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Abstract: Babesiosis is an emerging tick-borne disease caused by apicomplexan parasites of the genus
Babesia. With its increasing incidence worldwide and the risk of human-to-human transmission
through blood transfusion, babesiosis is becoming a rising public health concern. The current arsenal
for the treatment of human babesiosis is limited and consists of combinations of atovaquone and
azithromycin or clindamycin and quinine. These combination therapies were not designed based
on biological criteria unique to Babesia parasites, but were rather repurposed based on their well-
established efficacy against other apicomplexan parasites. However, these compounds are associated
with mild or severe adverse events and a rapid emergence of drug resistance, thus highlighting the
need for new therapeutic strategies that are specifically tailored to Babesia parasites. Herein, we
review ongoing babesiosis therapeutic and management strategies and their limitations, and further
review current efforts to develop new, effective, and safer therapies for the treatment of this disease.

Keywords: babesiosis; Babesia microti; Babesia duncani; parasite; therapy; atovaquone; endochin-like
quinolones (ELQs)

1. Introduction

Human babesiosis is a rapidly emerging tick-born infectious disease caused by in-
traerythrocytic parasites of the genus Babesia. Of several hundred Babesia species identified
so far, only a few are known to infect humans. These include Babesia microti, Babesia duncani,
Babesia divergens and divergens-like species, Babesia crassa-like, and Babesia venatorum [1]. In
the United States, most cases of human babesiosis have been attributed to infection with
B. microti, but sporadic cases due to infection with B. duncani and B. divergens-like MO1
have also been reported. In Europe, B. divergens used to be the main species responsible for
infection in humans. However, recent studies suggest that B. microti and B. venatorum are
now more prevalent than B. divergens [2]. In China, human babesiosis is mainly caused by
B. microti and B. venatorum, and in the rest of the world, only a few sporadic cases have
been reported and were mostly linked to B. microti infection [2].

Babesia spp. are apicomplexan parasites that infect the host red blood cells and are
transmitted to mammals by tick vectors (Figure 1). The species of ticks involved in the
transmission of Babesia pathogens vary depending on the geographical area and parasite
species [1,2]. During the life cycle of Babesia, humans are typically accidental hosts, and
most infections are linked to a tick route of transmission [1,2]. However, an increasing
number of transfusion-transmitted babesiosis cases have been reported in the US over
the past 2-3 decades, making Babesia infections a major public health concern [1,3-6]. In
2011, human babesiosis became a nationally notifiable disease in the US [5] and as one of
the most common transfusion-transmitted pathogens in the US, B. microti was added to
the list of significant threats to the blood supply [3,4]. In addition to human-to-human
transmission through blood transfusion, several reports have also established the possibility
of transplacental transmission from mother to child [1].
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Figure 1. Cycle of transmission of the most common Babesia species, B. microti. During a blood meal, an infected tick

introduces merozoites into the host (mouse or deer, for example). Free merozoites enter red blood cells and undergo

asexual replication. While in the blood, some parasites differentiate into male and female gametocytes (not morphologically

recognizable by light microscopy). These gametocytes are then taken up by a tick during a blood meal and differentiate

into gametes. While in the gut, gametes fuse to form a zygote, that will subsequently undergo meiotic and several mitotic

divisions to form sporozoites that are then transmitted to a mammalian host. Humans are typically accidental hosts and

become infected through the bite of an infected tick. Human to human transmission is also possible via blood transfusion.

In most individuals, babesiosis remains asymptomatic or presents with mild flu-
like symptoms [1,2]. However, in more susceptible populations, such as the elderly, as-
plenic, or immunocompromised individuals, the disease can become severe and even
life-threatening, with symptoms such as severe anemia, acute respiratory distress, organ
failure, and death [1,2].

In the following sections, we describe the current treatment and management of
Babesia-infected patients and their limitations. Furthermore, we report on the development
and evaluation of novel and highly promising antibabesial therapies.

2. Current Treatments against Human Babesiosis

The current arsenal for the treatment of human babesiosis relies principally on four
drugs: atovaquone, azithromycin, clindamycin, and quinine. Atovaquone is used to treat
several human diseases, including Pneumocystis jirovecii pneumonia [7], toxoplasmosis [8],
and malaria (in combination with proguanil (Malarone) [9]. In apicomplexan parasites,
atovaquone targets the cytochrome bc; complex of the mitochondrial electron transport
chain (Figures 2 and 3) [10-13]. Azithromycin is a relatively broad-spectrum antibiotic
indicated for the treatment of numerous bacterial infections, such as those caused by Staphy-
lococcus spp. [14-16] and Legionella spp. [17]. The antibiotic is also used for the treatment of
toxoplasmosis [12] and, in combination with other drugs, for the treatment of malaria [18].
Azithromycin is a well-characterized protein synthesis inhibitor, which in apicomplexan
parasites targets the translation machinery in the apicoplast (Figure 2) [19-21]. It is worth
noting that azithromycin was found to have a “delayed death” effect, in which parasite
division produces viable daughter cells that are subsequently unable to divide in the fol-
lowing cycle [19,21,22]. Clindamycin is another antibiotic commonly used for the treatment
of various bacterial infections [23] and repurposed for the treatment of parasitic infections.
In combination with quinine, clindamycin is used for the treatment of both malaria and
babesiosis [24-26]. Several reports have suggested that clindamycin acts in a similar way
as azithromycin and targets protein synthesis in the apicoplast (Figure 2) [19,21,22]. Fur-
thermore, selection of clindamycin-resistant T. gondii parasites showed cross-resistance to
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azithromycin, further suggesting a common target [27]. Quinine is a widely used antimalar-
ial agent, typically administered in combination with an antibiotic such as clindamycin or
doxycycline [28]. However, the drug is poorly tolerated and, as such, tends to be replaced
by alternative drugs with fewer side-effects [28,29]. In malaria parasites, several modes
of action for quinine have been proposed. The most commonly reported mechanism of
action involves the disruption of hemozoin formation, resulting in accumulation of free
ferriprotoporphyrin IX, a by-product of hemoglobin degradation, which is deleterious
to parasite growth [30-32]. Confocal imaging using fluorescent derivatives of quinine
and its structural analogues, quinidine and chloroquine, have shown accumulation of
the probes in the digestive vacuole, consistent with the activity of this compound in this
organelle [32,33]. Unlike Plasmodium parasites, Babesia species lack a digestive vacuole, do
not degrade hemoglobin, and do not produce hemozoin. Therefore, the mode of action
of quinine against Babesia parasites is likely to be different from that in Plasmodium. In-
terestingly, fluorescent probes were found to bind to phospholipids and to accumulate in
membranous structures, including the parasite plasma membrane, the endoplasmic retic-
ulum, and the mitochondrion, suggesting that quinine may inactivate specific biological
functions in these organelles [32,33]. Another proposed hypothesis is that quinine acts as
a DNA intercalator [34-36]. However, the lack of fluorescence in the nucleus reported by
Woodland et al. seem to refute interactions with DNA as a potential mode of action [32,33].
More recently, a study in P. falciparum using thermal shift assays suggested that the purine
nucleoside phosphorylase (PfPNP) might also be a target of quinine [37].

Azithromycin
Clindamycin

Atovaquone
ELQs

Figure 2. Schematic representation of a Babesia-infected red blood cell and sites of action of some
approved and experimental drugs. Azithromycin and clindamycin target the apicoplast; atovaquone
and ELQs target the mitochondrion. A: apicoplast, C: conoid + polar rings, DG: dense granule, ER:
endoplasmic reticulum, G: Golgi apparatus, M: mitochondrion, MN: microneme, PPM: parasite
plasma membrane and R: rhoptry.
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Figure 3. Proposed mechanism of action of atovaquone and endochin-like quinolones in Babesia mitochondrion.

(a) Schematic representation the mitochondrial electron transfer chain. (b) Schematic representation of the parasite bcy

complex with proposed mode of action of atovaquone and ELQs.

The severity of babesiosis depends mainly on the host’s immune status, the presence
of risk factors and the Babesia species responsible for the infection. In symptomatic patients,
babesiosis usually manifests with flu-like symptoms such as fever, fatigue, chills, sweats,
and headache [38]. For this moderate form of the disease, typically associated with a low
parasitemia level (<4%) [26], no hospital admission is required and a 7-10-day treatment
course of oral atovaquone + azithromycin (500 mg azithromycin on day 1, followed by
250 mg on subsequent days + 750 mg b.i.d. atovaquone) is recommended [26,38]. Babesiosis
typically resolves within seven days from the start of the treatment, but asymptomatic, low
level parasitemia may persist for up to one year [26]. Monitoring of persistent parasitemia
in immunocompetent individuals following treatment is usually not necessary. However,
given the risk of transmission of Babesia parasites through blood transfusion, these patients
are excluded as blood donors [3]. Immunocompromised individuals are more at risk of
developing a severe form of babesiosis, resulting in complications such as acute respiratory
distress syndrome, disseminated intravascular coagulation, severe hemolytic anemia, organ
failure, splenic rupture, relapse, and death [2,26]. A combination of oral clindamycin +
quinine (600 mg + 650 mg, every 8 h) is the standard of care for the treatment of severe
babesiosis [26,38]. However, this treatment regimen is frequently associated with serious
side effects, such as hearing loss, vertigo, and tinnitus. In some cases, these side effects
can be so severe that dose reduction or discontinuation of treatment is required [38].
Recently, it has been demonstrated that a combination of atovaquone + azithromycin
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is also suitable for the treatment of severe babesiosis, displaying comparable efficacy to
clindamycin + quinine with fewer side effects [39]. Although atovaquone + azithromycin
is now the preferred course of treatment for severe babesiosis, the standard 7-10-day
treatment regimen of oral atovaquone + azithromycin is usually not enough to eliminate
Babesia infection. Higher doses, longer treatment duration, and in some cases intravenous
administration is required to clear the infection [26]. It is also worth noting that the use
of immunosuppressive agents such as Rituximab to treat prior illnesses (B cell lymphoid
malignancies, rheumatoid arthritis, etc.) may lead to babesiosis relapse and extended
persistence of Babesia parasites [40-42].

One downside of a prolonged treatment regimen and dose escalation is the risk of
developing drug resistance. Previous reports have established the emergence of mutations
in the cytochrome b (Cytb) of Babesia parasites in humans and animal models following
treatment with atovaquone [11,42,43]. In 2016, Lemieux et al. examined clinical isolates
of relapsing babesiosis and identified a methionine to isoleucine mutation (M134I) in the
Qo site (atovaquone-binding site) of the BmCytb [43]. This same mutation was observed
in a murine model of B. microti infection [11], as well as in other apicomplexan parasites,
such as P. falciparum and T. gondii [43]. Later, Simon et al. reported a Y272C mutation in
the BmCytb Q, site in a patient presenting with relapsed B. microti infection following an
atovaquone + azithromycin treatment course [42]. In both cases, these mutations have
been shown to impact the atovaquone-binding domain [44] and appear to be associated
with decreased sensitivity to the drug [42,43]. With regard to azithromycin resistance,
sequencing of clinical isolates obtained from patients with relapsing babesiosis identi-
fied mutations in the ribosomal protein subunit L4 (RPL4) encoded by the apicoplast
genome [42,43]. Lemieux et al. identified three substitutions in the RPL4: R86H, R86C
and S73L [43]. Simon et al. observed the same R86C mutation in a patient presenting
with relapsing babesiosis following atovaquone + azithromycin treatment [42]. Similar
mutations associated with azithromycin resistance have been reported in P. falciparum [20]
and S. pneumoniae [45] RPL4. Alternative management strategies for human babesio-
sis in the case of persistent relapse include the use of different drug combinations such
as atovaquone + azithromycin + clindamycin, atovaquone + clindamycin, atovaquone
+ proguanil, or atovaquone + azithromycin + clindamycin + quinine [26,41,46,47]. The
introduction of other drugs such as doxycycline, moxifloxacin, pentamidine, trimethoprim-
sulfamethoxazole or artemisinin to treatment regimens with the standard therapies was
also reported [40,48]. A recent study in a small cohort of patients suffering from Lyme
disease and babesiosis co-infection suggested improvement, and in some cases remission,
following one course of disulfiram monotherapy [49]. In patients with high parasitemia
(>10%), exchange transfusion is recommended and often results in a rapid reduction of the
parasite load [26,50].

