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Various antimalarial strategies in Indonesia to fignt Plasmodium falciparum

ABSTRACT

Malaria remains a global public health problem amdrsening with the resistance of
Plasmodium falciparum to Artemisinin-based Combination Therapies (ACTsg latest and
most effective antimalarial drugs. My project aintegbrovide insight into malaria elimination
in Indonesia. The first part was to look for newtimualarial drugs based on Indonesian
ethnobotanical data. Among 25 crude extracts reglian Indonesian traditional medicinal
plants, seven showed a good antimalarial actiW@yo(< 5pug/mL) and some of them were also
active againsBabesia divergens and Leishmania infantum. The second part of the study
focused on chemosynthetic organometallic compoufts. structure-activity relationships
study on organometallic gold(I)-NHC complexes led & very active compound oOR.
falciparum with an 1Go of 320nM. The third part of this work was dedichte the study oP.
falciparum resistance to artemisinin and its derivatives. Therelation betweerPfK13
polymorphism and artemisinin resistance has besarlglestablished thanks to reverse genetic
with resistant and sensitive laboratory strains ahaical isolates from Cambodia. This
resistance was evidencieuvitro throughout a parasite survival assay called R&A By the
same genotypic and phenotypic methods, mappingflo13 polymorphism distribution in
Indonesia was performed in Kupang rfalciparum malaria patients. However, at the time
of P. falciparum blood samples collection, prevalence showed a aliardecrease hindering
the continuation of the clinical study. Facinghe wery small number of eligible patients with
a P. falciparum malaria, no conclusive results has been obtailmedonclusion, medicinal
plants and synthetic compounds are potentially@steng as chemical starting point for new
antimalarial drugs. Concerning artemisinin resisgarany treatment failure or delayed cure
with ACTs has yet to be reported in Indonesia. Hmvebecause Indonesia is relatively close
to the Southeast Asian areas of resistance, thebp@®ccurrence of such cases in Indonesia
must be anticipated by determining the variatiohB.dalciparum malaria chemo-sensitivity
and by followingPfK13 polymorphism, responsible for artemisinin resiseanc

Keywords : malaria,Plasmodium falciparum, traditional medicine,PfK13, artemisinin,
resistance
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Diff érentes stratégies en Indonésie pour combattrélasmodium falciparum

RESUME

Le paludisme demeure un probleme de santé pubtigqurelial qui risque de s'aggraver avec la
résistance d@lasmodium falciparum aux thérapies combinées a base d'artémisinine YACT
meédicaments antipaludiques les plus récents ptussfficaces. Mon travail avait pour but de
proposer différents axes d'élimination du paludieméndonésie.

Une premiere partie a consisté a rechercher deeaoxvmédicaments antipaludiques a partir
de données ethnobotaniques indonésiennes. Parr@blextraits bruts réalisés a partir de
plantes médicinales indonésiennes utilisées toamtigllement dans le traitement du paludisme,
sept ont montré une activité antipaludique intéets (Cio <5 ng/mL) et certains d'entre eux
se sont révélés également actifs sur 2 autres gatlesBabesia divergens et Leishmania
infantum. La deuxiéme partie de ce travail était axée sardomposés organométalliques
synthétiques. Les études de relations structuireHgéctle ces complexes organomeétalliques
d'or (I) -NHC ont permis de sélectionner un compasté surP. falciparum avec une Gb de
320nM. La troisieme partie du travail a été consaer I'étude de la résistancePdéal ciparum

a l'artémisinine et a ses dérivés. La corrélatiirede polymorphisme de&fK13 et la résistance

a l'artémisinine a été clairement établie gracees études de génétique inverse avec des
souches de laboratoire résistantes et sensibldssetsolats cliniques Cambodgiens. Cette
résistance a été mise en évidemrdtro par un test de survie parasitaire appelé g&APar

les mémes meéthodes génétique et phénotypique, rtagcaphie de la distribution du
polymorphisme d®fK13 en Indonésie a été réalisée dans la zone de Kuguardgs patients
infectés parP. falciparum. Cependant au moment de la collecte des écharstile sang, la
prévalence d@. falciparum a montré une diminution spectaculaire empéchanbiasuite de
'étude clinique. Face au faible nombre de patieadsiissibles avec un paludismePa
falciparum, aucun résultat concluant n’a pu étre obtenu.

En conclusion, les plantes médicinales indonésigreteles composés synthétiques sont
potentiellement intéressants comme point de départique pour de nouveaux médicaments
antipaludiques. En ce qui concerne la résistaiiagt@misinine, aucun échec thérapeutique ou
parasitologique aprés traitement par ACT n’'a éghalé, pour le moment, en Indonésie.
Cependant, les zones de résistancP.dalciparum aux ACT dans le Sud-Est asiatique sont
relativement proches et nécessitent, en Indondésigyivi des variations de la chimiosensibilité
du paludisme &. falciparum et du polymorphisme defK13, responsable de la résistance a
l'artémisinine.

Mot de clé : paludismeRlasmodium falciparum, traditionnel médicinePfK13, artemisinin,
résistance
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INTRODUCTION

Malaria is a tropical infectious disease, whichtoares to be one of the largest public
health problems in developing countries. Accordmthe World Health OrganizatigdvHO),
there were approximately 212 million cases worldwiid 2015 [1]. Most of them occurred in
Africa (90%) followed by South East Asia (7%), inding Indonesia that shared 9% malaria
cases of SEA region in 2015 [1]. In Indonesia, Hase the latest data collection, there were
252,027 positive cases reported in 2014 [2]. Algtomorbidity and mortality statistics are
routinely under-reported [3], annual parasite ieaick (API) is used to determine the morbidity
trend and endemicity area in Indonesia [2]. Theskareport from Indonesian Ministry of
Health (MoH) stated that the national API in 201&sv0.85 per 1,000 population. However,
several provinces showed higher API level thanomati level, such as Papua (31.93), West
Papua (31.29), East Nusa Tenggara (7.04), Maluldl)5North Maluku (2.77), Bengkulu
(2.03), and Bangka-Belitung Island (1.08) [4]. ABh&0% of malaria cases in Indonesia are
caused bylasmodium falciparum followed byPlasmodium vivax (40% approximately) with

different proportion in each endemic region [5].

Even though some reports stated minor prevalenceweral endemic regions, the
malaria remains a constant strike each year [6hcHgethe continuous effort to eliminate
malaria in Indonesia is imperative and many Ind@rescientists explore ethno-botanical data
to find efficient medicinal plants allowing the davery of new antimalarials. However, many
studies were promptly stopped often due to un-stahzed method of assays or sample
preparations. Moreover, several promising medigfents are endangered due to lacking of
knowledge on its cultivation process and uncorgmbHarvesting. All of them make the process

of discovering new antimalarials from plants comme fiar from clinical implementation.



Indeed, exploring medicinal plants remains a commvay to discover new drugs. In
endemic areas, medicinal plants are the most afdedreatments [7] and compounds such as
alkaloids, terpenoids, flavonoids, and others pessatiplasmodial activity [8]. As Indonesia
has abundant sources of medicinal plants for iawit disease treatments, people excessively
use them until today. For example, malaria is comgndreated using herbal medicinal
products, particularly to reduce fever simply byngghem as patch, drinking brew preparation
or decoction. Several plants naturally growingnddnesia and widely used to treat malaria
includeT. diversifolia, C. barbata, T. crispa, A. flava andP. cauliflora. These plants offer an
opportunity to discover new antimalarial drugs tlgbh assessment their antiplasmodial
activities in conjunction with cytotoxic assays determine their selectivityTheir activity
profile can be extended to some other parasite8hkesia close tdPlasmodium or Leshmania
for which an overlapping in geographic distributexists withPlasmodium and can be at the

origin of co-infections in human [9].

The identification of new chemical entities (NCEs)n be sourced by chemical
synthesis [10]. Among synthetic drugs, organomietalbmpounds, such as gold complexes,
are particularly interesting due to the intrinsativty of the metallic moieties able to increase
the efficacy of organic drugs. As a result, it basn published that cationic lipophilic gold (1)-
NHC complexes were active against chloroquine-a@si®. falciparum strain possibly due to
the respective positive influence between catigoic and the presence of nitrogen or sulfur

atoms in the ligands [11].

Apart from discovering new drugs, the Indonesiamistry of Health (MoH) actively
launched the malaria elimination program. Comprsivety, the program covers surveillance
and vector control, early diagnosis procedure asd precise treatments in order to stop
malaria spreading [12]. Concerning therapies, tig@mhesian government follows and adjusts

its treatment policy to the WHO recommendations.cdkdingly, Artemisinin-based



Combination Therapies (ACTs) have been implemerdsdthe first line therapy for
uncomplicated malaria since 2006 especially as nwinglies revealed the resistance of

Plasmodium to non-artemisinin therapies in several regiord [14].

ACTs, a combination of artemisinin or one of itsidatives (artesunate, artemether, or
dihydroartemisinin) with an antimalarial drug pamrbelonging to a different chemical class
[15], are recommended by the WHO [16, 17]. Howeakhough artemisinin is the most potent
antimalarial drug, several studies reported a deing parasite susceptibility to artemisinins
characterized by delayed parasite clearance tiangign that artemisinin resistance oddi@-

20]. In addition, recent findings figured out tliae resistance can be also extended to the
companion drug of some ACTSs, such dihydroartermspiperaquine (DHP) [21], recently

implemented in Indonesia.

The mechanism of artemisinin resistance is diffefeom those involved in other
antimalarial drug resistances. This mechanism s®db@n an entrance in a quiescence state,
allowing parasites to survive against high doseartmisinin at the ring stage. Parasites can
resume a regular cycle after the removal of dr@j. [Bhis phenomenon is not observable by a
standard chemo-sensitivity assay, but by ring-stageival assay (RSA), which evaluates the
susceptibility ofP. falciparumto artemisinin [23] and reflects the ability ofrpsites to survive
ART treatment [22]. Further investigations foundttmutations of K13 propeller, involved in
protein ubiquitination, were correlated to artemiisiresistance [24]. In order to discover new
targets to overcome this artemisinin resistances mecessary to clarify the role of K13
mutations. This is achieved by both insertion araval of mutated or wild tydefk1l3 genes

on clinical isolates and seveRlfalciparum laboratory lines [25].

Interestingly, for the moment, K13 mutations aranfd to play a role in artemisinin

resistance only in Asia and have been studied awlirdented in Cambodia, Thailand,



Myanmar, Laos, Vietnam [26, 27], and China [28-B@{ are not correlated with any case of
resistance in Africa [26, 28]. Since Indonesia tikExse to regions where artemisinin resistance
emerges and spreads with a strong correlation kit mutations, it is highly likely that the
phenomenon also occurs in Indonesia. The evaluaticimical,in vitro and genotypic chemo-
sensitivity to DHP in Kupang, a region of high nrédarevalence, could provide a new outlook

on antimalarial resistance in Indonesia.



CHAPTER |

LITERATURE REVIEW

1. Malaria

Physicians have diagnosed and treated fevers turs#imds of years. Until Robert

Koch, Louis Pasteur, and their contemporaries uaiem/that “germs” were the cause of most
febrile iliness, fevers were considered as a deseasl not the result of the disease. Malaria-
like febrile illnesses (with names like “the agum”“paludisme”) have been described since
Hippocrates as periodic fevers were and associaithdmarshes and swamps [33]. In-depth
malaria studies were feasible after the discovéyhe parasite responsible for the illness by
Charles Louis Alphonse Laveran in 1880 and the gi@aransmission to humans by
mosquitoes by Ronald Ross in 1897 [34]. Globallglaria is a disease caused by a parasite of
the genusPlasmodium, which is transmitted to human and widespread uthinofemale

Anopheles mosquito bites.

There are five species of human malaria paraBitesmodium falciparum, P. vivax, P.
ovale, P. knowless and P. malariae which have different world distributions thought
overlapping exists. The first symptoms of malania aonspecific and similar to influenza
(chills, headache, nausea, fatigue, muscle paia,rgors). The onset of the symptoms is
between 1 to 3 weeks after the infection conseelytito a mosquito bite. Fever may appear 2
-3 days after initial symptoms and may follow atgat of every 2 or 3 days fét. vivax, P.
ovale, andP. malariae infections. WithP. falciparum fever can be erratic and may not follow

specific patterns [35].

Plasmodium vivax is mostly found in Middle America, North Africa, @Middle East.

The other parasiteB, ovaleis highly present in Africa an. malariae is widespread around



the world. P. knowlesi, aPlasmodium species naturally living in macaques, has beeitipely
found in human in Borneo [36], particularly in péafiving in the natural habitat of simian
hosts [37]Plasmodiumknowlesi widely exists in west of the Wallace Line in In@ésia (which
runs between Borneo and Sulawesi; as well as batBaé and Lombok) [3]Plasmodium
falciparum, the deadliest one, is common in West and Easta&fiHaiti, the Dominican

Republic, part of Amazon (South America), and Sdtdbkt Asia [35] including Indonesia.

Based on the WHO report, malaria caused 429,00@attees with 303,000 deaths of
children under 5 years old in 2015 worldwide [h]lhdonesia, 80 % malaria cases were found
in Papua, West Papua, East Nusa Tenggara (NTTukdaNorth Maluku and Bengkulu [2,
4]. These provinces are the top-6 provinces wighést malaria rate and have higher level of
annual parasite incidence than the national |1e685(10,000 population) [4]. The Indonesian
Ministry of Health stated that in 2014 there weB:districts /cities considered as high risk
areas with 3% population (6,331,381) living thé2p Furthermore, malaria cases in Indonesia
are mainly caused bylasmodium falciparum (60% approximately) and Wy. vivax (almost

40%) [5].

2. The Life Cycle of Plasmodium

The life cycle of malaria parasite is complex (Rij.Motile sporozoites are transmitted
directly into the human bloodstream by the bitenéécted female mosquitoes of the genus
Anophelesduring its blood meal. Within minutes after theebihe sporozoites circulate briefly
in human blood before invading hepatocytes, wherghe parasite an asexual life cycle and
an important proliferation ensue. Between 5 anddags after (depending on the species)

thousands of daughter merozoites are releasethmtdood stream after the rupture of infected



hepatocytes. The merozoites then invade circulamthrocytes for the clinically important

intra-erythrocytic cycle of 48-hour asexual reptioa [38, 39].

Plasmodium falciparum differs from other human malarial parasites spetiethat
infected erythrocytes do not remain in the bloagkstn. After a maturation of 24-32 hours
parasites passing as ring stage at the trophogtatge, parasitized erythrocytes adhere to
micro-vessel endothelial cells of various organalléd sequestration). Trophozoites then
mature into schizonts with an egress of 48 houtsr dhe beginning of the erythrocytic
infection, of 16-31 daughter merozoites that invade-infected erythrocytes to perpetuate the
asexual life cycle. Some parasites inside red btmdld differentiate (in response to stress or
other cues) into male and female gametocytes. Catigely to their ingestion by a female

mosquito during its blood meal, they undergo a aégavelopment [38, 39] .

The formation of male and female gametes results irapid maturation of the
gametocytes in the mosquito gut (10-20 min). Omeale gamete emerges from one female
gametocyte, and three mitotic division cycles gige to eight male gametes from a single
male gametocyte. Fertilization of a female gamste lnale gamete produces a zygote (the
only diploid stage), which undergoes rapid meidiidsion and mitosis leading to numerous
new haploid sporozoites in an oocyst. Then spotegaonigrate to the salivary gland and await
introduction into a host during the next blood fiegdthereby ensuring the continuation of the

parasite life cycle [40, 41].
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[42]

3. Antimalarial Drug

Malaria was among the first diseases to be trelayed pure chemical compound —
quinine - isolated from the cinchona bark in 18Bi@storically, two herbal treatments for

malaria fevers, cinchona bark and ginghao, werd tseffectively treat malaria for hundreds



of years. Today, both derivatives of quinine artérarsinin (from ginghao) remain major in

the control of malaria [33].

Hemoglobin 1 Digestive Hemozoin
- Drugs:
4-aminoquinolines - chloroquione,

Drugs:

Apicoplast Falcipain inhibitors
1,2,4 —oxadiazole series amodiaquine - quinine, mefloquine-

primaquine — artemisinin and derivatives

Drugs:
Antibiotics —
azithromycin, doxycycline,

Plasma membrane

clindamycin,
fosmidomycin

Drugs:
Choline transporter inhibitors
Albitiazolium

Mitochondrion
/ Cytostome

Intraerythrocytic
Plasmodium

Cytosol
Drug : \ Red Blood Cell
5
ribosome
Parasitophorous
vacuole

Nucleus Endoplasmicreticulum

Figure 2. Mode of action of antimalarial drug a& grythrocytic
[43-45]

Antimalarials belong to different chemical serieghwdifferent modes of action (Fig.
2). They target the red blood stage and the mepooduction, some of the gametocytes, and
for others also the hepatic stages. In the foodusla¢c the polymerization of hemozoin
corresponding to the detoxification process of esslue to haemoglobin digestion is affected
by quinolines [43] and artemisinins. Artemisinindaits derivatives are also responsible for
alkylation of proteins and heme leading to oxidatiamages [46]. At the mitochondrion level,
atovaquone, targeting the cytochrotm@ complex, inhibits the parasitic electron transport

chain and respectively the dihydroorotate dehydrage (DHODH) linked to the respiratory
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chain and implicated in the pyrimidine nucleotitdssynthesis. Antifolates like proguanil and
pyrimethamine inhibit the folic acid action invotyan the DNA and RNA synthesis by

blocking the dihydrofolate reductase and dihydrapte in the cytosol, (Fig. 2).

a. Quinine and related compounds (Fig. 3)

Quinine, along with its dextroisomer quinidine, ttones to be used for the
treatment of severe malaria. Chloroquine (CQ)saaninoquinoline derivative of quinine
and the most widely used antimalarial drug. It heeen the drug of choice for
uncomplicated malaria therapy and for chemoproptiylaret, its use has dramatically
reduced due to widely spread resistance. Chlorequivorks by binding with
ferriprotoporphyrin 1X in the parasite, thereby agunizing the polymerisation of this
toxic metabolic product into inert crystal of herooz[47]. Another quinine derivative,
amodiaquine, is an available compound closely edlab CQ. Other quinine-related
compounds in common use include primaquine (spgciated to eliminate the
exoerythrocytic forms oP. vivax and P. ovale that cause relapses) and mefloquine, a
quinoline-methanol derivative of quinine [48]. Tipeimaquine action mechanism is
mediated by reactive metabolites which destroy chibmdrial structure of the parasite

[49], while mefloquine is believed to work in thense way as CQ [50].
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b. Antifolate drugs

These drugs are a variety of dihydrofolate-redwec(B$1FR) inhibitors [50] that
arrest DNA replication (proguanil, chlorproguamirimethamine, and trimethoprim)
and dihydropteroate synthase (DHPS) inhibitors <€dap, sulfalene,
sulfamethoxazole, sulfadoxine, and others) (fig.DBspite their use in combinations,

parasite resistance to these drugs can develoglyapi
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Figure 4. Antifolate drugs

c. Antibiotics

Tetracycline and its derivatives such as doxycgcliare very potent
antimalarials and used for both treatment and prapls. In areas where response to
guinine has deteriorated, tetracyclines are oftsdun combination with quinine to
improve cure rates [51, 52] and effectively redtice duration of treatment [53].
Another antibiotic, clindamycin, has been used m®ffective treatment of malaria
when given twice daily for five days but it is @wtacting drug. With a mean parasite
clearance time of four to six days its administmatin monotherapy is likely to pose a
danger [53]. Therefore, clindamycin treatment imbmation with another antimalarial
drug is highly recommended. The combination ofddimycin (5 mg/kg Body Weight)
with quinine (10 mg/kg Body Weight) is an efficieahd attainable choice for the

treatment of malaria. Moreover, it shortens theatian of treatment for 3 days twice
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daily and is not contraindicated in children aneégmant women [53, 54]. The
combination of clindamycin and CQ is also an effecand plausible treatment even
in high rate of CQ resistance regions though réugiia higher dose of CQ [52, 53, 55,

56].

d. Artemisinin

In 1967, the Chinese government initiated the Nuwtiid’roject against malaria
under the direction project 523 office. Focus oplersation of more than 2000 Chinese
herbs has resulted in 640 hits with probable anére activity and 380 extracts
studied against animal models of malaria. Promisasylts were found iArtemisia
annua L. extracts with strong and reproducible parasttewgh inhibitions. These
activities were confirmed on animal models (micel amonkeys) and supported the
studies which led to the isolation and identifioatiof the active compound named
artemisinin (ginghaosu). These remarkable results. annua activity against malaria
parasite were published in 1982 [57].

Pure artemisinin (ART) (Fig. 5) has low solubilityboth water and oil but it is
possible to administrate it orally, rectally, amdramuscularly [58]. However, for
severe malaria patients, oral route is often nesjde considering the effect of intense
vomiting. In order to overcome this obstacle anlkihbit the necessity of vegetal supply,
several semi-synthetic ART derivatives have beareldped [48, 59] like the water-
soluble artesunate and the oil-soluble artemeteageether [60]. The studies of drug
metabolism found that ART derivatives are convent¢d the same active metabolite
as artemisinin: dihydroartemisin (DHA) [61, 62]. éd® compounds are used in
monotherapy for treatment of severe malaria ance hehown very rapid parasite

clearance time and fast fever resolution [48]. Ainins probably work by generation
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of free radicals when Fe (Il) cleaves the perodidad of the drug in parasitized red

blood cells, followed by alkylation of parasite teims [49, 63].

OR

Dehydroartemisinin: R = H
Artemether: R = Me

Artesunate: R = -CO-C_HCH_-CO__

Figure 5. Artemisinin, a sesquiterpene lactone wifieroxide bridge

e. Miscellaneous compounds

Atovaquone, a hydroxynapthoquinone (Fig. 6), is edfective compound
against CQ-resistait falciparum, but when used alone parasite resistance canagevel
quickly. That is why atovaquone is usually givencombination with proguanil [64,
65]. Atovaquone targets the electron transportrc(BCT) of the mitochondrion, and
specifically the cytocrome becomplex [49], while proguanil acts not only as CRIF
inhibitor but also in a synergistic effect loweritige effective concentration at which
atovaquone breaks down the parasite mitochondeahlonane potentid66].

Pyronaridine was reported 100% effective in Camef{6d@] but only 63%-88%
in Thailand [68]. Pyronaridine is an acridine-badeay with unknown mode of action,
but could act on haemoglobin degradation, haemnpetisation, and topoisomerase-2

activity [50].
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Lumefantrine is another antimalarial compound adsténed in combination
with artemether [69, 70]. Lumefantrine is an anyliao alcohol [71] that prevents
polymerization of haem and free radicals to indpeeasite death [72]. In order to
prevent recrudescence, it is absorbed and cledmdys(t12=3-6 days) [73] to
eliminate residual parasite that may remain aftesnaether has been cleared from the

body [72, 74, 75].

Cl
\

Y

[

0 7 ¢
OH S/
DX
N S

AL

OH N\ O\ )
O Z /

N
N
Cl N cl
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Figure 6. Miscellaneous compounds

f. Non-Artemisinin Combination Therapy
A two-antimalarial combination, especially when ythéiave different
mechanisms of action, has the potential to inhiit@tdevelopment of resistance to each
component [48]. The combination of a 4-aminoquimeldrug (CQ or amodiaquine)
with sulfadoxine/pyrimethamine (SP) improves therapdological clearance
(compared with SP alone) [76]. However, high lewaisesistance against these two
chemical series indicate that these combinatioeshat recommended and no longer

used [15].
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g. Artemisinin based-Combination Therapies (ACTS)

Another combination therapy approach is artemisohénivatives associated
with longer half-life antimalarials [48]. These cbimations have been recommended
by the WHO as malaria front-line treatment to ceurlhe resistance &f. falciparum
to monotherapies and to improve treatment outcdrBg [

Artemisinin-based combination therapies (ACTs) #re current standard
treatment for uncomplicated malaria. Artemisinindaits derivatives (artesunate,
artemether, dihydroartemisinin) are fast acting poumds but are rapidly cleared [15]
(human t 21 hour), and are therefore combined with slow+ohgadrugs to Kill
residual parasites. The typical partner drugs ohellumefantrine (human t %2 = 3-4
days) and piperaquine (human t %2 = 8-16 days) M®len given in combination with
other compounds, a 3-day course of treatment witiri@misinin compound is deemed
effective. Five ACTs are currently recommended bg tWHO: artemether +
lumefantrine, artesunate + amodiaquine, artesuratmefloquine, artesunate +
sulfadoxine - pyrimethamine, and dihydroartemisinjiperaquing15]. ACTs have
supplanted the previously recommended sulfadoxipgrimethamine, which in turn

replaced CQ treatments [49].
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Table 1. ACTs recommended by WHO

[77-80]
ACTs Brand name Artemisinin Companion drug
(suppliers) derivative
Artemether — Coartem® Artemether Lumefantrine
lumefantrine Riamet® )
(Novartis)
Artesunate — ASAQ Amodiaquine
amodiaquine Winthrop® /@CH -
(DNDI/Sanofi) HN Nj
=
L
Artesunate — ASM FDC Mefloquine
mefloquine (DNDI/Cipla T o
Ltd) Artesunate D ’

H
N
HO

Artesunate — Artesunate + Sulfadoxine
sulfadoxine — Sulfadoxine + OH Qﬁ_n o
pyrimethamine Pyrimethamine 6 N}—\g_ﬂ
Tablets =y
(Advacare
PHARMA) Pyrimethamine
Malosunate® NH, :
(Anhui) N7
HZN/LN/
Dihydroartemisinin ~ Eurartesim®  Dihydroartemisinin Piperaquine
- piperaquine (Sigma- Shad
Tau/MMV) 0o () - )
Atrketin® o O O
(Holleykin) o “ “
Diphos® OH

(Genix Pharma)
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4. Artemisinin-based Combination Therapies (ACTs) in hdonesia

The year 2004 was the beginning of ACTs use im#t®nal malaria control program
in Indonesia. This was due to the overwhelming baordf resistance of malaria parasites to
previous conventional malaria drugs. This step v in conjunction with WHO’s

recommendation of using ACTSs to fight malaria [82].

The first ACT adopted in Indonesia was artesunateedaquine as first line therapy.
This fixed dose regimen is active agaiRsfalciparum as well asP. vivax, safe for all ages,
and affordable though large number of pills to bgested is a disadvantage. Moreover, in
places such as Papua, Lampung, and North Sulawesi areas with high chloroquine

resistance, treatment failures with artesunate-sgmoche were reported [82].

Artemether-lumefantrine has been recently, impldewnn Indonesia. In a study
conducted by Sutantet al. (2013), artemether-lumefantrine proved to be safé highly
efficacious in 59 residents of eastern Sumba Isfaredenting uncomplicatdel falciparum
malaria [83]. Another study in southern Papua alolmesia, an area with multidrug resistant
P. falciparum also showed high cure rate (95.3%) with artemdtimeefantrine, but it was less
responsive td°. vivax compared to other combination (43%) [84]. The disentages of this
ACT are: i) it should be administered twice daiy three days, given with fatty foods, and ii)
it is expensive. This limits the utilization of amether-lumefantrine as second line therapy for

P. falciparum malaria.

Dihydroartemisinin — piperaquine (DHP) can be aaptiption to overcome the failure
of other combinations such as artesunate-amodiad@8i?]. Based on the data of previous
ACTs trials in Indonesia, DHP was found to be tlestlcombination to treat uncomplicated
malaria in areas with multi-drug resistance. In panson with all the existing forms of ACTSs,

a 3-day DHP is the best substitute for the Ind@resCT program. Moreover, DHP is safe



and effective for botl. falciparum andP. vivax malaria. The cure rates of DHP reported for
the treatment dP. falciparum andP. vivax were 95.2% and 92.7%, respectively. DHP has been
used for more than 2 years in Papua, a high mesistance area, as first line therapy [85]. In
2006, the national drug policy was changed and be¢ame the first line treatment for any

uncomplicated cases of all four parasite specidd@rtreatment of malaria in the second and

third trimesters of pregnancy [14].

BW for piperaquine. The dose of DHP must be basedady weight rather than on age

classification, except if the weight scale is nadiible.

19

The dosage of dihydroartemisinin is 2-4 mg/kg afyoweight (BW), and 16-32 mg/kg

Table 2. The dosage of DHP based on body weighsiieation forfal ciparum malaria

[86]
Number of tablets per days basecbody weigh classificatiol
Days | Treatment <5kc|6-10kc | 11-17 kc | 18-30 k¢ | 31-40 k¢ | 41-59Kkg | > 60 k¢
0-1 2-11 1-4 year| 5-9year 10-14 | > 15| > 15
montt | montt yeal yeal yeal
1-3 DHP Ya Y 1 1Y% 2 3 4
1 Primaquin: - - Y. 1Y 2 2 3

5. Antimalarial Drug Resistance

a. Non-Artemisinin Resistance

The obstacle to malaria eradication is parasitstases to antimalarial drugs.

The WHO defines resistance to antimalarials aslfiéy of parasite strain to survive

and/or multiply despite the administration and apgon of a medicine given in doses

equal to -or higher than- those usually recommermgdvithin the tolerance of the

subject, with the caveat that the form of the daotve against the parasite must be

able to gain access to the parasite or the infeetktlood cells for the duration of the
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time necessary for its normal action [15]. Malarésistances was reported with

chloroquine, antifolates, and atovaquone [87, 88].

Chloroquine resistam. falciparum began to emerge in 1957 in South America,
South East Asia to Africa [89]. In the end of 1986sistances to sulfadoxine-
pyrimethamine and mefloquine settled well in Thar@odia and in 2006, resistance
to artemisinin appeared [19, 88]. Commonly, thesteaace mechanism of antimalarial
agents is mediated by multidrug resistance gengnpwbhism, for exampl@&fmdrl
(chloroquine, mefloquine, amodiaquine, halofantrinmefantrine)Pfcrt (chloroquine
and amodiaquine)lPfdhps (sulfadoxine), andPfdhfr (pyrimethamine and proguanil)

[90-99].

Two main mechanisms &flasmodium resistance to almost all anti-malarial
drugs are: i) modifications in transporter genekioing drug availability at its site of
action or ii) modifications of the drug target bytations in the corresponding genes
(Table 3). For antimalarials targeting the haembiglaigestion in the food vacuole
two transporters are mainly involved in the resist&a the chloroquine resistance
transporter Rfcrt) and the multi-drug resistance transporterPim@rl). Another
possibly related transporter is the multi-drug s&sice associated proteiafrfrp)
[100]. The mechanism of resistance for these atdinahagents is mediated by single
nucleotide polymorphisms (SNPs) of the genes thabde these transporters or by
an increased number of copies of some of them [103]. Modifications of the drug
target concern more with antimalarial drugs targgtmetabolic pathways, such
inhibition of the cellular respiration and the dilngorotate dehydrogenase (DHODH)
involved in the pyrimidine nucleotide biosyntheatamitochondrion level [103, 104]
or the dihydrofolate reductase (DHFR) involved e tproduction of purines,

thymidine and therefore in the DNA biosynthesishia cytosol [105, 106].
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Table 3. Resistance genes in antimalarial drug

Anti-malaria Resistance Main resistance mechanisms Refs
Clas: Drug gene
Quinine Pfmdrl/other Disruption of drug accumulation[100,

inside food vacuole by reducindlO1]
propensity of the drug transporter
PfMDR1 to bind to and transfer
ant-malaria

Chloroquine  Pfert/pfmdrl  Drug extrusion from digestive[107-
vacuole by mutating drugl09]

Quinolines transporter PfCRT due to higher
lipophilicity and negativity of the
transporter  allowing  ionized
chloroquine efflu:

Mefloquine Pfmdr1/other Reduction of parasite[96]
susceptibility to mefloquine by
amplification ofPfmdr1 cories

Natural Artemisinir [22,
endoperoxide Artesunat 24]
compounds and Artemether Pfk13 Quiescence
semi-synthetic

derivaives

Sulfadoxine - Pfdhps- Modification of the drug target by

Antimetabolites pyrimethamin  Pfdhfr reducing inhibition of enzymatic

Proguani Pfdhfr activity by the dru [11(]

Other Atovaquone  Pfcytb Modification of the drug target by[103]

disruption of cytochrome bcl
comple»

b. Artemisinin Resistance
The working definition of artemisinin resistancebissed on observations from
routine therapeutic efficacy studies of ACTs andhichl trials of artesunate
monotherapy. An artemisinin resistance area isestisd by, consecutively to an
increased parasite clearance timmel0% of patient cases with parasites detected 3
days after treatment with ACT and more than 10%ezHtment failures on day 28 or

42 [111].
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In 2006, declining parasite clearance rates withT AfRre found, marking an
initial detection of ART resistance. This resisamenerged in multiple locations in
the Greater Mekong subregi¢8MS) and has later triggered another resistance to
antimalarial drugs, including partner drugs of ARIlich as piperaquine [112].
Realizing that ART resistance would be an obstéatethe malaria elimination
program, our laboratory team (Group V, LCC-CNRS,ulbase) reviewed the
underlying molecular mechanism of this particuksistance to provide a conceptual
framework of cellular network involved in parasgervival. Several cases of ART
resistance have been reported. In 2008tro studies performed on blood samples of
patients with uncomplicated®. falciparum malaria suggested an increasing
artemisinin failures in western and eastern Thdilariso in Cambodia, apparently
correlated with increased artemisinirsd@alues (mean of I§5:1.87nM, 3.18nM, and
3.34nM respectively, compare to 1.51nM of artenmmssensitive clone W2 [20].
Dondorp’s study [19] figured out reduceadvivo susceptibility to artesunate in Pailin
(western Cambodia) as opposed to Wang Pa (norteime$hailand). As many as
30% patients followed in Pailin showed 10% recrgdese of artesunate
monotherapy, and 5% of them indicated mefloquinelbaation Wang Pha. This
resistance is characterized by slow parasite aleaia vivo without corresponding
reductions on conventionah vitro susceptibility testing, in contrast to the NoedlI’s
observation about increaseckd@alues the artemisinin in regions with a highuesl

rate of artesunate-mefloquine

A number of recent research revealed that thetaggie happened to not only
artemisinin alone but also with its combinationsicts as dihydroartemisinin-
piperaquine. In Cambodia parasite recrudescencer aftihydroartemisinin-

piperaquine treatment was associated with a higrearalence okelchl3 mutations
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and a higher piperaquine 4€ The treatment failure was caused by both artemisi

and piperaquine resistance [21].

It is well established that ART resistance is metldby mutations of thEfk13
propeller which trigger a sequence of events lepgarasites to enter in a quiescent
state during the presence of ART or its derivativles parasite restart its cell cycle
after drug elimination. ThEfk13 belongs to the kelch super-family of proteind &
likely to have a similar function to Keap 1 proteulich plays an essential role in
human in protecting against oxidative stress thinoag unfold protein response

(UPR).

A putative transcription factor (UTF) associatedwK13 is probably involved
in the parasite, such as like the human transoripiactor Nrf2 normally linked to
keapl. In unstressed conditions Nrf2, linked topeas degraded in the proteasome
by a polyubiquitination process [113]. Under stresreditions or in the case of k13
mutations, similar to Nrf2 in human, uTF could benstitutively activated by
inhibition of its proteasomal degradation. It wasently found that PfPI3K is a ligand
of Pfk13. In the case dPfk13 mutations, the PI3K ubiquitination is inhibitecténg
to an increased level of basal PI3P. The PI3PinokRT resistance is confirmed by
PI3P transgenic expression that endows artemisasistance in non-mutated K13

parasites [114].

The underlying molecular mechanisms linked to Ki18ations and artemisinin
resistance have yet to be completely understood.imtivo transcriptome analysis
of Plasmodium falciparum revealed that artemisinin resistance, causedrgyesK13
propeller mutations, is associated with increasgdession of a network of molecular

chaperones and major protein complexes belonginigetdJnfold Protein Response
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(UPR) pathways. Some of the upregulated genesesktthomplexes are involved in
protein folding and repaiin the endoplasmic reticulum (ER) especially BiP
(immunoglobulin-binding protein). The misfolded pms bind to BiP and trigger a
cascade of events probably similar to the BIP-PERKX pathway observed in
mammals and leading to a limitation of global protey/nthesis and a cell cycle arrest

via cyclin dependent kinases.

