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Abstract

fend off established artemisinin resistance.

Plasmodium falciparum resistance to artemisinins, the most potent and fastest acting anti-malarials, threatens malaria
elimination strategies. Artemisinin resistance is due to mutation of the PfK13 propeller domain and involves an uncon-
ventional mechanism based on a quiescence state leading to parasite recrudescence as soon as drug pressure is
removed. The enhanced P, falciparum quiescence capacity of artemisinin-resistant parasites results from an increased
ability to manage oxidative damage and an altered cell cycle gene regulation within a complex network involving

the unfolded protein response, the PI3K/PI3P/AKT pathway, the PfPK4/elF2a cascade and yet unidentified transcrip-
tion factor(s), with minimal energetic requirements and fatty acid metabolism maintained in the mitochondrion and
apicoplast. The detailed study of these mechanisms offers a way forward for identifying future intervention targets to
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Background

Artemisinin (ART) and its derivatives, introduced in
1980s, are the most potent and fastest acting anti-malar-
ials, producing rapid clearance of parasitaemia and rapid
resolution of symptoms. The discovery of artemisinin
by Professor Youyou Tu has been rewarded the Nobel
Prize for Physiology or Medicine 2015, recognizing that
it has radically improved treatment against malaria [1].
Plasmodium falciparum artemisinin resistance was first
detected in 2006 [2], after decreased clearance rates were
observed in patients receiving an artemisinin therapy in
clinical studies performed in 2006. It is nowadays wide-
spread across southeast Asia [2, 3]. The delayed clear-
ance of artemisinin-resistant infections exposes larger
numbers of parasites to anti-malarial drugs, poten-
tially driving selection to higher-grade artemisinin or
to the partner drug. In Asia, treatment failures of arte-
misinin-based combination therapy (ACT) have recently
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emerged, including resistance to piperaquine [4]. This
represents a serious threat for malaria eradication, wide-
spread artemisinin resistance being predicted to cause
in excess of 116,000 deaths annually, with medical costs
and productivity losses evaluated as 146 million US$ and
385 million US$ per year, respectively [5]. The resistance
to artemisinins is due to mutation of the PfK13 propeller
domain endowing the parasites with an increased ability
to enter a quiescent state. Piecemeal evidence associates
artemisinin resistance with increased unfolded protein
response (UPR), dysregulation of the pre-replication
phase and the PI3K/PI3P/AKT pathway. Yet, an over-
all picture about how these modifications result in qui-
escence-associated artemisinin resistance is lacking. A
conceptual framework for the cellular networks involved
from oxidative stress to quiescence and parasite sur-
vival is proposed here, opening novel avenues for future
research.

Rapid overview of antiplasmodial drugs

Currently used anti-malarials belong to different chemi-
cal series and all Plasmodium falciparum stages can be
targeted (asexual red blood cell stages, gametocytes,
hepatic stages) by one or another anti-malarial. Each
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antiplasmodial drug series has its own specific mode(s)
of action. In the food vacuole, haemozoin synthesis, cor-
responding to detoxification of the waste from haemo-
globin by the parasite, is specially affected by quinolines
[6] and artemisinins. Artemisinin and its derivatives
are also responsible for alkylation of proteins and haem
leading to oxidative damages [7]. At the mitochondrial
level, atovaquone, targeting the cytochrome bc; complex,
inhibits the parasite electron transport chain and thus
the dihydro-orotate dehydrogenase (DHODH) activity
linked to the respiratory chain and involved in pyrimi-
dine nucleotide biosynthesis [8]. In the cytosol, inhibi-
tion of dihydrofolate reductase (DHFR) by proguanil or
pyrimethamine or of dihydropteroate synthase (DHPS)
by sulfadoxine [9], blocks the biosynthesis of folate
involved in DNA and RNA synthesis. Unfortunately,
most anti-malarial drugs have lost their efficacy as resist-
ance has emerged and spread.

The World Health Organization (WHO) defines resist-
ance to anti-malarials as “the ability of Plasmodium to
survive and/or multiply despite the administration and
absorption of a medicine given in doses equal to -or
higher than- those usually recommended but within the
tolerance of the subject’, with the subsequent statement
that “the form of the drug active against the parasite
must be able to gain access to the parasite or the infected
red blood cell for the duration of the time necessary for
its normal action” [10]. For some anti-malarial drugs,
resistance occurred very quickly after their introduction
(Table 1).