Despite clinical evidence that atovaquone, azithromycin, clindamycin and quinine
can be used to manage human babesiosis, preclinical evaluation of these drugs in different
models of Babesia infection has not demonstrated unanimous results with regards to their
efficacy. Clindamycin showed only limited activity at a dose of 300 mg/kg (p.o.) in
B. microti-infected Mongolian jirds [51]. When evaluated in B. microti-infected hamster,
a course of 150 mg/kg (i.m. or p.o.) of clindamycin resulted in a two-fold decrease in
peak parasitemia. Similar results were obtained when clindamycin was administered in
combination with quinine [52]. AboulLaila et al. reported a ~three-fold decrease in peak
parasitemia following i.p. injection of 500 mg/kg of clindamycin in B. microti-infected
Balb/c mice [53]. Another study using the same Balb/c model of B. microti infection showed
that oral administration of clindamycin at 25, 50, and 100 mg/kg did not lead to reduction
of parasite burden [54]. Similar results were obtained by Lawres et al. following oral
administration of 10 or 50 mg/kg of clindamycin to immunocomprimized mice infected
with B. microti [11]. The consensus seems to be more apparent in the case of quinine,
where most studies report no effect on parasitemia following administration of quinine as a
single drug [11,52,54]. Interestingly, a combination of clindamycin + quinine was reported
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to achieve up to 70% suppression of parasitemia [55] and result in a faster resolution of
parasitemia compared to clindamycin alone [52], suggesting a potential synergy between
the two drugs. Preclinical investigation of azithromycin efficiency against Babesia parasites
also yielded inconsistent results. In B. microti-infected Balb/c mice, a four-day treatment
course with azithromycin at 25, 50, and 100 mg/kg was found to be potent, resulting in
75-96% suppression of parasitemia [54]. In contrast, the evaluation of azithromycin in
B. microti-infected SCID mice showed no effect on parasitemia at 10 and 50 mg/kg after
a seven-day treatment course [11]. Similar results were obtained in B. microti-infected
hamsters, where 150 mg/kg azithromycin treatment regimen, administered daily for
almost two weeks, showed no apparent effect on parasitemia [56]. Out of the four clinically
used drugs in the treatment of babesiosis, only atovaquone seems to consistently show
high potency against Babesia parasites [11,56-59]. Studies carried out in B. microti-infected
hamsters and SCID mice reported fast clearance of parasitemia following treatment with
atovaquone [11,56]. However, recrudescence due to atovaquone-resistant parasites was
observed [11,56]. In B. microti-infected hamsters, a combination therapy of atovaquone +
azithromyecin resulted in rapid clearance of parasitemia without recrudescence [56]. In a
lethal model of B. microti infection in hamsters, atovaquone monotherapy was found to
be superior to a combination of clindamycin + quinine, resulting in low to undetectable
parasitemia and extended survival [58]. Potency of atovaquone was also demonstrated in
B. divergens [59] and B. duncani [57] models, with ICsy values in the low nanomolar range.
In gerbils, although prophylaxis experiments were not successful, a dose of atovaquone as
low as 0.5 mg/kg was found to efficiently prevent B. divergens infection, so long as daily
treatment was maintained several days post-infection [59]. In the case of B. duncani, a
treatment course of 10 mg/kg atovaquone resulted in a clear reduction of parasitemia and
80% survival using a mouse model of lethal infection [57]. The results derived from the
evaluation of atovaquone, azithromycin, clindamycin, and quinine in preclinical models of
babesiosis are summarized in Table 1.

While combinations of atovaquone + azithromycin and clindamycin + quinine have
been used for more than 20 years for the treatment of human babesiosis [60], the efficacy
of these drugs and their primary modes of action in Babesia parasites have only recently
started to be elucidated.

Table 1. Reported efficacy of atovaquone, azithromycin, clindamycin and quinine in animal models of babesiosis.

Drug Treatment Regimen Model Effect Ref.
B. microti ~5.7 x reduction in
20mg/kg (p-0), 5d Balb/c mice peak parasitemia. (611
B. microti 77% suppression of
25 mg/kg (p-0.), 4 d Balb/c mice parasitemia at DPI 9. [54]
B. microti 87% suppression of
50mg/kg (p.0) 4d Balb/c mice parasitemia at DPI 9. [54]
B. microti 93% suppression of
100 mg/kg (p-0-), 4 d Balb/c mice parasitemia at DPI 9. [54]
Parasitemia clearance
Atovaquone B. microti followed by
10mg/ks (p-0.), 7 d SCID mice recrudescence by D5-9 [t
post-treatment.
Parasitemia clearance
B. microti followed by
10mg/kg (p-0), 10d SCID mice recrudescence by D14 571
post-treatment.
Parasitemia clearance
B. duncani followed by
10 mg/kg (p.o.),10d C3H/HeJ mice recrudescence by D10 [57]

post-treatment. 80%
survival.
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Table 1. Cont.

Drug Treatment Regimen Model Effect Ref.
Smfsporid el Piewmed
omgfigparid LU Sy

aomyan Omaigpoldd LU sl
10 mg/kg (p.0.), 7 d Sléln];iigoitcie No effect. [11]
50 mg/kg (p.0.), 7 d S%I”gi;"itc"e No effect. [11]
300 mg/kg (p-0.), 5d Moig?llgztjiirds szﬁoa/(;ii:gi);e;ts }:());10;. (511
Fomggims B Pk
150 mg/kg (p-0.), 8d Golcllgt;.rT }lgﬁiters > ;eij;ttf;;; peak 521
S T T R M =
25 mg/kg (p.o.),4d Bfibn;lccztilce No effect. [54]
50 mg/kg (p.0.), 4 d BaBibn;iC:gtiie No effect. [54]
100 mg/kg (p.o.), 4 d B. microti Balb/c mice No effect. [54]
10 mg/kg (p.0), 7 d et No effect. [11]
50 mg/kg (p.o.), 7 d Sfé;gi:)ii No effect. [11]
125 mg/kg (s.c.), 8d Golfér}i‘;ﬁi . No effect. [52]
250 mg/kg (p.0.), 8d ol feﬂf:fr’i’s s No effect. 52]
25 mg/kg (p.0.), 4d BaBl'b”;i":fie No effect. [54]

Quinine 50 mg/kg (p.o.),4d Bfibn;icrztiie No effect. [54]
100 mg/kg (p.0.), 4 d Bfibn;iczéie No effect. [54]
10 mg/kg (p.0.),7d S%Iygii;oize No effect. [11]
50 mg/kg (p.0.), 7 d Sfélnlgii;(;tcie No effect. [11]
100 mg/kg (p.0.), 7 d S%I”gi;"itc’; No effect. [11]

3. In Vitro and In Vivo Models for the Evaluation of Novel Anti-Babesia Therapies

Evaluation of the potency of novel drugs for the treatment of human babesiosis has
proven challenging due to the absence of a continuous in vitro culture system for B. microti,
the main causative agent of human babesiosis. A B. microti short-term ex vivo system has
been used previously for growth inhibition assays [11,62]. However, this culture system is
not amenable for high-throughput screening of large libraries of compounds. Despite the

current challenges faced in the development of a stable B. microti in vitro culture system,
this parasite can easily be propagated in rodents, such as mice [63-65], hamsters [66], and
gerbils [51]. Two very distinct profiles of B. microti infection in preclinical models have been
observed, depending on the immune status of the host. In immunocompetent animals,
such as Balb/c mice, golden hamsters, or gerbils, the parasitemia typically rises within
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a few days following infection, reaches a peak (40-60% parasitemia), and then resolves
on its own [63-65]. In immunocompromised animals, such as SCID and rag2D mice, the
parasitemia rises and then plateaus at ~50-80% parasitemia [11,57,63]. Immunocompro-
mized mice infected with B. microti maintain high parasitemia levels over time but do not
succumb to infection [11,57,63]. Although the most commonly used B. microti preclinical
models (described above) are non-lethal, one research group reported the use of a lethal
model of B. microti infection in hamsters using the ATCC30222 strain [58,67]. In this model,
parasite inoculation results in fulminating disease reaching 90% parasitemia and almost
100% mortality by DPI 12 [58,67]. This model of infection was previously used to evaluate
the potency of atovaquone [58].

In vitro culture of B. divergens, a species known to infect humans and cattle [1], has
been established in mammalian erythrocytes and can be used for the evaluation of potential
drug candidates [59,68-73]. An in vivo model of B. divergens is available in gerbils [74,75]
and has been used for the evaluation of potential antibabesial drugs [59,76]. Multiple other
rodent species such as rats, mice, hamsters or guinea pigs were tested for the establishment
of infection, but none developed parasitemia [74].

The first in-vitro culture system of B. duncani in hamster red blood cells was established
in 1994 [77]. More recently an adapted protocol of B. duncani culture in hamster RBCs
was reported using another culture medium [78]. The authors also investigated alternate
RBC sources such as mouse, rat, horse or cow. None of these RBCs were able to sustain
B. duncani growth [78]. In 2018, Abraham et al. reported the first continuous in vitro
culture system for B. duncani in human erythrocytes [79]. The development of this system
allowed for the high-throughput screening of novel derivatives for the treatment of human
babesiosis [57]. B. duncani can be propagated in hamsters and typically results in fatal
infection following the development of pulmonary edema and respiratory distress [80,81].
However, to the best of our knowledge, the B. duncani hamster model was not used for the
assessment of potential antibabesial drugs. B. duncani infection can also be established in
mice and is associated with a fatal outcome in specific mouse genetic backgrounds [82,83].
Similar to the hamster model, B. duncani-infected mice present with pulmonary edema,
leading to respiratory distress and death [83]. Interestingly, it was shown that susceptibility
to acute babesiosis following B. duncani infection is significantly influenced by the gender
and genetic background of the animal [82]. Recently, Chiu et al. presented the first use
of a lethal model of B. duncani infection in mice for the evaluation of novel promising
candidates for the treatment of human babesiosis [57]. The different models of in vitro
and in vivo B. microti, B. divergens, and B. duncani available for the evaluation of novel
therapeutics are summarized in Table 2.

Table 2. Current in vitro and in vivo systems available for B. microti, B. divergens and B. duncani propagation.

Babesia Species In Vitro System In Vivo Model
B. microti Short-term ex vivo system [11,62] Mice [63-65], hamsters [58,66,67], gerbils [51]
B. divergens Continuous in vitro culture system in human RBCs [69] Gerbils [74,75]

B. duncani

Continuous in vitro culture system in hamster [77,78]

and human [79] RBCs Mice [57,82,83], hamsters [80,81]

Overall, there is a wide variety of Babesia models available. However, finding comple-
mentary systems can prove challenging. Even though B. microti accounts for the majority
of human babesiosis cases, the absence of a continuous in vitro culture system makes it
challenging to use this species for drug discovery purposes. On the other hand, B. divergens
can be used for in vitro drug screening. However, it’s in vivo model using gerbils may not
be widely accessible. Considering this, B. duncani appears as the Babesia species of choice
for drug development. The availability of a stable in vitro culture system in human red
blood cells allows for high-throughput screening of large libraries of candidates, offering
the possibility to conduct detailed structure-activity relationship studies. Furthermore, the
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availability of a reproducible model of B. duncani lethal infection in immunocompetent
mice offers a reasonably affordable option to assess promising drug candidates.