The parasite ART-induced quiescence state is cterzed by a suspended
glycolysis and associated ATP and PEP productidosever, a minimum ATP and
PEP production is ensured by apicoplat and mitodhon that remains active during

the quiescence stage [115].

Although the mitochondrial tricarboxylic acid cydke partly down regulated,
the transcription of proteins of the electron tgors chain remains active and a FASII
pathway is implemented in the apicoplast conseelytiafter a decrease in host fatty
acid incorporations. For those reasons, quiescarasfies can be killed by drugs
targeting the respiratory chain of the mitochondisoch as atovaquone, or its FASII

metabolism such as haloxyfob, and triclosan.

In conclusion, Plasmodium falciparum resistance to artemisinin and its
derivatives is not due to a common mechanism ofretérial resistance but based on
the increasing ability oPfk13-mutant parasite to restrain oxidative damages In
quiescence state, even though main metabolism pgthslow down, the apicoplast
and mitochondria keep supplying minimum energyni@tabolism to resume growth

as soon as the drug is eliminated.

Indeed, the well-defined cellular connections bemvthe different elements

involved in artemisinin resistance are a preretpitsi the definition of the best
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strategy to fight this resistance and the searckffaient drugs targeting the

quiescence phenomenon.

c. A review was published in order to present thele cellular and molecular network of

artemisinin resistance.

L. PaloqueA. P. Ramadanj O. Mercereau-Puijalon, J.-M. Augereau, F. Benuial.

Plasmodium fal ciparum: multifaceted resistance to artemisinins.

Malaria Journal, 2016 15(1):149. DOI10.1186/s12936
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Abstract

Flasmodium falcinarm resistance to artemisining, the most potent and fastest acting anti-rmalarials, threatens malaria
elimination strategies. Artemisinin resistance is due to mutation of the P13 propeller domain and imalves an uncon-
ventional mechanism based ona quiescence state leading to parasite recrudescence as soon as drug pressure is
remaned. The enhanced B falciparum quiescence capacity of artemisinin-resistant parasites results fram an increased
ability to manage oxidative damage and an altered cell oycle gene regulationwithin a complex netwark imalving

the unfolded protein response, the PIAKPIEF/AKT pathway, the PIPK4/elF 2a cascade and et unidentified transcrip-
tion factors), with minimal energetic requirements and fatty acld metabolism maintained in the mitochondron and
apicoplast, The detailed study of these mechanisms offers a way forward for identifying future intervention targets to

fend off esablished artemisinin resistance.

Background

Artemisinin (ART) and its derivatives, introduced in
19805, are the most potent and fastest acting anti-malar-
ials, producing rapid clearance of parasitaemia and rapid
resolution of symptoms. The discovery of artemisinin
by Professor Youyou Tu has bheen rewarded the MNobel
Prize for Physiology or Medicine 2015, recognizing that
it has radically improved treatment against malaria [1].
Plasmodium falciparum artemisinin resistance was first
detected in 2006 [2], after decreased clearance rates were
observed in patients receiving an artemisinin therapy in
clinical studies performed in 2006, It is nowadays wide-
spread across southeast Asia [2, 3], The delayed clear-
ance of artemisinin-resistant infections exposes larger
numbers of parasites to anti-malarial drugs, poten-
tially driving selection to higher-grade artemisinin or
to the partner drug. In Asia, treatment failures of arte-
misinin-based combination therapy (ACT) have recently
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emerged, including resistance to piperaquine [4]. This
represents a serious threat for malaria eradication, wide-
spread artemisinin resistance being predicted to cause
in excess of 116,000 deaths annually, with medical costs
and productivity losses evaluated as 146 million USS and
385 million USS per year, respectively [5]. The resistance
to artemisinins is due to mutation of the PEK13 propeller
domain endowing the parasites with an increased ability
to enter a quiescent state. Piecemeal evidence associates
artemisinin resistance with increased unfolded protein
response  (UPR), dysregulation of the pre-replication
phase and the PI3K/PI3P/AKT pathway. Yet, an over-
all picture about how these modifications result in qui-
escence-associated artemisinin resistance is lacking, A
conceptual framewotk for the cellular networks involved
from oxidative stress to quiescence and parasite sur-
vival is proposed here, opening novel avenues for future
research.

Rapid overview of antiplasmodial drugs

Currently used anti-malarials belong to different chemi-
cal series and all Plasmodium falciparun stages can be
targeted (asexual red blood cell stages, gametocytes,
hepatic stages) by one or another anti-malarial, Each

0 2016 Paledus 21 Al This articks is dis wibu ted under the 2ens of the Crative Commons ATdbuticn 40 bvemaiend License
Ihmpefforeativecommenaarglicens e bp 0, which perrints unestricted use, distrittion, and reproducTion in any mediuer,
EroAiCE j0 G SDRRSDTIATE Cradil 1 The ooiginal authoss) and B sourte, provide 3 nk 1o The Craative Commons itense,

and indicataif changes ware mada, The Craative Camimicns Pulblc Do din Dadication waives ey e Al conmmens oog’
pullicdomain/zeno LI applies 10 the data made availaoha in his amide, unbes othenise s1aed,



Faloque etal. Malar J/ {2018} 15:149

antiplasmodial drug series has its own specific mode(s)
of action. In the food vacuole, haemozoin synthesis, cor-
responding to detoxification of the waste from haemo-
globin by the parasite, is specially affected by quinolines
[6] and artemisinins, Artemisinin and its dervatives
are also responsible for alkylation of proteins and haem
leading to ocxidative damages [7]. At the mitochondrial
level, atovaquone, targeting the cytochrome be; complex,
inhibits the parasite electron transport chain and thus
the dihydro-orotate dehydrogenase (DHODH) activity
linked to the respiratory chain and involved in pyrimi-
dine nucleotide biosynthesis [8]. In the cytosol, inhibi-
tion of dihydrofolate reductase (DHFR) by proguanil or
pyrimethamine or of dihydroptercate synthase (DHPS)
by sulfadoxine [9], blocks the biosynthesis of folate
involved in DNA and RNA synthesis. Unfortunately,
most anti-malarial drogs have lost their efficacy as resist-
ance has emerged and spread.

The World Health Organization [ WHO) defines resist-
ance to anti-malarials as “the ability of Plasmodium to
survive and/or multiply despite the administration and
absorption of a medicine given in doses equal to -or
higher than- those usually recommended but within the
tolerance of the subject”, with the subsequent statement
that “the form of the drug active against the parasite
must be able to gain access to the parasite or the infected
red blood cell for the duration of the time necessary for
its normal action” [10]. For some anti-malarial drogs,
resistance occurred very quickly after their introduction
(Table 1).

Among all mechanisms of resistance described in vari-
ous organisms, from bacteria, parasites, fungi to human
cancer cells, two main mechanisms drive Plasniodium
resistance to almost all anti-malarial drogs: (i) reduced
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drug availability at its site of action, essentially due to
mutations in transporter genes; and, (i) modification
of the drug target by mutations in corresponding genes
(Table 1), Artemisinin resistance results from a differ-
ent cellular process, guiescence, which is detailed below.
lhe quiescence-based cellular mechanisms comply with
the WHO definition of P faleiparum drug resistance [10]
(see also WHO global report on drug resistance 2010), as
artemisinin-resistant parasites survival exposure to ther-
apeutic, lethal concentrations of artemisinin derivatives.

Recommendations for the use of dual and tripl e therapy

Parasite resistance to drug monotherapy prompted the
WHO to recommend dual or triple therapy, which com-
bines molecules with independent modes of action or
distinct target enzymes. Drug combination is usually
maore effective and in the event of resistance to one com-
ponent, the second one kills residual resistant parasites.
However, some combination therapy, such as sulfadox-
ine-pyrimethamine plus chlomoguine or amodiaguine,
must be avoided due to the high levels of resistance estab-
lished to these drugs already extensively used in mono-
therapy. For the same reason and because of the rapid
acquisition of atovaquone resistance, atovaguone-pro-
guanil is not recommended [2, 11, 12]. Clinical resistance
to artemisinin was first detected in Cambodia in 2006
and reported in 2008 [13]. In 2009, Noedl et al. reported
artemisinin  resistance of uncomplicated falciparum
malaria cases in Thailand and Cambodia and correlated
delayed clearance withincreased in vitro artemisinin 1C5,
values compared to the artemisinin-sensitive clone W2
[14]. Dondorp et al, [15] documented reduced in vivo
susceptibility to artesunate in Pailin (western Cambo-
dia) compared to Wang Pha (northwestern Thailand),

Table 1 Date of introduction and first reports of anti-malarial drug resistance, resistance genes involved [33, 86, 87]

and main mechanisms of resistance

Anti-malarial drug Introduced Firstreported Resistance Main resistance mechanisms Refs
resistance genes

Quiinine 1632 1910 Pimdridother Disruption of drug accumulation inside the ood vacuale| &, 53]
by reduced prapersityaf the drug transparter PIADR]
ta bind ta and transfer the anti-malarial

Chlaraquine 1545 1957 PertPfmdrl Dirug extrusion on from digestive vacuoke by mutated  [90-93]
drug transparter PRCRT due 1o higher lipaghilicity
and negativity of the trarsparter allowing ionized
chioraquine efflux

Praguanil 1945 1949 PHhF Madification of the drug target: reducedinhibitionaf 9]

Sulfadovine-pyrimethaming 1967 1967 Pihps-PEinfy ~ SMEYMAticactvityby the drug

Weflaquine 1977 1982 Pimdrisather  Reduction of parasite susceptibility to mefloquine by 93]
amplification of Pfmdrl copy number

Atovaquans 1996 1996 Picyth Wadification af the drug target by disruption of 18]
Cytachrome hel comples

Artemisinins | 980s 7006 P13 Quiescence [31,33)
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characterized by a slow parasite clearance time (72-84 h
in Pailin and 4854 h in Wang Pha) and higher failure
rates (recrudescence) after artesunate monotherapy (in
Pailin 30 % of patients showed recrudescence compared
to 10 % in Wang Pha). These altered clinical characteris-
tics were not associated with reduced in vitro suscepti-
bility, contrasting with observations by Noedl et al. [15].
Resistance to artesunate monotherapy first reported in
western Cambodia and along the Thailand-Myanmar
border, resulted in lengthening of the parasite clearance
half-lives from 2.6 h in 2001 to 3.7 h in 2010 [18]. Arte-
misinin resistance is now also established in Myanmar,
Vietnam, Lao PDE, and China [3].

In order to avoid the spread of £ falciparum resist-
ance, monotherapy with artemisinin or its derivatives
should be banned [17]. ACT has been recommended
by the WHO as first-line treatment for uncomplicated
malaria since 2001 and is nowadays widely used (Addi-
tional file 1). However, in December 2014 eight countries,
mainly in Africa (Angola, Cabo Verde, Colombia, Equa-
torial Guinea, Gambia, Sa0 Tome and Principe, Somalia,
Swaziland] still allowed artemisinin-hased monotherapy
[18].

Trearment failures with ACT have only been observed
in Asia where, in addition to artemisinin resistance,
parasites were also resistant to companion drug, eg.
mefloquine along the Thai-Myanmar border [19] or pipe-
raquine in Cambodia [20=22]. In such cases, the ACT
used is replaced by another one and the therapeutic effi-
cacy of the replacement ACT must be monitored every
2 years as recommended by the WHO [2] for timely
adaptation of the treatment policy. The threshold of 10 %
cases with detectable parasites on day 3 after ACT treat-
ment used by the WHO to define areas of artemisinin
resistance [2] was established in Asia, a region of low/
moderate transmission. In Africa, where transmission is
usually much higher, artemisinin resistance has not yet
been reported. However, a recent study suggested that a
threshold of 5% cases on day 3 parasite positivity is more
suited to artemisinin resistance monitoring in Africa due
to higher levels of acquired immunity against Plaswio-
divm in African populations contributing to faster para-
site clearance [23].

Phenotypic and genotypic basis of artemisinin resistance

It is striking to note that from chloroguine resistance
in 1957 to artemisinin resistance in 2006 [13], all anti-
malarial drug resistance plaguing Asia was first reported
at the Thai-Cambodian border and more especially in
Pailin Province. Poor access to medicines, generating traf-
fic of counterfeit drugs, with sub-clinical quantities, use
of monotherapy, combined with an intense and exten-
sive migrant labour system, are potential contributors

28

Page3af 12

[24=26]. Mo correlation was found between an increased
mutation rate of the parasite genome and drug resistance
in these regions, invalidating the hypothesis of the exist-
ence of a ‘hypermutator’ parasite [27]. Resistance in this
region has a typical multi-resistance profile, with resist-
ance mutations in Pfers, Pfdhps, Plihfn Phadrl fxed in
the parasite populations [ 28, 29],

Resistance to artemisinins was selected from such
multi-resistant parasites circulating in western Cam-
bodian provinces and was shown to be an inheritable
genetic trait of the parasites [16, 30]. The mechanism
driving artermisinin resistance was discovered using an
experimental model, the F32-ART line -a highly arte-
misinin-resistant line- established in vitro after 5 years
of exposure to escalating concentrations of artemisinin
[31]. Artemisinin resistance of F32-ART is mediated
by a resistance mechanism quite distinct from those
previously described [15, 31=33] (Table 1), since these
parasites score susceptible using the standard in vitro
susceptibility assays [31, 33=35]. Plasmodinm resistance
to artemisining is due to the enhanced number of young
ring forms to enter into a quiescence state upon expo-
sure to artemisinins, and guickly resume growth once
the artemisinins are removed. This capacity is conferred
by mutations of a gene called Pf&13 [15 31, 33]. This
gene is now currently monitored to follow artemisinin
resistance spread according to WHO recommendations
[2, 18, 35].

Plasmodium falciparum resistance to artemisinin is
quiescence-based

The first hypothesis of artemisinin resistance based on
a partial cytostatic effect of the drug was evoked thanks
to a mathematical model in 2000 [37]. The classical defi-
nition of quiescence is ‘a reversible absence of prolifera-
tion, Le, a non-dividing cell which eventually restarts its
cell cycle when conditions become appropriate. Various
quiescent states may depend on the cell history; alter-
natively, quiescence can be the convergence of an adap-
tive process to cope with an adverse environment and an
active preparation to efficiently resume proliferation [38].
The development cycle of P. falciparum presents normal
arrest at the sporozoite stage in the mosquito salivary
glands or at the gametocyte stage in red blood cells. In
vitro, £ falciparum cell cycle progression can be strongly
delayed at the trophozoite stage in response to isoleucine
starvation [39]. A fraction of 2 vivax and Plasmodinm
ovale sporozoites is able to stop its cell cycle during the
hepatic phase to enter into a particular state, named hyp-
nozoites, another form of dormant or guiescent parasites,
and responsible for relapses, all under an epigenetic con-
trol of gene expression by histone modification enzymes
[40].
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Quiescence and artemisinin-resistant parasite stages
[ata obtained with the highly artemisinin-resistant
F32-ART line and 2 falciparum isolates showed that
artemisinin pressure induces developmental arrest of a
sub-population of very young (0=3 h) ring stages which
enter a quiescent state, while killing all other stages [31,
41]. Quiescence has also been correlated with K13-medi-
ated artemisinin resistance in field isolates [33].
Cuiescent parasites are difficult to identify under the
microscope but staining mitochondrial activity with fluo-
rescent dyes, unambiguously labels live quiescent cells in
artemisinin-treated cultures [31, 42, 43]. Cell cycle arrest
leads to overestimations of the parasite clearance time
in patients [44], and a defect of Hj-hypox,amfﬂne ineor-
poration in standard chemosensitivity assay leads to an
overestimation of the effectiveness (1C5;) of anti-malarials
[31, 42]. As a result, classical susceptibility assays based
on parasite proliferation are not suitable to differentiate
parasites that are artemisinin-resistant from those that are
artemisinin-sensitive. Recrudescence assays and ring stage
survival assay (RSA, o ) using highly synchronized 2 fal-
cipetrimn parasites in culture, based on a 6-h dihydroarte-
misinin exposure in vitro, followed by culture in drug-free
conditions until microscopic read-out at 72 h, are able to
detect and quantify artemisinin resistance [31, 35, 41].
Cuiescence takes place at a moment of the parasite cycle
(young ring stage) where artemisinin is less efficient [43].
Indeed, artemisinin toxicity is potentiated by products
of haemoglobin digestion inside the food vacuole, which
begins in the mid-ring stage. Haemoglobin degradation
products, such as haem and ferrous iron, react with arte-
misinin to cause oxidative stress and ireversible dam-
ages [45]. The low levels of haemoglobin endocytosis and
therefore its absence or low digestion level in very young
rings, could explain their reduced sensitivity. At this stage,
which is approximately 14 h longer in resistant parasites
than in wild-type parasites [46], a lower (moderate) oxida-
tive stress is likely more manageable by the parasite, and
particularly so by PfK13 mutants, while at the tropho-
zoite stage, artemisinin-dependent damage exceeds the
parasite’s response abilities [43]. The ring stage arrested
development allows parasites to survive during the rela-
tively short period of elevated artemisinin concentration
(the elimination half-life in humans varies from one to
11 h depending on the derivative) [31, 41, 47]. Why only a
srall sub-set population (=1 %) of resistant parasites [42]
is able to enter a quiescence stage despite their common
genetic pattern remains to be elucidated.

Response of non-mutated PFK1 3 parasites to artemisinin
EXPOSUre

It appears that all parasite lines are able to enter quies-
cence or dormancy-mediated processes [48]. In vitro,
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this is monitored by the capacity to proliferate after drug
removal, Le, to recruodesce. Artemisinin-resistance is
characterized by a short time to recrudescence as dem-
onstrated with the F32-ART (artemisinin-resistant) and
F32-TEM (sensitive) sibling laboratory lines. After expo-
sure to up to 18 pM of artemisinin, F32-TEM was able
to resume growth and reach 5 % of parasitaemia 17 days
after artemisinin removal compared to 10 days for F32-
ART [31]. Other studies reported that several arte-
misinin-sensitive 2 faleiparum strains restarted their cell
cycle from 4 to 25 days after the drug removal [48, 49].
Thus, some wild-type parasites are able to survive arte-
misinin exposure but artemisinin-resistant strains restart
faster with more gquiescent parasites and/or quicker
awalening [31, 35].

Involvement of the Pfk13 locus in Plasmodium falciparum
resistance to artemisinins

Pik13 polymorphism

Whale genome-sequencing of F32-ART and its sibling-
sensitive line F32-TEM as well as of artemisinin-resistant
B falciparwm isolates from Cambodia, allowed arte-
misinin resistance to be associated with mutations of
the K13 protein (accession number PF3D7_1343700),
belonging to the kelch super-family of proteins, All muta-
tions found in the Pfk13 gene and correlated with arte-
misinin resistance are non-synonymous, and are present
after position 440 in the propeller domain (K13-propel-
ler) [33, 36, 50]. Just one of these mutations is sufficient
to confer artemisinin-resistance [50]. There is a strong
genetic correlation in Asia between K13-propeller muta-
tion and a slow parasite clearance time (half-life longer
than 5 h} [3, 28, 33, 36, 51=53]. In Myanmar, among the
K13 mutations observed, C580Y and M476l1 (the muta-
tion acquired by F32-ART parasites) were associated with
delayed clearance-time [54]. ln Southern China, at the
Myanmar border, the single F446l mutation predomi-
nates and is associated with delayed dearance [52]. The
current picture is that artemisinin-resistant parasites cir-
culating in different geographic areas of Southeast Asia
stern from several independent emergences of unigue
mutations in the K13-propeller domain [28, 36, 53] where
the parasite genetic background could play a role in the
propensity of K13 mutants to emerge, Three prevalent
K13-propeller mutations -C580Y, R539T and Y493H-
were shown to correlate strongly with increased parasite
clearance in vivo and with increased survival rates in the
in vitro RSA,_, [33, 55, 56]. Gene editing showed that
introduction of the wild-type allele into resistant parasites
procured a sensitive, very low R5A ., survival rate (0.3=
0.7 %) whereas the parent isolates harbouring a K13 muta-
tion (R539T, 1543 T or C580Y) displayed 40-49 % BSA,_4
survival, Conversely C580Y introduced into wild-type
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artemisinin-sensitive Cambodian clinical isolates and ref-
erence lines conferred varying degrees of in vitro resist-
ance, suggesting additional contribution from the genetic
background [50]. lmportantly, Asian K13 mutations are
generally not found in Africa where numerous additional
but rare PfE13 alleles were identified [36, 57=59]. An
exception is the SNP AS7ES, observed in many African
countries [58=60] as well as Bangladesh [51] and Thailand
[36], however this mutation is not associated with arte-
misinin resistance [36].

Apart from one study in a limited number of African
children with severe malaria [61], none of the K13 muta-
tions has been associated with clinical artemisinin resist-
ance for the time being, despite evidence that introducing
the CH80Y mutation generates artemisinin resistance
in vitro in the BNF54 parasite strain considered to be of
African orgin [62]. Genetic determinants of artemisinin
resistance have been reviewed recently by Fairhurst [63].
A search of mutations in the k13 £ vivax orthologue
showed reduced polymorphism compared to PfKI3 and
the %5521 mutation identified cannot be currently associ-
ated with any £ vivax drug resistance [64].

PfK13 activity

The exact function of P13 in Plasmodiun is not known
vet, but analogies are possible with the human Keapl
protein function, in particular, in the cell response to oxi-
dative stress (Fig, 1). PIK13 and Keapl share homologies
in the C-terminal BTE/POZ and the &-kelch propeller
domains [33, 65]. The presence of a BETE/POZ domain
suggests that PIK13 could dimerize like Keapl. Forma-
tion of a dimer has been experimentally confirmed in
the recently solved crystal structure of the PIK13 BTEB/
PO propeller domain [66]. Based on Keapl function, a
hypathetical model could be that in steady state condi-
tions, the wild-type K13-propeller domain binds to uTF
(a putative, unidentified transcription factor functionally
equivalent to human Nef2) allowing its ubiguitination
and protecsomal degradation. This ubiquitination could
be mediated by one of the Plasmodinm ubiquitin ligases
but this has not yet been investigated. Importantly, the
putative uT'F transcription factor rermains to be identi-
fied in the Masmoditem penome [67]. Recently, B falcipa-
reern phosphatidylinositol 3 kinase (PIPL13K) was shown to
undergo a PIK13-dependent ubiguitinylation. It could be
immuno-precipitated in a complex with PfK13 [68] and
has been included as a complex with P13 illustrated in
Fig. 1, but direct binding of PIPI3K to PFK13 remains to
be demonstrated [6H].

Biochemical consequences of a mutant K13 propeller
Based on Keapl involvement in human lung cancer
[69] and hypertension [70], it is possible to predict that
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K13-propeller mutations altering the propeller structure
impair its biological function and interaction with part-
ner proteins [33]. In particular, K13-propeller mutations
would prevent fixation of uTF to the propeller domain,
and as a consequence reduce the ubiguitinylation-
dependent turnover, promoting translocation of uTF to
the nucleus (Fig. 2).

In C580Y mutant parasites, PIP13K was no longer ubig-
uitinylated, resulting in 1.5—-twofold increased basal PI3P
levels. This may reflect disrupted interactions between
PEPI3K and PAK13 or disrupted interactions within the
PfK13 associated protein complex (Fig. 2}, Elevated
basal phosphatidylinesitol 3 phosphate (PI3P) levels
appear central to artemisinin resistance, as K13 wild-type
parasites became resistant upon elevation of PI3P lev-
els induced by transgenic expression of human VP534.
Similarly transgenic elevation of PEAKT (also known as
protein kinase B) in a wild-type parasite confers in vitro
artemisinin resistance in connection with increased lev-
els of PI3P by a feedback mechanism supposed [68]. As
PIPISK enzymatic activity is inhibited by artemisinins,
the levels of PI3P likely drop rapidly upon exposure to
artemisinins in sensitive parasites, whereas the PL3P level
is already elevated in resistant parasites [68]. Additional
downstream effectors likely come into play to orchestrate
the guiescence response to artemisinin and withstand its
toNicity.

PIK13 polymorphisms arve also associated with modi-
fications of endoplasmic reticulum homeostasis (Fig. 2).
Indeed, transcriptome analysis of 2 falciparum isolates
revealed that artemisinin resistance is associated with
increased expression of a network of molecular chaper-
ones and major protein complexes belonging to the UPR
pathway, In particular, immunoglobulin-binding pro-
tein (Bil') and cyclophilin B (CYPE), belonging to the
Plasmoditm reactive oxidative stress complex involved
in protein folding and repair in the endoplasmic reticu-
lum, are upregulated. Along the same line, the endoplas-
mic reticulume-resident calcium-binding protein (ERC)
imolved in endoplasmic reticulum Ca® homeostasis is
also overexpressed [71, 72]. This upregulation of UPR in
PEK13 mutants likely endows the parasite with increased
ability to repair or degrade proteins damaged by alkyla-
tion and oxidation generated by artemisinin [73], Based
on homalogy with the human BiP-PERK-elF2a pathway
imvolved in the cell cycle arrest under stress conditions
(Fig. 3} [74, 75], BiP bound to misfoldedfaltered pro-
teins could dissociate from the PERK homologue, PIPK4,
leading to its activation, and phosphorylation of elF2eq,
which could trigger parasite cell cycle arrest via cyclin-
dependent kinases, inhibition of protein synthesis, and
the translocation of an unidentified transcription factor
uTF into the nucleus. In mammalian cells, the PI3SK/ART
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a The human Keapl complex. The human Keapl (Keleh-like ECH associated protein 1) is a
repressor protein of Nrf2 (Nuclear factor ervthroid 2-related factor 2) activity. The BTB/POZ
domain (Broad-Complex, Tramirack and Bric a Brac or Poxvinis or Zine-finger domain) and the N-
temmnal portion of the IVE (Imtervening Region) mediate Keapl homodimenzation allowing Cul3
{Cullin 3) binding with BTB domains, and Nrf2 binding, through its ETGE and DLG motifs, with
keleh-propeller domains, In basal conditions the Keapl-Nrf2 complex leads to polyubiquitination
(Ub) of Nrf2 mediated by the E2-ubiquitin ligase activity of Cul3 promoting MNri2 degradation by
the proteasome. Under stress conditions, modifications of cysteine residues of Keapl induce a
conformational change disrupting the interaction between the ETGEDLG motifs and Kelch
domains, and thus a release of Nrf2, which is no longer degraded and can translocate to the nucleus
[@6]. Inside the nuclens, Nrf2 controls, through the Antioxidant Response Elements (ARE), the
expression of approximately 200 genes invelved in the preservation of a healthy intracellular redox
balance including the regulation of the expression of molecular chaperones as well as of proteasome
subumnits, The regulation of Nrf2 activity can also be mediated by the PI3E (phosphatidylinosital 3-
kinase) pathway promoting Nrf2 translocation [97]. Thus the Keapl-Nrf2 complex is the major
regulator of the cytoprotective response o any endogenous and exogenous stress cansad by reactive
oxvgen spectes (ROS) and electrophiles. Some mutations of the Keapl-propeller cause a
constitutive Nrf2 nuclear translocation increasing chemo-resistance and enhancing tumor cell

growth [96]

b The P falciparum K13 complex. A putative wild type PfK13 protein complex based on analogy
with human Keapl in steady state conditions, Known featres are the capacity of PIK13 1o form
dimers, presence of PfPI3K in the PfK13 protein complex, and polyubiquitination of PfPI3K. in
steady state conditions [68]
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uTF and PI3K polyubiquitination
and protecsomal degradation

Nrf2 polyubiquitination
and proteosomal degradation

~

b

~

Fig. 1 TheXeap! complex in human cells and a hypathetical P13 complex

pathway participates in UPR regulation and the activated
AKT protein (also known as protein kinase B} seems to
be required for Protein kinase RNA-like endoplasmic
reticulum kinase [PERK)-mediated elF2u phosphoryla-
tion [76]. This is reminiscent of the Masmoditm cell eycle

slow down and activation of elF2o kinases (PlelK1 and
PfelkK2) induced by amino acid starvation and observed
in sporozoite latency inside mosquito salivary glands [39,
77). Translocation of uTF could, in addition, be favoured
by its phosphorylation by PIPK4 and also, like in humans,
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by PIPI3K, and could activate the expression of Mlaspio-
divenn UPE and cytoprotective genes (Fig. 2).

This model does not exclude the existence of more
than one uTFE. Moreover, the PIPES4/PPI3K dow nstream
regulation cascades remain to be elucidated and experi-
mentally demonstrated (Fig. 2). The involvement of
the PEAKT pathway in artemisinin resistance, like PI3P
involvement, still remains to be detailed. Moreover, the
exact kinetics of events once the parasites are exposed to
artemisinin oxidative and alkylating damage needs to be
clarified, in particular as PI3K is inhibited by artemisinins
[68] and should no longer contribute to refuelling PI3P
levels.

Artemisinin resistance possibly includes a combination
of the increased degradation of misfolded proteins/repair
of damaged proteins especially those involved in the
cell cycle progression and the ‘PIPK4/PEPI3K' mediated
response to the artemisinins' oxidative stress. This cellu-
lar response of K13 mutant parasites to artemisinin stress
could lead to a sub-set of ring stage parasites to enter
into a quiescence state (Fig, 2). Why only a sub-set and
a variable fraction of ring stages is involved needs to be
understood, It may reflect a finely tuned balance between

different cellular effectors that is unequally distributed
between individual infected cells.

Artemisinin-induced quiescence and Plasmedium
metabolism

Dihydroartemisinin (DHA)-induced quiescence in non-
mutated PIK13 parasites is associated with suspended
RMNA, DNA and protein synthesis [49]. Folate metabo-
lismn, isoprencid metabolism, lactate dehydrogenase
activity and glycolysis, the main metabolic pathway
producing adenosine triphosphate (ATP) and phospho-
enolpyruvate (PEP) in Plasmodium, are severely down-
regulated [49]. But, even though the metabolism of
quiescent pammsites is largely down-phased, some path-
ways remain active and require another source of ATP
and PEP, depending on pyruvate production by the api-
coplast and on mitochondrial activity (Fig. 4) [49, T8].
In DHA-induced quiescent rings, among the genes
that remain actively transcribed, are genes coding for
enzymes of the pyruvate metabolism (pyruvate kinase 2,
pyruvate dehydrogenase E1 beta subunit), the fatty acid
metabolism by FASIL -fatty acid synthesis type 1l- path-
way [(biotin acetyl-CoA carboxylase, enoyl-acyl carrier
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/" Bip-PERK-¢IF2a pathway

In mammals the oxidative stress generated in the endoplasmic reticulum (EE)} with an
accumulation of misfolded proteins causes activation of the Protein kinase RNA-like
endoplasmic reticulum kinase (PERE) wpon its dissociation from the BiP-PERK complex.
PERK directly phosphorylates elF 2o {eukaryotic translation initiation factor 2o) leading to:

1) limitation of the global protein synihesis and degradation of specific protems like cvelin D1,
the regulatory subunit of the cyclin-dependent kinazes CDE4 and CDE6 contributing to the
induction of (1 cell cycle amrest [98];

it} transtocation of ATFA (activating transeription factor 4) to the nuclens deving the
expression of UPR target and cytoprotective genes [73].

Three elF2a kinases hiave been identified in Plasmodivm: Pfelkl, Pfelk2 and PEPR4 [99].
PIPEA, the PERE homologue, is known to phosphorylate elF2a during the different parasite
blood stages and plays an important function in the arrest of global protein synthesis in schizont
and gametocyte stages [100], Phosphoryiation of elF2e under ER stress was confirmed in £
Jatciparam after exposure toe DTT (dithiothreitel), a disruptor of ER homeostasis leading te the
accumulation of unfolded proteins. Although several genes involved in the UPR pathway of
other cukarvotes are missing from the parasite, a non-canonical Plasmodinm stress response
exists, depending on élF2a phosphorvlation by PIPEA [101]. The Plasmodium CDE-like kinase
PIPES is activated in the presence of the cvelin Pfeye-1 and likely participates in the regulation

\\ of the nuclear division cycle e at the schizont stage [102]. /
e

Fig. 3 Bip-PERK-=lF2a pathway

reductase/Fabl) and for the lipoic acid metabolism (lipoic
acid synthase) [49]. The mitochondrial tricarboxylic acid
cycle is down-regulated but remains active and genes
encoding the proteins of the electron transport chain
also remain transcribed at a normal level (cytochrome ¢
subunit II, NADH-ubiquinone oxidoreductase 11, flavo-
protein sub-unit of succinate dehydrogenase and ubigui-
nol cytochrome ¢ reductase iron sulfur sub-unit) [49]
This was confirmed by rhodamine staining of parasite
after DHA treatment: only thodamine-positive parasites
resumed growth [42]. In stress conditions, depletion of
host-derived fatty acids induces an upregulation of the
Flasmodinm FASI pathway [79]. PI3P is present in the
apicoplast membrane and can play a role in exchanges of
protein and likely lipids [80-82] with the adjacent mito-
chondrion. The elevated production of PI3P in resistant
parasites [68] could play a role in the maintenance of this
minimal energetic metabolism based on mitochondrial
and apicoplast activity and also found in quiescent resist-
ant parasites [49]. Indeed these parasites cannot survive
and resume growth in the presence of atovaquone, an
inhibitor of the mitochondrial activity, and the use of
haloxyfob, an acetyl-CoA carboxylase inhibitor, as well
as triclosan, an inhibitor of Fabl delays the recovery of
DHA-induced quiescent parasites [35, 42, 49, 83, 84],
demonstrating that this minimum active metabolism
during the induced quiescence state by artemisinins is
essential for the survival and the recovery of the parasites
from dormancy.

Thus, the guiescent state induced at the young ring
stage by artemisinin in sensitive and resistant parasites

likely seems to involve the same cellular mechanisms, but
the PK13 mutation shifts the intra-population distribu-
tion so as to allow more parasites to become guiescent
in the case of resistant parasites, and to quickly resume
growth after the drug removal in vitro or drug elimina-
tion in patients.

Conclusions

It is increasingly clear that the £ falciparum resistance
to artemisinin and its derivatives is not due to efflux
modulation or target modifications as described for
other anti-malarials, but is based on increased capacity
of PEK13-mutant parasites to manage oxidative damage
thanks to greater UPR mobilization. The over-expres-
sion of UPR target genes should impact three key points:
(an) unidentified transcription factor(s) (WTTF) regulat-
ing transcription of UPR/oxidative response genes, the
P13 K/PI3P/AKT pathway activity and the PIPK4/elF2a
cascade. This would allow parasite entrance into a qui-
escence state with minimal energy metabolism provided
by the apicoplast and the mitochondrion, maintained by
alternative tricarboocylic acid cyele and FASU metabalism,
until drug removalfexcretion when parasites can resume
growth, Recently, the artemisinin-resistant F32-ART line,
selected by long-term drug pressure with solely arte-
misinin, was shown to display an extended age range of
stages surviving artemisinin treatment extending to older
ring stages (13=16 h) and even trophozoite stages. These
parasites were also able to survive lethal doses of diverse
classes of anti-malarial drugs, including molecules used
as partners in currently recommended ACT, in the
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absence of the ‘classical’ mutations of the target genes for
these drugs. Thus, long-term in vitro artemisinin expo-
sure selects a novel multidrug tolerant phenotype, which
could represent a major threat to anti-malarial drug pol-
icy in the field [35], This threat is exacerbated by the fact
that artemisinin-resistant parasites seem able to infect
and be transmitted by a large panel of Anopheles species,
including the major African species Anopheles gambiae
[85]. This is yet a another reason to urgently clarify the
cellular network of ART resistance in order to identify
new therapeutic modalities (to protect the molecules
currently used), and/or novel drog development, in order

to avoid entrance into a quiescent state, target quiescent
parasites and promote restart of the cell cycle, rescuing
drug susceptibility of parasites.
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6. Medicinal Plants for New Antimalarial Drug Discovery

Malaria control is based on different strategiesioag others are developing an
effective vaccine, eradicating mosquito-vectors disdovering new drugs [116, 117]. In fact,
the development of vaccine proved to be very probte. Moreover, the attempt to control
Anopheles mosquito populations has had a limited succemuh the use of insecticide bed
nets is highly correlated to malaria death ratesicgon [118]. The limitation of vaccine and
vector control as well as the increasing resistaofomalaria parasites to antimalarial drugs
pointed the importance of the discovery of newraatarial agents [119]. The main concern
over antimalarial drug development, beyond thenaaiarial activity, is that the drugs must be

affordable for the population in endemic regionsle¥eloping countries [7, 120].