Among all mechanisms of resistance described in vari-
ous organisms, from bacteria, parasites, fungi to human
cancer cells, two main mechanisms drive Plasmodium
resistance to almost all anti-malarial drugs: (i) reduced
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drug availability at its site of action, essentially due to
mutations in transporter genes; and, (ii) modification
of the drug target by mutations in corresponding genes
(Table 1). Artemisinin resistance results from a differ-
ent cellular process, quiescence, which is detailed below.
The quiescence-based cellular mechanisms comply with
the WHO definition of P, falciparum drug resistance [10]
(see also WHO global report on drug resistance 2010), as
artemisinin-resistant parasites survival exposure to ther-
apeutic, lethal concentrations of artemisinin derivatives.

Recommendations for the use of dual and triple therapy

Parasite resistance to drug monotherapy prompted the
WHO to recommend dual or triple therapy, which com-
bines molecules with independent modes of action or
distinct target enzymes. Drug combination is usually
more effective and in the event of resistance to one com-
ponent, the second one kills residual resistant parasites.
However, some combination therapy, such as sulfadox-
ine-pyrimethamine plus chloroquine or amodiaquine,
must be avoided due to the high levels of resistance estab-
lished to these drugs already extensively used in mono-
therapy. For the same reason and because of the rapid
acquisition of atovaquone resistance, atovaquone-pro-
guanil is not recommended [2, 11, 12]. Clinical resistance
to artemisinin was first detected in Cambodia in 2006
and reported in 2008 [13]. In 2009, Noedl et al. reported
artemisinin resistance of uncomplicated falciparum
malaria cases in Thailand and Cambodia and correlated
delayed clearance with increased in vitro artemisinin ICq,
values compared to the artemisinin-sensitive clone W2
[14]. Dondorp et al. [15] documented reduced in vivo
susceptibility to artesunate in Pailin (western Cambo-
dia) compared to Wang Pha (northwestern Thailand),

Table 1 Date of introduction and first reports of anti-malarial drug resistance, resistance genes involved [33, 86, 87]

and main mechanisms of resistance

Anti-malarial drug Introduced First reported Resistance Main resistance mechanisms Refs
resistance genes

Quinine 1632 1910 Pfmdri/other  Disruption of drug accumulation inside the food vacuole[88, 89]
by reduced propensity of the drug transporter PIMDR1
to bind to and transfer the anti-malarial

Chloroquine 1945 1957 Pfcrt/Pfmdr1 Drug extrusion on from digestive vacuole by mutated  [90-92]
drug transporter PfCRT due to higher lipophilicity
and negativity of the transporter allowing ionized
chloroquine efflux

Proguanil 1948 1949 Pfdhfr Modification of the drug target: reduced inhibition of ~ [9]

Sulfadoxine-pyrimethamine 1967 1967 Pfdhps-Pfdhfr enzymatic activity by the drug

Mefloquine 1977 1982 Pfmdri/other  Reduction of parasite susceptibility to mefloquine by [93]
amplification of PfmdrT copy number

Atovaquone 1996 1996 Pfcytb Modification of the drug target by disruption of [8]
Cytochrome bcT complex

Artemisinins 1980s 2006 Pfk13 Quiescence [31, 33]
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characterized by a slow parasite clearance time (72—-84 h
in Pailin and 48-54 h in Wang Pha) and higher failure
rates (recrudescence) after artesunate monotherapy (in
Pailin 30 % of patients showed recrudescence compared
to 10 % in Wang Pha). These altered clinical characteris-
tics were not associated with reduced in vitro suscepti-
bility, contrasting with observations by Noedl et al. [15].
Resistance to artesunate monotherapy first reported in
western Cambodia and along the Thailand-Myanmar
border, resulted in lengthening of the parasite clearance
half-lives from 2.6 h in 2001 to 3.7 h in 2010 [16]. Arte-
misinin resistance is now also established in Myanmar,
Vietnam, Lao PDR, and China [3].

In order to avoid the spread of P falciparum resist-
ance, monotherapy with artemisinin or its derivatives
should be banned [17]. ACT has been recommended
by the WHO as first-line treatment for uncomplicated
malaria since 2001 and is nowadays widely used (Addi-
tional file 1). However, in December 2014 eight countries,
mainly in Africa (Angola, Cabo Verde, Colombia, Equa-
torial Guinea, Gambia, Sao Tome and Principe, Somalia,
Swaziland) still allowed artemisinin-based monotherapy
[18].

