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ABSTRACT

The emergence of resistance towards artemisinin combination therapies (ACTs) by the malaria
parasite Plasmodium falciparum has the potential to severely compromise malaria control.
Therefore, development of new artemisinins in combination with new drugs that impart activities
towards both intraerythrocytic proliferative asexual and transmissible gametocyte stages, in
particular those of resistant parasites, are urgently required. We define artemisinins as oxidant
drugs through their ability to oxidize reduced flavin cofactors of flavin disulfide reductases
critical for maintaining redox-homeostasis in the malaria parasite. Here we compare the
activities of 10-amino artemisinin derivatives towards the asexual and gametocyte stages of P.
falciparum parasites. Of these, artemisone and artemiside inhibited asexual and gametocyte
stages, particularly stage V gametocytes in the low nM range. Further, treatment of both early
and late gametocyte stages with artemisone or artemiside combined with the pro-oxidant redox
partner methylene blue displays notable synergism. These data suggest that modulation of
redox-homeostasis likely is an important druggable process, particularly in gametocytes, and
thereby enhances the prospect of using combinations of oxidant and redox drugs for malaria

control.



INTRODUCTION

Chemotherapy, coupled with vector control, has reduced malaria disease mortality by over 66%
since 2000 (1). However, the emergence of drug resistance by Plasmodium falciparum parasites
to clinically used artemisinin derivatives dihydroartemisinin (DHA), artesunate and artemether
currently used in artemisinin combination therapies (ACTS) represents a crushing setback to
global malaria control (2-5). Therefore, the need to develop new drugs for use in ACTSs that
counter the resistance and thereby supplant the combinations of current artemisinin derivatives
with other antimalarial drugs becomes a particularly urgent task (6). In addition, new partner
drugs other than those — amodiaquine, lumefantrine, mefloquine, piperaquine and pyronaridine —
normally used in ACTs are also mandated given that reduced susceptibility of the parasite to the
current partner drugs is now established (7-11). The seriousness of the problem is starkly
illustrated by the rapid spread of a single mutant associated with artemisinin resistance that has

also acquired resistance to piperaquine (12).

In addition to activity against asexual intraerythrocytic stages of resistant parasites, any
new drug either alone or combined with another drug must also be highly active against the
sexual gametocyte stages so that by blocking transmission it may inhibit the spread of the
resistant phenotypes (13). This property is not manifest in current drug combinations. In the
absence of resistance, ACTs such as artemether-lumefantrine, DHA-piperaquine and sulfa-
doxine-pyrimethamine-artesunate are curative of intraerythrocytic asexual stage parasite
infections and decrease gametocyte densities and clearance times, but are only moderately
effective in clearing mature stage gametocytes (14, 15). As part of a large scale international
interdisciplinary research program involving the design and development of new triple drug

combinations for the treatment of malaria, tuberculosis, and toxoplasmosis, we are evaluating the



utility of combinations of oxidant (16-18) and redox (or 'pro-oxidant’) drugs (19-21) coupled
with a third partner drug with a different mechanism of action. The third partner drug being
considered in the first instance incorporates a 4(1H)-quinolone scaffold (22). Quinolones are
used clinically for treatment of tuberculosis (23); selected examples have acquired lead status as
antimalarial drugs (24-26) and display potent dual target effects when combined with the
appropriate drug partner (25). Thus, the ultimate aim is to develop compounds that when used in
combination are not only effective against drug-resistant intraerythrocytic asexual stage parasites
but also are highly active against the sexually differentiated transmissible gametocyte stages

(13).

It is widely accepted that artemisinins undergo reductive 'bioactivation' either by heme-
iron(11) or labile non-heme iron(ll) to produce 'toxic' C-radicals that alkylate vital intraparasitic
proteins (27-29) through chemoproteomic analyses (30-32). However, the complicated
polypharmcology of these compounds may additionally be explained by defining artemisinins
and other antimalarial peroxides as oxidant drugs. This is based on the potential inability of such
radicals to act as 'alkylating' agents in the oxygen-rich essentially oxidizing environment of the
intraerythrocytic parasite (18, 33, 34). Further, artemisinins are recalcitrant reaction partners for
iron under biologically realistic conditions. What is clear is that intraerythrocytic parasites are
oxidatively stressed (19-21, 33, 34), as reflected in the greatly increased turnover of glucose-6-
phosphate dehydrogenase (G6PD) required to generate NADPH (35, 36) for reduction of flavin
cofactors FAD, FMN etc. by glutathione reductase (GR), thioredoxin reductase (TrxR) and other
flavin disulfide reductases (37). The reduced flavin cofactors provide electrons for reduction of
endogenous disulfides, e.g. oxidized glutathione (GSSG), to the corresponding thiol required for

interception of reactive oxygen species (ROS), thereby maintaining redox homeostasis (33, 38,



39). However, artemisinins rapidly oxidize such reduced flavin cofactors (Fig.1Ai) (16, 17, 39).
Thus, electron supply from the reduced flavin cofactor is diverted to the artemisinin and build-up
of ROS with abrogation of redox homeostasis in P. falciparum thereby takes place (Fig. 1B).
This is compatible with the observations that activities of artemisinins against P. falciparum are
enhanced in an oxygen enriched atmosphere (40), and that formation of ROS occurs upon
treatment of malaria parasites with artemisinin (41-43). Further, it is strikingly apparent that
artemisinin resistance, as associated with mutations in the P. falciparum Kelch13 (PfK13)
propeller domain and induction of dormancy of ring stage parasites as part of a complex
signaling cascade reflects an enhanced inertness of the parasite to oxidative stress (3, 44). It is
notable that DHA is labile under physiological conditions, yet it is modelled intact into the P.
falciparum phosphatidylinositol-3-kinase (PfP13K) target (45). Given the structural diversity of
artemisinins and synthetic peroxides that elicit potent antimalarial activities (4), the presentation
of a model invoking classical inhibition by binding into an endogenous receptor site is not
convincing. According to precedent for this type of target involving redox-sensitive signal
transduction pathways, the nature of the inhibition may equate with generation of ROS by the
artemisinin and evidently, inhibition of phosphatidylinositol-3-phosphate (PI3P) generation by

ROS (46-48).

