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Abstract

Malaria is a life-threatening tropical disease caused by parasites of the genus
Plasmodium, of which P. falciparum is the most lethal. Malaria parasites have a
complex life cycle, with stages occurring in both the Anopheles mosquito vector and
human host. Ring stages are the youngest form of the parasite in the intraerythrocytic
developmental cycle and are associated with evasion of spleen clearance, temporary
growth arrest, and drug resistance. This formidable ability to survive and develop into
mature, sexual, or growth-arrested forms demonstrates the inherent population
heterogeneity. This review highlights the role of the ring stage as a crossroads in
parasite development and as a reservoir of surviving cells in the human host via

temporary growth arrest survival mechanisms.
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Plasmodium falciparum antimalarial drug resistance

Malaria is a major public health issue in tropical countries and a potentially fatal
disease caused by protozoan parasites from the genus Plasmodium [1,2]. Among the
six Plasmodium spp. that infect humans, P. falciparum is responsible for most severe
cases. Globally, an estimated 247 million malaria cases were recorded in 2021,
leading to 619,000 deaths, primarily in sub-Saharan Africa [2].

Efforts to eliminate malaria have been strengthened and intensified with the support
of the World Health Organization (WHO) [2]. Novel and complementary interventions
have been implemented, including the distribution of long-lasting insecticide-treated
nets, prompt diagnosis, and effective treatments such as artemisinin combination
therapies (ACTs). Currently, ACTs are important for controlling malaria morbidity and
mortality in endemic countries. However, progress has been stalled, and the number
of cases is estimated to have increased in recent years [2]. A major contributor is the

increasing resistance of malaria parasites to most available antimalarial drugs [2].

This review aims to summarize our current knowledge of the classical mechanisms
of drug resistance based on genetic modification and to emphasise alternative
survival strategies relying on growth arrest phenotypes, especially in the parasite

ring stage.

Antimalarial drugs as weapons against P. falciparum malaria blood-stage parasites

Antimalarial treatments have been used for centuries mainly with natural plant
products. As a result of these scientific advances, chemical compounds with
antimalarial activity, such as quinine, were first used and then replaced with new
chemically synthesised compounds. Commonly used blood-stage antimalarial drugs

are shown in Figure 1.

The 4-aminoquinolines including chloroquine (CQ), amodiaquine (AQ), piperaquine
(PPQ), and pyronaridine (PND), are active against the parasite erythrocytic stages,
except for mature gametocytes. These molecules share a similar mode of action by
acting exclusively against intraerythrocytic stages, during which the parasite actively
degrades haemoglobin. Multiple studies have described these molecules as potent
heme-crystallisation inhibitors [3-6]. Inhibition of heme crystallisation induces parasite

death via accumulation of toxic heme following haemoglobin proteolysis in the food
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vacuole (FV). Additionally, chloroquine has been suggested displays the property to
interact with the DNA double strand and acts as an intercalant with cytotoxic effects

on cells by suppressing DNA replication [7].

Aryl-amino-alcohols (quinine QN, mefloquine MQ, and lumefantrine LUM) have less
well understood mechanisms of action. They appear to partially interfere with
hemozoin formation and detoxification of haemoglobin degradation by-products, which
is a secondary aspect of their mode of action. A recent in vitro study suggested that
MQ specifically targets the GTPase catalytic site located on the 80S ribosomal subunit
of the parasite, thereby inhibiting protein biosynthesis [8]. However, this finding was
challenged by Sheridan et al., who reported that MQ had no effect on the 80S

ribosomal subunit in vitro in P. falciparum [9].

Sulfadoxine (S) and pyrimethamine (P) are two antifolate compounds that were
used in combination (SP) against CQ-resistant parasites from the 1960s to the 1980s
[10]. S and P inhibit the activities of dihydrofolate reductase (DHFR) and
dihydropteroate synthetase (DHPS), respectively, two key enzymes involved in the
folate pathway responsible for nucleic acid biosynthesis [10,11]. This combination is

currently recommended for malaria chemoprevention during pregnancy [10,11].

