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Abstract

Intensified treatment and control efforts since the early 2000s have dramatically reduced the
burden of Plasmodium falciparum malaria. However, drug resistance threatens to derail this
progress. In this review, we present four antimalarial resistance case studies that differ in timeline,
technical approaches, mechanisms of action, and categories of resistance: chloroquine,
sulfadoxine-pyrimethamine, artemisinin, and piperaquine. Lessons learned from prior losses of
treatment efficacy, drug combinations, and control strategies will help advance mechanistic
research into how £ falciparum parasites acquire resistance to current first-line artemisinin-based
combination therapies. Understanding resistance in the clinic and laboratory is essential to prolong
the effectiveness of current antimalarial drugs and to optimize the pipeline of future medicines.

Abstract

In this review, Ross and Fidock examine Plasmodium resistance to antimalarials, notably
chloroquine, sulfadoxine-pyrimethamine, artemisinin, and piperaquine. They discuss the lessons
learned from prior losses of treatment efficacy, drug combinations, parasite resistance
mechanisms, and implications for treatment and future research.

Introduction

Malaria, caused by infection with Plasmodium protozoan parasites, threatens over half the
world’s population. The vast majority of deaths are from young children in Africa infected

with P, falciparum. Malaria symptoms include cyclical chills and fever, anemia, and malaise.

More severe cases can also have metabolic acidosis, respiratory distress, cerebral malaria,
coma, and death (Phillips et al., 2017). The World Health Organization estimated ~216
million malaria cases in 2017, resulting in ~435,000 deaths. This number represents major
progress from the million-plus deaths per year in the 1990s. Between 2000 and 2015, the
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widespread adoption of artemisinin-based combination therapies (ACTs) and the increased
use of bed nets and insecticides against the Anogpheles mosquito vector decreased the global
number of malaria deaths by an estimated 37% (Gething et al., 2016). Recently, these fragile
gains have lost ground, hampered by the rise of resistance in both the parasite and the
mosquito vector to the current front-line drugs and insecticides (Blasco et al., 2017).

Plasmodium Biology and Propensity for Resistance

Plasmodium parasites have a sexual life cycle in Angpheles mosquitoes and an asexual cycle
in vertebrates (Figure 1). In humans, sporozoites transmitted in a mosquito blood meal will
travel through the skin into the bloodstream, where they quickly home in to the liver and
invade hepatocytes. After one week of development, tens of thousands of 2. falciparum
merozoites will be released from each infected hepatocyte into the bloodstream, where they
rapidly invade red blood cells (RBCs). Intraerythrocytic residence limits exposure to the
immune system, and parasites also suppress the immune response through processes
including antigenic variation, cytoadherence to the vascular endothelium to prevent splenic
clearance, and induction of immunosuppressive cytokines (Gomes et al., 2016). P
falciparum parasites progress through an asexual blood stage (ABS) cycle lasting
approximately 48 hours. An invading merozoite matures to the ring stage, then trophozoite,
then schizont, and finally bursts out of the host RBC as 8-24 daughter merozoites that can
reinitiate further ABS cycles. 1-2% of the ABS parasites will undergo sexual differentiation
into male and female gametocytes. Gametocytes are taken up in a mosquito bloodmeal,
where they undergo sexual recombination and develop into sporozoites, ready to infect
another person (Phillips et al., 2017). The majority of current antimalarials focus on the
ABS, and drug discovery efforts increasingly focus on compounds that also act on liver or
mosquito transmission stages as the lower parasite numbers may decrease the potential for
drug resistance (Burrows et al., 2017).

Plasmodium parasites are highly host-specific, and five species are known to infect humans:
P falciparum, P, vivax, P. ovale, P malariae, and P. knowlesi (Phillips et al., 2017). The
majority of infections are caused by P, falciparumand P. vivax, and P falcjparum causes the
vast majority of deaths. 2 vivaxand P, ovale have a latent form called the hypnozoite, which
resides in the liver and can reactivate months or years later to initiate a relapse infection
(Wells et al., 2010). P knowlesi infects macaques and is primarily a zoonosis. Years of
repeated infections can give partial, nonsterilizing immunity that quickly wanes without
exposure, and these individuals often become asymptomatic carriers (Gomes et al., 2016).
These factors, coupled with the evolution of drug resistance, complicate treatment and
eradication goals. Non-biological obstacles include affordability, distribution logistics,
production volume, counterfeit or low-quality drugs, patient non-compliance, inappropriate
use of monotherapies, and contraindications.

The complex £ falciparum life cycle leads to more pronounced random genetic drift and
more efficient purifying selection than expected in classic population genetics, leading to
more overall nonsynonymous mutations (Chang et al., 2013). Its ABS cycle is ~48 hours,
and a typical expansion rate is 5-to-10 fold per cycle, so a parasite with a selective advantage
can expand exponentially over the course of a typical 1-2 week infection (Figure 1). The
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mosquito stages are diploid during the oocyst stage and generate diversity through sexual
reproduction. The human stages are all haploid and reproduce asexually. A typical infection
will have an inoculum of 10-100 sporozoites per mosquito bite, then 10°-108 liver-stage
parasites (10,000-30,000 per infected hepatocyte), then 108-1012 ABS parasites. The
Plasmodium nuclear genome is ~23 Mb, plus two small plastid genomes for the
mitochondria and apicoplast, and the measured Jn vitro mutation rate is ~10~9 per base pair
per mitotic division (Bopp et al., 2013). This translates to about 1 mutation for every 50
parasites per mitotic generation (Figure 1). Pseudo-polyploidy in segments of the nuclear or
plastid genomes via copy number variation can help the parasite survive stochastic mutations
in individual genes as well as increase gene dosage to counteract drug action (Guler et al.,
2013; Nair et al., 2008).

