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Abstract: Malaria remains to be a national and global challenge and priority, as stated in the strategic plan of the Indonesian Ministry
of Health and Sustainable Development Goals. In Indonesia, it is targeted that malaria elimination can be achieved by 2030.
Unfortunately, the development and spread of antimalarial resistance inflicts a significant risk to the national malaria control programs
which can lead to increased malaria morbidity and mortality. In Indonesia, resistance to widely used antimalarial drugs has been
reported in two human species, Plasmodium falciparum and Plasmodium vivax. With the exception of artemisinin, resistance has
surfaced towards all classes of antimalarial drugs. Initially, chloroquine, sulfadoxine-pyrimethamine, and primaquine were the most
widely used antimalarial drugs. Regrettably, improper use has supported the robust spread of their resistance. Chloroquine resistance
was first reported in 1974, while sulfadoxine-pyrimethamine emerged in 1979. Twenty years later, most provinces had declared
treatment failures of both drugs. Molecular epidemiology suggested that variations in pfindrl and pfcrt genes were associated with
chloroquine resistance, while dhfi- and dhps genes were correlated with sulfadoxine-pyrimethamine resistance. Additionally, G453W,
V454C and E455K of pfkl3 genes appeared to be early warning sign to artemisinin resistance. Here, we reported mechanisms of
antimalarial drugs and their development of resistance. This insight could provide awareness toward designing future treatment
guidelines and control programs in Indonesia.
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Introduction

The history of malaria in Indonesia began in the 1900s when the number of patients reached 30 million and causing
mortalities in 120,000 people.' > Accounting 15.6% of cases and 22% of malarial deaths, Indonesia has been declared as
one of the malaria endemic countries in South-East Asia.*

The most common Plasmodium species in Indonesia is Plasmodium falciparum (P. falciparum), followed by
Plasmodium vivax (P. vivax). Both species occasionally co-distribute sympatrically in several areas of Indonesia.
A lesser common species, Plasmodium malariae (P. malariae), is found on all the main islands, with the eastern part
of Indonesia reporting the majority of cases. Meanwhile, reports of Plasmodium ovale (P. ovale) mostly stemmed
exclusively from the eastern part of Indonesia.” In 2022, according to the Directorate of Prevention and Control of
Infectious Diseases, Ministry of Health Indonesia, there were 399,666 confirmed cases of malaria in Indonesia, with
51.3% of them being caused by P. falciparum, 33.4% by P. vivax, and the remaining by other Plasmodium species.®

In Indonesia, chloroquine-resistant cases of malaria were first reported in East Kalimantan in early 1974.” Since the
1990s, cases of resistance have spread to all provinces. In addition, there have also been reports of resistance to

sulfadoxine-pyrimethamine (SP) in several areas.™ Artemisinin resistance has never been reported in Indonesia,
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although recently the spatial distribution of its resistance marker, the K13 propeller polymorphism, has been reported in
Asia, as validated in India in 2019, and in the Greater Mekong subregion since 2006.°

Numerous antimalarial drug classes are currently on the market; however, due to toxicity concerns, reduced efficacy,
and, most importantly, resistance, these drugs have decreased their overall therapeutic indices.'® By performing literature
search of papers published in public databases using relevant keywords, this review laid over some impetus, particularly
focusing on the growing antimalarial resistance of P. falciparum and P. vivax. We also discussed the mechanism of
malaria drug resistance in general and the development and spread of anti-malarial resistance in Indonesia.

Malaria in Indonesia

The detailed history of malaria program evolution in Indonesia has shown particularly positive progress in the last decades,
with over 50% of the districts formally deemed malaria-free in 2017. Between 2007 and 2017, the annual parasite incidence
(API) decreased from 2.89 to 0.9 per 1000 population, accounting for over threefold. This decline was consistent with
a 50% and 66% reduction in confirmed malaria cases and mortalities, respectively.'' Recently, WHO estimated the number
of people with malaria infections decreased from 1.7 million in 2008 to 1 million in 2018. This decline was also consistent
with the shrinkage of areas with malaria transmission.'* According to the recent WHO report, as the fourth most populated
country, Indonesia had an estimate of 800,000 malaria cases in 2021, which ranked second in Asia after India."

In 2010, there were a total of 6,699 districts in Indonesia, with 450 districts suspected of having malaria cases; however,
266 have successfully become malaria-free, 93 have downgraded from high to moderate or low transmission, and 38 had at
least threefold reduction in APL'""'? Currently, over 55% of districts in Indonesia are free from local transmission and 72%
of the population lives in malaria-free areas.''"'? According to the National Malaria Program Report 2018, 91% of malaria
cases are reported from only three provinces: East Nusa Tenggara, Papua, and West Papua. From January to March 2020,
East Nusa Tenggara, Papua, and West Papua reported 266,956 suspected cases of malaria which were tested by microscopy/
rapid diagnostic test (RDT), yielding a total of 23,632 positive cases (8.9%). These results were reduced when compared to
the same period in the previous year, when 677,536 suspected cases were tested and 64,753 positive cases were confirmed
(9.5%)."

Since 2004, Indonesia has proclaimed the first-line anti-malarial drug regimen using artemisinin-based combination
therapy (ACT) to replace the ineffective chloroquine and sulfadoxine—pyrimethamine (SP). Nevertheless, the expeditious
appearance and spread of resistant Plasmodium strains to commonly used anti-malarial drugs, such as chloroquine,
sulfadoxine—pyrimethamine, and artemisinin-based combination therapy, continue to pose a threat to the national malaria

elimination programs.'*
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Antimalarial Drug Resistance Mechanisms
Antimalarial resistance is defined as the ability of a parasite strain to live and/or proliferate even when a drug is administered

and absorbed at dosages that are higher or equivalent to those typically advised but within the subject’s tolerance.'> A change

in a protein’s composition, structure, or function appears to be the underlying cause of resistance.'® To detect the establishment

of resistance and gauge its spread, antimalarial drug resistance molecular markers are utilized. It details the genetics of

parasites linked to resistance, such as gene copy number variations or single nucleotide polymorphisms, that lead to

a reduction in parasite sensitivity to antimalarial medications.'” Table 1 shows the mechanisms of all antimalarial drugs

and resistance markers. Major antimalarial drugs and their mechanisms of resistance are illustrated in Figure 1.