Atovaquone (ATV) is a ubiquinone analog that acts on parasite mitochondria. ATV
selectively inhibits cytochrome bcl in the respiratory chain, thereby blocking ATP
synthesis [12]. This inhibition causes a collapse of the mitochondrial membrane
potential but also inhibits pyrimidine biosynthesis by depriving the parasite enzyme
dihydroorotate dehydrogenase of its cofactor ubiquinone. ATV has no activity against
female sexual stages but may be active against male gametocytes [13,14]. ATV has

also been described as a potent inhibitor of ookinete formation [15].

Artemisinin (ART) and its derivatives (artesunate, dihydroartemisinin, artemether)
used in combination with partner drugs (AQ, LUM, MQ, PPQ, SP, or PND) are the
current global standards for the treatment of uncomplicated P. falciparum malaria
[16]. ART is a sesquiterpene lactone with an internal peroxide bridge, extracted from
the leaves of Artemisia annua. They are highly potent, short-lived, and fast-acting

antimalarial drugs capable of reducing P. falciparum biomass by up to 10 000-fold
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per 48-hour asexual blood stage cycle [17]. Dihydroartemisinin (DHA), the major
active metabolite of all ARTS, is activated by the cleavage of its endoperoxide bridge
by free heme released during haemoglobin digestion and is responsible for
antimalarial activity [18]. Once cleaved, ART causes non-specific alkylation of
parasite biomolecules such as lipids, proteins, and DNA, leading to parasite death
[19,20]. ART is active against all parasite blood stages, including the ring and sexual
stages, except stage V gametocytes [21,22].

The first cases of ART partial resistance (ART-R) in P. falciparum were reported in
Southeast Asia in the 2000s [23,24], followed by reports in sub-Saharan Africa,
notably Rwanda [25,26], Uganda [27,28], and Eritrea [29]. Clinically, ART-R is
defined as an increase in the parasite clearance half-life [1] or the persistence of
microscopically detectable parasites on day 3 following the initiation of the 3-day
ACT regimen) [2]. Further studies have concluded that ART-R is associated with
decreased susceptibility to ring stages [19,30]. The ring-stage survival assay (RSA),
which measures the susceptibility of 0—3 h post-invasion ring stages to a
pharmacologically relevant concentration (700 nM) of DHA for 6 h, showed a strong
association between reduced clearance of clinical ART-R parasites and reduced in
vitro killing of ring stages by DHA [30]. In contrast, in vitro RSA showed that the late
rings and trophozoites remained susceptible to DHA. Subsequent genomic studies
confirmed a direct link between several mutations in the propeller domain of the
Pfkelch13 gene and ART-R, with a limited subset of parasites able to survive short
ART exposures [31,32]. The 580C>Y mutation appears to be the most common
mutation in Cambodia, increasing parasite survival upon ART exposure by ~5 fold
compared to the wild type (WT) [33]. The ART-R parasite exhibits an uncommon
phenotype in vitro, consisting of a subset of ring stages that undergo transient
developmental arrest after DHA exposure and resume growth after drug removal
[34]. As the main ART-R biomarker, Pfkelch13 has been extensively studied for its
functional characterization. However, the exact function of Pfkelch13 remains
unclear. Different laboratories have associated ART-R with increased unfolded
protein response [35,36], altered mitochondrial physiology [37], PISK/PI3P/AKT [38],
and PK4/eiF2a [39] pathways, extended ring-stage development, followed by faster
progression to trophozoite stages [36,40]. Although not fully understood, [41] it is
currently thought that Pfkelch13-mediated ART-R consists of reduced activation of

ART through lower hemoglobin uptake, and mutations in the Pfkelch13 gene
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reduced protein levels and decreased hemoglobin endocytosis, thereby favouring
ring stage survival [42,43].

Primaguine, an 8-aminoquinoline derivative, is currently the only drug
recommended by the WHO as a gametocytocidal treatment for the prevention of P.
falciparum malaria transmission [93] and is the main treatment for the radical cure of
malaria caused by P. vivax and P. ovale hypnozoite liver stages [16]. Primaquine is a
prodrug activated by cytochrome P45, an enzyme that produces hydroxylated active
metabolites that generate hydrogen peroxide (H202). Active metabolites cause
significant oxidative stress in parasites and in human cells. Primaquine, when used
as a radical cure, is not recommended for glucose-6-phosphate dehydrogenase-
deficient individuals, as they may develop acute hemolytic anaemia. The related
compound tafenoquine may be a future alternative to primaquine owing to its

improved safety profile [44].