4. Novel Therapies under Investigation for the Treatment of Human Babesiosis

The recent effort to develop new therapeutics for the treatment of human babesio-
sis has mostly focused on repurposing known anti-piroplasm agents. A large library of
antimalarial drugs, such as artesunate, artemether, dihydroartemisinin, chloroquine, meflo-
quine, piperaquine, halofantrine, lumefantrine, pyrimethamine, and pyronaridine, has been
assessed against B. microti but failed to demonstrate much, if any, efficacy against parasite
load at the selected dose [51,54,55]. Other antimalarials such as primaquine, pentaquine and
robenidine showed potent parasitemia suppression in B. microti-infected animals [51,54].
Screening of the Malaria Box, a 400-compound library with known antimalarial activity [84],
led to the identification of nine compounds with low micromolar/nanomolar potency
(2.1 uM to 160 nM) against B. divergens cultured in human erythrocytes [71]. To the best of
our knowledge, no further evaluation of the most promising candidates has been reported
so far. More recent screenings of the Malaria Box and the Pathogen Box (400 compounds
active against neglected diseases) also reported 38 and nine compounds, respectively, with
nanomolar potency against Babesia species responsible for bovine (B. bovis and B. bigemina)
and equine (B. caballi) babesiosis [85,86]. The two most promising compounds identified
from the Pathogen Box screening were further assessed in B. microti-infected Balb/c mice
and showed significant reduction of peak parasitemia [85].

Over the recent years, a large number of drugs, including actinonin [87], atranorin [61],
N-acetyl-L-cystein [88], chalcone-4-hydrate [89], trans-chalcone [89], cryptolepine [90],
ellagic acid [91], eflornithine [92], fusidic acid [93], gossypol [94], gedunin [95], hydrox-
yurea [92], luteolin [87,95], nimbolide [95], pepstatin A [96], xanthohumol [94], fluoro-
quinolone derivatives (enrofloxacin, enoxacin, norfloxacin, ofloxacin, trovafloxacin) [97,98],
ciprofloxacin and some of its novel derivatives [53,99], and natural extracts of Syzygium aro-
maticum [100], Camellia sinensis [100], Cinnamomum verum [101], Olea europaea, and Aca-
cia laeta [102] have been assessed for antibabesial properties. The in vitro evaluation
of these derivatives was mainly carried out against the species responsible for bovine
and equine babesiosis and revealed, in most cases, growth inhibition in the micromolar
range. Invivo evaluation of these compounds was typically performed in B. microti-
infected hamsters or Balb/c mice. In most cases, diminution and/or delay in peak par-
asitemia was observed, but none of the monotherapies displayed high potency against
B. microti [61,90-92,94,97,100,101]. Although some of these compounds could turn out to
be promising for veterinary use, they are unlikely to be accepted for clinical use based on
their poor selectivity indices. Despite this fact, some of these drugs could be investigated as
starting points for structural optimization for the development of novel antibabesial agents.

Out of the multiple derivatives recently reported with potent anti-Babesia efficacy,
tafenoquine, clofazimine, and endochin-like quinolones are probably the most promis-
ing drugs.

Tafenoquine, previously known as WR238605, is an 8-aminoquinoline. In 2018, tafeno-
quine was approved by FDA for the radical cure of Plasmodium vivax infection and for
chemoprophylaxis of malaria [103]. Several research groups have investigated the potential
of tafenoquine against Babesia parasites [55,104-106]. In 1997, Marley et al. reported that
a twice daily injection of Tafenoquine (i.m.) at 52 mg/kg for four days resulted in 100%
parasitemia suppression by day 3 post-drug removal in B. microti-infected golden ham-
sters [55]. Furthermore, a subpassage experiment was carried out to determine whether
parasitologic cure was achieved. None of the animals that received blood from tafenoquine-
treated hamsters became parasitemic after six weeks post-administration, indicating that
treatment resulted in complete cure of B. microti infection [55]. More recently, Mordue et al.
evaluated tafenoquine in B. microti-infected SCID mice [106]. When parasitemia reached
~10%, mice were administered with a single dose of 20 mg/kg of tafenoquine (p.o.). By day
4 post-treatment, parasitemia level was undetectable in tafenoquine-treated animals and
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remained so until the end of the experiment (day 18 post-treatment). To assess whether
the lack of detection of parasites in blood smears was indicative of cure, blood collected
from tafenoquine-treated animals at day 18 PT was injected in naive SCID mice. The
newly inoculated animals developed detectable parasitemia within one week. Interestingly
administration of a single dose of 20 mg/kg tafenoquine (p.o.) resulted in undetectable
parasitemia within four days, indicating that the parasites remained sensitive to tafeno-
quine. In the case where mice were kept beyond day 18 PT, recrudescence was observed
day 37 PT. In a separate experiment, B. microti-infected mice were treated with a first dose
of 25 mg/kg of tafenoquine (p.o.) when parasitemia reached ~20%, followed by a second
dose of 12.5 mg/kg of tafenoquine (p.o.) three days later to account for the decrease of
plasma concentration. By day 5 after administration of the first dose, parasitemia was below
detection level and remained so until day 28 PT. Subpassage of blood collected at day 28 PT
in naive SCID mice resulted in detectable parasitemia with nine days post-inoculation.
Overall, although no radical cure was achieved in these experiments, a single oral dose
of tafenoquine was found efficient to rapidly reduce parasitemia burden. It is also worth
noting that despite the recrudescence observed following treatment, re-emerging parasites
did not develop resistance to tafenoquine and remained susceptible to the drug [106]. In
2020, Carvalho et al. investigated tafenoquine in B. microti-infected Balb/c mice. Potent
inhibition was observed following administration of 10 mg/kg of tafenoquine (three doses
on alternate days, p.o.) or of a combination of 10 mg/kg of tafenoquine (three doses
on alternate days, p.o.) + 25 mg/kg artesunate (five daily doses, i.p.), starting at day 4
post-infection [104]. In both cases, a ~5.6-fold reduction in peak parasitemia was observed
and parasitemia was undetectable from DPI 9 by examination of Giemsa-stained thin-blood
smears and remained so until the end of the study (DPI 30). However, except for one
animal from the tafenoquine + artesunate treatment group, all mice remained positive for
B. microti infection by PCR at DPI 27. Interestingly, subpassage of blood collected from
tafenoquine-treated mice in a naive Balb/c mouse resulted in the development of para-
sitemia, whereas the mouse receiving blood from combination-treated animals remained
negative [104].

Based on the results described above (summarized in Table 3), tafenoquine could be
an interesting drug candidate for further evaluation for the treatment of human babesiosis.
With its extended half-life in humans (12-17 days) [106], only a few doses may be required,
thus limiting the development of drug resistance. One downside, however, is that tafeno-
quine causes severe hemolytic anemia in patients with glucose-6-phosphate dehydrogenase
(G6PD) deficiency [105,107,108], and as a result its use is contraindicated in such cases.
While the exact mechanism of action of tafenoquine in Babesia parasites remains unknown,
one hypothesis is that the 8-aminoquinoline mediates oxidative stress within the parasite
without damaging the host red blood cells of individuals with active G6PD [105]. The
latter enzyme plays a key role in the production of NADPH and protects red blood cells
from damage by reactive oxygen species (ROS). In the case of G6PD deficiency, NADPH
is at a level that is not enough to protect the RBCs from tafenoquine-induced oxidative
stress [105].

Table 3. Preclinical evaluation of promising new therapeutics for the treatment of human babesiosis: tafenoquine, clofaz-

imine and endochin-like quinolones (ELQs).

Drug Treatment Regimen Model Effect Ref.
B. microti Parasitemia clearance
ELQ-271 10 mg/kg (p.0.),7d . . followed by recrudescence [11]
SCID mice
by D12 post-treatment.
B. microti Parasitemia clearance
ELQ-316 10 mg/kg (p.0.),7d SCID mice followed by recrudescence [11]

by D12 post-treatment.
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Table 3. Cont.

Drug Treatment Regimen Model Effect Ref.
B. microti Parasitemia clearance
ELQ-334 10 mg/kg (p.0.), 7 d S éID mice followed by recrudescence [11]
by D16 post-treatment.
B. microti Parasitemia clearance
ELQ-334 + Atovaquone 10 + 10 mg/kg (p.o.), 7 d SCID mice throughout experiment. [11]
Lo Parasitemia clearance
B. microti
10 mg/kg (p.0.),5d SCID mice followed by recrudescence [109]
by D17 post-treatment.
B. microti Parasitemia clearance
ELQ-502 10 mg/kg (p-0.), 10d SCID mice throughout study (DPI91). (571
B. duncani Parasitemia clearance
10 mg/kg (p.0.),10d C3H /He] mice throughout study (DPI 91). [57]
100% survival.
B. microti Parasitemia clearance
10+ 10 mg/kg (p-0.), 10d SCID mice throughout study (DPI 91). [109]
ELQ-502 + Atovaquone B. duncani Parasitemia clearance
10 + 10 mg/kg (p.o.), 10d CSH/He] mice throughout study (DPI 91). [109]
100% survival
100% suppression of
. . B. microti parasitemia at D3
52mg/kg (im) 4d (bid) Golden hamsters post-treatment. Reinfection (551
of clean hamster negative.
B. microti 99% suppression of
13 mg/kg (im.),4d (b.i.d.) Gol dén hamsters parasitemia at D3 [55]
post-treatment.
325 mg/kg (im.), 4d B. microti ol a/ rass‘ifefr’;‘fzs;f%;f [55]
(bi.d.) Golden hamsters P -
post-treatment.
B. microti 99% suppression of
Tafenoquine 52 mg/kg (im.),2d (b.id.) Col dén hamsters parasitemia at D3 [55]
post-treatment.
Lo Parasitemia clearance
B. microti
20 mg/kg (p.o.), 1d SCID mice followed by recrudescence [106]
by D37 post-treatment.
Parasitemia clear through
12255 rr;lg//llz & ((P~§~)),11 ccll/(z d B. microti D28 post-treatment. [106]
> ME/E P-0-), SCID mice Reinfection of “clean” mice
after 1st dose) positive
B. microti ~5.6x reduction in peak
10mg/kg (p-0.), 3 d Balb/c mice parasitemia. [104]
S Parasitemia clear through
B. microti
20 mg/kg (p.o.),52d Balb /c mice DPI 90 (smear + PCR [110]
negative).
Parasitemia clearance
Clofazimine B. microti followed by recrudescence
20 mg/kg (p.o.),7d Baib /¢ mice on DPI 26, unresponsive to [110]

a 2nd course of clofazimine

20 mg/kg (p.o.) (14 d).

