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Abstract: Due to the persistent lack of suitable vaccineepwtherapy remains the only option for the treatmoé patients
infected by protozoan parasites. However, mostaiai antiparasitic drugs have serious disadvastagaging from high
cost and poor compliance to high toxicity and rapualiction of resistance. In recent decades baskearch laboratories
identified a considerable number of promising neateuules, but their development has not been pdrisudepth by
pharmaceutical firms because of poor prospectsafi@nic return. The establishment of adequatelgdédrpublic-private
partnerships is currently reversing the trend. Taisew deals with new drugs agaif$asmodium, Leishmaniand
Trypanosomaarasites, focusing on the molecules that arbaémtost advanced stage of development. The pugidbis
article is to provide the reader with a panoraniéewof the updated literature on the challengessirategies of

contemporary antiprotozoal drug research, payiegitie attention to the already published reviews.
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1. INTRODUCTION

Infections caused by parasitic protozoa take amneoas toll on human health. Their prevalence is©éign tropical and
equatorial countries, where the major number oftdes due to malaria, leishmaniasis, and Africath American
trypanosomiasis. High mortality rates are assoditigoor sanitary conditions, high percentagasntfeated HIV-infected
individuals, and lack of efficient prophylactic nse@es [1]. In the developed countries the situagarot so tragic, but
nonetheless it has its drawbacks. If it is true thahese countries most HIV-infected patientstegated, the number of
chronically immuno-deficient carriers of transpleshibrgans is set to grow. In these patients lgtarasitic infections, such
as leishmaniasis and toxoplasmosis, can reappegpastunistic infections. Moreover, the climat@ofes linked to global
warming in temperate countries are extending teednhvector habitats, as is the case of the northe@read of
leishmania-transmitting sandflies, assessed byeepimlogical surveys of canine leishmaniasis inyl{dr4]. Some
additional cases of parasitic infections have aksen registered due to “transplant tourism”, ravel with the intent of
receiving or donating an organ, a practice theajgdly increasing [5]. A further danger for indtialized countries comes
from massive migration of infected subjects fromd@&mic countries: a typical example is the presefi¢bousands of
Trypanosoma cruzinfected people in North America and Spain [6].

In the absence of prophylactic or curative vaccthesonly available choice is chemotherapy. Howetres relies
on drugs which are tens of years old, afflictechvgiérious disadvantages, such as heavy side-effettstion of resistant
strains, or high production costs. Unfortunatetys situation is not likely to improve in the shtetm because, as many
authors have emphasized, market forces are inguffito drive the discovery and development of mewgs [1]. In a
profit-driven context in which pharmaceutical firplike any private industry, respond to economtbeathan social or
human interests, the development of drugs for fiarakseases by private companies has no futwen & the presence of
major technical breakthroughs such as the recsigtits in parasite biology and the increasing dsmmputer-aided
virtual screening [7]. To counteract the disengageinof pharmaceutical companies from R&D of drugstfopical
diseases that took place in the 1970s, some pphiiate partnerships (PPPs) were established, asithe Medicines for
Malaria Venture (MMV), the Drugs for Neglected Dases initiative (DNDi) [8], the Institute for OnedNd Health, and
the Italian Malaria Network. These PPPs, generdusigied by, among others, the Bill and Melinda G&eundation and
the Rockefeller Foundation, exploit the synergyltsg from the coordination of the basic researndertaken by
universities and public healthcare organizatiorts Wie pharmaceutical industry expertise in medicomemistry and
technology necessary for the development of leadsdaug candidates. This topic is thoroughly disedsby Nwaka and

Ridley [9]. The production cost remains a fundarakisisue, as the new drugs should be available@miarkets of



developing countries at an affordable price. Thiddr must be taken into account to evaluate thlevedue of any R&D
program aimed at producing new effective and safparasitic drugs to be used in endemic counfdiek

The strategies to optimize the identification ofvrective compounds rely on the integration of mieic
chemistry, pharmacokinetics, and project plannittge publicly-founded sequencing of parasitic genared the recent
breakthroughs in the fields of genomics, proteopbasinformatics, high-throughput screening (HTISgh content
screenings (HCS), structure-based design, chemiwmidtics and pharmacogenomics, already in useetdifgt molecular
targets in major diseases like cancer and neuro@egtve or inflammatory disorders, can be usddeatify new parasite-
specific targets [11-13]. Computer-assisted sefinctrug targets is making the process of drugifigdess costly and time
consuming, anth silico approaches such as virtual screening by moledoaleking are becoming more and more efficient
and cost-effective [14, 15]. Today the choice iamsingle-target, multi-target or phenotypic someg. The large-scale
screening against well identified singular targetsore easy to perform, and can take advantatfeedvailability of the
full genome sequence BlfasmodiumLeishmaniaTrypanosomandToxoplasmapecies, that provides the possibility to
develop drugs targeting biochemical processes caomtmdifferent parasites [16]. This strategy copitdduce huge savings
in the development, toxicity testing and marketimgcedures. However, single target drugs frequestitbyv reducech
vivo efficacy and/or undesired safety and resistancflgs, due to target redundancy, crosstalk, corsatemy and
neutralizing actions, and on-target and off-tatggicities [17]. Multi-target drugs would be morafs, more active and
with a lower capacity of selecting resistant stsaiowadays multi-target drugs are obtained byctimebination of two
different molecules, as in antimalarial combinatiatments, but it can be envisaged that theahiltly of in silico
models of cellular systems will make the identifica of new single molecules active on more thae tanget possible. A
stimulating discussion on the advantages of thdiftarget approach has been written by Keittal [18].

The alternative/complementary approacimtsilico strategies is phenotypic screening, in which campis are
screenedn vitro against the whole organism. This most traditidgeehnique offers increased chances of efficacy,
potentially slow development of resistance, andpibesibility to be used for the screening of ndtpraducts such as plant
derivatives [19, 20]. A serious drawback of thiprgach is thain vitro screening can be performed, by definition, only on
the parasite stages that can be grawwitro. Consequently, for example, relatively few druges available to inhibit liver
stage malaria parasites [21]. Three groups, fromde@mia (St. Jude Children’s Research Hospital), [pAustry
(GlaxoSmithKline, GSK) [23], and academic/industonsortia (Novartis) [24] have reported the resoltghenotypic HTS
of compounds from chemical libraries, and the $tmgs of thousands of active compounds have begosded in public

databases [25]. A number of other screenings arersgoing, whose results have not been publigfetd26].



This review discusses the problems and the upt®krspectives regarding new drugs agattetmodium,

Leishmaniaand Trypanosomaparasites, focusing on the molecules that arkanrost advanced stage of development.

2. PLASMODIUM

Malaria parasites were discovered in 1880 by Algiedmaveran (1907 Nobel Prize Winner), a Frenchtanyli
doctor who identified motile forms in the bloodafebrile patient [27]. About 20 years later, Rah@bss (1902 Nobel
Prize Winner) clarified the transmission roleAsfophelesnosquitoes. Among the human-infectiPigsmodiunspeciesP.
falciparum(malaria tropicg is responsible for the majority of malaria-linkegiaths in sub-Saharan Africa, where it has
been around for more than 6000 years, as demaedtogtthe finding of its DNA in ancient Egyptian momy tissues
dating back to ~4,000 years ago [28].vivax(malaria tertiang, endemic in tropical and subtropical areas oBABlorth
and South America, in the Middle East, North Afriaad in the South Pacific, is traditionally coresied more benign but it
causes as much as 25-40% of the global malariacasd PCR detection methods show EhdalciparumandP. vivaxco-
infections may be as high as 50-65% in Thailand.[2Be low diffusion ofP. vivaxin sub-Saharan Western Africa and in
Papua New Guinea is related to the lack of the Dgiffcoprotein antigen on the surface of red bloells of the
indigenous populations [30]. For a comprehensivéere of the mechanisms of genetic resistance tari@lcorrelated
with hemoglobinopathies, erythrocyte polymorphiserszymopathies, and immunogenetic variants, théerda referred to
Lopezet al.[31]. The other two main human-infecting speciesPa ovaleandP. malariag which represent a small
percentage of infections. In addition, some casésiman malaria are due to the primate pardaitenowlesicommon in
Southeast Asia, which has a replication asexuaheygytic cycle of about 24 hours [32].

Malaria is the fifth cause of death from infectialiseases worldwide (after respiratory infectiddB//AIDS,
diarrheal diseases, and tuberculosis), and ieisétond leading cause of death from infectiousagiss in Africa, after
HIV/AIDS [33]. In the absence of an effective licad vaccine, the global antimalarial strategy setie a multi-faceted
approach based on prevention (i.e. vector contrdlgharmacological prophylaxis), quick and reliadiegnostic
procedures, and treatment with effective antimalahiugs. The Malaria Eradication Research AgentiERA) initiative
[34], created in 2007, re-established the long-tgoal of malaria eradication, that, at least fownis destined to remain
elusive, since currently available drugs and praigare mostly directed to treat patients by kijjlthe parasite asexual
stages rather than to prevent transmission by garyiet elimination. Eradication attempts based enbilockage of malaria
transmission should rely on gametocydal drugs. Heweo test potential gametocydal drugs, bothnaproved

gametocyte production method and a reliable agssagdess the compound gametocydal activity areresfjun this



regard, new affordable and reliable techniqueséavgnalaria gametocytés vitro to be used for drug activity assessment
are currently being developed at GSK Tres Cantosrédories [35].

In order to identify the optimal treatment for eanhblaria case, some key differences anBlagmodiunspecies
must be taken into account. Following the biterofrdected mosquito, the sporozoites injected thskin (on average
one hundred) travel from the dermis to the lived penetrate into the hepatocytes, where by schigotfmusands of
merozoites originate and are successively releasedhe bloodstream [36]. In the casdPofvivaxandP. ovale following
hepatocyte infection some of the sporozoites daemicate, but become dormant hypnozoites that meagtivate and
cause relapses after latency periods of weeks,hmamteven several years [32]. Therefore, in tigfeetions the
availability of hypnozoite-killing drugs is crucittd eradicate the parasite from the host. A sediffiesrence among
Plasmodiumnspecies concerns the replication cycle duratidnchvis reflected in the timing of the fever pe#kd48 hours
for P. falciparum, P. vivaandP. ovale,~ 60-72 hours foP. malariag. The third difference is the timing of the apeare
of circulating gametocytes and their persistente timne bloodstream, especially relevant for trassion control. Whereas
P. falciparumgametocytes appear several days after the ipicsitaemial. vivaxgametocytes appear concurrently or
even before asexual parasites. Therefore, the dtaglforP. vivaxeradication should kill all blood stages of thegsite,
gametocytes included. For a detailed review oflakte treatments foP. vivax see Pricet al.[37]. Currently, malaria
treatment relies on four families of drugs: quineb and their derivatives, peroxides (artemisinieh itss semisynthetic
derivatives), antifolates, and the hydroxynaphttioope atovaquone [38]. In order to limit the emexgeof resistance the
WHO recommends 7 days treatments based on peraidiantibiotics such as tetracycline, doxycycloreslindamycin,
or 3 days treatments based on peroxides and amaaégenefloquine, sulfadoxine-pyrimethamine, or &iemtrine (Fig.

1), a racemic fluorene derivative that conformsdtrtally, physicochemically and functionally to tgeinolines [39].

lumifantrine



Fig. )
The treatment protocols should take into accoumPthsmodiunspecies and drug-resistance profile, which vary
from place to place, and should be optimized ireotd address severe malaria cases or uncomplinskdia, including
disease in special risk groups (young childrengipaat women, HIV-positive patients, travelers froam-endemic

regions).

