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ABSTRACT In response to the spread of artemisinin (ART) resistance, ART-based hybrid
drugs were developed, and their activity profile was characterized against drug-sen-
sitive and drug-resistant Plasmodium falciparum parasites. Two hybrids were found
to display parasite growth reduction, stage-specificity, speed of activity, additivity of
activity in drug combinations, and stability in hepatic microsomes of similar levels to
those displayed by dihydroartemisinin (DHA). Conversely, the rate of chemical homolysis
of the peroxide bonds is slower in hybrids than in DHA. From a mechanistic perspec-
tive, heme plays a central role in the chemical homolysis of peroxide, inhibiting heme
detoxification and disrupting parasite heme redox homeostasis. The hybrid exhibiting
slow homolysis of peroxide bonds was more potent in reducing the viability of ART-
resistant parasites in a ring-stage survival assay than the hybrid exhibiting fast homolysis.
However, both hybrids showed limited activity against ART-induced quiescent parasites
in the quiescent-stage survival assay. Our findings are consistent with previous results
showing that slow homolysis of peroxide-containing drugs may retain activity against
proliferating ART-resistant parasites. However, our data suggest that this property does
not overcome the limited activity of peroxides in killing non-proliferating parasites in a
quiescent state.

KEYWORDS artemisinin, delayed clearance phenotype, reductive bioactivation, heme
detoxification, heme redox homeostasis, hybrid drugs, Plasmodium falciparum, resistance

A rtemisinins (ARTs) are the core components of antimalarial therapy at the present
time (1, 2). However, their role as antimalarial drugs has been threatened by the
rise of parasites with a decreased susceptibility to ART treatment (3). The main pheno-
typic hallmark of ART-resistant parasites is a prolongation of their ring stages during
asexual blood stage development (4) and the ability of a fraction of these parasites to
enter quiescence upon exposure to ARTs (5). This process leads to delayed-clearance
phenotype (DCP) parasites, whose main genotypic hallmark is a polymorphism in the
kelch-13 (pfk13) gene (6-9). The implementation of long-lasting drugs as partners in
ART-based combination therapy (ACT) has helped mitigate the spread of DCP parasites.
Of concern is the observation that ART-resistant parasites in a quiescent state display low
cellular metabolism (9), which is phenotypically characterized by reduced susceptibility
to heme detoxification suppressors like amodiaquine (AQ) and piperaquine, which are
often deployed in ACT (10, 11). Only a limited number of drugs are active against
quiescent parasites, including mefloquine (MFQ) and atovaquone (ATO) (11).

The peroxide bonds of clinically employed ART-derived drugs can be hemolyzed in
plasma, blood, and tissues. Although metabolism to inactive molecules occurring in
plasma and liver can contribute to drug degradation (12-15), heme is by far the most
compelling agent of peroxide activation. As a reducing agent of peroxide, Fe(ll)-heme
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plays a key role by leading to the formation of a C-centered radical able to alkylate heme
and proteins (16). It is this activation pathway that has been shown to be responsible
for the antiplasmodial activity of peroxide-based antimalarials (16-19). Despite some
subtle differences in the peroxide homolysis products among the ART-derived drugs
used clinically (15), the elimination half-life (t;/;) of all these drugs in the plasma is short
and considered to be the bottleneck for an efficient therapy (12, 20).

To overcome this drawback, peroxide drugs with extended tq/, have been developed
by replacing the 1,2,4-trioxane present in the ART with a 1,2,4-trioxolane (ozonides) or a
1,2,4,5-tetraoxane. Studies have shown that ozonide 0Z439 (t1;, >42 h) and tetraoxane
E209 (t1,2 >30 h) have a longer half-life than ozonide 0Z277 (t1/ ~2-4 h) and DHA
(t1/2 ~1-3 h) (21-23). Although all these peroxide-based antimalarials are known to Kkill
parasites by the same mechanism of radical formation (16, 24), extending the tq/; of a
peroxide drug can modify the parasite’s susceptibility to treatment. For instance, 0Z439,
which has a longer tq/;, is capable of killing ART-resistant parasites more effectively than
07277, whereas DHA fails to kill them (22). The underlying reason for this efficacy is
attributed to the slower metabolic degradation of 0Z439, which enables this drug to
surpass the parasites’ capability to withstand the drug-induced oxidative stress and to
alkylate protein unaffected by ARTs (24).

For drugs derived from 1,2,4-trioxolane or 1,2,4,5-tetraoxane, half-lives can be
increased by enhancing the hydrophobicity of the molecule in order to improve the
drug-like properties, such as logD, solubility, and metabolic stability, thereby optimiz-
ing the pharmacokinetic profile (25, 26). Another approach to overcome the short-
comings of ARTs is the development of ART-based hybrid compounds containing a
second pharmacophore. Examples of such ART-based hybrids include ones in which
the second pharmacophoric group consists of 4-aminoquinolines, facilitating drug
penetration inside the parasite and inhibiting hemozoin production synergistically with
heme alkylation (27-29). ARTs have also been conjugated with vinyl phosphonates to
inhibit cysteine proteases and with peptidomimetics to inhibit proteasomes (29-31).
These hybrids display improved activity against drug-resistant parasites, even when the
second moiety has no obvious activity on its own, ultimately indicating that a second
pharmacophoric group and a chemical linker might induce conformational changes
around the peroxide bond, protecting it from a rapid reaction (32-34). This evidence
supports the hypothesis that the chemical design of ART-derived drugs can extend their
half-lives beyond those of the parental ARTs.

The rate of homolysis of peroxide bonds assayed in red blood cells, also referred to
as host cell-mediated degradation (13, 33, 35), arguably explains the effectiveness of
ozonides against ART-resistant parasites (23, 36). This kind of knowledge is crucial for
understanding the susceptibility profile of clinically employed ART-derived drugs (13, 33,
35). However, little direct, quantitative evidence of host cell-mediated degradation in
ART-based hybrid drugs has been reported. Here, we characterize the susceptibility of
sensitive and resistant parasites to treatment with ART-based hybrid drugs. The results
reveal the activity of the hybrid drugs to be superior to that of the parental DHA against
ART-resistant Plasmodium falciparum parasites. Additionally, we assess the hybrid drugs’
host cell-mediated degradation and chemical stability in hepatic microsomes. The hybrid
exhibiting the greatest stability against host cell-mediated degradation was also the
most potent antimalarial agent in vitro. In addition, we examined the steps underlying
the reductive bioactivation of peroxide by heme and their effect in killing quiescent
ART-resistant parasites.

MATERIALS AND METHODS
Drugs

ATO, AQ, chloroquine (CQ), DHA, and MFQ were obtained from Sigma-Aldrich (St.
Louis, MO, USA). ART-based hybrid drugs LH70 (“hybrid 1) and 163A (“hybrid 2") were
synthesized as described elsewhere (29, 34). SYBR Green | nucleic acid gel stain was
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purchased from Thermo Fischer Scientific (Waltham, USA). All other general chemicals
and solvents were of analytical grade. Nomenclature: PPIX refers to the protoporphyrin IX
ligand; hemin and hematin refer to Fe"(PPIX)Cl and Fe"(PPIX)OH, respectively; hemozoin
refers to the malaria pigment, aggregate of Fe"(PPIX) bearing Fe—carboxylate bond (37);
B-hematin refers to the synthetic analog of hemozoin; heme refers, strictly speaking, to
Fe'"(PPIX); however, for the sake of simplification, we designed as “heme derivatives” all
the Fe(PPIX) derivatives whatever the oxidation state of iron and/or the substitution (for
example heme-drug coupling) of the porphyrin ring.