Regarding these problems, plant-derived compouteg gn important role in new
antimalarial drug discovery. The knowledge of mewitplants by native people of malarious
regions can initiate medicinal chemistry explonatizased on specific antimalarial clinical
data. Many plants were screened or are under digutor their antiplasmodial activities
[121-123], in the image of the discovery of quaminomChincona bark [124] and artemisinin

from Artemisia annua.

When the Spanish and Portuguese began to colopizth 3merica, they discovered
the use of the bark @hinchona tree by native Indians to treat fevers such asdlmaused by
malaria. Tea made from the bark cured the peopféersig from malaria. The main
antimalarial compound was isolated from the bar€iathona succiruba (Rubiaceae) in 1820

and identified as quinine, one of the 31 alkal@dstained in the plant [125].

The search for new antimalarial agents continuetiffannd ginghaosu or artemisinin,

a sesquiterpene isolated fraxrtemisia annua (Asteraceae), a plant used in Chinese traditional
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medicine to treat fevers including those provokegdnimlaria [126, 127]. Artemisinin has

proven to be effective in chloroquine-resistardisis of human malaria [128].

Another species used as an antimalarial drug imé&3a traditional medicine is
Dichroea febrifuga (Saxifragaceae) [129] with the active principlebrifugine. It has been
evaluated clinically again®. vivax andP. ovale but its liver toxicity has limited its use for
malaria treatment [130]. The NAPRALERT natural proddatabase has listed plant species
from 152 genera from popular usages for antimal@aroperties in Africa, Americas, and Asia

[131].

Antiplasmodial activities of plant crude extracencbe classified based on thedC
criteria proposed by Basco and collaborators. Guidity refers to an 165 < 10 pg/mL, 10 <
ICs0 < 50 pg/mL is classified as moderate, 50 50K 100 pg/mL indicates low activity, and
ICs0 > 100 pg/mL is considered inactive [132, 133]. &ttrers, inactive criteria are reached if
the 1Go > 100uM, 20 < 1Gso < 60 uM is classified as low activity, and 1 d& 20 uM refers
to moderate or limited activity [134]. A recentdygave another classification but with closed
criteria. Very good activity refers to ansz< 2 pg/mL, 2.0 <16 < 5.0 pg/mL is classified as
good, 5.1 < I < 10 pg/mL indicates good to moderate, 11 sp K25 pg/mL is determined
as weak, 26 < 165 < 50 pg/mL is specified as very weak, anggl€ 100 pg/mL is considered

inactive [135].

7. Indonesian Medicinal Plants for Malaria Therapy

Indonesia is rich in medicinal plants widely usedthe population for any diseases
including malaria. Basically, the use of mediciplints for malaria treatment is based on fever
therapy like in South America witlCinchona or Artemisia in China. Some studies

hypothesized that antimalarial plants may act aguebiochemical targets for protozoa [131].
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The ethno-botanical approach is the most commoategty for screening plant
activities. From plants, belonging to various faes] which are traditionally used for malaria
fever therapy and naturally grow in Indonesia, fpecies were selected as potential sources
of antimalarial agents due to their widely well-kimouse and for some of them are not well
chemically characterized: kembang buldithonia diversifolia (Hemsl.) A. Gray), cincau
rambat Cyclea barbata Miers), brotowali Tinospora crispa (L.) Hook. F. & Thomson), kayu

kuning @Arcangelisia flava Merr), and sengkubalPycnarrhena cauliflora (Miers.) Diels).

a. Kembang bulan (Tithonia diversifolia (Hemsl.) A. Gray)

Tithonia diversifolia is a woody herb or succulent shrub locally calketbang
bulan and also known as Mexican sunflower. It is chaaoéd by opposite leaves,
attenuate base, acute apex, and crenate margelohgs to the kingdom Plantae (plants),
subkingdom Tracheobionta (vascular plants), supsidn Spermatophyta (seed plants),
division Magnoliophyta (flowering plants), class d§fmliopsida (dicotyledons), subclass
Asteridae, order Asterales, family Asteraceae, gefithonia, and specieslithonia
diversifolia (Hemsl) A. Gray [136]. It is commonly used for seald@raditional medication
purposes including malaria fever [137]. Its infusios suitable for constipation,
stomachache, indigestion, sore throat, and liver ph38]. Some research showed that its
ethanolic leaf extract exhibited anti-malarial @ityi [139]. In addition, the ether extract
from its aerial parts demonstratediarvitro antiplasmodial activity (I6: 0.75.g/mL on
chloroquine-sensitive strain (FCA)). This findirggllto extraction of active compound, the
sesquiterpene lactone tagitinin C with Qu88nL 1Cso againstPlasmodium FCA strain
[140]. Moreover,n vivo study showed that the ethanol extracT ofliversifolia is active

invivo at 200 mg/kg BW in a malaria Swiss albino mice gl¢g#l41].
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Figure 7. The leaves @t diversifolia (a) and tagitinin C structure (b)

Cincau rambat (Cyclea barbata Miers)

Cyclea barbata (Menispermaceae) can be easily distinguishedgettoidovate,
hispid leaves with acuminate apex, finely mucrorstemen, and long male and female
inflorescences with dense capitate flowers. It nsthe kingdom Plantae, division
Magnoliophyta, class Magnoliopsida, order Ranuriesldamily Menispermaceae, genus
Cyclea, and specie€yclea barbata Miers [136].In Java, the leaves &@. barbata are
typically prepared in the form of jelly consumedsé@mach medicine and a brew prepared
from the dried roots is used as a prophylacticresidever [142]. It has been shown that
C. barbata leaves had a protective effect on aspirin-inducastrge ulcer in Balb/c mice
[143]. The alkaloid extract o€. barbata roots demonstrated both antimalarial and
cytotoxic activities, and among the five activeldaiszylisoquinolines alkaloids that were
isolated, the most active was cycleapeltine witlsd&dd 29 and 41 ng/mL oRlasmodium
strains D-6 and W-2 respectively [144]. Continustiglies of the alkaloidal fraction Gf

barbata roots led to identification of two new bisbenzgliminoline alkaloids: (-)-2’-
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norlimacine and (+)-cycleabarbatine [145] but thantimalarial properties were not

evaluated.

Figure 8. The leaves @. barbata (a) and cycleapeltine structure (b).

Brotowali (Tinospora crispa (L.) Hook. F. & Thomson)

Tinospora crispa (L.) (Menispermaceae) is a tropical liana (woodyjhwheart
shaped large shiny green leaves and yellow cololloegeers which are fascicled [146].
This plant is predominant in primary rainforestsroked deciduous forests of South East
Asia and Africa including Thailand, Malaysia, amtlbnesia [147]. It is endemic in
several areas of Indonesia particularly in Javas Plant is part of the kingdom Plantae,
phylum Tracheophyta, class Magnoliopsida, ordemdRaunlales, family Menispermaceae,
genusTinospora, and specie$inospora crispa (L) Hook. F. & Thomson [148]T. crispa,
known as brotowali in traditional folklore, is ustat various therapeutic purposes such
as treatment for diabetes, hypertension, stimulabd appetite and protection from

mosquito bites, fever and malaria, stomachachgamdlice. An infusion of the stems is
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prescribed as a worming, and a decoction of thelevplant is used as a general tonic

[147, 149-151].

Phytochemical investigations of the stems of bratovied to the isolation of
aporphine alkaloid, including N-formylasimilobine, N-formylanonaine, N-
formyldehydroanonaine, N-formylnomuciferine, madoohe, paprazine, N-trans-
feruloyltyramine, and cytidine [152, 153]. Furthawestigation revealed that methanol
extract ofT. crigpa displays an antioxidant activity [154-156], metbkhorude extract of
T. crispa shows antiproliferative activity [156, 157], agueowextract possesses
hypoglycemic effect [149], and ethanol extract #sdsolated fraction stimulate murine
macrophage cell (RAW264.7) viability and intraciluexpressions of cytokines [158],
and stem extract df. crispa shows bothn vitro antiplasmodial activity [159] anah vivo

againstP. berghei in dose-dependent manner [160].

HO
HO 0
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Figure 9. The stem af. crispa (a) and one of the aporphine structures, N-fornyldsbine
2-O4-D-glucopyranoside (b)
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d. Akar kuning (Arcangelisia flava Merr)

Akar kuning (A. flava) found in Sumatra, Java, Borneo, and Sulawesi inriedia
is a large, woody, glabrous, dioecious liana ug@m long. The stem is up to 5 cm in
diameter, yellow wood, and exuding yellow sap wben It is a member of the kingdom
Plantae, division Magnoliophyta, class Magnoliopsicdrder Ranunculales, family
Menispermaceae, genuArcangelisia, and speciesArcangelisa flava Merr [161].
Traditionally, the sap of cut stems Af flava is drunk to treat typhoid fever and sprue
[162], hepatitis, stomach disturbance, and ma[a68]. A. flava, also known as katola by
the communities of Muna district in Southeast Salsiw is traditionally used as

antidiarrheal and yellow fever treatment by Wawioihies.

Some alkaloids yielded fromA. flava are berberine, 8-hydroxyberberine,
columbamine, jatrorrhizine, palmatine, thalifendidehydrocorydalmine, shobakunine,
(-)R,R-limacine, (+)R,S-homoaromaline, and pycniaeh|[162]. A previous study
mentioned that berberine & flava has antimicrobial activity [164Jantioxidant and
cytotoxic activity [165]. Its antiplasmodial actiyiis also figured out againBt fal ciparum
with 1Cso ranging from 0.4 to 8.6 pg/mL [166]. In additiadghe berberine extracted from
A. flava inhibits telomerase activity iR. falciparum as a potential target for future malaria

chemotherapy [167].
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Figure 10. Stem oA. flava (a) and berberine structure (b)

Sengkubak (Pycnarrhena cauliflora (Miers.) Diels)

SengkubakRycnarrhena cauliflora (Miers.) Diels) from West Borneo has been used
widely by Dayak tribes as a cooking flavor and tmeent for flatulence (by placing soaked
leaves on the stomach), fever and malaria (by drgnleaf infusion). This plant can be
found in primary or secondary forests with spatiatribution and tend to grow in clusters.
It is a slender twining shrub and frequently clindpiup on a tall tree [168]. Sengkubak
belongs to the kingdom Plantae, phylum Magnoliophytlass Magnoliopsida, order
Ranunculales, family Menispermaceae, geRyenarrhena, and specie$ycnarrhena
cauliflora (Miers.) [148] The bisbenzylisoquinoline alkaloid compound#otauliflora,
like obaberine, picnarine [169], are responsibleniany activities including antioxidant

and cytotoxic properties [170, 171] but the antemal activity has yet to be
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experimentally proved. From the eight species endbnusPycnarrhena, only four (.

australiana, P. ozantha, P. manilensis, P. longifolia) have been deeply investigated.

Figure 11. The plant d?. cauliflora (a) ant Ovavernneg suucwie ()

All these five selected plants are naturally grayin IndonesiaT. diversifolia, C.
barbata, andT. crispa are easily found in gardens or in cultivation eestA. flava andP.
cauliflora are found in forests. These species are now eerdamglespite the clinical interest
of some of them, such &s flava which has been studied for its numerous activiiegP.
cauliflora that is considered as a promising source of mealigahants. Deforestation for
various reasons, and limited direct economic b&nédir the people are the main factors of
their extinction. In order to confirm the antiplastnl activity and to increase their economic
benefit, those selected plants were collected ammdated, and their activities were investigated
using standarth vitro assays with various parasites and human cell foresytotoxic studies.
Further study on isolation and characterizatiomaifve compounds will be required before

developing a new antimalarial drug.
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8. Gold Complexes as Antimalarial Agents

Metal-based therapeutic agents have become arasiogly important research effort
toward the development of new compounds with lessctside effects and with an
understanding of their mechanism of action [172}1IrGarticular, the use of metal containing
drugs as antiparasitic agents has not been veryr exglored. The emergence of resistance to
antiparasitic drugs induces an urgent need for rdf@ctive, non-toxic anti-parasitic drugs.
Moreover, an immense number of rational combinatioh appropriate organic molecules
(used in traditional medicine) with different trérmal metal-drug synergism can enhance the
activity of parental organic drugs due to bondinthwthe metal ion. The stabilization of the
drug by coordination with the metal ion may be tedlato this activity enhancement that leads
to a prolong contact of the drug with the organisnad more efficient biological targeting.
Furthermore, the toxicity diminution of the metahimay occur since its complexation with

the organic drugs makes it less available for togactions [177].

The same approach, metal-drug synergism, has ae&sodpplied for antimalarial metal
agent discovery. It was reported that in 1987, githe drugs primaquine and amodiaquine, 32
metal complexes were synthesized with two of tHzseag based on gold (lll). The activity
study proved that all compounds were active ag&irfstciparum as well as the parental drugs

[178].

Gold is among the most ancient of all metals usetheédicine and its current use has
allowed information regarding toxicological andnatial administration to become available
along with valuable studies concerning its metamoland molecular targets. An attempt of
attaching gold-containing fragment to CQ showedtrang variation of the electronic
properties. Moreover, the diversity of possibledgliand fragments that can be attached to
base CQ or chloroquine diphosphate (CQDP) yieldsdespread exploration of their anti-

malarial properties [178].
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One of the CQ-metal complexes, [Au(RREQ)]PFs potentially inhibited the growth
of P. berghei and was also very effective against two CQ-residt@B1 and FcB2 strains of
P. falciparum. It has been documented that the activity was -‘WkD grater than the
corresponding CQDP, displaying that gold coordorateads to a significant enhancement of
the activity of the parental drug against resistaanasites without any adverse reaction or
apparent acute toxic responses observed [179].pfineipal mechanism proposed for the
antimalarial action of [Au(CQ)(PRJjPFs against resistant strains Bf falciparum is the
interaction with heme and the inhibitionfhematin formation. Both of the enhanced activity
and the ability of this compound to lower CQ-remiste are related to the high lipophilicity of
the metal complex and the important structural riwation of the CQ structure imposed by

the presence of the metal-containing fragment [180]

—
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Figure 12. Structure of [Au(CQ)(PBRIPFs

This result then stimulates a derivatization preces CQ-Au complex by structure
modification of [Au(CQ)(PP¥]PFs complex. The modification included variation ofeth
phosphine ligand with the purpose of inducing clesnig the electronic and steric properties,
variation of counter anion, variation of the gobddation state (both Au(l) and Au(lll)), and
use of other biologically important ligands. Theuk demonstrates that Gold (lll) complexes

are more active than CQDP against CQ-resistanthdf{rh The highest activity for this series
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is found for complex [Au(Pet3)(CQ)]PF6, which isddd more active than CQDP against CQ-

resistant strain FcB1 [178].

Recently, another ligand widely studied for its boation with gold complex is NHC
(NHC =N-heterocyclic carbene). NHCs represent one of thet mgportant classes of ligands
in organometallic chemistry. The easy preparatioNdC-precursors has allowed an almost
infinite access to new organometallic complexesyhich the nitrogen atoms of the azoliums
rings can be functionalized by organic groups, nogaetallic moieties and biological entities
[11]. Moreover, because of their easy preparatiarAg carbene transfer route, the interest in
Au'-and AU"-NHC complexes has surged in the past decade Hi&dnteresting biological

activities of numerous NHC-metal complexes havenltBeumented in several articles [182].

Au'-and AU'-NHC compounds are generally readily prepared,letad air and
moisture, and some of them, especially dinucle&d(doand polynuclear gold(l)-heterometal
species display long-lived intense photolumineseexticoom temperature [181]. In particular,
given that these ligands are extremely geedbnors, they form strong Au-carbene bonds,
giving stable ANHC complexes that are insensitive to biologicathyportant thiol groups.
Au'-NHC have shown potential medical applications [188pecially as anticancer [182, 184-
187], antiarthritis [188], and antimicrobial age[i89]. It has to be mentioned that gold-based
compounds, including some gold(I)-NHCs, show antbohondrial activity with great
specificity [183]. In addition, pharmaco-modulatsonf N-functionalized bis(imidazolum)
proligands and their corresponding silver(l), gbldnd gold(lll) complexes leading to the
second series of complexes withsd@alues up to 330nM again3t falciparum strain, without

any hemolysis [190].

The study by Micale and colleagues explored thesiptes mechanism of gold

complexes as antimalarial agents. It was notedttiegbarasite enzyme Falcipain 2 (Fp2) may
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involve in this regard. This protein is correlatethe degradation of host’'s hemoglobin that
produce significant amounts of peptide and amindsafor parasite growth. This process is
strongly occurring at the early throphozoite sta@ithough the direct correlation of gold
compounds to Fp2 inhibition has been investigatadtro, further findings displayed that the
inhibition of Fp2 only represent one of the divensede of action of gold compounds inhibit

P. falciparumreplication [11, 191].



CHAPTER Il

MATERIALS AND METHODS

A. MATERIALS
1. Antiplasmodial Activity of Indonesian Medicinal Plants

a. Plants & reagents

C.

The parts of the medicinal plants studied here Werees ofT. diversifolia,
leaves and stems @f. barbata, stems ofT. crispa, stems ofA. flava, as well as
leaves and radixes &% cauliflora.

Other materials used were ethanol 70%, n-hexarig)l eicetate, and
methanol.

P. falciparum strains and cell lines

FcM-29 Cameroon chloroquine-resistant strain wagleyed for assessing the
antiplasmodial activity, while VERO cells were udedtesting the cytotoxic.
Antimalarial drug controls & reagents

We used Chloroquine (Sigma), DMSO (Sigma), RPMIldl.gBiowest,
France), HEPES, L-glutamine, ABhuman serum (French blood bank, EFS,
Toulouse, France), O-type human RBC (French bloankp EFS, Toulouse,
France)J[H] hypoxanthine (Perkin Elmer, France), and corteptaedium (MEM,
FCS, L-glutamine, penicillin, streptomycin, NEAA)1LX
Tools

The tools employed were maceration chamber, waittdr, botary evaporator,
glass instruments, conical tubes, centrifuge, worfecezer, refrigerator, GO
incubator, 96-well plates, cell counter (Perkin Elinand Class Il Biosafety

cabinet.
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2. Antiplasmodial Activity of Gold (I) Complexes
a. Tested compounds
Twenty-five synthesized compounds were testedignstiudy consist of
the imidazolium salts (proligands: compuntis— 9, and 11; zwitterionic
proligand: compound0) and the mononuclear gold (I) bis(NHC) complexes
(compoundl2 - 25).
All these compounds were obtained from group V WBZR1 LCC-
CNRS, Toulouse, France.
b. Plasmodium falciparum strains and cell lines
Chloroquine-resistarR. falciparum FcM-29 Cameroon strain was used
for assessing the antiplasmodial activity while \@E&ells were used for testing
the cytotoxic.
c. Antimalarial drugs and reagents
The materials used in this study were Chlorogigma), artemisinin
(TCI), DMSO (Sigma), RPMI-1640 (Biowest, FranceEPES, L-glutamine,
AB™ human serum (French blood bank, EFS, ToulousecE)aO-type human
RBC (French blood bank, EFS, Toulouse, Franikl), hypoxanthine (Perkin
Elmer, France), and complete medium (MEM, FCS, utaghine, penicillin,
streptomycin, NEAA 1x).
d. Tools
The tools utilized were water bath, rotary evapmrajlass instruments,
conical tubes, centrifuge, vortex, freezer, refrager, CQ incubator, 96-well

plates, cell counter (Perkin Elmer) and Class ddaifety cabinet.
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3. K13 Gene and Artemisinin Resistance
a. Strains & reagents

The P. falciparum strains used in this research wexdalciparum clinical
isolates from Cambodia (Cam3.I, Cam3.1l, Cam5, Ca@&nWT) and reference
laboratory lines (F32-TEM, F32-ART, V1/S, FCB, Ddpjovided by four
different laboratories. In our laboratory, we cocigd the research using FCB,
Dd2, and F32 strains.

Other materials used were RPMI-1640 (Biowest, Fean¢iEPES, L-
glutamine, AB human serum (French blood bank, EFS, ToulousecEjaO type
human RBC (French blood bank, EFS, Toulouse, Fjarziydroartemisinin
(TCl), DMSO (Sigma), Percdll (Sigma-Aldrich), PBS, Heparin, D-sorbitol

(Sigma-Aldrich), immersion oil, and Giemsa stainf{Quick®).

b. Materials
The tools utilized were Class Il biosafety cabi@®, incubator, water-bath,
scale, pipette and tips, flask culture, centrifugmical tube, filter 0.22M pore

size, 48-well plates, glass slides, microscope,canchter.

4. Dihydroartemisinin-Piperaquine Resistance in Kupang

a. Materials
The materials used were dihydroartemisinin-piperagtablets (Darplex),
dihydroartemisinin (TCI), RPMI-1640 (Sigma), ACDtaoagulant, O type RBC,
culture medium (RPMI-1640, HEPES, Gentamycin, Hypukine, Albumax II,
heat-inactivated human serum), DMSO (Sigma), imiaergil, Giemsa stain

(Merck), syringe (Terumo), filter paper (Whatmani]l3-propeller primers,
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dNTP (Biodynes), MgG| Taqg DNA polymerase (Solis Biodyne), and ethidium

bromide stain.

b. Strains
TheP. falciparum strain employed in this study wBsfalciparumisolates from
malaria patients in Kupang, East Nusa Tenggara.
c. Tools
The tools involved were conical tubes, glass imsamts, glass slides,
microscope, counter, 48-well plates, £@cubator, candle jar, Class Il biosafety

cabinet, water bath, balance, pipette and tips,afubottles, flask cultures,

centrifuge, and filters 0.2 pore size.

B. METHODS
1. Antiplasmodial Activity of Indonesian Medicinal Plants

a. Plant collections and identification
Tithonia diversifolia (Asteraceae; voucher specimen 007-02/L-

PB/UII/2013) was collected in Sleman District ofg§@karta, an€yclea barbata
(Menispermaceae; voucher specimen 008-03/L.S-PERQIB) was gathered in
Bantul District of Yogyakarta, whil& nospora crispa (Menispermaceae; voucher
specimen 009-03/S-PB/UII/2013) was obtained in Yagyta City. Meanwhile
Arcangelisia flava (Menispermaceae; voucher specimen 010-04/S-PB/AI8P
was gathered in South Borneo, aRgcnarrhena cauliflora (Menispermaceae;
voucher specimen 011-01/S.R-PB/UII/2013) was ctdl@dn Sintang District,

West Borneo.
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The plants were identified in the Laboratory of IBgy, Department of
Pharmacy, Universitas Islam Indonesia, Yogyakarndpnesia (Herbarium of
Laboratory of Biology, Department of Pharmacy, Hgcwf Science and
Mathematics, Ull, Yogyakartdndonesia), and their samples were air-dried (50-

60°C) and powdered.

. Plant extraction

Similar to the traditional ways, the parts of thenp taken for the extraction
included leaves df. diversifolia, stem and leaves &f barbata, stem ofT. crispa,
stem ofA. flava, as well as stem and radix®@fcauliflora.

Powdered samples @f diversifolia (leaves)C. barbata (stem and leaves),
T. crispa (stem), andh. flava (stem) were extracted by maceration in 70 % ethano
for 24 hours, 300 g of plant powder with 1.5 L olvent. This process was repeated
for two days consecutively using fresh 70% etharallowing 3 days re-
maceration in ethanol, the extracts were filtened the filtrates evaporated using
a rotary vacuum evaporator, to attain ethanol ekt@ome of the ethanol extract
were then fractionated by n-hexane by liquid-liqeeparation method which
create two separate layers (n-hexane and firshetleyer). The n-hexane fraction
was acquired after the n-hexane layer was evamgbratee fractionation process
was continued by fractionated the ethanol layengisithyl acetate (liquid-liquid
separation) which produce ethyl acetate and seetirahol layer. Both layer was
then evaporated separately yielded ethyl acetatgidn from ethyl acetate layer
and fraction residue from second ethanol layer,case there were active

compounds left behind.
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Contrary to previous plants, radix partffcauliflora was extracted by n-
hexane to attract the lipophilic compound from thlant. The filtrate then
evaporated and become n-hexane extract. Meanviieyrecipitate of n-hexane
extraction was further extracted using dichlororaathto obtain dichloromethane
extract. Then, the precipitate from previous diobioethane extraction was
employed for methanol extraction. The methanol aattwas gained from the
evaporation of the filtrates.

At the end of extraction process, from each pakta¥es ofT. diversifolia,
stem and leaveS. barbata, and stem of. crispa were gained ethanol extract, n-
hexane fraction, ethyl acetate fraction, and foactesidue. Meanwhile, from stem
of A. flava there were ethanol extract, n-hexane fractionedhygl acetate fraction.
Yet, for each part of stem and radix & cauliflora produce n-hexane,
dichloromethane and methanol extracts. Finallyiekded 25 extracts and fraction
that ready for investigation its antiplasmodiai\aties.

Reagent preparation

To evaluate the antiplasmodial activities, the lstmautions of the extracts
(2 mg/mL) were prepared in dimethylsulfoxide (DMS&)gma, France) and then
diluted in RPMI 1640 (Biowest, France). The dilusowere checked to confirm
that the extracts did not re-precipitate underehasnditions. The extracts were
then tested immediately after their dissolutioDiMSO and RPMI, kept at 4°C
for 3-8 days, and re-tested. The residual DMSOénassay was 2% and this was
evaluated individually to check that this solveergentage had no activity on
parasite cultures. The extract concentrations foth bchemo-sensitivity and

cytotoxic assays were u@d/mL, lug/mL, 1Qug/mL, and 5Qg/mL.
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d. Chemo-sensitivity assay

The antiplasmodial activity was evaluated with theM29-Cameroon
chloroquine-resistarlasmodium strain and cultured continuously according to
the Trager and Jensen method [192], in a 5% @thosphere at 37°C by
considering the modifications previously reportd®3]. In brief, the parasites
were keptin vitro in human red blood cells and diluted in RPMI 16d8dium,
added by 25 mM HEPES, L-Glutamine and completedh w# human serum
(French blood bank, EFS, Toulouse, France). Thglastnodial activity was
assessed similarly to what was previously repdoie®esjardins et al. [194] and
modified as follows. Extract dilutions and referemmmpounds were tested in
triplicate for at least 3 times independently, 618ell plates with cultures at 1%
parasitaemia and 1% haematocrit. For each tesplabes of parasite culture were
incubated with extracts or reference compoundgt®h and®[H]-hypoxanthine
(Perkin Elmer, France) was added to the medium 2dtdr the beginning of
incubation [193]. The parasite growth was estimdtedn [*H]-hypoxanthine
incorporation. The control parasite culture (withdrug and with 2% DMSO) was
referred to as 100% growth. Thest@alues (50 % inhibitory concentration) were

graphically determined as concentrations versusepéage of parasite growth.

e. Cytotoxic evaluation on macrophage and VERO ceddi
The cytotoxicity tests were evaluated on macropbangel VERO cell lines
for compounds showing the best anti-leishmanial antiplasmodial activities,
respectively. The evaluation of cytotoxicity by M&$say on the J774A.1 cell line
(mouse macrophage cell line, Sigma-Aldrich) wasfqered according to

Mosmann [195] with slight modifications, and cytaimty on VERO cells
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(monkey epithelial cell line, Sigma-Aldrich) was sassed using 3Hi]-
hypoxanthine incorporation. In short, cells (5.&6lls/mL) in 100 pL of complete
medium were seeded into each well of 96-well platas$ incubated at 37°C in a
humidified 5 % CQ with 95 % air atmosphere. The complete mediumisting

of RPMI 1640 was supplemented with 10 % foetal satim, 2 mM L-glutamine
and antibiotics (100 U/mL penicillin and 100 pg/metreptomycin) for J774A.1
cell line and MEM with 10 % foetal calf serum, 2 mMylutamine and antibiotics
(100 U/mL penicillin and 100 pg/mL streptomycin)ENA 1X for VERO cell
line. After 24 h incubation, 100 pL medium with Mars product concentrations
and appropriate controls (DMSO and doxorubicin)enstded and the plates were
incubated for 72 h at 37°C, 5 % @@or cytotoxic evaluation on macrophages,
each plate well was then microscope-examined &ctany precipitate formation
before the medium was aspirated from the wells. l@melred pL of MTT solution
(0.5 mg/mL in RPMI) was then added to each well sredcells were incubated
for 2 h at 37°C. Then, the MTT solution was remoaed DMSO (100 uL) was
added to dissolve the resulting formazan crystdlse plates were shaken
vigorously for 5 min and absorbance was measur&¥@inm with a microplate
spectrophotometer (EON).

For cytotoxic evaluation on VERO cells, the platese incubated with the
test compounds for 48 h antH|-hypoxanthine (Perkin Elmer, France) added to
the medium 24 h after the beginning of the incurafl93] to estimate VERO cell
growth. The control VERO cell culture (drug-freetlwith 2 % DMSO) was
referred to as 100 % of growth. Thes¢é@alues (50 % inhibitory concentration)
were graphically determined as concentratioassus percentage of parasite

growth.
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Anti-Babesia activity

Babesia divergens (Rouen 1986 strain) was cultured continuously
according to Précigoet al [196]. The parasites were maintaineditro in human
red blood cells (6 EFS; Toulouse, France), diluted to 6 % haematatiRPMI
1640 medium (Biowest, France) supplemented withnld0 NaHCQ and
complemented with 10 % human Ag&rum (EFS).

The antibabesial activity of extracts was evaldégthe same radioactive
micromethod as that foPlasmodium in 96-well culture plates except for the
incubation time, which was reduced to 24 h. Thegdrae control parasite
cultures were considered as 100 % growth, and &fogarb sensitivity control
was included in every plate. d&was determined graphically from concentration

versus percentage of inhibition curves.

Anti-leishmanial activity on promastigote state

The effect of the compounds tested on the groWwtteishmania infantum
(line MHOM/MA/67/ITMAP-263) promastigotes was assessed by Luciferase
Assay. Briefly, promastigotes in log-phase in RPM#40 medium (Biowest,
France) were supplemented with 10 % fetal calfregitdyclone, ThermoFischer,
France), 2 mM L-glutamine and antibiotics (100 U/meénicillin, 100 pg/mL
streptomycin and 50 pg/mL geneticin (Sigma, Franeere incubated at an
average density of f@arasites/mL in sterile 96-well plates with vasou
concentrations of compounds dissolved in DMSO oOMgfinal concentration
less than 0.5 % v/v), in duplicate. Appropriatetcols treated by DMSO, MeOH
and amphotericin B (reference drug purchased fragm& Aldrich) were added

to each set of experiments. After a 72h incubagpiemod at 24°C, each plate well
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was then microscope-examined for any possible pitaté formation. To estimate
the luciferase activity of promastigotes, 80 péath well was transferred to white
96-well plates, Steady Glow reagent (Promega) wided according to the
manufacturer's instructions, and the plates wereubated for 2 min.
Luminescence was measured in a Microbeta Luminesceounter
(PerkinElmer). Inhibitory concentration 50 % ¢HC is defined as the
concentration of drug required to inhibit 50 % &ietmetabolic activity of
Leishmania infantum promastigotes compared to the controkel®as calculated
by non-linear regression analysis processed on-desgonse curves, using
TableCurve 2D V5® software. kg values are the geometric mean values

calculated from three independent experiments.

2. Antiplasmodial Activity of Gold (I) Complexes

a. Synthesized compounds
All the synthesized compounds (the imidazoliaitssand the mononuclear
gold (I)-bis(NHC) complexes) have been prepareghowders and ready to be
tested.
b. Reagent preparation
To evaluate the antiplasmodial activities, the Ist@olutions of the
synthesized compounds (1 mg/mL) were preparednrethiylsulfoxide (DMSO,
Sigma, France) and then diluted in RPMI 1640 (Bistw€&rance). The dilutions
were checked to confirm that the synthesized comg®wdid not re-precipitate
under these conditions. The synthesized compoueds then tested immediately
after their dissolution in DMSO and RPMI, kept &C4or 3-8 days, and re-tested.

The residual DMSO in the assay was 2% and thisevaktuated individually to
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check that this solvent percentage had no actigityparasite cultures. The
synthesized compounds concentrations for bothlastipodial and cytotoxic assay
were 0..ug/mL, lug/mL, 1Qug/mL, and 5@g/mL.
Antiplasmodial assay

The antiplasmodial activity was examined for théoabquine-resistant
strain FcM29-Cameroon and cultured continuousiyygigo Trager and Jensen
method [192], in a 5% C{atmosphere at 37°C, and considering the modifinati
previously reported [193]n brief, the parasites were kaptvitro in human red
blood cells and diluted in RPMI 1640 medium, addgd25 mM HEPES, L-
Glutamine and completed with 5% human serum (FreBidod Bank, EFS,
Toulouse, France). The antiplasmodial activity wssessed similarly to what was
previously reported by Desjardiaisal. [194] and modified as follows. Synthesized
and reference compounds were tested in triplicateaat 3 times independently,
in 96-well plates with cultures at 1% parasitaeama 1% haematocrit. For each
test, the plates of parasite culture were incubatid synthesized or reference
compounds for 48 h anmfH]-hypoxanthine (Perkin Elmer, France) was added t
the medium 24 h after the beginning of incubatit®3]. The parasite growth was
estimated from *H]-hypoxanthine incorporation. The control parasitature
(without drug and with 2% DMSO) was referred to189% growth. The 16
values (50% inhibitory concentration) were graplycadetermined as
concentrations versus percentage of parasite growth
Cytotoxic evaluation on VERO cell lines

The cytotoxicity tests were performed on VERO &aks for compounds
showing the best antiplasmodial activities. Thel@at#on of cytotoxicity on

VERO cells (monkey epithelial cell line, Sigma-Ailiy) was assessed usirf#i]-
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hypoxanthine incorporation. In short, cells (3.t6lls/mL) in 100 pL of complete
medium were seeded into each well of 96-well plates incubated at 37°C in a
humidified 5% CQ with 95% air atmosphere. The complete medium ctingj
MEM with 10 % foetal calf serum, 2 mM L-glutaminedaantibiotics (100 U/mL
penicillin and 100 pg/mL streptomycin), NEAA 1X.

The plates were incubated with the test compouonds48 h and JH]-
hypoxanthine (Perkin Elmer, France) added to theinme 24 h after the beginning
of the incubation [193] to estimate VERO cell growThe control VERO cell
culture (drug-free but with 2% DMSO) was referredas 100% of growth. The
ICs0 values (50% inhibitory concentration) were graplic determined as

concentrationsersus percentage of cell growth.

3. K13 Gene and Artemisinin Resistance

a. Continuous culture d®. falciparum

The artemisinin resistance was assessed againstusaiinical isolates
(Cam3.l, Cama3.ll, Cam5, Cam2, and CamWT) and laboydines (F32 TEM,
V1/S, FCB, and Dd2). All strains were cultured a¢onbusly according to Trager
and Jensen method [192], in a 5% G@mosphere at 37°C, taking into account
the modifications previously described [193The parasites were briefly
maintainedn vitro in human red blood cells and diluted in RPMI-1648dium,
supplemented with 25 mM HEPES, L-Glutamine and deted with 5% human

serum (French Blood Bank, EFS).
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b. Reagent preparations

1)

2)

3)

4)

Stock and test solution of Dihydroartemisinin

Dihydroartemisinin (DHA) stock solutions were preggin DMSO to
obtain 1mg/mL of stock solution. To have a ggOnL (700nM) of stock
solution, the initial stock solution 1mg/mL wasuléd 5-fold in DMSO. A

total of 50uL aliquots of 700nM stock solution was stored ierdg 1.5 mL
micro centrifuge tubes at -20. For DHA test solution, 20L of DHA 700nM

stock solution was added to 2 mL of culture medium.