Clofazimine is an antibiotic used to treat leprosy [111] and drug-resistant tuberculo-
sis [112]. In 2016, Tuvshintulga et al. reported that clofazimine has potent antibabesial
effect, following its evaluation in B. microti-infected Balb/c mice. A five-day treatment
course of 20 mg/kg clofazimine administered either i.p. or p.o. led to suppression of para-
sitemia by more than 80%, with a slightly superior efficacy when administered orally [113].
Interestingly, although no parasites could be detected by blood smears, blood, heart, spleen,
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kidney, and liver samples obtained from clofazimine-treated animals tested positive for the
presence of B. microti ss-TRNA at DPI 40. Consistently, subpassage of blood collected from
clofazimine-treated animals in naive mice resulted in reinfection [113]. It is worth noting
that no toxicity was observed in mice during treatment administration. Furthermore, daily
administration of 200-300 mg for >30 months for the treatment drug-resistant tuberculosis
in humans was well tolerated [114]. More recently, the same research group reported on
the efficacy of clofazimine in B. microti-infected SCID mice [110]. The continuous adminis-
tration of clofazimine from DPI 4 to 57 at a daily dose of 20 mg/kg resulted in undetectable
parasitemia by examination of blood smears from DPI 14 onward. Parasite DNA could no
longer be detected by PCR from DPI 54 until the end of the study (DPI 90), suggesting that
this seven-week treatment course is efficient in curing B. microti infection [110]. B. microti-
infected SCID mice treated with 20 mg/kg clofazimine for seven days (DPI4-10) showed
no parasitemia by DPI 24. However, recrudescence was observed from DPI 26. Initiation of
a second treatment course of clofazimine failed to clear parasitemia, suggesting that the
rise of recrudescent parasites was associated with development of clofazimine resistance.
Blood samples obtained from two mice that developed recrudescence were sub-passaged in
naive Balb/c mice, which subsequently underwent a five-day clofazimine treatment course.
Interestingly, clofazimine successfully impacted the rise of parasitemia in one case, but not
in the other [110]. Sequencing analysis established that, unlike atovaquone, clofazimine
does not target the cytochrome b of the parasite. As a result, atovaquone-resistant parasites
were generated in SCID mice and then propagated in Balb/c mice. A two-week course of
20 mg/kg clofazimine successfully cleared infection in all the mice. However, a relapse was
observed in some of the animals, which responded to a second two-week course of a higher
dose of clofazimine (40 mg/kg) [110]. Based on these results, clofazimine appears as a
promising candidate for the treatment of human babesiosis. Due to the risk of development
of drug resistance with a short-term monotherapy, it would be interesting to evaluate the
efficacy of clofazimine when combined with a partner drug such as atovaquone. Results
derived from the preclinical evaluation of clofazimine are summarized in Table 3.

A novel class of compounds, endochin-like quinolones (ELQs) has recently been re-
ported with high potency against B. microti and B. duncani [11,57]. Previously reported
for their high potency against other apicomplexan parasites such as Plasmodium [115-125],
Toxoplasma [126,127] and Leishmania [128], ELQs have been shown to target the cytochrome
be; complex of the parasites (Figure 3) [117,120,122,128-130]. In 2016, Lawres et al. demon-
strated potency of ELQ-271 and ELQ-316 in the short-term ex vivo culture system of B. mi-
croti as well as in the in vivo SCID model of B. microti infection. In B. microti-infected mice,
a seven-day oral administration of 10 mg/kg of ELQ-271 or ELQ-316 resulted in clearance
of parasitemia, followed by recrudescence by day 12 post-drug removal [11]. Due to the
high crystallinity and low aqueous solubility of this class of compounds, which precludes
administration of higher doses, a prodrug of ELQ-316, ELQ-334, was designed by esterifi-
cation of the carbonyl group present in the quinolone core of the molecule [11,115,116,127].
This strategy led to improved aqueous solubility and increased plasma concentration of
the drug following administration of molar equivalents [11,115,116,127]. Administration
of ELQ-334 as a monotherapy at 10 mg/kg in B. microti-infected mice resulted to slightly
extended clearance of parasitemia compared to treatment with ELQ-271 and ELQ-316.
However, re-emerging parasitemia was observed by day 16 post-drug removal. In all cases,
recrudescence was accompanied by a GCT — GTT mutation in the Q; site of the parasite’s
cytochrome bc; complex, resulting in an Ala to Val substitution at codon 218 [11]. Since
monotherapy is not the ideal treatment regimen, a combination of ELQ-334 + atovaquone
was evaluated and resulted in complete clearance of parasitemia with no recrudescence
following administration of doses as low as 5 + 5 mg/kg [11]. More recently, Chiu et al.
reported the screening of a new library of ELQ derivatives against B. duncani and identified
three potent ELQ prodrugs: ELQ-331 (ICsg = 141 & 22 nM), ELQ- 468 (IC5p = 15 &+ 1 nM),
and ELQ-502 (ICsp = 6 £ 2 nM). The previously reported ELQ-316 and its prodrug, ELQ-
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334 were also assessed against B. duncani and showed ICsg values of 136 & 1 nM and
193 + 66 nM, respectively [57].

Further evaluation of the lead candidate, ELQ-502, showed low toxicity in mammalian
cells, and thus a highly desirable therapeutic index (>833). ELQ-502 was assessed in
B. duncani- and B. microti-infected mice as a single drug (10 mg/kg) and in combination
with atovaquone (10 + 10 mg/kg). Following a 10-day treatment course, both the mono- and
the combination therapies resulted in radical cure with no recrudescence, and in the case
of B. duncani-infected mice, 100% survival [57]. Interestingly, a shorter treatment duration
with ELQ-502 alone at 10 mg/kg in B. microti-infected mice resulted in recrudescence [109].
Similarly to the results obtained following treatment with ELQ-271, ELQ-316, and ELQ-334,
recrudescence following ELQ-502 shorter treatment duration was associated with GCT —
GTT mutation in the Q; site of the BmCytb [109]. Results obtained from the evaluation of
ELQ derivatives are summarized in Table 3.

5. Conclusions and Considerations for Future Drug Development

Human babesiosis is an emerging tick-borne disease of rising incidence and a major
public health concern. The current therapies for the treatment of human babesiosis are
based on drugs already in use against other apicomplexan parasites and tend to be associ-
ated with significant adverse effects and/or the development of drug resistance. Moreover,
the evaluation of these drugs, namely atovaquone, azithromycin, clindamycin, and quinine,
in animal models of babesiosis has raised concerned about their efficacy in achieving
parasite elimination. In light of these findings, the need for novel treatments specifically
designed to tackle Babesia infection becomes apparent. Over the past decades, there has
been a growing effort to develop such therapies. Based on their potency, selectivity, and
ability to eliminate infection with no recrudescence when combined with atovaquone,
endochin-like quinolones (ELQs) appear to be the most promising candidates to advance
the treatment of human babesiosis. With regard to the identification of novel molecules
with potency against human babesiosis, it could be interesting to establish a standardized
protocol for the evaluation of new candidates, in order to facilitate a comparison of results
between different research centers. A consensus protocol agreed upon by members of the
community and one that follows standard methods for efficacy and safety using established
in vitro cell culture assays and in vivo mouse models is warranted.

Author Contributions: Conceptualization, C.B.M. and LR.; writing-original draft preparation, LR;
writing-review and editing, I.R. and C.B.M.; supervision, C.B.M.; funding acquisition, C.B.M. All
authors have read and agreed to the published version of the manuscript.

Funding: CBM research is supported by NIH grants (AI-123321, AI-138139, AI-152220, AI-153100,
Al136138 and the Steven & Alexandra Cohen Foundation and the Global Lyme Alliance).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created. The information presented in this review
article are from published reports available in public databases.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Krause, PJ. Human babesiosis. Int. J. Parasit. 2019, 49, 165-174. [CrossRef] [PubMed]
2. Madison-Antenucci, S.; Kramer, L.D.; Gebhardt, L.L.; Kauffman, E. Emerging Tick-Borne Diseases. Clin. Microbiol. Rev. 2020,

33, 34. [CrossRef]

3. Levin, A.E,; Krause, PJ. Transfusion-transmitted babesiosis: Is it time to screen the blood supply? Curr. Opin. Hematol. 2016, 23,
573-580. [CrossRef] [PubMed]

4. Lobo, C.A; Singh, M.; Rodriguez, M. Human babesiosis: Recent advances and future challenges. Curr. Opin. Hematol. 2020, 27,
399-405. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ijpara.2018.11.007
http://www.ncbi.nlm.nih.gov/pubmed/30690090
http://doi.org/10.1128/CMR.00083-18
http://doi.org/10.1097/MOH.0000000000000287
http://www.ncbi.nlm.nih.gov/pubmed/27537475
http://doi.org/10.1097/MOH.0000000000000606
http://www.ncbi.nlm.nih.gov/pubmed/32889826

Pathogens 2021, 10, 1120 14 of 18

10.

11.

12.

13.
14.

15.
16.

17.
18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Moritz, E.D.; Winton, C.S.; Tonnetti, L.; Townsend, R.L.; Berardi, V.P.; Hewins, M.E.; Weeks, K.E.; Dodd, R.Y.; Stramer, S.L.
Screening for Babesia microti in the U. S. Blood Supply. N. Engl. ]. Med. 2016, 375, 2236-2245. [CrossRef] [PubMed]

Tonnetti, L.; Townsend, R.L.; Dodd, R.Y.; Stramer, S.L. Characteristics of transfusion-transmitted Babesia microti, American Red
Cross 2010-2017. Transfusion 2019, 59, 2908-2912. [CrossRef]

Mantadakis, E. Pneumocystis jirovecii Pneumonia in Children with Hematological Malignancies: Diagnosis and Approaches to
Management. J. Fungi 2020, 6, 331. [CrossRef] [PubMed]

Dunay, L.R.; Gajurel, K.; Dhakal, R.; Liesenfeld, O.; Montoya, J.G. Treatment of Toxoplasmosis: Historical Perspective, Animal
Models, and Current Clinical Practice. Clin. Microbiol. Rev. 2018, 31, €00057-17. [CrossRef]

Nixon, G.L.; Moss, D.M.; Shone, A.E.; Lalloo, D.G.; Fisher, N.; O'Neill, PM.; Ward, S.A.; Biagini, G.A. Antimalarial pharmacology
and therapeutics of atovaquone. |. Antimicrob. Chemother. 2013, 68, 977-985. [CrossRef]

Jacobsen, L.; Husen, P.; Solov’yov, I.A. Inhibition Mechanism of Antimalarial Drugs Targeting the Cytochrome bcl Complex. J.
Chem. Inf. Modeling 2021, 61, 1334-1345. [CrossRef]

Lawres, L.A.; Garg, A.; Kumar, V,; Bruzual, L.; Forquer, L.P.; Renard, L; Virji, A.Z.; Boulard, P.; Rodriguez, E.X.; Allen, AJ; et al.
Radical cure of experimental babesiosis in immunodeficient mice using a combination of an endochin-like quinolone and
atovaquone. J. Exp. Med. 2016, 213, 1307-1318. [CrossRef]

Montazeri, M.; Mehrzadji, S.; Sharif, M.; Sarvi, S.; Shahdin, S.; Daryani, A. Activities of anti-Toxoplasma drugs and compounds
against tissue cysts in the last three decades (1987 to 2017), a systematic review. Parasitol. Res. 2018, 117, 3045-3057. [CrossRef]
Vaidya, A.B.; Mather, M.W. Atovaquone resistance in malaria parasites. Drug Resist. Updates 2000, 3, 283-287. [CrossRef]
Daniel, R. Azithromyecin, erythromycin and cloxacillin in the treatment of infections of skin and associated soft tissues. European
Azithromycin Study Group. J. Int. Med. Res. 1991, 19, 433—445. [CrossRef]

Dinwiddie, R. Anti-inflammatory therapy in cystic fibrosis. J. Cyst. Fibros. 2005, 4 (Suppl. S2), 45-48. [CrossRef] [PubMed]
Ladhani, S.; Garbash, M. Staphylococcal skin infections in children: Rational drug therapy recommendations. Paediatr. Drugs
2005, 7, 77-102. [CrossRef] [PubMed]

Carratala, ].; Garcia-Vidal, C. An update on Legionella. Curr. Opin. Infect. Dis. 2010, 23, 152-157. [CrossRef]

Van Eijk, A.M.; Terlouw, D.]J. Azithromycin for treating uncomplicated malaria. Cochrane Database Syst. Rev. 2011, 2011, Cd006688.
[CrossRef] [PubMed]

Chakraborty, A. Understanding the biology of the Plasmodium falciparum apicoplast; an excellent target for antimalarial drug
development. Life Sci. 2016, 158, 104-110. [CrossRef] [PubMed]

Sidhu, A.B.S.; Sun, Q.G.; Nkrumabh, L.J.; Dunne, M.W.; Sacchettini, J.C.; Fidock, D.A. In vitro efficacy, resistance selection, and
structural modeling studies implicate the malarial parasite apicoplast as the target of azithromycin. J. Biol. Chem. 2007, 282,
2494-2504. [CrossRef] [PubMed]

Beckers, C.J.M.; Roos, D.S.; Donald, R.G.K;; Luft, B.J.; Schwab, ].C.; Cao, Y.; Joiner, K.A. Inhibition of cytoplasmic and organellar
protein synthesis in Toxoplasma gondii. Implications for the target of macrolide antibiotics. . Clin. Investig. 1995, 95, 367-376.
[CrossRef]

Dahl, E.L.; Rosenthal, PJ. Multiple antibiotics exert delayed effects against the Plasmodium falciparum anicoplast. Antimicrob.
Agents Chemother. 2007, 51, 3485-3490. [CrossRef]

Murphy, P.B.; Bistas, K.G.; Le, ] K. Clindamycin. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2021.