Table | Antimalarial Drug Mechanism and Resistance Marker

Sulfadoxine

Proguanil

pfdhps, pvdhps

pfdns, pudhfr

Antimalarial Specific Drug Mechanism of Action Site of Action Genetic Marker of Reference
Drug Class resistance
Sesquiterpene Artemisinin Causes oxidative stress Endoplasmic reticulum | pfkl3, pfatpaseé [55-57,59]
lactone (vesicular structure)
. Artesunate pfki3 [55-57,59]
endoperoxides
Artemether pfkl3 [55,56]
Dihydroartemisinin pfkl3 [55,56]
Amino alcohol Quinine Unclear; thought to Digestive vacuole pfert, pfmdrl [41-43]
Mefloqui interfere with heme i 42 110.011
etloquine detoxification pfmdr [2llo1t
Lumefantrine pfert, pfmdrl [42,112,113]
Antibiotics Azithromycin Inhibition of protein Apicoplast and Apicoplast rRNA [44,45,50]
synthesis mitochondria
Clindamycin Apicoplast encoded [17,38,51]
23S rRNA
Doxycycline Apicoplast rRNA [38,49]
Antifolate Pyrimethamine Inhibition of folate synthesis | Cytosol pfdhfr [18,20,36,98,103]

4-Aminoquinoline

Chloroquine

Interferes hemozoin

Digestive vacuole

pfert, pfmdrl, pvmdrl

[17,18,20,24,88,91]

electron transport
(cytochrome bl complex)

Amodiaquine formation pfert, pfmdrl [17,18,20]
Piperaquine pfert, pfmdrl, pim2 and | [18,20,21,26]
plm3 amplification
Pyronaridine pfert [20]
Naphthoquine Unknown [20]
8-Aminoquinoline | Primaquine Unknown Unknown Unknown [18,20]
Tafenoquine Unknown
Naphthoquinone | Atovaquone Inhibition of mitochondrial Mitochondria pfeytb [18,20,21,35]

Abbreviations: atpase6, adenosine triphosphatase 6; crt, chloroquine-resistance transporter; cytb, cytochrome b; dhfr, dihydrofolate reductase; dhps, dihydropteroate
synthase; ki3, Plasmodium falciparum Kelch |3; mdrl, multidrug resistance protein; pf, Plasmodium falciparum gene; plm2, plasmepsin 2; plm3, plasmepsin 3; pv, Plasmodium
vivax gene; rRNA, ribosomal-Ribonucleic Acid.
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Figure | Major antimalarial drugs and their tolerance. (A) Hemozoin formation in food vacuoles: (i) 4- aminoquinoles including chloroquine (CQ), amodiaquine (AQ),
piperaquine (PPQ), (i) Amino alcohols including mefloquine (MFQ), lumefantrine (LMF), quinine (QN) and (iii) Artemisinin (ART) bind to reactive heme and interfere its
detoxification by making a complex with heme, thus inhibiting the formation of hemozoin. QN and MFQ are sensitive to PfCRT and PfMDRI. Resistance to these drugs
occurs by drug mutation and copy number variation in pfcrt and pfmdr| gene (shown by red diamond). (B) Folate synthetic in the cytosol: Folate synthetic pathway enzymes
dihydropteroate synthase is sensitive to the drug sulfadoxine (SDX) and dihydrofolate reductase is sensitive to pyrimethamine (PYR) and proguanil (PRG). Resistance to SDX
and PYR occurs due to mutation (shown by red diamond) in dhps and dhfr genes, respectively. (C) Electron transport chain in mitochondria: Atovaquone (ATQ) and ART
inhibit cytochrome b complex (CyTb) in the electron transport chain by generating reactive oxygen species. ART in mitochondria causes protein and lipid alkylation, leading
to oxidative stress and cellular damage. Resistance to these drugs is caused by a mutation (shown by red diamond) in the cytb gene. (D) Protein synthesis in apicoplast:
antibiotics doxycycline (DOX), clindamycin (CLD), and azithromycin (AZT) inhibit protein synthesis by targeting the ribosomal RNA of the apicoplast. CLD resistance is
mediated by a point mutation (shown by red diamond) in the apicoplast-encoded 23S rRNA. (E) Endoplasmic reticulum: ART is sensitive to PATP6 in the endoplasmic
reticulum. Variants in Kelch 13 (K13) are the primary mediator ring-stage parasite resistance to ART (shown by red diamond).

Abbreviations: AQ, Amodiaquine; ART, Artemisinin; ATQ, Atovaquone; AZT, Azithromycin; CQ, Chloroquine; CLD, Clindamycin; CyTb, cytochrome b complex; dhfr,
dihydrofolate reductase; dhps, dihydropteroate synthase; DOX, Doxycycline; ER, endoplasmic reticulum; K13, Kelch 13; LMF Lumefantrine; MFQ, Mefloquine; PPQ,
Piperaquine; PRG, Proguanil; PYR, Pyrimethamine; QN, Quinine; SDX, Sulphadoxine.