Hence, by combining an artemisinin with a redox drug, action of each should be
promoted. Although several structurally disparate redox drugs are under active examination in
this project, we illustrate the principle here with methylene blue (MB, Fig.1Aii) (38, 49). MB
undergoes redox cycling via oxidation of its reduced conjugate leucomethylene blue (LMB) to
MB by oxygen, a process that also generates ROS (50, 51). As must be closely related to the case

with artemisinins, intraparasitic GR, TrxR, lipoamide dehydrogenase and others are directly



affected by MB (51, 52). MB rapidly oxidizes the reduced cofactor FADH, (53, 54) and thereby
enhances consumption of NADPH associated with these reductases (38, 39, 54). Despite its
relatively poor physicochemical properties (51, 54), MB has potent antimalarial activities, with a
mean I1Cso of 3.62 nM in vitro against asexual intraerythrocytic drug-sensitive and -resistant P.
falciparum parasites (55). Additionally, the activity of MB against early asexual ring stage
parasites (56) and especially gametocytes (57) greatly increases the potential of this drug for
malaria treatment in combination with artemisinins. The overall benefit of combining an oxidant
artemisinin with a redox drug is clear - the artemisinin abruptly induces oxidative stress that is

then maintained or enhanced by redox cycling of the redox drug partner (Fig. 1B).

Although current clinical artemisinins are the most rapidly acting of antimalarial drugs,
these are unsuitable for the artemisinin component of the planned triple drug combinations. The
resistance issue aside, the drugs show variable pharmacokinetic profiles, low bioavailability (58)
and, especially for DHA, elicit concerns of neurotoxicity based on established data from in vitro
and in vivo studies (59-61). All are thermally and chemically fragile, and for DHA, the thermal
instability engenders problems during formulation and storage (62). Therefore, emphasis has to
be placed on the development of derivatives incapable of providing the active metabolite DHA
common to the current clinical artemisinins. Thus, the focus here is on newer derivatives
bearing amino groups at C10 referred to as 10-amino artemisinins that are readily obtained from
DHA and which are optimally active against P. falciparum in vitro (63-66). For artemisone at

least, lack of neurotoxicity has been unequivocally established (64, 67).

As the individual compounds were screened in the past against P. falciparum in different
laboratories at different times using different methods, it is important to conduct at the same time

comparative efficacy studies in order to gain a true appreciation of the optimally-active



compounds. We therefore describe here the results of such screens involving artemisone,
artemiside, the 10-sulfamide (64) and 10-arylamine derivatives (63), and the new 10-piperazine
and 10-phenylurea derivatives (Fig. 2). The 10-piperazine derivative attracts because it
completes assessment of a series of compounds bearing a six-membered amino-heterocyclic ring
attached via the nitrogen atom to C-10 as exemplified by artemisone with its thiomorpholine-S,S-
dioxide ring, artemiside with its thiomorpholine ring, and the corresponding highly active
morpholino derivative (68), the last whose further examination is precluded on toxicity grounds
(64). Importantly, in the case of artemisone, DHA is not a product of metabolism. Metabolic
profiles for the other compounds are also established wherein DHA is not produced; the results

will be published elsewhere.

We describe the assessment of activities of the amino artemisinins against
intraerythrocytic asexual stage parasites and early and late stage gametocytes of P. falciparum in
accord with prerequisites for development of new antimalarial drugs. We thereupon select the
best of the derivatives and examine their combination with MB as proof-of-concept for
enhancing oxidative stress in the parasites, in particular as this bears on the sensitivity of

gametocytes to perturbation of redox homeostasis.

RESULTS

Chemistry. Artemisone, artemiside and the 10-sulfamide were originally obtained by
application of N-glycosylation technology to activate the hydroxyl group in DHA by conversion
into the trimethylsilyl ether and thence into the $-bromide by treatment with trimethylsilyl
bromide in dichloromethane (64, 68). All compounds were more economically obtained via
conversion of DHA into the B-chloride via direct treatment with anhydrous hydrogen chloride in
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the presence of lithium chloride in dichloromethane (65, 69). Addition of the amine nucleophile
to the halide generated in situ provided the 10-amino artemisinin. The 10-arylamine derivative
was prepared directly from DHA through activation of the hydroxyl group by a facile phase
transfer process in the presence of p-fluoroaniline (63). The 10-piperazine derivative was
obtained by addition of the B-bromide of DHA prepared as described above to an excess of
anhydrous piperazine in dichloromethane. The most economical and experimentally facile
method, especially on a larger scale, was to treat a relatively concentrated solution of DHA (0.7
M) in dichloromethane with oxalyl chloride (1.1 equiv.) to convert it into the B-chloride in situ,
and to add the resulting solution to an excess of piperazine (Scheme 1). The 10-piperazine
derivative, formed in 80% vyield by the latter method, is a basic highly polar compound that could
not be readily purified except by flash chromatography over silica gel and elution with a solvent
combination containing triethylamine followed by crystallization from ethyl acetate. The 10-
phenylurea derivative was obtained in 60% isolated yield by treatment of the 10-piperazine
derivative with phenyl isocyanate in dichloromethane (Scheme 1). This nicely crystalline
compound, m.p. 162-163 °C, was readily purified, is thermally relatively stable, and represents a
distinct artemisinin sub-class. Spectroscopic and other information on the amino artemisinins

used here are given in the Supplemental material.
Efficacy Studies

Amino artemisinins inhibit asexual parasite proliferation and metabolic activity.
The in vitro activities of the 10-amino artemisinins along with reference drugs artemisinin, DHA,
artesunate, artemether, chloroquine (CQ) and MB were determined against drug sensitive (NF54)
and drug resistant (Dd2, K1 and W2) P. falciparum intraerythrocytic asexual parasites using both

metabolic (parasite lactate dehydrogenase pLDH) and proliferative (SYBR Green | fluorescence)



viability readouts. These two different assay platforms allowed for comparative analysis of the
overall activities of the compounds towards the asexual stages. The ICs, values obtained for the
NF54 strain with these two assay platforms were closely associated (r* = 0.63) showing good
intra-assay variability with average Z-factors of 0.70 for the metabolic pLDH and 0.69 for the
proliferative SYBR Green | assay. Acceptable inter-assay reproducibility with an average
percentage coefficient of the variance (% CV) of 4.1% for the metabolic and 5.2% for the

proliferative assay was obtained.