Culture of P. falciparum

ART-susceptible strains NF54, D10, 3D7, and W2 of P. falciparum were grown using
standard methods. These parasite strains were maintained at 5% hematocrit [human
type O- or A-positive red blood cells (RBC)] in RPMI-1640 medium (EuroClone, Milan,
Italy) supplemented with 1% AlbuMax (Invitrogen, Milan, Italy), 2 mM L-glutamine
(Euroclone), 20 mM HEPES (Euroclone), and 0.37 mM hypoxanthine (Sigma-Aldrich, St
Louis, USA). For parasite growth and experiments, the cultures were maintained at 37°C
in a standard gas mixture composed of 1% O,, 5% CO,, and 94% N,. For the ring-stage
survival assay (RSA) and quiescent-stage survival assay (QSA), ART-sensitive (F32-TEM)
and ART-resistant (F32-ART) strains were used. F32-ART is a laboratory strain resistant
to ARTs obtained after several years of sequential and increasing artemisinin pressure,
whereas F32-TEM is its susceptible isogenic twin (5). F32-ART carries a M4761 mutation
on the pfki3 gene that is responsible for its ART resistance (6). These two strains were
cultured in RPMI-1640 medium (Dutscher, Bernolsheim, France) at 2% hematocrit in
human RBC (EFS, French blood bank, Toulouse, France) and 5% human serum (EFS,
French blood bank, Toulouse, France) at 37°C in a 5% CO, humidified atmosphere. Blood
donor consent was waived since erythrocytes were used for P. falciparum culture, and no
personal data were collected.

Antiplasmodial activity against ART-susceptible P. falciparum parasites

Each compound was dissolved in dimethyl sulfoxide (DMSO) and diluted in RPMI-1640
medium into seven different concentrations, which were tested against CQ-susceptible
strains (NF54 or D10) or a CQ-resistant strain (W2). Each well of 96-well plates was filled
with 100 pL drug and 100 pL parasitized RBC (asynchronous parasite culture), which
were mixed to obtain a final parasitemia of 1.0% to 1.5% and 1.0% hematocrit. Plates
were incubated for 72 h at 37°C in a standard gas mixture; then, parasite growth was
determined by measuring the activity of the parasite lactate dehydrogenase (pLDH) (38).
Briefly, at the end of incubation, the cultures were carefully resuspended, and 20 pL
aliquots were removed and added to 100 pL Malstat reagent in a 96-well microplate.
The Malstat reagent is made of 0.125% TritonX-100, 130 mM L-lactate, 30 mM Tris buffer,
and 0.62 pM 3-acetylpyridine adenine dinucleotide. After that, 20 pyL 1.9 uM nitro blue
tetrazolium (NBT) and 0.24 pM phenazine ethyl sulfate were added to the plate. NBT
was reduced to blueformazan and spectrophotometrically read at OD 650 nM using a
Synergy 4 microplate reader (BioTek, Santa Clara, USA). The concentration at which the
drugs were able to inhibit 50% parasite growth (IC5g) was calculated using the inhibitory
effect sigmoid Emax model, estimating the ICsq value through nonlinear regression
using a standard function of the software package R (ICEstimator version 1.2). ICsq values
were expressed as means of two to three independent experiments, with each drug
concentration in duplicate.

Antiplasmodial activity of drug combinations

The activity of the drug combinations against the P. falciparum NF54 strain was
determined as described above. In each experiment, drugs were tested alone and in
combination. Twofold serial dilutions of the drug solutions were made using fixed molar
ratios of 1:1, 1:3, and 3:1 for each combination and using two technical replicates
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(ranging from 200 to 1.0 nM). Parasite growth was determined by the pLDH method,
as described above. ICsg values for each drug alone or in combination were deter-
mined, and an isobologram analysis was performed by plotting the fractional inhibi-
tory concentrations (FIC) for each combination and its component drugs separately.
Individual FIC values were calculated as the IC5q of the drug combination divided by
the ICsq of the drug in isolation. A dashed line was plotted to indicate any additive
effect and distinguish antagonism (above the dashed line) from synergism (below the
dashed line). Three independent experiments were performed, each one containing two
replicates. Each experiment was used to represent an isobologram analysis [mean and
95% confidence interval (CI)].

Ring-stage-specific drug activity

The NF54 strain of P. falciparum was employed to test the drugs’ activity against ring
stages and asynchronous parasite culture (all stages). The ring stages were obtained
by synchronization with D-Sorbitol using a standard method (39). Each well of 96-well
plates was filled with 100 pL each drug and 100 pL culture containing ring-stage or
asynchronous parasites, which were mixed to obtain a final parasitemia of 1.0% to
1.5% and 1.0% hematocrit. Plates were incubated for 72 h at 37°C in a standard gas
mixture. Afterward, plates were centrifuged, cell pellets were carefully washed twice with
complete medium without drugs, and the plates were returned to the incubator for an
additional 66 h. Plates were processed using the pLDH method, and ICsq values were
calculated as described above. At least two to three independent experiments were
performed, using two technical replicates.

Exposure time dependence in drug activity

Each well of 96-well plates was filled with 100 yL drug and 100 pL culture containing
ring-stage P. falciparum (NF54 strain) parasites, which were mixed to obtain a final
parasitemia of 1.0% to 1.5% and 1.0% hematocrit. Plates were incubated at 37°C in
a standard gas mixture. After 3 h and 6 h, plates were centrifuged, cell pellets were
washed as described above then returned to the incubator for an additional 69 h
and 66 h, respectively. In parallel, the same experiment was left without the washing
step, enabling continuous drug exposure throughout. Plates were processed using the
pLDH method, and ICsq values were calculated as described above. Three independent
experiments were performed using two technical replicates.

Speed of drug activity

Each well of 96-well plates was filled with 100 yL drug and 100 pL culture containing
asynchronous P. falciparum (NF54 strain) parasites, which were mixed to obtain a final
parasitemia of 1.0% to 1.5% and 1.0% hematocrit. The plates were incubated for 24,
48, and 72 h at 37°C with a standard gas mixture. DHA (a fast-acting drug) was used
as a positive control, and ATO (a relatively slow-acting drug) was used as a negative
control (40). Parasite viability was measured using the pLDH method, and ICsq values
were calculated as described above. Three independent experiments were performed
using two technical replicates.