Treatment failures with ACT have only been observed
in Asia where, in addition to artemisinin resistance,
parasites were also resistant to companion drug, e.g.
mefloquine along the Thai-Myanmar border [19] or pipe-
raquine in Cambodia [20-22]. In such cases, the ACT
used is replaced by another one and the therapeutic effi-
cacy of the replacement ACT must be monitored every
2 years as recommended by the WHO [2] for timely
adaptation of the treatment policy. The threshold of 10 %
cases with detectable parasites on day 3 after ACT treat-
ment used by the WHO to define areas of artemisinin
resistance [2] was established in Asia, a region of low/
moderate transmission. In Africa, where transmission is
usually much higher, artemisinin resistance has not yet
been reported. However, a recent study suggested that a
threshold of 5 % cases on day 3 parasite positivity is more
suited to artemisinin resistance monitoring in Africa due
to higher levels of acquired immunity against Plasmo-
dium in African populations contributing to faster para-
site clearance [23].

Phenotypic and genotypic basis of artemisinin resistance

It is striking to note that from chloroquine resistance
in 1957 to artemisinin resistance in 2006 [13], all anti-
malarial drug resistance plaguing Asia was first reported
at the Thai-Cambodian border and more especially in
Pailin Province. Poor access to medicines, generating traf-
fic of counterfeit drugs, with sub-clinical quantities, use
of monotherapy, combined with an intense and exten-
sive migrant labour system, are potential contributors
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[24-26]. No correlation was found between an increased
mutation rate of the parasite genome and drug resistance
in these regions, invalidating the hypothesis of the exist-
ence of a ‘hypermutator’ parasite [27]. Resistance in this
region has a typical multi-resistance profile, with resist-
ance mutations in Pfcrt, Pfdhps, Pfdhfy, Pfmdrl fixed in
the parasite populations [28, 29].

Resistance to artemisinins was selected from such
multi-resistant parasites circulating in western Cam-
bodian provinces and was shown to be an inheritable
genetic trait of the parasites [16, 30]. The mechanism
driving artemisinin resistance was discovered using an
experimental model, the F32-ART line -a highly arte-
misinin-resistant line- established in vitro after 5 years
of exposure to escalating concentrations of artemisinin
[31]. Artemisinin resistance of F32-ART is mediated
by a resistance mechanism quite distinct from those
previously described [15, 31-33] (Table 1), since these
parasites score susceptible using the standard in vitro
susceptibility assays [31, 33—35]. Plasmodium resistance
to artemisinins is due to the enhanced number of young
ring forms to enter into a quiescence state upon expo-
sure to artemisinins, and quickly resume growth once
the artemisinins are removed. This capacity is conferred
by mutations of a gene called Pfk13 [15, 31, 33]. This
gene is now currently monitored to follow artemisinin
resistance spread according to WHO recommendations
[2, 18, 36].

Plasmodium falciparum resistance to artemisinin is
quiescence-based

The first hypothesis of artemisinin resistance based on
a partial cytostatic effect of the drug was evoked thanks
to a mathematical model in 2000 [37]. The classical defi-
nition of quiescence is ‘a reversible absence of prolifera-
tion; i.e,, a non-dividing cell which eventually restarts its
cell cycle when conditions become appropriate. Various
quiescent states may depend on the cell history; alter-
natively, quiescence can be the convergence of an adap-
tive process to cope with an adverse environment and an
active preparation to efficiently resume proliferation [38].
The development cycle of P. falciparum presents normal
arrest at the sporozoite stage in the mosquito salivary
glands or at the gametocyte stage in red blood cells. In
vitro, P. falciparum cell cycle progression can be strongly
delayed at the trophozoite stage in response to isoleucine
starvation [39]. A fraction of P vivax and Plasmodium
ovale sporozoites is able to stop its cell cycle during the
hepatic phase to enter into a particular state, named hyp-
nozoites, another form of dormant or quiescent parasites,
and responsible for relapses, all under an epigenetic con-
trol of gene expression by histone modification enzymes
[40].
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Quiescence and artemisinin-resistant parasite stages
Data obtained with the highly artemisinin-resistant
F32-ART line and P falciparum isolates showed that
artemisinin pressure induces developmental arrest of a
sub-population of very young (0-3 h) ring stages which
enter a quiescent state, while killing all other stages [31,
41]. Quiescence has also been correlated with K13-medi-
ated artemisinin resistance in field isolates [33].
Quiescent parasites are difficult to identify under the
microscope but staining mitochondrial activity with fluo-
rescent dyes, unambiguously labels live quiescent cells in
artemisinin-treated cultures [31, 42, 43]. Cell cycle arrest
leads to overestimations of the parasite clearance time
in patients [44], and a defect of H3-hypoxanthine incor-
poration in standard chemosensitivity assay leads to an
overestimation of the effectiveness (ICs;) of anti-malarials
[31, 42]. As a result, classical susceptibility assays based
on parasite proliferation are not suitable to differentiate
parasites that are artemisinin-resistant from those that are
artemisinin-sensitive. Recrudescence assays and ring stage
survival assay (RSA,_s;) using highly synchronized P, fal-
ciparum parasites in culture, based on a 6-h dihydroarte-
misinin exposure in vitro, followed by culture in drug-free
conditions until microscopic read-out at 72 h, are able to
detect and quantify artemisinin resistance [31, 35, 41].
Quiescence takes place at a moment of the parasite cycle
(young ring stage) where artemisinin is less efficient [43].
Indeed, artemisinin toxicity is potentiated by products
of haemoglobin digestion inside the food vacuole, which
begins in the mid-ring stage. Haemoglobin degradation
products, such as haem and ferrous iron, react with arte-
misinin to cause oxidative stress and irreversible dam-
ages [45]. The low levels of haemoglobin endocytosis and
therefore its absence or low digestion level in very young
rings, could explain their reduced sensitivity. At this stage,
which is approximately 14 h longer in resistant parasites
than in wild-type parasites [46], a lower (moderate) oxida-
tive stress is likely more manageable by the parasite, and
particularly so by PfK13 mutants, while at the tropho-
zoite stage, artemisinin-dependent damage exceeds the
parasite’s response abilities [43]. The ring stage arrested
development allows parasites to survive during the rela-
tively short period of elevated artemisinin concentration
(the elimination half-life in humans varies from one to
11 h depending on the derivative) [31, 41, 47]. Why only a
small sub-set population (<1 %) of resistant parasites [42]
is able to enter a quiescence stage despite their common
genetic pattern remains to be elucidated.

