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A B S T R A C T   

The appearance in 2008 in western Cambodia of Plasmodium falciparum tolerant to artemisinin, defined by longer 
parasite clearance time following drug administration and in vitro by a slightly higher survival rate of the ring 
stage after a 3-h treatment with 700 nM artemisinin (or analogues, collectively termed ART), has raised concerns 
of the possible loss of this frontline antimalarial [used in the form of an artemisinin combination therapy (ACT)], 
with its low IC50 value against the ring stage and pleiotropic pro-drug/poison property. The key genetic marker 
of ART tolerance phenotype is a number of non-synonymous mutations in Pfkelch13 propeller domain. This 
results in defective assembly at the ring stage of a cytostome structure located at cytoplasmic side of the parasite 
membrane required for invagination of a double-membrane endosome carrying host cytosol haemoglobin to the 
digestive vacuole. The consequential deprivation of amino acids initiates ring stage parasites bearing the causal 
mutations in PfK13 (or other key cytostome components) entry into a dormant state (“Sleeping Beauty”), which, 
after a duration longer than that the short-lived ART, “Sleeping Beauty” ring parasite resumes its normal, but 
accelerated, development to maintain the 48-h intra-erythrocytic life-cycle. We posit that when ART-tolerant P. 
falciparum has acquired under ART stress the causative PfK13 mutation (not obligatory if mutations occur in 
other critical cytostome components), together with other necessary mutations to adjust to the new normalcy and 
to provide survival competitiveness, ART-tolerant parasite has now evolved into a genetically programmed 
“Sleeping Beauty”. The onus of preventing the spread of ART-tolerant P. falciparum lies with the efficacy of ACT 
partner drug, hence the recommendation of a triple ACT (TACT). Nevertheless, attention should also be focussed 
on understanding the mechanisms of dormancy, such as induction, maintenance and recovery, to enable dis-
covery and development of novel antimalarials targeting this unique parasite stage.   

Since the discovery by Yuyu Tu and her colleagues in 1972 of the 
novel antimalarial artemisinin (qinghaosu), a sesquiterpene trioxane 
lactone whose endoperoxide bridge is essential for antimalarial activity 
(Tu, 2011), artemisinin and its analogues (collectively named ART) in 
combination with another antimalarial [with longer drug clearance time 
than that of ART (~5 h)] (ACT) has been the first-line chemotherapy 
against malaria in Southeast Asia, where Plasmodium falciparum resis-
tance had developed to nearly all other antimalarials used as mono-
therapy including the antifolate combination 
sulfadoxine/pyrimethamine (Fansidar) (Blasco et al., 2017). However, 
the first report in 2008 of ACT-treated falciparum malaria cases in 
western Cambodia having longer parasite clearance times raised 
concern that P. falciparum has become “resistant” to ART (Noedl et al., 
2008). 

The early debate whether this phenomenon is due to “resistance” or 
“recrudescence” (Ferreira et al., 2013; Wellems et al., 2020) has largely 
been resolved with the realisation that in the field there exists a large 
preponderance of P. falciparum sensitive to ART, some of which have 
recrudescence properties but with a smaller proportion that have 
“resistance” phenotype. This small “ART-resistant” population will 
become predominant in regions where there is resistance to the ACT 
partner drug. This ART “resistant” P. falciparum is now characterized 
phenotypically as having in a treated patient a median clearance 
half-time of >5.5 h (WWARN K13 Genotype-Phenotype Study Group, 
2019) and in culture a significantly higher survival rate of the ring stage 
after a short treatment (0–3 h) with 700 nM ART compared to control 
parasites [known as a ring survival assay (RSA0–3 h)] (Witkowski et al., 
2013). In this article, the term “ART tolerance” will be used since the 
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term “ART resistance” is a misnomer given ART IC50 values of the 
tolerant ring stage parasites are (for the present) only <10 folds higher 
than wild-type parasites. 

