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Emergence and spread of resistance in Plasmodium falciparum to the frontline treatment artemisinin-based
combination therapies (ACTs) in the epicenter of multidrug resistance of Southeast Asia threaten global ma-
laria control and elimination. Artemisinin (ART) resistance (or tolerance) is defined clinically as delayed parasite
clearance after treatment with an ART drug. The resistance phenotype is restricted to the early ring stage and can
be measured in vitro using a ring-stage survival assay. ART resistance is associated with mutations in the propeller
domain of the Kelch family protein K13. As a pro-drug, ART is activated primarily by heme, which is mainly
derived from hemoglobin digestion in the food vacuole. Activated ARTs can react promiscuously with a wide
range of cellular targets, disrupting cellular protein homeostasis. Consistent with this mode of action for ARTs,
the molecular mechanisms of K13-mediated ART resistance involve reduced hemoglobin uptake/digestion and
increased cellular stress response. Mutations in other genes such as AP-2p (adaptor protein-2 p subunit), UBP-1
(ubiquitin-binding protein-1), and Falcipain 2a that interfere with hemoglobin uptake and digestion also increase
resistance to ARTs. ART resistance has facilitated the development of resistance to the partner drugs, resulting in
rapidly declining ACT efficacies. The molecular markers for resistance to the partner drugs are mostly associated
with point mutations in the two food vacuole membrane transporters PfCRT and PfMDR1, and amplification of
pfmdrl and the two aspartic protease genes plasmepsin 2 and 3. It has been observed that mutations in these genes
can have opposing effects on sensitivities to different partner drugs, which serve as the principle for designing
triple ACTs and drug rotation. Although clinical ACT resistance is restricted to Southeast Asia, surveillance for
drug resistance using in vivo clinical efficacy, in vitro assays, and molecular approaches is required to prevent or

slow down the spread of resistant parasites.

1. Introduction

The remarkable reduction in global malaria incidence over the past
two decades is truly encouraging, but a worrisome slowing-down trend
has been observed since 2015. In 2019, malaria accounted for an esti-
mated 229 million cases and 409,000 deaths globally (WHO, 2020b).
Plasmodium falciparum is responsible for 97% of the global malaria
incidence. Since an effective vaccine is not yet available, malaria control
relies heavily on vector-based malaria interventions such as long-lasting
insecticide-treated bed nets and indoor residual spraying of insecticides,
and antimalarial drugs (Bhatt et al., 2015). Chemotherapy is essential
for the management of clinical cases, and in some areas, for malaria
elimination. However, drug resistance is a recurrent problem, and the
introduction of new antimalarial treatment is soon followed by resis-
tance development. Perhaps the most rapid development of clinical
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resistance in P. falciparum was to atovaquone, with resistant parasites
being detected immediately in recrudescent cases following atovaquone
monotherapy (Looareesuwan et al., 1996). Currently, P. falciparum has
developed clinical resistance to all classes of the commonly used anti-
malarial drugs, including the frontline treatment — artemisinin-based
combination therapies (ACTs). Antimalarial drug resistance can seri-
ously weaken the effectiveness of chemotherapy, cause malaria resur-
gence, and derail the malaria elimination campaign. Therefore,
resistance surveillance has received enormous attention to safeguarding
the recent gains achieved.

Antimalarial drug resistance is defined as the ability of a parasite
strain to survive or multiply despite the administration and absorption
of a drug given in doses equal to or higher than those usually recom-
mended, but within the tolerance of the subject (WHO, 2020a). Drug
resistance arises as a result of spontaneously occurring genetic
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mutations with a probability of 1 in 1012 parasites, an estimate that can
occur readily in a hyperparasitemic patient (White, 2004). Thus,
simultaneous use of two or more antimalarials with different modes of
action and different resistance mechanisms will reduce the chance of
selection (White, 1999). Based on this principle, ACTs have been
formulated to include an artemisinin (ART) derivative and a partner
drug. The World Health Organization (WHO) currently recommends six
ACTs: artemether-lumefantrine (AL), artesunate-amodiaquine (AS-AQ),
artesunate-mefloquine (AS-MQ), artesunate-pyronaridine (AS-PND),
artesunate-sulfadoxine/pyrimethamine (AS-SP), and dihydroartemisin
in-piperaquine (DHA-PPQ). The fast-acting ART compound reduces
the parasite mass by ~10,000 times per 48 h asexual life cycle, while the
residual parasites (normally fewer than 10° parasites in an adult infec-
tion) are cleared by the slowly-eliminating partner drug (White, 2008).
The deployment of ACTs as the frontline treatment for falciparum ma-
laria has played an indispensable role in reducing global malaria inci-
dence. However, the emergence of parasites resistant to both ART and
the partner drugs (Table 1), resulting in marked reductions in the clin-
ical efficacy of ACTs, is a major concern. Here we review the origin of
resistance to ACTs in Southeast Asia, the resistance mechanisms, and
countermeasures to slow down and deter resistance spread.

2. Emergence of drug resistance in Southeast Asia

The Greater Mekong Subregion (GMS) in Southeast Asia has been an
epicenter of antimalarial drug resistance, although it carries only a small
fraction of the global malaria burden. In the 1950s, chloroquine (CQ)
resistance arose here (Eyles et al., 1963; Powell et al., 1964), which was
followed by resistance to the replacement drug combination SP (Hurwitz
et al., 1981), MQ (Boudreau et al.,, 1982; Mockenhaupt, 1995;

Table 1
Modes of action and resistance mechanisms of commonly used drugs in ACTs.
Drug Class Site of Mode of action Molecular
action markers of
resistance
PPQ 4- FV Interfere with Hb Plasmepsin 2 & 3
Aminoquinoline digestion & heme amplification,
detoxification NS SNPs in
PfCRT
AQ 4- FV Interfere with NS SNPs in
Aminoquinoline heme PfMDR1 &
detoxification PfCRT
MQ Arylamino FV & Interfere with Hb Pfmdrl
alcohol cytoplasm uptake & heme amplification,
detoxification; NS SNPs in
target the pf80S PfMDR1 &
ribosome, purine PfCRT
nucleoside
phosphorylase, and
PfMDR1
LMF Arylamino FV & Interfere with Hb Pfmdrl
alcohol cytoplasm uptake & heme amplification,
detoxification; NS SNPs in
target PIMDR1 PfMDR1 &
P{CRT
ARTs  Endoperoxide Cytoplasm  Induce oxidative NS SNPs in K13,
stress, proteasomal UBP-1, AP2-p,

stress, DNA
damage; alkylate
and oxidate
proteins, lipids,
and heme

Coronin, Eps15,
Falcipain 2a

Abbreviations: Piperaquine (PPQ), amodiaquine (AQ), mefloquine (MQ),
lumefantrine (LMF), artemisinins (ARTs), food vacuole (FV), hemoglobin (Hb),
Nonsynonymous single nucleotide polymorphisms (NS SNPs), P. falciparum
chloroquine resistance transporter (PfCRT), P. falciparum multidrug resistance
gene-1 (Pfmdrl), Kelch 13 (K13), ubiquitin-binding protein-1 (UBP1), adaptor
protein-2u (AP-2p), epidermal growth factor receptor substrate-15 (Eps15)
homolog.
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Wongsrichanalai et al., 2002), and more recently, ARTs (Dondorp et al.,
2009; Noedl et al., 2008) and PPQ (Amaratunga et al., 2016; Leang et al.,
2015; Saunders et al., 2014; Spring et al., 2015). Clinical ART resistance,
manifested as delayed parasite clearance, was first detected in western
Cambodia in 2006-2007 (Amaratunga et al., 2012; Dondorp et al., 2009;
Noedl et al., 2008), and then in all GMS countries due to spread and
independent emergence (Ashley et al., 2014; Bustos et al., 2013; Hien
et al., 2012; Huang et al., 2015; Kyaw et al., 2013; Phyo et al., 2012).
Resistance to ARTs and the partners resulted in increased failure rates of
two ACTs. AS-MQ was introduced in Cambodia and Thailand amidst
pre-existing MQ resistance, but it enjoyed more than a decade of satis-
factory clinical efficacy and even resulted in decreased MQ resistance
(Nosten et al., 1994, 2000). At the turn of the century, the clinical ef-
ficacy of AS-MQ declined steadily (Carrara et al., 2013; Rogers et al.,
2009; Wongsrichanalai and Meshnick, 2008) and had to be replaced
with DHA-PPQ in 2008 in Cambodia and 2015 in Thailand. With the
emerging ART resistance, the partner drug PPQ quickly succumbed to
resistance development, leading to high failure rates of DHA-PPQ in
western Cambodia (Amaratunga et al., 2016; Leang et al., 2015; Saun-
ders et al., 2014; Spring et al., 2015). This has led to the reconsideration
of AS-MQ as the first-line treatment of P. falciparum in parts of
Cambodia. Detailed events in the evolution of ACT resistance in the GMS
countries have been reviewed (Hassett and Roepe, 2019).