4-Aminoquinoline (Chloroquine and Piperaquine)
The asexual malaria parasite grows and develops in host erythrocytes by digesting hemoglobin in its acidic food
vacuoles, a process that produces amino acids, free radicals, and heme (ferriprotoporphyrin IX/FPIX). FPIX is toxic to
parasites, so it is converted into a polymer hemozoin or known as malaria pigment. The chloroquine base diffuses into
the food vacuole and becomes protonated and trapped within the vacuole. Chloroquine binds tightly to FPIX to form the
toxic FPIX-Chloroquine complex that inhibits the formation of hemozoin, poisons the acidic food vacuoles and starves
the parasite. The accumulation of chloroquine also increases the pH in the vacuole, which reduces the polymerization rate
of FPIX."®

In Indonesia, chloroquine was used as a first-line treatment in the national malaria elimination program in 1959 after
the Indonesian independence. It was used until 2004 before being replaced by ACT."” Resistance of P. falciparum to
chloroquine and possibly amodiaquine are associated with mutations in pfert that encode the P. falciparum chloroquine
resistance transporter (PfCRT).”*' Mutations in pfert permit transporters to move chloroquine out of the digestive
vacuole and away from the drug’s anti-plasma targets (heme detoxification).?” The primary mechanism of this resistance
is mediated by an energy-dependent drug efflux mechanism mediated by PfCRT, resulting in decreased chloroquine
accumulation in digestive vacuole.'®*'** A single nucleotide polymorphism (SNP), K76T, in pfcrt is correlated with
in vitro chloroquine resistance. Reversal of the K76Tmutation resulted in wild-type CQ susceptibility and led to
increased binding of CQ to FPIX. In the presence of chloroquine compared to sensitive parasites, parasites carrying
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the K76T mutation exhibit an advanced leak of H" from the digestive vacuole. Other polymorphisms of pfert, including
184F, 1034C, 1042D, and 1246Y, are also associated with chloroquine resistance to varying degrees.24

Another chloroquine resistance mechanism is correlated with P. falciparum multidrug resistance transporter 1
(PfMDR1). PfMDRI1, found in the digestive vacuole, functions as a general transporter and binds toxic metabolites or
drugs to the digestive vacuole.'” This pump imported antimalarial drugs and uptakes solutes into the digestive
vacuole.'”*** Mutation of pfindrl N86Y is associated with decreased chloroquine sensitivity in vitro. However, the
pfimdr] mutation alone is not sufficient to cause chloroquine resistance.””

Piperaquine inhibits one or more steps in hemoglobin breakdown, thus free and undigested hemoglobin are
accumulated and the formation of hemozoin is inhibited.>> Resistance to piperaquine is correlated with gene
plasmepsins pfpm2 and pfpm3.2'2° It was proposed that overproduction of these plasmepsins might interfere with
piperaquine’s inhibition of heme detoxification processes in the digestive vacuole.?'*® However, it could not be
confirmed whether plasmepsin is directly involved in mediating piperaquine resistance or was a compensatory mechan-
ism for the fitness disadvantage of the actual resistance determinant.?'

Plasmodium falciparum piperaquine resistance is influenced by multiple factors, mainly the polymorphisms
of pfert and pfindrl. The genetic mediator of piperaquine resistance in P. falciparum is the SNP of pfcrt (C101F,
HO7Y, F1451, M343L, G353V), plasmepsin 2 and 3 amplification, and pfindrl single copy.?’ Piperaquine-resistant
parasites have a reduced ability to inhibit hemoglobin digestion through the amplification of plasmepsin 2 and/or
plasmepsin 3, leading to reduced drug accumulation within digestive vacuole, primarily mediated by polymorphisms
in pfert and pfindrl.*® In Indonesia, piperaquine is used in combination with dihydroartemisinin (dihydroartemisinin-
piperaquine) as the first-line treatment for uncomplicated falciparum malaria since 2010.%” Resistance to dihydroartemi-
sinin-piperaquine is also associated with P. falciparum exonuclease (Pfexo) and pfcrt gene polymorphisms. Resistance to
both dihydroartemisinin and piperaquine found in the Southeast Asian parasites exhibit simultaneous polymorphism in P,
falciparum Kelch 13 (PfK13) and amplification of the parasitic proteases plasmepsin 2 and 3.'®

8-Aminoquinoline (Primaquine and Tafenoquine)

Primaquine and tafenoquine are the 8-aminoquinoline drugs used to treat and prevent malaria relapse. Based on the
Indonesian Ministry of Health guideline on malaria elimination, primaquine in combination with dihydroartemisinin-
piperaquine is still used in Indonesia, particularly for malaria caused by P. vivax or P. ovale. Tafenoquine single dose has
been approved to prevent relapses of Pvivax.?’ Tafenoquine's mechanism of action is still completely unclear, and there
are currently no recognized molecular targets for this or other 8-aminoquinolines. Unlike primaquine, tafenoquine
possesses a 3-(trifluoromethyl)phenoxy group that inhibits position 5 from being directly oxidized, resulting in delayed
elimination and long-acting action.''* Primaquine can inhibit the stage V gametocytes of P falciparum and thus
effectively decrease malaria transmission.”® Primaquine also prevent recurrent infections of P. vivax by targeting the
latent stage of the parasite in the liver.'” Identifying primaquine resistance in P, vivax is challenging due to possibilities
of reinfection in malaria-endemic areas.?’

A variety of human and parasite variables are thought to be involved in modulating primaquine’s ability to kill
hypnozoites, including treatment adherence and human genetic polymorphisms.?® Primaquine is a prodrug that must be
metabolized to produce active molecules via the action of CYP2D6 and CPR.%’ Studies have shown that various common
polymorphisms of these enzymes can increase or reduce enzymatic activity.’® Polymorphisms in CYP2D6 that decrease
enzyme activity may result in impaired primaquine metabolism and treatment failure.>' Similar to the P falciparum
resistance against artemisinin, hypnozoites ability to resist oxidative stress would support primaquine resistance and

increase difficulties in P. vivax eradication.’>>>

Naphthoquinone

Atovaquone, a naphthoquinone drug class, is commonly used as a combination therapy with an antifolate drug such as
atovaquone-proguanil (Malarone). Although not used as a first-line treatment in Indonesia, it has been well reported in
some Indonesian populations.** The target of atovaquone is a mitochondrial electron donor, P. falciparum cytochrome
b (PfCytB)."® PfCytB donates electrons to dihydroorotate dehydrogenase (DHODH), an enzyme involved in de novo
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pyrimidine synthesis that is critical for blood-stage asexual parasites.?’ Resistance to atovaquone monotherapy evolves

rapidly and single-point mutations in the genes encoding cytochrome b in Plasmodium sp.*'=*>

pfeytb gene, such as
Y268S/C/N, leads to alterations in its catalytic activity and is linked to clinical failure of atovaquone. Although
atovaquone resistance may emerge, pfcytb mutant parasites exhibit a reduced transmission to mosquito, so that

atovaquone resistance might not spread quickly.'®**!