Host cell-mediated drug degradation

Each well of 96-well plates was filled with 125 pL drug (1000 nM) and 125 pL uninfected
red blood cells (URBC), which were mixed to obtain a final drug concentration of 500 nM
and 2.5% or 1.0% hematocrit. The plates were incubated at 37°C in the standard gas
mixture. After each time point (10 min, 6 h, and 24 h), supernatants were carefully
harvested and stored at —80°C until use. Untreated uRBC incubated at the same times
were used as negative controls, and DHA and AQ were employed as standard drugs.
Next, supernatants were diluted in a complete medium in six different dilutions and
were aliquoted in new plates. The antimalarial activity of these supernatants and freshly
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dissolved drugs was determined in an asynchronous parasite culture of P. falciparum
(3D7, D10, and W2 strains) for 72 h using the same method described above, and
parasite viability was assessed by the pLDH (38) and SYBR Green | (41) methods. Only
the experiments where the ICsq values of the supernatants harvested at 10 min were
the same as those of the respective fresh drugs were considered for determining
equivalent drug concentration. Assuming the supernatant harvested at 10 min had a
drug concentration of 500 nM, an equivalent drug concentration in the supernatants
was calculated as 500/ICsq value for each time point. Decay in drug concentration was
estimated by using the normalized slope values calculated from linear regression fits
using the slope values of a standard curve as reference. Three independent experiments
were performed using two replicates.

In vitro metabolic stability assay in microsomes

In vitro microsomal stability assay was performed in duplicate in a 96-well microtiter
plate, using a single-point experiment design (42). Test compounds (1 pM) were
incubated individually in human (pool of 50, mixed gender), rat (pool of 711, male
Sprague Dawley), and mouse (pool of 1,634, male CD1) liver microsomes (Xenotech,
Kansas, USA) to a final protein concentration of 0.4 mg/mL, suspended in 0.1 M
phosphate buffer (pH 7.4). Incubations were started by the addition of NADPH (1 mM)
as a cofactor and shaken for 30 min at 37°C. The reactions were quenched by the
addition of 300 pL of ice-cold acetonitrile containing an internal standard (carbamaze-
pine, 0.0236 pug/mL) and centrifuged. The supernatant was transferred to a fresh 96-well
plate and analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
(Agilent Rapid Resolution HPLC, AB SCIEX 4500 MS). The relative loss of the parent
compound over time was monitored, and plots (concentration vs time) were prepared
per compound to determine the first-order rate constant for compound depletion. This
was in turn used to calculate half-life, in vitro intrinsic clearance (Clint), and in vivo hepatic
extraction ratio (43).

Chemosensitivity on ART-resistant parasites using standard assay

Compounds were dissolved in DMSO and diluted in RPMI-1640 medium into five
different concentrations (0.1-1000 nM). Each well of 96-well plates was filled with 100 pL
drug at each concentration and 100 pL synchronized ring-stages of the ART-resistant
strain F32-ART or its ART-susceptible twin strain F32-TEM at final parasitemia of 1%
and 2% hematocrit. Plates were incubated for 48 h at 37°C and 5% CO,. The drugs
were washed out in 1x phosphate-buffered saline (PBS) (Sigma-Aldrich), the plates were
frozen and thawed, and then, the lysed parasites were transferred to black 96-well plates.
SYBR Green | (Fisher Scientific, lllkirch, France) at a 2x concentration in a lysis buffer
(20 mM TRIS base, pH 7.5, 20 mM EDTA, 0.008% wt/vol saponin, 0.08% wt/vol Triton
X-100) was then added and the plates were incubated for 1 h at room temperature in the
dark. Fluorescence was measured at 485 nM excitation and 528 nM emission in a VICTOR
Nivo plate reader (Perkin Elmer, Waltham, USA) and the ICs5q4 values were then calculated
using Prism 7 (GraphPad, San Diego, USA).

In vitro recrudescence assay

F32-ART and F32-TEM parasites were synchronized at the ring stage by D-sorbitol
treatment, adjusted to 3% parasitemia and 2% hematocrit, and treated with 700 nM of
each drug for 48 h in a 6-well plate, as 700 nM concentration corresponds to the plasma
peak of DHA in patients (42). Parasites were washed with RPMI-1640 medium before
being placed in drug-free culture conditions with 10% human serum. Parasitemia was
determined daily by Giemsa-staining of blood smears until the cultures reached their
initial parasitemia, defined as the recrudescence day. If no parasite recrudescence was
observed for up to 30 days, the experiment was stopped. Two independent experiments
were performed (10).
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Ring-stage survival assay (RSA®3")

Early ring-stage parasites (0-3 h post-invasion) of F32-ART and F32-TEM strains highly
synchronized by Percoll-Sorbitol treatment were exposed to 700 nM of the drugs or 0.1%
DMSO (control) for 6 h. Each drug was tested in duplicate. Parasite pellets were then
washed in RPMI-1640 medium before being placed in drug-free culture conditions with
10% human serum and incubated for 66 h (44). Survival rates were assessed microscopi-
cally by two independent microscopists by counting the parasites in 10,000 RBCs. Three
independent experiments were performed.

Quiescent-stage survival assay

The QSA was performed as previously described to determine the drug activity on
quiescent ART-resistant parasites (11). F32-ART culture parasites were synchronized at
the ring stage and adjusted to 3% parasitemia and 2% hematocrit. The parasites were
then exposed for 6 h to 700 nM DHA in order to mimic the plasma peak of DHA in
patients (44) and to induce quiescence (Fig. 4C, conditions A and B) or a mock condition
(Fig. 4C, condition C). After the washing steps, quiescence was maintained for 48 h in
parasites treated with either DHA alone (Fig. 4C, condition A) or DHA plus 700 nM of the
drug to be tested (Fig. 4C, condition B). At the end of treatment, parasites from each of
the three conditions were washed with RPMI-1640 medium and replaced in new wells in
a drug-free culture medium with 10% human serum. Parasitemia was determined daily
by thin blood smears until the cultures reached their initial parasitemia (3%), which was
defined as the recrudescence day (11). The recrudescence capacity of parasites exposed
in conditions A and B was compared to determine whether the drug was active on
quiescent parasites. Condition C was designed to check that the concentration at which
the drug was tested acted on proliferating parasites. If no parasite recrudescence was
observed, the experiment was stopped.

Fractionation assay of parasite-heme-derived species

Compounds were dissolved in DMSO and diluted in RPMI-1640 medium into four
different concentrations (1.56, 6.25, 25, and 100 nM). Each well of 24-well plates was
filled with 1.0 mL ring stages of 3D7 strain P. falciparum at final parasitemia 5% and
hematocrit 4%. Plates were incubated for 32 h at 37°C in the standard gas mixture.
Cell pellets were then washed, the supernatant was discarded, and the pellets were
resuspended in a lysing solution (1.0% wt/vol saponin). The resulting suspension was
centrifuged, the supernatant was discarded, and the pellets were washed twice with
PBS. The resulting pellets were then stored at —80°C until analysis. Parasite-derived
heme species (hemoglobin, free heme, and hemozoin) were determined by successive
fractionation assays in a 96-well plate format using a standard method (45). The relative
amount of each species was determined by summing all three species (hemoglobin,
free heme, and hemozoin). Three independent experiments were performed using two
replicates of each drug concentration.