The 10-amino artemisinins were potently active against drug sensitive NF54 asexual
parasites with 1Csq values in the low nanomolar range (~10 nM) for both assay platforms, with
the reference compounds showing similar activities (Table 1). Artemisone and artemiside were
confirmed to be the most active compounds with 1Csy values of ~2 nM (Table 1) (69).

Moreover, the 10-amino artemisinins were equally active against the drug resistant strains (Table
1) with resistance indices (1Cs ratio between drug resistant and sensitive strains) of <3.5 for all
compounds compared to >10 typically observed for CQ (Table 1) (70). Therefore, the 10-amino
artemisinins show negligible cross-resistance potential against the Dd2, K1 and W2 genetic
backgrounds (Table 1). The majority of compounds did not show overt cytotoxicity against
HepG2 or CHO mammalian cell lines, with only ~10% inhibition of cell viability being observed
even at 1000x the 1Csp against asexual NF54 parasites for HepG2. ECsovalues on CHO cells
were on average higher than that of the reference drug, emetine (1Cso 340+90 nM). However, the
10-arylamine and 10-phenylurea derivatives may have potential toxicity issues as indicated by

their ECso values against CHO cells (2.9£1.4 and 2.4+1.0 uM respectively, Table 1).

Amino artemisinins display gametocytocidal activity. The inhibition of both early

(>95% stage I-111) and late stage (~10% stage 11l and ~90% stage 1V-V) gametocyte viability



was evaluated with P. falciparum NF54 luciferase reporter lines (71). Good intra-assay
variability (Z-factors of 0.8) and acceptable inter-assay reproducibility (% CV of 14.5%) was
observed. In vitro dose response analysis showed on average a two-fold improved activity for
the 10-amino artemisinins against early stage gametocytes with 1Csy values ranging from 1-83
nM in comparison to the reference compounds with ICsg values ranging between 37-95 nM
(Table 2). Artemisone was the most potent 10-amino artemisinin, displaying activities against
early stage gametocytes (ICso = 1.94+0.11 nM) similar to those observed for asexual parasites

(1.2£0.4 nM) (Table 2).

In vitro dose response analyses showed similar 1Csy values for DHA against late stage
gametocytes compared to early stage gametocytes (Table 2). However, a two- to four-fold
increase in the 1Csp was observed for artemisinin, artesunate and artemether against late stage
gametocytes compared to the early stages (71). Decreased potency was also observed for the 10-

sulfamide derivative that showed a preference for specificity towards early stage gametocytes.

Artemiside and the 10-arylamine and 10-phenylurea derivatives displayed incomplete Kill
curves after 48 h drug pressure against late stage gametocytes (Fig. S1), as previously observed
for current clinical artemisinins (72). However, complete dose responsive kill curves were
obtained after 72 h (73-75) drug pressure (Table 2), indicating a slow speed-of-action against
these metabolically more latent stages (76). Under these conditions, artemiside and 10-
phenylurea were the most potent compounds against late stage gametocytes (ICso of 1.5 nM and
1.7 nM respectively, Table 2). The 10-arylamine derivative was slightly less potent (ICso =16
nM). However, four of the 10-amino artemisinin derivatives (artemiside and the 10-sulfamide,

10-piperazine, and 10-phenylurea derivative) preferentially targeted late stage gametocytes,
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ranging from two-fold late stage specificity for the 10-piperazine to 49-fold for the 10-

phenylurea derivatives.

Previous reports indicate that artemisinins do not target mature stage VV gametocytes (72).
We therefore interrogated the effect of the 10-amino artemisinins showing late stage gametocyte
specificity on late stage 1\V/V gametocytes (10% stage 111, 50% stage 1V, 40% stage V
population) compared to their activity against enriched, mature stage V gametocytes (>95%
stage V) with DHA as reference (Fig.3 and S2). As with DHA, artemisone, artemiside, and the
10-arylamine, 10-piperazine, and 10-phenylurea derivatives lost activity between stages IV to V
gametocyte populations after 72 h drug exposure. However, the activities for artemisone,
artemiside and the 10-phenylurea derivative against stage V gametocytes persisted at <250 nM
(I1Csp values of 126 nM, 209 nM, and 100 nM respectively Fig. S2), whereas a >10-fold loss in
activity for DHA and compounds 10-arylamine and 10-piperazine was observed (ICso values of
1287 nM, 1158 nM, and 800 nM respectively Fig. S2). We further evaluated the efficacy of
these drugs an additional 24 h after drug washout. Under these conditions, the five 10-amino
artemisinins tested were potently active against stage V gametocytes at concentrations below 100
nM, even though this was still significantly (P<0.05) higher than that observed against stage
IV/IV gametocytes (Fig.3). In all cases, the observed efficacies are due to the ability of the
compounds to induce a death phenotype in the gametocytes, irrespective of the stage of
gametocyte maturation. Dead/non-viable gametocytes were morphologically detected through
Giemsa stained smears by a rounded appearance showing a punctate crystal formation indicative
of unhealthy or dead gametocytes (Fig. 3) (73). Moreover, these stage V gametocytes were
functionally compromised due to the inability of microgametocytes to exflagellate after 48 or 72

h of treatment with the 10-amino artemisinins (results not shown). Therefore, despite the
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preference towards stage 1V gametocytes and apparent slow kill kinetics, the five 10 amino-
artemisinins tested show low nM activities against stage V gametocytes, making them at least

twice as effective against stage V gametocytes as DHA.

Amino artemisinins show pan-reactivity towards asexual and sexual P. falciparum
life cycle stages. Evaluation of the pan-reactivity - ability to target asexual parasites as well as
early and late stage gametocytes - of the 10-amino artemisinins indicated that on average, a 13-
fold loss in activity was seen between asexual and early stage gametocyte activities (P = 0.0002;
Fig.4). Conversely, a 34-fold loss in activity was seen against late stage gametocytes (P = 0.03)
(77, 78) compared to asexual parasites, with only a three-fold loss in activity associated between
early and late stage gametocytes. However, even though a preference was observed towards
asexual parasites, the compounds were still potent on both early and late stage gametocytes with
ICsp values at <500 nM (Table 2), indicative of their ability to target multiple stages of
intraerythrocytic P. falciparum parasites. The reference compounds all had a continuous decline
in activity from the asexual parasites to early and late stage gametocytes, a trend generally
observed for most antimalarial drugs (15, 78, 79). The 10-sulfamide derivative was the only 10-
amino artemisinin showing a similar trend (Fig. 4). Although the 10-phenylurea derivative was
equipotent with artemiside, there is a potential toxicity issue with the compound as noted above
(Table 1). No other physicochemical properties including solubility and lipophilicity could be

correlated to stage specific preference (data not shown).