Antifolate
Antifolate  antimalarial drugs including proguanil, pyrimethamine, trimethoprim sulfadoxine, and
sulfamethoxazole.'”**2% In Indonesia, antifolates are currently used as combination therapies such as atovaquone-
proguanil for prophylaxis, particularly in pregnant women or children, or sulfadoxine-pyrimethamine to treat
P, falciparum.**>® Sulfadoxine is a structural analog of para-amino benzoic acid (pABA) and can inhibit dihydropteroate
synthase (DHPS), while pyrimethamine inhibits dihydrofolate reductase (DHFR), essential enzymes for folate synthesis
for the malaria parasite.’’ Sulfadoxine-pyrimethamine also has antimitotic effects on erythrocytes and tissues, and its
action is prolonged by sulfadoxine.*®

Reduced efficacy of sulfadoxine-pyrimethamine during P. falciparum treatment is associated with increased pre-
valence of mutations in the antifolate resistance genes dhps and dhf,*>° which causes reduced drug-binding affinity of
DHFR.2*%¢ These are amino acid substitutions at codons S108N, N51I, C59R, and 1164L25, and additional point
mutations in 151, R59, and L164.%* Sulfadoxine resistance is related to variations in the dhps gene at codons S436A/F,
A437G, K540E, AS81G, and A613T/S.>°

Amino Alcohol
Mefloquine and lumefantrine, quinine derivatives from the aryl amino alcohol group, are currently used in conjunction
with artemisinin derivatives. Mefloquine is also prescribed by itself as a prophylaxis.>’ Quinine binds reactive heme and
prevents it from being detoxified by integrating it into chemically inert hemozoin, which occurs in the digestive
vacuole.*® Quinine resistance is controlled by PfCRT and PfMDR1, which possibly comprise an enzyme that participates
in the ubiquitination of protein.*® P. falciparum’s susceptibility to quinine often changes in its sensitivity to chloroquine,
amodiaquine, or mefloquine in unexpected ways, such as hypersensitivity or causing cross-resistance.*® These findings
indicated the mechanism of quinine in the partial suppression of heme detoxification.*®

An increase in the number of copies of pfindrl was found to be the main factor mediating resistance to mefloquine.*'~
“3 The pfindrl copy number variation (CNV), or considerable tandem amplification up to 100 kb, encompasses a large
number of genes. It is notable that amplicon break sites are often located in intergenic regions of monomeric tracts A or
T in P. falciparum CNVs. Given the high AT content and many AT monomeric tracts in the genome of P. falciparum,
CNVs are a crucial route of evolutionary adaptation.*

Antibiotics

Although less common in Indonesia, antibiotics including azithromycin,** clindamycin,** and doxycycline*®*” have been
used to treat and prevent malaria, by preventing the ribosomes from functioning normally in the apicoplast and
mitochondria of Plasmodium sp., resulting in lowered DNA gyrase activity or protein synthesis.*®*’ The defective
apicoplasts are passed to their offspring, which had a potent but delayed antimalarial impact. Based on the existence of

potential apicoplast targeting signals, hundreds of nuclear-encoded proteins are projected to localize there.'®*°

Azithromycin and clindamycin have potent antimalarial activity via an action against the apicoplast organelle.*>°
However, doxycycline instead caused non-functional apicoplasts to disperse throughout the progeny of treated parasites
after treatment, preventing them from completing cell division.*’ Apicoplast ribosomal RNA alterations mediate
P. falciparum resistance.”*>® The mechanism behind clindamycin resistance has been identified as a point mutation

encoded 23S rRNA in the apicoplast, which exhibits a “delayed death” phenotype.'”!
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Sesquiterpene Lactone Endoperoxides
All P, falciparum asexual stages are swiftly eliminated by artemisinin, the current most effective antimalarial drug.”> The
effectiveness and early action of artemisinin and its derivatives, such as artemether, artesunate, dihydroartemisinin
(DHA), and artemether, as well as synthetic artemisinin compounds, cause the parasitemia to rapidly decline within the
first few days of treatment. As a part of ACTs, these drugs are currently used as the first-line treatment in Indonesia and
worldwide.'”*° These chemicals are activated by parasites when their endoperoxide bridge is broken, which results in
oxidative stress. When artemisinin is active in the asexual blood stages of parasites, Fe?'-heme reductively scissions their
endoperoxide bridge.”* A host red cell-derived enzyme called superoxide dismutase catalyzes the fast conversion of
heme-Fell (LH) (released from degraded Hb within the food vacuole) to heme-Felll (hematin/hemin) and superoxide
anion (O, ), the latter of which disproportions into H,O, and O, (ingested from red cell cytosol).’* This results in ACTs
killing parasites when they are in an active condition.>

The primary contributor to artemisinin resistance has been identified as the pfk/3 gene on chromosome 13.°>77 It is
believed that the K13 protein contributes to the cellular reaction to oxidative stress.” It is unclear what particular
functional alterations the K13 polymorphisms cause; however, resistant parasites have a better cell stress response during
the early ring stages when artemisinin is most active. They also exhibit an increased stress response, lower levels of
ubiquitinated proteins, and a delayed start to cell death.’® According to research, the K13 C580Y variation reduces the
interactions between Plasmodium falciparum phosphatidylinositol-3-kinase (PfPI3K) and artemisinin, which lowers
polyubiquitination by PfPI3K and lowers phosphatidylinositol-3-phosphate (PI3P), a component of phospholipid
signaling.’® According to African research, K13 levels were low in highly resistant variants and high in low resistant
mutations. It reveals that various occurrences favoured creating different K13 changes, explaining the mutations
congregated in two groups, one with high resistance-low K13 levels, which includes the C580Y mutation, and another
with low resistance-high K13 levels, which includes the V520A and V5891 mutations.®

Detection of Antimalarial Drug Resistance

Antimalarial drug resistance has been a persistent hindrance for malaria treatment for years, not only in Indonesia, but
also worldwide. Evaluation for drug resistance is highly recommended to determine the success of malaria treatment.®'
The identification of antimalarial drug resistance in Plasmodium species can be performed through several methods,
including in vivo, drug level, in vitro, ex vivo, and molecular characterization.®*®?

