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ABSTRACT: In vitro and ex vivo cultivation of Plasmodium (P) falciparum has
facilitated active research into the malaria parasite toward the quest for basic
knowledge and the discovery of effective drug treatments. Such a drug
discovery program is currently difficult for P. malariae simply because of the
absence of in vitro and ex vivo cultivation system for its asexual blood stages
supporting antimalarial evaluation. Despite availability of artemisinin
combination therapies effective on P. falciparum, P. malariae is being
increasingly detected in malaria endemic countries. P. malariae is responsible
for chronic infections and is associated with a high burden of anemia and
morbidity. Here, we optimized and adapted ex vivo conditions under which P.
malariae can be cultured and used for screening antimalarial drugs.
Subsequently, this enabled us to test compounds such as artemether,
chloroquine, lumefantrine, and quinine for ex vivo antimalarial activity against
P. malariae.
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Routine in vitro cultivation system of P. falciparum
developed in 19761 has led to a greater understanding

of the parasite biology and subsequently to the development of
effective interventions such as drug treatment against the
parasite that is responsible for the highest malaria-specific
mortality rates globally. Six species of malaria parasites, P.
falciparum, P. knowlesi, P. vivax, P. ovale curtisi, P. ovale wallikeri,
and P. malariae, have been shown to infect humans.2 Recently,
the simian P. cynomolgi3,4 was detected in humans. However, P.
falciparum is the only species for which most life cycle stages
have been successfully cultured5 to enable research into the
different aspects of malaria elimination such as drug screening.
Efforts at cultivating Plasmodium parasites in vitro are
complicated as each Plasmodium species has its own life
cycle and set of physiological, metabolic, and nutritional
requirements.6,7

As an alternative to the in vitro continuous culture, ex vivo
culture techniques have been established to support major
research activities, such as drug sensitivity testing. Ex vivo
cultures are usually developed using fresh or cryopreserved
field isolates of Plasmodium species. During culture adaptation
the parasite undergo changes that may impair growth of the ex
vivo cultured parasites.6 Tireless attempts have however
enabled development of an improved ex vivo cultivation

methods for the second most prevalent and the most
widespread species P. vivax.8 Such ex vivo culture is currently
providing useful data on P. vivax, such as sensitivity to
antimalarial drugs,8−10 parasite biology, and invasion mecha-
nisms.11

While artemisinin-based combination therapy has helped to
significantly decrease P. falciparum transmission, morbidity,
and mortality, persistent transmission of P. malariae is widely
reported.12−14 P. malariae is highly prevalent in malaria
endemic areas such as the Amazon13 area and sub-Saharan
Africa.12,14,15 P. malariae is the second dominant species in
sub-Saharan African and has been shown to be able to cause
life threatening chronic infections and severe anemia, similar to
the deadliest P. falciparum.15,16 These have all been shown to
have negative socio-economic impact in the affected
countries.15,16 However, no cultivation method has been
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developed to contribute to the development of new
antimalarial drugs against P. malariae or providing insight
into the parasites’ biology, such as the mechanism of invasion
and mechanism of drug resistance. In our current study, we
defined conditions in which P. malariae has grown and
displayed increased parasitemia at 72 h time point. Using this
as a tool, we have screened known antimalarial compounds
such as chloroquine, lumefantrine, artemether, and quinine for
their activity against P. malariae fresh field clinical isolates.
This, we believe, will facilitate the testing of new lead
compounds as well as facilitate further development in the
protocol to allow for the study of the parasite’s biology.

■ RESULTS

Morphological and Molecular Detection of Plasmo-
dium Malariae. The samples obtained from the patients were
Giemsa stained for the identification of the different parasite
species using light microscopy. The microscopic screen
identified P. falciparum, P. malariae, and P. ovale (Figure 1a).
Morphologically, only ring and early trophozoite stages of P.
falciparum were observed in the thin smears (Figure 1a, top
panel), while other late blood stages were detected for the
other nonfalciparum species (Figure 1a). Morphologically,
trophozoites of P. malariae and P. ovale were slightly bigger

than those of P. falciparum (Figure 1a top and second panel).
Multiple infected erythrocytes were absent for nonfalciparum
species. Erythrocytes infected with P. ovale trophozoite or
schizont stages were enlarged and exhibited Schüffner’s dots
(Figure 1a, third and fourth panel). The trophozoites of P.
malariae were more compact than those of P. ovale. The host
erythrocytes infected with P. malariae trophozoite or schizont
were not enlarged (Figure 1a, second panel). An equatorial
band characteristic of P. malariae trophozoite dividing the red
blood cell was visible (Figure 1a, second panel). The samples
were also screened for any possible P. vivax infection, but none
were seen as expected based on its geographical distribution
(Figure 1a). P. knowlesi was not monitored in the current study
as the geographical distribution of this parasite makes unlikely
its presence in Mali.
To further confirm the species observed in the samples,