B-hematin inhibitory activity

The compounds were dissolved in DMSO and diluted in DMSO to six different concentra-
tions (1.0-32 mM). Hemin (Fe"[PPIX]CI) (BioXtra, Sigma-Aldrich) was first dissolved in 0.1
M NaOH and then suspended in an 80:20 vol/vol mixture of DMSO and propionate buffer
(0.1 M, pH 5.6) to a stock solution at 8 mM. Reduced glutathione (GSH) was dissolved
in 0.1 M NaOH and then adjusted to 10 mM using propionate buffer (0.1 M, pH 5.6).
For B-hematin inhibitory activity (BHIA) under the reducing condition (R-BHIA), hemin
(10 pL) and GSH (10 pL) were distributed in a 96-well plate and homogenized, and the
plates were sealed using a thin plastic film and incubated for 1 h at 37°C. Then, 20 pL
of the drug was added, and the plates were incubated for 2 h at 37°C. The plastic film
was removed after drug incubation, 160 pL propionate buffer (1.0 M, pH 5.6) was added,
and plates were incubated for 18 h at 37°C. BHIA under the oxidizing condition (O-BHIA)
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was prepared in parallel without adding GSH. Controls included wells without drugs
and wells containing PBS 1x instead of propionate buffer. Afterward, the plates were
centrifuged, the supernatant was discarded, and the pellets of B-hematin crystals were
washed twice with pure DMSO and then water. The resulting f-hematin crystals were
then dissolved in 200 pL 0.1 M NaOH and diluted to a 1:8 ratio. Aliquots were then
transferred into a new plate and read by UV-visible absorbance at 405 and 450 nM.
Percent of BHIA was calculated in comparison to untreated wells (no drugs), and ICsg was
then calculated. Two independent experiments were performed using three replicates of
each drug concentration (46).

Statistical analysis

Data were typically presented as median + standard error of the mean (SEM) or mean
+ standard deviation (SD). The drug concentration required to inhibit 50% parasite
growth was calculated by nonlinear curve fitting of log-transformed and normalized data
using Prism 8.4.0 or ICEstimator 1.2 (http://www.antimalarial-icestimator.net/index.htm).
Statistical analyses were performed using Prism 8.4.0. Any outlier was identified using
Grubbs' test and excluded from the data analysis. Statistical significance was assessed by
nonparametric and unpaired Student’s t-test for sample comparison or two-way analysis
of variance (ANOVA) for multiple comparisons (corrected by Bonferroni post-test) as
indicated in each figure. For RSA%", statistical significance was determined by the
Mann-Whitney unpaired t-test. Statistical significance was set at P < 0.05. Results
from the recrudescence assay and QSA were interpreted using Kaplan-Meier analysis,
considering censored data, and statistical significance was assessed by the Log-rank
Mantel-Cox test using Prism 7.

RESULTS
Chemical design

We previously set up a medicinal chemistry program to synthesize libraries of ART-based
hybrid drugs with different pharmacophoric structures covalently bound to ART through
a variety of chemical linkers (29, 33, 34, 47, 48). The study of pharmacophores (quinoline,
isoquinoline, benzimidazole, and coumarin), linkers (ester, ether, amide, and triazole),
and substituents in the aromatic ring revealed that benzimidazoles and quinolines were
the most promising pharmacophoric structures in terms of potency and efficacy against
Plasmodium.

ART-benzimidazole hybrid 1 was the most potent among them. Its benzimidazole
component features an auto-fluorescence property, suitable for tracking the location of
the drugs in living cells, and an attached tetraethyleneglycol side chain further provides
a gain in lipophilicity (34). It was chosen as a representative non-cleavable hybrid drug.
ART-quinoline hybrid 2 was the most potent among quinoline series. Hybrid 2 combines
an ART moiety with a chloroquinoline via a cleavable ester linker, which has shown
potent activity against P. falciparum and efficacy in Plasmodium berghei-infected mice of
a higher level than ART but lower than hybrid 1. Moreover, the chemoproteomics of the
hybrid 2 have revealed a capacity to alkylate proteins comparable with ARTs (29, 32).
Therefore, hybrid 2 was chosen as a representative cleavable hybrid drug. Importantly,
these two hybrids have displayed superior antimalarial activity against CQ-resistant
parasites than their two separated moieties when administered as a drug combination
(ART plus quinoline/benzimidazole), whereas the quinoline or benzimidazole alone does
not show any antiplasmodial activity in concentration up to 2.0 pM. Their chemical
structures and key chemical and pharmacological features are shown in Fig. 1.

Hybrids can efficiently kill young parasite stages with exposure time depend-
ency

We studied the stage-specific susceptibility of drug activity against the asexual blood
stages of P. falciparum parasites using the NF54 strain (Fig. 2A). To determine the
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Hybrid 2 45+0.5 23+06 6378 894+15

FIG 1 Chemical structures of the ART-based hybrid drugs studied here and their previously reported antimalarial activity. Panel A shows the structure of

peroxide trioxane dihydroartemisinin, and the pharmacophore groups employed for the design of ART-based hybrid drugs 1 (panel B) and 2 (panel C). Panel D

shows a table summarizing the previously reported antimalarial activity of each drug (values taken from references [29, 32, 34]). Footnotes for Table: ® Assay

determined in asynchronous culture and activity measured by SYBR Green |; ™ Index values were determined by CCs0/IC50, where CCso was assayed in a J774 cell

line. ' Efficacy determined in P. berghei-infected mice using Peters test. ART = artemisinin; CQ = chloroquine; N.D. = not determined; SEM = standard error of the

mean.

specificity of the drugs against ring stages, we incubated parasites with the compounds
for 6 h, washed out the drugs, and measured drug activity on parasite growth 66 h later
(6, 49). Of note, we assured the complete removal of any residual and unbound drugs in
the cell supernatant after the washing out steps and replacement of culture medium by
quantification of the autofluorescence of hybrid 1 in the cell supernatant (Fig. S1).

DHA was equally potent in killing ring-stage and asynchronous P. falciparum parasites.
In contrast, MFQ was more potent at killing ring-stage than asynchronous parasites.
Hybrid 1 demonstrated similar effectiveness at killing young parasite stages and
asynchronous parasites (Fig. 2A), but hybrid 2 was less active against asynchronous
parasites. This was attributed to the presence of the 4-aminoquinoline component,
which is also present in CQ (50) and is known to be less effective at killing late tropho-
zoites and schizonts. Overall, our results of stage-specific susceptibility for peroxide-
based drugs (DHA, hybrids) and MFQ are broadly consistent with the literature (50).