Control solution of Dimethylsulfoxide (DMSO)
Dimethylsulfoxide (DMSO) control solution was prepd by adding 20

uL of DMSO to 2 mL of culture medium.
PercolP solutions

PercolP solutions were prepared at room temperature, Class |l
biosafety cabinet, using sterile reagents. Ninaivas of Percall (Sigma-
Aldrich) were mixed with one volume of 10x PBS take a Percotl 90%
solution (stored at°€, up to 2 months). For RSA assay, 7.5 volumes of
PercolP 90% solution were mixed with 1.5 volumes of hepaed RPMI-
1640 (freshly prepared 1pL heparin mixed with 10 mL RPMI-1640) to
obtain a Percofl 75 % solution prepared directly prior to the assay
Sorbitol solution

A total of 50 grams of D-sorbitol (Sigma-Aldrich)as dissolved in 1L

of distilled water resulting in a 5% D-Sorbitol gbbn. Using a 0.22M filter,

the homogenized solution was sterilized and statetiC (up to 1 year).
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Invitro RSA assay

These assays were carried out as previously descfi®7], with minor
modifications. In summary, 10-15 mL parasite cw@tumwere synchronized 1-2
times using 5% sorbitol (Sigma-Aldrich). Synchroaauultinucleated schizonts
were incubated in RPMI-1640 containing 15 units/@odium heparin for 15 min
at 37C to disrupt agglutinated erythrocytes, concentrateer a gradient of 75%
PercolP (Sigma-Aldrich), washed once in RPMI-1640, andulvetted for 3 hours
with fresh erythrocytes to allow time for merozaiwasion. Cultures were then
subjected again to sorbitol treatment to elimina®aining schizonts. The 0-3
hours of post-invasion rings were adjusted to 1vagtemia and 2 % hematocrit
in 1 mL volume (in 48-well plates) and exposed @™ DHA or 0.1% DMSO
(solvent control) for 6 hours. Duplicate wells westablished for each parasite
line £ drug. As much as 1 mL of the cultures was thamsfeared to 15 mL conical
tubes and centrifuged at 1600 rpm for 5 min togbétie cells, and the supernatants
were carefully removed. As a washing step to remangy, 9 mL of culture
medium was added to each tube, the cells weresgesded and centrifuged, and
the medium was aspirated. Fresh lacking drug meduas then added to the
cultures, and this mixture was returned to standaltire conditions for 66 hours.

Parasite viability was assessed though microscexamination of
Giemsa-stained thin blood smears by counting thesjtes developed into second-
generation rings or trophozoites with normal moitpgyg. To obtain a
homogenous smear for all slides, the culture wasispended, transferred into an
Eppendorf tube, and briefly centrifuged (2000 rmm30 seconds). Exactlyd.

of the pellet was then used for each smear. Panaisis were calculated from a
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total of at least 40,000 erythrocytes per assaigeSIwere read from the two
duplicate wells per assay by two separate micrastnpeach of them was
examined for at least 10,000 erythrocytes per slidéhe case of more than 20%
discrepancy in parasite counts, the slides werthdurexamined by a third
microscopist. The percentage of survival was cated as the parasitemia in the
drug-treated sample divided by the parasitemiaénuintreated sample multiplied
by 100.

) drug treated sample parasitemia (DHA wells)
% survival = - - X100
untreated sample parasitemia (DMSO wells)

The artemisinin resistance was described 4$5% of survival percentage.

4. Dihydroartemisinin-Piperaquine (DHP) Resistance irKupang

a. Ethics approval submission

b.

The study protocol and informed consent have bgmmozed by the
Medical and Health Research Ethics Committee of Rheulty of Medicine,
Gadjah Mada University, Yogyakarta (ref number KEE22/EC). Therefore,

the entire process of the study has been conductger ethical considerations.

Study population

The population of this study covered several aned@ipang East Nusa
Tenggara which has a high case incidence (HCl)dbasethe Annual Parasite
Incidence (API). The samples followed the inclusmiteria, such as patients
diagnosed for non-complicated malaria caused byicpgarly P. falciparum
(slide-confirmed malaria), those having fever asttny of fever 48 h prior to

presentation, patients seeking treatment in prirhaajth center or district referral
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hospital, and those agreeing to sign the infornmtsent and follow the study.
The exclusion criteria were pregnant or lactatingmen, children under 5 kg,
anyone already taking malaria treatment for 4 wdmkerehand, diagnosed for
complicated malaria (co-infection), infected byetRlasmodium species thaR.
falciparum, having signs of severe malaria, severe malnonyitiserious
underlying disease (renal, cardiac, or hepatic)krmwn to be allergic to the

research drugs.

Drug administration and follow-up

The dihydroartemisinin-piperaquine (DHP) was adstared 3 times
daily for 3 days with a dosage of 2-4 mg/kg of bodswight (BW) of
dihydroartemisinin and 16-32 mg/kg BW of piperaguiubsequent follow up
appointments were scheduled for days 2, 3, 7, 142&, 35, and 42; in addition,
the blood smear was examined during the follow-enpas and collected on filter
paper for DNA extraction. During the follow-up \isi patients were asked about
the general condition of well-being as well as opgrestions about possible
adverse effects that might occur since the la#t amsl examined by the research

physicians.

. Parasite isolate preparation

Venous blood was collected aseptically into an Agidicoagulant tube
from the patients before a treatment administraftds). Using a drop of blood,
parasitemia evaluation was performed by a Gienmaed thin blood smear.
Following parasitemia determination, blood centyédtion (800g for 5 minutes)

separated RBC pellet from the plasma and buffy.cia¢ RBC pellet was then
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washed using RPMI (20 mL of RPMI, centrifugatior8@0 g for 5 minutes and
removal of supernatant, consecutively) for 6-8 spmeparing infected RBCs to

be processed fax-vivo RSA.

. Theex-vivo Ring-stage Survival Assay (RSA)

The ex-vivo Ring-stage Survival Assagx-vivo RSA) was performed on
the parasite isolates freshly collected from pasiewith uncomplicatedP.
falciparum malaria. The parasites were exposed to 700nM diaytemisinin
(DHA) for 6 hours — approximating their drug expsin patients treated with
artemisinin — and their survival was assessed t2shater [198].

To perform theex-vivo RSA, > 0.5% parasitemia was required. The
parasite solution was prepared by adding 50uL fected RBCs to 2.5 mL of
culture medium. If the parasitemia was > 1%, pellas diluted with uninfected
RBCs to obtain 0.5-1% parasitemia and with cultaredium to obtain 2%
hematocrit. A thin smear was made for determiniitigil parasitemia. The culture
medium consisted of RPMI-1640 medium, HEPES, geitiamhypoxanthine,
Albumax Il, and heat-inactivated human serum.

In a 48-well culture plate, 900 uL of parasiteusioin was transferred to
each well and added with 100 uL of DMSO solutiothi@ control well or 100 puL
of DHA solution (700nM) in the treatment well. TH8-well culture plate was
maintained in an incubator under’@7 humid atmosphere, 5% &% CQ, and
90% N for exactly 6 hours. After 6 hours, the contentseach well were
transferred into 15mL centrifuge tubes for a folilegvcentrifugation at 800g for
2 minutes. Then, 12 mL of pre-warmed RPMI was addedvashing the RBCs

pellet prior to a transfer into new wells in the w8l culture plate with 1 mL of
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culture medium to resuspend the pellet. The newvd8-culture plate was
maintained in an incubator (87, humid atmosphere, 5% &% CQ, and 90%
N>) for 66 hours. Finally, the Giemsa-stained thireanof each well was made at
the end of incubation and determined for the peeggn of survival under a
microscope examination.

At 100x magnification in immersion oil, the numbefr infected RBCs
containing viable parasites were counted in a toitdl0,000 RBCs. Only viable
parasites were scored; so, vacuolated and pykfuotits were not considered. To
determine the proportion of viable parasite (% saty, the parasitemia of DHA
exposed was compared to the parasitemia of nonsexip@MSO).

Theex-vivo RSA would be performed also at any days of treatrfalure

emerging during the follow-up.

Sequencing the K13-propeller domain

The molecular marker tHefK13-propeller domain was amplified using the
following primers: for the primary PCR (K13-15'-cggtgaccaaatctggga-3’ and
K13-4 5’-gggaatctggtggtaacagc-3’) and the nested RP@K13-2 5'-
gccaagctgccattcatttg-3’ and K13-3 5’-gccttgttgaaggaga -3’), one pL of DNA
was amplified with 1uM of each primer, 0.2 mM dN{®vlis Biodyne), 3 mM
MgCl>and 2UTaq DNA polymerase (Solis Biodyne), using the follogicycling
program: 5min at ¥4, then 40 cycles of 30 s at°@} 90 s at 6%, 90 s at 72
and final extension of 10 min at For the nested PCR, 2 pL of primary PCR
products was amplified under the same conditionse@ for the MgG
concentration (2.5 mM). The PCR products were deteasing 2% agarose gel

electrophoresis and ethidium bromide staining. Mdale, the double-strand
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sequencing of PCR products was performed using ddecr, and the sequences
were then analysed using MEGAS software versiof flidentify specific SNP

combinations.



CHAPTER Il

RESULTS

This chapter points out various strategies invastidy for malaria elimination,
particularly in Indonesia. The first part is dedezhto discover new antimalarial drugs either
from Indonesian medicinal plants or with synthegisrganometallic compounds. Moreover,
as artemisinin resistance has emerged in SouthAsgetit is important to confirm the major
role of molecular markers involved in this resis&nDefined by reverse genetic of the
mutation involvement oPfk13 gene in this resistance, the study of its spreaiaduth East
Asia regions is used to monitor the possible area of artemisinin resistance in malaria

endemic areas in Indonesia.

A. Antiplasmodial Activity of Indonesian Medicinal Plants

1. Results obtained

The emerging resistance of artemisinin, the bdsieaent first-line combination therapy,
has threatened the global effort to reduce matanesed byp. falciparum. Moreover, there are
no current antimalarial drug to replace artemisihence discovering new antimalarial drug is
inevitable. One of the strategies to find newraatarial agents is thi@ vitro evaluation of
crude extracts activities of medicinal plants agai falciparum strains. Indonesia’s rich
biodiversity features medicinal plants used tradilly for a variety of disease treatments,
including malaria. In cooperation with CNRS - LC® Toulouse, France, the Faculty of
Medicine of Universitas Gadjah Mada conducted #seasment of antiplasmodial activities
of five medicinal plantsT. diversifolia, C. barbata, T. crispa, A. flava andP. cauliflora. These
plants were selected due to their popularity asvarftherapy among Indonesians and because

they naturally grow in Indonesia. In addition, soofieghese plants possess not only medicinal

70
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advantages but also economic benefits, sucB. dmrbata prepared for drinks and sold in
sidewalks. In contrast, some of them offer limitgrmation on their medicinal and economic
benefits, such aB. cauliflora, making people ignore their cultivation and thenpdabecome

endangered.

This France-Indonesia collaboration aimed to cohdustandardized study targeting
antiplasmodial activities of these extracts. In iadd, since Plasmodium has similar
biochemical pathways witBabesia, another apicomplex parasite, we intended to &@&co
shared active compounds on these two close patholymeover, as malaria patients can also
be co-infected by leishmaniasis in areas wherévtbeparasites coexist, especially in tropical
and subtropical countries such as in South Amexgcane of the endemic regions [9], it was
also interesting to assess the antileishlaniasigties of the selected extracts. This study was
completed by an assessment of the cytotoxicity ammalian cells to determine the specificity

of their activities.

Our team gathered the plants from different aredadonesia and identified them in
the Biology Laboratory of the Pharmacy DepartmehtUaiversitas Islam Indonesia in
Yogyakarta. A maceration process with various sulymlarities was utilized to extract the
active compounds of the plants. The chloroquinestast strain ofP. falciparum FcM29-
Cameroon was selected to evaluate the antiplasinadiavity of these various extracts
according to Desjardins’s method with slight mazdifions. The same assay method was used
for anti-babesial activity, except thBt divergens was cultured following the method by
Précigoutt al [196]. The anti-leishmanial activity was examingtelduminescent assay based
on luciferase activity orL. infantum blood stage preceding the macrophage invasion
(promastigotes). For the extracts with the bespksmodial and anti-leishmanial activities,
cytotoxicity tests were conducted against macropbamd VERO cell lines using MTT assay

and PH]-hypoxanthine incorporation, respectively.
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The results figured out that, among the 25 crudeaets and fractions, seven indicated
promising antiplasmodial activities (€< 5ug/mL) [135]: T. diversifolia ethanol extract and
ethyl acetate fractionA. flava ethanol extract, N-hexane and ethyl acetate frasfiB.
cauliflora radix part dichloromethane, and methanol extraétdditionally, these best
antiplasmodial extracts were then tested on the WERII line to investigate the specificity of
their activity which was then translated into selety index (SI) as a ratio between
cytotoxicity and activity (antiplasmodial activityy this regard)However, onlyA. flava and

P. cauliflora radix dichloromethane extracts featured high s$eieégc against VERO cell lines

(> 50ug/mL).

Tithonia diversifolia or locally known as kembang bulan was active ajah
falciparum (ethanol extract and ethyl acetate fraction), bairtcytotoxic values were similar,
with less than 1 selectivity index. This low seleity index (SI) indicated that this plant offers
limited interest for further investigation althougkveral previous studies demonstrated its
activity. The ether extract of aerial parts showeditro antiplasmodial activity (16€: 0.75
png/mL against CQ-sensitive strain FCA) which le@xtraction of active compound, tagitinin
C, a sesquiterpene lactone possessing 0.33 pg/mladg@inst FCA [140]. Not onlin vitro
activity, T. diversifolia was also reported on ita vivo antiplasmodial activity in a mouse

malaria model at concentration of 200 mg/kg [141].

Meanwhile, with the 16 around 3 pg/mLA. flava (also known as kayu kuning) ethanol
extract, n-hexane and ethyl acetate fractions aygal a good antiplasmodial activity. In
addition, their cytotoxicity against VERO cell sheavhigh selectivity level (SI: >50). Based
on literature, the antiplasmodial activity Afflava extract has been published with the range
of 1Cso from 0.4 to 8.6 ng/mL againgt falciparum [166] and one of its active compounds,

berberine, has been proved to inhibit telomeraseitgcof P. falciparum [167]. The result of
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this study supports those previous findings wittitonal information about selectivity of the

extracts.

Sengkubak orP. cauliflora, a medicinal plant that has not been widely exqaor
demonstrated the bestsOvalues on its dichloromethane and methanol extraspecially
from radix part (3.3 pg/mL for both solvents) eviough the high selectivity index only
showed for the radix dichloromethane extract (8)>IThis plant was reported having
antioxidant [171] and cytotoxic activity [170] withisbenzylisoquinoline alkaloids (obaberine
and pycnarrhine) as active compounds [169]. Yetstuoly has revealed its antiplasmodial
activity to date. This plant then appears partidylaromising and deserves further study since
its active compound, bisbenzylisoquinoline alkadpiaas been reported to have antiplasmodial

activity [199].

Unexpectedly, even though it is commonly used faditional malaria treatment, extract
and fraction fronC. barbata (stem and leaf) of. crispa (stem) did not show antiplasmodial
activity. After 3 independent experiments, itsd@alues were constantly beyond 5 pg/mL, a
threshold to classify good activity of the extrad®revious studies found that
bisbenzylisoquinoline alkaloids (tetrandrine, linme; thalrugosine, homoaromaline, and
cycleapeltine extracted from the root Gf barbata have both cytotoxic and antimalarial
activities [200]. Other report also stated thabsth bisbenzylisoquinoline alkaloids
demonstrated high antiplasmodial activity [201, 2@ the other hand, a study ®ncrispa
reported its antiplasmodial activity of the stenaiagtP. berghel [203] andin vitro activity
from methanol stem extract with thesi@alue of 0.8 mg/mL [159]. That Kgvalue correspond

to the result of this study, which indicate lowergst in pharmacological activity.

Eight extracts also displayed anti-babesial adtisitvith 1G values ranging from 1.2

to 14.1ug/mL, with 3 of them close to the control babesgilibitor, imidocarb (0.ag/mL).
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With a good selectivity indeXA. flava extract and fractions showed that an antiplasnhodia

activity can also be coupled with an anti-babesaivity.

Concerning the extract assayd.omfantum, only 3 had |G values less than E§/mL.:
the ethyl acetate fraction ®f diversifolia, and, dichloromethane and methanol fractionB.of
cauliflora radix (1Gso 21.9, 1.7 and 4.4i,g/mL, respectively). The results showed tRat
cauliflora radix methanol extract was active agaiddial ciparum, Babesia andL. infantum at
similar concentrations and relatively low indexés@lectivity, suggesting a global cytotoxic
effect in contrast to the dichloromethane fractnvhich the cytotoxicity was low on VERO

cells.

In conclusion, extracts or fraction with a goodilasmodial activity can be positively
correlated to a good and specific antibabesiaVi#gtiAmong the most active extracts against
P. falciparum, only dichloromethane and methanol extrad®.afauliflora were active against
L. infantum. The specific anti-parasite activities of someaaots were confirmed by their weak
cytotoxicity on VERO cell line. These particulartects need an in-depth phytochemical
assessment in order to identify and characterieeatiive compounds either to standardize
plant preparations or to chemically develop new-patasitic compounds as detailed in the

article below submitted for publication.

2. Corresponding publication
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ABSTRACT
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Tithonia diversifolia, Cyclea barbata, Tinospora crispa, Arcangelisia flava, Pycnarrhena cauliflora are plants used in
Indonesia for the traditional treatment of malaria. In the search for new antiparasitic drugs, the parts tradi-
tionally used of these 5 plants were extracted with ethanol and then fractionated with various solvents and
evaluated in vire against Plasmodium falciparum and also against Babesia divergens and Leishmania infantum.
Seven crude plant extracts out of 25 tested displayed high antimalarial activities with ICsp < 5 pg/ml and in the
cases of some of them an interesting selectivity regarding their cytotoxicity against mammalian cells. A. flava
appeared to be the most promising antiplasmodial plant with the highest antiplasmodial activity (ICs, values less
than 3 pg/ml) and the weakest cytotoxicity. By contrast, only P. cauliflora radix, through its dichloromethane
and methanol fractions also demonstrated a high activity against L. infantum, with ICg, values around 3 pg/ml;
their high selectivity index, especially on VERO cells, hypothesises a specific parasiticidal action. Moreover, for
all the extracts showing antiplasmodial activity, a positive correlation was demonstrated with antibabesial ac-
tivity, suggesting that these antiplasmodial extracts could be a potential source of antibabesial compounds.
These preliminary results confirm the antiplasmodial interest of some of these plants used in traditional medicine
but also their effects on leishmaniasis and babesiosis. Ongoing phytochemical investigations should allow
identification of the chemical series responsible for these activities.

1. Introduction

Organization (WHO) did not allow for the emergence and the spread of
multi-resistance in the Greater Mekong region (Cambodia, Vietnam,

Malaria is the most prevalent parasitic disease in the world and
continues to be one of the largest public health problems, especially in
the developing countries. There is an estimated 3.2 billion people at risk
of being infected and leading to an estimated 584,000 malaria deaths
78 % of which concem children under 5 years (WHO, 2014c). Plas-
modium falciparum, the most deadly species of malaria parasite already
shows resistance to all antimalarial drugs, including artemisinin and its
derivatives, which are the latest and the most effective treatments of
malaria (Straimer et al., 2015, WHO, 2014c; Witkowski et al., 2009;
Wongsrichanalai et al., 2002). Unfortunately the use of artemisinin-
based combination therapies (ACTs) advocated by the World Health

Thailand, Myanmar and Laos) threatening the strategies of malaria
eradication in the other endemic areas (WHO, 2014b). Consequently
there is an urgent need to discover new antimalarial agents, and crude
extracts of natural products appear to be a promising route to follow as
they are more affordable for people in developing countries (Benoit-
Vical, 2005; Benoit-Vical et al., 2008, 2003).

Indonesia is rich in medicinal plants which the population use tra-
ditionally for curing diseases including malaria. This study, based on
ethnobotanical data, was carried out on 5 medicinal plants selected as
potential sources of antimalarial agents: Tithonia diversifolia, Cyclea
barbata, Tinospora crispa, Arcangelisia flava, Pycnarrhena cauliflora.

* Corresponding author at: Department of Pharmacclogy and Therapy, Faculty of Medicine, Universitas Gadjah Mada, 55281 Yogyakarta, Indonesia.
*» Corresponding author ar: CNRS, LCC (Laboratoire de Chimie de Coordination) UPR8241, 205 route de Narbonne, BP 44099, F-31077 Toulouse Cedex 4, France.
E-mail addresses: mustofajogja@yahoco.com (Mustofa), Francoise.Vical@inserm.fr (F. Benoit-Vical).

http://dx.dolorg/10.1016/j.hermed.2017.06.004
Received 23 May 2016; Received in revised form 13 June 2017; Accepted 28 June 2017
2210-8033/ © 2017 Elsevier GmbH. All rights reserved.

Please cite this article as: Ramadani, A.P., Journal of Herbal Medicine (2017), http://dx.doi.org/10.1016/j.hermed.2017.06.004




A.P. Ramadarni et aL

Except T. diversifolia, the 4 other plants are from the Menispermaceae
family studied largely for their use in traditional medicine and princi-
pally for malaria treatment (Verpoorte et al., 1982b).

Some of these plants have already been investigated for their anti-
plasmodial activities and pharmacological properties but no standar-
dised studies have yet been performed with them. The infusion of T.
diversifolia leaves is traditionally used for lowering blood glucose
(Miura et al., 2005), flatulence, malaria fever (Njoroge and Bussmann,
2006), and also the healing of wounds. An ethanol extract of T. di-
versifolia exhibited anti-malarial activity by its leaf extracts (Oyewole
et al., 2008). C. barbata leaves have been used by the Javanese for
gastric problems and as a prophylactic against malaria fever (Manilal
and Sabu, 1985; Saxena et al., 2003). T. crispa is traditionally used for
the treatment of fever, rheumatic arthritis, hepatitis, anti-hypergly-
caemia, and also malaria by using stem infusions (Pathalk et al., 1995;
Pushpangadan and Atal, 1984). T. erispa, which is abundant in the
Philippines, is used freely by the natives under the name of makabuhay
(meaning “You may live™), as a panacea, especially valuable in malarial
fevers (The Southwest School of Botanical Medicine, 1918). Supporting
the traditional uses, T. crispa scientifically proved as anti-hypergly-
caemia (Noor and Asheroft, 1998) and also both in vitro and in vivo anti-
malarial activity (Najib Nik et al., 1999, Rungruang and Boonmars,
2009). A flava is traditionally used as a stem decoction for typhoid
fever (Mandia, 1999), hepatitis, gastric disturbance and malaria
(Subeki et al., 2005). The anti-hepatotoxicity (Wongbutdee et al., 2003)
and anti-malarial activity have been profiled by several studies (Lovin
et al., 2012; Nguyen-Pouplin et al., 2007; Vennerstrom and Klayman,
1988; Verpoorte et al., 1982a). P. cauliflora is a Dayak tribe folk med-
icine used for flavouring, flatulence (by placing the soaked leaves on
the stomach), fever and malaria (by drinking the leaf infusion). Only
local accounts published in Indonesian can be cited for these uses. One
study of P. cauliflora has just revealed its cytotoxic activities related to
apoptosis and cell cycle arrest (Masriani and Adnyana, 2011), but its
anti-parasitic properties have not yet been established. Indeed, despite
widespread traditional use of P. caulifiora reported on malaria treat-
ment in Indonesia, to the best of our knowledge, no studies have been
conducted on this plant. Other Pycnarrhena species have been studied
for their biologically active principles (Siwon et al., 1981b; Verpoorte
et al.,, 1978).

Furthermore, because Plasmodium and Babesia belong to the
Apicomplexa phylum they share many common biochemical pathways.
We can therefore hypothesise the possibility of finding common active
compounds for both pathogens. Babesia divergens babesiosis is a wide-
spread illness transmitted by livestock ticks. This pathogen is the main
agent of bovine babesiosis in Europe but can also affect splenectomized
humans (Ceci et al., 2014; L'Hostis et al., 1995: Zintl et al., 2014). In-
fections can occur without producing symptoms, but babesiosis may
also be severe and sometimes fatal due to the intraerythrocytic devel-
opment of the parasite (Melhorn and Schein, 1984). There are effective
babesiacides, but imidocarb dipropionate is practically the only drug
available on the market and therefore the most widely used. More
specific new fast-acting treatments for babesiosis should now be de-
veloped (Vial and Gorenflot, 2006).

Leishmaniasis, identified as a “Neglected Tropical Disease” by
WHO, is another parasitic disease. The pathogen is endemic in 98
countries and territories, with the number of new cases estimated at 1.3
million per year (WHO, 2014a). Nowadays, malaria and leishmaniasis
are responsible for over a million deaths a year and threaten more than
350 million people worldwide, mostly, but not only in tropical and
subtropical countries.

Here we offer a standardised study that focuses on the search for
new antiparasitic drugs targeting Plasmodium, Leishmania and Babesia.
Indeed, even though the five selected plants are traditionally used for
the treatment of malaria in Indonesia, the antiplasmodial activities of
their different extracts were not totally investigated. The extracts
showing the best antiplasmodial activity were also tested on Babesia
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divergens cultures to investigate another Apicomplexa parasite.
Moreover, in some tropical zones, malaria and leishmaniasis infections
are largely co-endemic, the extracts were thus tested on both P. falci-
parum and L. infantum to evaluate their anti-parasite activities as po-
tential sources of new active compounds. The cytotoxicity of these ex-
tracts was assessed in parallel in order to evaluate the specificity of
their anti-parasitic activities.

2. Materials and methods
2.1. Plant material

The plants were identified in the biology laboratory of the
Department of Pharmacy, Islamic University of Indonesia, Yogyakarta-
Indonesia (Herbarium of Laboratory of Biology, Department of
Pharmacy, Faculty of Science and Mathematics, UIl, Yogyakarta,
Indonesia). Samples were air-dried and powdered.

Tithonia diversifolia (Hemsl.) A. Gray. (Asteraceae; voucher spe-
cimen 007-02/L-PB/UIl/2013) was collected in the Sleman district of
Yogyakarta. T. diversifolia is a shrub, locally called “kembang bulan”.

Cyclea barbata Miers (Menispermaceae; voucher specimen 008-03/
L.S-PB/UI/2013) was collected in the Bantul district of Yogyakarta and
locally known as “Cincau rambat” (Javanese). C. barbata can be easily
distinguished by its deltoidovate, hispid leaves with acuminate apex,
finely mucronate acumen and long male and female inflorescences with
dense capitate flowers.

Tinospora crispa (L.) (Menispermaceae; voucher specimen 009-03/5-
PB/UII/2013) known by the vernacular name of “brotowali”, was col-
lected from Yogyakarta. T. crispa is a woody tropical liana with shiny
green leaves.

Arcangelisia flava (L.) Merr. (Menispermaceae; voucher specimen
010-04/8-PB/UI1/2013), collected in South Bomeo, is a large, woody,
glabrous and dioecious liana, up to 20 m long; with a stem of up to 5 cm
in diameter and with yellow wood exuding a vellow sap when cut.

Pycnarrhena cauliflora (Miers.) Diels (Menispermaceae; voucher
specimen 011-01/5.R-PB/UIL/2013) was collected in Sintang district,
West Borneo. This plant can be found in primary or secondary forests
and tend to grow in clusters. From 8 species in the genus Pycnarrhena,
only 4 (P. australiana, P. ozantha, P. manilensis, P. longifolia) have been
investigated in any detail.

2.2. Preparation of plant extract

For T. diversifolia (leaves), C. barbata (stem and leaves), T. crispa
(stem), and A. flava (stem), powdered samples were extracted by ma-
ceration in 70% ethanol for 24 h, 300 g of plant powder with 1.5 L of
solvent (Fig. 1). This process was repeated for two days consecutively
using fresh 70% ethanol. Each ethanol extract was filtered and filtrates
were evaporated to dryness using a rotary vacuum evaporator. Dried
ethanol extracts were solubilized in ethanol to be fractionated by n-
hexane/by liquid-liquid separation method which created two separate
layers (n-hexane and first ethanol layer). The n-hexane layer gave the n-
hexane fraction after evaporation. The fractionation process was con-
tinued by fractionation of the first ethanol layer using ethyl acetate
(liquid-liquid separation) which produced ethyl acetate and second
ethanol layers giving respectively after evaporation, the ethyl acetate
fraction and ethanol fraction residue.

For P. cauliflora powdered radix part (Fig. 2) was directly treated by
n-hexane to extract lipophilic compounds. After filtration the n-hexane
extract was evaporated to dryness. The precipitate resulting of n-hexane
extraction was further put back in suspension/solubilized using di-
chloromethane to obtain dichloromethane extract after filtration. The
new precipitate was submitted to a methanol extraction followed by a
filtration and an evaporation of the filtrate.

This extraction method was employed to investigate the possible
active compounds responsible for plant activities. Particularly for P.
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(n-hexane fraction)

EA fractionation

(liquid-liquid partititon)
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(EA fraction)

2nd ethanol layer
(fraction residue)

Fig. 1. Representative scheme of T. diversifolia, C. barbata, T. crispa, and A. flava ex-
traction.

EA: ethyl acetate

Red boxes correspond to extracts used for antiparasitic activity investigations

cauliflora, dichloromethane was used to extract active compounds with
semi-polar characteristics in order to explore new compounds other
than those already published. For each part of leaves of T. diversifolia,
stem and leaves of C. barbata, and stem of T. erispa 3 different extracts
were obtained: ethanol, n-hexane and ethyl acetate fractions, and 1
fraction residue. For stem of A. flava only the ethanol, n-hexane and
ethyl acetate fractions were obtained. For each part of stem and radix of
P. cauliflora it was produced n-hexane, dichloromethane and methanol
extracts. Finally, it yielded 25 extracts ready for antiparasitic activity
investigations.

To evaluate the anti-parasite (against Plasmodium, Babesia and
Leishmania) activities, stock solutions of the 25 crude and semi-purified
extracts (1 mg/ml) were prepared in dimethylsulfoxide (DMSO, Sigma,
France) and diluted for use in RPMI 1640 (Biowest, France). The di-
lutions were checked in order to confirm that the extracts did not
precipitate under these conditions. The extracts were tested im-
mediately after their dissolution in DMSO and RPMI, then kept at 4 °C
for 3-8 days, and tested again to validate the conservation of mother
solutions. The maximum percentage of residual DMSO in the assay was
2% and was evaluated alone on parasite cultures to check its absence of
activity.

powdered plant sample

n-hexane extraction

77

Journal of Herbal Medicine xxx (xxxx) XXx-xxx

2.3. Invitro culture of Plasmodium falciparum and antiplasmodial activity

The antiplasmodial activity was assessed on the FcM29-Cameroon
chloroquine-resistant strain of Plasmodium falciparum, cultured con-
tinuously according to the Trager and Jensen method (Trager and
Jensen, 1976), in a 5% CO, atmosphere at 37 °C, taking into account
the modifications previously described (Benoit-Vical et al, 2007).
Briefly, the parasites were maintained in vitro in human red blood cells
and diluted in RPMI 1640 medium, supplemented with 25 mM HEPES,
L-glutamine (Biowest, France) and completed with 5 % human serum
(French Blood Bank, EFS; Toulouse, France). The antiplasmodial ac-
tivity was assessed as previously reported by Desjardins et al.
(Desjardins et al., 1979) and modified as follows. Extract dilutions and
reference compounds were tested in triplicate at least 3 times in-
dependently, in 96-well plates with cultures at a parasitaemia of 1 %
and a haematocrit of 1 %. For each test, the plates of parasite culture
were incubated with extracts or reference compounds for 48 h and
[*H]-hypoxanthine (Perkin Elmer, France) was added to the medium
24 h after the beginning of incubation (Benoit-Vical et al., 2007).
Parasite growth was estimated by [H]-hypoxanthine incorporation.
The control parasite culture (without drug and with 2% DMSOQ) was
referred to as 100 % growth. The ICs, values (50 % inhibitory con-
centration) were graphically determined as concentrations versus per-
centage of parasite growth.

2.4. In vitro anti-Babesia divergens activity

Babesia divergens (Rouen 1986 strain) was cultured continuously
according to Précigout et al. (Precigout et al., 1991). The parasites were
maintained in vitro in human red blood cells (O =; EFS; Toulouse,
France), diluted to 6 % haematocrit in RPMI 1640 medium (Biowest,
France) supplemented with 30 nM NaHCO; and complemented with 10
% human AB™ serum (EFS).

The antibabesial activity of extracts was evaluated by the same
radioactive micromethod as for Plasmodium in 96-well culture plates
except for the incubation time, which was reduced to 24 h. The drug-
free control parasite cultures were considered as 100 % growth, and an
imidocarb sensitivity control was included in every plate. 1Csy were
determined graphically from concentration versus percent inhibition
curves.

2.5. Antileishmanial activity on promastigote stages

The effect of the compounds tested on the growth of Leishmania
infantum (line MHOM /MA/67 /ITMAP-263) promastigotes was assessed
by luciferase assay. Briefly, promastigotes in log-phase in RPMI 1640

Fig. 2. Representative scheme of . cauliflora extraction.

DCM: dichloromethane

Red boxes correspond to extracts used for antiparasitic activity in-
vestigations

| precipitate

| filtrate (n-hexane extract) |

DCM extraction

precipitate

{ filtrate (DCM extract) ‘

Methanol
extraction

precipitate

filtrate (methanol extract)
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medium (Biowest, France) supplemented with 10 % fetal calf serum
(Hyclone, ThermoFischer, France), 2 mM vr-glutamine and antibiotics
(100 U/mL penicillin, 100 pg/mL streptomycin and 50 pg/mL geneticin
(Sigma, France)) were incubated at an average density of 10° parasites/
mL in sterile 96-well plates with various concentrations of compounds
dissolved in DMSO or MeOH (final concentration less than 0.5 % v/v),
in duplicate. Appropriate controls treated by DMSO, MeOH and am-
photericin B (reference drug purchased from Sigma Aldrich) were
added to each set of experiments. After a 72h incubation period at
24 °C, each plate well was then microscope-examined for any possible
precipitate formation. To estimate the luciferase activity of promasti-
gotes, 80 pl of each well were transferred to white 96-well plates,
Steady Glow reagent (Promega) was added according to the manu-
facturer’s instructions, and the plates were incubated for 2 min.
Luminescence was measured in a Microbeta Luminescence Counter
(PerkinElmer). Inhibitory concentration 50 % (ICsq) was defined as the
concentration of drug required to inhibit 50 % of the metabolic activity
of Leishmania infantum promastigotes compared to the control. 1Csg
were calculated by non-linear regression analysis processed on do-
se-response curves, using TableCurve 2D V5~ software. ICg, values are
the geometric mean values calculated from three independent experi-
ments.

2.6. Cytotoxic evaluation on macrophages and VERO cell lines

The cytotoxicity tests were performed on macrophages and VERO
cell lines for compounds showing the best antileishmanial and anti-
plasmodial activities, respectively. The evaluation of cytotoxicity by
MTT assay on the J774A.1 cell line (mouse macrophage cell line,
Sigma-Aldrich) was evaluated according to Mosmann (Mosmann, 1983)
with slight modifications, and cytotoxicity on VERO cells (monkey
epithelial cell line, Sigma-Aldrich) was assessed using [*H]-hypox-
anthine incorporation. Briefly, cells (5.10% cells/mL) in 100 pL of
complete medium were seeded into each well of 96-well plates and
incubated at 37 °C in a humidified 5 % CO, with 95 % air atmosphere.
The complete medium consisted of RPMI 1640 supplemented with 10 %
foetal calf serum, 2 mM L-glutamine and antibiotics (100 U/mL peni-
cillin and 100 pg/mL streptomycin) for J774A.1 cell line and MEM with
10 % foetal calf serum, 2 mM c-glutamine and antibiotics (100 U/mL
penicillin and 100 pg/mL streptomycin), NEAA 1X for VERO cell line.
After 24 h incubation, 100 pL of medium with various product con-
centrations and appropriate controls (DMSO and doxorubicin) were
added and the plates incubated for 72 h at 37 °C, 5 % CO,. For cytotoxic
evaluation on macrophages, each plate well was then microscope-ex-
amined to detect any precipitate formation before the medium was
aspirated from the wells. One hundred pL of MTT solution (0.5 mg/ml
in RPMI) was then added to each well and the cells incubated for 2 h at
37 °C. Then the MTT solution was removed and DMSO (100 puL) was
added to dissolve the resulting formazan crystals. The plates were
shaken vigorously for 5 min and absorbance was measured at 570 nm
with a microplate spectrophotometer (EON).