2.1. Quinine and quinine analogs

Quinine (Fig.2) is an alkaloid found in the bark of the cincharee native to the tropical Andes forests of wester
South America, introduced into Europe in the e&f90s. It rapidly kills intra-erythrocytic malasahizonts of all species
and gametocytes &f. vivaxandP. malariag but not those dP. falciparum It also has analgesic, but not antipyretic
properties. Quinine was the best antimalarial dajlable until the 1920s, when more effective bgtit derivates became

available, but its anti-malarial mechanism of atth@s not yet been fully resolved [40, 41].
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The most successful quinine analog is chloroqutig. @), a 7-chloroquinoline which was first introducedtihe
1940s and quickly became the antimalarial drughofae [42], thanks to its good efficacy and lon¢f-tite, coupled with
low cost and low toxicity that makes it safe foildlen and pregnant women. Unfortunately, withimatba decade the

development and rapid spread of resistant strainsed the collapse of the chloroquine-dependeatd# global malaria



eradication, and today the WHO recommends thatraglone for the treatment & falciparummalaria be avoided, except
in specific areas where susceptible strains digstisent [42]. Nonetheless, the initial chloramgisuccess prompted the
feeling that, as Andrewat al.[43] put it, “chloroquine’s safety and economiwadtages are simply too strong to
abandon”, encouraging the development of two losfagsearch, both aimed to overcome parasite aggist The first line
pursues the production of analogs able to bypasstaace. The second exploits the linkage of clyjeiree with molecules
known as reversal agents or chemosensitizers, whycimhibiting the enhanced chloroquine exporhfrthe digestive
vacuole, thwart the basic process involved in ddaine resistance [42]. Two generations of revecsdoroquine drugs
have so far been developed, the first one basexisting molecules known for their ability to pradua chloroquine build-

up inside parasites, such as verapamil and imipraifkig.3), the second and more recent one based on newietbdi

molecules.
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Fig. (3). Chemical structures of chloroquine chemosensitizegs.
Among these, as reported by Peyton [44], compo@ratsd 3 (Fig3) showed good activity botih vitro and in

murine experimental models. The search for modified more active chloroquine derivatives led todaeelopment of
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ferroquine (Fig2) [45], a second generation 4-amino-quinoline, Wh&ccurrently the most advanced organo-metalligdr
candidate that just completed phase | clinicaldrés a treatment for uncomplicated malaria, baiiye against both
chloroquine-susceptible and chloroquine-resistaatrs ofP. falciparumandP. vivax Due to its long half life and activity,
ferroquine, together with an appropriate partnegdmight qualify for the development of a singlesd antimalarial
combination treatment. These promising properteednhowever, further evaluation in clinical phAsend 1l studies

[46].

Two other quinine analogs are currently in usenpduine and mefloquine (Fig). Primaquine, an 8-
aminoquinoline, is the only approved drug agaihstivaxandP. ovalehepatic stages, including both hypnozoites and
parasites acutely infecting the liver. It can bedus achieve radical cure Bf vivaxinfections thanks to its ability to kill
both the gametocyte and hypnozoite stages. Ibisght to be converted in the liver to an activenqnie metabolite acting
on the parasite mitochondria. This mechanism abachay be related to that of napthoquinones ssdt@aquone (Fig.
2), which was shown to inhibit the cytochrome bcinptex of the mitochondrial respiratory chain antlaggse the
mitochondrial membrane potential [40]. Patientsweit attack ofivaxmalaria and parasitized red blood cells should
receive a course of chloroquine, which rapidly dBat the erythrocytic parasites and terminatep#rexysm, and a
concurrent primaquine administration in order tadécate liver hypnozoites and circulating gametesyPrimaquine would
be a very good agent for causal prophylaxisiedix andfalciparummalaria, but some of its properties, such as hiogt s
elimination half-life and the ability to induce s=e haemolysis in glucose-6-phosphate dehydrog6BéB®)-deficient
subjects, diminish its therapeutic utility and hanjts use for prophylaxis [47].

Tafenoquine, also known as WR 238605 (Bigis a new 8-aminoquinoline that was developetheyWalter
Reed Army Institute of Research and GSK in thecdefor a safer, more effective and longer actirgaeement for
primaquine. Tafenoquine possesses greater actigainst all stages of malaria parasites, and thianks long elimination
half-life (2-3 weeks), it can be used both RorfalciparumandP. vivax chemoprophylaxis, and fét. vivaxresidual liver
parasites eradication [47]. It is currently in phd®/111 clinical trials. A clinical study initisgéd in 2009 and continuing in
2012 has been undertaken by MMV and GSK to ashesddse safety in G6PD heterozygous subjects, aatieléntifying
the maximum safe dose. The efficacy and safetgfehbquine is also currently being assessed iraaePltb clinical study
commenced in Peru and Thailand by using a looséuwation of tafenoquine and chloroquine [48]. Reskers at the
Walter Reed Army Institute of Research are tesiisgries of novel 5-aryl-8-aminoquinoline derivativaimed at

separating the antimalarial activity of tafenoquiireem its haemolytic side effects in G6PD-deficipatients [49].
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Mefloquine, belonging like quinine to the quinolinethanol family, is indicated for the treatmentiofd to
moderate acute malaria caused by mefloquine-subteptrains of. falciparum(both chloroquine-susceptible and -
resistant strains) or y. vivax Mefloquine is also indicated for the prophylagfsP. falciparumandP. vivaxinfections,
including prophylaxis oP. falciparumchloroquine-resistant strains

The main defects of the quinine-family molecules thie ability to select resistant parasite stralosumented for
P. falciparum, P. malariaendP. vivax and a plethora of negative side-effects mostiplving the gastrointestinal,
nervous, and respiratory systems. Neverthelesbeinear future quinine will continue to play argigant role,
particularly in limited-resource settings, wherssl¢éoxic but more costly drugs (i.e. peroxides)rareavailable, and in the
management of malaria in the first trimester ofgmancy [41]. For comprehensive reviews on the atiyeised

antimalarial drugs the reader is referred to Kappagt al.[50] and Wellset al.[32].

2.2. Artemisinin and its derivates

Artemisinin (Fig.4) is a sesquiterpene lactone containing an unymrakide bridge that is believed to be
responsible for the drug's mechanism of action. fdtaral molecule, isolated from the pl@mtemisia annugsweet
wormwood), and its semi-synthetic derivatives agtmar, artesunate and dihydroartemisinin (Bjgare potent antimalarial
drugs. However, a decline of the efficacy of ar&min and artesunate monotherapy due to the emeegeresistant
strains was detected in Western Cambodia [51hénnthai-Cambodian border [52], and in the Thaildhdinmar border

[53].
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Fig. (4). Chemical structures of antimalarial peroxides.

Since the spread of artemisinin resistance wouldisestrous for global malaria control, the WH®sgly
recommends the association of artemisinin with odméimalarials [54, 55]. The Artemisinin-based Conation Therapies
(ACT), active on the asexual blood stage® ofalciparum are assumed to also be fully active against thero

Plasmodiunspecies and are currently considered the treatafartitoice for malaria tropica, being rapidly etiee and

13



well tolerated by patients. However, in practicemuisinin is in short supply and remains unaffotddbr most people
living in malaria-endemic zones, because the adigini content of the plant is low and the chemgaldthesis of the
compound is complex and uneconomic. In 2005 thenagtd demand for the fixed combination drug artidwee
lumifantrine, containing the dose of artemetheunesgl to cure a malaria patient (i.e. 500 mg) vaaslP0 million adult
treatment courses, corresponding to approximatelyténs of artemisinin, given that the overall clehyield of
artemether from artemisinin is 53% [56]. FollowMgHO recommendations in 2001, within 8 years 88 toes including
all African countries, had officially adopted AC®s first-line treatment for uncomplicated malaHawever, only 14
countries report distributing enough ACTSs to trataeast 50% of reported malaria cases in the psltem, and only 5
countries reported distributing enough ACTSs tottedlacases in 2008 [57]. For a review of cost-efifeeness of malaria
treatment and prophylaxis, see van Vegal. [58].

Many attempts are underway to enhance the yietdtefnisinin through traditional breeding andvitro plant
tissue cultures or heterologous expression sysievobdving the use of genetically-modified microlj&9]. So far, financial
considerations have limited the development ofnaitmin derivatives and no second generation asiemi derivatives are
yet in use [60]. The most promising molecules,raisene (BAY 44-9585) and artemiside (F&), are semisynthetic 10
alkylaminoartemisinins that can be synthesized fdimydroartemisinin [61]. Both molecules showedygromising
activity in the treatment of cerebral malaria imarine model [62]. Artemisone, that possesses gelohalf-life, lower
curative dose, and superior bioavailability compasgth first generation artemisinin derivatives,saghown to be devoid

of neurotoxicity in human preclinical testing [63].

2.3. Antifolates

The first-generation antifolates, pyrimethamine apcdoguanil (Fig5), were developed in the 1940s as
antimalarial drugs that targeted the parasite’ydfibfolate reductase (DHFR) blocking the parasité?land protein
synthesis, thereby inhibiting parasite growth. Shadoxine-pyrimethamine combination was widelgdigh antimalarial
therapy because it is inexpensive, relatively safeé effective, as it requires single-dose treats@#]. However, single-
point mutations of DHFR can cause parasite resistaand since the use of the chloroquine + sulfiagddpyrimethamine
combination for the treatment of uncomplicated malhas not been discontinued despite the intréalucf ACT,
antifolate-resistar®. falciparumstrains are common in Bangladesh, Thailand andi@dra [65]. The use of probenecid
(Fig. 5) to increase the efficacy of the sulphadoxinefpgthamine association for intermittent preventreatment in

pregnancy was proposed, however additional infdonas needed on its safety and pharmacokinetiggeégnancy [66].
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Empirical drug screenings by the Walter Reed Arnstitute of Research led to the discovery in the i¥60s of second-

generation antifolates, namely WR99210 (Big.which possess marked activity against both pgtiramine- and

chloroquine-resistant isolates Bf falciparum[67].
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However, the development of the drug was abanddrezuse it showed poor bioavailability and dudlgical
trials induced severe gastrointestinal symptomslanteers [47]. In an effort to circumvent theselfems PS-15 (Fid),
the phenoxypropoxybiguanide precursor for WR992i#} synthesized [68]. However, further assessnfdPSdl5 was
suspended because of regulatory restrictions ingkeof the starting material, i.e. 2,4,5-trichfglienol, used to produce
PS-15. To overcome the safety and regulatory otistnis associated with PS-15 production, third-getien
phenoxypropoxybiguanide prodrugs such as PS-2&2008Cand JPC2056 (Fif), with their corresponding active
dihydrotriazine metabolites, were synthesized.Heése compounds JPC2056, which is metabolized t@@C(Fig.5),
was selected as the lead candidate for preclideatlopment [69]. JPC2067 is currently being dgwedbfor the treatment
of infections fromP. falciparum T. gondiiand other non-protozoal pathogens, sudiasobacteriumandNocardiaspp
[70]. Research aimed at the identification of newifalates is in the stage of lead identificatiomystly performed by
preliminary assessment of the most promising mdésdoy molecular docking, followed ly vitro antimalarial evaluation.
Recently structural and mutagenic studies orPthialciparumbifunctional enzyme dihydrofolate reductase-thyratsy
synthase (DHFR-TS) led to the definition of thetéeas essential for achieving effective inhibitiand to the identification

of hybrid phenyl thiazolyl-1,3,5-triazine analogwespromising molecules [71].