In 2009, WHO established a protocol to detect antimalarial drug resistance.®® The protocol incorporates recommen-
dations from all malaria endemic areas as well as the use of clinical and microbiological studies to evaluate the success of
treatment and detection of drug resistance.®* The same protocol is currently being used in Africa as stated by the WHO
guideline 2022 to overcome antimalarial drug resistance.®® The first method described in the WHO protocol is an in vivo
test. This method is designed to clinically evaluate the efficacy of antimalarial drugs. Throughout in vivo study, patients
with malaria are prescribed the first-line antimalarial drugs with standard dose, and the parasitemia levels are monitored
through both clinical and laboratory assessments to evaluate the response to therapy.”' This method is widely-known as
therapeutic efficacy studies (TES) which is important to investigate the mechanism of drug resistance, where the host—
parasite interactions is suggested to contribute in altering the susceptibility of the antimalarial drug.®> TES is also useful
to measure the drug efficacy in real time, which proved to be beneficial particularly in multispecies or recurrent infection
cases. The outcomes of TES are evaluated at the end of the study, usually on day 28 or 42 (depending on the half-life of
the drugs). Furthermore, genotype examination is required to perform when the infections occurred during the follow-up
period, thus enabling us to distinguish between the new and recurrent infections.®’

The second method described in the WHO guideline is a test to measure the level of antimalarial drug collected from
the blood of the malaria patients who consumed antimalarial drug. The concentration of the drug, which is extracted from
the blood, is analyzed using high-performance liquid chromatographic (HPLC) method. Evaluation on the drug level in
the blood can help to differentiate between medication nonadherence and drug resistance.®

The third method described by WHO is in vitro and ex vivo tests, which eliminate the host—parasite interactions and
simply observe the efficacy of antimalarial drugs on the Plasmodium itself.%> In principle, these methods use Plasmodium
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parasites obtained from malaria patients, which are cultured and exposed to the different antimalarial drugs with different
concentrations. The growth and survival of Plasmodium are evaluated to determine the drug susceptibility and resistance
profile.®* There are several approaches used to measure the parasite’s growth and survival rate in in vitro and ex vivo
tests. For example, a simple Giemsa staining is easily performed on the culture smear and the number of surviving
parasites is manually counted under the microscope to determine the half maximal inhibitory concentration (ICs).
However, this method is considered to be impractical, as it is time and labor consuming in clinical settings where
numerous samples need to be examined daily.®* Other alternative approaches are also available, including: 1) isotopic
tests using radioactive dyes, 2) flow cytometry to evaluate the number of infected erythrocytes, and 3) enzyme-linked
immunosorbent assay (ELISA) to quantify the concentrations of proteins, such as histidine rich protein II (HRP-2), which
is produced by the Plasmodium sp. and accumulated in the culture.®®

Another method that can detect antimalarial drug resistance is molecular characterization, which has progressively
developed in recent years.®” Molecular characterization is used to identify the markers of antimalarial drug resistance. It
can be divided into two different methods, which are polymerase chain reactions (PCR) and sequencing. PCR-based methods
are mainly used to identify short amplicons of antimalarial drug resistance genes in the laboratory. These PCR methodsinclude
restriction fragment length polymorphism (RFLP), sequence-specific probe-based ELISA, ligase detection reaction fluores-
cent microsphere (LDR-FM), and real time-PCR. Moreover, sequencing methods are performed using either Sanger or next-
generation sequencing (NGS), such as [llumina MiSeq, Pyrosequencing, and MinlON nanopore, which are suitable to identify
numerous genetic markers for antimalarial drug resistance in a large number of samples for each run.®'¢"-%
Application of various detection methods in antimalarial drug resistance depends on the facility in malaria endemic

8.70.71 a5 well as molecular methods, such as

areas. In Indonesia, TES is commonly used for the studies of drug resistant,
PCR (nested and RFLP).”*>"* However, there were no specific regulations issued by Indonesian government that provide
a standard procedure or guideline for detection of antimalarial drug resistance. Although each method has its own
advantages and disadvantages, the different uses and applications allow the vast development in antimalarial drug
resistance studies.”> Furthermore, a comparison study among different methods used to detect antimalarial drug

resistance may be advantageous for the management of malaria treatment and epidemiological study in the future.

Antimalarial Drug Resistance in Indonesia

Resistance to 4-Aminoquinoline (Chloroquine)

After its discovery in the 1930s, chloroquine became widely used as a first-line monotherapy for malaria in Indonesia. In
1957, the first case of chloroquine resistance was reported in Thailand,”® which eventually spread to other regions of the
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of P. falciparum (TES) P. vivax(TES) ~ during the 28-day recurrent and recrudescence of P. P. vivax (PCR and pfmdr1 86Y in all
(Ebisawa and (Sumawinataet ©observation period parasitemia falciparum and sequences analysis) of their tested
Fukuyama, 1975) al. 2003) (Fryauff et al., of P. vivax (TES) P. vivax (TES) (Salwatietal., 2012) isolates
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(Baird et al., 1995) for P. vivaxand P. (Fryauff et al., falciparum (TES) (Asih et al., 2009) analysis) (Lubis et al., 2020)
falciparum 2002) (Sutanto et al., 2010) (Reteng et al., 2017)
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Figure 2 Timeline of chloroquine resistance in Indonesia. This figure summarizes the development of chloroquine resistance in Indonesia from 1974 until 2015 based on
their locations and identification methods.
Abbreviations: TES, therapeutic efficacy studies; PCR, polymerase chain reaction; RFLP, restriction fragment length polymorphism.
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world. Many cases of chloroquine resistance in Indonesia were imported and occurred due to the influx of travelers from
the Southeast Asian region to Indonesia.”””’’ Despite the growing concerns and evidence of resistance and the
introduction of ACT, chloroquine was continuously used until the Indonesia Ministry for Health removed its recom-
mendation for chloroquine monotherapy in 2013.* This part discusses the timeline of chloroquine resistance in Indonesia
during the span of 1974-2015 (shown in Figure 2).

