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ARTICLE INFO ABSTRACT

Keywords: Malaria is among the tropical diseases that cause the most deaths in Africa. Around 500,000 malaria deaths are
Malaria reported yearly among African children under the age of five. Chloroquine (CQ) is a low-cost antimalarial used
Chl(_’mqui“e worldwide for the treatment of Plasmodium vivax malaria. Due to resistance mechanisms, CQ is no longer
izz{sstance effective against most malaria cases caused by P. falciparum. The World Health Organization recommends
DAQ artemisinin combination therapies for P. falciparum malaria, but resistance is emerging in Southeast Asia and

some parts of Africa. Therefore, new medicines for treating malaria are urgently needed. Previously, our group
identified the 4-aminoquinoline DAQ, a CQ analog containing an acetylenic bond in its side chain, which
overcomes CQ resistance in K1 P. falciparum strains. In this work, the antiplasmodial profile, drug-like properties,
and pharmacokinetics of DAQ were further investigated. DAQ showed no cross-resistance against standard CQ-
resistant strains (e.g., Dd2, IPC 4912, RF12) nor against P. falciparum and P. vivax isolates from patients in the
Brazilian Amazon. Using drug pressure assays, DAQ showed a low propensity to generate resistance. DAQ
showed considerable solubility but low metabolic stability. The main metabolite was identified as a mono N-
deethylated derivative (DAQpy), which also showed significant inhibitory activity against CQ-resistant
P. falciparum strains. Our findings indicated that the presence of a triple bond in CQ-analogues may represent a
low-cost opportunity to overcome known mechanisms of resistance in the malaria parasite.

1. Introduction

Malaria is a tropical disease with high incidence in South America,
Africa and Southeast Asia. There were more than 240 million human
malaria cases and 620,000 deaths reported in 2020, caused by six
different species of Plasmodium P. falciparum, P. vivax, P. malariae, P.
ovale wallikeri, P. ovale curtisi and P. knowlesi) (World Health

Organization (WHO), 2021a). P. falciparum is the prevalent species in
Africa, and the most lethal, while P. vivax is widespread throughout
tropical regions of the world. The Plasmodium species have a complex
life cycle in the human body, following the bite of infected female
Anopheles mosquitoes (Antinori et al., 2012). Once in human blood, the
sporozoite forms of the parasite enter liver cells, where they mature to
schizont forms. In the case of P. vivax and P. ovale, they may remain
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dormant as hypnozoites in liver cells, which may lead to a relapse of
malaria weeks or years after the infection. Mature schizonts burst and
release merozoites, where they mature to merozoites and multiply until
they rupture the cells. Some merozoites may develop into the sexual
forms of the parasite, known as gametocytes, and then be transferred to
the mosquitoes, where they finally develop into sporozoites, reinitiating
the cycle (Aly et al., 2009).

Chloroquine (CQ) is a low-cost 4-aminoquinoline derivative devel-
oped in the 1940s that targets the asexual forms of the parasite in RBCs.
CQ or Artemisinin Combination Therapies (ACTs) are recommended by
the World Health Organization (WHO) to treat uncomplicated blood-
stage malaria caused by P. vivax, P. malariae, P. ovale and P. knowlesi
in areas with CQ-susceptible infections (World Health Organization
(WHO), 2021b). CQ was widely used against P. falciparum, but the
parasite developed resistance, and the use of CQ against this species is
currently limited to the regions where the strains are still CQ-sensitive,
such as Mesoamerica. WHO recommends ACTs for P. falciparum malaria
in most parts of the world, but emerging cases of resistance in Southeast
Asia and Africa are driving the search for new effective antimalarials
(Noisang et al., 2019). P. falciparum parasites with reduced in vivo sus-
ceptibility to artemisinin derivatives have also been identified in west-
ern Cambodia. These findings threaten global efforts to control and
eliminate malaria (Dondorp et al., 2009; Phyo et al., 2012; Project-
falciparum, 2016; Thriemer et al., 2014).

Despite P. falciparum resistance, CQ remains extensively used, due in
part to its low cost, high accessibility, and manufacturing capacity
across the globe. Malaria mostly affects low- and middle-income coun-
tries, and, therefore, more accessible treatments are needed. Ferroquine
(FQ), a CQ analog with high barrier for P. falciparum resistance, is
currently in late-stage clinical trials as part of combination therapies,
although it has some liabilities. For instance, the ferrocene group in FQ
significantly increases the lipophilicity compared to CQ, resulting in
>500-fold decreased solubility in PBS buffer (pH 7.4) (Charman et al.,
2020). Moreover, a recent study demonstrated that FQ reduces the
exposure of artefenomel, a front-runner candidate for inclusion in
combination with FQ, in milk-based formulations (Salim et al., 2019).