The initial emergence of resistance in Southeast Asia, especially in the Greater Mekong
Subregion (comprising Cambodia, Vietnam, Thailand, Laos, Myanmar, and southern China),
has been observed for chloroquine (CQ), sulfadoxine-pyrimethamine (SP), artemisinin
(ART), piperaquine (PPQ), and mefloquine (MFQ). Contributing factors could include the
low transmission rates in Southeast Asia, which can allow relatively unfit mutations to
spread due to the lack of within-host asexual parasite competition in a person and the lack of
other parasite genomes to recombine with in the sexual mosquito stages. Low transmission
is also associated with an older age range of infected patients, and adults often do not seek
medical care at the same rate or as quickly as parents do for their young children (Carneiro
et al., 2010). Additionally, Southeast Asian parasites have a strong population structure,
characterized by marked differences in allele frequencies in subpopulations, leading to small
effective population sizes from which resistance can quickly evolve on predisposing genetic
backgrounds (Takala-Harrison and Laufer, 2015). Far lower rates of infection overall in
Southeast Asia versus sub-Saharan Africa also translates into less robust acquired immunity,
causing greater reliance on therapeutics that in turn exerts increased selection pressure on
parasite populations.

The history of antimalarial chemotherapy shows repeated instances where the front-line
therapy at the time has been compromised by resistance (Table 1). Drug resistance largely
falls into four categories: removal or sequestration of drug, detoxification, mutation and/or
amplification of the target(s), or stress response-based survival mechanisms. All phenotypes,
including drug resistance, are limited by fitness constraints for survival, reproduction, and
transmission. Below, we present four case studies, beginning with parasite resistance to
chloroquine (CQ).

The “Spent Magic Bullet” of Chloroquine

Chloroquine (CQ) was the first-line antimalarial drug for decades (1940s - late 1980s) by
virtue of its efficacy, safety, and affordability. Resistance arose at least four independent
times: once in Southeast Asia, once in Papua New Guinea, and twice in South America
(Takala-Harrison and Laufer, 2015). Resistance is thought to have spread from Southeast
Asia to Africa, resulting in a substantial increase in malaria deaths. The genetic basis of
resistance was determined by a genetic cross between a CQ-resistant Asian parasite and a
CQ-sensitive South American parasite using a splenectomized chimpanzee, which mapped
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the resistance determinant to a 50 kb parasite genomic region (Su et al., 1997). This region
contains the 2. falciparum chloroquine resistance transporter (PfCRT), whose causal role
was subsequently demonstrated using allelic exchange (Sidhu et al., 2002). PfCRT is a 10-
transmembrane protein located in the digestive vacuole (DV) membrane (Figure 2). Host cell
hemoglobin is trafficked into this vacuole, wherein it is proteolytically degraded, releasing
highly reactive, toxic heme. Parasites convert free heme into chemically inert hemozoin
crystals. Multiple antimalarials interfere with this detoxification process, including CQ
(Figure 2, Table 1, Table 2). Mechanistic studies provide evidence that mutations in PFCRT
allow this transporter to efflux CQ across the DV membrane into the cytosol, away from its
heme/hemozoin target (Roepe, 2011; Summers et al., 2012). While PfCRT is the major
driver of CQ resistance, sequence variants of PIMDR1, an ABC transporter that also resides
on the DV membrane, can modulate the degree of resistance (\Veiga et al., 2016).

Recent studies have leveraged gene-editing techniques to create panels of isogenic pfert
modified parasite lines. Their analysis has demonstrated how region-specific haplotypes
modify parasite susceptibility to multiple antimalarial drugs whose modes of action intersect
with hemoglobin import and heme detoxification. As an example, the “Dd2” CQ-resistant
PFfCRT haplotype common in Southeast Asia confers partial cross-resistance to amodiaquine
(ADQ), but increases parasite sensitivity to MFQ and lumefantrine (LMF) (Blasco et al.,
2017; Venkatesan et al., 2014). This dichotomous response supports the use of triple
combination therapies that pair drugs with opposing selective pressures, such as the
combination of ADQ + artemether (ATM) + LMF that is being evaluated in 17 sites (clinical
trial number NCT02453308). Gene-editing studies also provided evidence that CQ-resistant
PFfCRT haplotypes, which require at least four point mutations and can have up to nine,
likely evolved through rare mutational bursts that balance decreasing parasite susceptibility
to CQ while minimizing fitness costs (Gabryszewski et al., 2016). The importance of fitness
in dictating the prevalence of mutant pfcrtis best illustrated by data from Malawi, where
resistant alleles dropped from 85% prevalence to 0% over the course of twenty years without
CQ pressure, raising the possibility of recycling drug regimens (Frosch et al., 2014).
Reintroducing CQ, however, would rapidly select for parasites that retained variant alleles
conferring resistance, necessitating combination strategies that would also select against
those parasites.

