.44 x 10° p/g of intestines
(P < 0.01; Figure 4A). In mice treated with 30 mg/kg/day of
OIPC the parasite burden was even lower with 1.81 x 10° p/g of
intestines (P < 0.001) corresponding to a 99.6% (2-log reduction)
parasite burden reduction in comparison with the PBS control
group (Figure 4A). Similarly, mice treated with 40 mg/kg/day of
OIPC also revealed a 99.6% reduction in parasite burden with
2.25 x 10° p/g of intestines (P < 0.001) when compared to the
infected PBS control mice (Figure 4A).

By Day 30, 17 days after the completion of the treatments,
surviving mice treated with 10 mg/kg miltefosine exhibited
a high parasite burden with 2.65 x 10° p/g of intestines
(Figure 4B). Parasite burden decreased in mice treated with
OIPC when compared to the 10 mg/kg miltefosine-treated
mice following a dose-dependent response. Indeed, in mice
treated with 20 mg/kg/day of OIPC, parasite burden obtained
was 1.09 x 10° p/g of intestines (not significant, P > 0.05),
whereas in mice treated with 30 mg/kg/day and 40 mg/kg/day,
parasite burden was 4.66 x 10° p/g of intestines (99.8% parasite
burden reduction, P < 0.05) and 692 p/g of intestines (99.97%
parasite burden reduction, P < 0.01) respectively (Figure 4B).
Additionally, by Day 30 there was an overall reduction in parasite
burden in each group compared to their burden at Day 10.

To cross-validate results obtained by qPCR and to confirm the
presence of C. parvum oocysts in the intestines, flow cytometry
was used to quantify the number of oocysts per gram of intestines
(oo/g of intestines). Flow cytometry data analysis allowed to
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identify oocysts by their size and morphology (FSC-A and SSC-
A) and to count them for each intestinal sample. In general,
total parasite burdens calculated by flow cytometry were lower
than those obtained by qPCR suggesting the presence of other
stages of the parasite in the intestines that flow cytometry cannot
distinguish. However, the results were supportive of those of
the qPCR. Mice treated with PBS, 100 mg/kg paromomycin and
10 mg/kg miltefosine showed an oocyst burden of 1.46 x 10°
oo/g of intestines, 2.3 x 10° oo/g of intestines and 4.53 x 10°
oo/g of intestines respectively (Figure 4A). In mice treated
with 20 mg/kg/day of OIPC, 9.4 x 10* oo/g of intestines
was detected which consisted in a 93.5% decrease in oocyst
burden compared to the PBS treated group (P < 0.01). The
reductions in oocyst burden increase in mice treated with 30
or 40 mg/kg/day of OIPC were only 180 oo/g of intestines
(99.98% reduction, P < 0.01) and 167 oo/g of intestines (99.98%
reduction, P < 0.01) respectively (Figure 4A). In both cases an
average 4-log reduction in oocyst burden was observed when
compared to PBS treated mice. In surviving mice treated with
10 mg/kg miltefosine, oocyst burden at Day 30 was 1.4 x 10°
00/g of intestines which is comparable to their oocyst burden at
Day 10 (Figures 4A,B). At Day 30, at 20 mg/kg/day of OIPC,
oocyst levels were slightly lower (6.63 x 10* 0o/g of intestines)
than mice treated with 10 mg/kg/day of miltefosine, but this
difference remained statistically non-significant (52.6% oocyst
burden reduction, Figure 4B). At 30 mg/kg/day of OIPC, oocyst
burden (2.81 x 103 oo/ g of intestines) increased compared to the
oocyst burden at Day 10 but still represented a 98% oocyst burden
reduction compared to the oocyst burden at Day 30 for 10 mg/kg
miltefosine-treated mice (Figure 4B). Finally, at 40 mg/kg/day of
OIPC, mice showed the lowest oocyst burden in their intestines

with 34 oo/g of intestine representing a 99.98% oocyst burden
reduction when compared to the 10 mg/kg miltefosine-treated
mice (P < 0.01, Figure 4B).