Each of artemisone and artemiside with MB synergistically inhibits P. falciparum
gametocytes. Fixed-ratio isobole analysis (80) was employed to evaluate the effect of
combinations of the most potent oxidant drugs artemisone and artemiside with the redox drug

MB (Fig. 5). Against asexual parasites, the combination of either artemisone or artemiside with
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MB resulted only in additive interactions (mean XFIC of 1.14 and 1.02 against artemisone and
artemiside, respectively). By contrast, the interactions of either artemisone or artemiside with
MB were synergistic against both early and late stage gametocytes, as evident from concave
isobolograms (Fig. 5) with mean ZFIC values of 0.75 and 0.56 against early stage gametocytes
and 0.61 and 0.73 against late stage gametocytes for artemisone and artemiside respectively.
This synergism was confirmed with an independent isobole using the pLDH assay (Fig. 5),
confirming the combined activity observed with the luciferase assay. The strongly synergistic
interactions observed with the oxidant and redox drugs against both early and late stage
gametocytes strongly supports the idea that redox-homeostasis regulated through several
metabolic pathways is an essential mechanism for maintaining parasite viability in these stages

in the parasite life cycle.

DISCUSSION

The development of a triple drug combination using an oxidant 10-amino artemisinin derivative
with a redox drug and a third drug partner drug such as a 4(1H)-quinolone may provide a novel
strategy in not only targeting erythrocytic stages of drug resistant malaria parasites but also the
transmissible stages, effectively retarding the rate of resistance development and disease
transmission. Here, we take the first step towards this aim and have established unambiguously
the efficacy of lead 10-amino artemisinins in combination with a redox drug in effectively

targeting various forms of malaria parasites in the erythrocytic stages.

Conversion of DHA into 10-amino artemisinins presents us with derivatives showing
enhanced potency against drug sensitive asexual parasites, with preliminary data indicating that
these compounds also maintain activity against C580Y mutant Cambodian field isolates (81)
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(data to be presented elsewhere, personal communication, Dennis E. Kyle, University of
Georgia, USA)(82). This provides at least a preliminary indication that these derivatives may
not be as prone to the resistance exerted against the current clinical artemisinins, although
eventual development of the resistance mechanisms such as K13-independent resistance
phenotype cannot be excluded at this stage (4, 5). However, the fact that the 10-amino
artemisinins not only inhibit asexual parasites, but also early and late sexual stage gametocytes
within such a low nM range is most promising. In particular, the potency of artemisone and
artemiside against both the asexual and sexual stages support the identification of these

compounds as the lead pan-reactive oxidant compounds in this study.

A wide selection of assay platforms has shown that the peroxidic antimalarial drugs,
including artemisone, have nM activities against late stage gametocytes (84-86). However,
some recent reports seemingly contradict these observations (15, 72, 87). The detailed kinetic
evaluation of the 10-amino artemisinins in the current study indicate that artemisone and
artemiside are indeed potently active (ICsy 10-100 nM) against mature stage V gametocytes but
notably have slower kill-kinetics against these forms of gametocytes. These activities correlate
with the general ~ten-fold decrease in activity typically seen by other compounds as well (72,
78) between early to late stage gametocytes. Moreover, the potent activities of artemisone and
artemiside against stage V gametocytes should translate into a substantial reduction of oocyst
formation in a standard membrane feed assay, the results of which will be reported elsewhere.
Moreover, future studies are required to show that these 10-amino artemisinins indeed translate

to improved in vivo transmission-blocking, compared to the rather poor activity of DHA (72, 88).

The activities of the oxidant drugs artemisone and artemiside against gametocytes

including mature stage V support recent reports wherein targeting redox metabolism
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significantly affects these forms of the parasite (76). Mature stage V gametocytes are regarded
as being metabolically hypoactive, due to their perceived inability to digest hemoglobin (89) and
inability to respond to drug pressure on particular metabolic pathways (72). However, our data
and that from Siciliano et al. (76) rather suggest that selective metabolic processes do remain
active and are targetable in stage V gametocytes. In particular, the importance of antioxidant
defense that is reliant on NADPH in transmissible gametocytes (76) coupled with our
observation of the synergism between oxidant and redox reactive drugs strongly supports the
need for a systematic investigation of redox maintenance and drug susceptibility in mature
gametocytes. The maintenance of such potent activities of these artemisinins against late stage
gametocytes tends to suggest that heme after all is not a prerequisite for activation of

artemisinins.

It is of some note that artemisone and artemiside are active in rather different parasite
environments. In asexual parasites and early stage gametocytes of P. falciparum, these
artemisinins retain their ability to enhance oxidative stress. Such parasites as noted above have
enhanced turnover of enzymes important for regulating redox-homeostasis in P. falciparum.
Hemoglobin digestion and proper regulation of intracellular oxidative stress are essential in
development of asexual and metabolically active early gametocyte stages (90). The additive
effect observed with each of artemisone and artemiside with MB against asexual parasites
correlates with a previous study performed with artemiside and MB (69). This can be attributed
to an upregulation in redox-homeostasis in the asexual stages due to hemoglobin digestion,
resulting in improved recovery from increased ROS production. Notably, such additive effects
are maintained in vivo and are reflected in faster parasite clearance times for malaria patients

treated with an oral artesunate-MB combination (91) and in two animal models infected with
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different Plasmodium species treated with intravenous MB and artesunate (92). However,
asexual parasites conferring CQ resistance have increased GSH production due to a fitness cost
in hemoglobin digestion, and are therefore inherently more oxidatively stressed (93). This could
explain why isobole analyses on asexual K1 parasites with artemether/artesunate and MB are

synergistic (56).

For late stage gametocytes, the slower kill kinetics still reflect the same mode of action.
The important issue is that in the absence of hemoglobin digestion for late stage gametocytes
(37, 52), redox homeostasis is downregulated, making the parasite more sensitive to increased
ROS production. Therefore, the combinations of each of artemisone and artemiside with MB
results in synergism where the induction of oxidative stress by artemisone and artemiside is
sustained or even enhanced by the redox cycling action of MB in gametocytes. These results are
similar to those observed for plasmodione, a P. falciparum glucose-6-phosphate dehydrogenase-
6-phosphogluconolactonase (PfGluPho) inhibitor, and MB against stage V gametocytes (76).
Overall, redox homeostasis is an exploitable target, especially for the intraerythrocytic

gametocyte stages in the parasite life cycle.