Sulfadoxine + Pyrimethamine (SP) — Preserving Usefulness Despite Drug

Resistance

The loss of CQ efficacy led to a worldwide shift towards SP, which targets two enzymes in
the folate synthesis pathway. Clinical resistance to SP was detected in the first year of
rollout, and resulted from a series of point mutations in the targets dihydrofolate reductase
(DHFR) and dihydropteroate synthase (DHPS) (Figure 2; Table 1) (Gregson and Plowe,
2005). In Asian parasites, high-grade resistance is closely associated with the four point
mutations N511, C59R, S108M, and 1164L in DHFR, of which 1164L causes the greatest
loss of susceptibility. This latter mutation also causes a significant fitness loss through
impaired enzyme kinetics, and Asian parasites were found to have adapted by amplifying the
GTP cyclohydrolase-1 gene, which increases the upstream substrate (Nair et al., 2008). The
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1164L mutation has been rarely observed in Africa, likely because its fitness cost is too
significant in areas with frequent mixed infections and thus within-host competition amongst
parasites. Genetic mapping of DHFR and DHPS across Africa has identified combinations
of point mutations that cause varying levels of SP resistance and that serve as molecular
markers to predict efficacy (Naidoo and Roper, 2013). Molecular genotyping is especially
important given the widespread use of SP in intermittent preventive treatment (IPT)
campaigns. An earlier study with a small patient cohort in Tanzania showed that the use of
SP for standard intermittent preventive treatment in pregnancy (IPTp) selected for an
increase in the within-host and population-level prevalence of SP-resistant parasites and
more intense placental inflammation (Harrington et al., 2009). Those results highlight the
risk of implementing IPTp with drugs that have already been compromised by widespread
resistance. Meta-analysis of data from Africa nonetheless has shown an overall benefit of
using more frequent doses of SP in IPTp, along with the use of insecticide-treated bed nets,
and also suggests that dihydroartemisinin (DHA; the active ART metabolite) + PPQ on this
continent could be an effective substitute (Desai et al., 2018). SP + ADQ has also proven to
be effective in reducing the incidence of malaria when administered monthly as a 3-day
course (Ba et al., 2018). Thus, while SP alone has lost considerable efficacy due to
mutations in the target enzymes and pathway, it can still be beneficial as a well-tolerated and
safe component of a combination therapy or with more frequent dosing.

Artemisinin (ART) — the Core Component of Current First-line Antimalarial

Combinations

The diminished efficacy of CQ and SP forced a major reevaluation of treatment options,
resulting in the selection of ART as the core chemical class in current first-line therapies. Its
initial description dates back to a traditional Chinese medicine text published in AD 340,
which reported the use of Artemisia annua plant extracts to treat cyclical fevers. The active
natural product, ART, was identified in 1971 (Tu, 1999). This drug acts against rings as well
as the later trophozoite stage of ABS development (Figure 1). Its mode of action appears to
involve iron-catalyzed scission of its endoperoxide bridge, leading to widespread alkylation
and oxidative damage inside the ABS parasite (Figure 2) (Ismail et al., 2016; Wang et al.,
2015). The primary source of iron is thought to derive from parasite-mediated proteolysis of
host hemoglobin (Xie et al., 2016). ART displays outstanding pharmacodynamic properties:
its clinically-used derivatives DHA, ATM, and artesunate (AS) reduce the biomass of a
drug-sensitive infection by up to 10,000-fold every ~48 hour ABS cycle. These derivatives,
however, are highly labile, with plasma half-lives of only 1-2 hours (White, 1997, 2013).
ART derivatives are therefore paired in ACTs with a longer-acting partner drug with a
different mechanism of action. One drawback is that the partner drug is effectively a
monotherapy after ART elimination, increasing the chance of partner drug resistance.

ACTs were adopted globally in the early 2000s. However, emerging resistance arose in
Cambodia a decade ago, manifesting as delayed parasite clearance times in patients treated
with AS monotherapy (Dondorp et al., 2009; Noedl et al., 2008). The main ART resistance
determinant was identified by comparing sequence changes from an /in vitro selection and
clinical isolates representing a spectrum of parasite clearance times (Ariey et al., 2014). This

Cell Host Microbe. Author manuscript; available in PMC 2020 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ross and Fidock

Page 6

work identified specific point mutations in the k23 gene (kelch13, PlasmoDB ID:
Pf3D7_1343700) as an important determinant and biomarker of ART resistance. Several
insights were key to this discovery. One, evidence that ART resistance manifests during the
early ring stages and not throughout the entire ABS developmental cycle. Two, the
subsequent development of the ring-stage survival assay (RSAg.3n), in which early rings (0-3
hours post-invasion) are exposed to a pharmacologically relevant 6 hour, 700 nM drug pulse
of DHA, with survival measured one replication cycle later. Levels of parasite survival in
this assay track well with clinical response (Witkowski et al., 2013). Resistance is generally
benchmarked in vitro as a survival rate >1% and clinically as a parasite clearance half-life
>5 hours (Ariey et al., 2014; Ashley et al., 2014). Three, insights into the Cambodian
parasite population structure that was used to distinguish genetic background from
potentially causal or compensatory fitness mutations (Miotto et al., 2013). Four, the use of
grouped alterations in a gene or pathway. No single mutation in kZ3rose to significance in
the field study population, but a collection of AZ3 mutations in genetically-defined
subpopulations did (Ariey et al., 2014). Several of these mutations (Y493H, R539T, 1543T,
and C580Y), all located in the six-bladed propeller region of the K13 protein (Figure 3B),
have been confirmed to confer /in vitro ART resistance through gene editing via CRISPR-
Cas9 or zinc-finger nucleases (Ghorbal et al., 2014; Straimer et al., 2015). Studies with
multiple strains and mutations revealed that a consistent subset of early ring parasites
survives each drug pulse, with the genetic background influencing the degree of survival.
For example, K13 C580Y or R539T mutants can display ~4-24% and 19-49% survival,
respectively, compared with essentially no survival in K13 wild-type parasites, and with
recent strains showing the most survival (Straimer et al., 2015). Population studies have
shown the rapid fixation of the C580Y mutation throughout Southeast Asia (Amato et al.,
2018; MalariaGEN, 2016; Menard et al., 2016). Not all K13 mutations lead to ART
resistance, as exemplified by the A578S mutation that was observed at very low prevalence
in several African countries and that upon gene editing conferred no survival (Menard et al.,
2016) (Figure 3D).