The repeated ‘strikes’ of drug resistance in the same place deserve a
better understanding of the evolutionary process, which may involve
factors from the host, the parasite, and the epidemiological settings
(Beez et al., 2011; Rogerson et al., 2010; White et al., 2009; Woodrow
and White, 2017). In the Southeast Asian human populations, hemo-
globinopathies and glucose-6-phosphate dehydrogenase deficiency are
highly prevalent, and some are associated with innate resistance to
malaria infection (Kariuki and Williams, 2020; Taylor et al., 2012). The
infecting parasites, pre-selected to withstand the higher oxidative stress
within these red blood cells (RBCs), would have a stronger antioxidative
defense. This would favor resistance selection, as many antimalarials
cause increased cellular oxidative stress (Kavishe et al., 2017). In
addition, it has been shown that parasites infecting thalassemic RBCs are
less susceptible to ART, and the suboptimal drug exposure would impose
selective pressure for resistance development (Kamchonwongpaisan
et al., 1994; Yuthavong et al., 1989). Also, human populations in the
low-endemicity regions are less likely to develop high levels of immu-
nity to P. falciparum, which are needed for enhanced parasite clearance
and reduced chances of resistance development. Without
disease-controlling immunity, patients are likely to develop symptoms
after infection and seek treatment, leading to drug exposure and resis-
tance selection for the parasites (O’Flaherty et al., 2017; Rogerson et al.,
2010; White, 2004). The circulation of falsified and substandard anti-
malarial drugs as well as the use of artemisinin monotherapies may have
also contributed to the selection of resistance (Guo et al., 2017; Newton
et al., 2008).

The genetic background of the parasites from the GMS may be a
predisposing factor, accelerating the development of resistance to new
drugs (Beez et al., 2011; Xiong et al., 2020). In vitro studies have linked
parasites from this region with the accelerated resistance to multiple
drugs (ARMD) phenotype (Rathod et al., 1997) to altered DNA repair
mechanisms (Castellini et al., 2011; Gupta et al., 2016; Trotta et al.,
2004). Mutations in six DNA repair genes were identified in
ART-resistant parasites from the GMS, which may enable the parasites to
deal with DNA damage more effectively (Miotto et al., 2013; Xiong et al.,
2020). Another study from the GMS found a mild mutator phenotype
that allows these parasites to more quickly acquire resistance-conferring
mutations while maintaining overall fitness (Lee and Fidock, 2016).
During in vitro selection, a parasite strain from this region (Dd2) de-
velops resistance to DHA much more rapidly than parasite strains from
other continents (Cui et al., 2012). Furthermore, since resistant parasites
often show reduced fitness (Rosenthal, 2013; Siddiqui et al., 2020;
Straimer et al., 2017), the scenario of fewer polyclonal infections and
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less intrahost competition under low endemicity would benefit the
survival of the mutant parasites. Low endemicity also means higher
inbreeding of the parasites and favors the fixation of the resistant alleles
and spread of the resistant parasites (Su et al., 2007). The recent
trans-national hard genetic sweep of parasites with genes conferring
resistance to both ARTs and PPQ in the GMS provides direct visualiza-
tion of this evolutionary process (Hamilton et al., 2019; Imwong et al.,
2017, 2020). History has witnessed the spread of CQ- and
pyrimethamine-resistant parasites from the GMS to Africa, responsible
for the deaths of millions of children (Roper et al., 2004; Trape et al.,
1998; Wellems and Plowe, 2001; Wootton et al., 2002). With the central
position of the ACTs in the current antimalarial armamentarium, an
analogous spread of ART resistance would bear a disastrous conse-
quence on global malaria control. Out of such fear, the WHO deployed
an ART resistance containment plan in the GMS (WHO, 2011). Later, the
detection of ART-resistant parasites in all GMS countries (Takala--
Harrison et al., 2015) and the prediction that the remaining parasites
would be most drug-resistant (Maude et al., 2009) have urged the launch
of a regional malaria elimination campaign intending to eliminate fal-
ciparum malaria by 2025 and all malaria by 2030 (WHO, 2016).

3. ART resistance: the unusual phenotype and underlying
mechanisms

3.1. Mode of action and targets of ARTs

ART is a sesquiterpene lactone isolated from the Chinese medicinal
herb Artemisia annua. It was discovered by Youyou Tu in the 1970s, who
was later awarded a Nobel Prize in Medicine in 2015 for her discovery
(Tu, 2011, 2016). The exact mode of action of ART is not fully under-
stood, but a popular theory proposes that ART activation involves
iron-catalyzed reductive scission of the endoperoxide bridge, producing
carbon-centered radical species that alkylate cellular proteins and other
biomolecules, leading to parasite death (Haynes et al., 2013; Heller and
Roepe, 2019; Klonis et al., 2013a). The primary source of ferrous iron is
thought to be heme, an abundant by-product of hemoglobin degradation
in the food vacuole (FV) of the parasite (Haynes et al., 2013; Klonis et al.,
2013a; Meunier and Robert, 2010). This explains the high-level toxicity
of ARTs against the trophozoites when peak hemoglobin digestion oc-
curs, as compared to much less activity against the 6-20 h ring stage,
stage V gametocytes, and the liver stage when hemoglobin digestion is
low or absent (Abu Bakar et al., 2010; Adjalley et al., 2011; Klonis et al.,
2013b; Meister et al., 2011; Tilley et al., 2016). Intriguingly, very early
ring-stage parasites (24 h post-invasion) exhibit ART hypersensitivity
(Klonis et al., 2013b; Xie et al., 2016), which cannot be explained by
hemoglobin digestion but may be attributed to the de novo heme
biosynthesis by the parasite (Klonis et al., 2013a; Wang et al., 2015a).
Additional sources of iron might include the free heme that undergoes
peroxidative decomposition in the FV (Loria et al, 1999),
non-polymerized heme that is supposed to be degraded by glutathione
(Ginsburg et al., 1998), and/or reduced iron from a labile iron pool in
the parasite cytoplasm (Clark et al., 2013).

Once ART is activated, the free radicals alkylate proteins, lipids, and
also heme (O’Neill et al., 2010; Yang et al., 1994). Early studies detected
proteins that are labeled by radioactive endoperoxides (Asawamaha-
sakda et al., 1994) and characterized one of these proteins — the trans-
lationally controlled tumor protein PfTCTP (Bhisutthibhan and
Meshnick, 2001; Li et al., 2016). However, recent proteomic studies
indicate that the ART alkylation activity is promiscuous, involving
hundreds of targets across many essential biological processes (Ismail
et al., 2016a, 2016b; Jourdan et al., 2019; Wang et al., 2015a). Given
that this experimental procedure cannot identify non-covalent targets,
the ART target spectrum may be much broader. Besides protein targets,
heme also appears to be a major ART target (Asawamahasakda et al.,
1994; Meunier and Robert, 2010; Robert et al., 2001). The formation of
the non-polymerizable redox-active ART-heme adducts (Heller et al.,
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2018; Hong et al., 1994) suggests that ART may also exert a similar
mechanism of action as 4-aminoquinoline drugs by interfering with the
heme detoxification process (Meunier and Robert, 2010; Pandey et al.,
1999). Of relevance, ART-resistant parasites showed lower ART-heme
adduct abundance than ART-sensitive parasites, suggesting the forma-
tion of lower levels of reduced heme in ART-resistant parasites (Heller
et al., 2018; Heller and Roepe, 2018). In addition, activated ART can
lead to the generation of reactive oxygen species (ROS), which reduces
the cellular antioxidant capacity and damage mitochondria and mac-
romolecules such as parasite DNA (Gopalakrishnan and Kumar, 2015;
Krungkrai and Yuthavong, 1987; Meshnick, 2002; Wang et al., 2010).