DNA was extracted from the samples. Species specific primers
were used to amplify the different samples and genotype all
different species (Figure 1b and Table 1). The primers for P.
falciparum yielded a 206bp product as observed on the top
panel relative to the positive control Pf. The additional bands
observed in P. falciparum gel are result of primer dimerization
appearing under 100bp of our reference molecular weight
(MW) that first band appear at 100bp. P. malariae yielded a

Figure 1.Microscopy and molecular detection of Human malaria species. (A) Giemsa-stained asexual blood stages of Human malaria parasites and
(B) molecular detection of human malaria parasites species in test samples 1−10 along with control for Pf = Plasmodium falciparum, Pm =
Plasmodium malariae, Poc = Plasmodium ovale curtisi, Pow = Plasmodium ovale wallikeri, Pv = Plasmodium vivax. W1 = Control 1, W2 = Control 2,
bp = Base pairs, and MW = Molecular weight.

Table 1. Summary of the List of Samples and the Parasitic Species Present in Each Sample

samples/ species 1 2 3 4 5 6 7 8 9 10

P. falciparum (Pf) + + − + + + + − − +
P. malariae (Pm) − + + + − + + + + −
P. ovale curtisi (Poc) − + − − − − − − − −
P. ovale wallikeri (Pow) + − − − − − − − − −
P. vivax (Pv) − − − − − − − − − −
species per samples Pf + Pow Pf + Pm + Poc Pm Pf + Pm Pf Pf + Pm Pf + Pm Pm Pm Pf
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145 band (Figure 1b, second panel) compared to the positive
control band Pm, P. ovale curtisi yielded 787−789 bp relative to
Poc, while P. ovale wallikeri gave a product of size 782 bp
relative to Pow. The genotyping for P. vivax yielded no product
relative to the positive control at 121 bp. The PCR assay
revealed that samples 5 and 10 were monoinfections of P.
falciparum while samples 3, 8, and 9 were P. malariae
monoinfections (Figure 1b and Table 1). Samples 1 and 2
were respectively mixed infections of P. ovale wallikeri with P.
falciparum and Plasmodium ovale curtisi together with both P.
malariae and P. falciparum (Figure 1b). P. malariae mixed
infection with P. falciparum was detected in samples 4, 6, and 7
(Figure 1b and Table 1).
P. malariae Has Successfully Matured and Grown in

an Ex Vivo Culture System. We have used freshly collected
PCR confirmed clean P. malariae field isolates cultured in P.
falciparum’s routine media lacking extra glucose for 72 h. When
culture media were supplemented with 10% glucose, P.
malariae parasites died in the culture within 24−48 h. With
the growth media lacking the extra 10% glucose supplement, P.
malariae viability, maturation, and growth was monitored daily
using flow cytometry for 3 days as shown in Figure 2 and
Figure 3c. Time zero hour (0 h) corresponds to the freshly
collected field isolates displaying small nucleic acid content in
FL1, box 1 and less mitochondrial activity signal in FL4, box 2
(Figure 2a) resulting from the very low parasitemia of this
parasite. The clustering was typical of early asexual blood stage
that usually circulate in the bloodstream (box 1 and box 2

Figure 2a). The DNA staining showed 0.6% positivity of the
acquired cells (Box 1 Figure 2a) while the mitochondria
staining (Box 2 Figure 2a) indicated that 0.5% of the 0.6%
parasites were viable. Thus, only 0.1% of the parasites were not
viable at the time 0 h of the culture. After 24 hours (24 h) in
culture, no parasite maturation has been observed and viability
remained the same as observed in time 0 h (Figure 2a,b).
Interestingly following 48 and 72 h cultures, a clear maturation
of the parasites was observed (Figure 2c,d boxes 1 and 2).
Thus, P. malariae has successfully matured in ex vivo culture. A
slight increase of parasitemia was also observed during the 48 h
culture period (Figure 2c) but was higher (7.8-fold) in the 72
h (Figure 2d) when compared to the time 0 h parasitemia 0.5%
(Figure 2a) and the parasite free controls (Figure 2e,f). In
addition to flow cytometry approach, we assessed parasites
maturation and growth using standard microscopy (Figure 3a).
Ring stage was detected for the different parasite isolates at
initiation of the assay at time 0 h, while P. malariae typical
trophozoite stages were detected at the 24 h time point
culturing. At the 48 h time point, late trophozoites and early
schizonts were detected (Figure 3a) indicating maturation of P.
malariae ex vivo. By the 72 h time point of maintaining the
culture, new ring stages (>90%) and rare bursting schizonts
were observed (Figure 3a). Microscopic assessment of P.
malariae cultures showed no increase of the parasitemia from 0
to 48 h while high parasitemia was observed in 72 h cultures
for five different isolates (Figure 3b). To finally confirm that P.
malariae was successfully grown in ex vivo culture, 19 field

