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The artemisinin-induced dormant stages of
Plasmodium falciparum exhibit hallmarks of
cellular quiescence/senescence and drug
resilience
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% Check for updates Recrudescent infections with the human malaria parasite, Plasmodium falci-
parum, presented traditionally the major setback of artemisinin-based
monotherapies. Although the introduction of artemisinin combination thera-
pies (ACT) largely solved the problem, the ability of artemisinin to induce
dormant parasites still poses an obstacle for current as well as future malaria
chemotherapeutics. Here, we use a laboratory model for induction of dormant
P. falciparum parasites and characterize their transcriptome, drug sensitivity
profile, and cellular ultrastructure. We show that P. falciparum dormancy
requires a ~ 5-day maturation process during which the genome-wide gene
expression pattern gradually transitions from the ring-like state to a unique
form. The transcriptome of the mature dormant stage carries hallmarks
of both cellular quiescence and senescence, with downregulation of most
cellular functions associated with growth and development and upregulation
of selected metabolic functions and DNA repair. Moreover, the P. falciparum
dormant stage is considerably more resistant to antimalaria drugs
compared to the fast-growing asexual stages. Finally, the irregular cellular
ultrastructure further suggests unique properties of this developmental
stage of the P. falciparum life cycle that should be taken into consideration
by malaria control strategies.

Artemisinin combination therapy (ACT) is currently the backbone of all two decades of the 21st century worldwide. Unfortunately, the
malaria elimination programs around the world'. Since their imple- decreasing efficacy of ACT emerged in the eastern part of the Greater
mentation in the early 2000s, ACTs have contributed considerably to  Mekong Subregion as early as 2009*° and is now emerging in other
the reduction of malaria morbidity and mortality achieved in the first  parts of the world, including sub-Saharan Africa*®, which is posing a
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major concern for the future”®. Better understanding of the ACT
mode(s) of action and their resistance mechanisms is still urgently
needed for managing their current clinical implementations and
rational designs of new strategies’.

All currently used ACTs are composed of two main components:
(i.) fast-acting artemisinin or its derivatives (further artemisinins),
mediating the removal of the majority of the parasites during the early
stages of the treatment course; (ii.) the long-lasting/acting partner
drugs that eliminate the residual parasite loads remaining in the
patient during the later stages of the treatment'’. The rationale for this
ACT design is based on the short bioavailability of artemisinin that,
despite its high antiparasitic potency, often fails to eliminate all
infected erythrocytes™". Indeed, in earlier clinical monotherapy-based
implementations, artemisinins were highly effective in rapidly redu-
cing parasite loads in uncomplicated P. falciparum infections, yielding
complete parasite clearance after a 5 to 7-day treatment period
(reviewed in ref. 13). Despite this, considerable recrudescence was
reported essentially in all the clinical studies with a wide range of
occurrence (3-50%)", depending on geographical and epidemiologi-
cal background. Interestingly, the rate of recrudescence appears to be
linked predominantly with the overall parasite load at the start of the
treatment rather than other epidemiological or clinical factors'. This
indicated that the recrudescing infections rise from (some form of) a
residual parasite fraction that remains in the patient’s body after the
5-7-day treatment. It is plausible that this “residual” parasite popula-
tion consists of unique parasite forms that are resilient to further
artemisinin treatment and can persist in the patient’s body for exten-
ded periods. The most fitting hypothesis for such parasite form is a
dormant state that was previously observed in other microbial
pathogens such as bacteria® although additional and nonexclusive
explanations such as increased immune escape may also explain this
phenomenon®.

Indeed, exposure of P. falciparum to artemisinins in vitro induces
dormancy-like forms that could represent this residual parasite (sub)
population”. Initially reported by Kyle and Webster in 1996, treatment
of the ring stage P. falciparum parasites with clinically relevant con-
centrations of artemisinins induced dormant parasites that can be
detected as pyknotic-like cellular forms in an in vitro culture for
3-8 days'®. Exploring this further, the same group established a tract-
able laboratory model in which treatment of ring stages with 700 nM
(200 ng/ml) of dihydroartemisinin (DHA) for 6 h (hr) drives parasites
to dormancy that persists in an in vitro culture for up to 20 days"”.
In the following series of studies, it was shown that varying levels
of drug resistance can affect the rate of dormancy-dependent
recrudescence®. The persister parasites exhibit an altered pattern of
development”, expressing several genes related to metabolism? and
cell cycle regulation®,

Moreover, the dormant parasites are characterized by condensed
cytoplasm and nucleus but enlarged mitochondrion that retains its
membrane potential***. Indeed, there is a distinct rearrangement of the
dormant parasite cellular structure with distinct, new mitochondrial-
nuclear associations®. This restructuring is likely induced by oxidative
stress and may lead to an altered transcriptional activity within the
nucleus. In addition to the in vitro observation, there is now mounting
evidence that dormant parasites also occur in vivo. Initially, pyknotic
forms were shown to be induced by artemisinin in the in vivo rodent
malaria model P. vinckei*® but were also clearly detected in the blood of
volunteers in control human infection studies infected with wild-type
and PfK13 mutant/artemisinin resistant P. falciparum strains”.