2.4. Atovaquone

Known at first for its activity again®neumocystis carin{inow P. jirovec) andT. gondij atovaquone (Fig) was
further developed as an antimalarial drug and lfiriatroduced on the market in 1997 as a fixed-das®bination with
proguanil (Fig6), for the treatment and prophylaxis of multidregistant. falciparummalaria in areas endemic with

chloroquine resistant strains.
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The need for the combination was due to the rapictibpment of resistance when atovaquone was Used a
[72]. Proguanil, a biguanide, enhances atovaquotietg, thereby reducing the likelihood of resista emergence, by a
mechanism that needs to be clarified. Both atovagumd proguanil are active against the hepatidlandrythrocytic
stages of the parasite, but despite its effectiseitiee high cost of the combination prevented itkegpread use in malaria-
endemic areas, especially sub-Saharan Africa j8jaquone is a hydroxynapthoquinone which targetgparasite
respiratory chain by inhibiting mitochondrial elext transport through the cytochroimel complex. Because of its poor
pharmaceutical properties, such as low bioavaitgtdhd high plasma protein binding, a series tdrapts, so far
unsuccessful, aimed at improving its bioavailapiitere undertaken (for review, see [74]). The disey of the action
mechanism of atovaquone prompted the search fer atlblecules targeting th falciparummitochondrial respiratory
chain. Along this line, a GSK team is developingeaes of 4-pyridones related to the anti-coccidial clopidol (Fig6).
This family of cytochromécl inhibitors seems the most promising, but a nurbénese molecules showed high toxicity

in clinical trials. However the very fact that thesached clinical trials indicates that their depehent is worthwhile [74].

2.5. Antibiotics
The antimalarial activity of antibiotics such asarhmphenicol and tetracyclines was serendipitod&govered in

the late 1940s, but because of their slownesstmfrgthis class of molecules was not considergdoally useful
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(reviewed in [75]). However, if antibiotics were maatch for chloroquine in the early1950s, the wwithe spread of
chloroquine-resistar®. falciparumin the 1960s led to the re-evaluation of theirimstne 1970s. In 1983 Geary and Jensen
[76] byin vitro studies demonstrated that the antimalarial agtivéis a prerogative of antibiotics that interfeighvprotein
or nucleic acid synthesis, but not of those thatutit cell wall synthesis. They also observed tihatkilling effect became
evident after 96 h of treatment, a period corredpanto two full erythrocytic cycles (delayed-deatifect). More recent
studies suggest that these antibiotics act by plisrg essential functions of the apicoplast, aigesdt nonphotosynthetic
remnant of a chloroplast, derived from a red akgd tesided symbiotically within a protozoan ancesf theApicomplexa
[77]. This intracellular organelle features a 35eklanobacterial genome (reviewed in [77, 78]). Bitea treateih vitro for
few hours with clinically relevant concentratiorfaetracyclines or clindamycin were able to fulfilffirst erythrocytic cycle
with release of merozoites that invaded new ergiytes and completed most of a second cycle of dpuetnt, forming
multinucleated schizonts. However, these schizappeared grossly abnormal and were unable to fonctibnal
merozoites capable of rupturing the host cell [R8eems that these antibiotics block some apastflousekeeping
functions, such as the synthesis of type Il fatigs, iron-sulfur clusters, heme and isoprenoidsied for mitochondrial

functions, resulting in non-functional apicoplastsleveloping progeny [80].
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Fig. (7). Chemical structures of antibiotics with antintelbactivity.

Fosmidomycin (Fig6), isolated in the 1970s as a natural antibiotorftSreptomyces lavenduland currently
produced by chemical synthesis, was consideredraiping antimalarial agent and a possible alteveaty artemisinins
since the discovery of its inhibitory action on dedy-D-xylulose 5-phosphate reductoisomerase, aynea of the non-

mevalonate pathway of isoprenoid biosynthesisithabsent in humans [81]. Fosmidomycin does nqllaysthe delayed-
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death effect, showing a rapid onset of action,itigtnot gametocydal. Its relatively weak activitgn be improved by
combining it with clindamycinln vitro synergistic activity of the fosmidomycin/clindamgaiombination against various
strains ofP. falciparumwas demonstrated, and clinical trials confirmedgafety and efficacy of fosmidomycin alone or
combined with clindamycin for the treatment of umgicatedP. falciparumin adults. However, recent clinical trials of the
fosmidomycin/clindamycin combination on children y&ars of age gave disappointing results that waftather
investigation [82].

Recently, it was shown that some thiopeptide aotiits which affect malaria apicoplast causing thkaged-death
effect can also rapidly kill the parasite by tanggtthe cell proteasome. Rapid parasite killing afeady observed by
Goodmaret al,, who in 2007 demonstrated that thiostrepton (Pighared the immediate killing effect with ciprofaxin
and rifampicin, but the mechanism involved wasfaobly investigated [83]. Protein regulation is inmemt for the parasite
because of its high replication rate in the hunieer land blood stages. Moreover, the temperatufetehwhich the
parasite must rapidly adapt when it moves backfaril between humans and mosquitoes induces & sgggonse that is
managed by the ubiquitin-proteasome systensilico predictions indicate that over half of the pamgitoteins represent
targets for ubiquitination [83, 84]. Therefore, fgasome inhibitors are considered promising antinelagents. An
essential role of thBlasmodiunproteasome has been demonstrated for the livesdldnd gametocyte stages [83, 85-91].
Thiostrepton (GHgsN14015Ss), first isolated fronStreptomyces azureus1954 and later also fro@treptomyces laurentii
is often referred to as the parent compound ofttlepeptide antibiotics (for review, see [92])idteffective against Gram-
positive bacteria with activity comparable to tb&the penicillins, but it was not developed fanidal use as antibacterial
because of its low aqueous solubility and conseigeghy induction of resistance [92]. Thiostreptas,well as other
antibiotics such as azithromycin, telithromycingF), and tetracyclines, inhibits the prokaryotic-likanslation machinery
of the malaria apicoplast, resulting in delayedtdeldowever, thiostrepton and some of its morevaatiewly generated
derivatives also target the falciparum20S proteasome, resulting in rapid parasite elitiom prior to DNA replication.
Semisynthetic thiostrepton derivatives seem higihbmising, being fast-acting molecules which aresubject to rapid
development of resistance, because their gametmdgaactivity prevents the transmission of resistaconferring
genotypes [83].

The use of broad spectrum antibiotics with antimalactivity, such as azithromycin, clindamycindan
doxycycline, in combination with quinine could lEcommended for the parenteral treatment of sevataria cases in
hospitalized patients [93]. A clindamycin-quininentbination is recommended by the WHO as the drughoice for the

oral treatment oP. falciparuminfection in the first trimester of pregnancy,aasecond-line drug following first-choice
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treatment failures, for malaria in the second dmidittrimesters of pregnancy, for travelers anctli@r oral phase of severe
malaria treatment [94]. The efficacy of this condiion versus other anti-malarial drugs in the treatt of uncomplicated
falciparummalaria is thoroughly reviewed in [95]. Pfizer aviti1V are working together to develop a fixed-dose
combination tablet of azithromycin and chloroqu{AZCQ) for Intermittent Preventative Treatment ire§hant Women.
The combination is designed to be synergistic againloroquine-resistant strainskffalciparumand showed efficacy in
the treatment of symptomatic malaria in two muétirter clinical trials performed on adult subjectsiib-Saharan Africa.
Both azithromycin and chloroquine were shown te#ke in children and pregnant women over a numbygears.
Furthermore, the activity of azithromycin againstrenon sexually transmitted infections may providdiional benefit in
improving pregnancy outcomes [48]. In this regaing, effect of antibiotics on the host bacteriatdloust be considered: if
in some cases antibiotics may be useful for thetividy on bacterial co-infections or on malariarelated bacterial fevers
that in endemic areas lacking proper diagnostittiies could be misdiagnosed as severe malarialliather cases,
especially when widely used as oral formulationsii@rapy and prophylaxis, they may select unwekoesistant
bacterial strains [96].

Among new antibiotics solithromycin (Fi@), a next-generation oral and intravenous fluoroli@¢ macrolide
effective against malarial parasites, can be cens@tla promising partner drug in a combinationapgrUnlike
telithromycin, solithromycin does not contain aigiyme moiety, which was shown to inhibit nicotiracetylcholine
receptors and is a potential cause of the severersal events associated with telithromycin (Kefiédots). In a murine
model ofP. bergheinfection solithromycin monotherapy had cure ratesilar to that of artesunate. Several phase listud
showed that solithromycin is well tolerated, anid tompound recently completed a successful phasallifor the

treatment of community-acquired bacterial pneum{@irg.

2.6. New approaches

Plasmodiungenome sequencing brought into light a vast amofimformation regarding protein hypothetical
functions in both the human host and mosquito vgdé&). Since the 1980s and until the mid-2000sdéeelopment of
new antimalarials was carried out trying to modifjsting chemotypes or to assess the validity of teegets identified
through genetic and/am silico insights [26]. However, these strategies did eatlito the deployment of new antimalarials,
and have been generally recognized as unsatisyadmtaause of the small number of available scagfdinl the lack of
whole-cell activity, and/or for the rapid vitro development of resistance [23, 26]. Thereforédéntify novel antimalarial

leads major pharmaceutical firms and academictirnigtns chose to screen large chemical librarig@sgusigh throughput,
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whole cell screening assays basedPofalciparumproliferation. In recent years, thousands of nesletules with potent
activity againsPlasmodium falciparurwere identified and information about them publidjeased. The St. Jude
Children’s Research Hospital group performed thieesing of more than 300,000 compounds against-emythrocyticP.
falciparumidentifying 172 representative molecules, whosecstire and biological activity were disclosed toypde the
scientific community with new starting points farther investigation [22]. Screening a GSK prouigt2,000,000
compound chemical library, Ganet al. identified about 11,500 validated hits, referteds the Tres Cantos Antimalarial
Set [23]. Among these, a new chemical class obitdiis, designated cyclopropyl carboxamides, wipiabsess potent
inhibitory activity againsP. falciparumstrains and are effective by oral administratiomalaria mouse models, were
considered for lead optimization. However, theywsbod an unexpected propensity to select for redig@masites, and this
problem, if not solved, will hamper further devetognt [99]. By using the same type of whole celesaing assay,
Novartis scientists identified spiroindolones dge&fve antimalarials which act by rapidly suppiegghe parasite protein
synthesis [100]. Spiroindolones represent a fawofiljnolecules that being based on a different mdé@caffold are active
on parasite strains resistant to currently useidnatarials. The compound NITD609 (Fig), a spirotetrahydr@-carboline,
has good drug-like attributes and displays physieatical properties compatible with conventionalédformulation; it is

as effective as artesunate, with potency in therlamomolar range against Bl vivaxandP. falciparumisolates.

NITD gog

Fig. ).

NITD609 is also similar to artesunate in its apitid kill both mature trophozoite and immatievivaxring stages
[101]. The ability to inhibit gametocytogenesis realNITD609 a good candidate for malaria prophylaxig, thanks to its
potential for transmission reduction, also for abgll malaria-eradication program. Further safety gimarmacological
preclinical evaluations are currently ongoing tppsart the initiation of human clinical trials [102} second class of
molecules, i.e. imidazolopiperazines, still in #tage of hit to lead optimization, are being depetbat Novartis
laboratories [103]. At Merck Research Laboratories,screening of the proprietary compound coltecthrough thé.

falciparum3H-hypoxanthine assay and the application of sartoraated technology, resulted in the discovery 8-M
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4815 (Fig.9), a compound with potein vitro activity against multidrug-resistaRt falciparumand able to curP. berghei

infected mice by oral administration [104].
OH

NH,

MK-4815

Fig. Q).