Figure 2. P. malariae maturation and growth monitoring in ex vivo culture using flow cytometry. (a) Time 0 h freshly collected P. malariae asexual
stages, (b) time 24 h cultured P. malariae asexual blood stages, (c) time 48 h cultured P. malariae asexual blood stages, and (d) time 72 h cultured
P. malariae asexual blood stages, (e) culture starting 0 h time point negative control of parasite free red blood cells, (f) culture time 72 h end point
negative control of parasite free red blood cells. iRBC = infected red blood cells.
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Figure 3. Plasmodium malariae maturation and growth. (a) Giemsa-stained P. malariae parasites at defined time points of the culture. (b) Five P.
malariae isolates parasitemia at defined time points of the culture measured using light microscopy. (c) Nineteen field isolates of P. malariae
comparative growth measured using flow cytometry. At time 0 h, 0.5% parasitemia of P. malariae asexual blood stages are cultured for 24, 48, and
72 h, and times respective parasitemia of viable parasites were evaluated using flow cytometry. Parasites were detected with Sybr Green while
viability was measured using deep red mito-tracker.

Figure 4. P. malariae sensitivity to references antimalarial drugs. (A) Dose response curves of artemether against P. malariae asexual blood stages.
(B) Dose response curves of lumefantrine against P. malariae asexual blood stages. (C) Dose response curves of chloroquine against P. malariae
asexual blood stages. (D) Dose response curves of quinine against P. malariae asexual blood stages.
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isolates were cultivated and parasitemia of viable parasites were
monitored for the period using FACS for 3 days (Figure 3c).
The starting parasitemia were estimated at 0.5% at time 0 h.
The percentage parasitemia at 24 and 48 h following culture
were similar to that of time 0 h, 0.5% (Figure 3b). Similarly, in
Figure 2d and Figure 3b the 72 h cultures showed a significant
increase of parasitemia for all 19 field isolates (Figure 3c).
Thus, P. malariae has fully matured and grown in ex vivo
culture.
P. malariae Ex Vivo Culture System Supported

Screening of Antimalarial Drug. When establishing the
ex vivo culture conditions of P. malariae field isolates, we set to
evaluate the potential for antimalarial screen. P. malariae fresh
field isolates were cultured and incubated with serially diluted
concentrations of Artemether, lumefantrine, chloroquine, and
quinine for 72 h (Figure 4). Dose response curves of
artemether, lumefantrine, chloroquine and quinine are
displayed in Figure 4a−d, respectively. It was observed that
the different isolates obtained from different patients showed
differential susceptibility to artemether, lumefantrine, chlor-
oquine, and quinine (Table 2). All antimalarials potently
inhibited P. malariae within 72 h drug exposure Figure 4 and
Table 2.

■ DISCUSSION

In this current study, we established suitable conditions for the
ex vivo culture of P. malariae that have successfully supported
screening of antimalarial drugs against this parasite (Figures 2,
3, and 4). We first combined previously reported PCR
conditions17 and light microscopy to accurately detect all
plasmodium species. Morphologically, Plasmodium ring stages
are similar and difficult to distinguish for all species while
trophozoites and mature forms can be used to discriminate
Plasmodium species. Trophozoites of P. falciparum are slightly
smaller than those of other species. The presence of a few
number of mature stages together with more trophozoite
forms, as well as the absence of multiple infected erythrocytes,
are highly suggestive of nonfalciparum species.18