An early genome-wide association study of ART-tolerant P. falcipa-
rum from Cambodia revealed an association with single non- 
synonymous nucleotide variants in Pfkelch13 (Pf3D7_1343700), with 
Pfkelch13 (PfK13)C580Y variant being predominant followed by Y493H 
and R539T, remarkably all located in the “blade” sequences of the C- 
terminal propeller (kelch) domain (Ariey et al., 2014). A meta-analysis 
of individual patients globally revealed almost 200 different variant 
PfK13 proteins, the majority being present at low prevalence and have 
unknown function, but in Asia some 20 different PfK13 propeller vari-
ants associated with ART-tolerant phenotype have been confirmed, with 
PfK13Y580 being the most prevalent (WWARN K13 
Genotype-Phenotype Study Group, 2019; Kagoro et al., 2022). 

Although there was speculation that PfK13 mutations protect ring- 
stage parasites from ART-related oxidative stress similar to transcrip-
tional responses regulated by the mammalian ortholog Keap1 (Straimer 
et al., 2015), in a seminal study Birnbaum et al. (2020) demonstrated 
localisation of other K13-colocalizing factors to the cytostome, overall 
endocytic pathway activity, and the K13 interactome. This led raised 
awareness that defective formation of the cytostome in ring stage 
ART-tolerant P. falciparum carrying the causative PfK13 mutation pro-
duces reduced formation of the double-membrane endocytic vesicles 
bearing red cell cytosolic haemoglobin to the parasite digestive food 
vacuole. The association of PfK13 with other parasite proteins to form 
the cytostome and the disturbance to this structure wrought by PfK13 
variants in the propeller domain has recently been reviewed (Behrens 
et al., 2021). It is worth noting that PfK13 is apparently involved only in 
parasite ring stage cytostome formation (Sutherland et al., 2021), 
emphasizing its key importance in the evolution of ART-tolerant para-
sites, but other pathways can be anticipated (Wilairat et al., 2016). Ring 
stage parasites are the most sensitive to ART compared to the more 
mature forms (trophozoites and schizonts) (Kümpornsin et al., 2021; 
Auparakkitanon et al., 2022), and so it is not surprising that ART 
tolerance phenotype would have evolved at this parasite stage and 
involving factors associated with the formation of ring-stage-specific 
cytostome, such as PfK13 and other co-acting proteins in the cytos-
tome collar complex (Sutherland et al., 2021); mutations in components 
also involved in cytostome formation of the mature stages would be 
self-defeating. 

As with other higher eukaryotes, response to stress such as food 
deprivation initially results in activation of initiation factor eIF2α kinase 
(which in turn requires phosphorylation by specific stress-responsive 
eIF2α kinase or through autophosphorylation), resulting in inhibition 
of GDP-eIF2α complex exchange with GTP (eIF2β-bound), thereby pre-
venting further protein biosynthesis (Cao et al., 2019). Prevention of 
non-ribosome-bound mRNAs from degradation by RNases is achieved by 
accumulating these untranslated transcripts into so-called stress gran-
ules. At the same time, gene expression enters into a stress-induced 
transcriptional attenuation, involving inhibition of transcription of a 
multitude of genes and up-regulation of a few stress-response genes to 
ameliorate damages and also in preparation for return to normalcy once 
the crisis has passed (Sawarkar, 2022). This is reminiscent of the 
dormancy state observed with ring-stage ART-tolerant parasites in face 
of ART exposure in vitro, in which ring stage parasites of several Plas-
modium falciparum lines were exposed to different doses of dihy-
droartemisinin (DHA), producing an abrupt arrest in parasite 
development after a single exposure to DHA, followed by recovery over 
a period of several days (Teuscher et al., 2010). Direct evidence of 
ART-induced dormancy was demonstrated by observation in culture of 
dormant parasites that were obtained from blood samples of P. falcipa-
rum 3D7-or K13-infected participants 48–72 h after single-dose artesu-
nate (AS) treatment (Peatey et al., 2021). The molecular signature of 
dormancy, an up-regulation of acetyl CoA carboxylase, is detected in 
3D7 and K13 samples post-AS but not pre-AS treatment (Chen et al., 

2014; Peatey et al., 2021). 
The following discussion is focused only on P. falciparum carrying 

PfK13 mutations causally linked to ART tolerance phenotype, albeit 
some normal parasite lines upon ART stress can exhibit a number of the 
described properties, e.g., prolonged ring stage duration. Thus, it could 
be argued that ring stage dormancy does not require mutations in genes 
linked to P. falciparum ART tolerance, but this ART-induced ring 
dormancy cannot ensure continuing persistence and robustness of ART- 
tolerant parasites in the field (see discussion below). 