3.2. Unconventional ART resistance: in vivo and in vitro phenotypes
focusing on the ring-stage parasites

Clinical ART resistance is manifested as delayed parasite clearance
(DPC), with a higher proportion of patients remaining parasitemic by
microscopy at day 3 after ART treatment (Dondorp et al., 2009; Noedl
et al., 2008; Stepniewska et al., 2010). This definition was later more
accurately updated as parasite clearance half-life (PC;/2) of >5 h for
ART-resistant parasites as compared to ~2 h for sensitive parasites
(Amaratunga et al., 2012; Ashley et al., 2014; Phyo et al., 2012). These
ART-resistant and -sensitive parasites, however, did not show marked
differences in ex vivo drug sensitivity measured by the 72-h standard
drug assay (Amaratunga et al., 2012; Dondorp et al., 2009). In practice,
day-3 parasitemia is more commonly used as a crude measure of ART
resistance with 10% and 5% day-3 parasite positivity as the cut-off for
suspected ART resistance in Southeast Asia and Africa, respectively
(White et al., 2015; WWARN Artemisinin-based Combination Therapy
Africa Baseline Study Group, 2015). This definition of ART resistance,
which deviates from classical drug resistance, has been continuously
debated (Dondorp and Ringwald, 2013; Ferreira et al., 2013; Krishna
and Kremsner, 2013; Wellems et al., 2020). In fact, even before the
widespread implementation of ACTs, ART monotherapies effectively
cleared parasites from the blood within 7 days, but many cases recru-
desced within 28 days after treatment (Li et al., 1994; Looareesuwan
et al., 1992b; Nguyen et al., 1993), which is consistent with the RI
resistance phenotype defined by the WHO (WHO, 1965). Despite
extensive ACT usage over 30 years, RII or RIII resistance to ARTs has not
emerged, which may be due to the action of this family of drugs on
multiple cellular targets.

Modeling the DPC phenotype identified that ART resistance pre-
dominantly affects the ring stage (Dondorp et al., 2009; Saralamba et al.,
2011). During ring-stage development, parasites can enter dormancy
with reduced cellular metabolism and increased resistance to external
stress (Teuscher et al., 2010; Witkowski et al., 2010). Thus, ART resis-
tance may reflect an enhanced propensity of the ring-stage parasites to
enter dormancy after ART exposure, but resuming growth days or weeks
later (Cheng et al., 2012; Witkowski et al., 2013b). Besides, an altered
development pattern of the resistant parasites, exhibited by decelerated
progress through the ring stage when susceptibility to ARTs is low, may
also contribute to the clinical phenotype of ART resistance (Hott et al.,
2015; Klonis et al., 2013b; Mok et al., 2011). It is hypothesized that this
change in the life cycle may be specifically selected by the ART drugs
with a short half-life (~1 h), and split-dosing of an ACT would increase
the chance the parasite population is treated in the more vulnerable
phase of the life cycle (Khoury et al., 2020). However, increasing or
splitting the ART daily dose does not seem to enhance the cure rates
(Bethell et al., 2011; Das et al., 2013; White et al., 2017). To reflect the
major effect of ART resistance on the ring stage, a novel in vitro/ex-vivo
ring-stage survival assay (RSA) was designed (Fig. 1), where 0-3 h early
ring-stage parasites are treated with a pharmacologically relevant pulse
of DHA for 6 h and their survival rates are measured at 72 h (Witkowski
et al., 2013a). A threshold of 1% RSA value is used to distinguish
ART-resistant and ART-sensitive parasites, showing a strong correlation
with slow- and fast-clearing parasites after ART therapy. Nevertheless,



F.A. Siddiqui et al.

Synchronized
rings

International Journal for Parasitology: Drugs and Drug Resistance 16 (2021) 102-118

Fig. 1. In vitro drug assays. Standard drug
assay. In the standard ICsq assay, ring-stage
parasites are treated with a gradient of drug
concentrations, and readout is done at 72 h
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the current ring-stage centered ART resistance may be the preamble
before the emergence of full resistance since ART-resistant parasites
with elevated ICsq values have been selected from in vitro studies (Chen
et al., 2010; Cui et al., 2012; Teuscher et al., 2012). Repeated drug
pressure and dormancy over time may select for fast-recovering rings
that can withstand the drug exposure without undergoing dormancy
(Cheng et al., 2012). ART appears to temporally slow down the parasite
growth and alter the periodicity of the cell cycle, and the resistant
parasites are able to withstand and overcome this growth retardation
with accelerated post-drug recovery (Dogovski et al., 2015; Klonis et al.,
2011; Mok et al., 2021).

3.3. K13 mutations as the key determinant of ART resistance

Parasite clearance rate after ART treatment has been used as a
phenotype to determine the genetics underlying reduced sensitivity to
ART (Amaratunga et al., 2012; Takala-Harrison et al., 2013). The DPC
phenotype first identified in western Cambodia was found to be heri-
table (Anderson et al., 2010) and associated with genomic regions on
chromosome 13 by genome-wide association studies (GWAS) (Cheese-
man et al., 2012; Takala-Harrison et al., 2013). A crucial discovery was
made in 2014 by Ariey et al. who identified a mutation (M476]I) in the
k13 gene on chromosome 13 in a Tanzanian parasite strain F32 after
~5-year in vitro selection with intermittent ART drug pressure (Ariey
et al., 2014; Witkowski et al., 2010). Retrospective analysis of parasite
samples from Cambodia identified numerous mutations clustered in the
“propeller” domain of the K13 protein showing strong correlations with
both higher in vitro RSA values and the longer PC; /; phenotype, further
implying the k13 gene as a key determinant of the DPC phenotype (Ariey
et al.,, 2014). Many K13 mutations have been associated with DPC in
clinical efficacy studies (Ashley et al., 2014; Huang et al., 2015; Miotto
et al., 2015). Several most common K13 mutations (C580Y, R539T,
1543T, N458Y, and Y493H) were genetically validated for in vitro ART
resistance (Ghorbal et al., 2014; Siddiqui et al., 2020; Straimer et al.,
2015), providing a marker gene for surveillance of ART resistance. To
date, over 200 non-synonymous mutations have been identified in the
k13 gene from global parasite populations (Chhibber-Goel and Sharma,
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2019; MalariaGEN Plasmodium falciparum Community Project, 2016;
Menard et al., 2016; Taylor et al., 2015). The WHO has also issued a list
of validated K13 mutations associated with ART resistance — F446I,
N458Y, M4761, Y493H, R539T, 1543T, P553L, R561H, P574L, and
C580Y (WHO, 2020a). Multiple K13 mutations were found in African
parasite samples (Bayih et al., 2016; Conrad et al., 2014; L’Episcopia
etal., 2020; Menard et al., 2016; Raman et al., 2019; Taylor et al., 2015),
but those associated with DPC found in the GMS were absent or rare. For
example, the most frequent A578S mutation in Africa was not associated
with in vitro ART resistance when engineered in the Dd2 parasite
(Menard et al., 2016). However, several recent studies made worrisome
discoveries of resistance-mediating K13 mutations outside of the GMS,
highlighting the emergence of ART resistance elsewhere as an imminent
threat. In Rwanda, though the cure rates of ACTs remained high
(>95%), the R561H mutation was identified in 7.4% of the patients,
representing de novo emergence and expansion of a local lineage (Uwi-
mana et al., 2020). A case report of AL treatment failure of a parasite
with the R561H mutation imported from this region highlights the
ability of K13 R561H to mediate ART resistance in non-immune traveler
(Fernando et al., 2020), consistent with the fact that it has been previ-
ously associated with delayed parasite clearance in the GMS (WWARN
Artemisinin-based Combination Therapy Africa Baseline Study Group,
2015). It also conferred in vitro ART resistance when engineered in the
Dd2 strain (Uwimana et al., 2020). C580Y, the most prevalent K13
mutation in the eastern GMS, had independently emerged in Guyana
and Papua New Guinea (PNG) (Chenet et al., 2016; Mathieu et al., 2020;
Miotto et al., 2020). In Guyana, it was first detected in 2010 and has
since persisted at a low frequency, most likely due to a high fitness cost
as confirmed by gene editing in two parasite strains from the French
Guiana (Chenet et al., 2016; Mathieu et al., 2020). In PNG, C580Y was
also detected at low prevalence (2.3%) from samples collected in 2017,
but the genetic background with mutations in genes associated with
drug resistance including P. falciparum multidrug resistance 1 (pfmdrl),
ferredoxin, autophagy-related protein 18 (atg 18) and purine nucleoside
phosphorylase  (pnp) suggests the potential emergence of
multidrug-resistant parasites (Miotto et al., 2020). As discussed, fitness
costs associated with the mutations in the parasite and high levels of
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immunity in the human population may have accounted for the low
prevalence of the K13 mutations and persistently high ACT efficacy.