Given that young parasite stages were susceptible to both hybrids, we sought to
understand the exposure time dependency of the drug activity. Ring-stage parasites
were exposed to three different conditions of drug treatment: short-time exposure (3 h
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FIG 2 Hybrids kill young parasite stages with exposure time dependency. Panel A shows the ring stage-specific susceptibility, and panel B shows the exposure

time dependency of the drug activity against NF54 strain of P. falciparum. In panel A, parasites at all stages (ring stages or asynchronous) were incubated in the

presence of drugs for 72 h. In panel B, ring-stage parasites were incubated in the presence of drugs for short-pulse (3 or 6 h) or standard (72 h) incubation. In

both cases, parasitemia was assessed at 72 h. Parasite viability was measured by pLDH, and ICs( values were calculated. Values are shown as the median and SEM

(error bars) of three independent experiments, using each concentration of compounds in duplicate. *P < 0.05; **P < 0.01 were significantly different by Student’s

t-tests. 1 = hybrid 1; 2 = hybrid 2; DHA = dihydroartemisinin; MFQ = mefloquine; SEM = standard error of the mean. Figure S2 and Table S1 (supplemental

material) show the detailed results.

and 6 h) and standard-time exposure (72 h). In all the experiments, parasite growth
reduction was assessed after 72 h of incubation. Parasites showed lower sensitivity
against MFQ, DHA, and hybrid 2 after 3 h and 6 h exposure than after 72 h exposure. For
hybrid 1, no statistical difference was found according to the duration of treatment (Fig.
2B). Despite some dissimilarities in the exposure time to effectively kill parasites, most
peroxide-containing drugs tend to be associated with a rapid onset of parasite viability
reduction, namely, the parasite viability is already reduced when assessed after 24 h
incubation with drugs. The ICsq values determined after 24 h of treatment were in a
similar range as the values after 48 h and 72 h (Fig. S3). These data confirm that both
hybrids can kill parasites with a speed of action comparable to that of parental DHA.

Hybrids are useful in drug combinations

We assessed hybrids in drug combination studies. To this end, CQ (a heme detoxification
suppressor) and MFQ (a pleiotropic agent), which are two reference antiplasmodial
drugs, especially in regions with a low prevalence of ART-resistant parasites, were chosen
for the combination studies. Assays were performed using different molar ratios of the
drugs and against ring stages of the NF54 strain of P. falciparum cultivated for 72 h
(Fig. S4; Table S2). We observed nondetrimental interactions toward additivity between
hybrid 1 and CQ, hybrid 1 and MFQ, and hybrid 2 and MFQ, whereas hybrid 2 showed
an antagonistic effect against CQ. The detrimental interaction of hybrid 2 and CQ is
an exception worthy of further interpretation. Both are 4-aminoquinoline-based drugs,
which could lead to competition for the mechanism to inhibit parasite growth. Overall,
most drug combinations demonstrated an additive effect with respect to their ability to
inhibit parasite growth. This is in close agreement with the literature for ACT, in which
additive effects have been observed (46), whereas a high level of synergy has only been
found for atovaquone plus proguanil (51).

Hybrids have slower host cell-mediated degradation than DHA

We examined whether the hybrids underwent any host cell-mediated degradation, as is
observed for ARTs (13, 35, 36). We assayed this by incubating the drugs at 500 nM in
UuRBC (33). The supernatants were harvested at different time points (10 min, 6 h, and
24 h), and antiplasmodial activity was determined for them in comparison with freshly
added drugs. We detected residual amounts of lysed uRBC at high drug concentrations
(700 and 1000 nM) and at an incubation time of 48 h, which could potentially interfere
with an accurate measurement of antiplasmodial activity. Given the short-lived property
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of ARTs, harvesting supernatants after drug incubation up to 24 h was adequate for
estimating host cell-mediated degradation. AQ was used as a long-lasting drug (47),
whereas DHA was used as a short-lived drug (13) (Fig. 3A).

At a low hematocrit level (1%), DHA-derived supernatants presented a subtle (2-fold)
loss in their antiplasmodial activity when harvested at 6 h and a significant loss (as high
as 20-fold) at 24 h (Fig. 3B). In contrast, AQ-derived supernatants for different harvesting
times displayed equipotent antiplasmodial activity. Under these conditions, neither
hybrid showed any measurable drug degradation, even at 24 h. To subsequently confirm
that the loss in supernatant activity was due to host cell-mediated degradation, which is
intrinsically dependent on the levels of bioavailable heme, we assayed this at a high
hematocrit level (2.5%) (Fig. 3C). A significant (fourfold) loss in supernatant activity was
observed for the DHA-derived supernatant harvested at 6 h. Unlike DHA, for which a loss
in activity was already observed after as little as 6 h, the hybrids lost their activity at 24 h.
For hybrid 1, a 3-fold loss in activity was observed after 24 h, whereas for hybrid 2, a 10-
fold loss in activity was observed after 24 h (Fig. 3D). In a separate experiment, we
determined that both CQ-sensitive and CQ-resistant parasites had similar susceptibility
to the drug-derived supernatants using a pLDH readout.

To test the association between the antimalarial activity of hybrid 1 supernatants and
chemical stability, the concentration of hybrid 1 in these supernatants was quantified by
high-performance liquid chromatography (HPLC) and fluorescence in a microplate
reader. The concentration of hybrid 1 remained constant under incubation with PBS over
the analyzed time (Fig. 3E; Fig. S1). In the presence of uRBC at hematocrit 2.5%, the
concentration of hybrid 1 remained the same for over 6 h, whereas at 24 h, it decreased
from 500 to 256 nM. Moreover, we defined the slopes calculated from linear regression
fits to accurately reflect the effective decay in drug concentration because peroxides
could covalently bind to proteins present in the supernatant. With this metric, the
concentration of hybrid 1 was estimated to have decreased between 10 min and 24 h of
incubation. Maximum rates of reduction of between 56.4% and 65.4% were determined
by HPLC and fluorescence microplate reader, respectively (Fig. S1). This decrease in the
concentration of hybrid 1 is comparable with the shift in IC5q values of hybrid 1 in the
supernatants. These conditions confirmed that the host cell-mediated degradation of the
hybrids was slower than that of DHA.

Next, we used the in vitro metabolism assessed in liver microsomes to gain insights
into the hepatic degradation of the hybrids. Assays were performed in the presence of
mouse, rat, and human microsomes, and artesunate was used as a representative ART
drug. Table 1 shows the calculated intrinsic clearance (Clint), the percent of drug remain-
ing after 30 min, and degradation half-time. We observed that artesunate showed a fast
clearance rate. In the literature, artesunate is categorized as a drug of fast hepatic
clearance (52). In mouse microsomes, artesunate showed a clearance, which was
approximately twice as slow as hybrids 1 and 2. However, this difference in clearance is
not enough to warrant a lower rate of metabolic degradation (i.e., a longer half-life). In
fact, the rate of metabolic degradation was fast in all compounds under the conditions
used, and no significant difference in the compound’s half-life was observed between
the different species. According to the in vitro hepatic metabolism, the rate of metabolic
degradation is not a parameter for explaining the differences in efficacy between 1 and 2
in P. berghei-infected mice, as shown in Table 1. Nonetheless, this does not preclude that
the active metabolite between these hybrids may present distinct biopharmaceutical
properties, further explaining the differences in efficacy.

Hybrids present antiplasmodial activity against ART-resistant parasites

We first established the susceptibility of ART-sensitive (F32-TEM) and ART-resistant (F32-
ART) parasite strains to treatment with hybrids and DHA by determining the ICsq values
for 48 h of continuous drug incubation. We observed that, like DHA, both molecules had
IC5g values below 5 nM in the standard chemosensitivity assay, whatever the P. falcipa-
rum strain tested in vitro (Table S3). No difference was observed between the
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FIG 3 Hybrids exhibit slower host cell-mediated degradation than DHA. Panel A shows the experimenta
the analysis to calculate the chemical stability of the drugs. Panel B shows host cell-mediated degradation
at high hematocrit (2.5%). Panel D shows the drug concentration of supernatants harvested at 24 h.

| design to assay host cell-mediated degradation and
at low hematocrit (1.0%). Panel C shows degradation
Panel E shows the concentration of hybrid 1 in the

supernatants of uRBC and PBS determined by HPLC. uRBC were exposed to 500 nM compound, and the supernatants were harvested at the indicated time

(10 min, 6 h, and 24 h). Antiplasmodial activity of the supernatant and freshly diluted drugs was assayed against the asynchronous 3D7 strain of P. falciparum. The

method to estimate the (equivalent) drug concentration is described in the experimental section. Indicated values were significantly different by Student t-tests.