In 1969, Singh and co-workers showed that unsaturated CQ ana-
logues, including DAQ (Fig. 1), have in vivo antimalarial activity against
P. berghei, and reduced toxicity in mice at concentrations as high as 640
mg/kg (Singh et al., 1969). The antimalarial activity of acetylenic CQ
analogues against CQ-resistant strains remained unexplored until our
group reported in 2018 that DAQ is active against K1 strain (Aguiar
et al., 2018).

In this work, the antimalarial activities of DAQ and its major
metabolite, DAQy, were assessed against other CQ-resistant strains:
Dd2, IPC 4912 and RF12. Moreover, DAQ was tested against human
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isolates from patients infected with P. falciparum or P. vivax in the
Brazilian Amazon. Finally, we performed in vitro absorption, distribu-
tion, metabolism, excretion, and toxicity (ADMET) assays, and evalu-
ated the pharmacokinetics (PK) of DAQ in mice.

2. Methods
2.1. Compounds

Compounds DAQ, DAQy;, 1 and 2 were synthesized by ChemPartner
(https://chempartner.com/). The chemical structures of the compounds
investigated herein are indicated in Fig. 1. Analytical reports for these
compounds are available in Supporting Information (Reports S1).

SYBR green I growth inhibition assay.

Continuous in vitro cultures of P. falciparum were kept as described by
Trager and Jensen, using strains 3D7, Dd2, K1 and IPC 4912 (Trager and
Jensen, 1976). The strains were obtained as a donation from EIB re-
sources (https://www.beiresources.org/). The Dd2, K1 and IPC 4912
strains show resistance to the antimalarials CQ and pyrimethamine. In
addition, strain IPC 4912 has shown resistance to artemisinin and when
exposed to dihydroartemisinin gave a ring-stage survival assay
(RSAO0-3h) value of 49.3%. Cultures were maintained at a low-oxygen
atmosphere (5% O3, 5% CO3, 90% N5) in a humidified environment at
37 °C. The parasites were cultivated in a 2% hematocrit suspension of
O+ human red blood cells, in RPMI 1640 medium supplemented with
25 mM Hepes (pH 7.4), 21 mM sodium bicarbonate, 11 mM D-glucose,
3.7 mM hypoxanthine, 40 pg/mL of penicillin-streptomycin, and 0.5%
(w/v) Albumax. Parasitemia was assessed by microscopy through exams
of daily blood smears.

P. falciparum cultures were synchronized by treatment with a solu-
tion of 5% sorbitol for 10 min (Lambros and Vanderberg, 1979). Com-
pounds were diluted to a stock concentration of 20 mM in 100% DMSO
before the experiments and maintained at —20 °C. Compound inhibitory
potencies were determined using the SYBR green I phenotypic assay
(Smilkstein et al., 2004). Briefly, in 96-well plates, 180 pL of a parasite
suspension in the ring-stage form at 0.5% parasitemia and 2% hemat-
ocrit were incubated for 72 h with 20 pL of 10-fold concentrated serial
dilutions of each compound. The test concentration of the compounds
ranged from 0.75 to 1000 nM. CQ was used as a positive control for
inhibition against all P. falciparum strains. The plates were kept at 37 °C
and a low oxygen atmosphere (5% O3, 5% CO2 and 90% N3). RBCs were
used as a negative control and infected erythrocytes (iRBCs) without
antimalarials were added as a positive control for parasite growth.
Non-positive and negative controls were added to each plate. The
growth medium was then removed after 72 h of incubation, and the
RBCs were resuspended in PBS buffer (116 mM NaCl, 10 mM NayHPOy,
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Fig. 1. Chemical structures of CQ and compounds DAQ, DAQy,, 1 and 2.
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3 mM KHyPO,). A diluted solution of SYBR green I DNA Stain was added
in a lysis buffer (20 mM Tris, 5 mM EDTA, 0.008% (m/v) saponin, and
0.08% (m/v) Triton X-100, at pH 7.5) to induce hemolysis. The plates
were incubated for an additional 30 min, after which the fluorescence of
the plate was measured (absorption and emission wavelengths of 485
nm and 535 nm, respectively). Fluorescence intensity was analyzed in
terms of parasite viability as compared to controls, using GraphPad
Prism version 8. Concentration-response curves were built using
nonlinear regression analysis, and half-maximal inhibitory concentra-
tion (ICso) values were determined for each compound. At least 3 ex-
periments were performed to calculate the mean ICsg value and standard
deviation.