In the GMS where ART resistance first emerged, there are distinct
patterns of the geographical distribution of the K13 mutations: C580Y is
most prevalent in the eastern GMS (Cambodia, Laos, Vietnam, and
eastern Thailand) with near fixation in some areas, whereas F446I is
predominant in the western GMS (western Thailand, Yunnan province of
China, and Myanmar) (Kobasa et al., 2018; Menard et al., 2016; Tun
et al., 2015; Wang et al., 2015b; Ye et al., 2016). This divergence may
result from different demographic histories, drug uses, genetic back-
grounds, and vectors in these regions. ART resistance in Cambodia arose
from multiple founder populations with mutations in ferredoxin, apico-
plast ribosomal protein S10 (arps10), multidrug resistance protein 2 (mrp2),
and P. falciparum chloroquine resistance transporter (pfcrt) as the genetic
background (Miotto et al., 2013, 2015). Since mutant k13 alleles present
a wide spectrum of growth disadvantages to the parasite, these back-
ground mutations may be compensatory. The degree of resistance
conferred by a K13 mutation also appears to be contingent on the par-
asite’s genetic background, determining its prevalence in the parasite
populations (Siddiqui et al., 2020; Straimer et al., 2015). For instance,
the C580Y mutation in different genetic backgrounds was found to be
either less fit (Li et al., 2019; Nair et al., 2018; Tirrell et al., 2019) or
fitness neutral (Siddiqui et al., 2020; Straimer et al., 2017) in in vitro
competition studies. While the different prevalences of the K13 muta-
tions are governed by their asexual proliferation rates in the human host,
the ability of the mutant parasites to transmit to the mosquito vectors
may also play a role. In clinical efficacy studies, the K13 mutant para-
sites with DPC had higher gametocytemias both before and after treat-
ment, suggesting greater potential for transmission (Ashley et al., 2014).
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A subsequent in vitro study showed that clinical isolates with K13 mu-
tations had a higher ability to initiate gametocytogenesis and infect
mosquitoes under ART drug pressure (Witmer et al., 2020). Actually,
exposure of trophozoites to low DHA concentrations promoted sexual
conversion (Portugaliza et al., 2020), providing further support for the
transmission of resistant parasites after ART treatment. Moreover,
ART-resistant parasites can readily infect highly diverse Anopheles
mosquitoes including the primary African vector An. gambiae, indicating
the lack of a biological barrier for the spread of resistance in Africa (St
Laurent et al., 2015). This is drastically different from atovaquone
resistance conferred by mutations in cytochrome b, which cannot be
transmitted through mosquitoes (Goodman et al., 2016).

3.4. Mechanisms of ART resistance: reduced drug activation and
increased stress responses

ART resistance is an active field of research, and here we present the
progress on the mechanisms of ART resistance, trying to integrate both
K13- and non-K13-mediated resistance into two pathways involving
reduced ART activation (less production of the activator heme) and
increased tolerance to oxidative stress (Fig. 2). Several excellent reviews
provided more detailed accounts of the findings, mechanisms, and the-
ories (Rosenthal and Ng, 2020; Sutherland et al., 2020; Tilley et al.,
2016; Wicht et al., 2020; Xie et al., 2020).

Partial loss of function of mutant K13. With a BTB dimerization
domain and a six-blade propeller domain, the K13 protein has a struc-
tural resemblance to the human Kelch-like ECH-associated protein 1
(Keap 1) (Ariey et al., 2014), which functions to regulate the oxidative
stress response pathway by binding and ubiquitylating the nuclear factor

Fig. 2. ART resistance mechanisms. In ma-
laria parasites, hemoglobin (Hb) is endocy-

AP-2y*

CE:OS')I?ST tosed from host cell via cytostomes and
K$3* transported as Hb-containing vesicles to the
UBP1* food vacuole (FV). Several proteins (boxed)

including AP-2p (adaptor protein-2y), Coro-
nin, Eps15 (epidermal growth factor receptor
substrate-15 homolog), K13, UBP1 (Ubiquitin-
binding protein-1), and Rab GTPases (Rabs)
may participate in the endocytosis process.
The symbols * and # indicate protein muta-
tions and post-translational modification
(prenylation), respectively. Hb is digested in-
side the FV by multiple hemoglobinases,
including Falcipain 2a (FP2a), to release heme.
Heme is toxic to the parasite and is converted
to the inactive crystals of hemozoin (Hz).
Heme is also required for ART activation.
Activated ART alkylates multiple cellular tar-
gets, leading to oxidative stress response and
global translation arrest eukaryotic initiation
factor 2o (eIF2a) phosphorylation. Activated
ART also increase reactive oxygen species
(ROS) production in the parasite cytoplasm
and mitochondria and cause DNA damage. In
the ART-resistant parasite, mutated forms of
the proteins (marked with an asterisk *) are
associated with lesser Hb uptake and digestion,
resulting in less heme production, lower levels

Rabs#*

/

/

+ Heme of ART activation, and lower cellular stress.
ART The resistant parasite has increased stress re-

® Activated ART  Sponses. The dashed and solid arrows indicate
down-regulated and up-regulated processes,

* ROS respectively, in the ART-resistant parasite.

Abbreviations: M, mitochondrion; A, apico-
plast; RBC, red blood cell; PV, parasitophorous
vacuole. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the Web version of this article.)
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erythroid 2-related factor 2 (Nrf2) (Hayes and McMahon, 2006).
Although Plasmodium does not have an Nrf2 homolog, K13 may act as a
ubiquitin ligase adaptor to control the degradation of other proteins
(Haldar et al., 2018; Xie et al., 2020). K13 is localized mainly to the
endoplasmic reticulum (ER), cytostomes, intracellular vesicles (endo-
cytic and secretory), and to a lesser extent, cytoplasm, FV, and apico-
plast (Bhattacharjee et al., 2018; Birnbaum et al., 2017; Gnadig et al.,
20205 Siddiqui et al., 2020; Yang et al., 2019), suggesting potential roles
of K13 in multiple cellular processes. Interestingly, the K13 mutation
was also localized in vesicular structures marked by
phosphatidylinositol-3-phosphate (PI3P), which was greatly expanded
in the C580Y mutant and is probably responsible for sustaining PfEMP1
export under ART treatment (Bhattacharjee et al., 2018). It is speculated
that this would offer additional in vivo survival advantage to the
ART-resistant parasites since the RBCs infected with the resistant para-
sites would better adhere to host receptors and evade splenic clearance
under drug treatment. The convergent phenotype of the many K13
mutations suggests that K13-mediated ART resistance may result from a
partial loss of function of the K13 protein (Xie et al., 2020). Indeed, K13
mutations do not affect its localization or interactions with other pro-
teins but are associated with decreased K13 protein levels (Birnbaum
et al., 2020; Gnadig et al., 2020; Siddiqui et al., 2017; Yang et al., 2019).
K13 is essential for the asexual erythrocytic cycle but can tolerate more
than 50% of reduced levels (Birnbaum et al., 2017). In vitro manipula-
tion of the expression level and localization of K13 proteins result in
similar, altered ART resistance regardless of whether the wild-type or
mutant K13 is used (Birnbaum et al., 2020; Gnadig et al., 2020; Yang
et al., 2019). However, a large-scale transcriptomic analysis of clinical
parasites with ART resistance from the GMS did not find altered k13
expression at the transcript level (Mok et al., 2015), while a time-course
analysis of wild-type k13 expression after AL treatment identified a
negative correlation between k13 expression and PCy/, (Silva et al.,
2019). A comparative transcriptomic and proteomic analysis of isogenic
parasites demonstrated that the impact of the K13 mutations on the K13
protein levels depended on the mutations and developmental stages,
although they all showed elevated transcripts at the ring stage (Mok
etal., 2021). Specifically, compared to the wild-type K13 protein level in
the Cam3.II genetic background, the R539T-K13 protein levels were
lower at both ring and trophozoite stages, whereas the C580Y-K13 level
was reduced only at the trophozoite stage. It remains to be determined
whether the reduced mutant K13 protein levels could be a result of
reduced stability of the protein (Birnbaum et al., 2020; Xie et al., 2020),
since molecular simulations identified some local structural destabili-
zation in the propeller domain of the K13 C580Y and R539T mutations
(Coppee et al., 2019).