Griffith, K.S.; Lewis, L.S.; Mali, S.; Parise, M.E. Treatment of malaria in the United States: A systematic review. Jama 2007, 297,
2264-2277. [CrossRef]

Lell, B.; Kremsner, P.G. Clindamycin as an antimalarial drug: Review of clinical trials. Antimicrob. Agents Chemother. 2002, 46,
2315-2320. [CrossRef] [PubMed]

Smith, R.P; Hunfeld, K.P,; Krause, P.J. Management strategies for human babesiosis. Expert Rev. Anti-Infect. Ther. 2020, 18,
625-636. [CrossRef] [PubMed]

Pfefferkorn, E.R.; Borotz, S.E. Comparison of mutants of Toxoplasma gondii selected for resistance to azithromycin, spiramycin, or
clindamycin. Antimicrob. Agents Chemother. 1994, 38, 31-37. [CrossRef]

Talapko, J.; Skrlec, L; Alebi¢, T.; Juki¢, M.; Véev, A. Malaria: The Past and the Present. Microorganisms 2019, 7, 179. [CrossRef]
[PubMed]

Tse, E.G.; Korsik, M.; Todd, M.H. The past, present and future of anti-malarial medicines. Malar. . 2019, 18, 93. [CrossRef]
[PubMed]

Sullivan, D.J., Jr.; Gluzman, L.Y,; Russell, D.G.; Goldberg, D.E. On the molecular mechanism of chloroquine’s antimalarial action.
Proc. Natl. Acad. Sci. USA 1996, 93, 11865-11870. [CrossRef]

Tang, Y.Q.; Ye, Q.; Huang, H.; Zheng, W.Y. An Overview of Available Antimalarials: Discovery, Mode of Action and Drug
Resistance. Curr. Mol. Med. 2020, 20, 583-592. [CrossRef] [PubMed]

Woodland, J.G.; Hunter, R.; Smith, PJ.; Egan, T.]J. Shining new light on ancient drugs: Preparation and subcellular localisation of
novel fluorescent analogues of Cinchona alkaloids in intraerythrocytic Plasmodium falciparum. Org. Biomol. Chem. 2017, 15, 589-597.
[CrossRef]

Woodland, J.G.; Hunter, R.; Smith, PJ.; Egan, T.]. Chemical Proteomics and Super-resolution Imaging Reveal That Chloroquine
Interacts with Plasmodium falciparum Multidrug Resistance-Associated Protein and Lipids. ACS Chem. Biol. 2018, 13, 2939-2948.
[CrossRef] [PubMed]


http://doi.org/10.1056/NEJMoa1600897
http://www.ncbi.nlm.nih.gov/pubmed/27959685
http://doi.org/10.1111/trf.15425
http://doi.org/10.3390/jof6040331
http://www.ncbi.nlm.nih.gov/pubmed/33276699
http://doi.org/10.1128/CMR.00057-17
http://doi.org/10.1093/jac/dks504
http://doi.org/10.1021/acs.jcim.0c01148
http://doi.org/10.1084/jem.20151519
http://doi.org/10.1007/s00436-018-6027-z
http://doi.org/10.1054/drup.2000.0157
http://doi.org/10.1177/030006059101900602
http://doi.org/10.1016/j.jcf.2005.05.010
http://www.ncbi.nlm.nih.gov/pubmed/16005266
http://doi.org/10.2165/00148581-200507020-00002
http://www.ncbi.nlm.nih.gov/pubmed/15871629
http://doi.org/10.1097/QCO.0b013e328336835b
http://doi.org/10.1002/14651858.CD006688.pub2
http://www.ncbi.nlm.nih.gov/pubmed/21328286
http://doi.org/10.1016/j.lfs.2016.06.030
http://www.ncbi.nlm.nih.gov/pubmed/27381078
http://doi.org/10.1074/jbc.M608615200
http://www.ncbi.nlm.nih.gov/pubmed/17110371
http://doi.org/10.1172/JCI117665
http://doi.org/10.1128/AAC.00527-07
http://doi.org/10.1001/jama.297.20.2264
http://doi.org/10.1128/AAC.46.8.2315-2320.2002
http://www.ncbi.nlm.nih.gov/pubmed/12121898
http://doi.org/10.1080/14787210.2020.1752193
http://www.ncbi.nlm.nih.gov/pubmed/32268823
http://doi.org/10.1128/AAC.38.1.31
http://doi.org/10.3390/microorganisms7060179
http://www.ncbi.nlm.nih.gov/pubmed/31234443
http://doi.org/10.1186/s12936-019-2724-z
http://www.ncbi.nlm.nih.gov/pubmed/30902052
http://doi.org/10.1073/pnas.93.21.11865
http://doi.org/10.2174/1566524020666200207123253
http://www.ncbi.nlm.nih.gov/pubmed/32031068
http://doi.org/10.1039/C6OB02110G
http://doi.org/10.1021/acschembio.8b00583
http://www.ncbi.nlm.nih.gov/pubmed/30208272

Pathogens 2021, 10, 1120 15 of 18

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Punihaole, D.; Workman, R.J.; Upadhyay, S.; Van Bruggen, C.; Schmitz, A.].; Reineke, T.M.; Frontiera, R.R. New Insights into
Quinine-DNA Binding Using Raman Spectroscopy and Molecular Dynamics Simulations. J. Phys. Chem. B 2018, 122, 9840-9851.
[CrossRef] [PubMed]

Golan, D.E.; Armstrong, E.J.; Armstrong, A.W.; Tashjian, A.H. Principles of Pharmacology: The Pathophysiologic Basis of Drug Therapy,
3rd ed.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2012; pp. 1-1956.

Percario, S.; Moreira, D.R.; Gomes, B.A.; Ferreira, M.E.; Gongalves, A.C.; Laurindo, P.S.; Vilhena, T.C.; Dolabela, M.E.; Green, M.D.
Oxidative stress in malaria. Int. . Mol. Sci. 2012, 13, 16346-16372. [CrossRef]

Dziekan, ].M.; Yu, H.; Chen, D.; Dai, L.; Wirjanata, G.; Larsson, A.; Prabhu, N.; Sobota, R.M.; Bozdech, Z.; Nordlund, P. Identifying
purine nucleoside phosphorylase as the target of quinine using cellular thermal shift assay. Sci. Transl. Med. 2019, 11. [CrossRef]
Krause, PJ.; Auwaerter, P.G.; Bannuru, R.R; Branda, ].A.; Falck-Ytter, Y.T.; Lantos, PM.; Lavergne, V.; Meissner, H.C.; Osani, M.C.;
Rips, ].G.; et al. Clinical Practice Guidelines by the Infectious Diseases Society of America (IDSA): 2020 Guideline on Diagnosis
and Management of Babesiosis. Clin. Infect. Dis. 2021, 72, 185-189. [CrossRef] [PubMed]

Kletsova, E.A.; Spitzer, E.D.; Fries, B.C.; Marcos, L.A. Babesiosis in Long Island: Review of 62 cases focusing on treatment with
azithromycin and atovaquone. Ann. Clin. Microbiol. Antimicrob. 2017, 16, 7. [CrossRef] [PubMed]

Krause, PJ.; Gewurz, B.E.; Hill, D.; Marty, EM.; Vannier, E.; Foppa, LM.; Furman, R.R.; Neuhaus, E.; Skowron, G.; Gupta, S; et al.
Persistent and relapsing babesiosis in Immunocompromised patients. Clin. Infect. Dis. 2008, 46, 370-376. [CrossRef] [PubMed]
Raffalli, J.; Wormser, G.P. Persistence of babesiosis for >2 years in a patient on rituximab for rheumatoid arthritis. Diagn. Microbiol.
Infect. Dis. 2016, 85, 231-232. [CrossRef]

Simon, M.S.; Westblade, L.F.,; Dziedziech, A.; Visone, ].E.; Furman, R.R.; Jenkins, S.G.; Schuetz, A.N.; Kirkman, L.A. Clinical and
Molecular Evidence of Atovaquone and Azithromycin Resistance in Relapsed Babesia microti Infection Associated with Rituximab
and Chronic Lymphocytic Leukemia. Clin. Infect. Dis. 2017, 65, 1222-1225. [CrossRef]

Lemieux, J.E.; Tran, A.D.; Freimark, L.; Schaffner, S.F,; Goethert, H.; Andersen, K.G.; Bazner, S.; Li, A.; McGrath, G.; Sloan, L.; et al.
A global map of genetic diversity in Babesia microti reveals strong population structure and identifies variants associated with
clinical relapse. Nat. Microbiol. 2016, 1, 7. [CrossRef]

Birth, D.; Kao, W.C.; Hunte, C. Structural analysis of atovaquone-inhibited cytochrome bc(1) complex reveals the molecular basis
of antimalarial drug action. Nat. Commun. 2014, 5, 11. [CrossRef]

Doktor, S.Z.; Shortridge, V.D.; Beyer, ].M.; Flamm, R K. Epidemiology of macrolide and/or lincosamide resistant Streptococ-
cus pneumoniae clinical isolates with ribosomal mutations. Diagn. Microbiol. Infect. Dis. 2004, 49, 47-52. [CrossRef]

Li, YJ.; Stanley, S.; Villalba, J.A.; Nelson, S.; Gelfand, ]J. Case Report: Overwhelming Babesia Parasitemia Successfully Treated
Promptly with RBC Apheresis and Triple Therapy with Clindamycin, Azithromycin, and Atovaquone. Open Forum Infect. Dis.
2020, 7, 3. [CrossRef]

Vyas, J.M.; Telford, S.R.; Robbins, G.K. Treatment of refractory Babesia microti infection with atovaquone-proguanil in an
HIV-infected patient: Case report. Clin. Infect. Dis. 2007, 45, 1588-1590. [CrossRef]

Man, S.Q.; Qiao, K.; Cui, J.; Feng, M.; Fu, Y.E; Cheng, X.J. A case of human infection with a novel Babesia species in China. Infect.
Dis. Poverty 2016, 5, 6. [CrossRef]

Gao, ].C.; Gong, Z.D.; Montesano, D.; Glazer, E.; Liegner, K. “Repurposing” Disulfiram in the Treatment of Lyme Disease and
Babesiosis: Retrospective Review of First 3 Years” Experience in One Medical Practice. Antibiotics 2020, 9, 868. [CrossRef]
Radcliffe, C.; Krause, PJ.; Grant, M. Repeat exchange transfusion for treatment of severe babesiosis. Transfus. Apher. Sci. 2019, 58,
638-640. [CrossRef] [PubMed]