Investigations into K13-mediated ring-stage survival following ART treatment have been
complicated by the high death rate even in resistant lines, and most research has therefore
focused on constitutive differences between K13 mutant and wild-type parasites without
exposure to drug. K13-mutant parasite appear to alter their ABS cell cycle to lengthen the
ring stage and shorten the trophozoite stage (Hott et al., 2015; Mok et al., 2015). This may
reduce exposure to drug-activating iron found in heme, whose levels are maximal in
trophozoites (Cheng et al., 2012). Temporary dormancy would be of substantial benefit
given the extremely short plasma half-life of ART derivatives (typically <1-2 hr).
Transcriptomic analysis of over 1,000 patient isolates has linked ART resistance with
increased expression of the unfolded protein response (UPR) pathway and decelerated
development through the ring stage (Mok et al., 2015). Metabolomics showed a basal
increase in antioxidant glutathione levels and a decrease in hemoglobin catabolism in ART-
resistant versus sensitive lines (Siddiqui et al., 2017). The damaged proteome in ART-treated
parasites leads to a high burden of ubiquitinated proteins, which is lower in ART-resistant
parasites, perhaps because of enhanced stress responses that engage the ubiquitin/
proteasome system (Dogovski et al., 2015). DHA-treated ART-sensitive 3D7 parasites were
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found to have reduced but not ablated glycolytic flux (Shivapurkar et al., 2018). These data
point to ART resistance being an actively maintained, cytoprotective, metabolically
dampened but not quiescent state that primarily protects early rings.

Several hypotheses have been put forth on the function of mutant and wild-type &Z3in
normal physiology and under ART pressure. One proposal is that this gene acts as a negative
regulator of stress responses and that the mutations conferring ART resistance destabilize the
K13 protein, leading to a greater induction of protective stress responses (Figure 3A). The
K13 protein has significant structural and sequence similarity to human Keapl (Ariey et al.,
2014). Keapl is a cysteine-based oxidative stress sensor that negatively regulates stress
responses by controlling the turnover of many proteins, including the transcription factor
Nrf2 that serves as the master regulator of oxidative stress responses. Studies with a mutant
P. falciparum line harboring a piggyBac transposon inserted upstream of the £Z3 coding
sequence identified reduced kZ3transcription in early ring stages and upregulation in
trophozoite stages, which was inversely associated with altered transcription levels in several
DNA replication and repair genes, raising the possibility that K13 can also alter
transcriptional responses in the parasite (Gibbons et al., 2018). Specific mutations in K13
may destabilize the protein, reduce its functional capabilities, or mimic damaged cysteine
residues by preventing disulfide bond formation, thereby releasing the repression of
protective stress responses. A different k73 study using diCre-driven “knock sideways”
protein mislocalization and endogenous gene excision yielded parasites that arrested their
growth at the ring stage. and later became condensed forms (Birnbaum et al., 2017). In that
study, GFP-tagged K13 was observed in punctate foci in the parasite cytoplasm (Birnbaum
etal., 2017). The development of an antibody specific to the native protein would allow
epitope tag-free localization, examination of wild-type and mutant K13 turnover rates via
pulse-chase experiments, and the identification of interacting partners and ubiquitination
substrates. Mutating the putative sensor cysteines (including C580; Figures 3B, 3D) would
also be a useful approach to testing their contribution to oxidative stress responses (Haldar et
al., 2018). Faster induction, longer duration, and/or larger amplitude of stress responses may
explain ART resistance, but excessive stress responses have repercussions in terms of energy
usage and inflammation. Perhaps the K13 C580Y mutation dominates in the field, despite
other mutations giving higher levels of survival, because the stress response is sufficiently
enhanced to survive but is not so high that it results in major fitness costs. Another
possibility is that, if the cysteines of K13 are oxidative damage sensors, mutating C580 to a
tyrosine sensitizes or constitutively activates the sensor system.

Another hypothesis involves lipid signaling, with elevated levels of phosphatidylinositol-3-
phosphate (PI3P) tracking closely with ART resistance in field isolates and conferring
resistance in laboratory experiments (Mbengue et al., 2015). In this study,
phosphatidylinositol-3-kinase (PfPI3K) was shown to be elevated in ART-resistant isolates
with or without K13 mutations, and PfPI3K function was inhibited by ART. PfPI3K was
shown to interact with and be polyubiquitinated by K13. Ubiquitination was decreased in a
K13 C580Y mutant when compared to wild-type parasites, leading to increased PfPI3K
protein, and thus increased PI3P. These resistant cells displayed endoplasmic reticulum (ER)
hypervesiculation, with these vesicles being enriched in PI3P, K13, and a variety of protein
homeostatic proteins, such as those involved in protein export and the UPR (Bhattacharjee et
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al., 2018). PI3P could provide a mechanistic link between the K13 protein’s putative sensor
function and increased capacity of resistant cells to survive massive damage to the proteome
via upregulation of protein homeostatic processes such as the UPR and proteasomal
clearance of damaged proteins.