2.2. Lactate dehydrogenase (LDH) growth inhibition assay

Parasite inoculum of 2% hematocrit with 0.25% parasitemia was
prepared from asynchronous culture (5-7% parasitemia with >70%
rings) in RPMI media containing 5% Albumax. The parasite inoculum
was added to each well already containing 2.5 pl of compound/vehicle
and plates were shaken for 10 s to ensure mixing and finally incubated at
37 °Cfor 72 h in an atmosphere of 5% CO3, 5% O2, 90% Ny. After 72 h of
incubation, plates were frozen at —80 °C overnight and then thawed at
21 °C for 5 h. To evaluate PfLDH activity, 70 pl of freshly prepared re-
action mix containing 143 mM sodium L-lactate, 143 pM 3-acetyl pyr-
idine adenine dinucleotide (APAD), 178.75 pM Nitro Blue tetrazolium
chloride (NBT), diaphorase (2.83 U/ml), 0.7% Tween 20, 100 mM Tris-
HCI pH 8.0 was added into each well of the incubation plate mentioned
above. Plates were shaken to ensure mixing. Plates are placed in a dark
cupboard for 20 min. Once a color reaction is observed from yellow to
purple, absorbance at 650 nm was recorded in a plate reader (Spec-
tramax M5) after 20 min of incubation (within the linear range of PfLDH
activity) at 21 °C (Gamo et al., 2010). The assay was performed at TCG
Life Sciences (TCGLS: https://www.tcgls.com/) and the Medicines for
Malaria Venture (MMV) with compound vials provided by ChemPartner
(https://chempartner.com/). This assay was performed in duplicates for
DAQ and DAQy. CQ was tested 8 times against the 3D7 strain, and in
duplicates against the Dd2 and RF12 strains.

2.3. Schizont maturation test

Human blood samples were collected from patients in the region of
Porto Velho, Rondonia, Brazil, and the standard Schizont Maturation
Test (SMT) was performed as described by Rieckmann and co-workers
(Rieckmann et al., 1978) at the Research Center for Tropical Medicine
(CEPEM - RO). The study complied with all relevant ethical regulations,
under the Ethics Committee CAAE 61442416.7.0000.0011. Briefly,
blood samples were collected in heparinized tubes and centrifuged (600
g, 5min). The RBC fraction was collected and filtered through a cellulose
column for residual white blood cell removal. Hematocrit was adjusted
to 2% using either complete medium RPMI 1640 medium plus 10% AB
human serum, with P. falciparum cultures; or the McCoy’s 5A medium
plus 20% AB human serum, with P. vivax samples. Next, the resulting
suspension was distributed onto 96-well plates with the pre-diluted
compounds. Twelve dilutions of each compound were prepared, in
addition to untreated control wells, using non-supplemented culture
medium. The experiment was carried out in monoplicate. The plate was
then incubated at 37 °C, with periodic monitoring of parasite
morphology using thick smears. Upon reaching >40% schizonts in the
control wells, thick smears were prepared for microscopic evaluation of
the growth inhibitory activity. Schizont percentages were analyzed for
200 observed parasites for each compound concentration and used as a
measure of inhibition relative to control wells (considered as 100%
growth). ICsg values were calculated independently against each patient
sample, and median ICsy values were used to represent compound
potencies.

123

International Journal for Parasitology: Drugs and Drug Resistance 20 (2022) 121-128
2.4. Selection of resistant strain

The 3D7 strain was cloned using the microdilution technique, to
obtain a single parasite progeny. Then, inocula of 10° to 10® parasites
were subjected to drug pressure from DAQ using 10-fold the ICs for the
3D7 strain previously determined in the SYBR green assay (Smilkstein
et al., 2004). The use of 3D7 clones and 10-fold the ICsq of antimalarials
for in vitro selection studies has been previously reported in literature
(Cowell et al., 2018; Ross et al., 2014). The experiments were carried out
in triplicate, to obtain clones from different culture plates. The
morphology of the parasites was observed by optical microscopy, and
drug pressure was interrupted as soon as parasites were not observed in
the culture. Then, when the culture reached 5% of parasitemia, drug
pressure was reestablished (10-fold the ICsq value). This cycle of drug
pressure was performed during 90 consecutive days.

2.5. ADME assays

In vitro Absorption, Distribution, Metabolism and Excretion (ADME)
assays were performed by ChemPartner, at pH 7.4, in duplicate, using
liquid chromatography-mass spectrometry (LC-MS/MS) for compound
detection. These assays are described as follows: (i) Thermodynamic
solubility was performed in 100 mM phosphate buffer, using a targeted
test concentration of 4 mg/mL of each compound’s powder. These so-
lutions were shaken (1000 revolutions per minute, rpm) for 1 h, then
equilibrated over night at room temperature; (ii) Permeability (time
points: 0 and 90 min; compound concentration = 10 pM) was measured
using a Caco-2 cell line (American Type Culture Collection, ATCC HTB-
37) at 37 °C (Lea et al., 2015). Atenolol and metoprolol, compounds
with low and high permeability, respectively, were used as control
groups (Chen et al., 2017; Incecayir et al., 2013); (iii) Plasma Protein
Binding (PPB) (time points: 0 and 5 h; compound concentration = 1 pM)
was determined by equilibrium dialysis using a high-throughput dialysis
device in human and CD-1 mouse plasmas. Percentage of bound com-
pound was calculated as: 100 x ([Donor]5h - [Receiver]5h)/[Donor]5h.
Warfarin, a compound with high PPB in both mouse and human plasma,
and quinidine, a compound with high PPB in human plasma and mod-
erate PPB in mouse plasma, were used as control groups (Mungall et al.,
1984); (iv) Plasma stability (time points: 0, 5, 15, 30, 45 and 60 min;
compound concentration = 2 pM) was measured following compound
incubation at 37 °C in human and CD-1 mouse plasmas; (v) Liver
microsomal stability/clearance (time points: 0, 5, 15, 30 and 45 min;
compound concentration = 1 pM) was measured in human and CD-1
mouse liver microsomes at 37 °C, and root square deviation (RSD)
values were calculated per time point (n = 2, RSD <10% of measured
mean values of remaining compound’s percentage). Ketanserin, a
compound with high in vitro clearance in both human and mouse liver
microsomes, was used as a control (Bonn et al., 2016). Different control
groups and compound concentrations were used in these ADME assays
based on historical control settings by ChemPartner.