In conclusion, this study demonstrates that the 10-amino artemisinin derivatives
artemisone and artemiside have potent pan-reactive and potential transmission-blocking activity
against the intraerythrocytic stages of P. falciparum parasites. Although the 10-sulfamide, 10-
arylamine and the 10-piperazine derivatives are the most accessible of the amino artemisinins,
the toxicity issue with the 10-arylamine aside, their further development is not warranted, based
on the >10-fold loss in activity against late stage gametocytes. Although the 10-phenylurea is

equipotent with artemiside, there is a potential toxicity issue with the compound as pointed out
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above (Table 1), and accordingly, newer derivatives of the 10-phenylurea are being prepared and

examined in all screens.

The low nM activities against asexual, early and late stage gametocytes, favorable
resistance and selectivity indices and synergism with MB against gametocytes, of artemisone and
artemiside makes these ideal candidate compounds for further development within combination
therapies. Following the evolution of oxidant and redox drug combinations as described here,
and the further examination of efficacies with selected lead 4(1H)-quinolones or other drugs with

different mechanism of action is now warranted.

MATERIALS AND METHODS

Chemistry. The reference compounds used in this study as well as all tested compounds
were >95% pure, unless otherwise indicated. Purity was determined using reverse-phase HPLC.
Purities and instrumental conditions and additional data are presented in the Supplemental
material. Artemisone was from an original sample batch prepared on pilot scale from DHA by
activation with HCI-LiCl, and treatment of the intermediate 3-chloride with thiomorpholine, and
oxidation of the crude artemiside so obtained by hydrogen peroxide-acetonitrile, and
recrystallized from ethyl acetate-hexane to provide needles, m.p. 152-153 °C (64, 65). Artemis-
ide (needles, m.p. 152.5-153 °C), (64, 69) the 10-sulfamide derivative (needles, m.p. 168-169
°C) (64) and the 10-arylamino derivative (fine hair-like crystals, m.p. 170-171 °C) (63) were
original samples prepared and purified by recrystallization. Analysis by hplc of the 10-sulfamide

under reverse phase conditions indicates a purity of 93%.
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10a-(Piperazin-1'-yl)-10-deoxo-10-dihydroartemisinin 10-piperazine was prepared as
follows. A solution of dihydroartemisinin (5.05 g, 17.6 mmol) in dichloromethane (25 mL) at
room temperature was treated with oxalyl chloride (1.7 mL, 19.4 mmol, 1.1 equiv.) and stirred
for 30 min under nitrogen. After 30 min, the reaction mixture was transferred via cannula into a
flask containing a solution of anhydrous piperazine (4.55 g, 52.8 mmol, 3 equiv.) in
dichloromethane (50 mL), and stirred for 3 hours at room temperature under nitrogen. The
reaction mixture was then diluted with dichloromethane (100 mL). It was washed with
deionized water (3 x 30 mL) followed with brine (2 x 30 mL), dried over MgSO, and then
filtered. The filtrate was concentrated by evaporation under reduced pressure. The residue was
purified by flash column chromatography over silica gel with dichloromethane-methanol-
triethylamine (10:1:0.1) to obtain the highly polar product as a white solid (4.96 g, 80%). Whilst
recrystallization from diethyl ether or diethyl ether-ethyl acetate gave the 10-piperazine
compound as fine needles, m.p. 163-164 °C, the compound was best used as the fraction isolated
directly by chromatography followed by drying under high vacuum. *H NMR (600 MHz,
CDCls) & (ppm) 0.74 (d, J = 7.3 Hz, 3H, H-14), 0.91 (d, J = 6.3 Hz, 3H, H-15), 1.36 (s, 3H, H-
13), 1.62 - 1.69 (m, 2H, H-7), 2.29 (td, J = 14.0, 3.9 Hz, 1H, H-4), 2.48-2.53 (m, 1H, H-8a),
2.93-3.01 (m, 2H, H-2' H-6"), 3.13-3.23 (m, 6H, H-2', H-3', H-4', H-5), 4.0 (d, J = 10.2 Hz, 1H,
H-10), 5.24 (s, 1H, H-12); *C NMR (151 MHz, CDCls) § (ppm): 103.96 (C-3), 91.64 (C-10),
91.06 (C-12), 80.34 (C-12a), 51.74 (C-5a), 50.70 (C-2', C-6'), 45.84 - 45.69 (C-3', C-5'), 26.02
(C-13), 24.78 (C-5), 21.67 (C-7), 20.31 (C-15), 13.45 (C-14); IR vmax cm™’: 3261, 2926, 2869,
2839, 1738, 1453, 1408, 1375, 1349. MS (ESI) m/z calcd. for C19H3,N204+H 353.2440; found
353.2469 [M+H]". It was not possible to assess purity of the compound under the reverse phase

condition used for the other aminoartemisinins, evidently due to decomposition. However, as
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gauged by its crystallinity and melting point, and its clean conversion into the 10-phenylurea, the

compound was suitable for assessment of its biological activities.