A separate mechanistic study showed that ART treatment in both £ falciparum and the
rodent malaria P. berghei resulted in phosphorylation of the parasite eukaryotic initiation
factor-2a. (elF2a.), and that increased phosphorylation correlated with increased rates of
ART recrudescence (Zhang et al., 2017). Phosphorylation of elF2a represses global protein
translation while enhancing the translation of a subset of mMRNASs involved in stress
responses. This translationally-repressed state protects against a variety of cell stresses and
is a normal part of the Plasmodium life cycle in the transitions between RBCs and between
mosquitoes and vertebrate hosts. In the former case, an ER-resident kinase called PK4
phosphorylates elF2a during the schizont stage. PK4 inhibition blocked elF2a-induced
latency and ART survival in rodent malaria (Zhang et al., 2017). In the latter case, elF-2a
phosphorylation is regulated by the 1K2 kinase, which enforces latency in Plasmodium
salivary gland sporozoites and the subsequent de-repression of translation after liver stage
formation in the vertebrate host (Zhang et al., 2010). ART resistance could be due to an
elongation of schizont-stage elF2a phosphorylation further into the subsequent ring stage,
or a K13-mediated rapid reengagement of this protective state after stress (Figure 3C). As
PK4 resides in the ER, perhaps ER stress and the subsequent UPR from the ART-damaged
proteome triggers increased PK4 activity. PK4 may also act like its mammalian homolog,
PERK, and be involved in maintaining physical links between the ER and mitochondrial
membranes. These specialized contact sites are involved in reciprocal transfer of danger
signals like calcium ions and also synthesize lipids, including PI3P, among other roles
(Zhang et al., 2017). Although K13 mutations dominate in the field, ART resistance could
result from multiple signaling pathways that activate proteostatic stress responses in the
mitochondrial-ER tubulovesicular network. Not all of the data point to kZ3as the primary or
sole possible mediator of ART resistance. A genetic cross of £ falciparum lines in
splenectomized Aotus monkeys revealed that although /in vitro survival segregated with K13
C580Y mutant allele status, both K13 wild-type and mutant parasites recrudesced after AS
treatment. These findings provided evidence that mutant K13 was insufficient in this model
system to cause lengthened parasite clearance times following AS treatment (Sa et al.,
2018). Recent evidence for an alternate path to resistance came from long-term DHA
selection studies with two Senegalese isolates, which yielded resistant parasites carrying
point mutations in the coronin protein, whose 7-bladed propeller domain is structurally
similar to K13. CRISPR-Cas9 editing confirmed the casual role of these mutations (Demas
et al., 2018), which have not been detected in field isolates. K13-independent low-grade
ART resistance was also separately obtained in early rings following longterm gradual
increases in DHA pressure, and was associated with enhanced adaptive responses against
oxidative stress and protein damage (Rocamora et al., 2018).

With these occasionally overlapping and conflicting results, it may be useful to consider
ART in a variety of systems. ART is being widely explored as a cancer treatment or
adjuvant. Mechanistic studies in a variety of human cancer cells have converged on a role for
the mitochondria, with reports of redox imbalances, increased reactive oxygen species
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(ROS), and iron-catalyzed outer mitochondrial membrane permeabilization leading to
autophagy, mitophagy, and apoptosis (Efferth, 2017). In Plasmodium, ARTs have been
found to trigger rapid ROS-dependent depolarization of mitochondrial and plasma
membrane potentials (Antoine et al., 2014). Of note, Southeast Asian Cambodian parasites
have been observed to have 3-4 fold more mitochondrial genomes than West African
Ghanaian parasites, allowing for more genetic diversity through heteroplasmy and perhaps
also cushioning ART-caused loss of mitochondrial function (Siegel et al., 2017). DHA-
treated ART-sensitive W2 parasites were reported to have low levels of survival in a
modified /n vitro assay, attributed to dormant parasites whose subsequent recovery has been
associated with the presence of transcriptionally active mitochondria (Peatey et al., 2015).

One can also draw insight from bacterial persister cells. Persisters are a subpopulation that
transiently tolerates antibacterial stresses without being genetically resistant, leading to
incomplete clearance and prolonged or relapsing infection. Persister formation is linked to
various stress response pathways. Antibiotic tolerance is often accomplished via slowed or
arrested growth and a corresponding decrease in metabolism and drug uptake (Cohen et al.,
2013). Phenotypic heterogeneity in the population via stochastic gene expression,
microenvironments, and/or asymmetric cell division increases the odds of successful
adaptation via genetic resistance. Mutations that increase the probability of persister
formation in a clonal population are called high-persistence mutations. k73 mutations might
be analogous, with different mutations yielding different levels of acute stress response,
correlating with different ranges of persister cell survival (Figure 3A). Exposure to ART
tends to result in stalled cells, and some small but reproducible portion of ART-resistant
parasites are able to stochastically re-enter active growth. Perhaps Plasmodium mitochondria
have retained bacterial-like pathways for sensing oxidative damage and stimulating persister
cell formation as a mechanism that underlies ART resistance. If so, this suggests treatment
possibilities, as bacterial persister cells can be targeted by also inhibiting the integrated
stress response (Cohen et al., 2013). Indeed, inhibiting the parasite proteasome can synergize
with DHA and overcome ART resistance (Dogovski et al., 2015; Kirkman et al., 2018;
Stokes et al., 2019). Inhibiting other stress response systems, such as protein folding
chaperones, should also be tested for effective combination therapies.