Taken together, these results suggest that persister forms of P.
falciparum parasites could provide the reservoir for recrudescent
infection after artemisinin monotherapy and, as such, play a role in the
current ACT failures (see above). Here, we characterized the tran-
scriptome of the artemisinin-induced dormant stage of P. falciparum,
showing its highly unique composition carrying features of both

cellular quiescence and senescence. We also demonstrate that the
induced dormant forms require ~5 days of maturation, after which the
resulting day 5 mature dormant persisters (dSMDP) exhibit resilience to
a broad spectrum of antimalaria drugs persisting in a highly irregular
cellular ultrastructure. The uncovered cellular and molecular features
of the dSMDPs are consistent with their role as a residual parasite
population responsible for recrudescence.

Results
Time course of the artemisinin-induced P. falciparum dormancy
To gain further insights into the biological processes that drive the
induction and persistence of the dormant forms of P. falciparum
parasites and the subsequent re-emergence of asexual intraery-
throcytic growth, we adopted the culturing protocol originally devel-
oped by Teuscher, F. et. al.”® with few modifications. Briefly, P.
falciparum (3D7 strain) parasites, cultured in RPMI media supple-
mented with lipid-rich bovine serum albumin (Albumax) at 2% hema-
tocrit at 8% parasitemia were synchronized at the ring stage (6-12h
post invasion, HPI) followed by exposure to 700nM dihy-
droartemisinin (DHA) for 6 h. Subsequently, the cells were maintained
in the culture for 12 days, conducting magnetic-assisted cell sorting
(MACS) removal of mature asexual stages of the intraerythrocytic
developmental cycle (IDC) each day for the first three days. The dis-
tribution of morphological stages and parasitemia was evaluated by
microscopy (Giemsa-stained blood smear) and Fluorescence-Assisted
Cell Sorting (FACS) (Fig. 1A-D; Figs. S1, S2A and S2B, also see Methods).
Using the Giemsa-stained blood smears, we observed that the
overall parasitemia was maintained five days past the DHA treatment
(Fig. S1A and Supplementary Data 1). However, even one day after the
treatment (Day 1), most of the parasites (81.8%, average of four bio-
logical replicates, Fig. 1A) exhibited a condensed morphology, char-
acterized by densely stained, small, round-shaped cells (Fig. 1B). This
condensed parasite morphology contrasts the (initial) ring stages that
are characterized by the “classical” O-ring shape representing the
expanded, blue-stained cytoplasm along with a single dense formation
along the periphery, representing the red/purple stained nucleus
(Fig. 1B, Figs. S2A and S2B). The morphological transformation from
ring to condensed forms after exposure to DHA is analogous to several
previous studies that reported the formation of rounded morphology
with blue-stained cytoplasm and red-stained chromatin in Giemsa
smears of dormant parasites””’. In our experimental setup, the pro-
portion of the condensed parasite forms remained high in at least four
independent experiments (>95%; also estimated by two independent
microscopists) between Day 2 and Day 5. High proportions of the
condensed parasite forms prevailed until Day 7 with minimal occur-
rence of asexual stages even though the magnetic-assisted removal of
these stages was discontinued on Day 3. This indicates that during this
section of the experiment (Day 3 to Day 7), the vast majority of the
parasite culture remained dormant, exhibiting minimal to no multi-
plication (Fig. 1A and Fig. SIB). Past Day 7, we began to detect a higher
proportion of asexually multiplying parasites which indicates the re-
emergence of the asexual growth that is particularly evident on Day 10
when 60.2 % (average of four biological replicates) of the total para-
sitemia was represented by the asexual IDC forms (Fig. 1A). This tem-
poral distribution of parasite morphological states across the 12-day
time courses was reproduced four times, each time with highly similar
counts (Fig. 1A and Fig. SIB, error bars). To complement the Giemsa-
stained blood smears, we also carried out FACS-based analysis of the
parasite cultures using Hoechst-Dihydroethidium (Hoechst-DHE)
double-staining protocol®, which can distinguish between the key IDC
stages (rings, trophozoites and schizonts) (Fig. 1B, D, Fig. SIC). Here,
the condensed parasite forms and ring stage parasites exhibited an
identical fluorescence intensity and hence fell within the same gate
(Fig. 1B, D, Fig. S1C). The parasite staging by FACS (Fig. 1D, Fig. SIC)
closely mirrored the parasite counting by Giemsa staining (Fig. 1A) with
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Fig. 1| Dihydroartemisinin (DHA) Induced Dormant Stages of P. falciparum
Parasites. a A bar graph showing stage proportions determined through micro-
scopy of Giemsa-stained blood smears where 300 cells were counted for each day
in four independent biological replicates unless stated otherwise. Error bars
represent SEM. b A flow cytometry dot plot showing the gating strategy and sorting
of parasites via FACS. An untreated control culture (left panel) with mixed IDC
stages is shown in comparison to the DHA-treated culture on Day 1 (right panel). For
distinguishing various P. falciparum stages, Hoechst 33342 and DHE staining were
performed. To confirm the correct gating of different morphological stages, 3000-
5000 infected RBCs were sorted into RPMI media and diluted into 0.3-0.5% para-
sitemia for the Giemsa smears shown here (see Methods). R rings, T trophozoite, S
schizonts, C Condensed, single arrow infected RBCs with single condensed form
parasites, double arrow infected RBCs with multiple condensed form parasites.
Scale bar =10 pm. This experiment was performed four times independently. ¢ A
line graph showing the number of recrudescent wells from Day 17 onwards. dSMDP