10a-[4'-(Phenylaminocarbonyl)piperazin-1'-yl]-10-deoxo-10-dihydroartemisinin 10-
phenylurea was prepared as follows. A solution of phenyl isocyanate (0.11 mL, 1 mmol, 1
equiv.) and the 10-piperazine derivative (352 mg) in dichloromethane (5 mL) was stirred for 24
h. The mixture was then concentrated directly by evaporation under reduced pressure. Analysis
of the residue by *H NMR spectroscopy indicated essentially quantitative conversion of 10-
piperazine derivative into the 10-phenylurea. The latter was isolated by chromatography of the
residue over silica gel with ethyl acetate-hexane 40:60, evaporation of the eluate and
crystallization from ethyl acetate-hexane to give the 10-phenylurea as white plates (287 mg,
60%), m.p. 162-163 °C, [a]p>° +12.41 (c = 0.58, CHCIs). *H NMR spectrum (400 MHz) & 0.83
(d, J = 7.2Hz, 3 H, 6-Me), 0.95 (d, J = 6 Hz, 3 H, 9-Me), 0.96-1.06 (m, 1 H), 1.38 (s, 3 H, 3-
Me), 1.20-1.34 (m, 3 H), 1.45-1.49 (m, 1 H), 1.53-1.58 (m, 1 H), 1.69-1.74 (m, 2 H), 1.84-1.88
(m, 1 H), 1.97-2.03 (m, 1 H), 2.31-2.39 (m, 1 H), 2.57-2.63 (m, 1 H), 2.69-3.06 (m, 4 H,
piperazine), 3.47-3.48 (m, 4 H, piperazine), 4.06 (d, J =10 Hz, 1 H, H-10), 5.28 (s, 1 H, H-12),
6.40 (s, 1 H, NH), 7.02 (t, J = 7.2 Hz, 1 H, ArH), 7.25-7.29 (m, 2 H, ArH), 7.34-7.36 (m, 2 H,
ArH); 3C NMR & = 13.48, 20.78, 21.63, 24.74, 25.99, 28.48, 34.26, 36.29, 37.39, 44.44, 45.79,
47.14, 51.69, 80.30, 90.65, 91.61, 103.97, 119.91, 122.95, 128.83, 139.08, 154.99; IR (KBr):
vimax = 900, 552, 694, 757, 880, 925, 984, 1022, 1041, 1061, 1113, 1134, 1160, 1186, 1207, 1240,
1316, 1351, 1380, 1399, 1445, 1501, 1527, 1599, 1661, 2849, 2868, 2922, 2954, 3415 cm™, MS

ESI): m/z = calcd for CsH37N3Os + H: 472.2811, found: 472.2806 [M*+H].
(
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Efficacy Studies

In vitro maintenance of asexual parasites and gametocyte production. In vitro P.
falciparum parasites (NF54, K1 and W2) were cultured in human O" erythrocytes under 90% N,
5% CO; and 5% O, atmospheric conditions with supplemented RPMI 1640 media containing
Albumax 1, as previously described (94). Synchronized, ring stage parasites (>95%) were
obtained using a 5% D-sorbitol (Sigma-Aldrich) treatment (94). Parasite proliferation was
monitored microscopically using Giemsa stained smears. Gametocytogenesis was induced and
maintained as previously described (71) through a combination of glucose depletion and a
decrease in hematocrit from a >95% synchronized, ring stage asexual population (~10%
parasitemia). Gametocyte cultures were kept stationary under 90% N>, 5% CO, and 5% O,
atmospheric conditions at 37°C and treated with 50 mM N-acetyl-glucosamine (NAG, Sigma-

Aldrich) to eliminate residual invasion of asexual parasites.

In vitro antimalarial assays against asexual P. falciparum parasites. Artemisinin,
DHA, artesunate, artemether, the 4-aminoquinoline chloroquine (CQ) and MB were used as
reference drugs for asexual stage parasite assays. Compound working solutions were prepared
from a 10 mM stock solution in 100% (v/v) DMSO (Sigma-Aldrich) in supplemented RPMI
1640 media containing Albumax | with a final DMSO concentration of <0.1% (v/v), previously
determined as non-toxic to intraerythrocytic asexual parasites and gametocytes. Dose response
of the 10-amino artemisinins were assayed using a two-fold serial drug dilution on in vitro >95%
ring stage intraerythrocytic P. falciparum parasites at 37°C under 90% N, 5% CO, and 5% O,
atmospheric conditions, detecting either parasite lactate dehydrogenase (pLDH) absorbance (95)
as metabolic indicator following a 48 h drug treatment (1.5-2% parasitemia and 2% hematocrit)
or SYBR Green | fluorescence as proliferative marker following a 96 h drug treatment (1%

parasitemia and 1% hematocrit) (94, 96). No drug washout steps were performed during drug
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incubation periods prior to assays. Activity against P. falciparum drug sensitive NF54 and
resistant Dd2 (CQ, pyrimethamine, mefloquine and cycloguanil), K1 (CQ, quinine,
pyrimethamine and cycloguanil) and W2 (CQ, quinine, pyrimethamine and CYC) strains were
evaluated. Data analysis was performed using GraphPad Prism 6 and intra-assay variability was
monitored with Z-factors and acceptable inter-assay reproducibility with % CV (71). Data per
compound are from at least three independent biological replicates, each performed in technical
triplicates and results expressed as the compound concentration at which 50% parasite

viability/proliferation is affected (I1Cxsp).

In vitro cytotoxicity determination against mammalian cells. Caucasian
hepatocellular carcinoma cells (HepG2) were maintained as previously described (94), and the
cytotoxicity (at 1000x-fold the 1Csp value against asexual P. falciparum parasites) determined
using a lactate dehydrogenase assay (LDH) viability assay (BioVision Inc.). Cytotoxicity (ECsp)
was also determined against the Chinese hamster ovary mammalian cells (CHO) using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) assay (97, 98) with emetine

as reference drug. Assays were performed for a single biological repeat in technical triplicates.

In vitro P. falciparum gametocytocidal assays. Excluding CQ, the same reference
compounds used against asexual P. falciparum parasites, were used for intraerythrocytic early
and late gametocyte stage assays. Gametocytocidal activity was determined using luciferase
reporter lines (57, 71) to derive dose responses with two-fold serial drug dilutions for 48 h
against early stage gametocytes (day 5 post induction population, ~95% stage I-111) and ten-fold
serial drug dilutions for 48 h and 72 h against late stage gametocytes (day 10 post induction
population, ~90% late stage 1V/V) (2-3% gametocytemia, 2% hematocrit), at 37°C under 90%

N2, 5% CO, and 5% O, atmospheric conditions. No drug washout steps were performed during
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drug incubation periods prior to assays. In all cases, an interference assay was run in parallel to
eliminate false positives if possible compound interference with luciferase readout existed. Data
per compound are from at least three independent biological replicates, unless otherwise
indicated, each performed in technical triplicates and results expressed as the compound

concentration at which 50% parasite viability is affected (1Csp).