ACT partner drug resistance: piperaquine

Parasites resistant to both DHA and PPQ emerged in the first year of roll-out in Cambodia,
and within 5 years, over 50% of DHA+PPQ treatments were failing (Amato et al., 2018).
Treatment failures were also observed in 26% of patients receiving DHA+PPQ in
neighboring Vietnam (Thanh et al., 2017). Genome-wide association studies identified gene
amplification of the hemoglobinases p/asmepsins I/ and /// as a molecular marker of DHA
+PPQ treatment failures in patients and of PPQ resistance /n vitro (Amato et al., 2017,
Witkowski et al., 2017). These multi-drug resistant parasites may have been the result of
genetic recombination events between lineages independently carrying mutant KZ3and
multicopy plasmepsins I/ and ///. This “KEL1/PLA1” or “PfPailin” co-lineage has been
observed throughout Southeast Asia and is predominant in western Cambodia (Amato et al.,
2018; Imwong et al., 2017). Prior use of ART and PPQ as monotherapies might have
separately selected for resistance with current parasites being a result of these two traits
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combining. Of note, the much longer half-life of PPQ (~30 days) versus DHA (~1 hour)
gives a months-long tail of PPQ monotherapy that would have facilitated the selection of
PPQ-resistant parasites (White, 1997, 2013). /n vitro studies have been complicated by the
unusual bi-phasic dose-response curves observed with resistant parasites, in which PPQ 1Csq
values are similar to sensitive parasites but ICgq values increase substantially. Analysis of
dose-response data with Southeast Asian field isolates found that multicopy plasmepsins 11
and /// were generally associated with reduced parasite killing at high PPQ concentrations,
with some exceptions (Bopp et al., 2018). In a separate study, overexpression of these genes
in a PPQ-sensitive background did not alter PPQ susceptibility (Loesbanluechai et al.,
2018).

A separate analysis of Cambodian culture-adapted isolates observed that the association
between elevated PPQ ICqq values and multicopy plasmepsins /1 and /// was significantly
increased when parasites also harbored a novel mutation, F145l, in PfCRT. Indeed, this
novel PfCRT variant and multicopy plasmepsin I/ showed very similar hazard ratios for
parasite recurrence in patients treated with DHA+PPQ (Agrawal et al., 2017). The ability of
PfCRT variants including F1451, M343L, and G353V to confer varying levels of PPQ
resistance was recently demonstrated via gene editing. Importantly, PPQ resistance was
achieved in the Dd2 parasite line that carries a single copy of plasmepsins /1 and /// (Ross et
al., 2018). Studies also reveal a very recent and rapid increase in the proportion of novel
PfCRT mutations on a Dd2 isoform background in Cambodia, where PPQ resistance first
arose (Duru et al., 2015; Ross et al., 2018). We suspect that plasmepsin I/ and /// gene
amplification leads to low-grade PPQ resistance or in some way enables parasites to develop
high-grade resistance via mutations in PfCRT. Variant isoforms of PFCRT have been shown
to interfere with drug-mediated inhibition of heme detoxification by effluxing compound out
of the digestive vacuole, with the drug specificity determined by the transporter’s sequence.
Of note, the Cambodian PfCRT mutations that confer PPQ resistance sensitize the parasites
to CQ, presumably by altering drug interactions with this pleotropic transporter (Ross et al.,
2018). The emergence of a novel C350R mutation in a South American PfCRT isoform
(7G8) was also recently implicated in decreased PPQ susceptibility in French Guiana, again
rendering these parasites CQ-sensitive (Pelleau et al., 2015). Structural insights into this
transporter and its interactions with various small molecules will be helpful in elucidating
the underlying mechanisms by which PFCRT can mediate drug resistance and how
alterations in selectivity could be exploited by partnering drugs with incompatible resistance
mechanisms.

Implications for Treatment and Future Research Outlook

In 1955, The World Health Organization (WHO) spearheaded the Global Malaria
Eradication Program. Culturally, the “golden age of antibiotics” led to an optimistic sense of
invincibility against microbial pathogens. DDT (dichloro-diphenyl-trichloroethane) had been
used with great success as an insecticide in World War 11, and the antimalarial CQ was
effective, easily available, and inexpensive. Malaria was eradicated from many locales with
mild to moderate transmission with these tools, including the southern United States.
However, the global program was abandoned after 14 years with the acknowledgement that
the current tools were no longer effective or suitable, and that political will and financial
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support were dwindling. The price of dismantling elimination efforts was highlighted in
Madagascar, which had eliminated malaria by 1960, but had a devastating rebound epidemic
by the 1980s after withdrawing control efforts in a now-immunologically naive population
(Randrianarivelojosia et al., 2009). An important objective of current malaria elimination
and eradication efforts is to avoid similar scenarios.

Further research is necessary to determine how to best use existing treatments, spanning
areas ranging from community engagement and training local health workers to identifying
the most effective and tolerable drug combinations and dosing regimens. One promising new
regimen is DHA + pyronaridine, with the partner drug having recently received regulatory
approval and safety concerns broadly abetted. Separately, clinical trials show that triple
ACTs (ATM+LMF plus ADQ or DHA+PPQ plus MFQ; clinical trial numbers
NCTO03355664 and NCT02453308, respectively) may be safe and more effective than the
current two-component ACTS, even in areas with widespread ART resistance. Laboratory
studies are useful here in assessing whether parasites can become resistant to all three
agents, or whether certain combinations are better in exerting opposing selective pressures.
For example, LMF and ADQ are known to exert opposing pressures on mutant versus wild-
type isoforms of both PFCRT and PfMDRL1 (Blasco et al., 2017; Venkatesan et al., 2014).
PPQ and MFQ were also thought to potentially exert opposing pressures, based on the
finding that pfmadr1 gene amplification, which contributes to MFQ resistance and treatment
failures, was found to be substantially less prevalent in Cambodia several years after
switching from MFQ to PPQ as first-line drugs (Amato et al., 2017; Witkowski et al., 2017).
Studies with isogenic lines expressing one or two copies of pfmadri showed no difference in
MFQ ICsq values (Dhingra et al., 2017), and some isolates have been found to carry
multicopy pfmdrl and plasmepsin I/ (Bopp et al., 2018), suggesting that resistance to both
drugs in a single parasite is possible. Similarly, changing the dosing regimen to “sequential
double ACT” may be sufficient to overpower transient dormancy-like ART resistance, and is
also being tested in a clinical trial (Schallig et al., 2017). In contrast, “split dosing,” i.e.,
splitting a once-daily dose into a twice-daily dose to increase daily ART exposure, did not
increase the efficacy of ART, likely because splenic parasite clearance was exceeded (White
etal., 2017). A recent clinical trial in multiple villages in Myanmar, Vietnam, Cambodia,
and Laos showed that despite the widespread presence of mutant K13 parasites, three
monthly rounds of mass drug administration with DHA+PPQ reduced malaria prevalence
and incidence over a one-year follow up period (von Seidlein et al., 2019). Further studies
into the benefits versus risks of mass drug administration will be required in areas with pre-
existing drug resistance, or where coverage would be incomplete.