For cytotoxic evaluation on VERO cells, the plates were incubated
with the test compounds for 48 h and [*H]-hypoxanthine (Perkin
Elmer, France) was added to the medium 24 h after the beginning of the
incubation (Benoit-Vical et al., 2007) to estimate VERO cell growth.
The control VERO cell culture (drug-free but with 2 % DMSO) was
referred to as 100 % of growth. The 1Csp values (50 % inhibitory con-
centration) were graphically determined as concentrations versus per-
centage of parasite growth.

3. Results and discussion

Antiplasmodial activities of T. diversifolia, C. barbata, T. crispa, A.
flava and P. cauliflora extracts collected from Indonesia are reported in
Table 1. Seven out of the 25 crude extracts from these 5 plants showed
very interesting activities against P. falciparum with 1Cs; values less

78

Journal of Herbal Medicine xxx (300xx) xxx-xXX

than the threshold of 5 pg/ml (Willcox et al., 2011). These best anti-
plasmodial extracts were also tested on the VERO cell line in order to
evaluate the specificity of their activity. T. diversifolia ethanol and ethyl
acetate extracts were active against P. falciparum but their cytotoxic
values were equivalent (selectivity index less than 1). The ether extract
of aerial parts of this plant had already demonstrated in vitro anti-
plasmodial activity (ICsp: 0.75 pg/ml on the chloroquine-sensitive
strain FCA). Those findings led to the extraction and identification of
the active compound: taginin C, a sesquiterpene lactone with an ICs, of
0.33 pg/ml against FCA strain (Goffin et al., 2002). The ethanol extract
of T. diversifolia was active at 200 mg/kg in vivo in a mouse malaria
model (Elufioye and Agbedahunsi, 2004). However, because of the low
selectivity index of T. diversifolia, this plant presents a limited interest
for further pharmacological investigations. A. flava ethanol, N-hexane
and ethyl acetate (Fig. 3) extracts demonstrated a good antiplasmodial
activity (ICsq around 3 pg/ml) and interestingly a high selectivity re-
garding their activities against the VERO cell line (> 50 pg/ml). A.
flava possesses alkaloid eompounds having antioxidant and cytotoxic
activities (Keawpradub et al., 2015). Other findings revealed that A.
flava extracts have ICsq ranging from 0.4 to 8.6 pg/mL against P. fal-
ciparum (Nguyen-Pouplin et al., 2007) and one of its active compounds,
berberine, inhibits telomerase activity in P. falciparum (Sriwilaijareon
et al., 2002). P. cauliflora showed the best antiplasmodial 1Csy values
with dichloromethane and methanol extractions particularly of the
radix part (3.3 pg/ml with both solvents) and the weakest cytotoxicity
for the radix dichloromethane extract (> 50 pg/ml). Bisbenzylisoqui-
noline alkaloids of P. cauliflora, ie. obaberine and pyenarrhine (Siwon
et al., 1981a) have been reported to be responsible for various activities
involving antioxidant and cytotoxic properties (Masriani and Adnyana,
2011) but no studies to date have revealed its antiplasmodial activity.
This novel plant thus appears to be particularly promising and deserves
further study.

Surprisingly and despite their traditional use for malaria treatment,
no extracts from C. barbata (stem and leaf) or T. crispa (stem) showed
antiplasmodial activity. Previous studies have reported alkaloid ex-
traction from the root of C. barbata with both cytotoxic and antimalarial
activities. Five bisbenzylisoquinoline alkaloids were isolated as active
principals: tetrandrine, limacine, thalrugosine, homoaromaline, cy-
cleapeltine (Lin et al., 1993). Some of these bisbenzylisoquinoline al-
kaloids were reported elsewhere for their high antiplasmodial activity
(Fang and Jiang, 1986; Marshall et al., 1994). However, T. crispa ex-
tracts showed in vivo antiplasmodial activity of stems against P. berghei
(Marthianti, 2006) and also in vitro but the 1Cs, value of 0.8 mg/mL
reported for methanol stem extract (Najib Nik et al., 1999) is far too
high to have a pharmacological interest and is thus in accordance with
our results.

Because Babesia is another protozoan apicomplexan parasite that
infects erythrocytes and also causes haemolytic disease, it was inter-
esting also to determine the activity of these plant extracts against
Babesia in vitro. The 8 extracts showing the best antiplasmodial activity
were tested on Babesia divergens culture (Table 2). With the exception of
T. diversifolia ethanol extract, for which the standard deviation of the
results was too large to conclude, all the extracts tested showed I1Csg
values ranging from 1.2 to 14.1 pg/ml. These data are particularly in-
teresting because they concern crude extracts and are not so far from
the ICsy of the control drug imidoearb (0.5 pg/ml) and better than those
already reported with other Indonesian medicinal plant extracts
(Murnigsih et al., 2005; Murnigsih et al., 2005; Subeki et al., 2007). Our
results suggested a strong correlation between antiplasmodial and an-
tibabesial activities and so the potential use of antibabesial compounds
from the antiplasmodial drugs portfolio. Moreover, because Babesia is
an erythrocyte parasite sharing numerous biochemical pathways with
Plasmodium with the notable exception of the haemoglobin degradation
pathways, we could hypothesise that these extracts act on parasitic
pathways that do not involve hemozoin polymerisation.

The same 25 extracts tested against P. falciparum were also
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Table 1
Antiplasmodial activity against P. falciparum, chloroquine-resistant strain (FCM29-Cameroon strain), and cytotoxicity on VERO cell line

Extract ICsp, pg/mL; Mean® = SD

Antiplasmodial activity/Cytoxicity

(Selectivity Index)"

T. diversifolia (leaf) C. barbata (stem) . barbata (leaf) T erispa (stem) A flava (stem) P. caulifiora (stem) P. cauliflora (radix)

EtOH 3.9 + 2/35 > 50/ND* > 50/ND 50/ND 2.8 + 0.9/ >50 - =
(0.9) (=18)
n-hexane 16.7 = 6/ND 13.7 = 7/ND 41 = 8/ND 18.7 = 5/ND 2.8 £ 0.8/ > 50 = 50/ND = 50/ND
(= 18)
Ethyl acetate 33 + 05/31 + 1.7 27 = 5/ND 33 = 13/ND > 50/ND 3+ 07/ >50 - -
(0.9) (>18)
Residue > 50/ND > 50/ND > 50/ND > 50/ND = = =
Dichloromethane - - - - - 105 = 8475 £ 2 33 x 01/ >50
1.7) (>15)
Methanol - - - - - = 50/ND 33 = 03/6.5
(2)

Chloroquine (drug centrol)  0.28 = 0.037/69.3 = 21 (245)

& Mean of at least 3 independent experiments.

" Selectivity Index: Cytotoxicity /activity ratio.

¢ Not done.

4 Corresponding to the 1Cs, value of 051 = 0.04 pM.
¢ No corresponding extract.
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Fig. 3. Representative curve of percentage inhibition of Plasmodium falciparum growth in vitro by A. flava ethyl acetate extract.
Table 2 Table 3
Anti-Babesia activity against B. divergens. Antileishmanial activity against L. infantum promastigote and cytotoxicity on murine
J774A.1 macrophage line.
Extract 1Csq, pg/mL; Mean® = SD
Extract” 1Csp, pg/mL; Mean® = 8D
T. diversifolia ethanol extract 362 + 23 Antileishmanial activity/Cytoxicity
T. diversifolia ethyl acetate extract A B i il B g (Selectivity Index)
A. flava ethanol extract 6.4 = 28
A. flava n-hexane extract 48 = 29 T. diversifolia ethyl acerate 219 = 1.2/33 = 1.4(0.03)
A. flava ethyl acetate extract 6.3 + 3.2 extract
P. caulifiora dichloromethane extract (stem) 151 P. cauliflora dichloromethane 1.7 = 0.5/5.8 = 0.9(3.4)
P. caudiflora dichloromethane extract (radix part) 141 = 9 extract (radix part)
P. caulifiora methanol extract (radix part) 1.2+ 0.7 P. cauliflora methanol extract 44 +£ 0.9/124 = 1.5(2.8)
Imidocarb (drug control) 05 + 0.5 (radix part)
Amphotericin B (drug control) 0.06 = 0.01/3.3 £ 1.4 (55)

® Mean of at least 3 independent experiments.
Y Corresponding to the 1Csg value of 1.4 pM. # Mean of at least 3 independent experiments.

b All extracts tested against P, falciparum (see Table 1) were also evaluated against L.
infantum promastigote. With the exception of those reported here in Table 3, all the other
extracts showed ICs, greater than 50 pg/ml against Leishmania (data not shown) and were
not tested for their cytotoxicity.

evaluated against L. infantum and in parallel on its macrophage host cell
(Table 3). Only 3 extracts out of 25 showed ICs, values of less than
50 pug/ml. Dichloromethane (Fig. 4) and methanol fractions of P. cau-
liflora radix showed a good activity on L. infantum with ICs, values of
1.7 and 4.4 pg/ml, respectively. However the selectivity indexes
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Fig. 4. Representative curve of percentage inhibition of Leishmania infantum promastigote growth in vitro by P. cauliflora dichloromethane extract (radix part).

obtained on macrophages are relatively low (around 3). The analysis of
these data shows that both best extracts (P. cauliflora) on Leishmania
were also active, at similar concentrations, on Plasmodium. It is parti-
cularly interesting since the anti-parasite activity of this plant (whether
on Plasmodium, Babesia, or Leishmania) has thus far never been re-
ported. Moreover Malaria and Leishmaniasis are co-endemic in In-
donesia and the same plant extracts locally present could fight both
pathogens.

4. Conclusions

Based on an ethnopharmacology approach, 7 plant extracts out of
25 tested displayed good antimalarial activities with ICs < 5 pg/ml.
Activities observed with ethanolic erude extracts, the extraction solvent
studied here that was closest to the aqueous traditional extraction,
could justify the traditional use of both plants T. diversifolia and A. flava
for malaria treatment. However regarding their cytotoxicity against
mammalian cells, A. flava appeared to be the most promising anti-
plasmodial plant of this study with the highest antiplasmodial activity
(ICsq values less than 3 pg/ml) and the lowest cytotoxicity. Moreover,
for all extracts showing antiplasmodial activity a positive correlation
was found with antibabesial activity, suggesting that antiplasmodial
extracts can be a potential source of antibabesial compounds. In con-
trast, A. flava had no activity on L. infantum. Furthermore, only P.
cauliflora radix, through its dichloromethane and methanol fractions
also demonstrated a good activity against L. infantum, with 1Cs, values
equivalent for the 3 pathogens; their selectivity index, especially on
VERO cells, suggests a specific parasiticidal action more than a global
cytotoxie effect.

These preliminary results are sufficiently interesting to pursue
phytochemical investigations in order to identify the chemical series
responsible for these activities and obtain standardized preparations.
This is an absolute necessity before considering any therapeutic appli-
cations to malaria, leishmaniasis and/or babesiosis for either herbal
preparations or pure molecules.
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B. Antiplasmodial Activity of Gold(l) Complexes

1. Results obtained

Synthetic molecules are part of another approactidgcover new antimalarial drugs.
Organometallic compounds containing metal comphet acts as pro-drugs and can have an
enhanced efficacy (such as ferrocene with CQ Iggalirt only to ferroquine but also gold and
ruthenium complexes). NHCs, as the most imporigants in organometallic chemistry, are
easy to prepare and able to stabilize the compl®&iemedical applications of gold complexes
based on NHCs are beginning to unfold. In partiGulzese ligands form strong Au-carbene
bonds, giving stable AtNHCs complexes that are insensitive to biologjcatiportant thiol
groups. ALNHC have shown potential medical applications [1&3pecially as anticancer
[182, 184-187] and antimicrobial agents [189]. dshto be mentioned that gold-based
compounds, including some gold(l)-NHCs, show arteohondrial activity, a promising
mode of action to fight cancer. Their antitumoriatt may stem from the lipophilic and
cationic properties, allowing their accumulationmmtochondria of tumor cells with great
specificity [183]. It has also been demonstrated the combination of metal complexes with
NHCs can exhibit interesting biological activitiagainst such parasitic infections as malaria

and leishmaniasis [190, 204-206].

Our previous study proved that mononuclear catiguailcl(l) complexes containing
aromatic amino-functionalized NHC hawe vitro antiplasmodial activity against FCM29-
Cameroon [190]. This finding is exploited in thieepent study by further studies and fine
tuning of the main structure of these organometaftiolecules in relation to their
antiplasmodial activity or against other parasisswell as studying the activity of new

complexes.

To achieve the objective of investigating the iafiae of the different structure

modulations on biological activities, synthesizedligand imidazolum salts (compounils
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11) and mononuclear gold(l) complexes (compoubd£5) were evaluated for its activity
against CQ-resistat falciparum strains (FcM29-Cameroon and FcB1-Colombia) andrput
comparison with CQ and artemisinin. These syntleelstompounds (Fig. 12-14) were a series
of N-, O- or S-functionalized proligands and therresponding mononuclear cationic, anionic
or neutral gold(l) bisNHC complexes. The most acttempound would be investigated on its

cytotoxic activity on Vero or McF7 cell lines.

Compoundl (2-chloroquinoline) is an imidazolum precursorttisafunctionalized by
nitrogen containing heterocycles quinoline. An adylectly attached to its azolium ring
generates compourfland 3. As another imidazolum precursor, compouhis containing
bipyridine. Meanwhile, compourtgl- 8are the amine functionalized imidazolium salt camebi
with alkyl- (metyl for compoun® and n-butyl foi6) and arylimidazoles (benzyl for compound

7 and mesityl foB).

Using those imidazolium precursors, gold(l) compkxare developed. Compouhd
generates compoud@, 2t014,3t015,4t016,5t018 61019, 7t020, and8to 21. Meanwhile
compoundl13 and 17 are neutral form of the complexes. In addition, dazolium salt

compoundd, 10, 11are precursor for compourd® and23; 24; and25 respectively.

Assessed againgP. falciparum strains FcM29-Cameroon and FcB1-Columbia,
different compounds4( 5, 6, 18, 19) indicated various results allowing relationshipusture
activity studies. As cationic molecule, the imidiam salts (proligandl and 4-11) were
inactive while proligand? and3 showed IGo value of 1.4 and 1.5 puM respectively. Tested
gold(l) complex compound4?, 1516 and19-22) expressed improved activities compared to
imidazolium salt demonstrating that gold cationyplan important role in antiplasmodial
activity. A prior study suggested that one of thesgible mechanisms of action of gold

compounds is based on the reversible inhibitiorthef parasite enzyme falcipain 2 (Fp2)
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involved in hemoglobin digestion. As a cysteinetease of. falciparum, Fp2 will provide a
significant quantity of peptides and amino acidsrfrhuman hemoglobin degradation for
parasite growth. Moreover, it is also characteriasdh validated target for antimalarial drug

discovery [191].

It has been demonstrated that cationic compoundsrdaance antiplasmodial activities
by positively facilitating the accumulation of moides inside the parasite, the global charge
thus become the key factor. It has been shownthieatationic Au(l) bis (NHC) species had
the best results againBt falciparum with sub-micro molar 165s for some of them were 2.1
UM (19), 0.48 uM R0), 0.21 uM R1), and 0.32 uMZ2). On the contrary, moderate activities
were obtained with neutral complexes (compoul@/sl7 and23 with ICso between 4.1 and

6.6 pM) as well as anionic compour¥sand25 (ICso 5.6 pM and 3.7 pM, respectively).

The NHC carbenic ligand not only acted as a trarispof metal center to its target but
also affected antiplasmodial efficacy proven by dgiod(l) seriesl8-21 reducing 1Go values
from methyl- (8 22 uM) to mesityl — substitute@X 0.21 uM). The complefl, the most
active compound againBt falciparum, had lipophilic properties allowing to penetratepitiie

parasite through its different membranes.

Another compound with nitrogen-functionalized NH&vealed that a quinoline moiety
in the complex had a lower antiplasmodial activippompound13, ICso: 5.2uM) than
compoundsl? and 14 (ICso 1.1puM) which had methyl and mesityl as non-funied
substituents. Compourib (ICso: 0.47uM) with a thioether group demonstrated ameiased
antiplasmodial activity, and a methylthiophenyl gpovas responsible for the antiplasmodial

potency of compoun@2 (ICso: 0.32uM).

The most active compoundBy( 16, 20, 21 and22) were also tested for their specificity

against mammalian cell lines. The selectivity indes ranked from 0.9 to 18 with the highest
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selectivity index for compoundl. These findings supported previous studies of eanell
lines (IGo < 1uM) and non-tumor cell lines (&> 5uM) [204]. It means that compled is
particularly active again®. falciparum or several cancer cell lines but having limitefitets

on normal human cells.

It is noted that cationic lipophilic gold(l)-NHC pwplexes are the most active
compounds againg®. falciparum compared to both neutral and anionic compoundg. Th
lipophilicity property and presence of nitrogensatfur atoms in the ligands were likely to be

responsible for the antiplasmodial activity as diethin the following published article.

2. Corresponding publication
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A series of twenty five molecules, including imidazolium salts functionalized by N-, O- or S-containing
groups and their corresponding cationic, neutral or anionic gold(l) complexes were evaluated on
Plasmodium falciparum in vitro and then on Vero cells to determine their selectivity. Among them, eight
new compounds were synthesized and fully characterized by spectroscopic methods. The X-ray struc-
tures of three gold(l) complexes are presented. Except one complex (18), all the cationic gold(I) com-
plexes show potent antiplasmodial activity with ICso in the micro- and submicromolar range,
correlated with their lipophilicity. Structure-activity relationships enable to evidence a lead-complex
(21) displaying a good activity (ICsp=210nM) close to the value obtained with chloroquine
(IC5p =514 nM) and a weak cytotoxicity.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

According to the latest estimates, malaria led to about 500,000
deaths in 2015 with 70% of all deaths for children aged under
5 years.! Thanks to global fight against vectors and the large use
of artemisinin-based combination therapies (ACT), estimated
malaria mortality rates decreased by 60% worldwide between
2000 and 2015." Unfortunately, ACT resistance is now reported
in many South-east Asia countries whereas there are no other
antiplasmodial drugs to replace them.' New drugs with alternative
chemical structures are urgently needed.

The peculiar biological properties of some organometallic com-
pounds have helped in the development of new drugs based on
metal complexes for major medical human problems including
mainly cancer along with bacterial, viral and parasitic infections.”
Generally, metal complexes are subject to modifications (ligand
substitution and/or redox reactions) during uptake and transport
inside the human body; this will influence the reactivity of the
metal, but also greatly affect the absorption and delivery of the
complex, and sometimes even the specificity of target recognition
so they are therefore almost always ‘pro-dugs'. Metals may also be

* Corresponding authors.

E-mail addresses: Catherine. Hemmert@lcc-toulouse fr (C. Hemmert), Heinz
Gomitzka@lcc-toulousefr (H. Gornitzka), FrancoiseVical@inserm.fr (F. Benoit-
Vical).

http:/jdx.doi.org/10.1016/j.bme.2016.05.023
0968-0896/© 2016 Elsevier Ltd. All rights reserved.

used to enhance the efficacy of known organic drugs and the
metal-drug synergism results in the enhancement of the activity
of the parental organic drug due to binding to the metal ion. More
specifically, numerous metal-containing compounds have been
evaluated as antimalarial agents and a recent review overviewed
the advancements in this field during the last three decades.’
Among metal coordination complexes in which the metal center
is directly coordinated to a known organic drug, gold and ruthe-
nium complexes containing chloroquine (CQ) or analogs were the
most active (with ICse in the nM range), with improved efficacy,
when compared to the drug, against CQ-sensitive and CQ-resistant
strains, in vitro and in vive.” In particular, the principal mechanism
proposed for the antimalarial action of [Au(CQ)(PPhs)]PFs against
resistant strains of Plasmodium falciparum is the interaction with
heme and the inhibition of p-hematin formation. Both the
enhanced activity and the ability of this compound to lower CQ-
resistance are related to the high lipophilicity of the metal complex
and the important structural modification of the CQ structure
imposed by the presence of the metal-containing fragment.’” A
great success was obtained by C. Biot and coll. with impressive
biological results in the introduction of a ferrocenyl moiety into
the lateral side chain of CQ, leading to the bioorganometallic
drug Ferroquine (FQ) which is more active than CQ, and equally
active against CQ-susceptible and CQ-resistant clones.” The potent
activity of FQ and the absence of cross-resistance with other
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antimalarials were reported both in vitro on a large number of
clones and field isolates of P. falciparum, and in vivo on rodent
models that demonstrated the high bioavailability of the product.®®
FQ has been developed by Sanofi and is the only metallodrug that
has entered clinical trials (Phase IIb) against malaria, currently
evaluated in combination with Artefenomel (0Z439)."" FQ has a
multi-mode of action: a capacity to target lipids, an ability to inhi-
bit the formation of hemozoin, and to generate reactive oxygen
species.”*®

NHCs represent one of the most important classes of ligands in
organometallic chemistry. The easy preparation of NHC-precursors
has allowed an almost infinite access to new organometallic com-
plexes, in which the nitrogen atoms of the azoliums rings can be
functionalized by organic groups, organometallic moieties and bio-
logic entities. NHCs are extremely good o-donors, making strong
metal-carbene bonds and giving stable complexes in biological
medium. Numerous NHC-metal complexes exhibit very
interesting biological activities as reflected in several review arti-
cles.’” By varying the properties of the NHCs and the nature of
the metals (mainly Cu, Ag, Au, Ni, Pd, Pt and Ru), different impor-
tant diseases have been targeted, mainly fungi,’" bacteria, ™!
and cancer.”*""* We focused our research on heteroditopic
N-heterocyclic carbene (NHC) gold(l) complexes for their
biomedical potential in anticancer and parasitic diseases such as
malaria and leishmaniasis.® New gold(l) complexes containing
two 1-[2-(diethylamino)ethyl]imidazolydene ligands have been
synthetized and their anticancer activity reported in five represen-
tative human cancer cell lines (prostate, breast, brain, lung and
liver).* Very recently, we have demonstrated that mononuclear
cationic and especially neutral gold(l) NHC-quinoline proved to
be promising metallodrugs with potent and selective action
against the pathological relevant form (intramacrophagic
amastigote) of Leishmania.®’ Moreover, we have previously
synthetized and tested against Plasmodium falciparum dinuclear
dimeric and mononuclear gold(l) complexes and we have shown
that mononuclear cationic gold(l) complexes containing aromatic
amino-functionalized NHC exhibit in vitro potent antiplasmodial
activity against the chloroquine-resistant strain FcM29-Cameroon
with ICsq values up to 330 nM.*

The rational design of new gold N-functionalized NHCs com-
plexes with specific and/or selective parasite targets appears thus
as a very useful avenue in the antiplasmodial drug research.

In this work, we aim to extend our preliminary work concerning
gold(I) NHCs complexes against Plasmodium falciparum by fine tun-
ing and studying the key building blocks of these organometallic
molecules. For this purpose, we report the antiplasmodial activity
of our gold(l) complexes already described for other biomedical
applications.* In addition, we report the preparation,
characterization and antimalarial potential of new mononuclear
cationic, anionic and neutral gold(l) NHC or bis(NHC) complexes.

2. Results and discussion
2.1. Chemistry and structural characterization

The synthesis of proligands 1-8 was already described
(Scheme 1).°2“¢ The imidazolium salts 9 and 11 were simply
obtained after a quaternization step of 1-arylimidazole, namely
1-(4-methylthiophenyl)-1H-imidazole and 1-(4-hydroxyphenyl)
imidazole, respectively, with one equivalent of benzylchloride
and KPFs at 80°C in acetonitrile (Scheme 2). The zwitterionic
proligand 10 was easily synthetized by heating stoichiometric
amounts of benzylimidazole and bromoacetic acid at 130°C,
following by deprotonation of the acidic proton by addition of

NazCO3 under reflux in water (Scheme 2). The most notable
features in the 'H and '*C NMR spectra of the imidazolium salts
are the resonances for imidazolium protons (Hz) located at 9.97,
9.21 and 10.16 ppm and the corresponding imidazolium carbons
(G) in the range of 135.6-164.0ppm, for 9, 10 and 11
respectively. The high resolution mass spectra (ES) of proligands
9 and 11 exhibit the classical peak corresponding to the cation
[M—PFg|" and that of zwitterion 10 shows the cation [M+H"].

The synthesis of complexes 12-16 and 18-21 was previously
reported in the literature (Scheme 1).**“¢ The mononuclear gold
(1) bis(NHC) complexes 22 and 25 (Scheme 2) were prepared
according a classical way, from the N-functionalized imidazolium
salts 9 or 11, respectively and one half equivalent of Au(SMe,)Cl
with sodium acetate as a mild base in hot NN-
dimethylformamide (120 °C) and were isolated as white or beige
powders with good yields (66-87%). The neutral gold(l) NHC
complexes 17 and 23 and the anionic complex gold(I) bis(NHC)
24 (Schemes 1 and 2) were synthetized via the convenient
transmetalation route. Firstly, the silver precursor complexes
were prepared by deprotonation of the imidazolium salts 4, 9 or
10, with one half equivalent of the mild base Ag,0 in a mixture
of CH,Cl;-MeOH at room temperature or in MeOH at 50 °C. For
17, the silver species Ag(4),Br™ was isolated before the carbene
transfer reaction while for compounds 23 and 24, the
transmetalation was carried out in situ, by adding one (for 17
and 23) or one half equivalent (for 24) of Au(SMe;)Cl, with
respect to the ligand. The three later compounds were obtained
as gray solids with high yields (82-85%) and all complexes are
stable towards air and moisturee. NMR spectroscopy
unequivocally demonstrates the formation of the gold(l)
complexes; the *C spectra show the resonance for the carbene
carbon atoms between 181.6 and 184.5 ppm for the gold(l) bis
(NHC) complexes 22, 24 and 25, and at 172.0 and 168.9 ppm for
the neutral species 17 and 23, respectively. These values are in
the range of reported values for Au'-NHC complexes having
C-Au-X (X = halide) or C-Au-C motifs.” It has to be mentioned that
in the 'H NMR of complex 24, both protons of the CH,COO~
become inequivalent. This could be due to the interaction of the
two carboxylate with a proton, which may impede the free rotation
of the CHz. Moreover, for complex 25 the phenol functions are
depronated during the complexation process which is supported
by the absence of the OH proton in the 'H NMR spectrum (the
OH proton of proligand 11 was located at 10.16 ppm) and by the
ES-HRMS spectrum showing the molecular peak [M+H'] at m(z
697.1874 with M = Au'bis(NHC-phenolato). The elemental analysis
of the gold(1) complexes are in agreement with the proposed struc-
tures and the high resolution mass spectra (ES) exhibit the classical
peaks corresponding to the cationic fragments [M+H]|" for the neu-
tral and the anionic complexes 17, 23-25 and [M—PFz|" for the
cationic compound 22.

Crystals of 17 suitable for X-ray diffraction analysis were
obtained by slow evaporation of a chloroform solution of 17
(Fig. 1)

Slow evaporation of a MeOH solution of 22 gave crystals suit-
able for X-ray diffraction analysis (Fig. 2).

Crystals of 23 suitable for X-ray diffraction analysis were
obtained by slow evaporation of an acetonitrile solution of 23
(Fig, 3).

All carbon-gold and chlorine-gold distances, as well as the
carbon-gold-carbon and carbon-gold-chlorine angles are in the
normal range for such compounds. In 22 the gold cation is
located on an inversion center and both NHC ring systems are
absolutely coplanar. Moreover, the benzyl substituents are in
trans position.
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22 Antl-malartal actvity and selectivity

Twenty five molecules, imolving imidazoliums salts 1-11 and
manoneclear gld(l) complexes 12-25 were screened In vitro
against P. falciparum strains (Table 1) by determining their 508
inhibitary concentrations (1C,,) and compared to the antimalarial
reference-drugs chlonquine and anemisinine As expected, proll-
mnds 1 and 4-11 showed weak or no activity with Kso values
ranging from 6.4 to »230 pM, the worst value being obtained for
the neutral zwittedonic specles 10, all other Imidazoliums salts
el g cationde. More surprising, the two preligands 2 and 3 con-

taining both a quinoline entity and an aryl directly branchad on
the azolium ring exhibit interesting antiplasmodial potency with
104, values of 1.4 and 1.5 pM, respectively. As expected, an
enhanced activity was observed for the tested gold(l) complexes
12, 15-16 and 19-22 when compared to the comesponding start-
ing prodgands, éxcept far the couple 2/14 showing similar act bty
This set of results corroborates in most cases the key role of the
gol cation inantprotozeal activity against P. fakd panon. The three
neutral com plexes 13, 17 and 23 showed moderate activity with
1Csp comprised between 4.1 and 66 pM and the K values of
the two anionic compounds 24 and 25 ame in the same onder of
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magnitude, 5.6 puh amd 3.7 M, respectively. With the exception of
complex 18, the best values on P faldpariim were ebtained for the
cationic Auwlljbis{NHC) species with 10, in the micromolar and
submicromeolar range, with 2.1 pM (19), 048 pM (200 021 pM
(21) and 032 M (22). A first insight can emerge from these
results and confirm owr preliminary published results { concerning
12 and 16°7); the gobal charge of the complex constitutes an
important factor and cationic compounds are correlated with an
increase  antiplasmodial  activity, The same  antiplasmodial
properties were reported with albitiazolium, a bis cationic
compound witch mached the clinical 2b step for antimalarial
drug development. Abitiazolium had shown its entry facilitated
by a poly-specific cation transporer present in the parasite
membrane.™ The cationic property could facilitate the accumula-

tionof the molecules inside the parasite where the pH of t he cyto-
plasm Is approximately 7.15 bt certainly not in the malara
digestive vacuok where pH is about 5. Moreover, even If the car-
benic ligand acts mainly as a carrier for the metal center towards
its target(sL, as it is enerally the case for gold complexes with bio-
logical potential, the two substinsents on the MHC plays a crucial
mole with regard to the antiparasitic efhiciency. This is well illus-
trated for the gold(l) series 18-21 where the antiplasmodial
activity dramatically increases from methyl- (18: 22 M) 1o mesi-
tyl-substituted (21 021 nM) systems. By raksing the sterically hin-
drance, the antl malarial activity was highly improved, reflecting an
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increase of the protective effect of the ligand around the metal and
probably this alkvws to avoid releasing of the pold cation before
reaching its targer

W have previously reponed that the selective cytotonic activ-
ityof this family was directly comelated with the lipophilic proper-
ties" and this trend i5 also verified here: the highest lipophilic
complex 21 is the most active against P foldparim We can
hypothesize that lipophilic  properties could permit  to
compounds 1o better cross the different membranes (red blood
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cell membrane, parasitophomus vacuok membrame, parasite
plasma membrane and eventwally digestive vacwole membrame)
to target the parasite Concerning the aromatic nimogen-
containing N-functienalized NHC complexes 12, 14 and 15, the
two quineline moleties are positioned in trans-arrangement with
respect to each other and thus provide already a pood protection
to the gold(1) center, In contrast to the previous complexes That
coukl also explain the less antiplasmodial activity with only one
quinaline modety (13 5.2 M) This feamere can acoount for the
same antiplasmodial actvity for 12 {121 pM) and 14 (1.7 pM )
differing in their mon-functionalized substitvents, methyl and
mesityl, respectively. Introducing a second functionalized entity
Invelving a thioether group (15) leads to an improvement of the
antiproliferative activity with an K of 047 M. Moreover, it
should be noted that the wse of the methyl hiophenyl group as
the only functionalized group is also wery inferesting as
evidenced by the antimalarial potency of complex 22
(Kaq = 0.32 M)

Compounds 15, 160 20, 21 and 22 showed thus very high
antiplasmodial activity with 1Csg below the micromolar range.
Compounds with the most promising antimalanial properies were
also evaluated on culture cell lines inorder to determine the speci-
ficity of their activity The selectivity index are ranging from <09 to
18 The best selectivity index was found with the com pound 21.
These results confimeed those already reported with various cell
limes™ with i€, values below 1 pb for all cancer cell lines tested
whereas the value was superior to 5uM on non-tumor cells
(primary cultures of human wmbilical vein endothelial cells
{(HUWEC)L These data highlight that complex 21 is specifically
active agalnst pathogen cells such a P fakciparum or multiple
cancer cell lines but shows restricted effects on normal human
oell.

The potential of organometallic gold complexes without incor-
poration of known antimalarial organic drugs against parasitic dis-
eases has been little explored until very recently.* ™ Messon and
coll. wsed a panel of structural ly diverse galdl) and ( 111) complexes
Invohing M, O or I heterocyclic ligamds and the clinically estab-
lished gold-based antiarthritc drug awanofin, o evaluate them
as possible inhibitors of the parasite enzyme Falcipain 2 (Fp2)
which is an imporant protease of P falcipariun and represents
one of the most promdsing targets for antimalarial dreg discow-
ery."! This protein is mainly imvelved in the degradation of hasts
hemoglobin (thues providing a substantial amount of peptides and
aming acids o sustain parasite growth ) and its proteolyt o activity
s more prompunced at the early trophozoite stage of parasite
development. Remarkahbly, most tested gold compounds cawsed
pronounced but reversible inhibition of Fp2 and import ant parasite
growth inhibition of P. okcipanon was ebsered in vitno, However,
any direct correlat ion between enzyme inhibition and reduction of
I falcipanin growth was established, suggesting that Fp2 inhibi-
tion represents just one of the variows mechanisms throwgh which
gold compounds effectively antagonize P falclpanim replication
Chibale and coll. reported gold(l) and gokd{ 1) thiosemicarbazone
{15Cs) com pounds whichex hibit moderate in vitro activity against
twoe P jokiparum strminsg OQ-sensitive D10 (10, of
O =000 73 pM) and OQ-resistant W2 (10, ol CQ = 00095 pM)with
ICan ranging fram 1.36 10 6.92 uM for the pold(l) compounds and
1Cag ranging from 3204 to =20 M for the gold(ill) complexes; the
gokd(l) TSCs complexes also inhibit the Fp2 but no correlation
was found between their antiplasmodial activity and the ability
toinhibit Fp2."" Mohr and ceoll reported gold{1) complexes imvel-
Ing functionalized alkymes that have shown low in vito activity
agalinst falciparum malaria parasite strains O-sensitive 307 (18,
of O =0001 pM) and CQ-resistant K1 (1C, of OQ =03 pM) with
ICs, values between 72 and 23 pM.* The same authors described
ko a series of mono- and dinuclear gold{1) phosphine complexes
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contalning mono-anionic seleno- and thiosemicarbazomes ligands;
the 1€, results showed that twe sulfur containing monomec kear
compounds exhibit activity similar to CQ against the 307 stain
With 1Cag of 706 and 107 nM (10 of CO~- 284 nM1L" Unforts-
nately, meither the 1040 of the thiesemicarbazones ligmnds nor the
toxicity of the corresponding complexes were evaluated. Previous
studies realized by Lambros and co-workers revealed that the
twe invelved ligands themselves already exhibit high in vitre anti-
malanial activity { OQ-resistant P falcipanm Smith strain with Dy
below 10 ngiml (1D, of OO =60 ng/mL) and moreover they are
toxic inm vive (on P. berghei at doses »20 or 40 mefkel® Cronje
amnd coll. reported preliminary in vitro antimalarial activities of
N-heterocyclic ylideneamine gold(l) against P alcipanom; the coor-
dination of ancillary phosphine or NHC ligands 1o these complexes
resulis in better activitles with an 1Cag value of 5.1 pgiml for the
MHC derivative'™ In light of the available literature concerning
gold compounds, some of our Aul}l-NHC complexes display
improved efficacy.