OIPC Eliminates the Presence of Oocysts in
Histological Sections of the lleum of C57BL/6
IFNyR-KO Mice Infected with C. parvum

To visually validate the presence of C. parvum life cycle stages
in the intestines of infected mice, the ileum was collected
from all mice at time of death. Sections from the ileum were
prepared and stained (H&E) for histopathology purposes. Ileum
sections from mice treated with PBS and 100 mg/kg/day of
paromomycin at Day 10 revealed an overwhelming presence of
C. parvum life cycle stages and severe damage to the epithelium
of the intestine (Figures 5A,B). Damage to intestinal mucosa
includes blunting of the villi, acute inflammation and formation
of fibrin (fibrinous hemorrhagic enteritis) resulting from local
hemorrhage and clotting (Figures 5A,B). The ileum of mice
treated with 10 mg/kg/day of miltefosine was as severely damaged
and infected as the other controls (Figure 5C). At Day 10,
C. parvum oocysts were also abundantly present in mice treated
with 20 mg/kg/day of OIPC and intestinal damage was also
present but to a lesser extent than in the infected controls
(Figure 6A). At the dose of 30 mg/kg/day of OIPC, mild intestinal
damage and inflammation were noticeable and C. parvum oocysts
were scarcely visible (Figure 6B). Finally, at 40 mg/kg/day,
mice displayed practically no signs of intestinal damage or
inflammation and a rare presence of C. parvum oocysts at Day 10
(Figure 6C). Slides from the ileum of non-infected controls were
also prepared to provide a negative reference for comparison
(data not shown).
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FIGURE 5 | Day 10 histological sections of the ileum of control
C57BL/6 IFNyR-KO mice infected with C. parvum. Representative
transverse sections of the ileum stained with H&E showing disease
progression. (A) lleum of mice treated with PBS. Formation of fibrin is
noticeable (yellow arrow). (B) lleum of mice treated with 100 mg/kg/day of
paromomycin. (C) lleum of mice treated with 10 mg/kg/day of miltefosine.
(A-C) Shows severe epithelial damage and abundance of oocysts. Each
group is represented at 100 and 400x magnifications. Red arrows indicate
C. parvum oocysts.

At Day 30, the surviving mice treated with 10 mg/kg/day
of miltefosine revealed an abundant presence of C. parvum
oocysts and severe damage to the gut epithelium (Figure 7A).
At the lowest concentration of OIPC, mice displayed a moderate
presence of C. parvum oocysts and only mild damage to the
intestinal epithelium (Figure 7B). At 30 and 40 mg/kg/day of
OIPC, mice showed a complete absence of C. parvum oocysts
and a healthy ileum in comparison with controls (Figures 8A,B).
Sections of ileum, liver and spleen (data not shown) were also
processed in uninfected (control) mice treated with 40 mg/kg/day
for 10 days and no inflammation or toxicity was noticeable.

Residual Infectious Oocyst Concentration from
Mice Exposed to OIPC is not Sufficient to

Cause a New Infection in Naive C57BL/6
IFNyR-KO Mice

Another experiment was conducted to determine whether there
was a sufficient number of infectious oocysts (more than the
minimal infectious dose) remaining in the intestines of surviving
mice at Days 10 or 30 to transmit the parasite and cause a
new infection. To do so, naive C57BL/6 IFNyYR-KO mice were

FIGURE 6 | Day 10 histological sections of the ileum of OIPC-treated
C57BL/6 IFNyR-KO mice infected with C. parvum. Representative
transverse sections of the ileum stained with H&E showing disease
progression. (A) lleum of mice treated with 20 mg/kg/day of OIPC shows
significant epithelial damage and abundance of oocysts. (B) lleum of mice
treated with 30 mg/kg/day of OIPC. (C) lleum of mice treated with

40 mg/kg/day of OIPC. Sections from (B,C) reveal mild gut epithelial damage
and rare presence of oocysts. Each group is represented at 100 and 400x
magnifications. Red arrows indicate C. parvum oocysts.

infected with a constant volume of the purified oocysts from
mouse intestinal samples coming from the different treatment
groups from both Days 10 and 30. In order to determine if
naive mice were infected, stool samples were taken once a week,
processed and analyzed by qPCR and light microscopy (Table 1).
Presence of C. parvum oocysts or DNA in the stool of these naive
mice suggests that a fully complete life cycle was achieved by the
parasite. Therefore, the concentration of infectious oocysts in the
purified intestinal samples of mice from the in vivo study would
be considered to cause a new infection. Results demonstrated that
only the purified intestinal samples from 40 mg/kg/day OIPC-
treated mice at Day 30 were not able to successfully transmit
a C. parvum infection in naive C57BL/6 IFNYR-KO mice. For
these inoculated naive mice, no oocysts could be seen by light
microscopy and no DNA could be detected by qPCR in the stool
even by Day 35 (Table 1). Additionally, no sign of illness were
observed and the histological sections of the ileum revealed a
complete absence of oocysts (data not shown). This observation
corroborates previous results as 40 mg/kg/day OIPC-treated mice
have been shown to have practically cleared the infection at D30.
However, naive C57BL/6 IFNyYR-KO mice infected with purified
intestinal samples from other treatment groups developed signs
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FIGURE 7 | Day 30 histological sections of the ileum of control and