After accurate detection of all Plasmodium species from field
isolated samples, we set to identify ex vivo culture conditions
for P. malariae. We used several modified P. falciparum’s
culture conditions and only when standard culture conditions
of P. falciparum lacking extra glucose supplement were used P.
malariae was able to grow successfully. Interestingly, previous
attempts to cultivate P. malariae in vitro that managed to
observe reinvasion all have used culture media lacking extra
glucose supplements.19,20 P. malariae maturation and growth ex
vivo were monitored using flow cytometry combining DNA
and mitochondrial21,22 staining to determine viable parasites
from all parasites (dead + live), respectively, with deep red
mito-tracker and Sybr Green. Giemsa-stained thin blood
smears slides examination using microscope remains the gold

standard approach used for the detection, quantification,
speciation, and staging of Plasmodium blood stages.23

However, this technique relies on the microscopists skills
that should be well-trained to correctly assess parasitemia and
also accurately identify the different parasite species and
stages.24 This is also a time-consuming and very tedious
approach often marred with human errors. Several reports
indicated high concordance between flow cytometry and
microscopy in determining parasitemia and Plasmodium
maturation.25−30 Flow cytometry has the ability to resolve
microscopic bias and challenges in assessing malaria parasites
maturation and growth accurately and therefore make this
technique the preferred approach.28,30 Within 24 h cultivation
of P. malariae, no evidence of maturation was observed (Figure
2a,b). After 48 h in culture, a clear maturation evidenced by
the flow cytometry data was observed (Figure 2c) with a slight
increase of parasitemia from 0.5% 24 h to 0.8% 48 h (Figure
2b,c). When blood is collected from P. malariae infected
patients, some rare schizont stage can still be observed and this
slight increase in parasitemia might be due to those rare
schizont bursts. In agreement with the 72 h asexual life cycle of
P. malariae,18 substantial increase of parasitemia was observed
after time 72 h in culture (Figure 2d and Figure 3b,c). Reports
have indicated that P. malariae may produce from 6 to 14
merozoites per schizont with an average number of 818 ex vivo.
Interestingly, 7.8-fold increase in P. malariae parasitemia in our
study indicated that the merozoites average was 8 per schizont
(Figure 2d and Figure 3b,c) ex vivo, which indicates that our
observed growth rate was within the expected range. Siddiqui
et al. observed that only at the end of 72 h the majority of P.
malariae parasites (62 to 64%) matured to segments and a new
generation of rings (8−10%) was formed.20 Like in our current
study, P. malariae entire asexual cycle was shown to be 72
h.19,20 Siddiqui et al. cultured P. malariae in Aotus trivirgatu
blood while Lingnau et al. cultured P. malariae in human blood
group B Rh-positive. Both authors have used RPMI media
containing low glucose and assessed parasite using microscopy
only. None of these methods have been tested to support
antimalarial evaluation and discovery. The current article is
developed as a tool for drug discovery using human blood
samples assessing parasite culture by combining microscopy as
in a previous report31 with SYBR GREEN and Mitotracker
readouts; both were not used in the previous reports. Thus,
viable parasites can be assessed accurately in our current article
using the unbiased flow cytometry approach and the
mitotracker unlike the previous report. The current article
has shown that drug IC50 can be predicted using the method
presented herein.
New antimalarial drugs are mainly identified and developed

after extensive testing against P. falciparum, which is the most
important species that can be continuously grown in vitro.
Recent studies provided some drug susceptibility profile for P.
vivax8,32 and P. knowlesi.33 The parasite drug susceptibility

Table 2. IC50 Values of Selected Antimalarial Drug Compounds against P. malariaea

IC50 (nM) against P. malariae

compounds isolate 1 isolate 2 isolate 3 isolate 4 isolate 5 std deviation

artemether 3.51 9.971 5.31 10.46 6.71 2.98
lumefantrine 75.7 23.03 36.32 62.84 44.89 20.94
chloroquine 38.81 44.48 40.19 40.1 46.84 3.41
quinine 23.6 19.95 34.83 23.78 17.24 6.69

aThese data are from five independent experiments done with five different field isolates of P. malariae. std deviation = standard deviation.
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studies are very important to inform lead optimization toward
discovery of drug that can inhibit all Plasmodium species. Drug
sensitivity profiles against P. malariae have been unavailable as
this species had not been adapted to ex vivo and/or in vitro
culture supporting drug screening. Having established ex vivo
culture conditions of P. malariae, we set to evaluate the culture
method potential for antimalarial screening against P. malariae.
We show that our method allowed blood stage drug screens of
the currently used antimalarials artemether, lumefantrine,
chloroquine and quinine (Figure 4). The drug IC50 values
measured for tested antimalarial against P. malariae were
comparable34 to that reported earlier against P. falciparum.35,36