Antimalarial drug resistance: The parasite's defence for survival

Malaria control and elimination efforts have made significant advances in the recent
decades. However, the emergence and spread of antimalarial drug resistance is a
major concern. P. falciparum has evolved resistance to almost all antimalarial drugs
[45]. Several resistance mechanisms have been identified, including active transport
of the drug away from its target and alteration of the parasite target, both of which are
mediated by nucleotide polymorphisms (SNPs) and copy number variations (CNVS) in
the genes encoding these proteins (Table 1). In addition, non-specific stress
response-based survival mechanisms, such as temporary growth arrest (TGA)

phenotypes, have been shown to be linked to drug resistance and survival.

P. falciparum ring stages growth arrest and drug resistance, what do we not
know?

P. falciparum ring stage: the most resilient and adaptable parasite stage

The ring stage is the first stage of the intraerythrocytic developmental cycle (IDC)
following merozoite invasion of erythrocytes. It establishes an intracellular niche, the
parasitophorous vacuole (PV), which is formed by invagination of the host cell

membrane [46] and later modified through lipids addition by the parasite [47]. Over
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the next 20h, the parasite assumed a typical ring-shape. The ring stage parasite then
begins to import haemoglobin by endocytosis with a cellular structure called the
cytostome to support its metabolism [48,49]. Nutrient transport channels, including
PSAC, EXP1 or hGLUT1 also provide key nutrients (isoleucine, glucose, and ions)
from the host serum and serve as possible entrances for drugs. Their expression at
a relatively late stage during the ring stage could be a possible explanation for drug
resilience as reviewed elsewhere [50].

To date, almost all available antimalarial treatments have been unable to specifically
target the ring stage [51] (Figure 1). Current drugs mainly target FV and are most
effective against trophozoites and schizonts due to their high haemoglobin
consumption rate [51]. In contrast, metabolite inhibitors, such as SP or ATV, inhibit
parasite growth rather than specifically eliminating the ring stage [51]. Currently, ART
is the only drug that has direct cytotoxic activity in the ring stage [17] although some
candidates such as cipargamin (KAE609) and BCHO70 have shown promising
results in killing ring stage parasites [52,53] . Among the intraerythrocytic cycles, the
ring stage appears to be the most adaptable and resilient: first through splenic
clearance evasion [54], second, through its ability to orchestrate a metabolic switch,
including the shutdown of core metabolic functions accompanied by high RNA
expression in specific pathways, third, through its ability to modulate the immune
system through vesicle-mediated intracellular transport [36,55-57] and fourth, by
adjusting cell cycle progression [58,59].

The cessation of P. falciparum parasite progression from the ring to the trophozoite
in IDC, defined as ring stage TGA, has been reported in many biological situations.
Isoleucine deprivation, an essential amino acid that must be scavenged from the
extracellular medium, was directly associated with a reversible ring stage TGA
phenotype [60]. Furthermore, experiments with parasites exposed to extreme
temperatures ranging from +4°C to +40°C showed that only the ring stage resumed
growth and maintained cell viability when the temperature returned to physiological
conditions at +37°C [59,61]. TGA phenotypes of malaria parasites have been
reported in other Plasmodium species (Table 2). This suggests that reversible GO
cell cycle arrest is a general strategy used by P. falciparum ring stage parasites to

cope with environmental stress, independent of drug resistance-causing mutations.

Drug-induced ring stage TGA: a drug resistance strategy
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TGA can be defined as a phenotype based on the cellular mechanisms by which a
microorganism can reversibly halt its growth under adverse conditions (Box 1). In
Apicomplexa, this survival strategy has been well described in the bradyzoite stage of
Toxoplasma gondii [62] , hypnozoites of Plasmodium vivax [63], and multiple other
Plasmodium species (Table 2). Research on TGA in P. falciparum is still in its infancy.
P. falciparum blood stage TGA was firstly suggested by Nakazawa et al., who
observed parasite recrudescence following SP treatment without detecting any genetic
changes in the surviving population [64]. The TGA hypothesis was subsequently
validated in vitro, which showed delayed progression of ring stages following ART
exposure [30,34]. Pfkelch13 wild type (WT) and mutant ring stages were able to enter
growth arrest-mediated processes, but isogenic Pfkelchl3 mutants shifted the
subpopulation distribution dramatically, allowing more ring stages to arrest and
resume growth after drug removal in vitro [30,31]. This has been microscopically
documented in ring stages, as evidenced by delayed ring stage progression and
unaltered morphology at 24h post-invasion, using a 24-hour DHA exposure at 700 nM
[30]. Nevertheless, the potential dose-response of the ring stage and TGA induction
when exposed to DHA should be tested, which could provide useful insight into the
biological mechanisms that govern TGA.