3. Conclusion

In summary, a series of M- O- or 3-functionalized proligands
amd their cormespond ing monenuclear cationic, anionic or newtral
gokd(l) bisMHC complexes, including aight new fully character-
ired Ccompounds, were tested In wvitre for their antimalarial
potency against chlomguine-esistant . faldparum strains. More-
over, cytetoxicity of the most active compounds was assessed, in
order todetermine their selectivity of action. From this screening,
the importamce of the charge of the molecules tested in the
antiplasmodial activity was observed. Cationic lipophilic gold
[I}-NHC complexes are more active than similar newtral and
anlenic complexes. Moreover, an active complex has to be highly
lipogphilic and the presence of nitregen or sulfur atoms in the
ligands seems to hawe a positive influence on the ant plas modial
activity.

The pharmace-modulatien, by fine funing either the global
charge of the complexes and the key substinsents on the NHC
ligands, permitted to Increase the antiplasmodial activity with
promising selectivity indexes and highlighted the interest for gold
cationic compounds which can be considered as a good scaffold for
the optimization of a new antimalarial chemistry.

4. Experimental
4.1. Chemistry

4.1.1. Gemeral methods

All manipulations were performed under an inert atmosphene
of dry nitrogen by using standard vacoum line and Schlenk tube
techniques.  3-Methyl 1-{ |6 pyridin-2-y1) pyridin-3-yljmethyl }
1H-imidazol-3-lum  bromide (4L  Ag(dkBrT  and  1-(4-
meethylthiophe myl}-1H-Imidazole™ were synthetized according to
literature procedures. All reagents were wsed as received from
commerncial suppliers. Reactions involing silver compounds
were performed with the exclusion of the light ™ (300 or
A0 MHz) and ' NMR spectra (75 or 101 MHz ) were recorded
at 298 K on Bruker AVI0D or Bruker AVAO0 spectrometers in
COCly, COyCN, DMS0-ds and D0 as solvents. Elemental analyses
were carried out by the Sarvice de Microanalyse dis Labodatoine
de Chimie de Coordination” (Towlowse] High Resolwtion Mass
Spectrometry (HEMS) analysis were performed with a Thermo
Finmigan MAT 95 XL spectrometer using electrospray jonization
(ES1) or with a TOF mass analyzer by desorption chemical
ionization  with methane gas (DO by the “Service de
Spectromdirie de Masse de Chimie US-CHNRS" (Toulousa)

] 5 4
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Muntbering of H{"H NMRE) and C{ ™C MMR). These notations are
wsed in the following section

412 14 4-Methylthio pheny }-3- benzyllmldazolium chiorlde (9)

1-{4-Met hylthiophenyl 1 H-imidazole  (1.00% 526 mmoll
benzylc hloride (@05 il 526 mmol) and KPFa (967 mg, 526 mmod)
were stirred in CHyCN (20 mL) at 80 °C for 3 days. After cooling to
oM temperature, the solvent was evaporated and the yellow
solid obtained was washed with CH,Cl, and diethyl ether amd d red
under vacuum (2018 g 9% vield) Anal. Caled for CpqH N SPF;: €
ATHY; H, 402 M, 657 Found: €, 47.93; H, 106, M, 655 "H MR
{400 MHz, DMB0-dg) 4 1044 (5 TH, HuL B38 (d, |=16Hz, 1H,
Hal 811 (d, J= 16 Hz, 1H HyL 779 (d J= 86 Hz, 2H, Hesow L
799 (d, | = 6.6 Hz, 2H, Ha), 7.49 (d, | = 86 Hz, 2H, Heeurel 745~
737 (m, 3H, He Hwl 557 (5, 2H, Hal 254 (5 3H Hmswl ©C
HME (75 MHz, DMSO-dg) & 14137 (10, Gk 13573 (16, ©L
13479 (10, G L 13193 (10 Cpane). 12947 (20, Gl 12934 (10,
Copk 12895 (30, GL 127089 (20, Crew). 12358 (10 QL 12286
(20, Cpprek 12212 (10, €L 5293 (16, g L 1492 (16, Cppqpe L HRMS
(ES" ealculated for CysHes MaS( M=PFg)" 2811112 found 2811120,

4.1.3. 14 Carboxymeithyl)-3- e oeyllmid azol lum  {10)

Benzylimidazale (419 mg, 265 mmol) and bremoacetic acid
(368 mg, 265 mmol) were heated at 130°C for 24 b After the mix-
ture was cooled 1o room temperature, the oily product was dis-
sohed in 20ml HO0 and Nay00y, was added (281 mg
265 mmall The mixture was eflued at 100°C for 30 min After
evaparation of the solvent, the resulting solid was partially dis-
solved in MeOH, filtered and the filtrate wasevaporated 1o dryness.
The cnede prodwct was washed with CHaCh and dried under vac-
vum o afford a white solid (044 g, 778 vieldl Anal. Caled for
CpaHyaNzDor ©, 86065 H, 559 N, 12 96 hound: O, 6658, H, 5.66;
M, 1290, "H NME (300 MHz DMSO-de) 4 921 (5, TH, H) 7609 (s,
TH, Ha), 750 (s, TH, H4), 740 (m, 5H, Hy Ha, Hiel 543 (s, 2H,
Hgl 445 (5, 2H, Hopamal ™C NMRE (75 MHz, Dy0) 8 17210 (16,
Copol VE3OT (1C, C,L 13344010, ©,), 12936 (20, C,1 12931 (1C,
Conk 12870 (30, GuL 123710 (10, 4L 12184 (10, O, L 52848 (10,
L—E:L 5201 (H‘:. ‘-IL'HI'LI'.I]- HEM 5 I:Br] caloulared for EanNgUu “l{
+H)" 2170077, found 2170978,

A4 14 4-Hyd roccyp heny 1) -3- e rzyl bmid a 2ol um
hexafuorophosphate (11)

1-{4-Hydrooyphenyllimidazole (1642 ¢ 9 760mmoll ben-
zylchlonde (1,15 mL, 9.7 60 mmaol) and KPF, (1500 o, 9760 mnwod)
were heated in acetonitrile {20 mL) at 80°C for 3 days. The white
solid obtained was filtered and dried under vacuim (3.595 g, 93%
vield)L Anal. Calcd for CpaHuaMaOPFR: C 48.50; H, 382 N, 707,
Found: C, 4547, H, 355 N, 701, "H NMR (300 MHz, DMSO-de) &
T (5 TH Heewrl 974 (4 J= THHz, TH H:L 811 (L J= 1.9 Hz,
TH, Hall 790 (1, J=1.9 Hz, 1H, Hy), 756 (d, | = 89 Hz, 2H, Hpanl
T53-736 ( m, 5H, Hy. He, ol 698 (d, | = 89 Hz, 2H, Hmeeil 547
{5, ZH, Hgl BC MMR (75 MHz, DMSO-dg) 5 15808 {10 Cppul
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13558 (1€, G, 13501 (1, €] 12049 (2C, C,) 129032 (1€, Cul.
12849 (3C, CyL 12684 (10, Cryprk 12423 (2€, Copayl 12343 (1€,
Cal 12252 (10, Cal 11674 (20, Copanl 5289 (10 Ca). HEMS (E5)
calculated for € gHia MO (M—PFe]" 2511184, found 251.1159.

415, {1-{ |22 Bipyridin |-5-y | met byl -3 -met oyl midazol-2-
ylidenel{ chlom jmold( 1) {(17)

Complex 17 was obtained by trasmetalation of Agd)LBEr
(81 mg, 0,118 mmaol ) with Au{SMe, )0 (692 ma 0235 mmel ) ina
mixture of CHyCly-MeOH (dmL [ 2ml) at ri. After stiming for
1 h, the solution was filtered through a pad of celite and the solvent
removed under redwced pressure togive a gray solid (0072 ¢, 63K
yiel). Anal Calod for CraHpaMiAuCl C, 37320 H 292 N, 1161
Found : C, 3727 H, 30067 N, 11.57. "H MMR {40 MHz, CDCL) &
HII-BET (m, 2H Hya Hial 848 (d, ] =82 Hz, TH, Hal 843 (d,
J= 80 He, TH, Hal 795780 (m, 2H, Ha His)l 739 (ddd, J= 75,
48, 1.1 Hz, TH, Hy, L 700 (d, | = 19 He, 1H, Hy )L 696 (d,] = 1.9 Hz,
TH, H,L 549 (5, 2H, H) 3,900 (5, 3H, Ho) 0 NMR (101 MHz,
COCL )8 171890 (10, O ) 15678 (10, Ol 15525 (10,0, ), 14925
(10 Cml 14850 (10 Cuel 13705 (10, Gua). 13668 (10, Gl
TIWET (1C, oL 12411 (16, C ) 12270 (10, C3), 12131 (14, Gl
T2125 (10, Cral 12021 (10 )L 5241 (10, Ge)l 3841 (10, Cel
HEME (E5") calculated for CaHyablAn (M-C1) 44 70884, found
A4 TOHRT.

A 1.6 Bis{1-benzyl-3-[4-(met iyl sulfany ) phenyl] imidazo 1-2-
ylidene}gold|l) hexafluorophosphate (22)

Under a nitregen atmosphere, sodium acetate (693 mg
OuB4d mmol ) was added to a mixiure of 9 (300 mg, 0704 mmal )
and AuSMes)C] (104 me 0352 mmel) in dry DMF (Eml) at
1002 The mixture was then heated 10 120°C and this tempera-
ture was maintained for 2 b After coaling to room temperature,
the solution was filtered through a pad of celite and the sohent
removed under redweced pressure 1o give a white solid (0277 g,
HTE vield) Anal Caled for €y Hy N 5 PR C 4524 H 357 K,
621, Found: €, 4529; H, 362 N, 624, "H NMRE (300 MHz
DMSO-d,) 8 788 (d, )= 19 Hz, 2H, Ha )L 782 (d, | = 19 He, 2H, H,L
F63 (d, AH,J = 8.6 Hz, Hppeoro L 737-728 (m, 6H, Hy, HpL 726 (d,
AH, J= 86 He, Hpae), T.24-717 (m, 4H, Hsl 535 (5, 4H, Hsl
245 (5, 6H, Hmsuel UC MM (75 MHz, DMS0-ds) § 181.57 (2C,
Cal 14026 (20, Crawel 136062 (20 GL 13592 (20, Crmwel
12921 (4C, Cy), 12866 (20, Cw L 127.94 (40 Gy L, 126084 (A0, Do L
12571 (AC, Cmawel 12393 (20, G5). 12361 (20, O) 5435 (20, Cal,
1495 (2, Cpguel HEMS (ES") calculared for g Hg M58
(M—PFg)" 7571 734, found 7571744,

4. 1.7. {1- Benzyl-3-|4-{met ylsul fanyl j phenyl] imidazol-2-
ylidene}{ chlom rold1) (23)

Under a nitrogen atmosphere and protection of the light, a
Schlenk e was charged with (261 mg 00612 mmol) in a mix-
ture of CHaCb—MeOH (5 mLj1 mL), AgD (71 mg 0306 mmol ) and
KLl (68 mg, 0918 mnoll The reaction mixiure was stirred at rt
for 6 ARter that AulSMey )0 (180 me, 00612 mmol) was added
and the misture was stimed for 4 The solutien was filkered
through a pad of celite and the solvent removed under redusced
pressure (o give a gray solkd (0267 g B2% yield). Anal. Calcd for
CprHmMACAn: €, 3982 H 305 N, 546 Found: C 39.76; H,
3220 N, 545 "H NMRE (300 MHz, CDyCN) & 763 (d, | = B8 Hz,
2H. Henswe). TA8-738 (m. BH. Hpeow Ha Ha. Ho, Hiol 736 (d
J= 20 He, TH, Hal 548 (5, 2H, Hal 256 (5, 3H, Hmawel "C NME
(7o MHz, DME0-da) 4 16890 (10, Gl 14000 (15 Crawel
13684 (10 G L 13618 (10, Cppek 129030 (20, O, 12869 (10,
Cpl 12823 (20, Gyl 123673 (20 Gl 12593 (2C Cuguek
12HET (10, Co L 12301 {16 &, L 5462 (1€, Gl 1500 {16, Cperel
HEMS (L) cakulated for € ppH M, SAu (M=C1J" 4770700, found
AT

A 18 Hydromen bis] - ez yl- 3 carbosy Latoomet gl o d aol-2-
ylidenejzold{l) (24)

Under a nitrogen atmosphere and protection of the light, a Sch-
lenk tube was charged with 10 (338 mg, 1.563 mmol) in 10 ml of
dry MeDH and Ago0 (181 meg 0782 mmell The mbofure was stir-
red for 12h at 50°C. After cooling to ri, Auw5Me: )0 (230 mg,
0782 mmol) was added and the mixture was stimed at rt for 2 h.
The solution was filtered through a pad of celite and the solvent
removed under redisced pressure to give a gray solid (0407 g,
B3 yield) Anal Caled for O Haeo M08! C 4587 H, 3.69; N,
H492 hound: C, 45290; H, 390 N, £.93*H NME (300 MHz, DMSO-
) & 745 (5, 2H, Hal 739728 {m, 12H, Hy Hg Ho Hwl 532 (5,
AH, Hs) 450 (5, 2H, Honwael 442 (s, 2H, Hoeeol "'C NMR
(75 MHz, Dp0) & 18451 (20, CpL 17402 (2C, Coon). 13653 (2C
oL 12883 (4, o), 12815 (20, Tyl 12740 (40, Gl 123,05 (2C,
Cal 12174 (20, G 5391 (20, Gl 5385 (20 Copcao)l HRMS
(B5") cakulated for CyHy MDA (MHH) 6291463, found
GG T4TH.

4.1.9. Hyd rogen bis[ 1-benzyl-3-] {(4-0xid ophemy] ))imid azol-2-
ylidene}gold1) (25)

Under a nitregen asmosphere, sodium acetate (745 mg.
Outid: mnvel ) was added toa mixture of 11 (300 mg, O.757 mmaol )
and AgShMe )0 (112 me. 0379 mmol) in dry DMF (5ml) at
1002 The mixture was then heated to 120°C and this tempera-
ture was maintained for 2 h Afier conling to room tem perature,
CHLCly (5 ml) and hexane (10 mL) were added to the solution to
afford a beige solid, which was filtered and dried under vacuum
(175 66X yieldl Anal Calod for Cy HaoMOuhu C, 55.18; H,
391; M, 804 Found: € 5533 H 366 N 5100 "H NMR
[A00 MHz, DMS0-da) & 777-7.76 (m, 4H, Ha Hal 737 (d,
J=BRHz AH, Hmal 731-729(m, 6H, Hy, Hual 719 (dd, | = 67,
24 Hz, AW, Hal 682 (d, | = 8.8 Hz, 4H, Hmol 531 (s, 4H, Hel V¢
MME (101 MHz, DMS0-ds) & 18155 (20 Gl 15836 (20 Caal
13666 (20 L 13007 (20 Gyl 126222 (40, O,) 128,60 (20,
Ciok 12794 (A0, Gyl 12643 (40 Cua) 12388 (20 GG 12302
(20, O, L 11628 (A0, Lyl 5019 (20, CL HRMS (E5*) cakoulated
Tor © Hyg My0y Au (M+H) 6971878, found G097 1874,

4.2 Crystallographlc data for 17, 22 and 23

All data were collected at bow temperature wsing oil-coated
shiock-conled crystals on a Bruker-AxS APEX | diffrmctometer with
Moka radiation (i=071073A) The structures were solved by
direct methods™ and all non hydrogen atoms were refined
anisotropically using the least-squares method on F2°

CODC-1441512 (171 CCOC-1441513 (22) and CCOC-1441514
(23) contain the supple mentary crystallographic data_ These data
can be obtained free of charge from The Cambridge Crystallo-
rraphic Data Centre via www.oodocamoac. ukfdata_req sestjc i

17 CpaHpaACiNg  Mr=48272,  crystal  size=030x
030 = 810 mm?, menoclinic, space group P, o= 5603431 A,
b= 118076 A, c=218435012)A F=-9264803P, V=14668
(AT Z=d4, T=173(2)K 2506 unique reflactions, R, =0.0554,
why = 001535 |1 > 2a(1)] By =007 58, why = 001659 (all data ), resid-
13l electron density =2 400 e A=

22 CyqHaahuFeNaPss  Mr=90069, cnystal  size = 0030 «
0030 = 010 mm?, monaclinic, space group P2, a = 11.7142(5) A,
b= 116985050 A, c=1278TN6)A, f= 108408010, V=16625
()AL £=2, T = 1732 K, 24252 reflections collected, 8058 unique
reflections (R = 004009 Ky = 00228, why = 00551 1= 24(0)L
Ryp= 000024, why = 000613 (all data) resideal electron den-
siy=1811e A

I3 O HAuCINGS,  Mr=5127%  corystal  size =030 x
020 = Q05 mm?, miclink, space group P T, a=9545(1)A,
b=99310 1A, o= TOUDA)A, 2= 10354T04F, = 1121974,
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P=9771704F, V=8304(2) A% Z=2, T=173(2) K, 11653 reflec-
tions collected, 4054 uwnique reflections (R, = 0.0366),
Ry =0.0276, wky = 00679 |1 > 2a(1)], R, = 00320, wi,=0.0702 {all
data), residual electron density=2.108e A%

4.3. Biological material and methods

4.3.1. In vitro antimalarial activities

The in vitro antimalarial activities of the 25 synthesized com-
pounds were tested comparatively to their ligands in order to
determine the influence of the different strocture mod ulations on
the biological activities, Both chloroquine-resistant P. fakiparum
strains FeM29-Cameroon and FeB1-Colombia, were cultured con-
tinuously according to the modified Trager and Jensen's method '
The antimalarial activity was evaluated by the radicactive micro-
method described by Desjardins et al® with modifications as
reported

Drug testing was performed from 2 to 5 times in triplicate in
96-well culture plates on D-sorbitol synchronized cultures,
Compounds were dissolved in dimethylsulfoxide (DMSO) (stock
solution: 10 mg/mL)and further diluted in culture medium so that
the final DMS0 concentration never exceeded 2% For each assay, it
was verified that the 2% concentration of DMSO did not affect par-
asite growth. Parasite growth was estimated by [*H|hypoxanthine
incorporation (Perkin Elmer, France).

The control parasite culture (culture medium with or without
2% DMBS0) was referred to as 100% growth. The 1Csg values were
determined graphically by plotting the log of the drug concentra-
tion versus the percentage inhibition of parasite growth. Results
are summarized in Table 1.

432, Cytotoxicity assays

Evaluation of the cytotoxicity of selected compounds was
performed on Vero cell lines {Monlkey epithelial cell line, Sigma-
Aldrich) or on McF7 cell line with the same dilution protocol used
for antiplasmodial assays. Cell lines were distributed in 96-well
plates in 100 pL MEM medium with 10% fetal calf serum ar 37 °C
under a humidified atmosphere (5% COz). After 24 h-culture, the
cells were supplemented with 100 plL of the compounds dilutions
amd |*H]hypoxanthine was also added for 48 h maore, Cell growth
was estimated by |*H]hypoxanthine incorporation read by [ coun-
ter (1450-Microbeta Trilux, Wallac-Perkin Elmer) as reported for
antiplasmodial assays.™ Selectivity index was then caleulated by
the cytotoxicity/activity ratio.
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C. GenePfkl3 and Artemisinin Resistance

a. Results

Based on the identification of a candidate markeartemisinin resistance from the
highly artemisinin resistant laboratory strain F8RT, a study conducted by Ariexy al. led
to precision of the molecular marker of this resise in isolated resistant parasites from
patients in Cambodia. It was demonstrated thatifspewutations in the K13-propeller are
strongly correlated with artemisinin resistancehbo vitro andin vivo. Three-high frequency
mutant alleles with high survival rates determibgdRSAv-3nwereY493H, R539T, and C580Y
[24] and long parasite clearance half-lives (>5rBpin patients [207]. On the other hand, first
K13 mutant allele that have been observed was M4tAgas found in Tanzanian F32 parasites
that experienced long-term artemisinin pressouigro for over 5 years, yielding the F32-ART

line [22].

Therefore, the molecular mechanism of this restgtavould be defined by determining
the impact ofPfk13 gene mutations on the levels of artemisinin rasist in clinical isolates
in lab strains and assessing the role of indiviqa@lymorphism in certain types of genetic
backgrounds. The study was a collaborative worlwbeh CNRS-LCC- (Dr F. Benoit-Vical,
Toulouse, France), Columbia University College bf/$icians and Surgeons (Dr D. Fidock,
New York, USA), Institut Pasteur Paris (Dr O. Meeau-Puijalon, France), and Institut

Pasteur du Cambodge (Dr D. Ménard, Cambodia).

Zinc-finger nucleases (ZFNs) were successfully usednodify K13 genetically
culture-adapted Cambodian isolates and the welwkimeference lines &?. falciparum (Dd2,
FcB, V1/S, F32-ART). ZFNs promoted double-straneebk in K13 genomic target locus
followed by DNA resection and repair, allowing tapture the mutations transferred by

PZFN3-hdhfr plasmids.
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Assessment of mutations insertion or removal waslgoted through RS%h assay on
parenteral and edited parasites. The 0-3 hoursost-ipvasion ring (1% parasitemia, 2%
hematocrit) were exposed to 700 nM Dihydroartenms{PHA) for 6 hours. To remove drug,
a washing step was employed by adding culture medind followed by returning fresh
medium without drug to culture conditions for 6@uh@ The survival rate was determined by
assessing parasite viability using microscopic a@wation of Giemsa-stained thin blood

smears.

Higher survival rates were obtained from Cambodismlates (Cam3¥P3°T and
Cam3.I1R*%9) containing the R539T mutation. In contrast, digantly lower survival rates
were found when the R539T mutation was removed fileenisolates, restoring therefore the
wild type allele (Cam33* and Cam3.[f¥). Same results were observed with 1543T mutation
removal (43% survival rates in CaRf8°T versus 0.3% in Canf8 and C580Y mutation

removal (13% survival rates in Caft®Y versus 2.4% in Canf?).

Moreover, survival rates increased when K13 mutati@s introduced to wild type
carrying parasite (CamWT, Cam®%)] V1/S, F32-TEM and FcB). In details, C580Y to
CamWT (0.6% survival rate in CamWT to 8.9% in Canfi#?f¥), Cam3.11® and C580Y
(0.7% in Cam3.IFY and 24.1% in Cam34t°Y), R539T to V1/S (0.3% in V1/S versus 20.7%
in V1/S?390 showed significant increase, while it was modenaith M476I for F32-TEM

and C580Y for FcB.

To examine the differences of K13 mutations in AfeSistance level, M4761, R539T,
1543T were inserted in the Dd2 reference line tasylin higher survival rates than when
Y493H and C580Y were introduced. Although C580Y atioh was predominant in
Cambodia, Laos and Vietnam [28], the associatedivalrrates increased modestly. The

variety of survival rates obtained after the inserof the mutation C580Y into different clones



96

like Dd2, FcB, and three Cambodian isolates indtdhe influence of the parasite genetic
background. This phenomenon was also found in cdls&an countries, but not in the most
endemic malaria region, Africa, because the Can#ogiarasite has restricted genetic

admixture that contains distinctive K13 mutatioropposed to the one in Africa.

Latest publications determined that non-synonyni8 mutations were located in
Southeast Asia to China with proportion rangingrfrmoderate (10-20%) to fixed (> 95%),
and were confirmed to be associated with artermsmesistance. Based on geographical
localization, there are two areas harboring speaiiividual mutations including Cambodia,
Vietnam, and Laos for C580Y, R539T, Y493H, and [b4Bd Thailand, Myanmar, and China
for F4461, N458Y, P574L, and R561H. K13 mutationsrgvuncommon in Africa, but were
thought to be found in few African countries (th@gortion ranging from 3.0% to 8.3%).
Further identifications showed that there was n@A&13 mutation allele in African samples.
Moreover, the fourth most frequent mutant alleleAiflnica observed in one sample from
Thailand, A578S, was clearly defined as not coteeléo artemisinin-resistance. It is suggested
that for the moment, no ART-resistance was reparte&frica. Furthermore, no Asian ART-

resistant alleles were found in Africa isolates|[28

It has been demonstrated that K13-propeller mutatiead to ART resistanée vitro
and are a relevant marker of this resistance ia.Asence, it is worth considering that global
sequencing effort for K13 is conducted to tracedis&ribution of ART resistance and to initiate
the impact mitigation for supporting world malaek#mination program, especially in highest
incidence level area in Africa. Furthermore, K13tations monitoring is included in the WHO

criteria to follow ART resistance worldwide.
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DRUG RESISTANCE

K13-propeller mutations confer
artemisinin resistance in Plasmodium
JSfalciparum clinical isolates

ekmtios s Arba Fimm i Rammant ot Milacie Dachems

Nimol Khim,” Lei Zhung,* Stephen Lam,® Philip D. Gregory, % Fyodor D. Urnow,®
Odile Mercereau-Pufjulon,” Francoise Benoit-Vieal,** Rick M. Fairhurst,”}

Didier Ménard,”{ David A. Fidock" "5

The emergence of artemisinin resistance in Southeast Asla imperils efforts to reduce

the global malaria burden. We geneticaly modified the Plasmodium falciparum K13 locus
using zinc-finger nucleases and measured ring-stage survival rates after drug exposure

in vitro; these rates correlate with parasite clearance half-lives in artemisinin-treated
patients. With isolates from Cambodia, where resistance first emerged, survival rates
decreased from 13 to 49% to 0.3 to 2 4% after the removal of K13 mutations. Conversely,
survival rates in wild-type parasites increased from =0.6% to 2 to 29% after the insertion
of K13 mutaticns. These mutations conferred elevated resistance to recent Cambodian
Isolates compared with that of reference lines, suggesting a contemporary contribution
of additional genetic factors. Our data provide a conclusive rationale for worldwide
K13-propeller sequencing to identify and eliminate artemisinin-resistant parasites.

he worldwide use of artemisinin (ART -

based combination therapies (ACTs) for

the treatment of Plosmodicem faleiparim

mualaria is the foundation of renewed efforts

Lo eradicate this leading ciuse of dhildbood
mortality {8, 21 The pharmacodynamic proper-
ties of dinieally used ART derivatives [arlesunate,
artemether, and dihyvdroartemisinin (DHAY] can
reduce the biomass of drug-sensitive parasites
by four ordens of magn itude every 48 hours {3,
correspanding toa single ovele of asexual blood-
stage P faleiparum development. The short
half-life (typically <1 hour) of ART derivatives in
plasma necessitates the use of longer-lasting
partrer drugs that can eliminate residual par-
asites onde the ART eomponent has dropped to
subtherapentic concentrations (41 The use of
ACTs in expanded malada control and elimina-
tion programs has yielded notable sueeesses in
recent wears, contributing to an estimated 309
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reduetion in ghobal mortality rates in the past
decade (51

These impressive gains, however, amn now
threatened by the emergenee of ART resistance,
first detected in western Cambodia and now ob-
serwd in Thailand, Vietnam, and Myanmar {6, 71,
The severity of this situation is underscored by
the fact that resistance to piperagquine, an ACT
partner drug, i emerging in western Cambodia
{8, 5. Mo alternative, fully offective ficst-line ther-
apy is currently available to replace ACTS, shoold
ART fail globally, Clinieally, ART resistance is de-
fined as a long pacasite elearance halflife (the
time it takes for the peripheral blood parasite
density to decresse by 509 ) after treatment with
AR monotherapyor an ACT {8, 10, 111 Ths metrie
covrelates with the percentage of early *ringstae”
parasites {0 to 3 hours after invasion of himan
erythroeytes) that survive o pharmacologically
relevant exposure to DHA (the active metabolite

of all ARTs), as measured in the invitro Ring-stage
Survival Assay (RSA; -1 (12)

Recently, omtations in the propeller domain
of the K13 gene were identified as andidate ma-
leeular markers of ART resistanee (13), This gene
resides onchromosame 13 of the P, fizleiparum
T, et regions earlier associated with slow
parasite clearanee rates (14-16). K13 belongs to
the keleh superfamily of proteins, whose propeller
domain harbors multiple proteingprotein interae-
tion sites and mediates diverse cellular funetions,
inetuding ubkjuitin-regulated protein degradation
and mddative stess responses (17). The K13 MA761
mutation was first observed in Tanzanian F32
parasites that were eogpaosed in vibro to esealating
concentrations of ART over 5 years, vielding
the K3Z-ART line (23, 15). [Single-ktter ablrevia-
tions for the amino acd residues are as follows:
A Al C, Os; D, Aspr E, Gl F, Phe; G, Gly; H, Hix;
L Dhe; K L L, By B, Ml N, Asny P Pro €, Gn;
R, Arg 8, Ser; T, The V, Val; W, Trpsand ¥, Tye
Inthe mutants, other wming acids were substituted
ateertain locations; for exumple, MATEL indicates
that methionine at position 476 was replaeed
by isaleneine.] Subsequent genomic analysis of
Cambodian isolates identified four prevalent
BlS-propeller mutations (Y403H, RS30T, 15451,
and C580Y) that were associated with elevabed
BSALan stirvivil rates in viteo aod Long parasite
clearanoe half-lives (>5 hours ) in patients {13, 191
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Determining whether E15-propeller mutations
confer ART resistanee in elinical isolates and as-
semsing the eontributions of indvidusl polymor-
phizsms in disinet penetie baelgronnds is essential
to defining the underlving moleoulsr mechanisms.

W devesloped sine-finger nuchases (ZFR) {207
to enable targeted penetic engineering of K13
in ey culture-adapted Cambodian isolates and
older establis hed reference lines of P, fadeiparam
(tables 81 and 820 ZFNs were introdueed into
culiured intra-ervthroodic parasites via electro-
poration with plasmids containing K13 donor tem-
plates, ZFNs triggevsd double-stranded breaks
in the &13 genamic trget bocus of this haploid
orgrnisn, leading to DNA resection and repair
events that caplured mutations delivered by
pEENSE b e plasmids (fie. S1). Donor plasmids
econtained additional synonymous mutations
that preclude ZFN binding while preserving the
K13-translated amino ackl sequence aeross that
sarne streteh of DMA base pairs. Thesesilent YFN
binding-site mutations protected the donor se-
quenee and prevented the edited recombinant
loeus from being meeleaved by the nudeases, Plas-
mids contained either the wild-bype K23 allde ar
one of several mutations {present In the six-blade
E13-propeller domain )} found in AR T-resistant
Cambodian isolates or FA2-ART. This strate gy
suoeesstully introdueed or renueeed mutations
in a set of P fiiciparum clinical isolates from
Cambadia, the epicenter of emerging ART mesist-
anee, a5 well as reference laboratory lines from
distinet geographie arigins (Flg. 1 and table 83).
OF mote, RSA L, assays comparing parental and
edited eontral parasites showed no difference if
onby the binding-site mutictions were ntrodoeed
into the K13-propeller dormin, indicating that thess
synunynous mutations were phenotypically slent

(Fig. 1and fig, 521, Independent assays with the
s parasite lines tested by our different groups
viekled consistent survival mtes between labo-
ratories {fig 531

Using donor plasmids eontaining & wild-tvpe
K13-propelker sequenee and sikent bind ng-site mu-
tations, we generated a series of dones in which
individual K13 mutations were removed from
ART-resistant Cambaodinn isolutes, One of these
isalates {Camd I showed slow elearanee after
ART manotherapy {in vivo half-life 6.0 hours)
¢table 52). Parental Cam3 ™% gn Cama n™=T
isalates harbori ng the RS30T mutation showed
W to 4% RS Aqen survival, wheress alited Camd.
1™ and Cam3I1™ elones earrying the reverbed
willdl-type allele showed only 0.3 to 07% survival
(Fig 2, A and B, and table 54). These highly
signifieant differenees in the survival rates of
ringstme parasites exposed o devabed DEA con-
centrations confirm the importanee of B530T in
mediating in vitra ART resistanee in Cambaodian
isolates, Significnnt reductions in RSA, ., sur-
vival rates were also observed upon removal of
15431 (43% in Cam5™ 7 versus 0.3% in Cam5™)
(Flg. 20) and CS80F (13% i Cam?™®™ versus
249 in Can2 ™) (Fig, 20).

W also assessed the impact of introducing 513
mutations into a fastelearing Cambodian salate
(CamWT; in vivo halflife 37 hours) (ble 53)
the CamAll™ elone, and three reference lines
(V1/8, F32TEM, and FCE). CamWT and Camsa.
U™ parasites harboring wild-type 813 alleles
showed 0.6 0 0.7 BSA, 4 survival, whereas
the correspontding CS80Y-edited clones yielded
O and 24% survival, respeetively (Fig 2 Eand
FlL Introducing RE30T into V1/S cansed a similar
inerense in BSAq s survival (003 to 21%0) (Fig. 206
ard table $41. Editing F32-TEM to express M4T6]

cansed a moderate inerease in RS A, survival
{=0:2% in FE2-TEM to LT in F3-TEMM'™)
{Fig. 2H). We also observed modest in vt e
sistaneein FOE mrasites edibed to express CEE0Y,
with REA, o survival inereasing from 0.5% in the
parental line to 1.9% in FCES™Y pyracites (Fig,
20} This result differs from a recent study of the
use of Cast in P falefporem, which reported a
greater inerease in BSAL ., survival (11 10 15%) in
oo clones engineered o express K13 CRR0Y {27,
That meport wsed the drug-sensitive MES strain—
which was isolated decades before ART use and
the emergence of resistanes (22 7—and did oot
ezavrmine additonal motations or assess the -
pact ofrermeving B3 mutations from AR -resistant
clinical isolates.

In contrast to the substantinl changes we ob-
served in the RSA, o, standard in vitro dose-
response measurements by use of parental and
K13edited VIS and Cam3.11 parasites revealed
o efect of BE30T or CSROY an DHA o artesi ke
sl inn inhibitory concentration {8y ) values (fig.
541, This finding is consistent with eadier studies
that shewed no corvelation between 1Cg values
and dinical ART resistanee {8, 10, 12),

W subsequiently invest igated whether individ-
ual mutations confer different levels of ART me
sistanes in the RS Ay . In the Dd2 refereroe line,
the introduction of M4 T6L RS0, or 15457 muta-
tions conferred considerably higher degrees of
resistanee than those of Y403 H and CE80Y (10 to
30% versus 2 to 4% survival, respectively) (Fig, 20
and table 541 These data corvoborate the recent
observation of higher levek of in vitto resistanee
in Cambaxlian isolates containing the RS39T mu-
tation as commpared with Y493H or C580Y (23]

The relatively modest incresse in survival of
CEBOY-expressing D2 parasites compared with
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Fig. L Genetic modification of the K13-propeller domain. Location of K13-propeller mutations and sequencing results showing the insertion of individual
mutations into recombinant parasites used in the RS54, 0dZ*¥ parasites cantain only synomymous, phenotypically silent binding -site mutations and showed
0.79% survival rates, which is equivalentto those of parental Dd2 parasibes (fig, 52).
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BASOT- and 1543 Teopresdng clinieal isolates and
edited clones was quite unexpected, given that
CE80Y has rapidly become the predominant mu-
tant allek in western Cambodia {7, 13 We thus
explored the impactof C580Y in different genetic
baekgrounds. Introdue ing CR80Y conferred groter
levels of resistance in theee Cambodian isolates
as compswed with D2 and FCB parasibes (Fig, 2E),
suggesting a role for additional pamsite fuctors
in augmenting K15-mediated resistanee in these
cortermporary fiek] isolates. The disparity between
relatively knw invitm messtance conferred by CS80Y
and ity widespread dissemination in Cambaodia
might be expluined by & lower fitness cost or in-
cressed transmission potential of CER0Y - presd ng
parasites, or by the parasite genetic back ground.