Response of non-mutated PfK13 parasites to artemisinin
exposure

It appears that all parasite lines are able to enter quies-
cence or dormancy-mediated processes [48]. In vitro,
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this is monitored by the capacity to proliferate after drug
removal, i.e., to recrudesce. Artemisinin-resistance is
characterized by a short time to recrudescence as dem-
onstrated with the F32-ART (artemisinin-resistant) and
F32-TEM (sensitive) sibling laboratory lines. After expo-
sure to up to 18 pM of artemisinin, F32-TEM was able
to resume growth and reach 5 % of parasitaemia 17 days
after artemisinin removal compared to 10 days for F32-
ART [31]. Other studies reported that several arte-
misinin-sensitive P falciparum strains restarted their cell
cycle from 4 to 25 days after the drug removal [48, 49].
Thus, some wild-type parasites are able to survive arte-
misinin exposure but artemisinin-resistant strains restart
faster with more quiescent parasites and/or quicker
awakening [31, 35].

Involvement of the Pfk13 locus in Plasmodium falciparum
resistance to artemisinins

Pfk13 polymorphism

Whole genome-sequencing of F32-ART and its sibling-
sensitive line F32-TEM as well as of artemisinin-resistant
P falciparum isolates from Cambodia, allowed arte-
misinin resistance to be associated with mutations of
the K13 protein (accession number PF3D7_1343700),
belonging to the kelch super-family of proteins. All muta-
tions found in the Pfk13 gene and correlated with arte-
misinin resistance are non-synonymous, and are present
after position 440 in the propeller domain (K13-propel-
ler) [33, 36, 50]. Just one of these mutations is sufficient
to confer artemisinin-resistance [50]. There is a strong
genetic correlation in Asia between K13-propeller muta-
tion and a slow parasite clearance time (half-life longer
than 5 h) [3, 28, 33, 36, 51-53]. In Myanmar, among the
K13 mutations observed, C580Y and M476I (the muta-
tion acquired by F32-ART parasites) were associated with
delayed clearance-time [54]. In Southern China, at the
Myanmar border, the single F4461 mutation predomi-
nates and is associated with delayed clearance [52]. The
current picture is that artemisinin-resistant parasites cir-
culating in different geographic areas of Southeast Asia
stem from several independent emergences of unique
mutations in the K13-propeller domain [28, 36, 53] where
the parasite genetic background could play a role in the
propensity of K13 mutants to emerge. Three prevalent
K13-propeller mutations -C580Y, R539T and Y493H-
were shown to correlate strongly with increased parasite
clearance in vivo and with increased survival rates in the
in vitro RSA,_y, [33, 55, 56]. Gene editing showed that
introduction of the wild-type allele into resistant parasites
procured a sensitive, very low RSA_;, survival rate (0.3—
0.7 %) whereas the parent isolates harbouring a K13 muta-
tion (R539T, 1543T or C580Y) displayed 40-49 % RSA_;,
survival. Conversely C580Y introduced into wild-type
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artemisinin-sensitive Cambodian clinical isolates and ref-
erence lines conferred varying degrees of in vitro resist-
ance, suggesting additional contribution from the genetic
background [50]. Importantly, Asian K13 mutations are
generally not found in Africa where numerous additional
but rare Pfki3 alleles were identified [36, 57-59]. An
exception is the SNP A578S, observed in many African
countries [58—60] as well as Bangladesh [51] and Thailand
[36], however this mutation is not associated with arte-
misinin resistance [36].