The compound, a 2-aminomethyl-3,5tdit-butylphenol, belongs to the Mannich base familgaipounds,
previously reported to have various degrees ofraltirial activity [105]. The mechanism of actionMiK-4815 has not
been elucidated yet, but the available data shatvstmort-term exposure (4 to 7 h) can kill matRrélciparumparasitesn
vitro, probably due to MK-4815 selective accumulatiofabe stage parasites. MK-4815 is undergoing furtdvelduation
and was accepted as a preclinical candidate byiN¥ [104]. High priority molecules in the lead optization, preclinical

or phase | development stage are thoroughly re\deéw§26].

2.7. Natural products

Traditional plants are still widely used as a fiise treatment especially in rural areas of malamdemic
countries [106-108]. However, clinical researchhis field is scanty and underfunded, probably tupractical and
theoretical concerns such as biodiversity, sustéénase and conservation of the plant extractstatebal concerns
regarding property rights and the equitable distidn of economical benefits [109]. A partnershgivibeen the Global
Initiative For Traditional Systems (GIFTS) of Hémdit the OxfordJniversity (UK) and international researchers wogki
on traditional medicine for malaria gave originli®99 to the Research Initiative on Traditional Arglarial Methods
(RITAM), funded by the Rockefeller Foundation, tfeltilateral Initiative on Malaria (MIM) and the dpical Disease
Research (TDR) Division of the WHO. Currently RITANMs a network of over 300 scientists, organistmfour
specialist groups, covering pre-clinical and clatiassessment of traditional medicinal plants disedhalaria treatment,

insect repellents and vector control, and its dbjes include the review of current knowledge aditional anti-malarial
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methods, determination of research priorities dégign ofoptimal research methodologies, and the&lance of research
replication [110].

The study of traditional plant remedies is compbdaby the need to collect a series of ethnoboshimtormations
(location and abundance of the plant, parts used) bf use, duration of treatment), and by the [@wis in dosage
definition due to variations in the concentratiofigctive ingredients linked to harvest time, sggrand preparation
modalities [111]. So far, the remarkable amounpdflished ethnobotanical and pharmacological stuoliethe more than
1200 known anti-malarial plants would need a syst@nreview, but a standard procedure is lackid@[1113]. The
development of a score system to select and pzefitiants for further research as anti-malariagdrandidates is in
progress [112], and the reader interested in @etdigts of plant-derived antimalarial agents idfed in the last decade is
referred to a series of existing exhaustive revigh@9, 111, 114, 115]. Given the abundance of m&taolecules with
antimalarial properties, what is needed is theinghess of private firms or public institutionskiear the costs of further
investigation. Most natural bioactive molecules susceptible to chemical modification to give anigp antimalarial drugs
based on new molecular scaffolds, possibly actjarstPlasmodiunmultidrug resistant strains. This approach is more
attractive to the pharmaceutical industry thanube of crude extracts, offering more patenting ojpmities. Nowadays the
chemistry of natural products is considered a lyigihdmising provider of new leads for drug discgvilrl6], following a
standby period that lasted from the end of the $28Qil recent years [117]. A great number of ratarolecules with
antimalarial activity have been and are being ifiedt and all of them, in the words of their disecers, are worthy of
“further investigation” as antiplasmodial agenty.\vBay of example here we mentifrdactams, which besides their
antibacterial activity acquired a prominent plac®@iganic chemistry as synthetic building blocks{sons) for further
elaboration [118]. Following the initial observatithat 1-aminopropan-2-ols are active agakhdalciparumin the
micromolar range [119], a library of gamma-aminbalals was produced through the ring openingi®B-alkoxy-4-aryl-
B-lactams [120]. These compounds also showed ardimabhctivityin vitro. By means of a different approach, i.e. the
directin vitro screening of a number of marine sponge extracsamphilectine A (Figl0), a new diterpenoifl-lactam

alkaloid with potent antimalarial activity, was lated fromHymeniacidorspp. Puerto Rican marine sponges [121].
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Monamphilectine A
Fig. (10).
The identification of active constituents in plaxtracts can be performed by a two-step miniatdrip@cedure:
the screening of extract libraries for antiplasnabdrtivity is followed by the active compound itiéoation, performed by
means of HPLC-based activity profiling, a technidnteoduced in 2001 [122] and successively optimifta antiprotozoal

drug discovery [123]. This procedure was recensiydito screen a library of 254 extracts from Euaogaants [124].

3. TRYPANOSOMATIDAE

The familyTrypanosomatidéncludes flagellated parasitic protozoa belongmthe generdrypanosomandLeishmania
responsible for sleeping sickness, Chagas diseaskishmaniasis. The clinical management of tihef®etions is based
on chemotherapeutics that are far from the ideehilbige of cost, toxicity and resistance problemgoktimately, the urgent
need to identify and develop new therapeutic adtitves comes up against the lack of funds for R&Dfacilitate target-
focused analyses for pathogens prioritized by th#OASpecial Programme for Research and Trainingapi€al Diseases
(TDR), the database TDRtargets.org was createccasteal repository of target-related data desigoddcilitate multiple

approaches to target prioritization [125].

3.1. Leishmaniae

Leishmaniae constitute a genus of dixdfiicetoplastidaprotozoa, which are present as flagellated pragatss in the
sandfly vector and as aflagellated sferoidal argasts within the mammalian host macrophages. Tine leishmaniasis
denotes a spectrum of clinical manifestations idiclg the visceral form (VL), in which the parasti@onization of bone
marrow, liver and spleen results in host immunosesgon and death in the absence of treatmenthancutaneous (CL)
and mucocutaneous (MCL) forms, in which parasiéssain localized in the epithelial tissu€sirther distinctions can be

made according to the species of the parasitdedihtsect vector and of the reservoirs. Anthropiardt is caused by
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Leishmania donovaniyhereas zoonotic VL is caused lbyinfantum antroponotic CL is caused ly tropica and zoonotic
CL is caused bi.. major. The vector species belong to the gerireebotomusandLutzomyia whereas the reservoir
species vary with the geographic region and incluilig rodents, wild and domestic carnivores, anthhos. Leishmaniasis
is endemic in Southern Europe, Middle East and A&fiaca and Central and South America. Accordiagite 2012 WHO
update on leishmaniasis [126], approximately 200,@0400,000 VL cases and 700,000 to 1.2 milliono@kes occur
globally each year, with 12 million humans infectad 350 million at risk of infection. It is estited that 90% of all VL
cases occur in Bangladesh, Brazil, India (Bihagp&l and Sudan, 90% of MCL occurs in Bolivia, Brand Peru, and
90% of CL cases occur in Afghanistan, Brazil, IrBeru, Saudi Arabia and Syria. VL infection doesmexessarily lead to
clinical disease: most infections remain asymptaenhtt malnutrition and immune suppression, ngt&hV [127, 128],
predispose to clinical disease. A tentative esénaftmortality suggests the occurrence of 20,0080t000 VL deaths per
year. Despite the above numbers, leishmaniasig lhellongs to the group of Neglected Tropical Diesatn 2007, the
World Health Assembly approved a resolution ondtetrol of leishmaniasis that enabled WHO to takeaaing role in
providing technical assistance for the initiatiorgintenance and expansion of leishmaniasis comtogrammes. An
Expert Committee convened in Geneva in 2010 reattfedonclusion that adequate worldwide leishmanizantrol is
feasible with the medicines and diagnostic toolsemtly available [129]. However, the same Committecognized that
there is a crucial lack of funding, political comiméent and national and international cooperation, laishmaniasis

remains a major neglected tropical disease witkitéintherapeutic options.

3.1.1 Current therapy of leishmaniasis

Most currently available antileishmanial drugs présproblems related to toxicity and/or resistamcegquire
hospitalization, being therefore inadequate infidld. Despite the improvements recently achieveddmbination
therapies, which reduce the time and cost of treats) new drugs are still urgently needed [130¢ Gbnventional therapy
of leishmaniasis traditionally relies on three bakiugs: pentavalent antimonials, pentamidine,anghotericine B (Fig.
11). Following the pioneering work of Gaspar Vianméo discovered the effect of trivalent antimony'($kor the
treatment oL. braziliensisinfections [131], less toxic compounds based amtgalent antimony (Sb, i.e. meglumine
antimoniate and sodium stibogluconate, (Hif). were introduced in the 1940s. Despite their seeardiac, hepatic,
pancreatic and renal toxicity, they are still ire dsr the treatment of any type of leishmaniasigsthy due to their low cost
and high cure rates (85-95%). Antimonials mustdmiaistered daily for at least three weeks, andritramuscular

injections are often associated with local pairtesysc side effects such as nausea, vomiting, wesakaed myalgia,
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abdominal colic, diarrhea, and skin rashes [132]addition, their widespread use in areas of leigtiemicity led to the

increasing emergence of resistant strains in Hilmaia), Iran and Peru [133, 134].

Pentamidine was also discovered in the 1940s dadtitrrently used in the treatmentRyfeumocystis jiroveci
pneumonia, first-stage African trypanosomiasis @hdn South America. Pentamidine was originallyitalale in two
galenic formulations, i.e. the pentamidine isethierand the pentamidine methanesulfonate lyopHikzdts. In the early
1990s the production of pentamidine methanesuléonais stopped and now only pentamidine isethiasaie the market
[135]. The major side effects of pentamidine arpdignsion, diabetes mellitus and renal impairmighuse in India has
been abandoned, but presently it is under evaluétiothe prophylaxis of VL relapses in HIV co-iofed patients [136].

Amphotericin B deoxycholate is the main treatmegttan where resistance to antimonials is repottdaas a high
cure rate (~100%) at a dose of 0.75—-1 mg/kg fo205rtravenous infusions either daily or on altéerdays. However, it
has many adverse effects, which necessitate closé&oring and hospitalization for 4-5 weeks, whidtimately increases
the cost of therapy. [137]. The drug has renaldibki but it has the advantage that primary resistds not reported in
immunocompetent individuals. The replacement ofkgiebolate with other lipids was a major breakthioiry
amphotericin B therapy. Due to targeted deliveryncrophages in the liver, spleen and bone mattrepwer organ
exposure to the free drug results in a net decrefesiele effects. The possibility to deliver largirses of the drug per
single dose makes VL treatment much shorter, witelsavings in hospitalization costs [138]. Ofttiree available
formulations, i.e. liposomal amphotericin B (AmBise®; Gileas Sciences, Inc.), amphotericin B lippdnplex (ABLC;
Abelcet®, Enzon Pharmaceuticals), and amphoteBaiholesterol dispersion (ABCD; Amphotec™, InterMu@orp.),
AmBisome has the best safety profile. It has beg¢ensively tested and has been approved by FD#Btreatment of
VL. Based on a study performed in Bihar, a singlsedof 10mg/kg body weight was as effective astmventional
amphotericin B deoxycholate administered in 15sidas of 1 mg/kg, given every other day during ed29
hospitalization [139]. This finding, coupled withet preferential price of US$ 18 per 50-mg vial nteged by WHO [140],
makes the liposomal amphotericin B single infudtmerapy an excellent option for VL in India [137].