Deepening the ties between clinical studies and experimental research would clearly be
beneficial, especially in terms of linking treatment failures with molecular surveillance,
spatial epidemiology, and complex covariables such as HIV or bacterial pathogen
coinfections. Improved diagnostics would also be helpful in detecting and treating
asymptomatic carriers as well as reducing overtreatment by identifying non-malaria causes
of fever. The further integration of genomic data science and population biology will aid in
determining which genomic regions show signs of selection in the field after drug treatment
of patients, and in the lab after /n vitro resistance selections. Performing large-scale
selections of parasite lines resistant to a broad array of antimalarial agents and combining
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these with omics studies have been useful in delineating novel resistance pathways and
candidate druggable targets and pathways (Allman et al., 2016; Cowell et al., 2018).
Screening resistant parasites against panels of drugs with known mechanisms, or conversely
small molecules against panels of parasites with known resistance determinants, can quickly
narrow down areas of focus (Corey et al., 2016). Extensive screening efforts have yielded
thousands of sub-micromolar inhibitors of 2 falcjparum ABS parasite growth, and
subsequent investigations have identified a plethora of novel antimalarial targets with modes
of action unrelated to current ACTs (Phillips et al., 2017); Table 2). Resistance continues to
be problematic, however, with a number of antimalarials in development yielding resistance
readily in culture (Blasco et al., 2017). A recent clinical trial showed that mutations
affording moderate resistance to the plasmodial DHODH inhibitor DSM265 were identified
in R, falciparum-infected patients who recrudesced following a single dose (Llanos-Cuentas
et al., 2018). Resistance also arises readily to another mitochondrial inhibitor, atovaquone,
which targets cytochrome b and inhibits electron transport. Cytochrome b mutations that
afford atovaquone resistance were reported to have a substantial fitness cost during sexual
stage development in Anopheles mosquitoes, suggesting that resistance is not transmissible
in the field (Goodman et al., 2016). This result highlights the importance of considering
fitness costs throughout the life cycle and the anticipated benefit of developing multistage-
active antimalarials (Burrows et al., 2017).

Experimental research into antimalarial resistance also benefits from several technological
advances in genetics and genomics, including CRISPR-Cas9 gene editing, tunable
expression via aptamers, diCre recombinase-based conditional knockouts, “knock sideways”
protein mislocalization approaches, transposon-generated saturation mutagenesis libraries,
genetic crosses in non-human hosts, and the increasing accessibility and robustness of
whole-genome sequencing (Birnbaum et al., 2017; Ghorbal et al., 2014; Goldfless et al.,
2014; Vaughan et al., 2015; Zhang et al., 2018). These approaches would benefit from
improved tools in other arenas, including the development of panels of antibodies specific to
Plasmodium proteins, which would enable deeper cell biology-based investigations, and
single-cell manipulation and analysis.

Malaria is a global public health threat, and drug resistance is a perennial issue. The former
gold standard CQ eventually succumbed to resistance via parasite-mediated drug efflux. The
next major therapeutic, SP, was compromised by mutation and copy number amplification in
the targeted folate biosynthesis pathway. Pathways of resistance to the current first-line
treatments, which combine ART derivatives with partner drugs, are less clear. ART
resistance might be attributable to a stress response-based persister cell phenotype, and PPQ
resistance appears to be due to changes in the hemoglobin degradation pathway and DV
transport processes. New technologies are enabling previously infeasible studies, including
in parasite genetics and genomics. Rethinking how drug combinations are chosen or dosed
could help preserve drug efficacy under threat from parasite evolution. A better
understanding of resistance to existing and in-development therapies presents a rational path
to identify new means to regain the momentum in the fight to reduce the global impact of
malaria.
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Figure 1. Plasmodium falciparum life cycle, shared between the human host and the Anopheles
mosquito vector.

Adapted from (Lee et al., 2014). Sporozoites, gametocytes, and oocyst stages are genetic
population bottlenecks. ABS, asexual blood stages; RBCs, red blood cells.
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Mitochondria

Apicoplast
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Figure 2. Schematic of a P. falciparum trophozoite indicating the intracellular targets of major
classes of antimalarials and drug resistance determinants.