Apart from one study in a limited number of African
children with severe malaria [61], none of the K13 muta-
tions has been associated with clinical artemisinin resist-
ance for the time being, despite evidence that introducing
the C580Y mutation generates artemisinin resistance
in vitro in the NF54 parasite strain considered to be of
African origin [62]. Genetic determinants of artemisinin
resistance have been reviewed recently by Fairhurst [63].
A search of mutations in the kI3 P vivax orthologue
showed reduced polymorphism compared to PfkI13 and
the V5521 mutation identified cannot be currently associ-
ated with any P, vivax drug resistance [64].

PfK13 activity

The exact function of PfK13 in Plasmodium is not known
yet, but analogies are possible with the human Keapl
protein function, in particular, in the cell response to oxi-
dative stress (Fig. 1). PfK13 and Keapl share homologies
in the C-terminal BTB/POZ and the 6-kelch propeller
domains [33, 65]. The presence of a BTB/POZ domain
suggests that PfK13 could dimerize like Keapl. Forma-
tion of a dimer has been experimentally confirmed in
the recently solved crystal structure of the PfK13 BTB/
POZ propeller domain [66]. Based on Keapl function, a
hypothetical model could be that in steady state condi-
tions, the wild-type K13-propeller domain binds to uTF
(a putative, unidentified transcription factor functionally
equivalent to human Nrf2) allowing its ubiquitination
and proteosomal degradation. This ubiquitination could
be mediated by one of the Plasmodium ubiquitin ligases
but this has not yet been investigated. Importantly, the
putative uTF transcription factor remains to be identi-
fied in the Plasmodium genome [67]. Recently, P. falcipa-
rum phosphatidylinositol 3 kinase (PfPI3K) was shown to
undergo a PfK13-dependent ubiquitinylation. It could be
immuno-precipitated in a complex with PfK13 [68] and
has been included as a complex with PfK13 illustrated in
Fig. 1, but direct binding of PfPI3K to PfK13 remains to
be demonstrated [68].

Biochemical consequences of a mutant K13 propeller
Based on Keapl involvement in human lung cancer
[69] and hypertension [70], it is possible to predict that
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K13-propeller mutations altering the propeller structure
impair its biological function and interaction with part-
ner proteins [33]. In particular, K13-propeller mutations
would prevent fixation of uTF to the propeller domain,
and as a consequence reduce the ubiquitinylation-
dependent turnover, promoting translocation of uTF to
the nucleus (Fig. 2).

In C580Y mutant parasites, PfPI3K was no longer ubiq-
uitinylated, resulting in 1.5—twofold increased basal PI3P
levels. This may reflect disrupted interactions between
PfPI3K and PfK13 or disrupted interactions within the
PfK13 associated protein complex (Fig. 2). Elevated
basal phosphatidylinositol 3 phosphate (PI3P) levels
appear central to artemisinin resistance, as K13 wild-type
parasites became resistant upon elevation of PI3P lev-
els induced by transgenic expression of human VPS34.
Similarly transgenic elevation of PfAKT (also known as
protein kinase B) in a wild-type parasite confers in vitro
artemisinin resistance in connection with increased lev-
els of PI3P by a feedback mechanism supposed [68]. As
PfPI3K enzymatic activity is inhibited by artemisinins,
the levels of PI3P likely drop rapidly upon exposure to
artemisinins in sensitive parasites, whereas the PI3P level
is already elevated in resistant parasites [68]. Additional
downstream effectors likely come into play to orchestrate
the quiescence response to artemisinin and withstand its
toxicity.