The drugs that have been brought into the markeé mezently are paromomycin and miltefosine (ED.
Paromomycin is an aminoglycoside antibiotic, whigds granted orphan drug status in 2005 and isfosdke treatment
of both VL and CL in parenteral and topic formubaits. It was shown to be non-inferior to amphotarkj its main
advantages being safety and low cost, approxim&at8§10 per patient. The disadvantages includeeked for the

administering of intramuscular injections, and thenitoring of serum transaminases [138, 141]. Nbok@e, also known
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as hexadecylphosphocholine, was registered in kslife first oral antileishmanil agent in 200Zdh achieve long-term
cure rates of 94% following treatment courses ofldgs. Its major limitations are the high cost,tleed for monitoring of
gastrointestinal side-effects and occasional heaui renal toxicity. In addition, miltefosine exatogenic; therefore,
contraception for the duration of treatment andffiersubsequent 3 months is mandatory for womehitifbearing age. It
is recommended that drug assumption by patientsdyetored, because the drug’s high cost and rdfichey may induce
patients to prematurely discontinue the treatmehich favours the development of parasite resigdh87].For updated
and comprehensive overviews that cover the subjdeishmaniasis and its treatment the readerfésned to: Kobetgt

al., Croft and Olliaro, Murray, Antinogt al. [142-145]

3.1.2 Novel short-term therapeutic options
The bulk of research on the therapy of leishmasi@sturrently focused on the comparative evalaatiioin use
antileishmanial drugs and of their combinationshwdtugs originally developed for other purposes]1Accordingly, the
introduction of short-term therapeutic noveltielaon formulation improvements or combinationgwisting drugs. A
new and very interesting perspective is offeredh@yfinding that the combination of paromomycin amittefosine, by
interacting with the Toll-like receptor 4, indudbe release of nitric oxide and tumour necrosisofalsy human
macrophages, so enhancing the killing.oflonovanipromastigotes vitro [147]. These results indicate that the activity of
some drug combinations can go beyond the direlabdsibf the parasite, with implications for the nubation of the host
immune response and the overcoming of parasitistegse, and support the value of further invesitga in this area.
The efficacy of the combination of classic antierganials with drugs not yet on the market, sucsitasnaquine
(see below) are being investigated [148]. New peotpes are offered by the proven activity of graltiministered
meglumine antimoniatg-cyclodestrin conjugates [149], and by the develephof a liposome formulation of meglumine
antimoniate, which in a dog infection model wasefiive at a 20-fold-lower cumulative dose of Smtfgused for
conventional antimonial treatment [150]. For a coshgnsive review on the perspectives of the newelgl strategies of
antimonials see [151]. The main problem in the fifieation of new antileishmanial drugs is thatytehould be tested
against the intra-macrophagic amastigote, whithasclinically relevant stage of the parasite ia thammalian host. For a
thorough review oin vitro andin vivo experimental models, see [152]. The assessmehealctivity of amphotericin B,
miltefosine, sodium stibogluconate and paromomuyeih.. donovanintracellular amastigotes infecting different dgjpes,
such as mouse peritoneal macrophages, mouse borenygerived macrophages, human peripheral bloodanyte-

derived macrophages, or differentiated THP-1 cplisformed by Seifert et al. indicates that thévagtof the drugs varies
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according to the host cell type [153]. These imgarresults should be taken into account becauefheavy

implications on thén vitro evaluation of new drugs and on the assessmemtigfsdisceptibility of clinical isolates.
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Fig. (11). Chemical structures of currently used antileiahial drugs.

A high content assay that allows the contemporasgssment of parasite growth inhibition and of coumgl
cytotoxicity by simultaneous visualization of bdtbst cell nuclei and parasite kinetoplasts was ldgeel by De Muylder
et al [154]. According to these authors, in this kirfdaesay all steps are amenable to automation anld be reduced to
384-well format resulting in a high-throughput smreng methodology. This technique was used to aceset of 909
compounds against both donovanipromastigotes and intracellular amastigotes. Assalt, all but one of the hits
identified with the intracellular amastigote screegre also found in the promastigote screen, wisdiftg-six percent of

the hits from the promastigote screen were notdaarthe intracellular amastigote screen, indigatimat the promastigote
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screen failed to identify all active compounds &etito 56% of compounds being likely false posgivEhe compound that
specifically inhibited intracellular amastigote®. inaloxonazine, was completely inactive again#t bromastigotes and
axenic amastigotes. This behaviour indicates thatdgtivity must be dependent on some macrophaggifun, which
according to available data could involve opioidegtors. The discovery of parasite growth inhilsititrat interact with the
host cells opens innovative and quite attractivesimlities, because in principle these inhibiteeuld not select resistant

strains, and underscores the importance of evalyatmpound activity against intracellular amadtgd154].

3.1.3 Mid- and long-term therapeutic options

The discovery and licensing of drugs based on nanvéécular scaffolds for the treatment of leishraaig can be
considered a mid- or long-term objective [129], thdre are some molecules that have been aroursddentain period and
are now in advanced phase clinical trial. One e§éhis sitamaquine (Fij2), formerly known as WR6026, an 8-
aminoquinoline that was initially developed by ivalter Reed Army Institute of Research. The eluiaof its
mechanism of action that results in parasite amigpie under way. The strong points of sitamaqaireits short
elimination half-life that prevents the rapid enmrge of resistance, and the oral route administrafihe results of phase
IIb clinical trials against VL in India and Kenyg BSK were encouraging [155], but the selectioa sitamaquine-
resistantiL. donovaniclone in the laboratory and some adverse effeats) as methemoglobinemia and nephrotoxicity

evidenced in clinical trials, are being consideia@da further development decision [156].
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Fig. (12). Chemical structures of antileishmanial drugsearrakvelopment.

A second promising antileishmanial molecule in ambesl stage of development is tafenoquine (Bigalready
discussed in thBlasmodiunsection [47, 48]This 8-aminoquinoline, that can be administeredtay route and is currently

in clinical trials for the treatment &f. vivaxmalaria, when testdd vitro against intracellular amastigotes and in BALB/c
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mouse models dfeishmanianfection showed similar potency to sitamaquinaiast both pentavalent antimony-sensitive
and -resistant. donovanistrains [157]. As with sitamaquine, the major tiwifi tafenoquine, i.e. the toxicity for G6PD-
deficient subjects, suggests the need for the figation of appropriate treatment protocols anddéeelopment of suitable
combination therapies.

Fexinidazole (formerly Hoe 239) (Fij2), is a new oral nitroimidazole that was redisceddoy the Drugs for
Neglected Disease initiative (DNDi) and is now umbéng phase | clinical trials for treatment of isfin sleeping sickness
[158]. Following the observation that a bacterkelnitroreductase is implicated in the mode ofaactf nitro drugs in
Trypanosoma bruceindT. cruzj and considering that the genomes of leishmaniasjias contain a homologous
nitroreductase gene, the Fairlamb group at Dundeeelsity (UK) decided to investigate whether fadarzole could be an
effective treatment for VL. Their results suggémstttfexinidazole or its metabolites, fexinidazaléfaxide and fexinidazole

sulfone (Figl2), have the potential to become safe and effectigeantileishmanial drugs [159].

3.1.4 Target-based development of new drugs

In the field of leishmaniasis the de novo targetdshdrug discovery is still in the stage of elutidathe best strategies to
prioritize pathogen proteins based on whether {hr@iperties meet criteria such as sequence-deimfednation (e.g.,
molecular mass) and functional data on expressisgentiality, phenotypes, metabolic pathways, akdlity and
druggability, that are considered desirable inugdarget. The search for potential new targetsdssed on enzymes
involved in metabolic pathways, which are essefitiathe parasite but differ significantly from thenammalian
counterparts in order to achieve selective toxii#6].

The synthesis of polyamines and of their precursoessential for leishmania parasites. Polyamiméseir
protonated forms behave as natural polycations;lwhifect both DNA and RNA functions. Consequertthg enzymes
involved in spermidine synthesis and utilizatiae, arginase, ornithine decarboxylase, S-adenoslyioméne
decarboxylase, spermidine synthase, tryparedotymaredoxin-dependent peroxidases and, in paatictdypanothione
synthetase and trypanothione reductase, are atgdatgets for drug development [160]. Auranofiig( 12), a gold(l)-
containing drug already in clinical use as an atfitidic agent (aggiungere formula a fig 11) kiksshmania parasites by
inhibiting the trypanothione reductase [161]. Intdls of the same enzyme are being identifiedhbsilico structure-based
virtual screenings [162], whereas the tertiarydtice of spermidine synthase, another importangraezof the polyamine

synthetic pathway, is being assessed with the aiientifying suitable inhibitors [163].
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Peptidases (proteases) are critical for the sureind pathogenicity of parasites. Leishmaniae sssadamily of
peptidases that includes aspartic, cysteine, metgrine and threonine peptidases., Among thiesddst known are the
cysteine peptidases designated as CPA, CPB and T3fe8e enzymes are important virulence factorsntiuatulate the
immune response of the mammalian host and faeilttssue host invasion, and as such are considradtive potential
targets for chemotherapy [164]. A cysteine protelabase has recently been made available withinhef providing a
summary of data on these enzymes and on theiriiatglj165]. The only aspartic protease presetgighmaniae belongs
to the family of the A2 retroviral-like asparticqteases, and is inhibited by drugs originally depet as inhibitors of HIV
protease [166]. Nelfinavir was shown to be highdtivee against strains &f braziliensis, L. donovardndL. chagasiwith
inhibition rates superior to 90% [167]. These fimgs are of particular interest, given the subogtmuécome of liposomal
amphotericin B therapy in immunodeficient HIV-infed patients [137], and constitute a further exangblthe fortuitous
possibility to treat leishmaniasis with a drug oradly developed for other less neglected pathogéhs metallo-protease
gp63 present on the surface of leishmania parasite&ey virulence factor which may be deliverdthim the host cells
[168]. This protein protects the parasite from ctenent-mediated lysis, promotes the intracellulawival of amastigotes
and modulates the host macrophage signaling [1$8ldaving macrophagic protein tyrosine phosphatfEe0 ]. At
present the research on gp63 is not focused otetbedopment of inhibitors, but mainly deals witle ttole of this molecule
as a possible vaccine [171].

To survive inside macrophages, leishmania amastgotust counteract the parasiticidal effect oftrea@xygen
and reactive nitrogen species generated by thecktisill trypanosomes and leishmaniae possesscua thiol
metabolism in which the glutathione/glutathioneugtdse system is replaced by a trypanothione/tigibéone reductase
system. The dithiol trypanothione [bis(glutathigsgermidine] is the donor of reducing equivalemd the reduction of
trypanothione disulfide is crucial for the mainteceiof a reducing intracellular milieu. Since theyy&990s, a large
number of trypanothione reductase inhibitors tlwahdt affect human glutathione reductase has lmamified (for review,
see [172]). The search for new scaffold trypanatbiceductase inhibitors is progressing by meansaditional whole cell
screenings aninh silico structure-based virtual screenings [162, 173 sbuar there are no new molecules in this categor
are under development.