Other studies have also reported the recovery of TGA ring stages for up to several
weeks after a single pulse of ART [34,37,65-71]. These results differ significantly
from the TGA phenotype initially observed, with an immediate resumption of growth
after drug removal [30]. These conflicting results can be explained by the fact that
different experimental parameters were used to induce the TGA. However, it remains
unclear whether these phenotypes are biologically similar or distinct. From this
perspective, the use of a more general term such as TGA may better reflect the
observed phenotype and avoid confusion until the different biological mechanisms
behind TGA are unveiled (Box 1). Nevertheless, one of the most concerning
conclusions drawn from these studies is that TGA could be a mechanism that
maintains a reservoir of recrudescent parasites in the human host, which lead to

therapeutic failure [71].

Consequently, many questions remain regarding the TGA. Why does only one
subpopulation undergo TGA in an isogenic population? What is the duration of the

TGA? However, a theoretical framework of three key steps can be suggested: i) the
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initial stress inducing TGA, ii) the maintenance in a growth-arrested state for a given
time, and iii) the resumption phase when the stress is removed.

Metabolic and transcriptomic studies of TGA rings at different times following stress
could provide useful data to understand the duration of this phenotype. The link
between TGA and Pfkelch13-mediated ART-R is unclear, but it could be hypothesised
that TGA is mediated by the haemoglobin consumption rate, which is altered in
Pfkelch13 mutant strains. Indeed, ART-R Pfkelch1l3 C580Y ring stage have lower
haemoglobin uptake than the Pfkelchl3 WT strain [42,43], which limits the chemical
activation of ART by free heme, thus promoting ring stage survival. To overcome the
reduced nutrient uptake through haemoglobin endocytosis, Pfkelch13 C580Y showed
nutritional compensatory mechanisms through the expression of EXP1, a parasite FV
transmembrane protein that imports amino acids from host serum [72]. Such a
mechanism may provide sustenance during the TGA. Lastly, Pfkelch1l3 mutation
appears to be particularly important for the ring stage development as an impaired
K13 protein results in a slower progression of the ring stage in vitro [42].

A recent metabolic study of the ART-sensitive and ART-R ring stages induced by a
single pulse of DHA suggested that arrested parasites rely on a different energy
metabolism than parasites growing under normal conditions [55]. In particular, the
authors showed that the TGA ring stage is in a metabolically active state that relies on
alternative nutrient sources such as haemoglobin and glycolysis, and TGA and
Pfkelch13-mediated ART-R may be distinct but complementary mechanisms that
promote survival in the population by reducing ART sensitivity. Additionally, another
key work provides new insights into the transcriptome of the TGA ring induced by ART,
with the parasite requiring 4-5 days to differentiate into the TGA ring, expressing
signatures associated with DNA repair and repressed glycolysis [73]. More recently,
a study identified a novel gene (PF3D7_1136600, named MRST for Modulator of Ring
Stage Translation) associated with changes in parasite translational metabolism
during ART drug response, with a possible link to parasite stress response
mechanisms, supporting its role as an essential modulator of ring stage translation
[74]. From this perspective, it could be relevant to study the involvement of MRST in
the TGA molecular pathways. Strikingly, an in vitro study showed that pre-exposure to
low temperature (+4°C) prior to DHA exposure at a clinical dose of DHA (700 nM)
resulted in a significant increase in the parasite survival expressed by the RSA in
Pfkelch13 WT (ART-S) and Pfkelch13 mutant ART-R ring stages [75], suggesting that

8
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TGA can be induced by low temperature and may be a potential Pfkelchl3
independent mechanism.

Collectively, these data suggest that TGA may be a generalist strategy not necessarily
based on genetic changes but rather an environmentally induced mechanism. This
hypothesis may explain why TGA was observed in a fraction of the ring stage
population under adverse conditions in a clonal population. As TGA has been reported
in P. falciparum ring stages under various stresses, it could be speculated that the
parasite is able to actively sense its environment (Figure 2), suggesting the possible

induction from the extracellular compartment.