However, there are reports of P. malariae treatment failures
using current P. falciparum treatments.12,37−40 In our recent
work,31 many P. malariae field isolates also displayed a
decreased susceptibility to currently used antimalarial
artemether and lumefantrine as well as to chloroquine that is
no longer used in Mali because of P. falciparum resistance.
These differences could be due to factors such as host related
pharmacokinetic and pharmacodynamic effects which are
absent ex vivo or the extended 72 h intraerythrocytic stage
life cycle of P. malariae that may lead to a treatment designed
to treat P. falciparum being nonoptimal for P. malariae.31 A
further rational that could explain P. malariae decreased
susceptibility to currently used antimalarial would be true drug
resistance occurring in this parasite in which molecular markers
remain to be well determined and characterized. Thus, this
report would further enable one to conduct comparative drug
susceptibility between P. malariae and P. falciparum in other
malaria endemic countries as recently reported in Mali.31 Large
data from such comparative drug susceptibility study across
malaria species could help various malaria control programs to
target eliminate any Plasmodium specie.

■ CONCLUSION

In this study, P. malariae was successfully grown in P.
falciparum’s culture conditions lacking extra 10% glucose
supplement. This culture method allowed screening of
antimalarial drugs against P. malariae clinical field isolates.
This ex vivo culturing method of P. malariae offers a wealth of
opportunities to study the parasite biology as well as screening
for active novel antimalarial against P. malariae. Finally, flow
cytometry may be a better approach than light microscopy in
assessing P. malariae maturation.

■ METHODS

Ethical Considerations. The current study protocol was
reviewed and approved by the ethical committee of the
Faculties of Medicine-Odonto-Stomatology and Pharmacy,
University of Science, Techniques and Technologies of
Bamako, Mali with the reference No2O17/141/CE/FMPOS
and No2O19/168/CE/FMPOS/FAPH. Only participants or
their parent/guardian who provided written informed consent,
plus children able to understand the study and who gave assent
were enrolled in this study. All patients with malaria that
consented to participate in the study were enrolled and treated
using recommended AL therapy or quinine in case of AL
failure to clear the parasite.
Study Design, Site, and Population Screen. We

conducted a cross-sectional screening and detection of all
Plasmodium malaria cases during a longitudinal prospective
study aimed at assessing ex vivo efficacy of panel of

antimalarials against P. malariae. Thus, only freshly collected
field isolates of P. malariae monoinfection parasites were used
in the current study drug assay while PCR assay was used to
detect P. malariae monoinfection samples from other
Plasmodium species infection samples.
For PCR assay, DNA was extracted from dried blood spots

using the QIAamp DNA Mini Kit (QIAgen, Valencia, CA,
U.S.A.) following the manufacturer’s instruction. Using the
small subunit rRNA 18s gene41 and the most advanced and
reliable PCR techniques for the diagnosis of human malaria,17

we performed two nested PCR assays. The first for the
diagnosis of the genus Plasmodium using the following genus-
specific set of primers.17 Set 1 was rPLU1 (TCAAAGA-
TTAAGCCATGCAAGTGA) and rPLU5 (CCTGTT-
GTTGCCTTAAACTTC). Set 2 was rPLU3 (TTTTT-
ATAAGGATAACTAC GGAAAAGCTGT) and rPLU4
(TACCCGTCATAGCCATGTTAGGCCAATACC). The
second nested PCR was to determine specific Plasmodium
species using the following set of primers: Set 1 as above and
Set 3 was rFAL1 (TTAAACTG GTTTGGGAAAACCAA-
ATATATT) and rFAL2 (ACACAATGAACTCAATCATGAC
TACCCGTC) for P. falciparum (206 bp); rVIV1 (CGCTTC-
TAGCTTAATCCACATA ACTGATAC) and rVIV2
(ACTTCCAAGCCGAAGCAAAGAAAGTCCTTA) for P.
vivax (121 bp); rMAL1 (ATAACATAGTTGTACGTTA-
AGAATAACCGC) and rMAL2 (AAAATTCCCATG-
CATAAAAAATTATACAAA) for P. malariae (145 bp);
rOVA1 (ATCTCTTTTGCTATTTTTTAGTATTGGAGA)
and rOVA2 (ATCTAAGAATTTCACC TCTGACATCTG)
for P. ovale curtisi (787−789bp); and rOVA1v (ATCTC-
CTTTACTTTTTGTACTGGAGA) and rOVA2v (GGAAA-
AGGACACTATAATGTATCCTAATA) for P. ovale wallikeri
(782 bp).
Compounds tested included chloroquine, lumefantrine,