20 mg/kg/day OIPC-treated C57BL/6 IFNyR-KO mice infected with

C. parvum. Representative transverse sections of the ileum stained with H&E
showing disease progression. (A) lleum of mice treated with 10 mg/kg/day of
miltefosine shows severe epithelial damage and abundance of oocysts.

(B) lleum of mice treated with 20 mg/kg/day of OIPC shows some epithelial
damage and moderate level of oocysts. Each group is represented at 100 and
400x magnifications. Red arrows indicate C. parvum oocysts.

FIGURE 8 | Day 30 histological sections of the ileum of 30 mg/kg/day
OIPC-treated and 40 mg/kg/day OIPC-treated C57BL/6 IFNyR-KO
mice infected with C. parvum. Representative transverse sections of the
ileum stained with H&E showing disease progression. (A) lleum of mice
treated with 30 mg/kg/day of OIPC. Section reveals no gut epithelial damage
and an absence of oocysts. (B) lleum of mice treated with 40 mg/kg/day of
OIPC presents no sign of epithelial damage and an absence oocysts. Each
group is represented at 100 and 400x magnifications.

of cryptosporidiosis. By Day 17, these inoculated naive mice
exhibited signs of illness (hunched back, weight loss, dehydration,
lethargy, and watery stools). Moreover, oocysts could be seen by
light microscopy and detected by qPCR (Table 1). Histological

sections revealed a heavy presence of C. parvum oocysts and
severe damage to the microvilli (data not shown). These results
suggested that the oocysts in the purified intestinal samples of the
other groups were sufficient to transmit C. parvum to a new host
and cause acute cryptosporidiosis.

Discussion

Cryptosporidium parvum is a recognized threat to public health
(Guerrant, 1997; Feldmann et al., 2002) and has been reported
in more than 40 countries in all five continents (Putignani and
Menichella, 2010). Many waterborne outbreaks reported in the
past decade do not limit C. parvum infection to developing
countries, but have been reported in Canada, USA, Sweden,
and France as a result of tap water contamination (Putignani
and Menichella, 2010). On one hand, Cryptosporidium causes
persistent diarrhea and stunting in young children (Putignani
and Menichella, 2010; Bouzid et al., 2013; Richard et al., 2014;
Shikani and Weiss, 2014) and, on the other hand, AIDS patients
can develop a chronic infection that can be fatal (Chen et al.,
2002; Chalmers and Davies, 2010; Bouzid et al., 2013; Mead
and Arrowood, 2014). The major issue comes from the lack
of efficacious treatment options for cryptosporidial infections
(Mead and Arrowood, 2014).

In this present study, we addressed the need for a new
efficacious treatment against cryptosporidiosis by testing the
compound OIPC, an alkylphosphocholine drug, already in
clinical development against leishmaniasis. As a close analog
of miltefosine, a drug recently approved by the FDA to treat
cutaneous, mucosal and visceral leishmaniasis (FDA, 2014) and
to treat primary amebic meningoencephalitis (CDC, 2013), OIPC
is suspected to share a similar mode of action by interfering
with parasitic lipid biosynthesis and cellular membrane integrity
while inducing apoptosis of the parasite (Dorlo et al, 2012).
Repurposing OIPC as an anti-cryptosporidiosis drug would have
several advantages as the safety of this compound is already
reported and pharmacological as well as pharmacokinetics
studies are already ongoing (Fortin et al., 2012).