K13 interactomes suggest the involvement of multiple cellular
processes. To understand the functions of K13, several studies have
tried to identify the K13 interactomes (Birnbaum et al., 2020; Gnadig
et al., 2020; Siddiqui et al., 2020). Although a large number of proteins
have been identified to be associated with K13, the data are only
partially concordant, which may have resulted from the different tags
(BioID-GFP/RFP or GFP) and purification methods used (immunopre-
cipitation with antibodies against K13/GFP or affinity purification by
biotin-streptavidin) or the transient natures of the K13 interactions with
other proteins. Birnbaum et al. using the BioID approach identified over
10 proteins close to K13 and named them as Kelch 13 interaction can-
didates (KIC1-KIC10), including the canonical endocytic factor Epsl5
(epidermal growth factor receptor substrate 15), and a putative ubig-
uitin hydrolase — ubiquitin-binding protein —1 (UBP-1) (Birnbaum et al.,
2020). This K13 compartment colocalizes with the adaptor protein
complex 2 p subunit (AP-2p) and defines a new clathrin-independent
endocytosis pathway in P. falciparum (Birnbaum et al., 2020; Henrici
et al., 2020), although AP-2y is not directly associated with the K13
complex. KIC10 may be the bridging subunit for the K13 and AP-2p
complexes since it was found in both complexes. Siddiqui et al. used
GFP-Trap beads with the GFP-tagged K13 transgenic parasites and
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identified proteins involved in the unfolded protein response (UPR)
pathway and components of the reactive oxidative stress complex of the
parasite [e.g., BiP (binding immunoglobulin protein), a protein disulfide
isomerase (ERp72), and the putative endoplasmin (GRP94)] (Siddiqui
et al., 2020). Gnadig et al. used a set of anti-K13 monoclonal antibodies
along with reporter tagging and identified significantly enriched Rab
family GTPase proteins, as well as other proteins associated with the
transport vesicles, chaperones, FV, and even mitochondria (Gnadig
et al., 2020). These Rab proteins are known to regulate and associate
with vesicles involved in secretion and endocytosis (Langsley et al.,
2008). Interestingly, K13 was also co-purified with the PfEMP1 immu-
noproteome, which is enriched in proteins involved in proteostasis (e.g.,
proteins in the UPR pathway) (Bhattacharjee et al., 2018). While future
studies are needed to refine the K13 interactomes, these data nonethe-
less point to the involvement of K13 in endocytosis, vesicular transport,
and stress response.

Convergence of resistance mechanisms on the FV. As the major
activator of ARTs, the main source of heme is released from the digestion
of imported host hemoglobin in the FV. Alteration in cellular processes
involving hemoglobin endocytosis and digestion, FV integrity, and heme
detoxification all can lead to changes in ART activation. A peptidomics
study revealed that the K13 mutants had lower levels of hemoglobin-
derived peptides than the sensitive isolate at the trophozoite stage
(Siddiqui et al., 2017), but a more recent study did not find such a dif-
ference at the ring stage (Mok et al., 2021). Several proteins that are
associated with ART resistance including K13, AP-2u, UBP-1, PfPI3K
(phosphatidylinositol-3-kinase), Coronin, and Falcipain 2 may play roles
in hemoglobin uptake and digestion (Sutherland et al., 2020; Xie et al.,
2020). The newly identified K13 compartment is a pathway important
for ART resistance, since reduced expression or mislocalization using the
knock-sideways system of eight proteins associated with this compart-
ment [UBP-1, KIC4, KIC5, KIC7, KIC9, MCA2 (metacaspase 2), AP-2j
and Eps15] rendered parasites resistant to ART, and this is most likely
due to reduced endocytosis of hemoglobin (Birnbaum et al., 2020). Of
these proteins associated with the K13 compartment, mutations in
UBP-1 have been previously identified to be linked to selected ART
resistance in the rodent malaria parasite Plasmodium chabaudi (Hunt
et al., 2007). PfUBP-1 harbors multiple mutations in parasites from
eastern and western Africa and was associated with in vitro resistance to
DHA by GWAS, while the E1528D mutation upstream of the catalytic
domain was associated with ACT treatment failure in Kenya (Adams
et al., 2018; Borrmann et al., 2013; Henriques et al., 2014). Analysis of
longitudinal samples from Thailand identified the R3138H mutation in
PfUBP-1, showing a strong temporal change parallel to the prevalent
K13 mutation C580Y (Cerqueira et al., 2017). The R3138H mutation
was recently validated in vitro to confer ART resistance with an RSA
value of ~1.8% (Birnbaum et al., 2020). The two PcUBP-1 mutations
(orthologous to V3275F and V3306F in PfUBP-1) originally identified in
P. chabaudi, when engineered in P. berghei, caused earlier recrudescence
after artesunate treatment (Simwela et al., 2020), while gene manipu-
lation confirmed the PfUBP-1 V3275F but not the V3306F mutation in
conferring in vitro ART resistance in P. falciparum (Henrici et al., 2019).

Three-dimensional structured illumination microscopy showed that
GFP-labeled K13 structures are located at or near the parasite’s surface,
taking a doughnut shape with the dimension of a cytostome (Yang et al.,
2019). This K13 localization at the cytostome has also been confirmed
by immunoelectron microscopy (Gnadig et al., 2020). K13 or the
K13-Eps15 compartment resides in proximity to the AP-2p-demarcated
endocytic vesicles after pinching off from the cell membrane (Birnbaum
et al., 2020; Henrici et al., 2020). The canonical AP-2 complex in
conjunction with clathrin constitutes the major endocytosis pathway
within the cell (Yap and Winckler, 2015), but the AP-2 complex in
Plasmodium defines a new endocytic pathway that is independent of
clathrin. A mutation corresponding to I562T in PfAP-2j1 was identified in
ART-resistant P. chabaudi lines (Henriques et al., 2013; Hunt et al.,
2007). Though P. falciparum parasite populations harbor many
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mutations in PfAP-2y; the I562T mutation was not identified, while the
S160N mutation was associated with ACT treatment failure in Kenya
(Adams et al., 2018; Henriques et al., 2014). When engineered into the
3D7 parasite background using CRISPR/cas9, the I592T, but not the
S160N variant, of PfAP-2p was found to contribute to in vitro ART
resistance (Henrici et al., 2019). AP-2pu appears to be essential for
forming endocytic vesicles (Henrici et al., 2020) and conditional mis-
localization of AP-2p led to ART resistance at the early ring stage
(Birnbaum et al., 2020). It is noteworthy that in vitro selection for ART
resistance identified a mutation in PfAP-2q, further emphasizing the role
of this pathway in mediating ART resistance (Rocamora et al., 2018).

The study by Mbengue et al. established a link between the K13
mutation and PI3P, a hallmark of membranes of early endosomes
(Mbengue et al., 2015). In P. falciparum, PI3P is catalyzed by the only
one Vps34-type PfPI3K (Hassett et al., 2017). PI3P is present in the RBC
cytoplasm-filled vesicles and the FV membrane (Jonscher et al., 2019;
Tawk et al., 2010), and there is pharmacological evidence showing that
PfPI3K inhibition led to the accumulation of hemoglobin in endocytic
vesicles, preventing its transport and digestion in the FV (Vaid et al,,
2010). K13 was located close to the FV (Gnadig et al., 2020) and
PI3P-labeled vesicular structures (Bhattacharjee et al., 2018), implying a
link of K13 mutations with PI3K in vesicle transport and ART resistance.
It was found that K13 mutations (C580Y and R539T) were associated
with a 1.5-2-fold increase in PfPI3K, resulting in augmented production
of PI3P, which itself induced ART resistance (Mbengue et al., 2015).
However, other studies have not found altered PfPI3K levels in wild-type
or K13 mutant parasites (Siddiqui et al., 2017; Yang et al.,, 2019),
necessitating further studies.

In addition to the K13 mutations, several other resistance-associated
genes may be linked to the hemoglobin uptake pathway. Selection for in
vitro ART resistance in P. falciparum of an African genetic background
identified mutations in an actin-binding protein, Coronin. Coronin also
has a propeller-like structure with seven blades and may be involved in
modulating the transport of hemoglobin-containing vesicles (Olshina
et al., 2015; Xie et al., 2020). Gene manipulation by using CRISPR/cas9
validated the R100K, E107V, and G50E mutations for ring-stage ART
resistance (Demas et al., 2018). Further genetic analysis indicated that
the contribution of the Coronin mutations to ART resistance is masked
by the presence of K13 C580Y mutation, providing additional support
for Coronin’s action via the same pathway as K13 (Sharma et al., 2020).
Although these mutations have not been reported in field isolates, 14
other mutations were identified in the exon-3 of Coronin in African
isolates with no indication of ACT resistance (Velavan et al., 2019).
Analysis of P. falciparum parasites from the GMS by GWAS revealed a
positive correlation of the T38I mutation in ATG18 with elevated in vivo
DPC rates (Miotto et al., 2015) and in vitro reduced susceptibility to DHA
(Wang et al., 2016). Given its close association with the FV in a
PI3P-dependent manner (Agrawal et al., 2020; Bansal et al., 2017),
ATG18 might regulate FV biogenesis and hemoglobin digestion.