AQ = amodiaquine. DHA = dihydroartemisinin. PBS = phosphate-buffered saline. Figure S5 (supplemental material) shows the detailed results.

ART-resistant strain and the ART-sensitive strain. This result was expected since the
mechanism of resistance to ARTs is mediated by a quiescence phenomenon (parasite cell
cycle arrest during ART exposure). This test based on parasite proliferation does not serve
to discriminate artemisinin-sensitive parasites from resistant ones (5).

To determine whether ART resistance could impair the activity of the hybrids, a
recrudescence assay was conducted (5, 10), comparing the ability of ART-resistant and
ART-sensitive parasites to recover after a single pharmacologically relevant 48 h-drug
exposure. Consistently, after the end of DHA exposure at 700 nM, F32-ART recovered
faster than F32-TEM, with an 8-day delay being observed between the strains (Fig. 4A).
We performed the same assay for hybrids 1 and 2 and then monitored parasite growth
over 30 days. As the hybrids are both artemisinin derivatives, they were tested at the
same dose as DHA. Analysis of parasite recovery after the end of drug exposure revealed
a delay in recrudescence time between F32-ART and F32-TEM (Fig. 4A), demonstrating
that artemisinin resistance impaired the activity of hybrids 1 and 2 and suggesting
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TABLE 1 In vitro metabolism of drugs in the presence of mouse, rat, and human liver microsomes at
physiological pH

Compounds Species Clint (UL/min/mg)® Drug remaining after Degradation half-
30 min (%) life (min)
Artesunate Mouse 429 0.6 4
Rat 442 0.5 4
Human 250 5 7
Hybrid 1 Mouse 240 6 7
Rat 186 10 9
Human 379 1 5
Hybrid 2 Mouse 275 4 6
Rat 376 1 5
Human 479 0.3 4

Clint = intrinsic clearance. Values are average of n = 2 replicates.

cross-resistance with ART. These data are in accordance with previously obtained results
that highlight cross-resistance between ARTs and molecules harboring an endoperoxide
group (22, 53, 54).

Given that hybrid 1 was more effective than DHA in delaying the rate of parasite
recrudescence, we studied its drug activity in the RSA®*". We exposed highly synchro-
nous ring-stage parasites (0-3 h post-invasion) harboring or not the ART-resistant
phenotype and genotype to short-pulse treatment for 6 h, determining parasite survival
rates after 66 h. As expected, the survival rate of the F32-TEM parasites was close to 0%
after treatment with any of the three molecules (Fig. 4B), confirming the sensitivity of this
strain and the ability of hybrids 1 and 2 to act in less than 6 h, like DHA. In contrast, the
results showed that approximately 10% of the ring-stage ART-resistant parasites survived
a 6 h pulse of 700 nM DHA, compared with 2% and 15% that survived a pulse with the
same concentration of hybrids 1 and 2, respectively (Fig. 4B). These data show that
parasites harboring PfK13 mutation leading to resistance to ART are more susceptible to
treatment with hybrid 1 than to treatment with DHA or hybrid 2.

We then examined whether hybrids 1 and 2 can kill non-proliferating parasites in a
quiescent state induced by ARTs. In the QSA, parasite quiescence was first induced by
DHA treatment, before adding the compound to be tested (still in the presence of DHA
to maintain quiescence), and then, recrudescence was carefully monitored (Fig. 4C).
Parasites treated by DHA alone can typically reach initial parasitemia between days 8 and
9 after the end of treatment, with a further delay of 6 days in recrudescence in the
presence of a tested compound being the threshold of effectiveness to kill quiescent
parasites (11). Hybrid 1 seemed to delay parasite recrudescence more than hybrid 2,
which is consistent with its superior activity against proliferating parasites in the RSA®*"
and reduced susceptibility to cause cross-resistance with ART. However, the delays of
recrudescence observed for the two hybrids are close (0.5- and 3-days’ delay for hybrids
1 and 2, respectively) and less the 6-day threshold, which would indicate no activity
against ART-resistant parasites in a quiescent state (Fig. 4D). As a positive drug control,
ATO, known to be active on quiescent parasites, is routinely tested in the QSA and has
shown a delay of recrudescence of up to 10 days (data not shown) (11).

Hybrids perturb heme redox homeostasis and detoxification into hemozoin

Given that the hybrids are slowly degraded by RBCs and this affects their antiplasmodial
activity, we tested the likelihood that this might alter their effectiveness in inhibiting
heme detoxification into hemozoin and subsequently perturbing heme redox homeosta-
sis compared with the parental drug DHA. B-hematin inhibitory activity was assayed to
quantify both mechanisms (Fig. 5A). Peroxide-containing drugs can present BHIA in
heme-initiated assays, where a reduction of the peroxide bridge by heme produces
heme-drug adducts, but not in hematin-initiated assays (17, 18, 46, 55). Heme-drug
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FIG 4 Hybrids exhibit enhanced killing properties against ART-resistant P. falciparum parasites. Panel A shows that K13 mutation conferred cross-resistance
to DHA and hybrid 2 but less so to hybrid 1 treatment, as defined in the recrudescence assay with ring-stage parasites cultured under treatment for 48 h.
The final event was defined as the time necessary for the treated cultures to reach their initial parasitemia, by monitoring recrudescence daily. Data were
censored if no recrudescence was observed at day 30. Two independent experiments were performed in parallel for F32-ART and F32-TEM lines in the same
conditions to generate paired results. Panel B shows the percent survival values from drug-treated mutant-K13 (F32-ART) and wild-type-K13 (F32-TEM) lines in
the RSA”". Drugs were incubated for 6 h, compounds were washed out, and parasite cultures were allowed to grow for 66 h. Viable parasites were quantified by
Giemsa-stained smears read by two microscopists, and their numbers were normalized to values for the DMSO control. Data correspond to three independent
experiments. Statistical significance was determined by Mann-Whitney unpaired t-test. Panel C shows the experimental design for the quiescent-stage survival
assay. Panel D shows that although hybrid 1 led to a slight delay in recrudescence time comparatively with hybrid 2, both compounds cannot be considered
active against quiescent parasites (delay <6-day threshold), as evidenced by Kaplan-Meier analysis of recrudescence in the QSA. Data correspond to two
independent experiments. For hybrid 1, the orange curve is superposed to the green one. Panel E shows a table summarizing all the values. In all experiments,

drugs were added at a concentration of 700 nM. DHA = dihydroartemisinin; N.A. = not applicable; QSA = quiescent-stage survival assay; RSA”>" = ring-stage
survival assay.