The complex life cycle of leishmania parasites Imgs tightly regulated morphologic and metaboliamyes of the
parasite to cope with the greatly differing envirents found in the sandfly vector and in the marmandiost: beyond the
temperature difference, in the sandfly the paramsitétiplies outside cells, whereas in the mammahiast it lives and

multiplies inside macrophages. Protein kinaseslaggwellular processes including cell cycle pregren and
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differentiation, and have drawn a lot of attent&mnpotential drug targets for a wide range of dise@and syndromes, such
as cancer, cardiovascular disease and Alzheimesésske [174]. Among the various families of protdimases so far
identified, the most studied are the cyclin-depemndad the mitogen-activated protein kinases. Membgthe former
family have been characterized as potential tafgetsancer therapy, and the screening of a libadiiphibitors of human
cyclin-dependent kinases against axenic amastigdlesdonovanishowed that a series of disubstituted pyrazol[4-
3d]pyrimidines is active in a 1.5-12M range [175]. In addition, several small chemiaalibitors of cyclin-dependent
kinases are undergoing clinical trials to assesis #ffectiveness in cancer treatment. By meariggif throughput
screening techniques, molecules based on azamnththiazole cores, inactive against human cyaipethdent kinases but
active against. major promastigotes and amastigotes were identifieds@lhnés are meant to be used for future hit-to-lead
synthesis programs [176]. However, there are edieethat molecules highly active againsinexicanacyclin-dependent
cdc2-related serine/threonine protein kinase CR&8at show any leishmanicidal activity vitro, suggesting that the
activity of this specific enzyme is not indispengafor parasite survival contrary to indicationsyided by genetic
manipulation studies [177]. This finding undersaottee necessity of performing biological validatemearly as possible in
the drug development process.

The predominant sterols foundlieishmaniaspecies are ergosterol and stigmasterol, whosbelyn pathways
differ from that of their mammalian counterpart ldsberol. The enzyme 24-methyltransferase, whicnigal enzyme in
ergosterol biosynthesis, represents a good tagete azasterols able to inhibit 24-methyltransteswed
antileishmanial activity. However, other compounfithe same family that did not affect the enzyineveed nonetheless
antileishmanial activity by a mechanism that stédeds to be elucidated [178, 178}erols synthesis may also be affected
by plant extracts: sterols isolated from the radtthe plantPentalion andrieuxishowed marked antileishmanial activity
[180], as well as the steroidal glycoalkaloiiomatine, derived from Lycopersicon aesculentui]l

Dihydrofolate reductase (DHFR) is a key enzymeoilate metabolism, whose inhibition prevents thesyhesis
of thymidine. Following crystallization of the emmg fromL. majorandT. cruzj structural data are available to design
selective inhibitors [146]. However, it has beenwh that leishmaniae can overcome DHFR inhibitigroberexpressing
pteridine reductase 1 (PTR1), an enzyme mainlyliragbin the reduction of biopterin but also ablegduce other pterins
and folates [182]. Based on this evidence, theessfal treatment of leishmaniasis with antifolatesild require the

simultaneous inhibition of both DHFR and PTR1 byg# which do notféect the activity of human DHFR. Research is

being carried out on both fronts. Pteridine redsetahibitors optimization is currently being pued183]. In leishmania
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DHFR forms a functional complex with thymidylatenlyase (TS). By means of ansilico virtual screening technique, the
initial screening of 126,923 compounds yielded @hpounds able to dock to the binding site of tighlmania DHFR-TS.
Among these, the molecule 571633 was identified pomising lead worthy of further development [[L84

Unlike their mammalian and insect hosts, leishmaoennot synthesize the purine ring de novo atideithe
salvage pathway to produce purine bases. The psainage pathway is therefore considered an diteaizirget, and as
such has been thoroughly investigated during tte3@ years. These studies identified the enzym® Gjhthase as a
potential target within the pathway, because its/ig is required in order to avoid the depletiohguanylate nucleotides
[185].

Other families of enzymes that have potential aspective parasite drug targets are topoisomerasgacaspases
and myristoyltranferases [186; 146]. Metabolic retwanalysis and high-throughput computationallgarced screens are
powerful tools to identify new chemotypes or alngagproved drugs that target leishmania parasli&g-189]. The whole

field of target-based new drugs for leishmaniasik$ very promising, but it is still at a very adievelopmental stage.

3.1.5 Phenotypic screening and natural products

Phenotypic screening is the most direct way totilenew antiparasitic drugs, and constitutes advalternative or
complement to computational methods. It has thaaidge that the waste of time and resources whishba spent to
develop a drug that in the end may show no actisigvoided. This technique is the most suitabteséweening natural
products, which are abundantly offered by all nrakingdoms. The renewed interest in plant seconai@tabolites is well
described in the updated and comprehensive re\bgv8hmidtet al, to which the interested reader is referred [190)].
Natural products such as cyclic peptides, varitaohoids, chalcones, lignans, coumarins, iridomsnoterpenes,
saponins, toxoids, curcumin, quinoline alkaloidy] @olyketides exhibit interesting anti-leishmaraetivity [192; 193]. A
series of plant derivatives, including acriflavisaponins, plumbagin and the herbicide trifluralnere tested alone or in
combination in a mousk- majormodel of infection by Malwalét al.[194]. These authors observed that single drugs we
effective in reducing pad lesions and liver anakeplparasite burden, with the following order dfepay: saponin >
plumbagin > trifluralin > acriflavine. However, tiparasites reappeared at the infection site 90dhy6 after the end of the
treatment. Combination treatments were performeH thie six possible combinations of drug pairs, after 7 days of
treatment the parasites disappeared from the lgswamich completely healed in a period of 30 dawyali the infected
animals. Combination treatments were more effecive allowed the use of lower doses. The treattielmot achieve the

eradication of the parasites from the liver an@splof the infected mice, but these results undezgbe importance of
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plant derivative investigations, suggesting thasthcompounds could be used with traditional dtaigdbtain synergic
effects and to limit the emergence of resistance.

HTS are also being used to identify molecules basedew molecular scaffolds. Two new antileishminia
compounds were identified as promising leads afidatad against both promastigotes and intracellulalonovani
amastigotes by Siqueira-Neto et al. starting frochemical library of 26,500 chemicals [195]. Thetmolecules, CA272
and CH 872, are based on the hydrazine and 4-hyduinxoline scaffolds, respectively, both of whidle aew as
antileishmanials. Arx vivosplenic explant system was recently perfectedsandessfully used to screen chemical
libraries containing 4,035 compounds, yielding B2 [196]. Eighty-four of these hits were classifias lead compounds,
of which sixty-nine were previously unknown to hargileishmanial activity.

The target-free phenotypic screening of antileishialacompounds was chosen by scientists at the Bieno
Institute of the Novartis Research Foundation, wadormed a HTS of 700,000 compounds against axanastigotes in a
1536 well plates format [197The Institut Pasteur Korea (IPK), together with Breigs for Neglected Diseases initiative
(DND:i), developed a High-throughput screening/Hagimtent screening (HTS/HCS) visual screen in av@géi plate
format using thé.. donovaniinfected human macrophage cell line THP-1 as t# bell. This assay, which can be
performed by image-based analysis without the fieed reporter gene, was used for screening 26;66tpounds,
generating 123 hits, 62 of which were also actiy@i@st promastigotes. In addition to the intrinsatue of the generated
hits, in the authors’ words the development andlasibn of this HTS protocol foceishmanianfection of human
macrophages is a major breakthrough in the fieldndfeishmanial drug discovery [198]. An analysigatents filed
before 2009 for antileishmanial drugs indicate$ thay are in the range of 500-600 [199]. If testhie add the flourishing
identification of extracts with antileishmanial iadtly derived from Central and South American p&f00], we can say
that the near future holds some promises.

The issues and problems of natural product devetmprvere addressed in the malaria section of gyep To
avoid repetitions, here we only add that leishmsisjas well as trypanosomiases, fully belongbeédamily of neglected
diseases. With an estimated 12 million people tefiiccompared to about 245 million people infestéth malaria,
leishmaniasis drug market is far less attractiemtthat of drugs for malaria. In this situatiore ttevelopment of any
compound is unlikely, irrespective of its naturakbemical origin. Whereas the identification ofutargets and hits is
highly rewarding for individual researchers, unfmrtely the further development of the moleculewisrewarding for
anyone. In this situation, the problem of fundimggldevelopment involves the political will of Statand international

health organizations.
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3.2. Trypanosomes
3.2.1. Human African Trypanosomiasis (HAT)

African trypanosomes, the etiological agents opieg sickness, are extracellular flagellates tratted by
infected tsetse flies belonging to the ge@lisssina The prevention of HAT is based essentially orteecontrol and
active surveillance of the population. This strggémplemented by colonial powers, brought to theast complete
eradication of the disease in the early 1960s. Heweafter the advent of independence most endemuintries faced a
collapse of surveillance and control activitieseflly due to civil conflicts, with a progressive-eenergence of the disease,
which reached a peak in the late 1990s in the DestiodRepublic of the Congo (DRC), Angola, Centkéican Republic,
southern Sudan, and Uganda [201]. It is currergtymeated that 60 million people in 36 sub-SaharéicAn countries are
at risk, and 50,000 to 70,000 people are infected.

In west and central Africa, the anthroponotic pieakrypanosoma brucei gambiensauses a chronic disease that
can last many years, whereas in Eastern and Soutfieca the zoonotid. b. rhodesiensevhich accounts for less than
10% of cases, is responsible for an acute forrhefiisease that may last weeks to months. Botbtiofes, that invariably
lead to coma and death if left untreated, occuwimstages: in stage 1, characterized by non-dpetifical symptoms,
trypanosomes are restricted to the lymph and béystems, whereas in stage 2, characterized byesaeerological
symptoms, parasites can be found in the brain medriebrospinal fluid [201].

Trypanosomes are protected from lytic factors pregehuman plasma by a variant surface glycopnofésSG)
codified by about 2000 genes that are expresseddcession. The consequent high degree of antigariation makes the
development of a vaccine unlikely. In this situattbe prevention of the disease mainly relies envector control and
treatment of infected patients. Currently availabéatment is based on four licensed drugs andiceesed drug
combination. All of them are hindered by high tatsiccomplexity of administration procedures andgressive loss of
efficacy in some geographical regions [202]. Tresitrs parasite- and stage-specific, dependingpercdmpound ability
to cross the blood-brain barrier. Early stdgd. gambiensédut notT. b. rhodesiensiafections are treated with
pentamidine (Figl3), introduced in 1941. This drug, whose mechaniacton is unknown, has broad-spectrum anti-
parasitic activity, being also used for the treaitrad antimony-resistant leishmaniasis &wkeumocystis jiroveci
pneumonia, but it must be administered by i.m.dnigm for 7 consecutive days and has many advédsesffects. Suramin

(Fig. 13), introduced in 1922, is the only available drogffrst-stageT. b. rhodesiens@fection. Its mechanism of action is
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also unknown, and its use agailisb. gambiensmfection is generally avoided, especially whénechocercapp are also
present, because its high activity against thesssjias can expose patients to the risk of sekEngi@ reactions. The
recommended dose regimens for suramin are compliiaat up to 30 days. Both second-stagb. gambiensand
rhodesiensénfections can be treated with melarsoprol (R#), which was introduced in 1949 and, being the less
expensive drug, is still the most widely used ieaarwhere eflornithine is not available or affotdaMoreover, it is the
only choice for second-stage b. rhodesienseases. Melarsoprol is considered one of the noagt tompounds ever used
in therapy, being responsible for frequent advessetions ranging from skin reactions to a severven fatal
encephalopathic syndrome. Moreover, treatmentrisldue to melarsoprol resistance are a curreninaneasing problem
[203]. Eflornithine (Fig.13) is the only new molecule for the treatmenfob. gambiensegegistered in 1990. Being less
toxic than melarsoprol, it is recommended as tfst-fine treatment for second-stafieb. gambiensmfection, whereas it is
not advised againdt. b. rhodesienselue to poor susceptibility [201]. However, theglis difficult to administer, requiring
one slow infusion every 6 h for 14 days becaustsahort half-life. The association of eflornitkimith nifurtimox (Fig.
13), a drug used for the treatment of Chagas dissad@dministrable by the oral route, showed adg@stin terms of
administration regimen, cost and convenience, lggb adverse side-effects and minor probabilityesfstance induction,
thanks to the different mechanism of action oftthe drugs: eflornithine inhibits ornithine decarlytase, whereas

nifurtimox leads to the production of intracellufeee radicals [204].
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Fig. (13). Chemical structures of drugs currently usedrajdiAT.