Is TGA triggered externally? Individuals die, and the population survives

Is the TGA phenotype observed after ART exposure caused by the drug itself or by a
signal emitted by a stressed parasite population? Such a question is currently
unanswered, but it highlights the internal heterogeneity within a clonal parasite
population, as it implies that healthy, stressed, and dying parasites share the same
environment. This heterogeneity between growing and arrested parasites could be
explained by environmental signals. A similar model has already been described for
Trypanosoma brucei, in which small oligopeptides from the extracellular medium are
used as communication signals to induce parasite differentiation from slender to
stumpy forms [76]. Despite the lack of direct evidence between TGA and
extracellular signalling, several in vitro studies have described the innate ability of P.
falciparum to sense and respond to its environment in different biological contexts.
The sexual maturation of P. falciparum has been linked to extracellular factors.
Xanthurenic acid (XA) is present in human serum and in mosquitoes, and XA
concentration has been linked to pH changes and temperature drops from the
human host to the mosquito, which is responsible for the maturation of the parasite
sexual stage [77]. Another example was found in vitro using the human host
compound lysophosphatidylcholine (LPC) as an environmental factor that drives
sexual commitment in P. falciparum parasites during the blood stage [78]. A direct
relationship between LPC levels and parasite response was demonstrated in vitro,
with the parasite maintaining its asexual growth when LPC is not limiting and
undergoing gametocyte differentiation upon LPC shortage, particularly in the host
bone marrow where LPC levels are constitutively low. Following isoleucine

starvation, the parasite can carry out TGA until the environment becomes more
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favourable [60], meaning that parasites are somehow able to sense when the
extracellular medium becomes limiting for isoleucine in vitro. In response, the
parasite actively expresses the RNA polymerase Il repressor Mafl during amino
acid starvation induced TGA to stop RNA transcription, thereby limiting cellular
biological activity and promoting survival [79,80]. Quorum sensing (QS) is another
type of extracellular sensing. When cultured under optimal conditions, the parasite
population cannot reach 100% parasitemia before collapse. This collapse phenotype
was shown to be due to the specific expression of apoptotic genes in the population
[81,82], ruling out the involvement of nutrient deprivation, as the parasite was
cultured under non-limiting nutrient conditions. It has been suggested that QS
between parasites that keeps the population under control is mediated by molecules
of the homoserine lactone family.

Interestingly, TGA appears to be modulated by ex vivo exposure to phytohormones
such as abscisic acid (ABA) and gibberellic acid (GA), as shown in a recent in vitro
study [83]. The addition of either ABA or GA accelerated the recovery time of ART-
induced ring stage TGA compared to ART alone, whereas the plastid-targeting
herbicide fluridone had the opposite effect. This supports the idea that growth-
arrested ring stages are still able to sense their environment, despite reduced
metabolic activity. It also identifies the apicoplast as an important player in TGA
regulation. ABA and GA have been described as stress hormones in plants,
particularly during abiotic stress [84]. However, their role in malaria infection,
particularly in TGA regulation, is unknown. Additional studies are needed to confirm
whether malaria parasites can produce and disseminate phytohormones in their
environment as a signal that promotes TGA. This hypothesis is supported by the
relatively close relationship between algae and the apicoplast, an organelle obtained
by primary endocytosis in Apicomplexa [85]. Another recent study showed that
cripowellins, a pesticide extracted from Crinum erubescens, induced reversible
inhibition of ring stage growth within 24 h of treatment while being cytotoxic in the
trophozoite and schizont stages [86]. Whole transcriptome analysis confirmed that
cripowellin B could reversibly halt the ring stage transcriptional program required for
trophozoite progression.

Extracellular vesicles (EVs) containing both host and parasite materials (proteins,
lipids and nucleic acids) have been found in the extracellular medium of malaria-

infected cells and have been shown to act on immune cells [56,57,87,88], suggesting

10



341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374

the existence of an intercellular communication network between the parasite and
human host [88]. Additional studies have demonstrated the ability of P. falciparum
ring stage parasites to exchange genes via EVs. PIPTP2, which is involved in
molecular trafficking, is an important molecular factor that controls these processes
[57]. Finally, the parasite protein PfAB4 has been described as a potential
environmental sensor because of its ability to sense serum depletion, osmotic
changes, and cytokine concentrations in extracellular medium in vitro [89]. This
sensing ability is mediated by multiple phosphorylation events that occur in the
proteins localised in the cytoplasm of infected erythrocytes. However, the association
between PfAB4 expression and TGA remains unclear.