Cambodian parasites are speeifically charac-
terized by sympatrie subpopulations that show
anly limited genetic admixture and that gerer-
ally harbor distinet B35 mutations (35). These find-
inggs sugmrest that KLE moutations might have adsen
preferentially on backgronnds with favarable ge-
netie factors. In this context, recent comprehen-
sive analyses of K13 motations across multiple
sites in Southeast Asia have documented aseries
af additional mutations associated with slow chear-
anee rates in Cambodia, Thailand, Myanmat,
Lavew, and Vietnam {7, 241, K13 mutations have
also been observed in African isolates 7, 25 26),
although none of these correspond o the most
proevalent mutations in Cambodia, and ART or ACT
treatments in African sibes continue to show a

high kvl of efficacy (7). Arecent deep-sequeneing
study aof the K13-propeller domain in more than
M0 P feictparuem infections eollected from 14
gites aeross sub-Saharan Africa identified a
large reservoir of naturally oouming El5-propeller
variat ion, whose impact on artemisinin suseep-
tibility is uoknown and requires further inves-
tigation. These polymarphisms include one
rare mutation previousby observed in Cambodia
(PE53L) and several others {including ASTES)
clime to known resistance-causing mutations
in the propeller domain (261, Our gene-editing
system can now be wsed to comprebensiady dis-
st K13 polymarphisms aeross mnlada-endemic
regions and identify those that confer ring-stagme
ABT resistanoe,
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Fig. 2. K13-propeller mutations confer artemisinin resistance in clinical
isolates and reference lines in vitro, as defined in the RSA,.5;. Results
show the percentage of early ring-stage parasites {0 to 3 hours after
imvasion of human erythrocytes) that survived a G-hour pulse af 700 ni
OH A {a phammacologically relevant concentration of the adie metabolite of
ARTs), as measured by microscopy 86 hours later. Data show mean + SEM
percent surdwal compared with contral dimeth vl sulfoxide=treated parasites
processad in pamaliel. (A to D) RSAqz, survial for Cambodian isolates
harbaring native K13 mutations {shown in superscript) and ZFN -edited
isogenic clones carrying wild-type K13 allkeles {superscript "rev” ). {E ta 1)
R&4 53, survival far Cambodian isolates and reference lines harbaring wilkd-
type K13 alleles and ZFN-edited isogenic clones camying individual K13
mutations {shown in superscrpts). {J} Impact o different K13 mutations an
R 54 g, 3 survival in the Dd 2 reference ling, showing that 1543T and R539T confer

450 33 IANUARY 2015 « VOL 347 IS5UE 6320

the highest kwels of resistance. (K} Introduction of CHA0Y inta multiple
Cambodian clinical isolates and reference lines, showing that this mutation
canters varying degrees of in vitro resist ance depending on the para site genetic
background. The geographic arigins and known drug-resistance genotypes of
theseisalates and lines are provided in table 52. Results were obtained frarm 3
or 4 independent assays performead in duplicate {alues provided in table 54,
F32-TEM showed <02% RS5Ag survival). Tworsample | tests with unequal
variances {performed with the STATA pachage) were used to assess for
statistically significant differences betwesn Kl3-edited clones and their
comparator ling s=the parental isolates listed ontheleft in {4) to (1) and the
FCE= ™ clanein (K} ("F < 0.05; **F < Q0L ***P < 0.001; ****P < 0.0001).
Statistical outputs {including calculations of the 5E of the difference be-
tween the means of samples being compared and the P values) are listed in
the supplement ary materials.
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Mode-of-action studles have shown that ARTs
are active agpinst all asexual blood stages of
parasite developrment. In the more mituret voph-
oroite stages, ARTs areactivated after hemoglo-
bin degradation and liberation of reactive heme
whaose iron molety can eleave the endoperosdde
linkage of these sesquiterpene laetone drogs (27,
Avtivation genestes fre radicals that ace thought
to trigger oxidative stress and damage eellular
macromolecules, including parasite membrane
compronents, proteins, and neatral lipids (28, 20,
Revent evidence sugpests that hemoglobin deg-
radation begins carly after meroeoite hvasion,
potentinlly providing a souree of ART activator
i ring-stage parasites (300, Our BS Aas, data sup-
port earlier evidence that redueed ring-stie
suseeptibility accounts for the clinieal pheno-
type of slow parasite deavance after ART treat-
ment {12, 31, K15 mutations might achieve this
by protecting parasites from the lethal effects of
ART-induced axidative damage, potentially via a
celhlr pathway similar to anticeddant transerip-
tional responses regulated by the mam malian
artholog Keapl (323 Our set of K13-modified
mogenic parasites with different levels of ART
resistanee on distinet genetic backgrounds oo
enables a search for K13-interacting partners
andl delivers tools to interrogate the undeclying
e han isnw

Cur data demonstrate & eentral, cansal roke for
Klg-propeler mutations in confering ART resist-
anee in vitro and provide o moleelar ecplanat on
o show parasite chearanoee vates in patients {4, 7, i
By exposing greater parasite biomasses to ACTy
in vivo, Ki3-propeller mutatons may promote
the evolution of partner drug resistance {5, &)
and higher-grade ART resistanee. Our study thus
offers o conelusive rationale for a global K13
sequencing effort to track the spread of ART
resistunee and mitigate its impact on malaria
treatment and control peograms, particulady in
hyperendemie regions in Afrie
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DRUG RESISTANCE

Population transcriptomics of human
malaria parasites reveals the
mechanism of artemisinin resistance

Sachel Mok, ' Elizabeth A. Ashley,?” Pedro E. Ferreira,' Lei Zim,' Zhaoting Lin,'

Tomis Yeo," Kesinee Chotivanich,® Malliks Imwong,” Sasithon Pokrittaynkamee,®
Mehul Dhorda, > Chea Ngnon,” Pharath Lim,*" Chanaki Amaratonga,” Seila Suon,®
Trun Tinh Hien.," Ye Hiut.™ M. Abul Fai,” Marie A. Onyamboke, ™ Mayfong Mayoay,' "
Panl ™. Newion,”** Rupam Tripom,” Charles J, Woodrow,”” Olivo Miotte,* ™7
Dominde P. Ewistkowski,* 7 Francois Nosten,**® Nicholas P. J. Day,™* Peter R. Predser,
Nicholas J. White,®* Arjen M. Dondorp, > Rick M. Fairhurst,” Zhynek Bozdech™

Artermisinin resistance in Plasmodium falclparum threatens global efforts to contrel and
eliminate malaria. Pelymorphisms in the kelch domaln-carrying protein K13 are associated
with artemisinin resistance, but the underlying molecular mechanisms are unknown,

We analyzed the In vive transcriptemes of 1043 P. faleiparum isclates from patients with
acute malaria and found that artemisinin resistance is associated with increased
expression of unfolded protein response (UPR) pathways Invelving the major PROSC and
TRIC chaperone complexes. Artemisinin-resistant parasites also exhibit decelerated
progression through the first part of the asexual intraerythrocytic development cycle.
These findings suggest that artemisinin-resistant parasites remain in a state of
decelerated development at the young ring stage, whereas their up-regulated UPR
pathways mitigate protein damage caused by artemisinin. The expression profiles of
UPR-related penes also assoclate with the geographical origin of parasite isolates, further
suggesting their role in emerging artemisinin resistance in the Greater Mekong Subregion.

rtemisinin resistanee in Plosmodiom
Saletparm is spreading rapidly through-
out Southeast Asia Since it was first
detected 7 vears ago in Pailin, western
Cambodia (1), artemisinin resistanee has

become prevalent in other Cambodian prov-
inees (2, 3], Thailand-Myanmar barder areas
(4, 5) and southern Vietnam {4, §) and is
emerEing in southern Laos and central Myan-
mar {41, Artemisinin resistanee threatens the

23 IANUARY 2015 - VOL 3715500820 431
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D. Dihydroartemisinin-Piperaquine Resistance in Kupang

Regarding the emergence of ART resistance angitsad in Asia, it is important to
evaluate the level of ACTs resistance in Indondd@nitoring of K13 mutations is part of the
WHO criteria to investigate ART resistance worldeiic€Consequently, this gene is important
to be examined during malaria clinical trials ingémg to evaluate the possible ART resistance

emergence in Indonesia.

Even though there was no report of any treatmelotréayet after ACTs treatment and
linked to ART resistance in Indonesia, this stué@gwndertaken on isolates coming from areas
whereP. falciparum has been recorded as strongly present to assetkanACTs resistance

can be detected througk-vivo RSA assay.

Ethics approval submission was the first step efrésearch parallel to a study of the
population to define the most appropriate area gmibre endemic areas of malaria in
Indonesia. Patients were eligible if they were ag&b years, diagnosed for non-complicated
malaria caused by particularly. falciparum (slide-confirmed malaria), having fever (a
tympanic temperature 37.5°C) or history of fever 48 h preceding presgom and parasite
density no more than 200,000 parasites per pL withimum 0.5% parasitemia, seeking
treatment in primary health center or regency rafehospital, and agreeing to sign the
informed consent and follow the study. Patientsewexcluded if they were pregnant or
lactating women, children under 5 kg, already tgkmalaria treatment for 4 weeks in advance,
diagnosed for complicated malaria (co-infectionjected by othePlasmodium species than
P. falciparum, and having signs of severe malaria, severe méiont serious underlying

disease (renal, cardiac, or hepatic), or knowngyléo the study drugs.

Dihydroartemisinin-Piperaquine (Darp®xwas administered during the first 3 days of

the study and a follow-up was conducted until day¥b performex-vivo RSA and K13 gene



102

identification, parasites were isolated from 3 nflpatient’s venous blood placed in ACD
coagulant tube just prior to taking the drug. A gleudrops of blood were examined for its
parasitemia (thin smear), £ 100 uL was dropped fitter paper (Whatman® paper, Human

ID Bloodstain card) for DNA extraction, and the @nming was prepared for RS&-vivo.
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Figure 13. Position of Kupang (circled) in the ntdpndonesia [208]

After several evaluations based on the number bémis, laboratory facilities, and
other factors, the most relevant area to condwctekearch was Kupang Regency, East Nusa
Tenggara, one of the areas with high malaria imzgiden Indonesia. Furthermore, according

to the Department of Health of Kupang (internadepniology data, 2015), there were 64,953
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malaria cases in East Nusa Tenggara province ah@@stive cases &. falciparum malaria
found in Kupang Regency during 2014, and it wasddhat there were 5B. falciparum
malaria patients seeking treatment in primary heeédire center of Kupang Regency from
January to June 2015 (based on a direct obsenatttbe primary health-care center of Kupang
Regency). The distance between Kupang Regencyhardlioratory of BPOM Kupang as the
laboratory center for conducting RSA assay alsdrimuted to the choice of this population
area. Since the patients’ blood withdrawal hadtkchtime to be tested for its ACT resistance,
the distance between the primary health-care cemerdaboratory became important. In the
meantime, the ethics approval (ref. number: KE/RR/EC) from the Medical and Health
Research Ethics Committee of the Faculty of MedictBadjah Mada University, and research
permits from each primary health-care center indfypRegency, referral hospital and BPOM

Kupang were obtained prior to the beginning ofshly.

After one year of study, only 6 patientsioffal ciparum malaria enrolled among whom
one was developing severe malaria and one refosmhtinue the study after a week of follow-
up. As a result, only four patients met the créemd were followed up for the study. The small
number ofP. falciparum malaria patients that had been found was conteeityet previous data
collected from direct observation at the primarglttecare centers of Kupang Regency (2015).
It might be so because there was a decrease mdlaia prevalence in this aré&ased on the
report of the Department of Health, there were 38 ihalaria cases reported in this province
during 2015 [209]. This number indicated a sigm@ifitdecline in malaria prevalence from 13
APl level in 2014 to 7 in 2015. Additionally, thational annual parasite also reduced by 0.99
to 0.85 in 2015 [4]. This finding was likely to mgsent the limited number of cases in
Indonesia, particularly during our study in Kupakgrthermore, this phenomenon occurs not
only in Indonesia but also in other countries. éem@ publication mentioned that malaria cases

were declining by 54 % for last 3 years in GreMekong Sub-region (GMS) [210]. Several
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factors that might influence the decrease numbemnalfaria cases were climatic and non-

climatic.

Climatic factors include temperature, rainfall, amdative humidity. The optimum
temperature for parasite development is 27°C. Tempe raise delays the parasite
development in the gut of mosquito (more than yHdn addition, when the rain is delayed,
the breed of mosquitos decreases. Moreover, losiative humidity reduces the survival time
of mosquito to transmit malaria. Based on the diatan Metrological, Climatological, and
Geophysical Agency (BMKG), the temperature in Kuparached 31.07°C with 65-90%
humidity and 362 mm average rainfall. This conditiwas highly likely to affect malaria

transmission.

Non-climatic factors including urbanization and lamhost can have an impact on the
transmission. The incidence of malaria is loweruiban area than in rural area, but the
development in rural area may also influence malalistribution. Moreover, there is a
possibility that people already have immunity whiolakes better tolerance to the effects of
malaria, and non-immune people believe that beiferted by malaria is the same as common
cold and does not need serious treatment in heaétteenter. This makes many malaria cases

under reported.

In addition, malaria elimination program run by tfevernment also takes part in case
diminution. Specific strategies have been implemerty the government to expedite the
elimination program. Since Kupang is one of théhhmgalaria endemic areas, the acceleration
strategies have been employed through mass ITNgaigm early malaria detection and
appropriate treatment [4]. The evidence of the nemotb malaria cases reduction may indicate

that the elimination program runs well.
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From the six eligible patients, bloods were taked prepared foex-vivo RSA. Thin
blood smears were made to confirm the diagnosis getdrmine the parasitemia ratio.
Unfortunately, all the blood samples which were\dgkd to the laboratory could not allow
the detection of parasite presence although ibbas previously held as positiRefal ciparum
malaria. We did not have access to the originabsmi@ order to re-confirm whether the initial
parasitemia met the eligible criteria (> 0.5%). fidiere, theex-vivo RSA could not be carried
out though the analysis of K13 mutation is curneimtlprogress. Some possibilities are offered

to assess the causes and provide the solutions.

Theoretically, the blood must be processed rigtar dfaving been taken since delayed
processing can potentially undermine the parasitelition [211]. If the distance between the
site of blood withdrawal and the laboratory to coctdhe RSA assay is quite long, the blood
should be transported in a cold temperature. Ik gproximately two hours from Kupang
Regency to BPOM Kupang in Kupang city, therefore platient’s blood was stored in an ice
box during transportation. However, this did notrkv@A sudden temperature change from the
patient’s body to the storage condition might cdwiie to this problem. Then, an approach
was made by modifying the storage method. The bieasl stored in a cold temperature (2-
10°C) during the transport to the laboratory amacg@d in a room temperature during the
preparation in laboratory. Yet, it did not workhait. Moreover, since the authorized working
hours in the laboratory were limited, the bloodpam@ation was not possible to process on the

same day.

Another problem was related to the diagnosis pscébe diagnosis was made by
physicians based on patient’s blood smears prefréechnicians. Not all of the technicians
were certified giving an impact on smear evaluatidrere was a possibility that false positive

diagnosis occurred.
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These findings lead us to the following perspediv@®oking for another feasible study
area which has a large numberRoffalciparum cases, adequate laboratory facility and more
flexible access to conduct the study outside waykiours are strongly suggested. Furthermore,
in order to perform RSA assay, it is important toderstand the Indonesian parasite
characteristic by modification of blood transpartisstorage conditions if a field laboratory is
not available. Also, as K13 has a great impact atara control in Cambodia, it is interesting
to work on K13 screening not only in one endemgtrdit but also in several other endemic

regions in Indonesia to get whole a map of K13terise in Indonesia.



CONCLUSION AND PERSPECTIVES

A. CONCLUSION

Various efforts and studies have been undertakeediace malaria prevalence all around
the world. This study points out several strated@scombating malaria particularly in
antimalarial drug resistance. The approaches tesmttimalarial resistance problem include
discovering new drugs, understanding the resistaneehanism, and investigating the

occurrence of ART resistance in endemic area thradgntification of K13 gene mutation.

The first approach is discovering new drug by asegsselected medicinal plants in
Indonesia, namely. diversifolia, C. barbata, T. crispa, A. flavaandP. cauliflora. Those plants
represent not only good antiplasmodial activity balso potential antibabesial and
antileishmanial withP. cauliflora as the most promising medicinal plant for further

investigation.

Potential new drugs are also assessed by synthgsarganometallic compounds. Gold
complex combined with NHCs is prospective as a aetimalarial synthetic drug since it
exerts good antiplasmodial activity against CQstasit strain, especially in the cationic form,

and has lipophilic properties.

The second approach is done by understanding tkreofoK13-propeller mutation in
artemisinin resistance. K13-propeller mutation ratsi the occurrence of artemisinin

resistancen vitro on both Cambodian clinical isolates and laboralioes.

The last approach is identification of K13-gene atioh in Kupang, one of the endemic
regions in Indonesia. Unfortunately, it could netdstablished due to the limited number of

samples.

107
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B. PERSPECTIVES

As Indonesia government intends to achieve mafegi@-state by 2030, several
schemes on antimalarial drug resistance shoulcak with in advance. Some of the schemes

were explored in this study resulting in severalamks as follows.

First, selected plants from Indonesia have beewegrto possess good antiplasmodial
activity. Therefore, further phytochemical investign is essential to explore the active
compound of promising plants in order to discovar@antimalarial drug. Additionally, a study

on their mode of action will be more beneficial the drug development.

Another drug source, chemical synthesis from gold@ound combined with NHC as
a ligand, also presents a good activity againstr&gstant parasite. Hence, immediate
investigation on advanced pharmacology assays gsirexl, including exploration of
pharmacokinetics profile, stability study, and tti study before continuing to a clinical

level.

Third, exploring ART resistance mechanism has teduin confirmation of K13-
propeller mutation role as a mediator in ART resisk. Indeed, global attempts for K13 gene
sequencing are worth making to figure out the ifistron in Southeast Asian countries,
particularly in several endemic areas in Indonellareover, K13 mutation monitoring is

included in the WHO criteria to follow ART resistworldwide.

Following the third perspective, the study on K¥8geller mutation in Kupang, one
of the malaria endemic areas in Indonesia, hasoyst clearly conclusive. Follow-up attempts
to investigate its occurrence are strongly suggetielook for another feasible study area
which has a large numberBffalciparum cases, adequate laboratory facility and morellexi

access to conduct the study outside working hdti, in order to perform RSA assay, it is
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important to understand the Indonesian parasitegachexistics by modification of blood
transport and storage conditions if a field labamnais not available. Also, as K13 has a great
impact on malaria control in Cambodia, it is intneg to work on K13 screening not only in
one endemic district but also in several otheraegjin Indonesia to obtain the whole map of

K13 existence in Indonesia.
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Annex 1. Plant determination certificate: T. diversifolia

LABORATORY OF PHARMACEUTICAL BIOLOGY
DEPARTMENT OF PHARMACY
UNIVERSITAS ISLAM INDONESIA

JI. Kaliurang km 14,5 Ngemplak Sleman, Yogyakarta
Phone: (0274)895920 ext 4033, 4034

CERTIFICATE

Number: 007-02/L-PB/UII/2013

Customer name ' : Arba Pramundita Ramadani

Address : Dept of Pharmacology, Faculty of Medicine, Gadjah Mada
University, Yogyakarta, Indonesia

Phone : +62-81804209884

Date of determination : August 1% 2013

The undersigned explained that the plant determination was performed using aerial
part of kembang bulan in the Laboratory of Pharmaceutical Biology.
The result was :

Thithonia diversifolia

| certify that this letter is a true and accurate record of the certificate of plant

determination.

Yogyakarta, August 7" 2013
/og of Pharmageutical Biology Laboratory
A
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Annex 2. Plant determination certificate:C. barbata

LABORATORY OF PHARMACEUTICAL BIOLOGY
DEPARTMENT OF PHARMACY
UNIVERSITAS ISLAM INDONESIA
JI. Kaliurang km 14,5 Ngemplak Sleman, Yogyakarta
Phone: (0274)895920 ext 4033, 4034

CERTIFICATE

Number: 008-03/L.S-PB/UIl/2013

Customer name : : Arba Pramundita Ramadani

Address : Dept of Pharmacology, Faculty of Medicine, Gadjah Mada
University, Yogyakarta, Indonésia

Phone : +62-81804209884

Date of determination : August 1% 2013

The undersigned explained that the plant determination was performed using aerial
part of Cincau in the Laboratory of Pharmaceutical Biology.
The result was :

Cyclea barbata

| certify that this letter is a true and accurate record of the certificate of plant

determination.

akarta, August 7" 2013
2 fz Pharmaceutical Biology Laboratory
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Annex 3. Plant determination certificate: T. crispa

LABORATORY OF PHARMACEUTICAL BIOLOGY
DEPARTMENT OF PHARMACY
UNIVERSITAS ISLAM INDONESIA
JI. Kaliurang km 14,5 Ngemplak Sleman, Yogyakarta
Phone: (0274)895920 ext 4033, 4034

CERTIFICATE

Number: 009-03/S-PB/UII/2013

Customer name : Arba Pramundita Ramadani

Address : Dept of Pharmacology, Faculty of Medicine, Gadjah Mada
University, Yogyakarta, Indonesia

Phone 1 +62-81804209884

Date of determination : August 3" 2013

The undersigned explained that the plant determination was performed using aerial
part of Brotowali in the Laboratory of Pharmaceutical Biology.

The result was :

Tinospora crispa (L.) Miers

| certify that this letter is a true and accurate record of the certificate of plant

determination.

akarta, August 71" 2013
utical Biology Laboratory
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Annex 4. Plant determination certificate: A. flava

LABORATORY OF PHARMACEUTICAL BIOLOGY
DEPARTMENT OF PHARMACY
UNIVERSITAS ISLAM INDONESIA
JI. Kaliurang km 14,5 Ngemplak Sleman, Yogyakarta
Phone: (0274)895920 ext 4033, 4034

CERTIFICATE

Number: 010-04/S-PB/UI1/2013

Customer name ‘ : Arba Pramundita Ramadani

Address : Dept of Pharmacology, Faculty of Medicine, Gadjah Mada
University, Yogyakarta, Indonesia

Phone : +62-81804209884

Date of determination : August 3® 2013

The undersigned explained that the plant determination was performed using lignum
part of Kayu kuning in the Laboratory of Pharmaceutical Biology.
The result was :

Arcangelisia flava

| certify that this letter is a true and accurate record of the certificate of plant

determination.

/f-—¥ogyakarta, August 7" 2013
f%/\s":ﬁ‘l-legq of Pharmaceutical Biology Laboratory
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Annex 5. Plant determination certificate: P. cauliflora

LABORATORY OF PHARMACEUTICAL BIOLOGY
DEPARTMENT OF PHARMACY
UNIVERSITAS ISLAM INDONESIA
JI. Kaliurang km 14,5 Ngemplak Sleman, Yogyakarta
Phone: (0274)895920 ext 4033, 4034

CERTIFICATE

Number: 011-01/S.R-PB/UII/2013

Customer name H : Arba Pramundita Ramadani

Address : Dept of Pharmacology, Faculty of Medicine, Gadjah Mada
University, Yogyakarta, Indonesia

Phone : +62-81804209884

Date of determination : August 3© 2013

The undersigned explained that the plant determination was performed using aerial
part of Sengkubak in the Laboratory of Pharmaceutical Biology.
The result was :

Pycnarrhena cauliflora (Miers.) Diels

| certify that this letter is a true and accurate record of the certificate of plant

determination.

togyakarta, August 7" 2013
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MATERIALS AND METHODS
Zinc-finger nuclease (ZFN) engineering. ZFNs directed against K73 (PlasmoDB ID PF3D7_1343700;
also referred to as Kelchl13) were designed and assembled using an archive of validated modules (33).

These were screened for activity using an episomal reporter system, yielding ZFN pairs 18/19 and 18/20
(Table S1).

Plasmid construction. Left and right ZFNs were first linked with the 2A peptide to ensure equal levels of
expression driven by a single promoter (20). This ZFN L-2A-ZFN R sequence was cloned into the Avrll
and Xhol restriction sites in pDC2 (34). This placed the fused sequence under the regulatory control of
the 5 calmodulin (PF3D7_1434200) promoter and the 3’ Ap86 (PF3D7_0708500) terminator. This
plasmid also contained the human dAfr selectable marker (Fig. S1).

We generated six different donor plasmids to introduce either the wild-type K13 allele or one of five
mutant alleles: M4761 (allele 1), C580Y (allele 2), R539T (allele 3), Y493H (allele 4) or I543T (allele 5).

In a first step we amplified a 1.5-kb donor sequence of the K73-propeller domain using the primer pair

pl/p2 (Table S5) and cloned this into the pGEI\,”]®—T vector (Promega). At the zinc-finger binding site

we introduced six silent mutations by site-directed mutagenesis using the primer pair p3/p4. Allele-
specific mutations were introduced via mutagenesis with specific primer pairs: p5/p6 for M4761, p7/p8 tfor
C580Y, p9/p10 for R539T, p11/pl12 for Y493H and p13/pl4 for I543T. K13 donor sequences were
excised from the pGEM-T vector with the restriction enzymes Sacll and Pstl while the ZFN-containing
plasmid was digested with Sall and Pstl. The two incompatible sites Sacll and Sall from the donor
fragment and the vector, respectively, were previously filled in using Klenow DNA polymerase. K13
templates were ligated into the pDC2-based plasmids described above (with primer pairs 18/19 or 18/20,

both showing similar efficiency; Table S1) using the compatible Pstl site and blunt-end cloning, yielding

the final pZFNKH—hd@?‘ transfection plasmids.

Parasite cultures, transfections and DNA analysis. Asexual blood-stage parasites were propagated in

human erythrocytes in RPMI-1640 medium containing 2 mM L-glutamine, 50 mg/L hypoxanthine, 25
mM HEPES, 0.225% NaHCOs3, 10 mg/L gentamycin and 0.5% (w/v) Albumax I (Invitrogen) for the
Dd2, FCB and V1/S reference lines. Cambodian isolates and F32 parasites were further supplemented

with 5% human AB" serum (Interstate Blood Bank). Parasites were maintained at 37°C in an atmosphere
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of 5% O3 5% CO; and 90% N3, and electroporated with purified circular plasmid DNA as described
(35). One day after electroporation, parasites were exposed to 2.5 nM or 10 nM WR99210 for 6 days (the

latter concentration was reserved for quadruple dhfr mutant parasites; Table S3) to select for transformed
parasites (Fig. S1A). Parasites generally became microscopically detectable 15-25 days post-
electroporation. K13 editing was assessed by PCR analysis of bulk cultures, and cultures showing the
highest level of editing were selected for 96-well cloning by limiting dilution (Table S2). Clones were
identified after 17-28 days by staining with 2x SYBR Green I and 1.6 uM MitoTracker Deep Red
(Invitrogen) and assaying for growth by flow cytometry on an Accuri C6 cytometer (36). To test for K13
editing, P. falciparum trophozoite-infected erythrocytes were harvested and saponin-lysed. Parasite
genomic DNA was extracted and purified using DNeasy Blood kits (Qiagen). K13 sequences (Fig. 1)
were examined by PCR-amplifying the genomic locus with primers p15/p16 flanking the K13 plasmid
donor sequence. These products were amplified from bulk cultures or parasite clones. Sequencing was
performed with the internal p17 primer (Table S5). For select clones, expression of the mutant or wild-

type K13 alleles was confirmed by RT-PCR and sequencing.

Ring-stage survival assays (RSAe-3n). These assays were carried out as previously described, with minor
modifications (72). A detailed protocol is available on the WorldWide Antimalarial Resistance Network’s
website at http://www.wwarn.org/toolkit/procedures/ring-stage-survival-assays-rsa-evaluate-
susceptibility-p-falciparum. In summary, 10~15 mL parasite cultures were synchronized 1-2 times using
5% sorbitol (Sigma-Aldrich). Synchronous multinucleated schizonts were incubated in RPMI-1640
containing 15 units/ml sodium heparin for 15 min at 37°C to disrupt agglutinated erythrocytes,
concentrated over a gradient of 75% Percoll (Sigma-Aldrich), washed once in RPMI1-1640, and incubated
for 3 hours with fresh erythrocytes to allow time for merozoite invasion. Cultures were then subjected
again to sorbitol treatment to eliminate remaining schizonts. The 0-3 hours post-invasion rings were
adjusted to 1% parasitemia and 2% hematocrit in 1 mL volumes (in 48-well plates), and exposed to 700
nM DHA or 0.1% DMSO (solvent control) for 6 hours. Duplicate wells were established for each
parasite line + drug. One-mL cultures were then transferred to 15 mL conical tubes, centrifuged at 800xg
for 5 min to pellet the cells, and the supernatants carefully removed. As a washing step to remove drug, 9
mL culture medium were added to each tube and the cells resuspended, centrifuged, and the medium
aspirated. Fresh medium lacking drug was then added to cultures, which were returned to standard

culture conditions for 66 hours.
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Parasite viability was assessed by microscopic examination of Giemsa-stained thin blood smears by
counting parasites that developed into second-generation rings or trophozoites with normal morphology.
To obtain a homogenous smear for all slides, the cultures were resuspended, transferred into an
Eppendorf tube, and briefly centrifuged. 2 L of the pellet were then used for each smear. Parasitemias
were calculated from a total of at least 40,000 erythrocytes per assay. Slides were read from the two
duplicate wells per assay by two separate microscopists, each of whom examined at least 10,000
erythrocytes per slide. In instances of >20% discrepancy in parasite counts, slides were further examined
by a third microscopist. The mean+SEM numbers of erythrocytes counted per parasite line and per assay
were 44,160+970. Our mean+SEM parasitemia for non DHA-treated cultures was 5.1+0.3%. For assays
where <5 infected erythrocytes were counted from the initial examination of 40,000 erythrocytes
(cotresponding to a calculated parasitemia of <0.0125%), the total number of erythrocytes was expanded
to a mean+*SEM of 58,360+3,460.

Percent survival was calculated as the parasitemia in the drug-treated sample divided by the parasitemia in
the untreated sample x100. As an example, a 20% RSA¢sn survival value corresponded to a 1%
parasitemia in drug-treated parasites compared to a 5% parasitemia in the untreated control (the mean
parasitemia in our untreated controls). Assuming a total cell count of 40,000 erythrocytes, this produced a
95% confidence interval (CI) of 0.9-1.1% parasitemia (corresponding to 360-440 infected erythrocytes
for that particular line in one assay). A 2% RSAo-3n survival value corresponded to a 0.1% parasitemia in
the drug-treated sample (95% CI 0.07-0.13%; i.e. 28-52 infected erythrocytes) assuming a count of
40,000 erythrocytes. Given a 0.01% parasitemia (corresponding to a 0.2% RSAg-3h survival value) and an
average count of 58,360 erythrocytes, the 95% CI was 0.002-0.018% (i.e. 1-10 infected erythrocytes).
The limit of assay sensitivity was therefore set to 0.2% survival. For each parent and corresponding K73-
edited clones, individual groups were designated to perform the RSAg-3n assays, whose results are

presented in Fig. 2 and summarized in Table S4.

In witro 50% inhibitory concentration (ICso) assays. In vitro ICso values were determined by incubating
parasites for 72 hours across a range of concentrations of DHA or artesunate (0.25-24 nM for both).
Proliferation was determined by staining parasites with SYBR Green I and MitoTracker Deep Red, and
measuring parasitemia by flow cytometry (see above). In witro ICsp values were calculated by nonlinear

regression analysis, and Student # tests were used for statistical analysis.
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Fig. S1
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Fig. S1. K13-propeller editing strategy and plasmid map. (A) SNPs were inserted into wild-type or
removed from mutant KZ3-propeller alleles using zinc-finger nucleases (ZFNs; Table S1). In this
schematic, ZFNs introduce a double-stranded break (thunderbolt) in the 2™ propeller domain of the
wild-type genomic target locus, thus triggering DNA resection. The pZFN*“-hdhfr donor plasmid
sequence provides a DNA template for homology-directed repair processes. Green bars indicate the
presence of silent binding-site mutations that prevent the plasmid and the edited recombinant locus from
being cleaved by ZFNs. Red stars indicate the presence of a non-synonymous propeller mutation in the
plasmid and edited recombinant locus. (B) pZFN*"-hdjfr plasmid map. Plasmids contained either the
ZFN pairs 18/20 or 19/20 (Table S1). Black and green arrows indicate Sacll/Sall and AvrIl/Nhel

restriction sites that were ablated during plasmid construction (see supplementary text).
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Fig. S2
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Fig. §2. Synonymous K13 binding-site mutations do not significantly alter ring-stage susceptibility to
artemisinins. Parasite lines were transfected with pZFNXP-hdafr plasmids harboring only silent binding-
site mutations in the K73 donor template (Fig. 1), and edited clones were obtained. RSAq-3n assays were
performed on 3-5 separate occasions in duplicate, and percent survival was calculated as described in
Methods. We note that Dd2, FCB and V1/S harbor the wild-type K13 allele, whereas F32-ART harbors
the K13-propeller mutation M4761 that was acquired during several years of artemisinin pressure in vitro.
The F32-ART line and the edited F32-ART" line carrying silent binding-site mutations (in addition to
M476I), showed survival rates in the RSAp-3n that were 2-3 fold lower than those originally reported for
F32-ART, suggesting that the resistance phenotype had attenuated over time. Mean+SEM values are
represented above each column. Student # tests revealed no significant differences between the edited

clones harboring only the synonymous binding-site mutations (designated with superscript ctrl) and the

isogenic parental lines (p>0.05 in all cases).



131

Fig. S3
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Fig. S3. Demonstration of consistent RSAe-3n values between test sites. To test for consistency between
research groups, several parasite lines were shipped to separate laboratories for independent analysis.
Results showed equivalent survival rates among the three sites, namely those led by Dr. Didier Ménard at
the Institut Pasteur du Cambodge (IPC), Dr. Frangoise Benoit-Vical at the Université de Toulouse,
Centre National de Recherche Scientifique UPR8241 (CNRS), and Dr. Rick Fairhurst at the National
Institutes of Health (NIH). Assays were performed on 2-3 separate occasions in duplicate, and results are
shown as mean+SEM above each column. Dd2 and FCB*! parasites harbor the wild-type K73 allele (the
latter parasite line also contains synonymous binding-site mutations), whereas Cam5 parasites harbor the

K13 I543T mutation that confers elevated survival rates in the RSAg-3n, indicative of high-level in vitro

resistance. # tests showed no signiﬁcant difference between RSAg-3n results of different laboratories when

testing the same parasite lines (p>0.05 in all cases).
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Fig. S4
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Fig. S4. In vitro pro]iferation assays show no siglﬁﬁcant differences in ICsq values between K13 Wild—type
and mutant parasites. I1Cs¢ values (mean+SEM) were measured in 72-h proliferation assays with final

parasitemias determined using flow cytometry with SYBR Green I and MitroTracker Deep Red-stained

parasites. Assays were performed on three separate occasions in duplicate. DHA, dihydroartemisinin.

Table S1. Nucleotide sequences of K73-specific ZFN binding sites and amino acid sequences of zinc-finger proteins.

K13 ZFN Binding Sequence (underlined) ZFN Finger1 Finger2 Finger3 Finger4 Finger5 Finger6
CTTTGACTCCACATACTAGCAAATTCTCTACATACCATACAAAGT  43448.gLp® RSDNLSV IRSTLRD RSADLTR TNQNRIT TSGNLTR DSSNLAT
GAAACTGAGGTGTATGATCGTTTAAGAGATGTATGGTATGTTTCA  43419-KKR TSGSLTR TSSNRKT RPTRMQ QSGSLTR TSANLSR -
GAAACTGAGGTGTATGATCGTTTAAGAGATGTATGGTATGTTTCA  43420-KKR TSGSLSR TSSNRRH RSAHLTT QSGSLTR TSANLSR -

Amino acid sequences of ZFNs used in this study (individual fingers are underlined).