Scale bar = 10pum

were seeded at 4 different densities (24 wells seeded each for 250 K and 100 K
parasites per well; 48 wells seeded each for 50K and 10 K parasites per well).
Boxplot represents parasitemia measured between Day 19 to Day 31 by flow cyto-
metry for recrudescing wells (250 K parasites per well). Each box represents the
data from first to third quartile with the black horizontal line across each box
representing the median. The top and bottom whiskers represent the maximum
and minimum values of parasitemia (within the 1.5 times interquartile range)
respectively. d Gating and sorting strategy for monitoring of the parasite’s dormant
stages induction and recovery process. The FACS plots shown represent DHE +
Hoechst 33342 staining of synchronized parasite culture after excluding debris and
doublets. Giemsa smears of the representative parasitic stages in culture on cor-
responding days are shown below the FACS plots with colored arrows pointing to
the different parasite stages. Scale bar =10 pm. This experiment was performed
four times independently. Source data are provided as a Source Data file.

most of the parasites falling in the condensed forms-ring gate from
Day 1to Day 7 and full growth recovery observed from Day 10 onwards
(Fig. S1C). The purity of each parasite stage isolated from various FACS
gates was confirmed by Giemsa staining of the FACS sorted fraction
(Fig. SID).

The asexual growth recovery on Day 10-12 is likely a result of the
revival of the dormant (condensed form) parasites but also the mul-
tiplication of the residual asexual forms remaining throughout the
experimental course (albeit at low levels, Fig. 1A). The rapid rise in the
proportion of asexual stages from Day 8 (-20%) to Day 10 (-60%)
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suggests a considerable contribution of the dormancy recovery to this
growth. This is particularly feasible given that the proportion of the
residual asexual parasite was consistently low between Day 3 and Day
7, indicating minimal-to-no asexual multiplication during that period.
To assess the propensity of the condensed parasite forms to give rise
to asexual growth, we carried out an independent limited dilution
experiment (Fig. 1C). Here, the DHA-induced P. falciparum condensed
forms were seeded at increasing concentrations from 10,000 to
250,000 parasites per well (n =24 or 48, Table S1). Parasite replication
was monitored for 31 days via flow cytometry, and positive growth
recovery was classified as when the overall parasitemia started to rise
consistently above 0.02%, and the proportion of the trophozoite and
schizont stages (FACS Q2%) exceeded 20% (Fig. S3). We observed that
the number of wells exhibiting parasite recrudescence was directly
proportional to the initial seeding density, suggesting the apparent
recovery rate is influenced by in vitro culture condition (e.g. cell
density) (Fig. 1C, left panel). For the 250,000 seeded cell experiment,
36% (9 out of 24) exhibited robust asexual growth on day 19, the ear-
liest experimental time point, with statistically significant parasitemia
measurements (seven generations from seeding on day 5). Taking this
earliest experimental point, the estimated number of asexually grow-
ing parasites corresponds to 4.16% + 3.86% of the original parasitemia.
Given the lack of information on the asexual multiplication rate in
these recovering asexual cultures, the exact recovery rate remains
elusive. However, the dilution recovery rate dynamics resemble the
previously reported estimates between 0.044% to 1.313% established
by Teucher, F. et al.”’. The high cell density in our initial bulk cultures
(Fig. 1A) suggests that the growth recovery of the dormant parasites
contributed considerably to the high asexual parasitemia (-60.2%)
observed on Day 10.