The involvement of a hemoglobinase complex that directs hemo-
globin to hemozoin suggests that mutations in these genes may interfere
with the hemoglobin digestion and heme detoxification process, leading
to ART resistance. Indeed, deletion of the cysteine protease falcipain 2a
in P. falciparum results in ART resistance in vitro (Klonis et al., 2011; Xie
et al., 2016). Mutations in this gene have also been identified from in
vitro ART selection (Ariey et al., 2014; Rocamora et al., 2018). Falcipain
2a harbors numerous mutations and they appear to be geographically
divergent, suggesting different drug selection histories. Certain haplo-
types of this gene in field isolates from the China-Myanmar border area
are correlated with lower falcipain activity, less hemoglobin digestion,
and higher in vitro RSA values (Siddiqui et al., 2018). The presence of the
Falcipain 2b paralog possibly precludes it from being one of the primary
mediators of ART resistance and prevents drastic effects of the Falcipain
2a mutations on ART sensitivity.

Multiple factors leading to reduced hemoglobin uptake, vesicular
transport to the FV, and digestion are consistent with reduced

108

International Journal for Parasitology: Drugs and Drug Resistance 16 (2021) 102-118

hemoglobin digestion and heme release, which correlates with less ART
activation (Wicht et al., 2020). Reduced hemoglobin digestion also
means a reduced supply of amino acids during the ring stage, which may
explain the extended ring stage with certain K13 mutants (Hott et al.,
2015; Siddiqui et al., 2020) as well as reduced fitness (Mathieu et al.,
2020; Nair et al., 2018; Straimer et al., 2017). Furthermore, amino acid
starvation can also promote dormancy development (Babbitt et al.,
2012), which altogether enhances the survival of ring-stage parasites. In
this regard, a Cambodian K13 mutant parasite line Cam3.I%%%T was
found to exhibit a much higher recovery rate after amino acid starvation
(McLean and Jacobs-Lorena, 2017).

Increased tolerance to oxidative stress. Activated ARTs alkylate a
wide array of cellular targets, resulting in extensive cellular damage.
Likewise, an enhanced stress response is another feature of ART-
resistant parasites. Transcriptomic analysis of clinical ART-resistant
parasite isolates revealed upregulation of genes involved in the UPR
pathway including the ER-located reactive oxidative stress complex (e.
g., cyclophilin 19B, BiP, ERp72, GRP94) and the cytoplasmic T-complex
protein 1 ring complex (TRiC), allowing the resistant parasites to better
tolerate the proteotoxic effects of ARTs (Mok et al., 2015). Proteomic
analysis of laboratory engineered isogenic parasites further confirmed
that K13 mutations are associated with upregulated chaperones,
including the cyclophilin 19B protein (Mok et al., 2021). Increased
expression of genes involved in adaptive responses against cellular
damage has also been documented in in vitro selected ART-resistant
parasites (Rocamora et al., 2018). ART exposure causes protein dam-
age, leading to the buildup of unfolded and polyubiquitinated proteins,
which activates the ER stress response with hallmarks of elF2a phos-
phorylation and global translational arrest. Plasmodium elF2a phos-
phorylation by the PK4 protein kinase acts as a stress sensor and leads
the parasite into dormancy (Zhang et al., 2017). K13 mutations were
found to have pre-existing elevated elF2a phosphorylation in the early
ring stage, which may correlate with an extended ring stage and
increased entry into quiescence in resistant parasites (Zhang et al.,
2017). In addition, another sign of global translation arrest is the
reduced tRNA expression. K13 mutant parasites may also possess a
higher ability to suppress tRNA expression after ART treatment as found
during amino acid starvation, thus enhancing recovery from cell-cycle
arrest (McLean and Jacobs-Lorena, 2017; Mok et al., 2021). K13
mutant parasites display lesser ubiquitination of proteins, which may
prevent the overwhelming of the proteasome response pathway
(Bridgford et al., 2018; Dogovski et al., 2015; Siddiqui et al., 2020).
Interestingly, Yang et al. found no differences in the initial proteasomal
response in the K13 mutant and WT parasites against ART-induced
oxidative stress, but the mutant parasite regains protein turnover
more rapidly (Yang et al., 2019). In P. falciparum, K13 protein was found
to be associated or colocalized with the major ER chaperone BiP, further
supporting a link between K13 and the ER proteostatic response path-
ways (Gnadig et al., 2020; Siddiqui et al., 2020). ART-resistant parasites
can also mount enhanced antioxidant responses to deal with the
oxidative stress generated from activated ART (Gopalakrishnan and
Kumar, 2015; Kavishe et al., 2017; Krungkrai and Yuthavong, 1987). In
vitro-selected DHA-resistant parasites from the Dd2 background can
upregulate the expression of over 20 genes involved in antioxidant re-
sponses, resulting in elevated levels of cellular antioxidants (glutathione
and thioredoxin) and intracellular glutathione S-transferase (GST) and
superoxide dismutase activity (Cui et al., 2012). A membrane-bound
GST, PfEXP1 (PF3D7_1121600) was also found upregulated in in
vitro-selected ART-resistant parasites (Lisewski et al., 2014; Rocamora
et al., 2018). The free radicals and ROS generated from activation of
ART can damage parasite DNA (Gopalakrishnan and Kumar, 2015), and
the mutations in genes associated with DNA synthesis, mismatch repair,
and oxidative damage response in ART-resistant parasites in the GMS
bestow these parasites a greater ability to deal with DNA damage caused
by ART exposure (Miotto et al., 2013; Takala-Harrison et al., 2013;
Xiong et al., 2020). A recent forward genetic, phenotypic screen for



F.A. Siddiqui et al.

heat-shock response genes using the piggyback transposon system
demonstrated that the malaria parasite uses a shared crisis-response
mechanism (upregulated UPR and downregulated endocytosis and
ubiquitination) to relieve the build-up of damaged proteins from
different stresses such as febrile temperatures and drugs (Zhang et al.,
2020).

Recent studies also shed light on the significance of mitochondrion
and apicoplast in stress response and ART resistance (Mok et al., 2021;
Zhang et al., 2020). Mitochondria are identified as one of the cellular
targets of ARTs (Wang et al., 2010) and mitochondrial activity is critical
for the survival and regrowth of dormant parasites after DHA exposure
(Peatey et al., 2015). Mitochondrial proteins were found associated with
the K13 protein, and ART treatment induced the association of K13 with
mitochondria in K13 mutant parasites (Gnadig et al., 2020; Mok et al.,
2021). Combined transcriptomics, proteomics and metabolomics data
revealed association of K13 mutations with up-regulated pyruvate and
glutamate-linked carbon metabolism and the mitochondrial electron
transport chain, and down-regulated the tricarboxylic acid cycle, indi-
cating the rewiring of the energy requirement and metabolic activity in
the mutant parasites (Mok et al., 2021). The mitochondrial cytochrome
bcl inhibitor atovaquone can delay or stop the recovery of the dormant
parasites and reverse the resistance phenotype associated with the K13
mutations (Mok et al., 2021; Peatey et al., 2015; Wicht et al., 2020). Of
further relevance, in vitro selection for ART resistance in Toxoplasma
gondii has shown pronounced amplification of mitochondrial genome in
the resistant lines (Rosenberg et al., 2019). Recent screens for altered
sensitivities to ART drugs in T. gondii also identified two mitochondrial
proteins, a porphyrin transporter and a protease DegP2, which regulates
heme levels and ART sensitivity (Harding et al., 2020; Rosenberg et al.,
2019). Interestingly, deletion of the P. falciparum homolog PfDegP2 also
led to ART resistance in both the ring and schizont stages with
concomitant decreases in heme levels, further linking mitochondrial
heme dynamics to ART susceptibility (Harding et al., 2020). These facts
highlight the involvement of mitochondria in regulating heme levels and
dealing with ART-caused oxidative stress response. Following the
finding that the fatty acid synthesis pathway in the apicoplast remains
active in DHA-induced dormant parasites (Chen et al., 2014), a recent
genetic screen further implicated the apicoplast’s critical involvement in
heat-shock response and K13-mediated ART resistance (Zhang et al.,
2020). Especially, the isoprenoid biosynthesis pathway of the apicoplast
is needed for prenylation of a restricted set of proteins (<15) that are
predominated by the Rab GTPases in the blood-stage parasite (Suazo
et al., 2016). The lack of prenylation disrupts Rab 5’s localization, up-
take and trafficking of the RBC cytoplasm to the FV, and FV integrity
(Howe et al., 2013; Kennedy et al., 2019). Thus, these studies have
identified a mechanistic link between elevated isoprenoid biosynthesis
and ART resistance, which involves the Rab proteins and their modifi-
cation by prenylation, interactions with K13, and participation in he-
moglobin endocytosis (Zhang et al., 2020).