In vitro metabolite identification was conducted after incubating
DAQ (parent compound, final concentration 10 pM) with human,
mouse, and monkey hepatocytes at 37 °C, 5% CO5 in HI hepatocyte
medium. The samples taken at 0 min and 30 min were quenched by
acetonitrile and analyzed using AB SCIEX X500B-QTOF system. LC-UV-
MS extract ion chromatograms (EIC) at 0 min and 30 min were
compared to identify major putative metabolites. The MS/MS spectra of
DAQ and metabolites were obtained during positive-ion electrospray.
The possible chemical structures of the metabolites were deduced based
on their MS/MS spectra and retention time.

2.6. hERG inhibition, CYP inhibition panel and mini-Ames test
Assays for in vitro exploratory toxicology were performed by Chem-

Partner, as follows: (i) The automated patch (QPatch) was used in two
CHO cell lines (Chinese hamster ovary cell) for determining inhibition of


https://www.tcgls.com/
https://chempartner.com/

W.A. Cortopassi et al.

the human Ether-a-go-go-Related Gene (hERG) (Sorota et al., 2005). Six
compound concentrations were used for ICs5g determination (0.1, 0.3, 1,
3, 10 and 30 pM). Compound testing was repeated on two different cells
to make sure the standard deviation of the results for each concentration
was less than 10. Cisapride (C4740-10 mg, Sigma) was used as a positive
control. In addition, an independent hERG experiment (n = 1) was
performed in collaboration with MMV/TCGLS using the Invitrogen
PredictorTM hERG Fluorescence Polarization Assay, with 1% DMSO as
vehicle and an incubation time of 4 h at 20-25 °C (Piper et al., 2008); (ii)
Inhibition of CYP450 proteins (1A2, 3A4, 2B6, 2C8, 2C9, 2C19 and 2D6)
was determined using human liver microsomes. Eight compound con-
centrations ranging from 0 to 10 pM were used for ICsy determination
against each CYP450 protein; (iii) The mutagenicity assay (mini-Ames
test) was performed with five Salmonella typhimurium strains (TA97a,
TA98, TA100, TA102 and TA1535) (Flamand et al., 2001). The assay
was conducted in both the presence and absence of rat liver S9 mixture
(Aroclor 1254 induced, Moltox 11-101) along with DMSO and positive
controls in duplicate using 6-well plates. The following positive controls
were used: Fenaminosulf (2.0 pg/well, CAS 140-56-7, AccuStandard,
P-058NB-250) for TA97a without S9 activation, 2-Nitrofluorene (2.0
pg/well, CAS 607-57-8, Aldrich, N16754) for TA98 without S9 activa-
tion, sodium azide (NaN3, 2.0 ug/well, CAS 26628-22-8, Sigma Aldrich,
$8032) for TA100 and TA1535 without S9 activation, methyl meth-
anesulfonate (1.0 pL/well, CAS 66-27-3, Aldrich, 129925) for TA102
without S9 activation, 2-aminoanthracene (20.0 pg/well, CAS 613-13-8,
Aldrich, A38800) for TA97a with S9 activation, 2-aminofluorene (10.0
and 100.0 pg/well, CAS 153-78-6, Aldrich, A55500) for TA98, TA100
and TA102 with S9 activation and cyclophosphamide (200.0 pg/well,
CAS 6055-19-2, Jiangsu Shengdi, 69390D) for TA1535 with S9 activa-
tion. Five concentrations ranging from 62.5 to 1000.0 pg/well were
tested for DAQ.

2.7. In vivo pharmacokinetics assays

In vivo pharmacokinetics (PK) experiments were performed by
ChemPartner. Concentrations of DAQ and its primary metabolite DAQy
were measured in plasma following intravenous (IV, 10 mg/kg) or oral
(PO, 20 mg/kg) administrations in male CD1 mice (9 mice per route of
administration), with sampling at 0.5, 1, 2, 4, 8, 24 and 48 h post dosing.