Ruebush, T.K.; Contacos, P.G.; Steck, E.A. Chemotherapy of Babesia microti infections in Mongolian Jirds. Antimicrob. Agents
Chemother. 1980, 18, 289-291. [CrossRef] [PubMed]

Rowin, K.S.; Tanowitz, H.B.; Wittner, M. Therapy of Experimental Babesiosis. Ann. Intern. Med. 1982, 97, 556-558. [CrossRef]
AbouLaila, M.; Munkhjargal, T.; Sivakumar, T.; Ueno, A.; Nakano, Y.; Yokoyama, M.; Yoshinari, T.; Nagano, D.; Katayama, K.;
El-Bahy, N.; et al. Apicoplast-Targeting Antibacterials Inhibit the Growth of Babesia Parasites. Antimicrob. Agents Chemother. 2012,
56, 3196-3206. [CrossRef]

Yao, ].M.; Zhang, H.B.; Liu, C.S,; Tao, Y.; Yin, M. Inhibitory effects of 19 antiprotozoal drugs and antibiotics on Babesia microti
infection in BALB/c mice. . Infect. Dev. Ctries. 2015, 9, 1004-1010. [CrossRef] [PubMed]

Marley, S.E.; Eberhard, M.L,; Steurer, EJ.; Ellis, W.L.; McGreevy, P.B.; Ruebush, T.K. Evaluation of selected antiprotozoal drugs in
the Babesia microti-hamster model. Antimicrob. Agents Chemother. 1997, 41, 91-94. [CrossRef] [PubMed]

Wittner, M.; Lederman, J.; Tanowitz, H.B.; Rosenbaum, G.S.; Weiss, L.M. Atovaquone in the treatment of Babesia microti infections
in hamsters. Am. J. Trop. Med. Hyg. 1996, 55, 219-222. [CrossRef]

Chiu, J.E; Renard, I; Pal, A.C.; Singh, P.; Vydyam, P; Thekkiniath, J.; Kumar, M.; Gihaz, S.; Pou, S.; Winter, R.W,; et al. Effective
Therapy Targeting Cytochrome bc(1) Prevents Babesia Erythrocytic Development and Protects from Lethal Infection. Antimicrob.
Agents Chemother. 2021, 65, AAC-00662. [CrossRef] [PubMed]

Hughes, W.T.; Oz, H.S. Successful Prevention and Treatment of Babesiosis with Atovaquone. J. Infect. Dis. 1995, 172, 1042-1046.
[CrossRef] [PubMed]

Pudney, M.; Gray, J.S. Therapeutic efficacy of atovaquone against the bovine intraerythrocytic parasite, Babesia divergens. .
Parasitol. 1997, 83, 307-310. [CrossRef] [PubMed]

Krause, PJ. Babesiosis. Med. Clin. North. Am. 2002, 86, 361-373. [CrossRef]


http://doi.org/10.1021/acs.jpcb.8b05795
http://www.ncbi.nlm.nih.gov/pubmed/30336027
http://doi.org/10.3390/ijms131216346
http://doi.org/10.1126/scitranslmed.aau3174
http://doi.org/10.1093/cid/ciab050
http://www.ncbi.nlm.nih.gov/pubmed/33501959
http://doi.org/10.1186/s12941-017-0198-9
http://www.ncbi.nlm.nih.gov/pubmed/28399851
http://doi.org/10.1086/525852
http://www.ncbi.nlm.nih.gov/pubmed/18181735
http://doi.org/10.1016/j.diagmicrobio.2016.02.016
http://doi.org/10.1093/cid/cix477
http://doi.org/10.1038/nmicrobiol.2016.79
http://doi.org/10.1038/ncomms5029
http://doi.org/10.1016/S0732-8893(03)00130-5
http://doi.org/10.1093/ofid/ofaa448
http://doi.org/10.1086/523731
http://doi.org/10.1186/s40249-016-0121-1
http://doi.org/10.3390/antibiotics9120868
http://doi.org/10.1016/j.transci.2019.07.010
http://www.ncbi.nlm.nih.gov/pubmed/31526674
http://doi.org/10.1128/AAC.18.2.289
http://www.ncbi.nlm.nih.gov/pubmed/7447406
http://doi.org/10.7326/0003-4819-97-4-556
http://doi.org/10.1128/AAC.05488-11
http://doi.org/10.3855/jidc.5500
http://www.ncbi.nlm.nih.gov/pubmed/26409742
http://doi.org/10.1128/AAC.41.1.91
http://www.ncbi.nlm.nih.gov/pubmed/8980761
http://doi.org/10.4269/ajtmh.1996.55.219
http://doi.org/10.1128/AAC.00662-21
http://www.ncbi.nlm.nih.gov/pubmed/34152821
http://doi.org/10.1093/infdis/172.4.1042
http://www.ncbi.nlm.nih.gov/pubmed/7561178
http://doi.org/10.2307/3284461
http://www.ncbi.nlm.nih.gov/pubmed/9105316
http://doi.org/10.1016/S0025-7125(03)00092-0

Pathogens 2021, 10, 1120 16 of 18

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Beshbishy, A.M.; Batiha, G.E.S.; Alkazmi, L.; Nadwa, E.; Rashwan, E.; Abdeen, A.; Yokoyama, N.; Igarashi, I. Therapeutic Effects
of Atranorin towards the Proliferation of Babesia and Theileria Parasites. Pathogens 2020, 9, 127. [CrossRef]

Chen, D.; Copeman, D.B.; Hutchinson, G.W.; Burnell, ]. Inhibition of growth of cultured Babesia microti by serum and macrophages
in the presence or absence of T cells. Parasitol. Int. 2000, 48, 223-231. [CrossRef]

Matsubara, J.; Koura, M.; Kamiyama, T. Infection of Immunodeficient Mice with a Mouse-Adapted Substrain of the Gray Strain
of Babesia microti. |. Parasitol. 1993, 79, 783-786. [CrossRef]

Ruebush, M.].; Hanson, W.L. Susceptibility of 5 Strains of Mice to Babesia microti of Human Origin. J. Parasitol. 1979, 65, 430-433.
[CrossRef]

Skariah, S.; Arnaboldi, P.; Dattwyler, R.J.; Sultan, A.A.; Gaylets, C.; Walwyn, O.; Mulhall, H.; Wu, X,; Dargham, S.R.; Mordue, D.G.
Elimination of Babesia microti Is Dependent on Intraerythrocytic Killing and CD4(+) T Cells. J. Immunol. 2017, 199, 633-642.
[CrossRef]

Hu, R].; Yeh, M.T.; Hyland, K.E.; Mather, T.N. Experimental Babesia microti infection in golden hamsters: Immunoglobulin G
response and recovery from severe hemolytic anemia. . Parasitol. 1996, 82, 728-732. [CrossRef]

Oz, H.S.; Hughes, W.T. Acute fulminating babesiosis in hamsters infected with Babesia microti. Int. |. Parasit. 1996, 26, 667—670.
[CrossRef]

Chauvin, A.; Valentin, A.; Malandrin, L.; L'Hostis, M. Sheep as a new experimental host for Babesia divergens. Vet. Res. 2002, 33,
429-433. [CrossRef] [PubMed]

Gorenflot, A.; Brasseur, P,; Precigout, E.; Lhostis, M.; Marchand, A.; Schrevel, J. Cytological and immunological responses to
Babesia-divergens in different hosts- Ox, gerbil, man. Parasitol. Res. 1991, 77, 3-12. [CrossRef] [PubMed]

Musa, N.B.; Phillips, R.S. The adaptation of 3 isolates of Babesia-divergens to continuous culture in rat erythrocytes. Parasitology
1991, 103, 165-170. [CrossRef] [PubMed]

Paul, A.S.; Moreira, C.K.; Elsworth, B.; Allred, D.R.; Duraisingh, M.T. Extensive Shared Chemosensitivity between Malaria and
Babesiosis Blood-Stage Parasites. Antimicrob. Agents Chemother. 2016, 60, 5059-5063. [CrossRef] [PubMed]

Vayrynen, R.; Tuomi, ]. Continuous in vitro cultivation of Babesia divergens. Acta Vet. Scand. 1982, 23, 471-472. [CrossRef]

Zintl, A.; Westbrook, C.; Mulcahy, G.; Skerrett, H.E.; Gray, ].S. Invasion, and short- and long-term survival of Babesia divergens
(Phylum Apicomplexa) cultures in non-bovine sera and erythrocytes. Parasitology 2002, 124, 583-588. [CrossRef] [PubMed]
Entrican, J.H.; Williams, H.; Cook, I.A.; Lancaster, W.M.; Clark, ].C.; Joyner, L.P.; Lewis, D. Babesiosis in man- Report of a case
from scotland with observations on the infecting strain. J. Infect. 1979, 1, 227-234. [CrossRef]

Gray, J.S. Chemotherapy of Babesia divergens in the gerbil, Meriones unguiculatus. Res. Vet. Sci. 1983, 35, 318-324. [CrossRef]
Brasseur, P.; Lecoublet, S.; Kapel, N.; Favennec, L.; Ballet, J.J. In vitro evaluation of drug susceptibilities of Babesia divergens
isolates. Antimicrob. Agents Chemother. 1998, 42, 818-820. [CrossRef]

Thomford, J.W.; Conrad, P.A.; Telford, S.R.; Mathiesen, D.; Bowman, B.H.; Spielman, A.; Eberhard, M.L.; Herwaldt, B.L.;
Quick, R.E.; Persing, D.H. Cultivation and Phylogenetic Characterization of a Newly Recognized Human Pathogenic Protozoan.
J. Infect. Dis. 1994, 169, 1050-1056. [CrossRef]

McCormack, K.A.; Alhaboubi, A.; Pollard, D.A.; Fuller, L.; Holman, PJ. In vitro cultivation of Babesia duncani (Apicomplexa:
Babesiidae), a zoonotic hemoprotozoan, using infected blood from Syrian hamsters (Mesocricetus auratus). Parasitol. Res. 2019,
118, 2409-2417. [CrossRef] [PubMed]

Abraham, A.; Brasov, I.; Thekkiniath, J.; Kilian, N.; Lawres, L.; Gao, R.Y.; DeBus, K.; He, L.; Yu, X.; Zhu, G.; et al. Establishment
of a continuous in vitro culture of Babesia duncani in human erythrocytes reveals unusually high tolerance to recommended
therapies. J. Biol. Chem. 2018, 293, 19974-19981. [CrossRef] [PubMed]

Dao, A.H.; Eberhard, M.L. Pathology of acute fatal babesiosis in hamsters experimentally infected with the WA-1 strain of Babesia.
Lab. Investig. 1996, 74, 853-859.