Taken together, these data suggested the existence of an extracellular communication
network and environmental sensing in P. falciparum blood-stage parasites. The
molecules, their signalling pathways, and their potential involvement in TGA remain
elusive. However, the existence of such extracellular communication implies
heterogeneity within the parasite population; only parasites that receive signals
respond accordingly. In the case of TGA, this implies that such a signal is produced
shortly after stress exposure to ensure that as many parasites as possible receive the
signal and enter TGA before they die, thereby making the signal concentration and
diffusion key parameters. As shown previously, the ring stage is exposed to many
extracellular factors (Figure 2) and can respond to TGA, sexual commitment, or
asexual growth. This makes the ring stage a true crossroad in the parasite’s asexual

blood cycle (Figure 3).

Concluding remarks

The ring stage exhibits extreme plasticity under adverse conditions. CNVs and SNPs
associated with antimalarial drug resistance are heritable and confer survival to almost
all individuals exposed to the drug, whereas TGA, an innate and passive resistance to
many stressors, ensures that a small proportion of individuals in the population can
survive in the host under a wide range of sudden adverse conditions.

This suggests that TGA relies on environmental sensing (Figure 2), including
temperature, small diffusible molecules (hormones or cytokines), nutrient availability,

population density, drug exposure, and cell fate at the ring stage, which can be

11



375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403

404
405
406
407
408

controlled by extracellular signals. The possible involvement of EVs in TGA regulation
requires further investigation (see Outstanding Questions). This makes the ring
stage a target of choice, as it is at the crossroads of the three known cell fates (Figure
3).

Targeting the ring stage in TGA is critical and specific biomarkers of TGA need to be
identified. Metabolomic and single-cell RNA-seq approaches could be important tools
to unveil the biological mechanism(s) behind TGA phenotypes and shed new light on
this survival strategy by providing a much-needed molecular signature. Such
biomarkers could provide new insights into the molecular regulatory pathways and
duration of TGA, as well as a better overview of the global parasite population in the
human host, especially in asymptomatic patients. Therefore, new therapeutic tools that

specifically target the ring stage in TGA are required.
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Glossary

ACTs: Artemisinin-combined therapies. Three daily doses of a combination of
artemisinin and partner drugs is the therapeutic approach. The goals of antimalarial
treatment are to prevent drug resistance and to ensure parasite elimination. There
are currently six ACTs in use: ASAQ (artesunate-amodiaquine), AL (artemether-
lumefantrine), ASMQ (artesunate-mefloquine), DHA-PPQ (dihydroartemisinin-
piperaquine), AS-SP (artesunate-sulfadoxine-pyrimethamine), AS-PND (artesunate-
pyronaridine).

ART: Artemisinin. ART is the main antimalarial compound in ACTs. When the
parasite digests haemoglobin, it releases haem, which activates ART and causes
indiscriminate and lethal alkylation of cell biomolecules. One of the most important
areas of malaria research with immediate impact is the mechanism of drug
resistance to ART.

EVs: Extracellular vesicles. The infected red blood cell releases vesicles known as
EVs, which are composed of protein, lipids and nucleic acids in addition to parasite
material. In recent years, there has been growing interest in their roles, which include
modulating the host immune system and demonstrating the parasite's environmental
adaptability.

Pfkelch13: Plasmodium falciparum kelch gene (PF3D7_1343700). The parasite
K13 protein, which is involved in haemoglobin endocytosis, is encoded by a gene
located on chromosome 13. Over the past decade, scientific interest has increased
significantly due to the direct correlation between ART resistance and mutations in
the propeller domain of K13.

RSA: Ring stage Survival Assay. The RSA is an in vitro phenotypic test that can
be used to determine whether a particular strain of P. falciparum is resistant to ART.
The test is based on a synchronous 0-3 ring stage exposed to 700 nM DHA (an
active metabolite of all ARTs) or DMSO (vehicle) for 6 hours, followed by a 66 hour
recovery period. ART resistance is validated by a parasite survival rate (RSA)
greater than 1%.