3. Results

We found that DAQ is a low nanomolar inhibitor of CQ-sensitive and
CQ-resistant strains of P. falciparum (Table 1, S1 and S2). The resistance
index (RI) values for DAQ ranged from 1.1 to 1.5, demonstrating that
DAQ showed no significant cross-resistance with 3D7 in either SYBR
green I or LDH growth inhibition assays (Table S2). Moreover, we syn-
thesized and assessed the inhibitory activity of three new CQ analogues
(Compounds DAQy;, 1 and 2, Fig. 1). Compounds 1 and 2 are ethylenic
analogues and geometric isomers (trans and cis isomers, respectively)
and they showed cross-resistance with CQ when tested against the CQ-
resistant Dd2 strain (ICsg values of 1468 + 120 nM and 262 + 30 nM,
respectively, Fig. S1). Therefore, the replacement of the triple bond of
DAQ with the double bond of Compounds 1 and 2 had a significant
impact in the inhibitory properties against the CQ-resistant Dd2 strain.
DAQy;, DAQ’s primary metabolite (Table S3), was a potent inhibitor of
CQ-sensitive and CQ-resistant strains (ICsg values ranging from 23 nM to
91 nM) (Table 1) (Valderramos and Fidock, 2006).

One of the potential CQ-resistance mechanisms has been related to
CQ-resistance transporter PfCRT, an efflux membrane transporter of
Plasmodium’s digestive vacuole (Valderramos and Fidock, 2006). We
assessed DAQ’s and CQ’s inhibitory activities against the K1 strain
(CQ-resistant) in the presence and absence of verapamil, a known PfCRT
inhibitor. The assessed ICsg values for CQ with and without verapamil
were 19 + 6 nM and 252 + 114 nM nM, respectively, demonstrating
that the incubation with verapamil increased by > 10-fold the inhibitory
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Table 1
ICso inhibition data of CQ and acetylenic compounds against P. falciparum
strains according to the growth inhibition assay.

Compounds  Growth Inhibition P. falciparum ICso (nM)
Assay
3D7 Dd2 IPC RF12
4912
DAQ SYBR green I 43 + 51+2 49 +3 NT
5
LDH 53 + 68 +1 NT 79 +
9 10
DAQy SYBR green I 34+  61+8 NT NT
4
LDH 23 + 91+9 NT 86 +
2 11
CcQ SYBR green I 15 + 2313 + 139+5 NT
2 475
LDH 21 £+ 211 £ 16 NT 205 +
1 6

NT: Not tested. The SYBR green I growth inhibition assay was performed in
triplicates for DAQ, DAQy and CQ. The LDH growth inhibition assay for DAQ
and DAQy was performed in duplicates. CQ was tested 8 times against the 3D7
strain using the LDH assay, and in duplicates against the Dd2 and RF12 strains.
Individual ICsq values are reported in Table S1.

activity of CQ (Fig. 2 for representative experiment, Table S4 for data of
three independent assays). By contrast, the inhibitory activity of DAQ
(ICs0 = 33 + 5 nM) was unaffected by the presence of the PfCRT in-
hibitor (ICsg = 36 & 5 nM) (Fig. 2, Table S4).

DAQ’s potential to generate resistant mutants was investigated in
vitro by incubating it, at 10-fold the ICsq value, with blood parasites of
P. falciparum clone 3D7 in four different inocula of 10° to 10® parasites.
No parasite growth was observed after 90 days of drug pressure (Fig. 3).
Therefore, DAQ did not induce the generation of resistant mutants in
vitro.

The antimalarial activity of DAQ was further investigated against
P. falciparum blood isolates from three patients in Porto Velho (Amazon,
Brazil), in media supplemented with Albumax, using a similar protocol
to the in vitro inhibitory assays against 3D7 strains. The median ICsg
values for DAQ against P. falciparum isolates was 110 nM (Fig. 4). This is
~2-fold the ICs value of DAQ against the 3D7 strain (Table 1), thereby
verifying that DAQ retains a pronounced inhibitory activity against
P. falciparum field isolates.

DAQ’s ICsp was also measured against P. vivax isolates from 24 pa-
tients from the Brazilian Amazon. Ex vivo cultures of P. vivax were
supplemented with 20% human serum, due to the challenge of culti-
vating these parasites in Albumax-containing media. For comparison,
DAQ was tested against 18 P. falciparum field isolates supplemented
with 20% human serum. DAQ showed median ICs( values of 327 nM and
235 nM against P. falciparum and P. vivax isolates, respectively (Fig. 4).
Therefore, no significant cross-resistance was observed in these field
isolates. CQ was used as a control, with measured ICs( value of 64 nM
against P. vivax isolates and 340 nM against P. falciparum.

The assessed ICsq values for DAQ in human isolates in culture media
supplemented with human serum were ~3-fold greater than the ones
determined against P. falciparum isolates supplemented with Albumax
(110 nM). To investigate if the culture media affect DAQ’s antimalarial
activity, the ICsy values of DAQ were measured against P. falciparum
3D7 strains cultivated in media supplemented with Albumax or 20%
human serum. DAQ’s ICsq against 3D7 strains in media supplemented
with human serum ranged from 173 nM to 352 nM, which are 7 to 14-
fold greater than in media supplemented with Albumax (IC59 = 25 nM)
(Fig. S2). This finding may be related to DAQ’s property of binding
extensively to human plasma proteins (PPByyman = 97.5%), which is
higher than literature values reported for CQ (PPBpyman = 46.0%) and
FQ (95.9%) (Charman et al., 2020).