P. falciparum contains three PfeIF2α kinases, namely, eIK1, eIK2 and 
PK4, among which active PK4 phosphorylates PfeIF2α that is critical for 
ART-tolerant ring-stage dormancy and importantly, PK4 inhibitor 
GSK2606414 restores ART sensitivity of P. falciparum Dd2C580Y; acti-
vation of PK4 is by means of autophosphorylation (Zhang et al., 2017). A 
study employing liquid chromatography-mass spectrometry-based pro-
teomics, peptidomics and metabolomics revealed ART-tolerant P. fal-
ciparum carrying causal PfK13 mutations [Cam3.IIR539T, Cam3. 
IIC580Y (isogenic derivative of Cam3.IIR539T) and PL7R539T (field 
isolate from western Cambodia)] contained lower abundance of mutant 
PfK13 and several endogenous peptides derived from haemoglobin, as 
well as accumulation of glutathione and its precursor γ-glutamylcysteine 
compared to wild type parasites (Siddiqui et al., 2017). A more detailed 
study examining differences in intra-erythrocytic development, tran-
scriptomics, proteomics, and metabolomics of Pfk13-edited isogenic 
parasites on two different genetic backgrounds (Dd2 and Cam3.II) be-
tween untreated rings and those pulsed 3–6 h with nM DHA revealed a 
delay in DHA-treated ring-stage development apparent in both parasite 
lines carrying PfK13C580Y and R539T mutations, but subsequent 
development is accelerated in both mutant parasites to maintain the 
normal 48-h cycle, indicating a role of additional survival (repair) 
mechanisms (Mok et al., 2021). Of 667 genes examined, 400 genes are 
differentially expressed across the 48-h cycle in Dd2R539T and 
Dd2C580Y mutant parasites compared to isogenic Dd2WT. Notably, 
differentially expressed gene changes during the first 6 h of DHA 
treatment are qualitatively more similar between Dd2WT and Dd2Y580 
than Dd2T539. Presence of PfK13 mutants affects unfolded protein 
response, protein degradation, vesicular trafficking, and mitochondrial 
metabolism. Interestingly, mutant PfK13-mediated tolerance to DHA in 
Cam3.II line is abrogated by treatment with atovaquone, a mitochon-
drial electron transport chain inhibitor (but this phenomenon may only 
apply to this particular parasite line) (Mok et al., 2021). 

A more recent transcriptome-wide association analysis conducted on 
459 P. falciparum isolates collected in the Greater Mekong Subregion 
between 2016 and 2018 at 0 and 6 h post-ACT treatment of patients, 
shows a high prevalence of PfK13 variants causally linked to ART 
tolerance phenotype with a specific ART-tolerant associated transcrip-
tional profile that involves a broad but discrete set of biological func-
tions related to proteotoxic stress, host cytoplasm remodelling and 
REDOX metabolism (Zhu et al., 2022). The authors concluded the ART 
tolerance associated transcriptional profile presumably evolves from 
initial transcriptional responses of susceptible parasites to artemisinin, 
but the genetic basis for this adapted response is likely to be complex. It 
is worth noting a report of changes in mitochondrial morphology and of 
reduced mito-nuclear distances and metabolic consequences both in 
parasites carrying PfK13WT as well as C580Y mutations that survived a 
short nM DHA exposure in vitro at the ring stage (“persisters”) (Connelly 
et al., 2021). Further evolution of such P. falciparum K13Y580 (and 
similar variants) might favour trajectories ultimately resulting in 
ART-tolerant parasites. 