TGA: Temporary Growth Arrest. TGA is any phenotype of cell growth arrest that
occurs after exposure to unfavourable conditions. As a result, a wide range of
phenotypes that may be dependent on many biological processes are covered by
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this broad description. The aim of such a definition is to bring clarity to a field where
there are multiple names for the same observed phenotype. The TGA is intended to
serve as a temporary definition until each growth arrest phenotype is fully
understood and can be described more precisely with experimental data.

Box 1. Cell growth arrest: Several words for the same phenotype

The TGA phenotype has been described in many models as a reversible metabolic
growth arrest that occurs under adverse growth conditions. Various terms, such as
persister cells [122], quiescence [123], diapause [124], latency, and dormancy [125],
have been used to describe this phenotype in a wide variety of organisms, including
plants, bacteria, and cancer cells, including P. falciparum (Table 2). Several
phenotypes of growth arrest have been reported in P. falciparum in different biological
contexts. ‘dormancy’, ‘persister’, ‘latency’ and ‘quiescent ring’ are being used to
describe the subpopulation of ring stage that survive ART exposure [37,90] as well as
amino acid starvation [79]. In this context, the term ‘hibernatory state’ is used to define
growth-arrested parasites following isoleucine deprivation [60]. It is currently unclear
whether these growth arrest phenotypes are based on similar or different biological
mechanisms. Therefore, the use of the term 'temporary growth arrest' may better
define these phenotypes and may be used as a consistent terminology for this family
of phenotypes, pending further data that may reveal the possible underlying biological
mechanism(s). Thus, TGA can be defined as a phenotype of reversible growth arrest
following stress exposure. This flexible definition allows the various growth arrest
phenotypes described above to be included until they can be properly characterized
and therefore given their own definition based on experimental data.
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Table 1. List of the molecular signatures associated with antimalarial drug resistance.

increases susceptibility to MQ

Gene Molecular signatures of resistance Mechanisms Reference
Chloroquine resistance (CQ-R) is associated with . . .
mutations in codon 76 (K>T), combined with other %ya%ingiE/gemg)ggﬁuclg?pf)rrg?eg/cl)?tk?etnllee E?'/;Z?;ﬁ?srgt'ion [91,92]
] ) mutations (74 M>I, 75 N>E, and 72 C>S)
Plasmodium falciparum
frgr?;gglrjtlgf (gefilr%tance Pi_peraquir!e registance (PPQ-R) has been linked
with mutations in codons 97H>Y, 145F>|, [93-97]
343M>L, and 353G>V in Southeast Asia and
mutation in 350C>R in South America.
Pfmdrl gene encodes an ABC transporter (ATP-binding
cassette) located in the FV membrane. Mutations in codons
86N>Y, 1034S>C, 1042N>D, and 1246D>Y have been [98-100]
Mutations in codons 86N>Y, 1034S>C, 1042N>D, | found to decrease susceptibility to CQ and AQ but increase
) ) and 1246D>Y susceptibility to LUM, MQ, and ARTs
P. falciparum multidrug The opposite effects of CQ and MQ have been reported; the
resistance protein 1 (Pfmdrl) 86N>Y mutation decreases parasite susceptibility to CQ, but | [101]

Pfmdrl gene amplification increases protein expression and

affinity for ATV, leading to a drug-resistant phenotype in
mutant parasites

CNV has been implicated in resistance to MQ, LUM, QN, and [95,102-107]
ART, but conversely increases sensitivity to CQ and PPQ
. Pfpmll and Pfpmlil genes amplification are associated with
plasmepsin Il and IlI CNV resistance to PPQ (PPO-R) [45,108]
Double mutations 437A>G and 540K>E in dhps,
associated with triple mutations in dhfr at residues
dihydrofolate reductase (dhfr) & 51N>|’.59C>R’ and 108S>N, suggest that the The resulting structural changes in the DHFR and DHPS
. protective efficacy of SP may be reduced. . . .
dihydropteroate synthetase . enzymes are located at SP-binding sites, reducing the [109-112]
(dhps) dhfr/dhps sextuple mutants (quintuple mutants affinity of the drugs for their targets
with an additional mutation, dhps 581A>G) have
been associated with clinical failure and loss of
SP protection
ATV resistance (ATV-R) is mediated by structural changes
in mitochondrial cytochrome bcl. Mutations have been
cytochrome bcl Mutation in codon 268Y>N/S/C shown to reduce both the stability of cytochrome bcl and its | [113-115]
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Table 2. TGA phenotypes previously described among Plasmodium species