In Indonesia, the first documented case of chloroquine-resistant P. falciparum occurred in Kalimantan in 1974.% This
case involved immigrants from Japan. In 1974 a case of P. falciparum recrudescence was also reported in West Irian
(now known as Papua), which also involved migrants from Japan. Resistance was determined based on clinical
symptoms, plasma chloroquine levels, and in vivo and in vitro sensitivity tests. At the same time, several cases of
resistance from local immigrants were reported in East Kalimantan based on clinical symptoms and in vivo sensitivity
tests.”’®7% In the early 1990s, more cases were further reported in East Kalimantan by in vitro test.%"*'

During the span of 1992 and 1994, chloroquine-resistant P. vivax was observed in the Javanese population in Papua
who showed 44% and 78% of chloroquine treatment failure within 14 and 28 days of initiating therapy. This population,
however, still showed sensitivity toward the combination of chloroquine plus primaquine or halofantrine alone.** In
1995, a survey in the central northern coasts of Papua revealed that, despite adequate levels of chloroquine’s active
metabolite in the circulation, the cumulative treatment failure rates reached of 45% and 58% at 14-day post initiation of
therapy, which increased to 64% and 89% at day 28, respectively.* Similarly, in the same year, a study in north-eastern
Papua found 95% of P. falciparum, 84% of P. vivax, and 100% of mixed infections, failed to respond to chloroquine
therapy.®* Furthermore, West Kalimantan reported cases of P. vivax infections that were resistant to chloroquine three
years later, where in vivo studies found recurring parasitemia during the 28-day observation period.*’

During 2001 and 2002, a study in Alor, Nusa Tenggara, showed a cumulative incidence of chloroquine resistance of
56% at day 28 post-treatment initiation, and thus ending the use of this drug as antimalarial in Alor.*® At the same period,
cases of failure of chloroquine treatment against P. vivax and P. falciparum were recorded in Lampung, Sumatra, with
a 28-day cumulative incidence of 43% and 68%, respectively.®’

A study testing samples collected in 2003 in Timika, Papua, showed that pvmdri gene polymorphism with a Y976F
mutation was found in 96% of samples, which displayed 65% chloroquine resistance using the modified schizont
maturation assay. This study thus suggested the Y976F variation of pvmdrl as a predictive marker for chloroquine
resistance.®®

In 2004, carly chloroquine treatment failure of P. vivax and P. falciparum cases was reported at 16% and 5%,
respectively, in Timika, Papua. The failure rate of P. vivax treatment after 28 days reached 73%, while the 42-day failure
in P, falciparum was 48%, despite it still being effective for P. ovale and P. malariae.”’

In 2007, 25% of studied patients in the north-eastern part of Papua showed persistent or recurrent parasitemia of
P. vivax following chloroquine treatment, with a 17.5% probability of parasite resistance.”” In the same year, seasonal
distribution of gene polymorphisms linked to chloroquine resistance against P. falciparum was found in West Sumba.
Mutant pfindri alleles, predominantly as 1042D and 86Y, were found higher in the wet seasons.”

A study using samples collected from 2010 to 2011 from many areas of Sulawesi and Kalimantan was carried out to
identify the P. vivax mutations related to chloroquine-resistance. They discovered that 93% of samples harbored the
YO976F variation of the pvmdr] gene, which was correlated with a reduced chloroquine sensitivity in Papua.”’ In the
same year, a study in North Sulawesi found polymorphisms of the chloroquine-resistance genes in P. falciparum, pfcrt
76T, in 76.4% of tested isolates, while pfindrl 86Y and 86N were observed in 88.2% and 10.2% isolates, respectively.”*
Moreover, in 2012, a study in South Sumatera identified polymorphisms of the pfcrt 76T and pfindrl 86Y in all of their
tested isolates.”?

Finally, in 2015, a large-scale survey involving 404 molecularly confirmed P. falciparum infections found that the
pfert haplotype SVMNT (codons 72 to 76) showed the most prevalent and pronounced linkage disequilibrium with the
pfindrl haplotype YY (codons 86 and 184) although the parasites’ persistence and increased at day 28 or 42 post-
treatment initiation were significantly more likely to harbor the pfindrl haplotype NF (codons 86 and 184).°* There have
been no further reports after nearly a decade of understanding that the use of chloroquine as monotherapy was
inappropriate.
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As in Indonesia, in Southeast Asia using pfcrt and pfindrl mutation measurement and gene copy number has been
found to be useful for surveillance of mefloquine-resistant malaria.”* One Southeast Asian nation, Cambodia, has seen
the emergence of novel pfert mutations that cause resistance to dihydroartemisinin plus piperaquine (DHA + PPQ).”> In
Southeast Asia, the pfindrl gene, which encodes the N86 and 184F haplotypes, is frequently found to have multiple
copies. Besides that, parasites that express this PfIMDRI1 variant are known to respond differently to antimalarial

medications due to their increased transport capacity.”®

Resistance to Antifolate

Although not being used as first-line antimalarial treatment, the combination of sulfadoxine and pyrimethamine is widely
used both prophylactically and therapeutically, particularly in chloroquine-resistant areas. Thus, it was not surprising
when in 1979, the first occurrence of sulfadoxine-pyrimethamine resistance was reported in Indonesia.”’ As with other
antimalarial resistance, this further spread over the next few years to other areas in Indonesia, where four provinces
(Central Java, East Timor, South Sulawesi, and Papua) reported resistance of sulfadoxine-pyrimethamine to P. falciparum
in the span of 1981-1995, as proven by in vivo assays (Figure 3).%