artemether, and quinine all from Sigma (Sigma-Aldrich,
France). This study was conducted from September 2018 to
October 2019 in Faladje, a rural village located in Koulikoro
region at 80 km from Bamako. Malaria is hyperendemic and
highly seasonal in Faladje. Children older than 1 year and
nonpregnant adults with uncomplicated or asymptomatic
malaria were enrolled if written informed consent was obtained
from patients, parents, or guardians of children. Thick and thin
smears were Giemsa-stained and immediately read for initial
parasitemia screening, quantification, and for parasite speci-
ation to identify P. malariae carriage. Patients with severe
malaria, chronic HIV, or tuberculosis infection or who had
taken antimalarial drugs during the past 14 days were excluded.

Samples Blood Collection and Processes. For ex vivo
drug assay and parasite culture, we were using 3−6 h freshly
collected P. malariae samples in this study. Three to 10 mL
venous blood were collected into acid-citrate-dextrose
vacutainers (Becton-Dickinson, Franklin Lakes, NJ, U.S.A.)
from P. malariae carriers before any antimalarial medication.
Blood samples were transported on ice packs between 2 and 4
°C from the field site to the laboratory. Thick and thin smears
were prepared and stained with 10% Giemsa for double
parasite quantification and speciation. Dried blood spots were
made for plasmodial DNA extraction and amplification using
polymerase chain reaction (PCR) assay to confirm mono-
infection of P. malariae as previously described17 while blood
samples were centrifuged to save plasma for further assess-
ment. Red blood cell pellets were washed three times with
incomplete RPMI-1640 (10.43 g of RPMI-1640, 5.96 g of

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.1c00262
ACS Infect. Dis. 2021, 7, 3025−3033

3030

pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.1c00262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


HEPES, 2.5 g of NaHCO3, 2.5 mL of gentamicin 50 mg/mL
for 1 L in H2O). Erythrocyte pellets were split into two by
using one half for cryopreservation in glycerolyte and
immediately stored at −80 °C. The other half was transferred
into complete RPMI medium for ex vivo culture and drug
assay. Complete RPMI medium contained 10.43 g of RPMI-
1640, 5.96 g of HEPES, 2.5 g of NaHCO3, 1 mL of
hypoxanthine, 5 g of Albumax, 2.5 mL of gentamicin 50 mg/
mL in 1L of H2O lacking extra glucose supplement. The
hematocrit of the red blood cell pellets in complete RPMI-
1640 was 2% and the parasitemia 0.5%. Monitoring of the ex
vivo cultures of P. malariae parasites was done timely as shown
in Figure 1 from time 0 h to time 72 h. The ex vivo sensitivity
of P. malariae parasites to chloroquine, lumefantrine,
artemether, and quinine was assessed using 72 h combined
Sybr Green and Mitotracker assay as previously reported21,22,31

in plates of 96 wells. Nineteen P. malariae isolates with ring
stage >80% were used for the ex vivo cultivation, while 5
isolates with ring stage >90% were used for the ex vivo drug
assay. Only PCR confirmed monoinfection cases of P. malariae
were used to validate isolates used in this study. All
compounds were prepared in 100% DMSO and diluted in
complete RPMI-1640 with drug concentration ranging from 10
to 0.004 μM (8 points of 3-fold serial dilutions). Drug assay
plates of freshly collected P. malariae contained compounds
tested; 0.02% dimethyl sulfoxide (0.02% DMSO) and
uninfected erythrocytes were incubated in a final volume of
120 μL and cultured at 37 °C in a gas atmosphere of 5% CO2
for 72 h. After 72 h, drug assay plates were washed (HBSS 1X
+ FBS 2%) and double stained with Sybr Green and deep red
mitotracker. Plates stained were read on Accuri flow cytometer
with 200 000 events. Sybr Green and deep red mitotracker
were respectively used to measure acid nuclei content in FL1,
boxes 1−2, and mitochondrial activity in FL4 box 2 (Figure 1
and 2). Parasite maturation and growth are both determined
by the acid nuclei content while viability is measured though
mitochondrial activity.
Dose−response curves and inhibitory concentrations 50%

(IC50) were calculated by nonlinear regression analysis using
GraphPad Prism software version 8 with the data previously
normalized to the untreated controls. Statistical test was done
using GraphPad Prism software version 8 and t test. A p value
<0.05 was considered as significant.
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