ART, artemisinin; ATQ, atovaquone; CQ, chloroquine; Cyt b, cytochrome b; DHFR,
dihydrofolate reductase; DHPS, dihydropteroate synthase; Hb, hemoglobin; LMF,
lumefantrine; MFQ, mefloquine; PfCRT, £ falciparum chloroquine resistance transporter;
PfMDR1, P, falciparum multidrug resistance-1; PPQ, piperaquine; RBC, red blood cell; SP,
sulfadoxine-pyrimethamine.
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Figure 3. Model for K13-mediated ART resistance.
(A) Schematic proposing differences in the acute stress response of £ falciparum K13 wild-

type (WT) or K13 C580Y early ring-stage parasites exposed to DHA. Parasite genetic
backgrounds contribute to variations in the levels of K13 isoform-mediated stress response
and subsequent survival. (B) Side-view of the B-propeller of K13 (PDB: 4YY8, residues
444-726) showing cysteines and/or resistance-associated mutations. Cysteine sulfurs are
indicated with yellow spheres. The putative oxidative sensor cysteines are all located in a
vertical plane inside the B-propeller. (C) An alternate hypothesis of ART resistance is that
elF2a phosphorylation-mediated translational repression during the schizont-to-ring
transition might be extended in K13 mutant, ART-resistant parasites. This delayed re-entry
into active translation and growth could allow these parasites to survive ART pulses.
Parasites could re-enter growth in a stochastic manner, with later recovery permitting
survival. Schizont and early ring-stage parasites are shown below. (D) Close-up of one p-
sheet (residues 577-615) showing spatial separation of C580 and A578, located on a
structured p-strand and on an unstructured loop, respectively. C580Y is a mediator of ART
resistance, whereas A578S is not (Menard et al., 2016). Images made with CCP4mg.
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Antimalarial drugs and associated markers of resistance in Plasmodium falciparum asexual blood stage

parasites.

Antimalarial class

Antimalarial name
(abbreviation)

Major clinical use

Affected pathway(s),
mechanism(s)

Genetic change
associated with
clinical resistance

Fitness cost of
resistance
determinant

Endoperoxides

Artemisinins
(ARTS): artesunate
(AS), artemether
(ATM),
dihydroartemisinin
(DHA)

First-line treatment as
part of ACTs;
intravenous artesunate
gold standard to treat
severe malaria

Pleiotropic, triggers
parasite stress
response. Alkylates
and oxidized heme,
multiple proteins and
lipids

Mutations in k13

One single K13
mutation
permitted at a
time; nil to low
C580Y in vitro
fitness cost
depending on
genetic
background

4-aminoquinolines

Chloroquine (CQ)

Treatment of non-
falciparum malaria

Amodiaquine (AQ) parmer(grsuAg(\f)gr a
Piperaquine (PPQ) Partrégg,rﬁl\]—%g’Qr)ACT
Pyronaridine (PND) Partner d(gl}g)for Aot

Heme detoxification
in digestive vacuole

Mutations in pfert
and pfmarl

Mutant pfertin
Africa less fit,
overtaken by

wild-type allele

upon removal of
CQ pressure

Reduced fitness
observed with
mutant pfcrtand
prfmarl

plasmepsin /1 and
/11 amplification,
pfert mutations

In vitrofitness
cost observed
with novel pfert
mutations

None observed

No published data

Treatment of 2
falciparum
uncomplicated malaria in

Antifolates

(PYR) +
Sulfadoxine (SDX)

mostly for intermittent
preventive treatment

Proguanil (PG)

see atovaquone-proguanil

Folate biosynthesis in
parasite cytosol

Mutations in dhfr
and dhps

Quinine (QN) first trimester of Miaht includ
ight include
pregnag]caxll;i; severe inﬁibi o pfert (QN), pfmri pfmarl
Aryl-amino alcohols hemoglobin import a;gpﬂ;\c:etl?cﬁr;d ?qur:égrf?tsr?'ezg
Lumefantrine (LMF) Partner drug for ACT and/or heme qand MFQ) P cost
detoxification
Partner drug for ACT
Mefloquine (MFQ) (ASMQ) and prophylaxis
(Lariam™ and generic)
Pyrimethamine Combination (SP) used Some DHFR

mutations alter
enzyme kinetics;
pfogchl
amplification is a
possible fitness-
compensatory
mechanism

Naphthoquinones

Atovaquone (ATQ)

Used in combination
with proguanil
(Malarone™ and
generic)

Mitochondrial
electron transport
chain required for

pyrimidine
biosynthesis

Mutation(s) in cytb

Y268S associated
with decreased
enzyme activity;
cytb mutants
failed to produce
sporozoites in
mosquitoes and
therefore are non-
transmissible

8-aminoquinolines

Primaquine (PQ)
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Radical cure and
terminal prophylaxis of
P, vivaxand P, ovale,

Unknown

None observed

No published data
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. . Genetic change Fitness cost of
Antimalarial class An(g&arlgvri':tligg)me Major clinical use Aﬁiﬁgi%ggitsmg(s)’ associated with resistance
clinical resistance determinant
gametocytocidal drug for
P, falciparum
Radical cure, terminal
prophylaxis, and

Tafenoquine gametocidal activity for Unknown None observed No published data

P vivaxand P

falciparum

ACTs: artemisinin-based combination therapies; ASAQ: artesunate+amodiaquine; DHA-PPQ: dihydroartemisinin+piperaquine; PA: pyronaridine
+artesunate; SP: sulfadoxine+pyrimethamine; AL: artemether+lumefantrine; ASMQ: artesunate+mefloquine; K13 Kelch-like gene; cytb
cytochrome b; dhir. dihydrofolate reductase; dfps. dihydropteroate synthase; gchZ: GTP cyclohydrolase I; pfert. P. falciparum chloroquine
resistance transporter; pfmarl: P. falciparum multidrug resistance gene-1. Adapted in abbreviated form from Blasco et al., 2017.
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