A study was conducted in 1996-99 to observe the relationship between mutations in the P. falciparum pfmdrl, dhfr
and dhps genes and in-vivo drug resistance in West Papua. Initially, 85 patients infected with P. falciparum were treated
with chloroquine, of which 21 had clearance of the parasites, 49 had parasitemia classified as RI (clearance of asexual
parasite in 7 days followed by recrudescence within 28 days), RII (more than 75% clearance of asexual parasitemia
within 48 hours), or RIII (less than 75% reduction in asexual parasitemia within 48 hours) resistance, while 15 patients
were excluded from statistical analysis because of incomplete clinical histories. Sulfadoxine-pyrimethamine was then
used for the second-line drug, which resulted in parasite clearance in 18 patients, while 31 had continuing infections
classified as RI, RII, or RIII resistance. pfindrl mutants are associated with chloroquine resistance and dhfir and dhps
mutants are associated with in vivo sulfadoxine-pyrimethamine resistance. It is interesting to note that 437G in dhps and
Arg-59/Asn-108 in dhfr were linked to RI, RII, and RIII resistance, while 540Q was only strongly related to RII and RIII
resistance. This result supports the theory that the molecular basis of RI, RII, and RIII sulfadoxine pyrimethamine
resistance is the accumulation of dhft and dhps mutations.®’

By using samples collected in Papua in 19961999 and Central Java in 2000, a study evaluating the effect of P. vivax
dhfr polymorphism toward sulfadoxine-pyrimethamine resistance reported that 58% of cases had poor response to
treatment. Across 6 identified alleles, they found 2 novel mutations, including 99S and 19V. One allele carrying four
point mutations (57L+58R+61M+117T) also increased the risk of developing early treatment failure to 23-fold.”®

Meanwhile, a survey conducted in 8 endemic areas in Indonesia identified that polymorphisms in four genes were

Gene polymorphisms
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Central Java North Sulawesi, East
Irian Jaya and Papua Central Java Kalimantan, West Papua Southtern Papua South Kalimantan
1981- 1996- 2004- 2006- 2008- 2009-
2001 2002 2004 2006
Bk 1995 2000 2012 2008 2010 2010
Aceh, North Sumatra, Riau West Papua Nias Island,North South Kalimantan, East EH”WPUS'“J DCQ”"'": South Kalimantan
3 al Java, Ea Sumatra Kalimantan, Lombok, East ava, Sumba, and
. !”;,J(?\L]‘,;Eni%n‘éjl‘sf IT\‘/”,]D% . Polymorphism = ‘ v . Java and Sumbawa Papua pfdhps KS40T and 1588F
Northe Sotith Stlaw of P. falciparum ~ Therapeutic failure o mutations were found in
orth-Central-South Sulawesi (PCR-RFLP and  Of P. falciparum (TES) Mutations of P. falciparum Distribution of P. vivax allele 61 P. falciparum
and Irian Jaya sequence (Fryauff et al., 2002) (Sequence analysis) frequencies (Nested PCR (Nested PCR and
Treatment failure analysis) (Basukiet al. 2018) PCR-RFLP) sequence analysis)
of P. falciparum (TES) (Nagesha, 2001) (Asih et al., 2015) (Basuki et al., 2014)
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Figure 3 Timeline of sulfadoxine—pyrimethamine resistance in Indonesia. The development of sulfadoxine—pyrimethamine resistance in Indonesia was documented from
1979 until 2010. In each instance, the locations and identification methods of resistance are summarized.
Abbreviations: TES, therapeutic efficacy studies; PCR, polymerase chain reaction; RFLP, restriction fragment length polymorphism.
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related to resistance in P. falciparum, including dhfr (16V, S9R, and 108N/T), dhps (437G or with 540E), pfcrt (76T), and
pfindrl (86Y, 1042D).”

A 28-day in-vivo test was carried out on 167 villagers from the Menoreh Hills of Central Java. Chloroquine and
sulfadoxine-pyrimethamine were studied as first- and alternate-line drug for non-complicated malaria in Indonesia.
Malaria was found in 33% of the 1389 residents who were screened prior to enrollment. Microscopic diagnosis, PCR-
based confirmation, concentrations of chloroquine and desethylchloroquine in blood, and P. falciparum genotype
identification were used to evaluate treatment outcomes. For P. falciparum treatment, the 28-day cumulative incidences
of therapeutic failure for chloroquine and sulfadoxine-pyrimethamine were 47% and 22%, respectively, and for P. vivax
treatment, they were 18% and 67%.'"

Another study in Nias Island, North Sumatra found that active case detection revealed malaria cases in 124 (17%) of
710 local residents, while passive case detection identified malaria cases in 77 (44%) of 173 suspected clinical malaria
patients. P. falciparum was treated with sulfadoxine-pyrimethamine on day 0, whereas P. vivax patients were treated with
chloroquine on days 0, 1, and 2. The clinical and parasite responses were tracked until day 28. Recurrent parasitemia was
observed in 29 (83%) of the 35 P. falciparum cases treated by day 28, with four cases showing RI, RII, and RIII
resistance. Six (21%) of the 28 P. vivax cases between days 11 and 21 showed recurrent parasitemia. Mutations
associated with P. falciparum infections were discovered when the parasites present in patients with P. falciparum
infections were genotyped.'®!

During a two-stage survey conducted in 2004-2006 and 2009-2012 in Kalimantan and Sumbawa, West Nusa
Tenggara, polymorphisms in the pfdhfr (C59R, S108N, and 1164L) and pfdhps gene (A437G, K540T, A581G, and
I588F) were identified. The pfdhps K540T was hypothesized to originate in Kalimantan and I558F in Sumbawa, and
played a role in the transmission of sulfadoxine-pyrimethamine-resistant P. falciparum in other areas in Indonesia.'®

In 2006, early sulfadoxine-pyrimethamine and chloroquine treatment failure was also observed in 4% of
P falciparum- and 15% P. vivax-infected patients in Southern Papua. Further recurrence was found in 48% and 70%
of P. falciparum and P. vivax infections, respectively.”' In 2006-2008, a survey was conducted to map the distribution of
alleles related to sulfadoxine-pyrimethamine-resistant P. vivax in Papua, Central Java, and Sumba, East Nusa Tenggara.
The dhps 383G was detected in allele frequencies ranging from 9% to 33% in these regions. The dhfir 57L/1, 61M, and
117N/T polymorphisms were also found in Lampung, Central Java, Sumba, and Papua.'®