The nifurtimox—eflornithine combination (NECT) wadded to the WHO's Essential Medicines list in 2(2%5].
Despite being a clear improvement with reducedcitkand treatment duration, the eflornithine regoient for i.v.
administration is still a limitation. Moreover, theck of a single agent effective against both gitgaspecies and both
disease stages requires accurate species andisiggesis, a difficult task to perform in rural comnity hospitals that
lack modern medical equipment [206]. It is estirdateat less than 20% of currently infected peopleshaccess to
treatment or are under any HAT surveillance, dugaéodifficulty of performing diagnosis and treatmhén remote or

conflict zones [202]. The regained awareness thahé late 1990s HAT had again reached epidemildaviggered the
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joint funding of new research programs and a WH@adion agreement with the HAT drug manufacturersylting in
eflornithine availability to non-governmental orggations. The screening of over 2000 new diamidegesns(T. brucei
performed by the Consortium for Parasitic Drug Depement [207] led to the identification of an imitiead, furamidine
(Fig. 14), with excellent efficacy but poor oral bioavailély and blood—brain barrier penetration. Theseitations were
overcome by the corresponding methoxime prodrug&B@arafuramidine) (Fidl4), which became the first oral
trypanocide for early stage HAT to enter phaselitical trials that were successfully completedt Bhen an additional
phase I trial was conducted testing a 14 days sdéeldat would cover the treatment of pneumocystasises of renal

toxicity observed about 8 weeks post treatmentpgdgurther development of parafuramidine [208].
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Fig. (14). Chemical structures of anti-HAT drugs under depment.

However, recent data on the efficacy of aza anabbgsrafuramidine, such as CPD-0802 and its pip@dB-868
(Fig. 13) in murine and monkey models of CNS infectiongoffiew hope for dicationic molecules to treat S@gEAT
[209].

Oxaborole carboxamides, developed by Anacor Phaut@mels (Palo Alto, CA), constitute a second piing
class of new compounds with potent and selectiggatrocidal activity. Due to the unique properti€baron which
facilitates reversible interactions with biochenhizigets, the incorporation of this element intogicandidate molecules

provided interesting lead molecules active agaimsaria [210], HAT and Chagas disease parasited [The screening of
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an oxaborole library in a whole cdll bruceiviability assay revealed that these compound&feetive inhibitors of
parasite growth at concentrations as low as 0.02nin@212]. The compound SCYX-6759 (Fith) was the most potent,
showing goodn vitro andin vivo activity. Further optimization was focused on tim@rovement of brain permeability and
pharmacokinetics, yielding SCYX-7158 (Fith) as a clinical drug candidate that got the cleegdor a phase | clinical

trial started in March 2012 [212].
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Fig. (15). Chemical structures of new oxaboroles.

As part of a DNDi project aimed to the systemagciew and profiling of nitroheterocyclic compounds2006
more than 700 already existing but long forgotterienules were screened agaifisbrucei This work brought about the
rediscovering of fexinidazole (Fid2), a 2-substituted 5-nitroimidazole, as a drug adetd [213]. Fexinidazole was in
preclinical development in the 1970s and early $%89a broad-spectrum antimicrobial agent by HaesBs(now Sanofi-
Aventis). In 1983, it$n vivo activity against African trypanosomes was furthignstantiated, but its development was not
pursued at the time. Recent experiments showedekiaidazole is effective in both the acute moomsmlel and, more
importantly, in the chronic mouse model with estti®d brain infection. Fexinidazole ended phadmical trials and will
undergo a phase Il/11l efficacy and safety studyniid 2012 [214]. Fexinidazole is the first new adalg candidate in 30
years that is in clinical development for both stdgand stage 2 HAT, and considering the recenbdésy of its
antileishmanial activity [158], it could become tfirst much needed breakthrough for both HAT andtki&rapy.

The investigation of the mechanisms by which pagihégAfrican trypanosomes escape innate human iritgnun
open opportunities for the identification of newgets. Humans are immune to infections by highgvptent African
trypanosomes such as brucei brucei, T. congolensadT. vivaxthanks to the activity of two potent immune molesu
called trypanosome Iytic factors (TLF-1 and TLFE2)5]. TLF-1 is a minor subclass of human high dgrigoprotein of
approximately 500 kDa which interacts witfT ab. bruceisurface receptor and is transported to the parhsibsome.
Following activation by the acidic pH, TLF-1 destedes the lysosomal membrane causing parasite.ljdiF-2 is a lipid-

poor protein complex of approximately 2 mDa coritagrsignificant amounts of IgM, and its mechanishaction is still
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unclear.T. b. rhodesienssurvives the action of TLF-1 because it posseasEsum resistance associated (SRA) protein
that is an atypical VSG of shorter than averaggtle(d10 amino acids instead of approximately 420%]. SRA protein
inhibits TLF-1 efficient transport to lysosome byeracting with the carboxy terminal of the apoppatein L-1 moiety of
TLF-1. SRA is not expressed By b. bruceiwhich can be made resistant to TLF-1 by trangfeaif the SRA gene. The
two main approaches to disrupt SRA/TLF-1 interactiovolve either the mutation of apoL-| or the wdesmall
molecules/peptides to inhibit the binding. Thestsice of T. b. gambiense to TLF-1 is not due ¢dSRA protein, but to
the functional loss of the receptor-mediated uptaKELF-1. In this case, the conjugation of TLFeltargeting molecules
or alternative ligands could restore parasite $ditgi It can be envisaged that in the future thiwill be possible to
introduce a population of wild and domestic traméganimals resistant {b. b. rhodesienseso decreasing the reservoir
and the spread of infection [215].

The research aimed at evaluating plant extractsdbas ethnobotanical remedies active against HADisidered
a valid alternative to the investigation of hugeriical libraries, which usually yield a very lowmber of hits. African
plants are being investigated withvitro andin vivo experiments [217-219, 190, 191. Active extractsaapotential, and so

far untapped, source of new antitrypanosomal agémtseview, see Alviano et al [193)).

3.2.2. Chagas’ disease

Chagas’ disease is caused by the Kinetoplastid fiegaetiate Trypanosoma cruztransmitted by haematophagous
domestic and sylvatic mites belonging to Ti@atominaesubfamily(of the Reduviidadamily), present in Central and
South America. Infection may also occur by blo@hgfusion or organ transplantation, and by traspial, mucosal
(conjunctiva) and oral route (breastfeeding andlfoontaminated by mite faeces). Although the véatand transfusional
transmission cases have been progressively redGtedjas’ disease is still a major public healttbfmm and one of the
leading causes of morbidity, disability and motiailh Latin America. It is estimated that nearly @dlion people are at
risk of infection and more than 8 million are infed, with an annual death toll of about 50,000 peop18 endemic
countries [220]. The yearly incidence rate duedocterial transmission is estimated to be aroun@0®,whereas that of
congenital cases is estimated to be nearly 15,280][ Due to migration from Chagas-endemic Latingkitan countries to
developed countries, the infection is becomingodall health problem. Nearly 300,000 infected petipéein the United
States, which induced most U.S. blood banks torbégi screening for Chagas’ disease in 2007, arrd than 80,000
cases are reported in Spain. CaseE. afuziinfection are no longer rare in any country witpthnumbers of Latin

American immigrants, which poses serious publidthgaoblems concerning blood transfusions and mtgansplants, not

42



to mention that the disease must be consideredifferential diagnosis as possible aetiology ofdeamyopathy cases [220,
222].

The infection can occur at any age, but it is nfiexfuent between 1 and 5 year olds, with a fataditg under 10%
in untreated cases. Chagas’ disease is charactédayza first acute toxemic phase, during whichgheasite can be easily
detected in peripheral blood. Usually a local rieexct the entry site is followed by a general riz@dasting 6-8 weeks,
during which a wide array of symptoms, such asrfidvepatosplenomegaly, meningoencephalitis, anccargitis may be
manifested. Patients that overcome the acute phtergo the indeterminate form of the chronic phasehich the
infection is asymptomatic and can be detected bylgneans of serological or parasitological tesktss Tondition may last
indefinitely, but 10-20 years after infection 1094@f individuals (the percentage varies accordinthe geographic
region) will develop the symptomatic, highly invdditing chronic form, that may severely affect thstgpintestinal tract,
the central and peripheral nervous system, and amglaam, with eventually lethal outcome due to cacdiailure, severe
arrhythmia, venous thromboembolism, and sigmoidwlols [220, 223].

Chagas’ disease cannot be eradicated becausebisnosis with a large variety of reservoirs idalig more than
100 species of marsupial and placental mammalshtitonous to the American continent. No drugs asedable for
prophylaxis, and there is no vaccine to protectapsble individuals. Consequently, the controve€torial transmission
by using insecticides, and the improvement of hetis@void mite colonization are the only feasibleys to reduce the
possibility of human infection [224]. Beyond theghamentation of vector control and epidemiologicveillance, the main
challenge is to provide effective medical treatnterdlready infected people and to support the ldpweent of efficient
and non toxic drugs with adequate funding. Curgesnthilable drugs, i.e. nifurtimox (Figl) and benznidazole (Fid5),

introduced in the 1970s, must be administered byotial route for 60-90 days.

Cr

benzimidazole

Fig. (16).

Both drugs cause common side effects such as daapwexniting, peripheral polyneuropathy, and alierg
dermopathy, that lead to poor patient complianaavéter, their major limitation resides in their lessness for the

treatment of the chronic phase of the disease. 8uths are indicated for the treatment of the aphtese, congenital
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infection, early chronic disease (mostly childremer 15), and infection reactivation in AIDS patgerThe discovery of
effective treatments for chronic adult cases istesent challenge [222]. The review of the literaton the subject
highlights the lack of coordination between basiearch laboratories and the structures that staaty out drug
development. Progress is hindered at both stagdsehgifficulty to obtain suitable animal modelstbé chronic form of
the disease, and to monitor chronic phase patiermnical trials to obtain proof of cure [224].eBpite these problems,
thanks to the new insights info cruzibiology and metabolism, during the last decade teegets were identified, and
some promising compounds are in different stageleweélopment. The most promising targets are: paizj the ergosterol
biosynthesis pathway; trypanothione synthesis hiwdttiependant redox metabolism.

Cruzipain (cruzain) is a cysteine protease closgBted to the cathepsin family, whose activitgritical for the
parasite viability. The cruzipain irreversible ibhor K-777 (Fig.17) was thoroughly studied at the Sandler Centebfoig
Discovery, and reached the state of clinical caastgidor phase | safety trials [225]. Irreversibtazipain inhibitors contain
an electrophilic functional group “warhead” (i.enyl sulfone or 2,3,5,6-tetrafluorophenoxymethgténe) that can
covalently bind to cruzipain via nucleophilic attaaf the active site cysteine. The current chaléeisgto identify and
develop a small molecule acting as a reversiblalemt inhibitor of cruzipain, with potentially feweff-target side-effects,
often associated with irreversible enzyme inhilsif@26]. Novel small molecule inhibitors of cruzipavere recently

identified by Rogergt al. [227], and a new line of cruzipain inhibitordiising developed by a Merck team [228].
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Fig. (17). A cruzipain irreversible inhibitor.