Plasmodium TGA Mammalian Parasite stage References
species phenotype host
P. falciparum Yes Human Oocyst, sporozoites [19,30,34,116],
(vector), Ring (blood
stage)
P. vivax Yes Human Hypnozoite (liver stage) [63]
P. malariae Not described Human N/A N/A
P. ovale Suspected Human Possibly hypnozoite (liver [117]
stage)
P. berghei Yes Rodent Oocyst (vector) [116]
P. knowlesi Not described Monkey, N/A N/A
Human
P. cynomolgi Yes Monkey Hypnozoite (liver stage) [118,119]
P. chabaudi Not described Rodent N/A N/A
P. yoelii Not described Rodent N/A N/A
P. vinckei Yes Rodent Ring (blood stage) [120]

N/A: Not available.
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Figure 1. Cellular targets and timing of antimalarial drug action. Several
compounds have been used against P. falciparum blood stages to target a wide range
of cellular processes. Our current arsenal can effectively inhibit the haem
neutralization process, block the pyrimidine biosynthetic pathway, disrupt the
mitochondrial membrane potential or induce massive non-specific alkylation. The
exact mechanisms of action of several drugs are not fully understood and require
further research. Most currently used molecules target mature blood stages, while only

ART and its derivatives have a spectrum of action that extends to the ring stage.

Figure 2. The ring stage develops and adapts to different signals in the
extracellular medium. The extracellular medium is a complex and diverse
environment to which the ring stage parasite must adapt. Some of the known
components of the parasite extracellular medium are nutrients (glucose, hypoxanthine
and amino acids), secreted vesicles, host immune proteins (such as antibodies and
complements) and small soluble molecules. The extracellular medium is altered,
particularly by the host's diet, which directly affects the availability of nutrients in the
peripheral circulation, which in turn affects the parasite's ability to grow. In addition,
acute malaria infection leads to increased production of immune proteins,
hyperglycaemia, temperature elevation (fever) and possibly drug uptake by the host.
The parasite thus evolves in a rapidly changing environment that it must decipher to

survive.

Figure 3. Plasticity of the ring stage during the intraerythrocytic developmental
cycle. The three fates of the ring stage are described. The ring stage can develop into
asexual growth and proliferation (blue), undergo sexual conversion to produce
gametocytes (green) or initiate TGA (purple). Our model suggests that such decisions
depend on environmental sensing and extracellular communication involving biotic

and abiotic factors (coloured question marks).
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Highlights

P. falciparum has evolved resistance to almost all antimalarial drugs through
genomic changes (SNPs and CNVs) and a non-specific stress response-based
survival such as the ring-stage temporary growth arrest (TGA).

The ring-stage can develop into asexual or sexual stages or stop growing when
conditions are unfavourable.

The ring-stage shows extreme plasticity under adverse conditions, such as
artemisinin exposure. The ring-stage TGA stage is an innate and passive
resistance to many stressors, which ensures that some individuals in the population
can survive in the host.

P. falciparum ring-stage TGA may rely on environmental sensing and extracellular
communication between the parasites.

Ring-stages TGA may be an underestimated parasite reservoir, especially in
asymptomatic individuals.

No treatment that specifically targets growth-arrested ring stages is currently

available.
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Outstanding questions

What proportion of P. falciparum ring-stages can lead to a temporary growth arrest
(TGA)? How long can the ring stage be arrested?

How can growth-arrested ring-stage parasites be detected? What are the specific
metabolic and/or transcriptomic biomarkers of growth-arrested ring-stage
parasites?

Are the growth-arrested P. falciparum ring-stages responsible for asymptomatic
carriage and chronic infections in vivo?

Is the TGA ring-stage population stable over time or is it specifically induced during
a stress episode?

Can the ring stage of other clinically relevant Plasmodium species also use the
TGA survival mechanism?

Which molecules mediate the growth arrest phenotype? Is the growth arrest
phenotype mediated by extracellular vesicles or small molecules released by
stressed parasites or both?

Can we target growth-arrested ring stages and develop a ‘wake and kill’ therapeutic

strategy?
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