Gametocytocidal stage-specific and Kill kinetic evaluation of compounds against late
stage gametocytes. Late stage gametocytes, stage IV/V (10% stage 111, 50% stage 1V, 40%
stage V population on day 10 post induction) or mature stage V (>95% stage V on day 13 post
induction) were used to determine the differential stage specificity and kill kinetics (speed-of-
action) of DHA, artemisone, artemiside, the 10-arylamine, 10-piperazine, and the 10-phenylurea
derivatives between stage 1V and V gametocytes. Dose responses were determined using a
luciferase reporter line, exposed to ten-fold serial drug dilutions for 72 h at 37°C under 90% N,
5% CO, and 5% O, atmospheric conditions. Treatment for shorter periods (e.g. 24 h) did not
result in accurate dose response determination of any compound, irrespective of gametocyte
population used, confirming the insensitivity of gametocytes to short periods of perturbation
(99). Additionally, a drug washout step was included, by replacing drug containing spent
medium with fresh medium (without drug) followed by a further 24 h incubation prior to
measuring luciferase activity. In addition, gametocyte viability was monitored morphologically
and by detection of exflagellation events at the initiation and completion of the experiment with
a 20 min exposure to 1 mM xanthurenic acid (XA, Sigma Aldrich) at room temperature.
Population compositions were determined microscopically using Giemsa stained smears before
(0 h) and after (72 h/72+24 h) incubations for both treated and untreated populations at 2x 1Csp.

Data are the means from a single independent biological experiment with technical triplicates,
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and results expressed as the compound concentration at which 50% parasite viability is affected

(1Csp). * = P<0.05; ** = P<0.01; *** = P<0.001, unpaired t-test.

Combination of artemisone/artemiside with MB. The in vitro interactions of
artemisone and artemiside with MB was determined using a fixed-ratio isobole analysis (80) for
NF54 asexual parasites (SYBR Green I-based fluorescence) and early and late stage gametocytes
(luciferase reporter lines). Shortly, the drugs were applied alone and in fixed-drug combination
ratios (artemisone/artemiside:MB) of 5:0, 4:1, 3:2, 2:3, 1:4 and 0:5 and serially diluted (two-fold
for asexual parasites with 96 h incubations and early stage gametocytes (48 h incubations) and
ten-fold for late stage gametocytes with 72 h incubations) to obtain the 1Csy dose response curves
for each drug alone and in the fixed-drug ratio. To confirm drug interactions observed on late
stage gametocytes, isobole analysis for artemisone and MB only also was performed using the
pLDH assay (73). Four fixed doses of MB (25.00, 6.25, 1.56, 0.39, 0 nM) were added to dose-

response curves of artemisone (from the dose of 100 nM to 0.8nM).

In addition, an independent dose response curve of MB is performed to obtain the 1Cs, of MB.
The fractional inhibitory concentration (FIC) for each drug in the combination was calculated as

follows:

FIC (artemisone/artemiside) = 1Cs, of artemisone/artemiside in combination with MB

ICso (artemisone/artemiside)

The paired FIC values for the drugs in each combination were linearly plotted producing an
isobologram. The XFIC of FIC (artemisone/artemiside) in combination with FIC (MB) was
determined by calculating the mean FIC value, to obtain the representative FIC value for the

drug combination. A mean XFIC <1.0 represents a synergistic interaction, >1.3 an antagonistic
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interaction where XFIC=1 an indifferent/additive interaction (100). These assay platforms
correlate well for the gametocyte stages as they both measure viability. Data per isobologram
using the SYBR Green | fluorescence, luciferase reporter line and data for the artemisone and
MB isobologram using the pLDH assay are from at least three independent biological replicates,

each performed in technical triplicates.

SUPPLEMENTAL MATERIAL

SUPPLEMENTAL FILE 1, PDF file, 1.56 MB "H and mass spectra are given for the amino
artemisinins, and purities as assessed by hplc analyses are given in Part 1. In Part 2 as associated

with efficacy studies are given Fig. S1 and Fig. S2 with Figure legends.
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hepatocellular carcinoma cells; MB, Methylene Blue; P. falciparum, Plasmodium falciparum;
PfK13, P. falciparum Kelch13; P. falciparum phosphatidylinositosol-3-kinase, PfPI3K;
PfGluPho, P. falciparum glucose-6-phosphate dehydrogenase-6-phoshopgluconolactonase;
phosphatidylinositosol-3-phosphate, PI3P; RI, resistance index; Sl, selectivity index; TrxR,

thioredoxin reductase.
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Table 1: In vitro activity of amino artemisinins against asexual P. falciparum parasites.

The ICsp values for asexual parasites were determined against drug sensitive NF54 or drug

resistant Dd2, K1 and W2 parasites using either a metabolic pLDH assay or a proliferative

Asexual 1Csy (nM) Cytotoxicity
Metabolic readout Proliferation readout Viability (%) ECs (UM)

Cpd NF54 Dd2 RI? NF54 K1 RI° W2 RI° HepGZGI CHO
CQ 31.8+9.9 119.0£20.9 3.7 10«3 154+14 154  233%49 233 22+0.4 pM (91) ND
MB 0.3+0.8 12.6x4.0 43.3 5.0+0.8 6.45+0.30 129 5.13+0.31 1.03 ND 52.6+4.5
artemisinin 10.8+1.6 17,525 1.6 0.57+0.01  0.8+0.5 140 0.37+0.11 0.65 ~90% ND
DHA 0.8+0.1 5.7+2.0 7.1 2.51+0.19 151+0.33 0.60 1.74+0.22 0.69 ND 25.2+3.7
artesunate 10.3+0.8 40.5+5.0 4.0 3.4+0.7 4+1 124 24+04 0.72 ~90% >354
artemether 2.0+0.1 17.3+2.2 8.7 8+1 942 113 741 0.86 ~90% >335
artemisone 3.0+0.8 2.7x0.3 0.9 1.2+0.4 1.01+0.19 0.85 1.6+0.4 1.36 ~75% >249
artemiside 6.0£1.8 8.2+1.4 1.4 1.11+0.17 1.6+0.4 147 1.75%0.27 1.58 ~80% >271
10-sulfamide 10.9£3.4 16.9+2.6 1.55 31 1.79+0.26 0.56 2.04+0.11 0.64 ~90% 56.0+4.6
10-arylamine 7.8+1.9 11.1+1.0 141 1.3+0.6 0.64+0.10 0.48 3%1 2.55 ~90% 2.9+1.4
10-piperazine 3.2+1.4 1.740.2 0.5 3.1+0.4 1.9£0.5 0.61 1.4+0.7 0.45 ~77% ND
10-phenylurea 1.3+0.8 7.5+0.4 5.8 4715 2.9+0.6 0.61 1.7405 0.36 ~85% 2.4+1.0

SYBR Green-I based fluorescence assay.