adducts inhibit the formation of -hematin crystals with heme (55). Concomitant to this

inhibition, the formation of these adducts occurs in parallel to the oxidation of iron(ll) to

iron(lll). As a result of an augmentation in soluble heme species, which are redox-active,

an imbalance in heme redox homeostasis takes place. Therefore, these BHIA assays can

specifically interrogate any drug perturbation in heme detoxification into hemozoin

crystals and in heme redox homeostasis.
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FIG 5 Disruption of heme detoxification and homeostasis by DHA and hybrids. Panel A illustrates the -hematin inhibitory activity assays. Panel B shows that
DHA and hybrid 1 have a potent BHIA in the heme-initiated -hematin formation assay (heme is generated in situ in the presence of GSH as a reductant).
Significant time-dependence of inhibitory activity is observed for hybrid 1, but less for DHA, and none for CQ. Values are the mean, and error bars are the
standard deviation from two independent experiments, each one using three replicates. Panel C shows the profile of heme detoxification in the 3D7 strain of P
falciparum either treated or untreated with CQ at 25 nM. Panel D shows the drug-concentration effect on the level of free heme. Treatment was performed at ring
stages, and incubation lasted until late-trophozoite stages (32 h post-infection) before the cell lysate fractionation assay. The percentage of free heme is relative
to the sum of hemoglobin, free heme, and hemozoin. Values are the means, and error bars are the standard deviation from two independent experiments,
each one using two technical replicates. *P < 0.05 versus untreated (two-way ANOVA and Bonferroni post-test). CQ = chloroquine; DHA = dihydroartemisinin;
Fe(PPIX) = iron protoporphyrin IX. Figures S6 and S7 (supplemental material) show the detailed results.
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DHA and hybrid 1 did not show any BHIA in the hematin-initiated assay, whereas CQ
showed potent activity (Fig. S6). In contrast, we observed that in the heme-initiated
assay, strong BHIA was observed for DHA and hybrid 1 (Fig. 5B), with 1C5q values derived
from BHIA revealing that DHA and hybrid 1 are equipotent. Next, we examined whether
the heme-induced reduction of the peroxide bridge was slower in hybrid 1 than in DHA.
In comparison to the standard 120-minute incubation time for the reductive step (i.e.,
heme plus drugs without acid buffer), incubation as short as 10 min decreased the
potency of BHIA 3-fold for hybrid 1, slightly for DHA, but not for CQ (control). We
interpreted the strong BHIA observed for DHA and hybrid 1 as being the consequence of
peroxide reduction by heme and the formation of the respective heme-drug adducts
since only the adducts can potently inhibit 8-hematin crystals. A shorter incubation time
of 10 min for the reductive step may reduce the abundance of hematin-drug adduct
formation for hybrid 1 and subsequently less inhibition of 3-hematin.

A delay in the formation of heme-drug adducts may compromise the effectiveness
of a peroxide-containing drug to suppress heme detoxification into hemozoin crys-
tals. To interrogate this, we exposed ring-stage ART-sensitive P. falciparum parasites
to various drug concentrations and determined the levels of free heme, hemoglobin,
and hemozoin. In this cell lysate fractionation assay, the ratio of these heme-derived
species changed following the progression of the parasite life cycle from ring stages into
trophozoites. Compared with untreated parasites, drug blockage of heme detoxification
was specifically detected by a significant increase in the levels of free heme (Fig. 5C).
Both CQ and DHA treatment increased free heme levels in a concentration-dependent
manner (Fig. 5D). Under treatment with the hybrid drugs, increased free heme levels
were observed, with hybrid 2 being less effective than hybrid 1 (Fig. 5D). Comparatively,
both DHA and hybrid 1 increased free heme levels, with a peak of effectiveness at
drug concentrations ranging from 6.2 to 25 nM, indicating that DHA and hybrid 1 are
almost equipotent. Therefore, the previously determined dissimilarity in host cell-medi-
ated degradation between both hybrids 1 and 2 and DHA does not interfere with the
drug’s ability to inhibit heme detoxification into hemozoin.

In the cell lysate fractionation assays, we noticed that in all tested concentrations
of CQ, an increase in free heme levels was concomitant with a decrease in hemozoin
content (29, 56). However, for peroxide-containing drugs, this same profile was observed
in drug concentrations up to 25 nM, whereas in a concentration of 100 nM, we observed
increased hemoglobin levels. Differences in parasite growth inhibition according to cell
potency (ICsg of 14.5 nM for CQ vs 5.0 nM for DHA) might affect the drugs’ capacity to
affect heme detoxification into hemozoin. Moreover, differences in drug concentrations
might shift the outcomes of heme detoxification. Here, we observed that at 100 nM,
DHA increased hemoglobin levels by presumably inhibiting hemoglobin catabolism (Fig.
S7). Similarly, a recent study has observed that DHA can inhibit parasite growth by a
mechanism of ferroptosis in concentrations up to 200 nM but not in higher concentra-
tions that reflect the plasmatic concentration of DHA in patients (57).

DISCUSSION

ARTs are powerful antimalarial drugs bioactivated by heme, which is enriched in the
Plasmodium environment. They are degraded into radical species capable of alkylating
mainly heme (16, 19), as well as a variety of molecules (32). However, parasites can evade
ART-based treatment by arresting their growth in ring stages and subsequently escaping
the damage of the short-lived drug-induced radical species. Here, we have demonstrated
that the peroxide stability and, consequently, the host cell-mediated degradation of
ART-based hybrid drugs 1 and 2 exceed that of DHA, resulting in an improvement of
potency against resistant parasites.

Previously, hybrids 1 and 2 were identified as having in vitro and in vivo potency
superior to their pharmacophoric units of CQ, ART, and artesunate and display potency
comparable with DHA, as a drug screening threshold (29, 32, 34). To understand the
reasons for the potency enhancement, we investigated whether the hybrids share the
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same phenotype of antimalarial activity as ARTs. As expected, the speed of activity
against the parasites was relatively fast for the hybrids and DHA in comparison to the
slow-acting drug ATO. Moreover, the hybrids and DHA possess stage-specific activity,
killing ring-stage parasites. This phenotype of activity is broadly consistent with the
bioavailability of heme in the early stages of the asexual blood stage life cycle—a
requirement for activating ARTs and causing extensive alkylation and cell damage
resulting in a fast reduction of parasite viability (50, 58).

We hypothesized that the rate of homolysis of the peroxide bond in the hybrids might
be different from that of the parental ARTs. Using multiple experiments, we delineated
host cell-mediated degradation as a critical dissimilarity between hybrids 1 and 2 and
the parental ARTs. We observed that host cell-mediated degradation is consistently
observed for all endoperoxide drugs but not for the 4-aminoquinoline drug AQ. Drug
degradation was found to be dependent on the time of exposure and bioavailability
of heme, with the highest degradation being found at high levels of heme and for the
longest exposure times, which is not entirely surprising. However, the observation of
reduced host cell-mediated degradation for the hybrids versus DHA is surprising, since
both are endoperoxide-containing structures and are derived from the 1,2,4-trioxane
present in ARTs.