PfK13 polymorphisms are also associated with modi-
fications of endoplasmic reticulum homeostasis (Fig. 2).
Indeed, transcriptome analysis of P falciparum isolates
revealed that artemisinin resistance is associated with
increased expression of a network of molecular chaper-
ones and major protein complexes belonging to the UPR
pathway. In particular, immunoglobulin-binding pro-
tein (BiP) and cyclophilin B (CYPB), belonging to the
Plasmodium reactive oxidative stress complex involved
in protein folding and repair in the endoplasmic reticu-
lum, are upregulated. Along the same line, the endoplas-
mic reticulum-resident calcium-binding protein (ERC)
involved in endoplasmic reticulum Ca®" homeostasis is
also overexpressed [71, 72]. This upregulation of UPR in
PfK13 mutants likely endows the parasite with increased
ability to repair or degrade proteins damaged by alkyla-
tion and oxidation generated by artemisinin [73]. Based
on homology with the human BiP-PERK-elF2a pathway
involved in the cell cycle arrest under stress conditions
(Fig. 3) [74, 75], BiP bound to misfolded/altered pro-
teins could dissociate from the PERK homologue, PfPK4,
leading to its activation, and phosphorylation of elF2a,
which could trigger parasite cell cycle arrest via cyclin-
dependent kinases, inhibition of protein synthesis, and
the translocation of an unidentified transcription factor
uTF into the nucleus. In mammalian cells, the PI3K/AKT
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/
a The human Keapl complex. The human Keapl (Kelch-like ECH associated protein 1) is a
repressor protein of Nrf2 (Nuclear factor erythroid 2-related factor 2) activity. The BTB/POZ
domain (Broad-Complex, Tramtrack and Bric a Brac or Poxvirus or Zinc-finger domain) and the N-
terminal portion of the IVR (Intervening Region) mediate Keapl homodimerization allowing Cul3
(Cullin 3) binding with BTB domains, and Nrf2 binding, through its ETGE and DLG motifs, with
kelch-propeller domains. In basal conditions the Keap1-Nrf2 complex leads to polyubiquitination
(Ub) of Nrf2 mediated by the E2-ubiquitin ligase activity of Cul3 promoting Nrf2 degradation by
the proteasome. Under stress conditions, modifications of cysteine residues of Keapl induce a
conformational change disrupting the interaction between the ETGE/DLG motifs and Kelch
domains, and thus a release of Nrf2, which is no longer degraded and can translocate to the nucleus
[96]. Inside the nucleus, Nrf2 controls, through the Antioxidant Response Elements (ARE), the
expression of approximately 200 genes involved in the preservation of a healthy intracellular redox
balance including the regulation of the expression of molecular chaperones as well as of proteasome
subunits. The regulation of Nrf2 activity can also be mediated by the PI3K (phosphatidylinositol 3-
kinase) pathway promoting Nrf2 translocation [97]. Thus the Keapl-Nrf2 complex is the major
regulator of the cytoprotective response to any endogenous and exogenous stress caused by reactive
oxygen species (ROS) and electrophiles. Some mutations of the Keapl-propeller cause a
constitutive Nrf2 nuclear translocation increasing chemo-resistance and enhancing tumor cell
growth [96]

b The P. falciparum K13 complex. A putative wild type PfK13 protein complex based on analogy
with human Keapl1 in steady state conditions. Known features are the capacity of PfK13 to form
dimers, presence of PfPI3K in the PfK13 protein complex, and polyubiquitination of PfPI3K in
steady state conditions [68]
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Fig. 1 The Keap1 complex in human cells and a hypothetical PfK13 complex

pathway participates in UPR regulation and the activated
AKT protein (also known as protein kinase B) seems to
be required for Protein kinase RNA-like endoplasmic
reticulum kinase (PERK)-mediated elF2a phosphoryla-
tion [76]. This is reminiscent of the Plasmodium cell cycle

slow down and activation of eIF2a kinases (PfeIK1 and
PfelK2) induced by amino acid starvation and observed
in sporozoite latency inside mosquito salivary glands [39,
77]. Translocation of uTF could, in addition, be favoured
by its phosphorylation by PfPK4 and also, like in humans,
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Fig. 2 Mechanism proposed for PfK13-mediated resistance to artemisinins in K13 mutated Plasmodium falciparum at young ring stage. K13-pro-
peller mutation prevents the fixation of uTF and PI3K to the Kelch domain and their ubiquitination, leading to enhanced concentration of PI3P. The
artemisinin-induced oxidative stress is responsible for the accumulation of misfolded proteins in the £R endoplasmic reticulum. Misfolded proteins
bind to BiP, the complex BiP-PfPK4 is dissociated and PfPK4 phosphorylates uTF and elF2a. elF2a phosphorylation should allow the translocation of
uTF in the nucleus to regulate UPR targets and cytoprotective gene expression and also inhibit protein synthesis [75]. BiP immunoglobulin-binding
protein, BTB broad-complex, tramtrack and Bric a Brac, CYPB cyclophilin B, elF2a eukaryotic translation initiation factor 2a, ERC endoplasmic reticu-
lum resident calcium binding protein, PfPK4 P, falciparum protein kinase 4, PI3K phosphatidylinositol 3 kinase, PI3P phosphatidylinositol 3 phosphate,

uTF unidentified transcription factor(s)

by PfPI3K, and could activate the expression of Plasmo-
dium UPR and cytoprotective genes (Fig. 2).