43418-ELD (414 amino acids)
MDYKDHDGDYKDHDIDYKDDDDKMAPKKKRKVGIHGVPAAMAERPFQCRICMRNFSRSDNLSVHIRTHTGEKPFACDICGRKFAIRSTLRDHTKIHTGSQKPFQCRICMRNFSRSADL
TRHIRTHTGEKPFACDICGRKFATNQNRITHTKIHTGSQKPFQCRICMRNFSTSGNLTRHIRTHTGEKP FACDICGRKFADSSNLATHTKIHLRGSQLVKSELEEKKSELRHKLKYVP
HEYIELIEIARNSTQDRILEMKVMEFFMKVYGYRGKHLGGSRKPDGAIYTVGSPIDYGVIVDTKAYSGGYNLPIGQADEMERYVEENQTRDKHLNPNEWWKVYPSSVTEFKFLFVSGH
FKGNYKAQLTRLNHITNCNGAVLSVEELLIGGEMIKAGTLTLEEVRRKFNNGEINFRSXX

43419-KKR (382 amino acids)

MDYKDHDGDYKDHDIDYKDDDDKMAPKKKRKVGIHGVPAAMAERPFQCRICMRKFATSGSLTRHTKIHTGEKPFQCRICMRNFSTS SNRKTHIRTHTGEKPFACDICGRKFARPTRMQ
HTKIHTGSQKPFQCRICMRNFSQSGSLTRHIRTHTGEKPFACDICGRKFATSANLSRHTKIHLRGSQLVKSELEEKKSELRHKLKYVPHEYIELIEIARNSTODRILEMKVMEFFMEV
YGYRGKHLGGSRKPDGAIYTVGSPIDYGVIVDTKAYSGGYNLPIGQADEMORYVKENQ TRNKHINPNEWWKVYPS SVTEFKFLFVSGHFKGNYKAQLTRLNRKTNCNGAVLSVEELLI
GGEMIKAGTLTLEEVRRKFNNGE INFXX

43420-KKR (383 amino acids)

MDYKDHDGDYKDHDIDYKDDDDKMAPKKKRKVGIHGVPAAMAERPFQCRICMRNFSTSGSLSRHIRTHTGEKPFACDICGRKFATS SNRRHHTKIHTGSQKPFQCRICMRKFARSAHL
TTHTKIHTGEKPFQCRICMRNFSQSGSLTRHIRTHTGEKPFACDICGRKFATSANLSRHTKIHLRGSQLVKSELEEKKSELRHKLKYVPHEY IELIEIARNSTODRILEMKVMEFFMK
VYGYRGKHLGGSRKPDGAIYTVGSPIDYGVIVDTKAYSGGYNLPIGQADEMQRYVKENQTRNKHINPNEWWKVYPSSVTEFKFLFVSGHFKGNYKAQLTRLNRKTNCNGAVLSVEELL

® The left ZFN 434 18-ELD contains six zinc fingers, whereas the two right ZFNs 43419-KKR and 43420-KKR each contain five. Each finger recognizes a 3-
nucleotide K713 sequence. 43418-ELD binds to the K73 non-coding (-) strand, whereas 43419-KKR and 43420-KKR bind to the same sequence on the coding
(+) strand. 43418-ELD / 43419-KKR, and 43418-ELD / 43420-KKR constitute the ZFN pairs 18/19 and 18/20 respectively (Table S3).
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Table S2. Geographic origin, native K73 allele and drug-resistance genotypes of Pl jparum clinical i and reference lines.

PCt» KH pfmdr1
Parasite Original ID Sanger ID Provider Geographic (year) (h) group K13-propeller PMID # pfert pfmdri CN dhfr dhps
Cam3. IPC5202 N/A D. Ménard Battambang, W. Cambodia (2011) ND ND R539T (allele 3) 24352242 Dd2® 184F 4 Tnpleb 436A/540E
Cam3.ll RF 967 PHO306-C  R. Fairhurst Pursat, W. Cambodia (2010) 6.0 3 R539T (allele 3) 22940027 Dd2 184F 1 Triple 436A/540E
Cam5 IPC 4912 NI/A D. Ménard Mondulkiri, E. Cambodia (2011) ND ND |543T (allele 5) 24352242 Dd2 WT 1 Quadruple 436F/540E/613S
Cam2 IPC 3445 N/A D. Ménard Pailin, W. Cambodia (2010) ND ND C580Y (allele 2) 24352242 Dd2 WT 2 Triple 436A/540E
CamWT RF 915 PHO164-C  R. Fairhurst Pursat, W. Cambodia (2010) 37 1 Wild-type 22940027 Dd2 WT 1 Triple 436A/540E
F32-TEM F32 N/A F. Benoit-Vical Tanzania (1982) N/A NIA Wild-type 20160056 WT WT 1 WT 436A
V1/S V1/s N/A MR4 Vietnam (1976) N/A NIA Wild-type 12124623 Dd2 86Y 1 Quadruple 613T
FCB FCB N/A MR4 Asia (1980) N/A NIA Wild-type 12124623 FCB 86Y 2 16VM08T 437A
Dd2 Dd2 N/A MR4 Indochina (1980) N/A NIA Wild-type 12124623 Dd2 86Y 3 Triple 436F/613S

2 Dd2: 741/75D/76T/220S/271E/326S/356T/3711; FCB: 741/75E/76T/220S/27 1E/326S/3711

anpIe, 511/59R/108N; Quadruple, 511/59R/108N/164L

PCty,, parasite clearance half-life; PMID #, PubMed identification number; pfmdr? CN, pfmdr1 copy number; MR4, Malaria Research and Reference Reagent Resource, Manassas, VA; N/A,

not available; ND, not determined.
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Table S3. K13 transfection outcomes with Plasmodium falciparum clinical isolates and reference lines.

Binding site
mutations only M476l (allele 1) C580Y (allele 2) R539T (allele 3) Y493H (allele 4) 1543T (allele 5)

Edited Edited Edited Edited Edited Edited Edited Edited Edited Edited Edited Edited
ZFN cultures clones cultures clones cultures clones cultures clones cultures clones cultures clones

Parasite  Pair (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
10f1

Cam3.| 18/19 (100%) ND ND N/A ND NJ/A ND NIA ND N/A ND N/A
10f1 20of 7

Cam3.| 18/20 (100%) (29%)a ND MN/A ND N/A ND NIA ND N/A ND N/A
1of2 40f16 0of 1

Cam3.ll 18/19 (50%)  (25%) ND N/A (0%) ND ND N/A ND N/A ND N/A
1of2 10of 1 10of4

Cam3.ll 18/20 (50%) ND ND N/A (100%) (25%) ND N/A ND N/A ND N/A
10f4

Camb 18/19 (25%) ND ND MN/A ND NJ/A ND NIA ND N/A ND N/A
1of4  6GofN

Cam5 18/20 (25%)  (55%) ND MN/A ND MNIA ND MNIA ND N/A ND NIA
10f2 10f6

Cam2 18/19  (50%) (17%) ND N/A ND N/A ND N/A ND N/A ND N/A
10f 2

Cam2 18/20 (50%) ND ND N/A ND N/A ND N/A ND N/A ND N/A
0of1 10of2 10of2 0of 1 0of2 10of2 Dof3

CamWT 1819  (0%) ND ND /A (50%)  (50%) (0%) ND (0%) ND (50%)  (0%)

0of2 0 of 1 1of2
CamWT 18/20 ND N/A ND N/A (0%) ND (0%) ND (50%) ND ND N/A
10of2
F32-TEM 18/19 ND N/A (50%) ND ND N/A ND N/A ND ND ND N/A
1of2  20f19

F32-TEM 18/20 ND N/A (50%)  (11%) ND N/A ND N/A ND N/A ND N/A
1of 2

F32-ART  18/19 (50%) N/A ND N/A ND NJ/A ND N/IA ND N/A ND N/A
1of2 0of3

F32-ART 18/20 (50%) (0%)b ND MN/A ND NJ/A ND NIA ND N/A ND N/A
0of1 Oof 2 10of1 0of18  0of1 10of2 0of 1

V1/8 18/19  (0%) MN/A (0%) ND (100%) (0%) (0%) ND (50%) ND (0%) ND
10f1 Oof 2 0of 1 1 of1 10f8 0of1 0of1

V1/5 18/20 (100%) NDec (0%) ND (0%) ND (100%) (13%) (0%) ND (0%) ND
0 of 1 0of1 1of2 20f25 00of3 0of 2 0of2

FCB 18/19  (0%) N/A (0%) ND (50%)  (8%) (0%) ND (0%) ND (0%) ND
0 of 1 0of1 0of2 0of3 0of3 0of2

FCB 18/20 (0%) N/A (0%) ND (0%) ND (0%) ND (0%) ND (0%) ND
0of1 Oof 3 10of1 10of10  0of6 10of1 1of 17  0of3

Dd2 18/19  (0%) N/A (0%) ND (100%) (10%) (0%) ND (100%) (6%) (0%) ND
10f 3 10of3 10of8 0of 1 10f6 10f8 0of 1 10of3 Jof 21

Dd2 18/20 (33%) ND (33%) (13%) (0%) ND (0%) (13%) (0%) ND (33%)  (14%)

Positive 120f30 130f43 30f16 3or27 5of14 50f589 20f22 20f16 3of14 10f17 20f14 3of24

events (40%)d (30%) (19%) (M%) (36%) e (9%) (9%) (13%) (21%)  (6%) (14%)  (13%)

# Clones were generated from individual bulk cultures with the highest percentage of editing events for a given mutation and parasite.The
percentages of edited clones are listed only for those that captured the desired nucleotide changes (either insertion or removal of a point
mutation of interest). Clones that captured binding site mutations but not K73 mutations were not included in this analysis; therefore, the
percentages listed underestimate the percentage of editing events.

b One clone (F32-ART'°trI in Fig. S3) captured the binding site mutations, but did not revert M476I to wild-type. This clone was therefore not listed
as being edited at the mutation of interest (see definition in footnote a).

€ This culture was not cloned because the desired binding site control line (Vﬂscm) was obtained from the transfection with the R539T plasmid,
resulting in incorporation of the binding site mutations but not R538T. This was one of several instances where a binding site mutant control was
obtained from transfections with mutant donor sequences that captured only the binding site mutations, but not the K73 mutations more distant
from the ZFN cleavage site. Binding site control clones are shown in Fig. S3.

4 These data suggest that removing K13 mutations (achieved using the plasmid containing the binding site mutations only) was generally more
efficient than introducing them, possibly due to a fitness cost associated with their presence.

® These data suggest that C580Y editing into K13 wild-type parasites was more efficient than editing of other mutations, possibly because the
C580Y mutation might have a lesser fitness cost. These results are consistent with C580Y being highly prevalent in western Cambodia, despite
our evidence that C580Y mediates a lower level of in vitro resistance than R539T or |543T (see Fig. 2).

N/A, not applicable; ND, not done.
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Table S4. Data from ring-stage survival assays (RSAs).

Original Binding-site RSA values Primary site of
Parasite isolate/line K13 sequence mutations mean £ SEM Assays RSA data
cam3.®**T  |pc5202  R539T (parent allele 3) No 402+30*® 3° IPC, Cambodia®
Cam3” IPC5202  wild-type (revertant)  Yes 03+ 0.1 3 IPC, Cambodia
cam3.®**"  RF 967 R539T (parent allele 3) No 489+08 3 NIH, USA
Cam3."™" RF 967 wild-type (revertant)  Yes 07+0.2 3 NIH, USA
Cam3N™" REO67  C580Y(allele2) . Yes . . 241%29 3 NIH, USA_
cams”**’ IPC 4912 15437 (parent allele 5) No 43.4+34 3 NIH, USA
Cam5™" IPC 4912 wild-type (revertant)  Yes 0.3 +0.02 3 NIH, USA
cam2®®®  |pc 3445  C580Y (parentallele 2) No 13.0£ 26 3 IPC, Cambodia
Cam2™" IPC 3445  wild-type (revertant)  Yes 24 %01 3 IPC, Cambodia
CamWT RF 915 wild-type (parent) No 0601 3 NIH, USA
CamwT<®"  RF 915 C580Y (allele 2) Yes 8905 3 NIH, USA
F32-TEM F32-TEM wild-type (parent) No <0.2° 4 CNRS, France
F32-TEMM® F32.TEM  M476l (allele 1) Yes 17+04 4 CNRS, France
VA/S VA/S wild-type (parent) No 03%0.1 3 NIH, USA
Vs Vs RSIOT (alleled) Yes 20740 4 NIH, USA
FCB FCB wild-type (parent) No 03+0.1 3 NIH, USA
FeB™ . FCB C80Y (allele2) Yes . 1903 4 NIH, USA_
Dd2 Dd2 wild-type (parent) No 03+01 3 IPC, Cambodia
Dd2 Y43 Dd2 Y493H (allele 4) Yes 17404 3 IPC, Cambodia
Dd2°%8% Dd2 C580Y (allele 2) Yes 41£04 3 IPC, Cambodia
Dd2M47®! Dd2 M476! (allele 1) Yes 9826 4 CNRS, France
Dd2"T Dd2 R539T (allele 3) Yes 19.4+ 08 3 NIH, USA
Dd2"*" Dd2 15437 (allele 5) Yes 29.1+39 3 IPC, Cambodia

® RSA values are the percentage of parasites that survived a 6-h pulse of 700 nM dihydroartemisinin, compared to DMSO-
treated parasites. Parasitemias were determined 66 h after ending the drug pulse.

® For each RSA value, the relative standard error (RSE) was calculated as the SEM/mean x100. The mean RSE for all assays
was 17.0%, indicating an average SEM of 17.0% of the mean.

¢ Assavs were performed on separate occasions as enumerated. with each assav performed in duplicate.

d IPC, Institut Pasteur du Cambodge (Ménard lab); CNRS, Centre National de Recherche Scientifigue UPR8241 (Benoit-Vical
lab); NIH, National Institutes of Health (Fairhurst lab).

¢ RSA values for F32-TEM were calculated to be 0.02+0.02. Based on our limit of sensitivity (as discussed in Supplementary
Materials) we have indicated this survival value to be <0.2%.
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Table S5. Oligonucleotides used in this study.

Name Nucleotide sequence (5'-3")° Description Lab name
p1 GTGACGTCGATTGATATTAATGTTGGTGGAGC K13 donor fwd p3984
p2 CCGCATATGGTGCAAACGGAGTGACCAAATCTGGG K13 donor rev p3986
p3 GGTGTATGATaGaTTAAGAGACGTcTGGTATGTaTCAAGTAATTTAAATATACC SDM ZFN binding site mutation fwd p4169
p4 CCAgACgTCTCTTAAtCtATCATACACCTCIGTTTCAAATAAAGCC SDM ZFN binding site mutation rev  p4170
p5 GCTGGCGTATGTGTACACCTATaTCTACCAAAAAAGCTTATTTTGGAAGTGC SDM allele 1 M4761 fwd p4173
p6 GGTAGAtATAGGTGTACACATACGCCAGCATTGTTGACTAATATCTAATAATTCC SDM allele 1 M476! rev p4174
p7 CATCAGCTATGTaTGTTGCTTTTGATAATAAAATTTATGTCATTGG SDM allele 2 C580Y fwd p4003
p8 ATTATCAAAAGCAACAIACATAGCTGATGATCTAGGGGTATTCAAAGG SDM allele 2 C580Y rev p4004
p9 CGTCAAATGGTACAATTTATTGTATTGGGGGATATGATGGCTCTTC SDM allele 3 R539T fwd p4005
p10 CCAATACAATAAATTgTACCATTTGACGTAACACCACAATTATTTC SDM allele 3 R539T rev p4006
p11 GAATAATTTCTTACACGTTTTTGGTGGTAATAACTATGATTATAAGGC SDM allele 4 Y493H fwd p4188
p12 CCAAAAACGTYTAAGAAATTATTCAATACAGCACTTCCAAAATAAGC SDM allele 4 Y493H rev p4189
p13 GGTAGAATTTATTGTACTGGGGGATATGATGGCTCTTCTATTATACC SDM allele 5 1543T fwd p4007
pl14 CATATCCCCCAgTACAATAAATTCTACCATTTGACGTAACACCAC SDM allele 5 1543T rev p4008
p15 GCAAATCTTATAAATGATGATTCTGG K135’ for screening fwd p4433
p16 GCTAATAAGTAATAT CAATATAAGGG K13 3 for screening rev p4434
p17 GGTATTAAATTTTTACCATTCCCATTAGTATTTTGTATAGG Sequencing primer p4186

? Lower-case nucleotides show the position that was subjected to mutagenesis.
fwd, forward; rev, reverse; SDM, site directed mutagenesis.



137

Statistical data: Results of two-sample t-tests with unequal variances

Cam3.I"™3T vs. Cam3.1™" (groups 1 vs. 2 respectively; p<0.01; Fig. 2A)

. ttest logCam3I, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err. Std. Dev. [95% Conf. Interval]

1 3 3.688271 .0768044 .133029 3.357809 4.018734

2 3  -1.546587 .4405906 .7631253  -3.44229% .3491212

combined 6 1.070842 1.187515 2.908805 -1.981761 4,123445

diff 5.234858 4472348 3.412362 7.057355

diff = mean(1) - mean(2) t = 11.7049

Ho: diff = @ Satterthwaite's degrees of freedom = 2.12144
Ha: diff < @ Ha: diff !'= 0 Ha: diff > 0

Pr(T < t) = 0.9971 PrCITI > [tl) = 0.0058 Pr(T > t) = 0.0029

Cam3.I1?3T v, Cam3.1T™ (groups 1 vs. 2 respectively; p<0.01; Fig. 2B)

. ttest logCam3II, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err. Std. Dev. [95% Conf. Interval]

1 3 3.89019 .016374 .0283606 3.819738 3.960642

2 3 -.5074539 .3730999 .646228 -2.112773 1.097866

combined 6 1.691368 .9974256 2.443184 -.8725962 4,255332

diff 4.397644 .3734591 2.796674 5.998614

diff = mean(1) - mean(2) t = 11.7754

Ho: diff = @ Satterthwaite's degrees of freedom = 2.0077
Ha: diff < 0 Ha: diff !'= 0 Ha: diff > 0

Pr(T < t) = 0.9965 PrCITI > [tl) = 0.0070 Pr(T > t) = 0.0035
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Camsl 543T

vs. Cam5™ (groups 1 vs. 2 respectively; p=<0.0001; Fig. 2C)

. ttest logCamS, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err. Std. Dev. [95% Conf. Interval]

1 3 3.763479 .@0753753 .13@5539 3.439165 4.087793

2 3 -1.215887 .0725464 .125654 -1.528029 -.9037451

combined 6 1.27379% 1.114403 2.729718 -1.590867 4.138459

diff 4.979366 .1046155 4.688739 5.269993

diff = mean(1l) - mean(2) t = 47.5968

Ho: diff = @ Satterthwaite's degrees of freedom = 3.99416
Ha: diff < @ Ha: diff !'= 0 Ha: diff > 0@

Pr(T < t) = 1.0000 PrCITI > 1t]) = 0.0000 Pr(T > t) = 0.0000

Cam2©%8% ys. Cam2™" (groups 1 vs. 2 respectively; p<0.01; Fig. 2D)

. ttest logCam2, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err. Std. Dev. [95% Conf. Interval]

1 3 2.525393 .1843995 .3193893 1.731986 3.3188

2 3 .867163 .0518709 .0898431 .6439804 1.090346

combined 6 1.696278 .3805589 .9321752 .7180201 2.674536

diff 1.65823 .1915562 .9325863 2.383874

diff = mean(1) - mean(2) t = 8.6566

Ho: diff = @ Satterthwaite's degrees of freedom = 2.31454
Ha: diff < @ Ha: diff !'= 0 Ha: diff > 0@

Pr(T < t) = 0.9959 PrCITI > 1t1) = 0.0082 Pr(T > t) = 0.0041
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CamWT vs. CamWT 380 (groups 1 vs. 2 respectively; p<0.01; Fig. 2E)

. ttest logCamWT, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err. Std. Dev. [95% Conf. Interval]

1 3 -.5885569 .1905804 .330005 -1.408558 .2314445

2 3 2.184728 .0602016 .1042722 1.925701 2.443754

combined 6 . 7980854 .6265337 1.534688 -.8124706 2.408642

diff -2.773285 .1998628 -3.510595 -2.035975

diff = mean(1l) - mean(2) t = -13.8759

Ho: diff = @ Satterthwaite's degrees of freedom = 2.3952
Ha: diff < @ Ha: diff =0 Ha: diff > @

Pr(T < t) = 0.0012 Pr(ITI > 1t1) = 0.0024 Pr(T > t) = 0.9988

Cam3.IT" vs. Cam3.11¢%8%Y (groups 1 vs. 2 respectively; p<0.01; Fig. 2F)

. ttest logCam3IIC586Y, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err. Std. Dev. [95% Conf. Interval]

1 3 -.5074539 3730999 .646228 -2.112773 1.097866

2 3 3.167337 .1149281 .1990612 2.672841 3.661832

combined 6 1.329941 . 8400516 2.057698 -.8294799 3.489363

diff -3.67479 .3903998 -5.123775 -2.225806

diff = mean(1) - mean(2) t = -9.4129

Ho: diff = @ Satterthwaite's degrees of freedom = 2.37616
Ha: diff < @ Ha: diff != 0 Ha: diff > 0

Pr(T < t) = 0.0031 PrCITI > It1) = 0.0062 Pr(T > t) = 0.9969
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V1/S vs. V1/SR539T (groups 1 vs. 2 respectively; p<0.01; Fig. 2G)

. ttest logVlS, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err.  Std. Dev. [95% Conf. Interval]

1 3  -1.208234 .3612046 .6256247 -2.762372 .3459035

2 4 2.972716 .1999613 .3999226 2.33635 3.609082

combined 7 1.18088 .8622912 2.281408 -.9290704 3.290831

diff -4,18095 .4128599 -5.447017 -2.914884

diff = mean(1l) - mean(2) t = -10.1268

Ho: diff = @ Satterthwaite's degrees of freedom = 3.21256
Ha: diff < 0 Ha: diff != 0 Ha: diff > @

Pr(T < t) = 0.0008 PrCITI > Itl) = 0.0015 Pr(T > t) = 0.9992

F32-TEM vs. F32-TEM™*®! (groups 1 vs. 2 respectively; p<0.01; Fig. 2H)

. ttest logF32TEM, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err.  Std. Dev. [95% Conf. Interval]

1 3 -1.609438 7] @ -1.609438 -1.609438

2 4 .3982619 .3075268 .6150537  -.5804257 1.37695

combined 7 -.4621829 .4376593 1.157938 -1.533095 .6087328

diff -2.0077 .3075268 -2.986388 -1.029012

diff = mean(l) - mean(2) t = -6.5285

Ho: diff = @ Satterthwaite's degrees of freedom = 3
Ha: diff < @ Ha: diff != 0 Ha: diff > @

Pr(T < t) = 0.0037 PrCITI > Itl) = 0.0073 Pr(T > t) = 0.9963
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FCB vs. FCB®®Y (groups 1 vs. 2 respectively; p<0.01; Fig. 21)

. ttest logFCB, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err.  Std. Dev. [95% Conf. Interval]

1 3  -1.260332 .1874178 .3246172 -2.066726  -.4539377

2 4 .5756699 .2217322 4434645 -.129981 1.281321

combined 7 -.2111879 .3957941 1.047173 -1.179%661 .7572853

diff -1.836002 .2903285 -2.582576 -1.089427

diff = mean(l) - mean(2) t = -6.3239

Ho: diff = @ Satterthwaite's degrees of freedom = 4.99418
Ha: diff < @ Ha: diff !'= 0 Ha: diff > @

Pr(T < t) = 0.0007 PrCITI > [t1) = 0.0015 Pr(T > t) = 0.9993

Dd2 vs. Dd2Y**" (groups 1 vs. 2 respectively; p<0.05; Fig. 2J)

. ttest logDd2Y493H, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err.  Std. Dev. [95% Conf. Interval]

1 3 -1.304008 .3314896 .5741568 -2.730292 .1222767

2 3 .4804795 .2148663 .3721593  -.4440154 1.404975

combined 6 -.4117641 .4363832 1.068916 -1.533523 . 7099947

diff -1.784487 .3950352 -2.957299 -.6116756

diff = mean(l) - mean(2) t = -4.5173

Ho: diff = @ Satterthwaite's degrees of freedom = 3.42843
Ha: diff < @ Ha: diff 1= 0 Ha: diff > @

Pr(T < t) = 0.0076

PrCITI > [t]) = 0.0152

Pr(T > t) = 0.9924
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Dd2 vs. Dd2¢58% (groups 1 vs. 2 respectively; p<0.01; Fig. 2])

. ttest logDd2(C580Y, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err.  Std. Dev. [95% Conf. Interval]

1 3  -1.304008 .3314896 .5741568 -2.730292 .1222767

Z 3 1.39194 .1087222 .1883124 .9241457 1.859734

combined 6 .043966 .622694 1.525282 -1.55672 1.644652

diff -2.695947 .3488637 -3.97@905 -1.42099

diff = mean(l) - mean(2) t = =7.7278

Ho: diff = @ Satterthwaite's degrees of freedom = 2.42536
Ha: diff < @ Ha: diff =0 Ha: diff > 0

Pr(T < t) = 0.0046 PrCITI > 1t1) = 0.0092 Pr(T > t) = 0.9954

Dd2 vs. DA2™*7®! (groups 1 vs. 2 respectively; $<0.001; Fig. 2J)
. ttest logDd2M476I, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err.  Std. Dev. [95% Conf. Interval]

1 3  -1.304008 .331489%6 .5741568 -2.730292 .1222767

2 4 2.162859 .2838199 .5676399 1.259617 3.0661

combined 7 .6770588 . 7275241 1.924848 -1.103129 2.457246

diff -3.466866 .4363933 -4.634165 -2.299568

diff = mean(1l) - mean(2) t = -7.9444

Ho: diff = @ Satterthwaite's degrees of freedom = 4.,42262
Ha: diff < @ Ha: diff =@ Ha: diff > @

Pr(T < t) = 0.0004 PrCITI > 1tl) = 0.0009 Pr(T > t) = 0.9996
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Dd2 vs. Dd2R53T (groups 1 vs. 2 respectively; p<0.01; Fig. 2J)
. ttest 1ogDd2RS539T, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err.  Std. Dev. [95% Conf. Intervall]

1 3  -1.304008 .3314896 .5741568 -2.730292 .1222767

2 3 2.96476 .0417134 .0722497 2.785281 3.144238

combined 6 .830376 .966149 2.366572 -1.653189 3.313941

diff -4.268767 .3341038 -5.664839 -2.872696

diff = mean(1) - mean(2) t = -12.7768

Ho: diff = @ Satterthwaite's degrees of freedom = 2.06332
Ha: diff < 0 Ha: diff =0 Ha: diff > @

Pr(T < t) = 0.0027 PrCITI > 1tl) = 0.0054 Pr(T > t) = 0.9973
Dd2 vs. Dd2P#T (groups 1 vs. 2 respectively; p<0.01; Fig. 2])
. ttest logDd2I543T, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err.  Std. Dev. [95% Conf. Intervall]

1 3  -1.304008 .3314896 .5741568 -2.730292 .1222767

2 3 3.353108 .1395851 .2417684 2.752522 3.953694

combined 6 1.02455 1.053713 2.581058 -1.684104 3.733204

diff -4.657116 .3596795 -5.880846 -3.433385

diff = mean(1) - mean(2) t = -12.9480

Ho: diff = @ Satterthwaite's degrees of freedom = 2.68763
Ha: diff < @ Ha: diff !'= 0 Ha: diff > 0

Pr(T < t) = 0.0008

PrCITI > Itl) = 0.0017

Pr(T > t) = 0.9992
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FCBC80Y s, Dd2C580Y (groups 1 vs. 2 respectively; p<0.05; Fig. 2K)
. ttest logDd2(C58@Y, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err.  Std. Dev. [95% Conf. Interval]

1 4 .5756699 .2217322 .4434645 -.129981 1.281321

2 3 1.39194 .1087222 .1883124 .9241457 1.859734

combined 7 .9254998 .2071994 .5481982 .418501 1.432499

diff -.8162698 .2469528 -1.486439 -.1461009

diff = mean(1) - mean(2) t = -3.3054

Ho: diff = @ Satterthwaite's degrees of freedom = 4.24766
Ha: diff < 0 Ha: diff 1= 0 Ha: diff > 0

Pr(T < t) = 0.0136 PrCITI > Itl) = 0.0272 Pr(T > t) = 0.9864

FCB®Y vs, CamWTC8%Y (groups 1 vs. 2 respectively; p<0.01; Fig. 2K)
. ttest 1ogCamWTC580Y, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err.  Std. Dev. [95% Conf. Interval]

1 4 .5756699 .2217322 . 4434645 -.129981 1.281321

2 3 2.184728 .0602016 .1042722 1.925701 2.443754

combined 7 1.265266 .3467581 .9174356 4167797 2.113753

diff -1.609058 .2297595 -2.290976  -.9271395

diff = mean(1) - mean(2) t = -7.0032

Ho: diff =0 Satterthwaite's degrees of freedom = 3.43063
Ha: diff < @ Ha: diff =0 Ha: diff > @

Pr(T < t) = 0.0019 PrCITI > 1tl) = 0.0038 Pr(T > t) = 0.9981
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FCBS8Y ys. Cam2©®Y (groups 1 vs. 2 respectively; p<0.01; Fig. 2K)
. ttest logCam2C580Y, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err.  Std. Dev. [95% Conf. Interwval]

1 4 .5756699 .2217322 .4434645 -.129981 1.281321

2 3 2.525393 .1843995 .3193893 1.731986 3.3188

combined 7 1.411266 .4172107 1.103836 .3903876 2.432143

diff -1.949723 .2883892 -2.691124 -1.208322

diff = mean(l) - mean(2) t = -6.7607

Ho: diff = @ Satterthwaite's degrees of freedom = 4,99837
Ha: diff < 0 Ha: diff !'= 0 Ha: diff > 0@

Pr(T < t) = 0.0005 PrCITI > Itl) = 0.0011 Pr(T > t) = 0.9995

FCB®*8%Y ys. Cam3.11¢58Y (groups 1 vs. 2 respectively; p<0.001; Fig. 2K)
. ttest 1ogCam3IIC580Y, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err.  Std. Dev. [95% Conf. Interval]

1 4 .5756699 .2217322 .4434645 -.129981 1.281321

2 3 3.167337 .1149281 .1990612 2.672841 3.661832

combined 7 1.686384 .5385969 1.424993 .3684851 3.004283

diff -2.591667 .2497471 -3.263246 -1.920088

diff = mean(l) - mean(2) t = -10.3772

Ho: diff = @ Satterthwaite's degrees of freedom = 4.35678
Ha: diff < 0 Ha: diff !'= 0 Ha: diff > 0@

Pr(T < t) = 0.0002 PrCITI > Itl) = 0.0003 Pr(T > t) = 0.9998
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Dd2 vs. Dd2<t! (groups 1 vs. 2 respectively; p = not significant; Fig. S2)
. ttest loghd2, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err. Std. Dev. [95% Conf. Interval]

1 3 -1.304008 .3314396 .5741568 -2.730292 .1222767

2 3  -.3955087 .2486298 .4306395 -1.465276 .6742591

combined 6 -.8497582 .2749708 .6735382 -1.556593  -.1429232

diff -.908499 .4143695 -2.095421 .2784229

diff = mean(1l) - mean(2) t = -2.1925

Ho: diff = @ Satterthwaite's degrees of freedom = 3.70929
Ha: diff < @ Ha: diff != 0 Ha: diff > @

Pr(T < t) = 0.0494 PrCITI > 1tl) = 0.0988 Pr(T > t) = 0.9506

FCB vs. FCBct (groups 1 vs. 2 respectively; p = not significant; Fig. S2)
. ttest logFCB, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err.  Std. Dev. [95% Conf. Interval]

1 3 -1.260332 .1874178 .3246172 -2.066726 -.4539377

2 3 -.8974407 .3438403 .5955488 -2.376866 .5819846

combined 6 -1.078886 .193015 4727884  -1.575047  -.5827252

diff -.362890@9 .3916013 -1.588419 .8626372

diff = mean(1l) - mean(2) t = -0.9267

Ho: diff = @ Satterthwaite's degrees of freedom = 3.09202
Ha: diff < @ Ha: diff != 0 Ha: diff > 0

Pr(T < t) = 0.2103 Pr(ITI > [tl) = 0.4206 Pr(T > t) = 0.7897



V1/S vs. V1/8! (groups 1 vs. 2 respectively; p = not significant; Fig. S2)

. ttest logVlS, by(group) unequal

Two-sample t test with unequal variances
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Group Obs Mean Std. Err. Std. Dev. [95% Conf. Interval]

1 3 -1.208234 .3612046 .6256247 -2.762372 .3459035

2 3 -1.735915 .1444376 .2501733 -2.35738 -1.11445

combined 6 -1.472075 .2102107 .514909 -2.012439 -.931711

diff .5276807 .3890128 -.8171156 1.872477

diff = mean(1) - mean(2) t = 1.3565

Ho: diff = @ Satterthwaite's degrees of freedom = 2.62366
Ha: diff < @ Ha: diff =0 Ha: diff > @

Pr(T < t) = 0.8601 PrCITI > 1tl) = 0.2799 Pr(T > t) = 0.1399

F32-ART vs. F32-ART “ (groups 1 vs. 2 respectively; p = not significant; Fig. S2)
. ttest 1ogF32ART, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err. Std. Dev. [95% Conf. Interval]

1 3 1.54359 .2493203 .4318355 .470851 2.616329

2 5 1.056817 .2388532 .5340919 .3936547 1.71998

combined 8 1.239357 .1869997 .5289149 .7971732 1.681541

diff .4867725 .3452701 -.3917757 1.365321

diff = mean(1l) - mean(2) t = 1.4098

Ho: diff =@ Satterthwaite's degrees of freedom = 5.17592
Ha: diff < @ Ha: diff 1= 0 Ha: diff > @

Pr(T < t) = 0.8921 PrCITI > 1tl) = 0.2158 Pr(T > t) = 0.1079
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Dd2 comparison between IPC and CNRS (groups 1 vs. 2 respectively; p = not
significant; Fig. S3)

. ttest logDd2, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err.  Std. Dev. [95% Conf. Interval]

1 3 -1.304008 .3314896 .5741568 -2.730292 .1222767

2 2 -.4315231 .5493061 .7768362 -7.411119 6.548073

combined 5 -.9550139 .3298683 7376079 -1.870875 -.0391527

diff -.8724846 .6415782 -4.,057465 2.312496

diff = mean(1) - mean(2) t = -1.3599

Ho: diff = @ Satterthwaite's degrees of freedom = 1.74524
Ha: diff < @ Ha: diff =@ Ha: diff > @

Pr(T < t) = 0.1615 PrCITI > 1t1) = 0.3230 Pr(T > t) = 0.8385

FCB! comparison between NIH and CNRS (groups 1 vs. 2 respectively; p = not
significant; Fig. S3)

. ttest logFCB, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err. Std. Dev. [95% Conf. Interval]

1 3 -.8974407 .3438403 .5955488 -2.376866 .5819846

2 3 -1.260332 .1874178 3246172 -2.066726 -.4539377

combined 6 -1.073886 .193015 4727884  -1.575047 -.5827252

diff .3628909 .3916013 -.8626372 1.588419

diff = mean(1) - mean(2) t = 0.9267

Ho: diff = @ Satterthwaite's degrees of freedom = 3.09202
Ha: diff < @ Ha: diff =0 Ha: diff > @

Pr(T < t) = 0.7897

PrCiITl > 1tl) = 0.4206

Pr(T > t) = 0.2103
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Cam51543T

comparison between NIH and IPC (groups 1 vs. 2 respectively; p = not
significant; Fig. S3)

. ttest logCam5, by(group) unequal

Two-sample t test with unequal variances

Group Obs Mean Std. Err.  Std. Dev. [95% Conf. Interwval]

1 3 3.763479 .0753753 .1305539 3.439165 4.087793

2 2 3.685584 .0181838 0257158 3.454537 3.916632

combined 5 3.732321 .0458427 .1025074 3.605041 3.859601

diff .077895 .0775377 -.2254468 .3812368

diff = mean(1) - mean(2) t = 1.0046

Ho: diff = @ Satterthwaite's degrees of freedom =  2.2245
Ha: diff < 0 Ha: diff !'=0 Ha: diff > 0@

Pr(T < t) = 0.7942 PrCITI > Itl) = 0.4116 Pr(T > t) = 0.2058
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