Initial in vitro results demonstrated that OIPC efficiently
inhibits C. parvum infection of HCT-8 cells after 48 h exposure
to the drug. OIPC reduced parasite burden by 84% at >10 uM
and exhibited significant activity down to 10 nM with an ECs of
18.84 nM. We report here that the concentrations used for OIPC
and miltefosine to achieve a significant reduction in C. parvum
infectivity were far lower than the one published in the literature
for paromomycin (ECsp of 711 wM), the currently used drug
against cryptosporidiosis in AIDS patients (Armson et al., 1999;
Downey et al., 2008). The toxicity profile displayed by OIPC was
also very low with a 40% reduction in host cell viability only
at 100 uM and higher. Conversely, it was reported that HCT-
8 cells presented signs of toxicity when exposed to miltefosine
for 48 h at concentrations as low as 24.5 wM (Shahiduzzaman
et al,, 2009). Therefore, OIPC surpasses miltefosine in regards to
its safety in host cells. Even though many drugs have been shown
to successfully inhibit C. parvum infection in vitro, many of them
have failed to inhibit cryptosporidiosis in an animal model (Mead
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TABLE 1 | Infectivity of purified intestinal samples from the in vivo study in naive C57BL/6 IFNyR-KO mice.

Day 10° Day 17° Day 35°
Treatment? Microscopy qPCR Microscopy qPCR Microscopy qPCR
PBS Day 10 Yes Yes - - - -
Day 30 - - - - - -
100 mg/kg of paromomycin Day 10 Yes Yes - - - -
Day 30 - - - - - -
10 mg/kg of miltefosine Day 10 Yes Yes - - - -
Day 30 No No Yes Yes - -
20 mg/kg of OIPC Day 10 Yes Yes - - - -
Day 30 No No Yes Yes - -
30 mg/kg of OIPC Day 10 Yes Yes - - - -
Day 30 No No Yes Yes - -
40 mg/kg of OIPC Day 10 No No No Yes - -
Day 30 No No No No No No

aTreatment given to mice during the in vivo study. Purified intestinal samples from these mice at Days 10 or 30 were used to infect naive C57BL/6 IFNy R-KO mice.
PRepresents the day post-inoculation that the stool from naive mice was collected. The presence of C. parvum oocysts or its DNA in the stool of naive mice is scored
qualitatively. Dashes represent no available data due to mouse mortality during study: either there was no purified intestinal sample available to inoculate naive mice (i.e.,
no PBS-treated mice in the in vivo study survived until Day 30) or naive mice died during rechallenge study (no naive mice inoculated with purified intestinal samples from

mice treated with miltefosine survived until stool collection on Day 35).

and Arrowood, 2014). Such is the case for monensin (Blagburn
etal.,, 1991) and paromomycin which only started to show efficacy
in dexamethasone immunosuppressed mice at very high doses
of 1 g/kg/day (Healey et al., 1995). Because the action of the
drugs on C. parvum parasites is more direct when tested in vitro
than in an animal model, it is possible that the results from the
former does not translate to the latter (Mead and Arrowood,
2014). In fact, many factors influence the effect of drugs in vivo
on pathogens such as its bioavailability, pharmacodynamics and
pharmacokinetics as well as food and drug interactions. Thus,
it is important to understand the limitations of the C. parvum
in vitro model to mimic an in vivo model of infection and we
must acknowledge in vitro results only as informative precursors
to further investigations in animal models.

Therefore, to determine whether the in vitro activity of OIPC
on C. parvum could be translated in vivo, we decided to use
C57BL/6 IFNYR-KO mice, an animal model highly susceptible
to C. parvum infection (You and Mead, 1998; von Oettingen
et al., 2008). Unlike other immunocompromised animal models
where a very large C. parvum inoculum must be given (such as
the dexamethasone (Yang and Healey, 1993; Healey et al., 1995),
the SCID (Mead et al., 1995; Tzipori et al., 1995), the neonatal
(Downey et al., 2008) or the malnourished models (Costa et al,,
2012), C57BL/6 IFNYR-KO mice can consistently develop severe
illness with an infectious dose of only 10 oocysts (Yang et al., 2000;
von Oettingen et al., 2008). It has also been demonstrated that
doses as low as 1000 oocysts were lethal by Days 9-14 (Mead
and You, 1998; You and Mead, 1998) and 1500 oocysts lead
to 80% death in these mice (Ndao et al., 2013). In our study,
mice received 4000 oocysts by oral gavage and began receiving
treatment at Day 3 for a period of 10 consecutive days. By
increasing the inoculum in these mice, we were able to achieve
100% mortality in PBS treated mice by Day 10 which allowed
us to clearly identify the efficacy of the treatment. As early as