Taken altogether, we posit that once sufficient mutations have 
evolved under ART stress to produce ART-tolerant P. falciparum with its 
concomitant ring-stage dormancy and competitive fitness, these field 
ART-tolerant parasites will continue to retain this ring dormancy 
phenotype in the absence of ART treatment, and after a quiescent period, 
these ART-tolerant parasites will return to normal but accelerated 
development to compensate for the delay, i.e., a genetically 
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programmed “Sleeping Beauty”. Consistent with this proposition is the 
recent report by Yu et al. (2022) of the construction of P. falciparum 3D7 
strain containing PfK13Y493H or C580Y mutation having reduced 
sensitivity to DHA (using RSA method) and delayed progression of ring 
stages by ~6 h compared to 3D7WT, and with a subsequent shortened 
trophozoite-stage duration to achieve the standard 48 h growth cycle in 
normal culture medium without DHA pulsing. This type of dormancy is in 
contrast to mosquito’s salivary gland dormant sporozoites (entry into 
dormancy requiring active eIK2), which are “awaken” upon injection 
into host blood capillary (Turque et al., 2016). In the case of dormant 
ring the return to intraerythrocytic development cycle in the field ap-
pears to be a stochastic process, occurring after a period of hours, days or 
even weeks. This might be due to temporal variability of appropriate 
microenvironmental cues, which are required to activate binding of a set 
of transcription ApiAP2 factors, master regulators of intraerythrocytic 
stage switching, to initiate requisite genetic and epigenetic changes 
(Serrano-Durán et al., 2022). 

Thus, the spread of ART-tolerant P. falciparum is also dependent on 
parasite co-resistance to the ACT partner drug. Such genetically regu-
lated “Sleeping Beauty” parasites, especially those having acquired 
genes enabling survival competitiveness and resistance to other anti-
malarials, can expand into a region whenever conditions are favourable, 
as reported in a recent detailed genomic epidemiology study of a P. 
falciparum outbreak in Attapeu Province, PDR Lao, during the 
2020–2021 malaria season, which revealed the aetiology as a rapid 
clonal expansion of a hitherto minor population of circulating PfK13Thr 
539 variant carrying multidrug-resistant gene (LAA1); interestingly 
LAA1 ancestry was traced to a western Cambodian strain (KH3) isolated 
in 2008 (Wasakul et al., 2022). For the immediate future, in order not to 
abandon ART’s unique properties, i.e., high sensitivity against ring-stage 
parasites and pleiotropic pro-drug/poison mode of action, a third anti-
malarial has been suggested be included in ACT (TACT) in regions where 
both partner drugs are still effective (van der Pluijm et al., 2021). The 
two chosen partner drugs should exhibit no antagonistic effects and have 
comparable pharmacokinetics (so that should one drug fail, there is no 
antimalarial void allowing survival and spread of emerging 
ART-tolerant parasites). Prior to launching a region-wide administration 
inclusion of endpoint markers of both TACT partner drugs’ efficacy 
should also be taken into consideration (phenotyping is direct and 
preferable indicator than genotyping of resistance emergence given the 
plasticity of evolutionary trajectories) (Wilairat et al., 2016; Bassat et al., 
2022; Chotsiri et al., 2022). In order to prevent transmission, an addi-
tional low safe dose of gametocidal primaquine should also be taken into 
consideration (Stepniewska et al., 2022). Suggestions of alternatives to 
TACT include a 6-day ACT regimen using two different drug partners in 
tandem (but with risk of poor compliance) (van Schalkwyk and 
Sutherland, 2015; Schallig et al., 2017) or a two-drug combination in 
which ART is replaced with a novel endoperoxide with longer phar-
macokinetics, e.g., arteflene or arterolane (but these ART-mimics are 
still under clinical trials) (Woodley et al., 2021). 

Nonetheless, a better understanding of the mechanisms of ART- 
tolerant P. falciparum ring stage dormancy would lead to development 
of drugs that could prevent the occurrence or inhibit essential 
biochemical properties of the dormancy state, for instance, targeting 
PK4 (Zhang et al., 2017), protein biosynthesis (Laleu et al., 2022; Xie 
et al., 2022) or proteasome function (Xie et al., 2021). A 
mechanism-based view of dormancy in ART-tolerant P. falciparum will 
enable us to see the forest for the trees. 
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