Data are means from at least three (n=3) independent biological repeats performed in triplicate
for both the metabolic and proliferative assays, £SEM and a single (n=1) experiment performed

in duplicate for cytotoxicity assays on the HepG2 and CHO cell lines, £SD.
Resistance index (RI): #1Cso Dd2/ ICso NF54

®1Cso K1/ 1Cso NF54

°ICs0 W2/ ICso NF54
%% Viability at 1000x ICs against P. falciparum parasites

ND=Not determined
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Table 2: Activity of amino artemisinins against early (stage I-111) and late (I\VV/V) stage
gametocytes. The ICsy values of MB and 10-amino-artemisinins determined against early and

late stage gametocytes using the luciferase assay.

1Cs0 (NM)
Cpd Early stage gametocytes Late stage gametocytes
MB 95.0+11.3 143.0+16.7
artemisinin 37.0+4.0 77.6+£50.0
DHA 43.0+£3.9 33.66+1.98
artesunate 37.7+2.0 136.2+85.9
artemether 62.8+3.0 259.4+80.0
artemisone 1.94+0.11 42.4+3.32
artemiside 16.4+1.0 1.540.52
10-sulfamide 15.0+2.0 419.4+59.5
10-arylamine 38.2+9.0 16.42+6.38
10-piperazine 54.91+5.11 25.7+17.5%
10-phenylurea 83+2 1.70+0.99 °

Data are means from at least two independent biological replicates (n=2-4), performed in

technical triplicates, +SEM.
®Data are from a 72 h incubation period.

SCHEME AND FIGURE LEGENDS
Scheme 1: (i) DHA, 17.6 mmol, 0.7M in CH,Cl,, (COCI), (1.1 equiv.), N2, room temp., 30 min;
(i) solution added to piperazine (52.8 mmol, 3.0 equiv.) in CH,Cl,, room temperature, 3 h, 80%;

(iii) 3 (2 mmol), Ph-N=C=0 (1 mmol), CH,Cl,, 24 h, 60%.

Figure 1: (Ai) Formalism indicating irreversible reduction of the oxidant drug artemisinin by
reduced conjugates of flavin cofactors flavin adenine dinucleotide (FAD), flavin mononucleotide
(FMN) and other reduced flavins, e.g. of riboflavin RF to the inert deoxyartemisinin. (Aii)
Redox cycling of methylene blue (MB) via its reduced conjugate leucomethylene blue (LMB)
initiated through reduction of MB by FADH; to LMB and re-oxidation of the latter by oxygen to

generate MB and reactive oxygen species (ROS). (B): Perturbation of redox-homeostasis by
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artemisinin through oxidation of reduced flavin cofactors, e.g. reduced flavin adenine
dinucleotide FADH, of thioredoxin reductase TrxR, glutathione reductase (GR) and other flavin
disulfide reductases resulting in build-up of ROS; the artemisinin is thereby irreversibly reduced.
Addition of methylene blue (MB) maintains ROS generation via redox cycling through its
reduced form leucomethylene blue (LMB) that is oxidized to MB with concomitant generation of
ROS; the reduction of MB to LMB by FADH, is complementary to reduction of artemisinin to
deoxyartemisinin by the same reduced cofactor, yet by re-oxidation of the LMB to MB by

oxygen, redox cycling now ensues with sustained attrition of FADH..

Figure 2: Amino artemisinins bearing alkyl- and arylamino groups attached to C10. The oxygen

atom attached to C10 in the current clinical artemisinins is replaced by a nitrogen atom.

Figure 3: Gametocytocidal stage-specific and kill kinetic evaluation of compounds against late
stage gametocytes: Late stage gametocytes, stage 1V/V (10% stage 111, 50% stage 1V, 40% stage
V population) or mature stage V (>95% stage V) were used to determine the differential stage
specificity and kill kinetics (speed-of-action) of DHA, artemisone, artemiside, and the 10-
arylamine, 10-piperazine and 10-phenylurea between stage IV and V gametocytes. Dose
responses were determined using the luciferase reporter lines, exposed to ten-fold serial drug
dilutions for 72 h and 72+24 h at 37°C under 90% N,, 5% CO; and 5% O, atmospheric
conditions. Population compositions were determined microscopically using Giemsa stained
smears before (0 h) and after (72 h/72+24 h) incubations for both treated and untreated

populations at 2x 1Csp. Data are the means from a single independent biological experiment with
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technical triplicates, error bars indicate £SD. * = P<0.05; ** = P<0.01; *** = P<0.001, unpaired

t-test.

Figure 4: The antiplasmodial activity of 10-amino artemisinins compared to their cross-stage
activity and gametocyte stage specificity. Scatter plot of the 1Cs, data of the compounds against
asexual, early gametocyte (EG) and late gametocyte stages (LG). The reference compounds
(artemisinin, DHA, artesunate and artemether) are indicated in grey-scale and the 10-amino
artemisinins in colour. The 10-sulfamide showed consistent loss in activity from asexual to LG
stages (purple), like that observed for the reference compounds, whereas artemisone showed EG
stage specificity, with a loss in activity towards LG stages (blue). Both artemiside and 10-
phenylurea showed LG stage specific 10-amino groups (red and green). Data are means of
ICs0’s for oxidant compounds for each life cycle stage, ¥*P=0.03 and ***P=0.0002 unpaired t-

test.

Figure 5: Isobologram analysis of artemisone and artemiside in combination with MB.
Isobolograms were determined using the fixed-ratio isobole analysis method by treating
intraerythrocytic asexual stage parasites, early and late stage gametocytes with fixed drug
combination ratios (artemisone/artemiside:MB) of 5:0, 4:1, 3:2, 2:3, 1:4 and 0:5. Independent
dose response curves of fixed drug combinations were determined using the SYBR Green |
based assay against intraerythrocytic asexual parasites for 96 h, and the luciferase assay for early
and late stage gametocytes at 48 h and 72 h incubations respectively. The dotted lines
correspond to an indifferent interaction. The solid line indicates the respective isobole curve of

the drug combination. Black lines (circles) represent the SYBR Green assay against asexual
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parasites and the luciferase assay against early and late stage gametocytes. The grey line
(blocks) represents the pLDH assay against late stage gametocytes for artemisone and MB only.
Data are the means from three or four independent biological repeats (n=3/4) performed in

technical triplicates, where shown error bars indicate +SEM.
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