Day 10, major differences between mice treated with the highest
doses of OIPC (30 and 40 mg/kg/day) with other groups could
already be seen. Not only did 40 mg/kg/day of OIPC reduce
parasite and oocyst burden in the intestinal tract by 99.6 and
99.98% respectively after only 7 days of daily treatment (Day
10), it also allowed 100% of these mice to survive until the
experimental endpoint (Day 30; P < 0.001). At Day 30, parasite
and oocyst burden in the intestines of the 40 mg/kg/day OIPC-
treated group reached a 99.97 and 99.98% reduction respectively
(P < 0.001) in comparison with the 10 mg/kg miltefosine group.
These data firmly support that, even after the completion of the
treatment with OIPC, mice did not show any sign of relapse in
parasite burden or recurrence in clinical symptoms. In addition,
a complete elimination of oocyst shedding in the stools was
observed and no parasite was noticed by light microscopy of
histology section of ileum of 40 mg/kg/day OIPC-treated mice
at Day 30. In consequence, it is not surprising that purified
intestinal samples from 40 mg/kg/day OIPC-treated mice at D30
were incapable of further transmitting the infection to naive
C57BL/6 IFNYR-KO mice. Together, this validates the hypothesis
that OIPC rescued/cured immunocompromised mice from a
lethal infection with C. parvum and, even if the 40 mg/kg/day
OIPC treatment did not completely clear infection at Day 30
(Figure 4B), it is not likely that the surviving parasites can cause
a recrudescence of infection if mice were not sacrificed at Day 30.

In short, we used a stringent animal model that clearly
discriminated if a drug was sufficiently potent to rescue mice
from a lethal infection. In this model, paromomycin, given at
100 mg/kg/day for 10 days, failed to rescue mice, whereas in a
neonatal model, where the same dosage of paromomycin was
given for 6 days, it was able to reduce oocyst burden in the
distal colon by 97% and oocyst shedding by 96% (Downey et al.,
2008). However, these numbers are not corroborated by clinical
cases, where paromomycin treatments are associated with a high
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probability of relapse in AIDS patients (Hewitt et al., 2000;
Cabada and White, 2010). At lower doses, 30 and 20 mg/kg/day
of OIPC, treatments were still able to keep 75% of infected
mice alive at Day 30, but were not able to eliminate oocyst
shedding. Moreover, purified intestinal samples from these mice
were capable of transmitting the infection to other naive C57BL/6
IFNYR-KO mice. This suggests that the dose of these OIPC
treatment regimens were not sufficient to eliminate C. parvum
parasites or to prevent a recurrent infection after the end of
the treatment (even though there was a 98% oocyst burden
reduction in the intestines by Day 30). Finally, miltefosine was
also tested at 10 mg/kg/day for 10 days as a control because
of the similar properties and structure it shares with OIPC.
Results demonstrated that it had modest, but significant level
of activity against C. parvum infection since it was able to
rescue 50% of infected mice at Day 30. However, the surviving
mice were still heavily infected and presented severe signs of
illness.

No sign of discomfort or behavioral changes were noted in
infected and uninfected mice treated with 40 mg/kg/day of OIPC
for 10 days, which is supportive of data previously obtained in a
mouse model of leishmaniasis (Fortin et al., 2014). Additionally,
sections of the ileum, liver and spleen from these mice showed
no signs of toxicity or inflammation associated to OIPC (data not
shown).

The present study did not compare miltefosine and OIPC at
the same dosages across the entire range. While this may be
perceived as a limitation, it was reflective of concerns regarding
miltefosine toxicity at higher doses (FDA, 2014).

In summary, the strong activity of OIPC on C. parvum
parasites in vitro was thoroughly supported by the outcome of the
animals in our in vivo study as OIPC rescues C57BL/6 IFNyR-
KO mice from a lethal infection of C. parvum. Data obtained
by qPCR from the in vivo study was not only cross-validated
by flow cytometry and light microscopy, but was also confirmed
visually by histological sections from mice ileums. Furthermore,
OIPC demonstrated, at its highest dose, a lasting effect and mice
showed no sign of relapse of infection even 17 days after the end
of the treatment. As an analog of miltefosine, we hypothesize
that OIPC will have the same mechanism of action on the
parasite, that is by causing an irreversible inhibition of the
phospholipid biosynthesis pathway leading to the apoptosis in the
parasite; further studies will be needed to confirm this hypothesis
(Anthony et al, 1999; Dorlo et al, 2012). Together, this
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