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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 Pfk13 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 P{PI3K 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, P{PK4,
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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P )
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 Keapl-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 Keapl in steady state conditions. Known features are the capacity of PK13 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 elF2« kinases (PfelK1 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 faiciparum 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 P13P. The
artemisinin-induced oxidative stress is responsible for the accumulation of misfolded proteins in the ER 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,

ulF 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 Plasmodinm, 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-elF2a 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 elF2a kinases have been identified in Plasmodium: PfelK1, PfelK2 and PfPK4 [99].
PfPK4, the PERK homologue, is known to phosphorylate elF20 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 2
Jalciparum 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
PfPKS5 is activated in the presence of the cyclin Pfeyc-1 and likely participates in the regulation
\ of 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 1I, 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 FASIIL 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 B 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/elF2«
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



Strategies for the Development of Antimalarial against Plasmodium falciparum
ARBA PRAMUNDITA R, Prof. Dr. Mustofa, M.Kes., Apt.; Dr. dr. Mahardika Agus Wijayanti, D[iM&amp;H., M.Kes.; Pr

Universitas Gadjah Mada, 2017 | Diunduh dari http://etd.repository.ugm.ac.id/

UNIVERSITAS
GADJAH MADA

Paloque et al. MalarJ (2016) 15:149 Page 9 of 12

(C e )
@y&@g@ﬂ /Ap":oplast / /@/ \@\ttnclosan \

FASII pathway Acyl ACP<—— Enoyl-ACP 4—— Hydroxyacyl -ACP
FabG

w e Gly Octanovl AcCP Al Ketoacyl-ACP  Oxaoacyl-ACP
Llpﬁ\l(

i,@ TFahB/F
Co A Lipoic Malonyl ACP : 3‘ Acetoacetyl-ACP
F'EPCK acid . =
Oxaloacetate —— I . I o
S - ADP

PEPCase

Malonyl

Lactate l R CoA /
Malate 1# = e _
A

0.
Fio N OH
haloxifob
TCA Cycle
activity atovaquone
FADHZ2/NADH - o]
H
o
e N d

Clil Clv

Fig. 4 Synthetic model of Plasmodium guiescence metabolism. Quiescent P falciparum parasites demonstrated an arrested glycolysis pathway
leading to suspended production of ATP and phosphoenolpyruvate. Basal metabolism is maintained in quiescent parasites due to FASIl metabolism
in the apicoplast coupled with ATP production in the mitochondrion. Haloxifob, triclosan and atovaquone can disrupt these biochemical pathways
[49, 95). Green protein/enzyme with maintained expression in quiescent rings [49]. ACC acetyl-CoA carboxylase, ACO aconitase, BCKDH branched-
chain keto acid dehydratase, coxii cytochrome ¢ sub-unit [I, CS citrate synthase, Fabl enoyl-ACP reductase, FabZ B-hydroxyacyl-ACP dehydratase,
FabG B-ketoacyl-ACP reductase, FabB/F B-ketoacyl-ACP synthase /I, FabH B-ketoacyl-ACP synthase lll, FabD malonyl-CoA:ACP transacylase, FASI
fatty acid synthesis type Il, FH fumarate hydratase, [DH 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 I,
PEP phosphoenolpyruvate, PEPCase PEP carboxylase, PEPCK PEP carboxykinase, PDH pyruvate dehydrogenase, PYK pyruvate kinase, SCS succinyl-CoA
synthase, SDH succinate dehydrogenase, sdha flavoprotein subunit of succinate dehydrogenase, TCA Tri carboxylic acid, uger iron sulfur sub-unit of
ubiquinol Cytochrome ¢ reductase (49, 83, 95]

absence of the ‘classical’ mutations of the target genes for  to avoid entrance into a quiescent state, target quiescent
these drugs. Thus, long-term in vitro artemisinin expo-  parasites and promote restart of the cell cycle, rescuing
sure selects a novel multidrug tolerant phenotype, which  drug susceptibility of parasites.
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 ]arge panel ofAnopheles species, Additional file 1. ACT recommended by WHO and the newly approved
: . 5 P P . combination DHA-piperaquine.
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  Authors’ contributions
new therapeutic modalities (to protect the molecules JMA and FBV designed the review; all authors contributed to acquisition,

. analysis and interpretation of data. LP, APR, OMP JMA, and FBY have been
currently used), and/or novel drug development, in order
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