To further characterize DAQ as a candidate for new antimalarial
drug discovery, inhibition of hERG and CYP proteins was assessed, as
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Fig. 2. Representative graph for ICsy measure of DAQ against K1 CQ-resistant strain, with the addition of verapamil at 4 pM (open circle) and without verapamil
(closed circle). CQ was used as a control. Data for two other independent experiments are provided in Table S4.
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Fig. 4. Median ICs values of DAQ and CQ against P. vivax (Pv) and P. falciparum (Pf) field isolates from patients in Amazon, Brazil, in media supplemented with
either 20% of human serum or Albumax. The number of P. falciparum isolates supplemented with Albumax (n = 3) was lower than isolates supplemented with human
serum (n = 18) due to the challenges in recruiting patients infected with P. falciparum malaria during Covid19 pandemic.

well as the compound’s physicochemical and ADMET properties,
mutagenic potential, and in vivo PK profile. DAQ’s ICsy against hERG
(IC50,Exp. 1 = 7.3 uM; ICs0,Exp. 2 = 7.0 pM) were within 2-fold of CQ’s
inhibition values (ICs0,gxp. 1 = 12.1 pM, ICs50,gxp. 2 = 7.5 pM, Table 2).
DAQ was tested against a panel of seven CYP protein isoforms (CYP 1A2,
2B6, 2C8, 2C9, 2C19, 2D6 and 3A4). The results indicated that DAQ is
not a strong inhibitor of the main CYP isoforms (ICso > 10 pM). DAQ is
highly soluble and moderately permeable (Table 2). DAQ’s ability to
induce mutagenic effects were evaluated in five strains of Salmonella
typhimurium: TA97a, TA98, TA100, TA102 and TA1535. DAQ did not
induce a positive increase in the mean number of revertants per well in
these strains, even at DAQ concentrations as high as 1000 pg/well
(Table S5).

DAQ is quickly metabolized in mouse hepatocytes, and to a lesser
extent in monkey and human hepatocytes (Table 2), similar to what has
been reported for CQ and FQ (Daher et al., 2006). Low metabolic
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stability was also noted in human and mouse liver microsomes (159
mL/min/kg). In line with these observations, the half-life of DAQ was
2.1 h in mice (Table 2, Fig. 5). DAQ’s major metabolite (DAQy,) results
from N-deethylation (Fig. S3 and Table S3) and is more stable than the
parent compound, with a half-life of 4.7 h and much lower clearance in
human liver microsomes (8 mL/min/kg). Considering that DAQ is
highly active in vivo, with parasitemia reduction close to 100% in 11
days post infection, we hypothesize that DAQy is also active and plays a
key role in killing the parasites, as also observed for metabolites of CQ
and FQ (Aderounmu, 1984; Aguiar et al., 2018; Daher et al., 2006).

4. Discussion
Since its discovery in the 1940s, CQ has been a pivotal agent in the

fight against malaria. Although resistant cases were reported as early as
the late 1950s, CQ remains widely used against non-resistant
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Table 2
DAQ’s and DAQy’s hERG, ADME and PK.
DAQ DAQM Controls
hERG inhibition (IC50) CcQ Cisapride
QPatch (2 different 7.3 pM 12.2 yM 12.1 yM 0.02 pM
cells, fitting curve —
Report S2)
Fluorescence 7.0 pM 5.3 M 7.5 pM -
polarization
CYP inhibition panel >10 pM NT® -
(IC50)*
Thermodynamic 1210 + 1350 + -
solubility (PBS, pH 0.02 pM 0.02 pM
7.4)
Permeability (Caco2) Atelonol Metoprolol
PappA-B 15+ (14 £ (0.26 + (35+0.07) x
0.07) x 0.06) x 0.07) x 10-6 10-6 cm/s
10-6 cm/ 10-6 cm/ cm/s
s s
PappB-A a1+ a1+ 0.57 + (29 + 0.01) x
0.05) x 0.09) x 0.05) x 10-6 10-6 cm/s
10-6 cm/ 10-6 cm/ cm/s
s s
Plasma stability (t = >60 min®  158.7 -
0-60min) min
Plasma protein Warfarin Quinidine
binding (PPB)
PPB mouse 76.4% 84.5% 95.1% 82.7%
PPB human 97.5% NT 99.4% 92.2%
DAQ’s abundance in hepatocytes after 30min
Mouse <15% NT -
Monkey 39% NT -
Human 55% NT -
Clearance (Clint) in Ketanserin
liver microsomes
(LM)
mouse (MLM) 2741 273 mL/ 445 mL/
mL/min/  min/kg min/kg
kg
human (HLM) 159 mL/ 8 mL/ 52 mL/min/
min/kg min/kg kg
PK (t1/2, mice)
PO 21h 4.7h -
v 29h 4.8h -

ADME assays by ChemPartner performed in duplicates.
4 CYP 1A2, 2B6, 2C8, 2C9, 2C19, 2D6 and 3A4.
 NT: Not Tested.
¢ % of remaining DAQ was near 100% at t = 60 min.