Due to the complex nature of the ART action, the resistance mech-
anisms encompass multiple cellular pathways. Clinically ART-resistant
parasites carrying the wild-type k13 allele indicate the involvement of
additional players in ART resistance (Mukherjee et al., 2017; Sutherland
et al., 2017), although they also seem to converge on pathways of
reduced hemoglobin uptake/digestion and increased stress response.
ART-resistant founder populations contain single nucleotide poly-
morphisms that are in linkage disequilibrium with the k13 mutations
(Amaratunga et al., 2014; Miotto et al., 2015). These genetic loci may
modify the resistance phenotype through epistatic interactions with
K13, underlying the display of differential levels of ART resistance of the
same K13 mutation in different genetic backgrounds (Straimer et al.,
2015). In addition, genes involved in multiple pathways such as ATG18,
Rad5, elongation factor G and geranylgeranyltransferase have been
associated with increased ART resistance in field isolates (Wang et al.,
2016). Functional studies will determine whether they enhance resis-
tance or promote fitness (Rosenthal and Ng, 2020; Wicht et al., 2020).
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Different in vitro ART resistance models have identified overlapping and
non-overlapping resistance mechanisms (Ariey et al., 2014; Chavchich
etal., 2010; Cui et al., 2012; Rocamora et al., 2018), and their potential
emergence in field parasite populations might be governed by the fitness
costs associated with these genetic alterations in the respective genetic
backgrounds (Tirrell et al., 2019). Although it is plausible that the
complex mode of action of ART involving multiple cellular targets pre-
vents the parasite from developing full-blown resistance, the ability to
induce high-grade resistance in vitro warrants continued vigilance on
resistance development (Sutherland et al., 2020).

4. Resistance to ACTs: the partner drugs

Monitoring and maintaining efficacies of the ACT partner drugs is
equally important for the continued success of ACTs even if resistance to
ART continues. With our limited antimalarial arsenal, drug recycling
may be needed and this should be done based on good knowledge of
resistance to the current and previous drugs. The most commonly used
partner drugs include the aminoquinoline drugs (AQ, PPQ and PND),
arylamino alcohols (LMF and MQ), and antifolates (SP). MQ and PPQ are
the most commonly used partner drugs in Southeast Asia, while LMF and
AQ are used abundantly in Africa. Resistance mechanisms to the partner
drugs have been recently reviewed (Martin et al., 2018; Ross and Fidock,
2019; Wicht et al., 2020). Here we briefly summarize resistance to the
partner drugs under the scenarios of resistance to ACTs focusing on PPQ,
MQ, LMF, and AQ.

4.1. Piperaquine

DHA-PPQ has been deployed in Cambodia over a decade ago when
AS-MQ failure rates reached high levels. This combination was also used
for malaria treatment during pregnancy (Kakuru et al., 2016) and the
mass drug administration (MDA) purpose in Asia and Africa (Fisele
et al., 2016; Mwesigwa et al., 2019; Parker et al., 2019; von Seidlein
et al., 2019). With the emergence of ART resistance, it took only a few
years before clinical resistance to DHA-PPQ emerged in Cambodia and
Vietnam (Amaratunga et al., 2016; Leang et al., 2015; Saunders et al.,
2014; Spring et al., 2015; Thanh et al., 2017), and the situation rapidly
deteriorated in the eastern GMS (van der Pluijm et al., 2019). Surveil-
lance for resistance used both in vivo efficacy and in vitro drug assay
results as phenotypes, but the in vitro/ex vivo assay for determining the
PPQ ICso values is sometimes problematic, since PPQ dose-response
curves from the traditional ICsy assays may be bi-phasic, atypical of a
sigmoid pattern (Bopp et al., 2018; Duru et al., 2015). An in vitro/ex vivo
PPQ survival assay (PSA) has been designed to measure parasite survival
rates after exposure of the ring-stage parasites to a pharmacologically
relevant dose of PPQ (200 nM) for 48 h (Fig. 1) (Duru et al., 2015). A
cut-off of >10% is used as the threshold to determine PPQ resistance
(Duru et al., 2015; Witkowski et al., 2017). In addition, the bimodal PPQ
dose-response curve of PPQ-resistant parasites from in vitro assays show
a second peak at high drug concentrations (0.1-10 pM), and the area
under the curve for the second peak was proposed to be an alternative
readout for PPQ resistance (Fig. 1) (Bopp et al., 2018).

PPQ, like other 4-aminoquinolines, is known to inhibit both hemo-
globin degradation and heme detoxification in the FV (Dhingra et al.,
2017; Warhurst et al., 2007). Multiple prospective and retrospective
studies monitoring DHA-PPQ efficacy made two important correlations.
PPQ resistance always arose in a pre-existing ART resistance background
(with k13 mutations), and resulted in increased susceptibility toward
MQ as indicated by the absence of pfmdrl amplification (Amaratunga
et al., 2016; Chaorattanakawee et al., 2015; Duru et al., 2015). Since
pfmdr1 amplification is associated with a fitness cost (Preechapornkul
et al., 2009), pfmdrl deamplification could be either due to DHA-PPQ
selection for single copy pfmdrl or decreased use of MQ (Amato et al.,
2017; Imwong et al., 2017; Parobek et al., 2017; Witkowski et al., 2017).
Two independent GWAS using P. falciparum isolates from Cambodia
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following DHA-PPQ treatment revealed a positive correlation between
PPQ resistance and amplification of two aspartic protease genes, plas-
mepsin 2 and 3 (Amato et al., 2017; Witkowski et al., 2017). Genetic
manipulation showed that disruption of plasmepsin 2 and 3 specifically
sensitized the parasites to PPQ (Mukherjee et al., 2018). However,
overexpression of these two genes in the 3D7 strain did not change the
parasites’ susceptibility to PPQ, CQ, or artesunate (Loesbanluechai et al.,
2019), suggesting that further validation of plasmepsin 2 and 3 amplifi-
cation in PPQ resistance is needed.

The action of PPQ in the FV also led to focused studies on the two FV
membrane resident transporters PfMDR1 and PfCRT. In vitro-selected
parasites for PPQ resistance contained a new PfCRT mutation C101F
(Dhingra et al., 2017; Eastman et al., 2011). A study involving French
Guiana field isolates found the C350R mutation in PfCRT associated
with higher PPQ ICs( values (Pelleau et al., 2015). In the same year,
three novel PfCRT mutations, H97Y, M343L, or G353V, were identified
in recrudescent parasites after DHA-PPQ treatment, which were corre-
lated with high PSA values (Duru et al., 2015). Moreover, the PfCRT
F145] mutation was also associated with DHA-PPQ treatment failure
and decreased ex vivo PPQ sensitivity by GWAS (Agrawal et al., 2017).
Many of these PfCRT mutations have been genetically validated as
markers of PPQ resistance. Importantly, the introduction of some of
these mutations F145I, M343L, and G353V, significantly reduced PPQ
susceptibility independent of plasmepsin 2 or 3 amplification (Dhingra
et al., 2017; Pelleau et al., 2015; Ross et al., 2018). Thus, these genomic
amplifications might help establish a favorable genetic background on
which pfert mutations arise or provide a low-grade PPQ resistance
baseline (Ross and Fidock, 2019; Silva et al., 2020). Drug pressure and
the associated fitness costs would determine the emergence and spread
of these PfCRT haplotypes in combination with plasmepsin amplification.
Indeed, longitudinal surveillance of parasites from Cambodia detected
increased prevalence of the new PfCRT mutations after the imple-
mentation of DHA-PPQ with >98% of parasites harboring these muta-
tions by 2017 (Shrestha et al., 2021). It is noteworthy that several
different PfCRT mutations (A144Y, Q271E, and R371I) have evolved
without prior K13 mutations in southern China, where PPQ mono-
therapy has been used extensively (Yang et al., 2007), while their roles
in mediating PPQ resistance await further studies. Of note, a longitu-
dinal follow-up of parasites at the China-Myanmar border did not find
clear evidence of PPQ resistance, but the temporal fluctuation of PPQ
susceptibility suggests a scenario drastically different from that in the
adjacent eastern GMS (Si et al., 2021). Structural insights into PfCRT
have helped elucidate its role in antimalarial drug resistance. The 7G8
isoform of PfCRT with F145I and C350R mutations can bind as well as
transport PPQ out of the food vacuole in membrane potential- and
pH-dependent manners resulting in PPQ resistance, whereas the
wild-type protein at these two sites is only able to actively efflux CQ but
not PPQ, leading to CQ resistance (Kim et al., 2019). Therefore, the
selective binding of different PfCRT isoforms to expel CQ or PPQ helps
regulate resistance to these drugs and causes collateral drug sensitivity
(Kim et al., 2019; Pelleau et al., 2015; Ross et al., 2018).