This model does not exclude the existence of more
than one uTFE. Moreover, the PfPK4/PfPI3K downstream
regulation cascades remain to be elucidated and experi-
mentally demonstrated (Fig. 2). The involvement of
the PfAKT pathway in artemisinin resistance, like PI3P
involvement, still remains to be detailed. Moreover, the
exact kinetics of events once the parasites are exposed to
artemisinin oxidative and alkylating damage needs to be
clarified, in particular as PI3K is inhibited by artemisinins
[68] and should no longer contribute to refuelling PI3P
levels.

Artemisinin resistance possibly includes a combination
of the increased degradation of misfolded proteins/repair
of damaged proteins especially those involved in the
cell cycle progression and the ‘PfPK4/PfPI3K’ mediated
response to the artemisinins’ oxidative stress. This cellu-
lar response of K13 mutant parasites to artemisinin stress
could lead to a sub-set of ring stage parasites to enter
into a quiescence state (Fig. 2). Why only a sub-set and
a variable fraction of ring stages is involved needs to be
understood. It may reflect a finely tuned balance between

different cellular effectors that is unequally distributed
between individual infected cells.

Artemisinin-induced quiescence and Plasmodium
metabolism

Dihydroartemisinin (DHA)-induced quiescence in non-
mutated PfK13 parasites is associated with suspended
RNA, DNA and protein synthesis [49]. Folate metabo-
lism, isoprenoid metabolism, lactate dehydrogenase
activity and glycolysis, the main metabolic pathway
producing adenosine triphosphate (ATP) and phospho-
enolpyruvate (PEP) in Plasmodium, are severely down-
regulated [49]. But, even though the metabolism of
quiescent parasites is largely down-phased, some path-
ways remain active and require another source of ATP
and PEP, depending on pyruvate production by the api-
coplast and on mitochondrial activity (Fig. 4) [49, 78].
In DHA-induced quiescent rings, among the genes
that remain actively transcribed, are genes coding for
enzymes of the pyruvate metabolism (pyruvate kinase 2,
pyruvate dehydrogenase E1 beta subunit), the fatty acid
metabolism by FASII -fatty acid synthesis type II- path-
way (biotin acetyl-CoA carboxylase, enoyl-acyl carrier
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/ Bip-PERK-eIF2a pathway

In mammals the oxidative stress generated in the endoplasmic reticulum (ER) with an
accumulation of misfolded proteins causes activation of the Protein kinase RNA-like
endoplasmic reticulum kinase (PERK) upon its dissociation from the BiP-PERK complex.
PERK directly phosphorylates elF2a (eukaryotic translation initiation factor 2a) leading to:

i) limitation of the global protein synthesis and degradation of specific proteins like cyclin D1,
the regulatory subunit of the cyclin-dependent kinases CDK4 and CDK6 contributing to the
induction of G1 cell cycle arrest [98];

ii) translocation of ATF4 (activating transcription factor 4) to the nucleus driving the
expression of UPR target and cytoprotective genes [75].

Three elF20 kinases have been identified in Plasmodium: PfeIK1, PfeIK2 and PfPK4 [99].
PfPK4, the PERK homologue, is known to phosphorylate elF2a during the different parasite
blood stages and plays an important function in the arrest of global protein synthesis in schizont
and gametocyte stages [100]. Phosphorylation of elF2a under ER stress was confirmed in P
falciparum after exposure to DTT (dithiothreitol), a disruptor of ER homeostasis leading to the
accumulation of unfolded proteins. Although several genes involved in the UPR pathway of
other eukaryotes are missing from the parasite, a non-canonical Plasmodium stress response
exists, depending on elF2a phosphorylation by PfPK4 [101]. The Plasmodium CDK-like kinase
P{PKS5 is activated in the presence of the cyclin Pfcyc-1 and likely participates in the regulation

Kof the nuclear division cycle i.e. at the schizont stage [102].