10000 +
—e— DAQ_IV-10 mg/kg
1000 - —B5— DAQ_PO-20 mg/kg
= ——-#--- DAQm_IV-10 mgrkg
E
= 100 138~ T — s¢--- DAQM_PO-20 mg/kg
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Fig. 5. Mean plasma concentration-time profiles of DAQ after single IV (10
mg/kg) or PO (20 mg/kg) dose to male CD1 mice (9 mice per route of
administration). The concentration of the mono N-deethylated metabolite
(DAQy) was also determined in the same experiment.

Plasmodium strains around the world, partially due to its low cost and
low toxicity (Taylor and White, 2004). Herein, we reported that CQ
analogues containing an acetylenic group (DAQ and DAQy) potently
inhibit CQ-resistant strains of the parasite. Like CQ, these acetylenic
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analogues are simple to synthesize and should be able to be manufac-
tured at low cost.

DAQ did not show cross-resistance against a wide range of CQ-
resistant P. falciparum strains (Table 1). In a previous study, DAQ was
shown to inhibit -hematin formation, generating a complex with heme
that is toxic to different Plasmodium species (Aguiar et al., 2018). This is
in line with one of the proposed antimalarial mechanisms of action for
CQ (Sullivan et al., 1996). DAQ and CQ have two amino groups that can
be protonated under acidic conditions, which may facilitate their
accumulation in the digestive vacuole of the parasite, where these
compounds can interact with heme groups resulting from hemoglobin
degradation. The major difference between CQ and DAQ is in the rigid,
linear side chain of the latter, which may impact the interactions be-
tween DAQ and potential protein targets involved with parasite’s
resistance pathways (Valderramos and Fidock, 2006). The mono
N-deethylated analog of DAQ, DAQy;, did not show cross-resistance
against CQ-resistant P. falciparum strains. On the other hand, CQ ana-
logues with ethylenic groups in their lateral chains (Compounds 1 and 2)
did show cross-resistance with CQ-resistant strains (Fig. S1). Therefore,
the linear geometry of the lateral chain conferred by sp hybridization of
the carbon atoms of DAQ and DAQy; seems to be an important structural
feature to improve the resistance-fighting potential.

One known mechanism of resistance to CQ involves increased efflux
from the digestive vacuole of the parasite by membrane transporters
such as PfCRT (De et al., 1996). Here we have shown that the ICso of CQ
against CQ-resistant K1 strain is ~12-fold lower in the presence of
verapamil, a known inhibitor of PfCRT (Table S4). Our hypothesis is that
high concentrations of verapamil in K1 strain reduce the efflux of CQ by
PfCRT. However, DAQ’s ICsg is not affected by the presence of verap-
amil, which suggests that DAQ is not competing with verapamil for
efflux mechanisms induced by the parasite’s membrane transporters.
More experiments are needed to test the hypothesis that DAQ is not a
substrate of PfCRT, e.g., (a) using isogenic parasite cell lines expressing
either the wild-type PfCRT or the CQ-resistant associated PfCRT iso-
forms and (b) expressing PfCRT in a heterologous system and measuring
the ability of DAQ to inhibit [3H]CQ transport via PfCRT (Pulcini et al.,
2015).

The drug pressure experiment indicated that DAQ’s potency
remained the same over the course of 90 days of treatment. Moreover,
no parasites were observed at day 90 (with drug pressure being applied
at day 40). By contrast, using another protocol for the generation of
resistant strains, it was demonstrated that CQ induced the emergence of
resistant parasites in an inocula of 6 x 108 (Cooper et al., 2002). These
findings suggest that DAQ has low propensity to select resistant clones in
vitro, which makes this compound an attractive candidate for a malaria
eradication program. However, it is important to mention the need to
evaluate other protocols for the generation of resistant strains in vitro, e.
g., using the resistant clone Dd2 and 3xICqyg for compound concentration
(Duffey et al., 2021).