4.2. Amodiaquine

AS-AQ is the second most widely used ACT in Africa for treating
uncomplicated falciparum malaria and is also used for seasonal malaria
chemoprevention (Coldiron et al., 2017). Similar to CQ, mutations in
PfCRT are the primary determinant of AQ resistance, while mutations in
PfMDR1 play supplemental roles (Wicht et al., 2020). A PfCRT haplo-
type of SVMNT is specifically associated with AQ resistance (Beshir
et al., 2010; Sa et al., 2009). The PfCRT structure may also explain the
different sensitivities of the parasites to CQ and AQ (Kim et al., 2019).
Like CQ, AS-AQ also selects for the mutant PIMDR1 86Y, which corre-
lates with AQ resistance (Nsobya et al., 2007).
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4.3. Mefloquine and lumefantrine

MQ has been used extensively in Thailand, initially in combination
with SP, followed by its monotherapy, which was later replaced with AS-
MQ (Wongsrichanalai et al., 2004). This combination was used in the
eastern GMS around 1990 to address the resistance associated with MQ
monotherapy (Looareesuwan et al., 1992a). AL is the most popular ACT
used in Africa, which still has no concrete evidence of clinical resistance
in the field, although indications of lower efficacy were reported in some
African countries (Hamed and Kuhen, 2015; Mumtaz et al., 2020; Plu-
cinski et al., 2015, 2017). A recent report of low efficacy for AL in
Angola has been debated due to the lack of convincing evidence (Dimbu
et al., 2021; Rasmussen and Ringwald, 2021). The mode of action for
these arylamino alcohols has not been completely delineated, but they
are predicted to interfere with the detoxification of heme, albeit their
effect is less pronounced than that of CQ (Combrinck et al., 2013). These
drugs may also hinder the normal function of PFMDR1 (Cowman et al.,
1994; Rubio and Cowman, 1996). A recent study has identified the
binding of MQ to the GTPase-associated center of the large ribosomal
subunit (Wong et al., 2017). Using a cellular thermal shift assay, Dzikan
et al. identified PNP as a common binding target for MQ and quinine
(Dziekan et al., 2019), suggesting that the major MQ target site(s) may
be located in the cytoplasm.

Copy number variations or mutations in pfmdrl are known to regu-
late susceptibility to several antimalarial drugs including 4-aminoquino-
lines and arylamino alcohols (Martin et al., 2018; Ross and Fidock,
2019). Increased copy number of pfmdr1 is linked to clinical resistance
to MQ in the GMS (Pickard et al., 2003; Price et al., 2004). If the ribo-
somes are the principal target of MQ, it is plausible that amplified
pfmdrl would pump out more MQ from the minor site (FV) to the major
site (cytoplasm) of action. Interestingly, the N86Y mutation commonly
found in Africa induces resistance to CQ and AQ while restoring sus-
ceptibility to MQ, LMF, and DHA (Okell et al., 2018; Veiga et al., 2016;
Venkatesan et al., 2014; Yeka et al., 2016). As expected, clinical studies
have documented that AL selects for wild-type PfMDR1 at N86, while
DHA-PPQ selects for the mutant allele (Taylor et al., 2017). Similarly,
parasite carrying multiple copies of pfmdrl encoding N86 and 184F are
prevalent in the GMS, probably as the consequence of selection by
AS-MQ (Calcada et al., 2020), whereas the deployment of DHA-PPQ
selects for single-copy pfmdrl (Amato et al., 2017; Imwong et al.,
2017; Parobek et al., 2017; Witkowski et al., 2017). This selection for
different forms of pfmdr1 could be due to the inhibition of drug transport
between the FV and the cytoplasm, where the major sites of action for
the different families of drugs are differentially located. The principle by
which the selection for resistance to one drug causes hypersensitivity to
another drug is currently being employed in the design of triple ACTs.

5. Conclusions and future outlook

ART resistance in P. falciparum has “struck” the GMS again, the
hotspot of multidrug resistance (Dondorp et al., 2010), accelerating the
resistance development to the partner drugs and leading to rapidly
declining efficacies of two major ACTs in this region, AS-MQ and
DHA-PPQ (Hassett and Roepe, 2019). The failure to contain ART resis-
tance in western Cambodia motivated the GMS nations to aim for the
elimination of P. falciparum by 2025 (WHO, 2016). The trans-national
spread of ART-resistant parasites observed within the GMS suggests
that trans-continental spread is an imminent threat (Hamilton et al.,
2019; Imwong et al., 2020). Though clinical ART resistance has not been
observed elsewhere, the emergence of the K13 C580Y and R561H mu-
tations in Oceania, Africa, and South America deserves heightened
vigilance to preserve the effectiveness of ACTs (Chenet et al., 2016;
Mathieu et al., 2020; Miotto et al., 2020; Uwimana et al., 2020). To
inform drug policies and sustain the effectiveness of ACTs, surveillance
for antimalarial drug resistance should combine in vivo efficacy studies,
in vitro assays, and molecular surveillance of resistance markers.
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Especially, with the advancement in genotyping and whole-genome
sequencing technologies, molecular surveillance can be upscaled to
process large field samples (Menard et al., 2016) and track the origins of
resistant parasites (Hamilton et al., 2019; Miotto et al., 2020). The
establishment of the worldwide antimalarial resistance network
(WWARN) offers a collaborative platform for global efforts to map,
track, and fight against antimalarial drug resistance (www.wwarn.org).

Elimination of the falciparum malaria from the epicenter of ART
resistance is challenging. The deployment of an effective ACT to manage
clinical cases may be difficult given the limited number of ACTs avail-
able. Regardless of ART resistance, the selection of the right partner drug
is critical, given the relatively short window of action of ART drugs. In
Cambodia, resistance to DHA-PPQ led to the recycling of a previous
ACT, AS-MQ. Alternatively, re-optimizing the course of therapy for a
longer duration, e.g., from 3 days to 7 days, might also help safeguard
the efficacy of the current drugs (Wang et al., 2019). Triple ACTs with
the inclusion of a second partner drug with different action mechanisms
or opposing selection on the same targets to the currently used ACTs
such as DHA-PPQ plus MQ and AM-LMF plus AQ may be another option
to achieve the needed treatment effectiveness. The recent randomized
clinical trials of triple ACTs have demonstrated excellent efficacy in
areas with ACT resistance (van der Pluijm et al., 2020). Yet, the emer-
gence of triple mutant parasites that contain pfmdrl and plasmepsin 2
amplification, and the K13 C580Y mutation in Cambodia deserves close
attention to resistance evolution in the GMS (Rossi et al., 2017). More-
over, in the elimination phase, it is critical to remove the infective, often
asymptomatic, reservoirs, which may require an MDA approach. The
recent trial of targeted MDA with three monthly rounds of DHA-PPQ
showed that MDA might be a useful tool to accelerate malaria elimi-
nation in low-endemicity settings (von Seidlein et al., 2019). Further,
with the infectivity of ART-resistant parasites to different mosquito
species, the use of single low-dose primaquine as the gametocytocidal
drug is necessary to interrupt transmission of the resistant parasites.

Drug resistance is a continuing challenge to control and eradicate
malaria worldwide, and research on this topic remains a high priority.
Intensified studies on ART resistance in the malaria parasite have
contributed to a better understanding of the molecular mechanisms of
resistance, which are linked primarily to the process of ART activation
and cellular stress response. To date, we have gained a considerable
understanding of the drug targets and resistance mechanisms for most of
the commonly used antimalarials and those that are still in the drug
development pipeline (Ross and Fidock, 2019). The identification of
drug targets and resistance markers offers convenient molecular sur-
veillance tools to detect the emergence and forestall the spread of drug
resistance (Prosser et al., 2018). With the arms race between drug
implementation and resistance development, there is also a pressing
need to use our knowledge about drug resistance to discover antima-
larials with distinct modes of action and activity against both sexual and
asexual stages of the parasite. Combined efforts in resistance detection,
mechanism elucidation, and strengthened surveillance will guide us to
apply effective antimalarial drug policies, putting us ahead of the curve
in the fight against drug resistance.
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