Between 2008 and 2012, a study in P. falciparum-infected pregnant women in South Kalimantan found important
mutations in the pfdhfr (N51, S108N) and pfdhps genes (A437G, K540 and A581), where pfdhfr 108N and pfdhps 437G
were found in all pregnant women with P. falciparum infection.”® Similarly, during 20092010, pfdhps K540T and I588F
mutations were found in 61 P. falciparum patients in South Kalimantan, indicating their importance in the development
of sulfadoxine-pyrimethamine resistance.'*>

In Southeast Asia, except for Indonesia, publications that particularly address sulfadoxine-pyrimethamine resistance
caused by the pfdhfr and pfdhps gene mutation are quite scarce. A polymorphism of 1164L was reported to increase
resistance to pyrimethamine to a point where sulfadoxine-pyrimethamine might no longer be effective. However, only
one sample from Myanmar had been identified to harbor the 1164L mutation in 2011 (0.3%, 1/300).'%*!°?

Resistance to Sesquiterpene Lactone Endoperoxides

Due to the growing resistance to monotherapy antimalarial drugs, in 2006, the malarial treatment guideline in Indonesia
had been revised to use ACT as a first-line therapy for uncomplicated malaria. Despite its good efficacy in promoting
a trend of malaria control, several cases of treatment failures have been suspected in Indonesia (Figure 4).

In 2009, persistent parasitemia in 2 out of 103 (1.9%) P. falciparum-infected patients from West Sumba showed
persistent parasitemia until day 7 and increased parasitemia at day 28 post-treatment with artesunate-amodiaquine. Both
patients showed different glutamate-rich protein(GLURP) genotypes on days 21 and 28, which indicated re-infection
with a new strain of P. falciparum, suggesting that artesunate-amodiaquine was still effective in this area.'*®

In 2015, genotyping of the pfkl3 gene was successfully performed on 231 evaluable isolates, however, only 9 (3.9%)
showed nonsynonymous gene variants in the propeller domain of pfk/3 with low, moderate, or high confidence. The
Thr474Ala variant was the most prevalent, seen in six individuals, and Cys580Tyr was identified at low confidence in
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Figure 4 Identification of alleles mutant in PfK13 as an early warning sign for artemisinin resistance in Indonesia. The use of artemisinin combination therapy as a first-line
antimalarial drug in Indonesia was summarized from 2015-2019. The polymorphisms of PfK|3 serve as a warning sign of resistance toward this drug.
Abbreviation: PCR, polymerase chain reaction.

a single isolate of an asymptomatic individual from South Nias. There was no association of these genotypes with
reduced parasite clearance, as no evidence of slow clearance by quantitative PCR (qPCR) during the first 72h following
treatment with ACT.” In 2018, a study assessing the presence of P. falciparum ACT-related resistance gene PfRBP9Y
showed a low frequency of the resistant allele in West Lampung.'®” In 2019, pfk/3 mutation was found in 15.4% of
P falciparum-infected samples in Lampung. Sequencing results identified polymorphism in position G453W, V454C,
and E455K of pfkl3. Mutations at codons G453W, V454C, and E455K are consistent with a recent study that found
mutations at codons 440 and above in the propeller domain of the K13 gene,’® are associated with an increase in parasite
clearance half-life.!*® In North Sumatra, mutations in the pfkl/3 was identified in 4.3% of the isolates, while the rest still
harbored the wild-type K13.”

In Southeast Asia, lower ART sensitivity has been linked to the pfki3 propeller domain polymorphisms. It has been
independently developed in Cambodia and Myanmar and linked to P. falciparum resistance to ACT therapy.”®'%''* The
prevalence of K13 mutations was extraordinarily high in western Cambodia and it increased from 40% in 2007 to 84% in
2013.' But in the South Pacific and Southeast Asia, no incidences of P. vivax resistance to ACT have yet been documented.
Despite this, numerous studies have searched for polymorphisms in the pvk!2 (P. vivax ortholog of pfk13) that might result in ART

resistance.'!

Conclusion

For decades, reports have documented Indonesia’s history of antimalarial resistance, mainly for P. vivax and P. falciparum,
starting from resistance to chloroquine in the early 1974 to sulfadoxine-pyrimethamine in 1979, which rapidly spread to many
areas in Indonesia. The only antimalarial drug currently available that is still effective against both Plasmodium species is ACT,
which poses a major challenge to antimalarial drug development. In endemic regions like Indonesia, some techniques have been
well developed and recommended by WHO for evaluating the effectiveness of antimalarial drugs clinically and keeping track of
drug resistance. Identification of molecular markers is essential to understanding the mechanism of resistance to antimalarial
drug, which assists clinicians to recommend the most suitable treatment and successfully combating the Plasmodium infections.
The malaria elimination strategy in Indonesia, in general, has been stated in the Indonesian Ministry of Health on April 28, 2009,
which issued a Decree of the Minister of Health No. 293/MENKES/SK/IV/2009 concerning the malaria elimination program in
Indonesia in 2030. This decision is supported by the Ministry of Home Affairs through Letter No. 443.41/465/SJ on
8 February 2010 concerning Guidelines for Implementation of the Malaria Elimination Program in Indonesia. Operationally,
the “Gebrak Malaria National Forum” was formed through Minister of Health Decree No. 131/MENKES/SK/II/2012 on
March 21, 2012. Also, the Decree of the Minister of Health No. HK.01.07/MENKES/556/2019 provides the most recent national
recommendations for the medical treatment of malaria in Indonesia. However, it is not identified how to completely eliminate
antimalarial resistance in Indonesia, therefore it is important that current efforts focus on properly eradicating Plasmodium sp.
before further resistance occurs. In the future, continuous research in antimalarial drug-resistant markers and development of
antimalarial drug with new targets are required to eradicate malaria thoroughly.
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