Wozniak, E.J.; Lowenstine, L.J.; Hemmer, R.; Robinson, T.; Conrad, P.A. Comparative pathogenesis of human WA1 and
Babesia microti isolates in a Syrian hamster model. Lab. Anim. Sci. 1996, 46, 507-515. [PubMed]

Aguilar-Delfin, I.; Homer, M.].; Wettstein, P.J.; Persing, D.H. Innate resistance to Babesia infection is influenced by genetic
background and gender. Infect. Immun. 2001, 69, 7955-7958. [CrossRef] [PubMed]

Hemmer, RM.; Wozniak, E.J.; Lowenstine, L.J.; Plopper, C.G.; Wong, V.; Conrad, P.A. Endothelial cell changes are associated with
pulmonary edema and respiratory distress in mice infected with the WA1 human Babesia parasite. J. Parasitol. 1999, 85, 479-489.
[CrossRef] [PubMed]

Spangenberg, T.; Burrows, ].N.; Kowalczyk, P.; McDonald, S.; Wells, T.N.C.; Willis, P. The Open Access Malaria Box: A Drug
Discovery Catalyst for Neglected Diseases. PLoS ONE 2013, 8, 8. [CrossRef]

Nugraha, A.B.; Tuvshintulga, B.; Guswanto, A.; Tayebwa, D.S.; Rizk, M.A.; Gantuya, S.; Batiha, G.E.; Beshbishy, A.M.; Sivakumar,
T.; Yokoyama, N.; et al. Screening the Medicines for Malaria Venture Pathogen Box against piroplasm parasites. Int. J. Parasitol.-
Drugs Drug Resist. 2019, 10, 84-90. [CrossRef] [PubMed]

Rizk, M. A ; El-Sayed, S.A.; El-Khodery, S.; Yokoyama, N.; Igarashi, I. Discovering the in vitro potent inhibitors against Babesia
and Theileria parasites by repurposing the Malaria Box: A review. Vet. Parasitol. 2019, 274, 10. [CrossRef] [PubMed]

Rizk, M.A.; El-Sayed, S.A.; AboulLaila, M.; Tuvshintulga, B.; Yokoyama, N.; Igarashi, I. Large-scale drug screening against
Babesia divergens parasite using a fluorescence-based high-throughput screening assay. Vet. Parasitol. 2016, 227, 93-97. [CrossRef]
[PubMed]


http://doi.org/10.3390/pathogens9020127
http://doi.org/10.1016/S1383-5769(99)00022-7
http://doi.org/10.2307/3283623
http://doi.org/10.2307/3280290
http://doi.org/10.4049/jimmunol.1601193
http://doi.org/10.2307/3283883
http://doi.org/10.1016/0020-7519(96)00022-7
http://doi.org/10.1051/vetres:2002029
http://www.ncbi.nlm.nih.gov/pubmed/12199370
http://doi.org/10.1007/BF00934377
http://www.ncbi.nlm.nih.gov/pubmed/1994368
http://doi.org/10.1017/S0031182000059436
http://www.ncbi.nlm.nih.gov/pubmed/1745544
http://doi.org/10.1128/AAC.00928-16
http://www.ncbi.nlm.nih.gov/pubmed/27246780
http://doi.org/10.1186/BF03546800
http://doi.org/10.1017/S0031182002001622
http://www.ncbi.nlm.nih.gov/pubmed/12118713
http://doi.org/10.1016/S0163-4453(79)91219-2
http://doi.org/10.1016/S0034-5288(18)32026-5
http://doi.org/10.1128/AAC.42.4.818
http://doi.org/10.1093/infdis/169.5.1050
http://doi.org/10.1007/s00436-019-06372-0
http://www.ncbi.nlm.nih.gov/pubmed/31197543
http://doi.org/10.1074/jbc.AC118.005771
http://www.ncbi.nlm.nih.gov/pubmed/30463941
http://www.ncbi.nlm.nih.gov/pubmed/8905583
http://doi.org/10.1128/IAI.69.12.7955-7958.2001
http://www.ncbi.nlm.nih.gov/pubmed/11705985
http://doi.org/10.2307/3285783
http://www.ncbi.nlm.nih.gov/pubmed/10386441
http://doi.org/10.1371/journal.pone.0062906
http://doi.org/10.1016/j.ijpddr.2019.06.004
http://www.ncbi.nlm.nih.gov/pubmed/31254719
http://doi.org/10.1016/j.vetpar.2019.07.003
http://www.ncbi.nlm.nih.gov/pubmed/31494399
http://doi.org/10.1016/j.vetpar.2016.07.032
http://www.ncbi.nlm.nih.gov/pubmed/27523944

Pathogens 2021, 10, 1120 17 of 18

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.
104.

105.

106.

107.
108.

109.

110.

111.

112.

Rizk, M.A; El-Sayed, S.A.; AbouLaila, M.; Yokoyama, N.; Igarashi, I. Evaluation of the inhibitory effect of N-acetyl-L-cysteine on
Babesia and Theileria parasites. Exp. Parasitol. 2017, 179, 43-48. [CrossRef] [PubMed]

Batiha, G.E.; Beshbishy, A.M.; Tayebwa, D.S.; Adeyemi, O.S.; Shaheen, H.; Yokoyama, N.; Igarashi, I. The effects of trans-chalcone
and chalcone 4 hydrate on the growth of Babesia and Theileria. PLoS Negl. Trop. Dis. 2019, 13, e0007030. [CrossRef]

Batiha, G.E.; Beshbishy, A.M.; Alkazmi, L.M.; Nadwa, E.H.; Rashwan, E.K.; Yokoyama, N.; Igarashi, I. In vitro and in vivo growth
inhibitory activities of cryptolepine hydrate against several Babesia species and Theileria equi. PLoS Negl. Trop. Dis. 2020, 14, 15.
[CrossRef]

Beshbishy, A.M.; Batiha, G.E.; Yokoyama, N.; Igarashi, I. Ellagic acid microspheres restrict the growth of Babesia and Theileria
in vitro and Babesia microti in vivo. Parasit Vectors 2019, 12, 269. [CrossRef]

Batiha, G.E.; Beshbishy, A.M.; Adeyemi, O.S.; Nadwa, E.; Rashwan, E.; Yokoyama, N.; Igarashi, I. Safety and efficacy of
hydroxyurea and eflornithine against most blood parasites Babesia and Theileria. PLoS ONE 2020, 15, 15. [CrossRef]

Salama, A.A.; AboulLaila, M.; Moussa, A.A.; Nayel, M.A.; Ei-Sify, A.; Terkawi, M.A.; Hassan, H.Y.; Yokoyama, N.; Igarashi, I.
Evaluation of in vitro and in vivo inhibitory effects of fusidic acid on Babesia and Theileria parasites. Vet. Parasitol. 2013, 191, 1-10.
[CrossRef] [PubMed]

Guo, J.Y;; Luo, X.Y,; Wang, S.; He, L.; Zhao, ].L. Xanthohumol and Gossypol Are Promising Inhibitors against Babesia microti by In
Vitro Culture via High-Throughput Screening of 133 Natural Products. Vaccines 2020, 8, 613. [CrossRef] [PubMed]

Rizk, M.A; El-Sayed, S.A.; Terkawi, M.A.; Youssef, M.A.; El Said, E.E.; Elsayed, G.; El-Khodery, S.; El-Ashker, M.; Elsify, A.;
Omar, M.; et al. Optimization of a Fluorescence-Based Assay for Large-Scale Drug Screening against Babesia and Theileria Parasites.
PLoS ONE 2015, 10, 15. [CrossRef]

Munkhjargal, T.; AbouLaila, M.; Terkawi, M.A.; Sivakumar, T.; Ichikawa, M.; Davaasuren, B.; Nyamjargal, T.; Yokoyama, N.;
Igarashi, I. Inhibitory Effects of Pepstatin A and Mefloquine on the Growth of Babesia Parasites. Am. ]. Trop. Med. Hyg. 2012, 87,
681-688. [CrossRef] [PubMed]

Rizk, M.A.; AboulLaila, M.; El-Sayed, S.A.S.; Guswanto, A.; Yokoyama, N.; Igarashi, I. Inhibitory effects of fluoroquinolone
antibiotics on Babesia divergens and Babesia microti, blood parasites of veterinary and zoonotic importance. Infect. Drug Resist.
2018, 11, 1605-1615. [CrossRef]

Omar, M.A; Salama, A.; Elsify, A.; Rizk, M.A.; Al-Aboody, M.S.; AboulLaila, M.; El-Sayed, S.A.; Igarashi, I. Evaluation of in vitro
inhibitory effect of enoxacin on Babesia and Theileria parasites. Exp. Parasitol. 2016, 161, 62—67. [CrossRef]

Batiha, G.E.S.; Tayebwa, D.S.; Beshbishy, A.M.; N'Da, D.D.; Yokoyama, N.; Igarashi, I. Inhibitory effects of novel ciprofloxacin
derivatives on the growth of four Babesia species and Theileria equi. Parasitol. Res. 2020, 119, 3061-3073. [CrossRef]

Batiha, G.E.-S.; Beshbishy, A.M.; Tayebwa, D.S.; Shaheen, HM.; Yokoyama, N.; Igarashi, I. Inhibitory effects of Syzygium
aromaticum and Camellia sinensis methanolic extracts on the growth of Babesia and Theileria parasites. Ticks Tick-Borne Dis. 2019,
10, 949-958. [CrossRef]

Batiha, G.E.; Beshbishy, A.M.; Guswanto, A.; Nugraha, A.; Munkhjargal, T.; M Abdel-Daim, M.; Mosqueda, J.; Igarashi,
I. Phytochemical Characterization and Chemotherapeutic Potential of Cinnamomum verum Extracts on the Multiplication of
Protozoan Parasites In Vitro and In Vivo. Molecules 2020, 25, 996. [CrossRef]

Beshbishy, A.M.; Batiha, G.E.S.; Adeyemi, O.S.; Yokoyama, N.; Igarashi, I. Inhibitory effects of methanolic Olea europaea and
acetonic Acacia laeta on growth of Babesia and Theileria. Asian Pac. ]. Trop. Med. 2019, 12, 425-434. [CrossRef]

Frampton, J.E. Tafenoquine: First Global Approval. Drugs 2018, 78, 1517-1523. [CrossRef]

Carvalho, L.].M.; Tuvshintulga, B.; Nugraha, A.B.; Sivakumar, T.; Yokoyama, N. Activities of artesunate-based combinations and
tafenoquine against Babesia bovis in vitro and Babesia microti in vivo. Parasites Vectors 2020, 13, 9. [CrossRef] [PubMed]

Liu, M.; Ji, S.; Kondoh, D.; Galon, E.M,; Li, J.; Tomihari, M.; Yanagawa, M.; Tagawa, M.; Adachi, M.; Asada, M.; et al. Tafenoquine
Is a Promising Drug Candidate for the Treatment of Babesiosis. Antimicrob. Agents Chemother. 2021, 65, €0020421. [CrossRef]
Mordue, D.G.; Wormser, G.P. Could the Drug Tafenoquine Revolutionize Treatment of Babesia microti Infection? J. Infect. Dis.
2019, 220, 442-447. [CrossRef] [PubMed]

Chu, C.S.; Hwang, J. Tafenoquine: A toxicity overview. Expert Opin. Drug Saf. 2021, 20, 349-362. [CrossRef]

Rueangweerayut, R.; Bancone, G.; Harrell, E.J.; Beelen, A.P.; Kongpatanakul, S.; Mohrle, J.J.; Rousell, V.; Mohamed, K.; Qureshi, A.;
Narayan, S.; et al. Hemolytic Potential of Tafenoquine in Female Volunteers Heterozygous for Glucose-6-Phosphate Dehydro-
genase (G6PD) Deficiency (G6PD Mahidol Variant) versus G6PD-Normal Volunteers. Am. J. Trop. Med. Hyg 2017, 97, 702-711.
[CrossRef]

Chiu, J.E.; Renard, I.; George, S.; Pal, A.; Alday, H.; Narasimhan, S.; Riscoe, M.K.; Doggett, ].S.; Ben Mamoun, C. Cytochrome
b Drug Resistance Mutation Decreases Babesia Fitness in the Tick Stages but not the Mammalian Erythrocytic Cycle. ]. Infect.
Dis. 2021. [CrossRef] [PubMed]

Tuvshintulga, B.; Vannier, E.; Tayebwa, D.S.; Gantuya, S.; Sivakumar, T.; Guswanto, A.; Krause, PJ.; Yokoyama, N.; Igarashi, I.
Clofazimine, a Promising Drug for the Treatment of Babesia microti Infection in Severely Inmunocompromised Hosts. J. Infect.
Dis. 2020, 222, 1027-1036. [CrossRef]