The potential of CQ analogues to overcome CQ-resistance has
already been reported for FQ, a 4-aminoquinoline containing a more
lipophilic ferrocene group in its lateral chain (Biot et al., 2011). FQ is in
late-stage clinical trials as part of combination therapies with other
drugs with different mechanisms of action. One of the advantages of FQ
combination therapies is FQ’s long blood apparent terminal half-life in
humans (>15 days) (Supan et al., 2012). This is due to the fact that FQ is
slowly converted to its mono N-demethylated metabolite, SSR97213
(Adoke et al., 2021; McCarthy et al., 2016). Our in vitro clearance studies
show that DAQ is rapidly converted to its mono N-deethylated metab-
olite in mouse hepatocytes (DAQy) and with a somewhat slower rate in
human hepatocytes (Table 2). Similar to FQ’s main metabolite, DAQy is
also a potent inhibitor of CQ-resistant P. falciparum strains, which may
explain why DAQ is active against P. berghei infected mice (Aguiar et al.,
2018). DAQy itself is more slowly metabolized than the parent DAQ, in
mice PK studies and in mice liver microsomes. This may partially ac-
count for the long period of efficacy of DAQ in mouse malaria models.
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We predict a longer half-life of DAQy in humans due to its much lower in
vitro clearance in human liver microsomes (Clint human 8
mL/min/kg; Clint_mice = 273 mL/min/kg, Table 2).

The ferrocene center increases the lipophilicity of FQ compared to
CQ; in addition, it reduces FQ’s solubility in phosphate buffered saline
(PBS) buffer by > 500-fold and in fasted state simulated intestinal fluid
(FaSSIF) by > 8-fold. FQ is highly soluble (>4600 uM) in biologically
relevant fed state simulated intestinal fluids (FeSSIF) and fasted state
simulated gastric fluid (FaSSGF) (Charman et al., 2020). However, FQ
reduces the solubility of artefenomel in milk-based formulations inten-
ded for pediatric use (Salim et al., 2019). In contrast to FQ, DAQ and
DAQym overcome resistance mechanisms without significantly
increasing lipophilicity relative to CQ and are highly soluble in aqueous
solvents (thermodynamic solubility in PBS buffer >1200 pM). This high
solubility could facilitate their use in combination therapies. Additional
experiments are required to determine DAQ’s solubility in different
media (e.g., FaSSIF, FeSSIF and FaSSGF) as well as DAQ’s effect on the
solubility of other potential drug candidate partners.

Other properties of DAQ and DAQy support their further investi-
gation as potential anti-malarial drugs. Both compounds showed mini-
mal inhibition of hERG at concentrations up to 5 pM, similar to CQ. For
comparison, FQ showed a hERG ICsg of 2 pM, and its mono N-deme-
thylated major metabolite an IC5¢ of 183 nM (WHO Evidence Review
Group Meeting, 2017). We have previously shown that the selectivity
index for DAQ (ratio between maximum lethal dose, MLDsg, and ICsq)
was ~3-fold greater than that observed for CQ using a mammalian cell
line (BGM-VN, African green monkey kidney) (Aguiar et al., 2018).
Herein, we determined that DAQ is not a strong inhibitor of seven
human, drug metabolizing CYP proteins (ICso > 10 pM). A preliminary
in vitro evaluation of DAQ in the mini-Ames test against five different
strains of Salmonella typhimurium induced no reverse mutations even at
the highest concentration tested (1000 pg/well). In vivo exploratory
toxicity studies are yet to be performed by our group, but Singh et al.
showed that single large doses of DAQ (C = 640 mg/kg) increased the
survival of P. berghei infected mice by > 9 days. DAQ did not cause
deaths within 2-5 days post infection. Comparatively, high-doses of CQ
(C =160 mg/kg and 320 mg/kg) killed 3/5 and 5/5 P. berghei infected
mice within 2-5 days post infection, respectively (Singh et al., 1969).
Hence, the preliminary profiling of DAQ suggested that the compound
showed minimal toxic effects on a mammalian cell, is a weak inhibitor of
hERG and CYP proteins, and was well tolerated in an in vivo model of the
disease.

Recent reports have drawn attention to the emergence of
P. falciparum resistance to ACTs (Nsanzabana, 2019). In parallel, Chu &
White have reported slowly emerging P. vivax resistance to CQ in South
America, Africa and Southeast Asia (Chu and White, 2021). The most
used therapies against P. vivax are CQ-based (usually in combination
with the 8-aminoquinoline primaquine), except in Indonesia, Sabah and
Papua New Guinea, where CQ is no longer efficacious against this spe-
cies. Ex vivo studies are important to determine geographic regions
where different species of Plasmodium may be less susceptible to specific
malaria treatments. For instance, Van Schalkwyk and co-workers
showed CQ was equipotent against malaria samples of different Plas-
modium species from travelers returning to the United Kingdom (van
Schalkwyk et al., 2021). In the Brazilian Amazon, ex vivo studies have
showed that P. falciparum malaria is less sensitive to CQ treatments than
P. vivax malaria (Aguiar et al., 2014). We demonstrated that DAQ is a
potent inhibitor of both P. vivax and P. falciparum isolates from Amazon.
Therefore, the development of DAQ as a drug candidate has the po-
tential to replace CQ as an alternative treatment for endemic areas with
CQ-resistant parasite species.

In conclusion, DAQ and DAQy are potent inhibitors of P. falciparum
resistant strains with attractive pharmacokinetic and toxicological
properties, and simple synthetic routes. Moreover, they are candidates
for more effective combination therapies against the emerging P. vivax
resistance worldwide.
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