Given that the hybrids have a lower host cell-mediated degradation rate, we further
examined whether the steps of peroxide activation by heme might proceed differently
for the hybrids compared with DHA. 1C5q values derived from BHIA revealed that the
potency of hybrid 1 in alkylating heme species responsible for inhibiting the formation
of B-hematin crystals is similar to that of DHA. Besides heme, other pathways may
contribute to peroxide degradation, such as metabolism in plasma, pH in the cytosol,
and hepatic metabolism (12-15). Although we cannot formally exclude all degradation
pathways here, we identified that stability toward hepatic metabolism, assessed through
microsome assays, did not differ significantly between artesunate and hybrids. This leads
us to the assumption that heme-mediated activation and degradation of hybrids is the
most important pathway. A subtle increase in the IC5g value at a shorter drug incubation
time in the BHIA assays was observed for hybrid 1, implying that peroxide activation by
heme may proceed slower for hybrid 1 than for parental DHA.

Clearly, the kinetics of heme-mediated degradation may not be the only key feature
in controlling the outcome of antimalarial activity; the emerging degradation products
may have an impact too (16). A well-known product of ART degradation is heme-drug
adducts (16, 59, 60), which in recent years have been shown to effectively kill ART-resist-
ant parasites in the RSA®*" (17, 18). Formation of heme-hybrid adducts from hybrids 1
and 2 was inferred from our BHIA assays. Moreover, we observed in parasite cells that
hybrids can inhibit heme detoxification with a potency comparable with or higher than
DHA. Any endogenous heme-drug adducts produced in the parasite cells likely inhibit
heme detoxification (17, 18). Based on these findings, we suggest that hematin-hybrid
adducts may be just as important for antiparasitic activity as the hematin-DHA adduct.
Currently, the exact structures and relative abundances of heme-hybrid adducts remain
to be defined.

Multiple studies have shown that ozonides (1,2,4-trioxolanes) are more stable in
overcoming host cell-mediated degradation than ARTs (1,2,4-trioxanes) (23, 36), but
this is less clear for 1,2,4,5-tetraoxane-derived drugs (21, 61). A computational study
has shown that the stability of the peroxide bond is greater for ARTs and tetraoxanes
than it is for ozonides (62). Thus, it is plausible that the increased stability of ozonides
in host cell-mediated degradation is due to their improved drug-like properties and
pharmacokinetics in comparison with those of ARTs. In fact, it has been proposed that
a peroxide-based drug of improved stability in host cell-mediated degradation could
confer these drugs the ability to efficiently kill ART-resistant parasites in RSA®" (23,
36). Our study provides important data on both points by directly showing that hybrid
1 has greater chemical stability than the peroxide bridge and can efficiently kill ART-
resistant parasites in RSA®*", Hybrid 1 showed a significantly slower parasite-mediated
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FIG 6 Proposed action of antimalarial peroxide-containing drugs against different parasite phenotypes of Plasmodium. A peroxide bond is activated by heme

(iron 1) through a Fenton reaction, which produces radical species that alkylate a variety of molecules and thereby toxify the parasite cells. One consequence

of this drug activation is to efficiently kill ART-sensitive parasites, as exemplified by DHA and hybrids 1 and 2. However, ART-resistant parasites show a delayed

clearance phenotype, with the ring stages arresting growth upon exposure to ART. If slowly activated, peroxide drugs such as hybrid 1 could potentially kill

ART-resistant parasites in the RSA, when parasites are in a proliferative state at the time of drug exposure. However, when parasites are at the quiescent stage,

they are not significantly affected by hybrid 1 and are unaffected by hybrid 2.

degradation rate than hybrid 2, the latter being degraded to a lesser degree than DHA;
however, hybrid 2 was not effective at killing ART-resistant parasites in RSA®*". This
lack of effectiveness could be because of significant degradation and therefore loss of
activity against sensitive parasites at high heme levels (namely, activity depending on
hematocrit). In contrast, hybrid 1 was degraded to a significantly lesser degree, and only
a subtle loss in activity was observed (Fig. 6). Our findings are consistent with two recent
reports showing that a chemical functionalization of the 1,2,4-trioxane warhead in ARTs
could lend hybrids improved stability and antimalarial activity (33, 35).

The hepatic metabolism rate of hybrids was similar to that of artesunate. Artesu-
nate and hybrid 2 contain a cleavable ester moiety, and this may account for the
detected degradation under microsomes. Hybrid 1 is linked via a triazole unit that is
not prone to hydrolysis or enzymatic cleavage; however, its tetraethyleneglycol and
benzimidazole moieties may undergo metabolism responsible for the degradation of
1. Although hepatic metabolism and host-mediated degradation could potentially be
fine-tuned by chemical modifications and molecular hybridization, as demonstrated
here, we recognize that any increase in chemical functionalization and lipophilicity may
change other biopharmaceutical parameters (25, 26, 61). For instance, we observed that
our and other designed ART-based hybrids may require a high dosage for effective
treatment in mice (32-35).

Ideally, any new peroxide-containing drug should be capable of being combined
to maximize drug interactions with ARTs in ACT. Regarding this, we have shown that
hybrids 1 and 2 both display a summation of activity when employed in combination
with drug partners CQ and MFQ. This profile has also been reported for DHA, ART, and
artesunate, as well as for long-acting ozonides (46, 59), suggesting that any peroxide
drug of slow host-mediated degradation can reproduce the capability of ARTs in the
drug combination. However, the unresolved question is the emergence of parasites in
the quiescent state after treatment with the ACT regimen (10, 11). Our screens revealed
that hybrid 1 displays strong activity against proliferating parasites (in RSA®*") but no
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activity against quiescent parasites (in QSA). Conversely, trioxane/quinoline hybrid 2 did
not show any activity against proliferating parasites in the RSA®*". A previous study
has observed low effectiveness of trioxane/quinoline hybrids (with a similar phenotype
of activity and structure to hybrid 2) in RSA®*", but no direct measurements of host
cell-mediated degradation were available in this work for comparison (53). Currently,
there are few antimalarial drugs that are efficient against quiescent parasites. Interest-
ingly, some studies have found 4-aminoquinoline drugs to have weak activity against
quiescent parasites (11). Much work is needed to broaden the scope of peroxide drugs
that kill quiescent parasites.

Conclusions

To mitigate the spread of ART resistance, there is an urgent need to make improvements
to current ACT regimens. We demonstrated two hybrids with fast-acting antiplasmo-
dial action that efficiently kill young parasites by affecting the mechanisms of heme
detoxification and heme redox homeostasis. Importantly, the hybrids reproduced the
most important phenotypic characteristics of ARTs, whether given as monotherapy or in
combination with other drugs. Notably, we showed that the hybrids undergo classic host
cell-mediated degradation, which is intrinsically dependent on the levels of bioavailable
heme, and that hybrid drug 1 overcomes fast degradation and presents higher activity
against ART-resistant parasites than DHA. Our multiple approaches consistently suggest
that the key feature of ozonides and tetraoxanes—slower host cell-mediated degrada-
tion than ARTs—was also consistently reproduced by the ART-based hybrid drug 1. Our
findings broadly confirm that the manipulation of semi-synthetic trioxanes is a valuable
approach in antimalarial drug design.
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