Riccardi, N.; Giacomelli, A.; Canetti, D.; Comelli, A.; Intini, E.; Gaiera, G.; Diaw, M.M.; Udwadia, Z.; Besozzi, G.; Codecasa, L.; et al.
Clofazimine: An old drug for never-ending diseases. Future Microbiol. 2020, 15, 557-566. [CrossRef]

Jang, ].G.; Chung, ]. H. Diagnosis and treatment of multidrug-resistant tuberculosis. Yeungnam Univ. . Med. 2020, 37, 277-285.
[CrossRef]


http://doi.org/10.1016/j.exppara.2017.06.003
http://www.ncbi.nlm.nih.gov/pubmed/28655583
http://doi.org/10.1371/journal.pntd.0007030
http://doi.org/10.1371/journal.pntd.0008489
http://doi.org/10.1186/s13071-019-3520-x
http://doi.org/10.1371/journal.pone.0228996
http://doi.org/10.1016/j.vetpar.2012.08.022
http://www.ncbi.nlm.nih.gov/pubmed/22985928
http://doi.org/10.3390/vaccines8040613
http://www.ncbi.nlm.nih.gov/pubmed/33081295
http://doi.org/10.1371/journal.pone.0125276
http://doi.org/10.4269/ajtmh.2012.12-0218
http://www.ncbi.nlm.nih.gov/pubmed/22890034
http://doi.org/10.2147/IDR.S159519
http://doi.org/10.1016/j.exppara.2015.12.016
http://doi.org/10.1007/s00436-020-06796-z
http://doi.org/10.1016/j.ttbdis.2019.04.016
http://doi.org/10.3390/molecules25040996
http://doi.org/10.4103/1995-7645.267586
http://doi.org/10.1007/s40265-018-0979-2
http://doi.org/10.1186/s13071-020-04235-7
http://www.ncbi.nlm.nih.gov/pubmed/32690081
http://doi.org/10.1128/AAC.00204-21
http://doi.org/10.1093/infdis/jiz119
http://www.ncbi.nlm.nih.gov/pubmed/31099380
http://doi.org/10.1080/14740338.2021.1859476
http://doi.org/10.4269/ajtmh.16-0779
http://doi.org/10.1093/infdis/jiab321
http://www.ncbi.nlm.nih.gov/pubmed/34139755
http://doi.org/10.1093/infdis/jiaa195
http://doi.org/10.2217/fmb-2019-0231
http://doi.org/10.12701/yujm.2020.00626

Pathogens 2021, 10, 1120 18 of 18

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Tuvshintulga, B.; AbouLaila, M.; Davaasuren, B.; Ishiyama, A.; Sivakumar, T.; Yokoyama, N.; Iwatsuki, M.; Otoguro, K.; Omura, S.;
Igarashi, I. Clofazimine Inhibits the Growth of Babesia and Theileria Parasites In Vitro and In Vivo. Antimicrob. Agents Chemother.
2016, 60, 2739-2746. [CrossRef]

Mitnick, C.D.; Shin, S.S.; Seung, K.J.; Rich, M.L.; Atwood, S.S.; Furin, J.J.; Fitzmaurice, G.M.; Viru, FA.A.; Appleton, S.C.;
Bayona, ].N.; et al. Comprehensive treatment of extensively drug-resistant tuberculosis. N. Engl. J. Med. 2008, 359, 563-574.
[CrossRef]

Frueh, L.; Li, Y.X,; Mather, M.W.,; Li, Q.G.; Pou, S.; Nilsen, A.; Winter, RW.; Forquer, L.P; Pershing, A.M.; Xie, L.H.; et al.
Alkoxycarbonate Ester Prodrugs of Preclinical Drug Candidate ELQ-300 for Prophylaxis and Treatment of Malaria. ACS Infect.
Dis. 2017, 3, 728-735. [CrossRef] [PubMed]

Miley, G.P; Pou, S.; Winter, R.; Nilsen, A.; Li, Y.X,; Kelly, ].X; Stickles, A.M.; Mather, M.W.; Forquer, I.P,; Pershing, A.M.; et al.
ELQ-300 Prodrugs for Enhanced Delivery and Single-Dose Cure of Malaria. Antimicrob. Agents Chemother. 2015, 59, 5555-5560.
[CrossRef]

Nilsen, A.; LaCrue, A.N.; White, K.L.; Forquer, LP; Cross, RM.; Marfurt, J.; Mather, M.W.; Delves, M.].; Shackleford, D.M.;
Saenz, EE; et al. Quinolone-3-Diarylethers: A New Class of Antimalarial Drug. Sci. Transl. Med. 2013, 5, 13. [CrossRef] [PubMed]
Nilsen, A.; Miley, G.P.; Forquer, L.P.; Mather, M.W.; Katneni, K.; Li, Y.X,; Pou, S.; Pershing, A.M.; Stickles, A.M.; Ryan, E.; et al.
Discovery, Synthesis, and Optimization of Antimalarial 4(1H)-Quinolone-3-Diarylethers. J. Med. Chem. 2014, 57, 3818-3834.
[CrossRef]

Smilkstein, M.]J.; Pou, S.; Krollenbrock, A.; Bleyle, L.A.; Dodean, R.A.; Frueh, L.; Hinrichs, D.J.; Li, Y.X.; Martinson, T.;
Munar, M.Y;; et al. ELQ-331 as a prototype for extremely durable chemoprotection against malaria. Malar. . 2019, 18, 17.
[CrossRef] [PubMed]

Stickles, A.M.; de Almeida, M.].; Morrisey, ].M.; Sheridan, K.A.; Forquer, I.P; Nilsen, A.; Winter, RW.; Burrows, ].N.; Fidock, D.A;
Vaidya, A.B.; et al. Subtle Changes in Endochin-Like Quinolone Structure Alter the Site of Inhibition within the Cytochrome bc(1)
Complex of Plasmodium falciparum. Antimicrob. Agents Chemother. 2015, 59, 1977-1982. [CrossRef]

Stickles, A.M.; Smilkstein, M.J.; Morrisey, ].M.; Li, Y.X,; Forquer, LP; Kelly, ] X.; Pou, S.; Winter, R.W.; Nilsen, A.; Vaidya, A.B.; et al.
Atovaquone and ELQ-300 Combination Therapy as a Novel Dual-Site Cytochrome bc(1) Inhibition Strategy for Malaria. Antimicrob.
Agents Chemother. 2016, 60, 4853-4859. [CrossRef] [PubMed]

Stickles, A.M.; Ting, L.M.; Morrisey, ].M.; Li, Y.X.; Mather, M.W.; Meermeier, E.; Pershing, A.M.; Forquer, L.P.; Miley, G.P.;
Pou, S.; et al. Inhibition of Cytochrome bc(1) as a Strategy for Single-Dose, Multi-Stage Antimalarial Therapy. Am. J. Trop. Med.
Hyg. 2015, 92, 1195-1201. [CrossRef] [PubMed]

Van Schalkwyk, D.A ; Riscoe, M.K.; Pou, S.; Winter, RW.; Nilsen, A.; Duffey, M.; Moon, R.W.; Sutherland, C.J. Novel Endochin-
Like Quinolones Exhibit Potent In Vitro Activity against Plasmodium knowlesi but Do Not Synergize with Proguanil. Antimicrob.
Agents Chemother. 2020, 64, 8. [CrossRef]

Winter, R.; Kelly, J.X.; Smilkstein, M.].; Hinrichs, D.; Koop, D.R.; Riscoe, M.K. Optimization of endochin-like quinolones for
antimalarial activity. Exp. Parasitol. 2011, 127, 545-551. [CrossRef]

Winter, RW.; Kelly, ] X.; Smilkstein, M.].; Dodean, R.; Hinrichs, D.; Riscoe, M.K. Antimalarial quinolones: Synthesis, potency, and
mechanistic studies. Exp. Parasitol. 2008, 118, 487-497. [CrossRef]

Doggett, ].S.; Nilsen, A.; Forquer, I.; Wegmann, K.W.; Jones-Brando, L.; Yolken, R.H.; Bordon, C.; Charman, S.A.; Katneni, K.;
Schultz, T.; et al. Endochin-like quinolones are highly efficacious against acute and latent experimental toxoplasmosis. Proc. Natl.
Acad. Sci. USA 2012, 109, 15936-15941. [CrossRef] [PubMed]

Doggett, ].S.; Schultz, T.; Miller, A.].; Bruzual, L; Pou, S.; Winter, R.; Dodean, R.; Zakharov, L.N.; Nilsen, A.; Riscoe, M.K.; et al.
Orally Bioavailable Endochin-Like Quinolone Carbonate Ester Prodrug Reduces Toxoplasma gondii Brain Cysts. Antimicrob. Agents
Chemother. 2020, 64, 13. [CrossRef]

Ortiz, D.; Forquer, L; Boitz, J.; Soysa, R.; Elya, C.; Fulwiler, A.; Nilsen, A.; Polley, T.; Riscoe, M.K,; Ullman, B.; et al. Targeting
the Cytochrome bc(1) Complex of Leishmania Parasites for Discovery of Novel Drugs. Antimicrob. Agents Chemother. 2016, 60,
4972-4982. [CrossRef] [PubMed]

Alday, PH.; Bruzual, I; Nilsen, A.; Pou, S.; Winter, R.; Ben Mamoun, C.; Riscoe, M.K.; Doggett, ].S. Genetic Evidence for
Cytochrome b Q(i) Site Inhibition by 4(1H)-Quinolone-3-Diarylethers and Antimycin in Toxoplasma gondii. Antimicrob. Agents
Chemother. 2017, 61, 8. [CrossRef] [PubMed]

Song, Z.; Iorga, B.I.; Mounkoro, P.; Fisher, N.; Meunier, B. The antimalarial compound ELQ-400 is an unusual inhibitor of the bc(1)
complex, targeting both Q(o) and Q(i) sites. FEBS Lett. 2018, 592, 1346-1356. [CrossRef] [PubMed]


http://doi.org/10.1128/AAC.01614-15
http://doi.org/10.1056/NEJMoa0800106
http://doi.org/10.1021/acsinfecdis.7b00062
http://www.ncbi.nlm.nih.gov/pubmed/28927276
http://doi.org/10.1128/AAC.01183-15
http://doi.org/10.1126/scitranslmed.3005029
http://www.ncbi.nlm.nih.gov/pubmed/23515079
http://doi.org/10.1021/jm500147k
http://doi.org/10.1186/s12936-019-2921-9
http://www.ncbi.nlm.nih.gov/pubmed/31455339
http://doi.org/10.1128/AAC.04149-14
http://doi.org/10.1128/AAC.00791-16
http://www.ncbi.nlm.nih.gov/pubmed/27270285
http://doi.org/10.4269/ajtmh.14-0553
http://www.ncbi.nlm.nih.gov/pubmed/25918204
http://doi.org/10.1128/AAC.02549-19
http://doi.org/10.1016/j.exppara.2010.10.016
http://doi.org/10.1016/j.exppara.2007.10.016
http://doi.org/10.1073/pnas.1208069109
http://www.ncbi.nlm.nih.gov/pubmed/23019377
http://doi.org/10.1128/AAC.00535-20
http://doi.org/10.1128/AAC.00850-16
http://www.ncbi.nlm.nih.gov/pubmed/27297476
http://doi.org/10.1128/AAC.01866-16
http://www.ncbi.nlm.nih.gov/pubmed/27919897
http://doi.org/10.1002/1873-3468.13035
http://www.ncbi.nlm.nih.gov/pubmed/29574797

	Introduction 
	Current Treatments against Human Babesiosis 
	In Vitro and In Vivo Models for the Evaluation of Novel Anti-Babesia Therapies 
	Novel Therapies under Investigation for the Treatment of Human Babesiosis 
	Conclusions and Considerations for Future Drug Development 
	References