Following the observation that, similarly to furegid yeastsT. cruziis strictly dependent on endogenously
produced sterols, the antiparasitic characterimatfcantifungal azoles inhibiting sterol Cd-demetylase (CYP51), an
enzyme that catalyzes the conversion of lanosteretgosterol, led to the identification of posaaouvie (Fig.18),

developed by Schering-Plough, as an active trypanasdal [229].
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Fig. (18). Chemical structures of drugs being developedag&hagas’ disease.
Posaconazole is a potent broad spectrum antifuagptpved by the U.S. Food and Drug AdministralioB006 as salvage
therapy for invasive fungal infections in immunogmomised patients. Posaconazole treatment achiadéchl cure in
both acute and chronic mouse models of Chagasaskserobably thanks to its potent and selectitragic anti-T. cruzi
activity (the minimal growth-inhibitory concentratis against the intracellular amastigote form ihamnanomolar to sub-
nanomolar range) and special pharmacokinetic ptiegdtong terminal half-life and large distributieolumes) [230]. A
successful case, in which an off-label treatmeti wosaconazole was performed on a compassionsitedraa patient
with chronic Chagas’ disease and systemic lupuhenyatosus, was reported in Spain. In this casacposizole,
administered at the dosage of 400 mg every 12 too @0 days, was well-tolerated, amdcruziblood PCR was
consistently negative throughout the follow-up mg of 13 months after the start of treatment énionsecutive negative
PCR tests) [231]. Other molecules that inhibit CYRBe ravuconazole (Fi§8) and its water-soluble prodrug E1224, a
mono-lysine derivative, both developed by Eisapgh) in collaboration with DNDi, and Tak-187 (F18) [232], which
completed phase | trials [224]. Concerns regarttiegpotential development of resistance to azokath@ompounds
suggest looking for new agents acting via diffemethanisms. As mentioned above in the HAT seci@gynexis team
is developing new compounds based on the benzoslgberaffold [162]. Benzoxaboroles demonstrateviagtigainstP.

falciparumandT. brucej and the screening agaifstcruziled to the identification of SCYX-6759 (Figj5), a molecule
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with interesting antiparasitic and pharmacokinptiaperties. In mice infected with a sub-lethal dokparasites, the
compound achieved 100% inhibition of bloodstreamagigaemia following oral administration of 10 mg/nce daily for
5 days, whereas it did not eradicate the parasithiionically infected and cyclophosphamide-immuppsessed mice, a
model in which other compounds, including posacolehave proved curative. The development of osabecontaining
derivatives is proceeding on an empiric basis, gibe present ignorance about their mechanismtmfraand the
incomplete knowledge oF. cruzibiology [211].

A recent paper by Gunatillele al reports the identification of novel chemotypagétingT. cruziCYP51.
Starting from a library of 104,000 chemical compdsirby means of a target-based high-throughpuésirg, these
authors identified 11 hits. These highly differeatmpounds were able to inhibit 50% of parasite eytisis and
intracellular growth at supM concentration ranges (for comparison, posacoeazsied as positive control, worked at 1
nM concentration). The discovery of new structyrdifferent leads has favourable implications orroftal development,
resistance avoidance, possibility of therapeutmhioations, and, last but not least, patenting @daces [233].

The trypanosomicidal activity of series of 23 compds, selected by means of high throughput scrgenin
technologies starting from the 303,286 molecule BtiHection, was characterized by Andriani and arkers. The IC50
of the compounds was assessed in vitro on T. amaistigotes infecting NHI/3T3 cells. Firefly lugiése-expressing.
cruzitrypomastigotes grown on monolayers of LLcMK2 meykidney epithelial cells were used to assessthigity of
compounds in an in vivo inhibition assay basedhanitnaging of infected mice following luciferingéation. Then vitro
assay demonstrated that 11 compounds had no gctwaid only five compounds were active at concéintmaanges< 1
uM. The twelve active compounds were then assay&d/a with the following results: some of the cooymds had no
activity, others increased parasite loads poss&iplinterfering with the immune response of the migkereas two
compounds resulted in severe and significant deeseaf the mice parasite burden, compared to thieatg@roup. These
two compounds are closely related, belonging tdlt(#- Halogeno-benzyl)-2,4,6-triphenyl-pyridiniwseries and differ
only in the nature of halogen on the para positibtihe benzyl (Fluorine or Chlorine) [234]. The fftitat the two
compounds are closely related suggests the effichthe basic chemical structure, which is worthjusther development.

Two compounds, amiodarone and dronedarone {Bjgalready on the market as antiarrhythmic, aremoand
selective antiF. cruziagents. Their mechanism of action is based orethall disruption of intracellular €shomeostasis,
due to the mobilization of Gacontained in th&. cruziintracellular storage sites, i.e. mitochondriod asidocalcisomes
[235]. Dronedarone is an amiodarone derivative linctv the 2,5-diiodophenyl moiety of the parentalgiwas replaced

with an unsubstituted phenyl group, and a methifjbayl group, aimed at reducing the thyroid toxycénd lipophilicity of
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the parental drug, was incorporated. This new drag already approved by FDA for use as an antidrrhig in humans
and is replacing amiodarone as the drug of chaieetd its improved safety profile and apparent absef associated
thyroid or pulmonary toxicity. The characterizatiohdronedarone trypanocidal activity supportpibssible repurposing as

a single or combination drug for the chronic phals€hagas’ disease [235].

amiodarone dronedarone

Fig. (19). Chemical structures of antiarrhythmic drugs wvathent and selective activity agaifstcruzi.

4. CONCLUSIONS

Many compounds identified by means of both thediab@sed approach and the whole cell screens exenty
awaiting further development. At the state of thtelaoth approaches are useful and their integratiay be the key of
success [236]. For a detailed review on the stieéehat can be used to develop new drugs agasistrian parasites,
including targetind’lasmodiumapoptosis and using hybrid molecules, the intecestader is referred to [237, 238].

Besides the already discussed drug-based prophyaxi treatment options, a promising new strateglyd
modulation of the immune system of infected sulgjeltthas been shown that in hum&dalciparuminfection is
associated with a CD4 cell dysfunction, which negatively affects tingliiction of protectiv®lasmodiurrspecific
antibody responses, and is a major underlying fdotqgprolonged blood-stag@lasmodiuninfection. In addition, it is
known that the immune system of chronically ill ¥htients is anergic. In patients co-infected with ldnd malaria or
leishmaniasis, the damage to the immune systemmigilative. In this regard, it is interesting to ethat a number of
protease inhibitors currently in use in the theraplDS showed activityn vitro againstPlasmodiumLeishmaniaand
other parasitic protozoa (for a thorough revieve, [&39]). Affecting both viral and protozoal proses, in HIV/parasite co-
infected patients these drugs achieve the doutdkeajaontributing to the efficiency of the hostrimane system and of

interfering with parasite virulence and survivaleR though their interest is mostly academic, beean malaria and VL
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endemic areas most HIV-infected subjects do naivecspecific antiretroviral treatment, these firghi deserve further
studies, and support the approach aimed to theifidation of molecules with an interspecific rangfepleiotropic effects.
Recent experiments performed on a mouse modettadlle. yoeliiinfection indicate that mice pretreatment with
polysaccharides derived froAthyranthes bidentata traditional Chinese medicinal herb which possgsmmuno-
modulatory and anti-inflammatory functions, sigcéfntly extended the mice survival time and deci#se parasitaemia
[240]. Again, in a mouse model Bf yoeliiinfection, the administration of anti-programmeshth ligand 1 (Anti-PD-L1)-
and anti-lymphocyte activation gene 3 (Anti-LAG-s})ecific blocking antibodies markedly improved #ffector and
CD4" T cell responses, as well as the antibody-produBicell response, which resulted in a rapid deseresd parasitemia
and in accelerated parasite clearance [241]Mbigsh noting that biological agents targeting thiedébitory pathways,
designed to improve T cell responses to neopld&&Eases, are already in clinical trials [242-2441js strategy has two
major advantages over the classic drug-based padalling approach: first, it does not induce p&t@ resistance; second,
by re-establishing the normal functionality of ihemune system, it improves the resistance of thgestito intercurrent
infections by other viral, bacterial and protozimatacellular pathogens. It can be envisaged tiathronic forms of
leishmania and trypanosoma infection could alse takvantage of this immunomodulatory approachpafih knowledge
concerning the response of the human immune systénese infections is still incomplete and somevdoatroversial
[245, 246]. The validity of targeting host mechamssinstead of using direct antiparasitic drugsijg®rted at the
conceptual and practical level by the problem sfstance, which is due to be developed, sooneter, lagainst virtually
all drugs targeting a definite metabolic step & plarasite [247]. The long-term advantages of lessstance improvement
are attested by the field observation that alhefrnalaria-related haemoglobin variants found incafresult in a
physiologically significant reduction in parasitgh&sion to endothelial cells [248], and in therod#tte better outcome of the
immune response [249]. From an evolutionary staimipiiie long-term persistence of haemoglobinogatiidicates that
they do not exert parasite selection. Accordindhygs targeting cytoadherence do not impose agtelective pressure
on the parasite. Plant components such as cooamfdéds could be promising candidates for maldré@aapy, not so much
as to lead to healing, but as agents able to retthecgeverity of cytoadherence-mediated complioati@erebral malaria
and acute respiratory distress, which are not hagifiected even by fast-acting parasiticidal djugysd to facilitate
immunity-mediated parasite clearance [247]. Nevireytbadherence compounds were also identifiedgiygithe crystal
structure of human ICAM 1 as a basis to sciieesilico for inhibitors of cytoadherence. One compound;dpi}2-
galloylcatechin-3-gallate (Fi@0), at micromolar concentrations inhibited the bimgdof two variant ICAM 1-binding

malaria parasites in a highly specific, dose-depatchanner [250].
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In the absence of suitable specific vaccines, thdieation of vector-borne protozoal diseases eaertvisioned
for anthroponotic infections only, i.e. malaria avid due toL. donovani Malaria elimination was achieved in European
countries, such as France, Italy, Greece, SpathPantugal, essentially thanks to mosquito cortigohbundant DDT
spraying [251].The use of DDT, now banned for tokigical and ecological concerns, achieved matasiasmission
interruption but not anopheles elimination. Theaing presence ofectors and the ever increasing presence of irdecte
travelers or immigrants from endemic countries mesylt in the reappearance of malaria in thesetdesnindeed, the
recent finding of several autochthonous malari@e#&s European countries of the Mediterranean magiports the need
for a careful monitoring of the mosquito populatenmd for an increased vigilance by health profesd®[252]. In Europe,
climatic changes favoring sandfly diffusion are &néhg the areas of VL endemicity, whereas the ivagonal migratory
flows from endemic countries are makifgcruziinfection a global problem. This situation coutdast reverse the lack of
sense of urgency that characterizes the field@sthuggle against tropical parasites, comparedXample, to the struggle
against HIV. It can be envisaged that when a dliticreshold in industrialized countries is exceggeerhaps the market

will be more rewarding and malaria and neglectsgases will be less neglected.
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FIGURE LEGENDS

Fig.

Fig. (2). Chemical structures of antimalarial drugs cuttyeim use or in advanced stages of development.
Fig. (3). Chemical structures of chloroquine chemosensitizegs.

Fig. (4). Chemical structures of antimalarial peroxides.
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