Fig. 3 Bip-PERK-elF2a pathway

reductase/Fabl) and for the lipoic acid metabolism (lipoic
acid synthase) [49]. The mitochondrial tricarboxylic acid
cycle is down-regulated but remains active and genes
encoding the proteins of the electron transport chain
also remain transcribed at a normal level (cytochrome ¢
subunit II, NADH-ubiquinone oxidoreductase II, flavo-
protein sub-unit of succinate dehydrogenase and ubiqui-
nol cytochrome c reductase iron sulfur sub-unit) [49].
This was confirmed by rhodamine staining of parasite
after DHA treatment: only rhodamine-positive parasites
resumed growth [42]. In stress conditions, depletion of
host-derived fatty acids induces an upregulation of the
Plasmodium FASII pathway [79]. PI3P is present in the
apicoplast membrane and can play a role in exchanges of
protein and likely lipids [80—82] with the adjacent mito-
chondrion. The elevated production of PI3P in resistant
parasites [68] could play a role in the maintenance of this
minimal energetic metabolism based on mitochondrial
and apicoplast activity and also found in quiescent resist-
ant parasites [49]. Indeed these parasites cannot survive
and resume growth in the presence of atovaquone, an
inhibitor of the mitochondrial activity, and the use of
haloxyfob, an acetyl-CoA carboxylase inhibitor, as well
as triclosan, an inhibitor of Fabl delays the recovery of
DHA-induced quiescent parasites [35, 42, 49, 83, 84],
demonstrating that this minimum active metabolism
during the induced quiescence state by artemisinins is
essential for the survival and the recovery of the parasites
from dormancy.

Thus, the quiescent state induced at the young ring
stage by artemisinin in sensitive and resistant parasites

likely seems to involve the same cellular mechanisms, but
the PfK13 mutation shifts the intra-population distribu-
tion so as to allow more parasites to become quiescent
in the case of resistant parasites, and to quickly resume
growth after the drug removal in vitro or drug elimina-
tion in patients.

Conclusions

It is increasingly clear that the P falciparum resistance
to artemisinin and its derivatives is not due to efflux
modulation or target modifications as described for
other anti-malarials, but is based on increased capacity
of PfK13-mutant parasites to manage oxidative damage
thanks to greater UPR mobilization. The over-expres-
sion of UPR target genes should impact three key points:
(an) unidentified transcription factor(s) (uTF) regulat-
ing transcription of UPR/oxidative response genes, the
PI3 K/PI3P/AKT pathway activity and the PfPK4/elF2a
cascade. This would allow parasite entrance into a qui-
escence state with minimal energy metabolism provided
by the apicoplast and the mitochondrion, maintained by
alternative tricarboxylic acid cycle and FASII metabolism,
until drug removal/excretion when parasites can resume
growth. Recently, the artemisinin-resistant F32-ART line,
selected by long-term drug pressure with solely arte-
misinin, was shown to display an extended age range of
stages surviving artemisinin treatment extending to older
ring stages (13—16 h) and even trophozoite stages. These
parasites were also able to survive lethal doses of diverse
classes of anti-malarial drugs, including molecules used
as partners in currently recommended ACT, in the
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Fig. 4 Synthetic model of Plasmodium quiescence metabolism. Quiescent . falciparum parasites demonstrated an arrested glycolysis pathway
leading to suspended production of ATP and phosphoenolpyruvate. Basal metabolism is maintained in quiescent parasites due to FASII metabolism
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chain keto acid dehydratase, coxii cytochrome c sub-unit Il, CS citrate synthase, Fabl enoyl-ACP reductase, FabZ 3-hydroxyacyl-ACP dehydratase,
FabG B-ketoacyl-ACP reductase, FabB/F 3-ketoacyl-ACP synthase I/Il, FabH B-ketoacyl-ACP synthase Ill, FabD malonyl-CoA:ACP transacylase, FASI
fatty acid synthesis type Il, FH fumarate hydratase, IDH isocitrate dehydrogenase, KDH a-ketoglutarate dehydrogenase, LDH lactate dehydrogenase,
LipA lipoic acid synthase, LipB octanoyl-ACP protein transferase, MQO malate quinone oxidoreductase, ndh2 NADH-ubiquinone oxidoreductase |,
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synthase, SDH succinate dehydrogenase, sdha flavoprotein subunit of succinate dehydrogenase, TCA Tri carboxylic acid, ugcr iron sulfur sub-unit of
ubiguinol Cytochrome c reductase [49, 83, 95]

absence of the ‘classical’ mutations of the target genes for
these drugs. Thus, long-term in vitro artemisinin expo-
sure selects a novel multidrug tolerant phenotype, which
could represent a major threat to anti-malarial drug pol-
icy in the field [35]. This threat is exacerbated by the fact
that artemisinin-resistant parasites seem able to infect
and be transmitted by a large panel of Anopheles species,
including the major African species Anopheles gambiae
[85]. This is yet a another reason to urgently clarify the
cellular network of ART resistance in order to identify
new therapeutic modalities (to protect the molecules
currently used), and/or novel drug development, in order

to avoid entrance into a quiescent state, target quiescent
parasites and promote restart of the cell cycle, rescuing
drug susceptibility of parasites.

Additional file

Additional file 1. ACT recommended by WHO and the newly approved
combination DHA-piperaquine.
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