Nevertheless, given that only a small proportion of the presumed
dormant parasites give rise to asexual growth, the main question
remains to be addressed: the overall viability of the condensed parasite
forms generated by this culturing system. Indeed, the overall dynamics
of the bulk culture seem to suggest that most of the dormant parasites
in this experiment do not reflect cell death but are in some form of a
viable status. First, we observed close to 100% ring-to-condensed form
conversion rate estimated according to the previous studies'®" which
was highly reproducible in multiple biological replicas of the 3D7 and
three additional P. falciparum strains (Figs. S4A and S4B). This was
followed by sustained high levels of overall parasitemia that remained
constant throughout the entire time course, indicating a minimal cell
loss (Figs. S1A and S4A). The exception was the W2 strain, which also
exhibited ~100% conversion rate but progressively declining para-
sitemia over 3 days. This may suggest that the condensed form is
overall viability depends on the parasite’s genetic background (see
below) and that dead parasites do not persist in an in vitro culture.
Second, the dormancy-inducing effect of DHA is distinct from other
drugs, such as chloroquine. Specifically, chloroquine treatment of 6-12
HPI rings (CQ, 250 nM (10xICso) for 24 h) led to rapid reduction in
parasitemia over three days during which the parasites exhibited
mixed parasite morphology with both condensed and irregular/bleb-
bed forms (Fig. S4D, E). Even though these observations provide
compelling evidence, in the remainder of this study, we address the
viability of the DHA-induced condensed/dormant forms of P. falci-
parum by transcriptomics, fluorescence viability markers, and drug
susceptibility assays.

Transcriptome profiling of P. falciparum condensed forms
uncovers the day 5 mature dormant persisters (A5SMDP)

To investigate their viability and overall biological significance, we
proceeded to reconstruct the global transcriptome of the DHA-
induced condensed parasite forms over the entire 12-day time course.
For this, we used the above-mentioned FACS-based cell isolation
strategy coupled with “few-cells” RNA sequencing that allows

morphology/stage-associated transcriptomic analysis of a defined
number of P. falciparum cells®. Briefly, a bulk of 500 parasite cells was
captured from the condensed forms/ring stage FACS gate each day
and subjected to SMARTseq2-based RNA sequencing for whole tran-
scriptome profiling® (for more details, see Methods & Supplementary
protocol). Due to the need for RBC supplementation on Day 5
(Fig. S1A), the transcriptomic time course experiments were con-
ducted in three separate phases: induction and maturation (further
only maturation) between Day O to Day 5; persistence between Day 6-7;
re-emergence of asexual growth between Day 8 and Day 12. While the
induction and re-emergence phase transcriptome analyses were carried
out in a single time course, the persistence phase was conducted in a
separate experiment.

In the maturation and re-emergence transcriptomic dataset, we
detected between 2152 to 3086 genes expressed in at least 80% of the
time points representing the gene expression profile in at least one of
the three biological replicas. Subsequently, we applied Fourier trans-
formation to the identified gene expression profiles to generate an
overview of the global transcriptomic pattern of the presumed
maturation and re-emergence phases. Using one of the biological
replicates (BR_C) as an overview dataset, we identified at least 786
genes that exhibited gradual downregulation in their mRNA levels
during the maturation phase, reaching their minimum expression
between Day 3 and 5 (Fig. 2A, green bar). Crucially, most of these genes
exhibited (re)induction from Day 8 onwards, reaching their original
ring-specific levels by Day 12. On the other hand, 1218 genes exhibited a
progressive increase in expression from Day 1 to Day 5, with their peak
expression exceeding their initial (Day 0, rings) mRNA levels starting
Day 3. Analogously, the mRNA abundance of these genes fell back to
the initial (low) levels on Day 10 through 12 (Fig. 2A, red bar). These
results illustrate a dynamic expression pattern of more than 2000
(-35%) P. falciparum genes throughout the 12-day time course after the
DHA-induction of condensed forms. This pattern is particularly sur-
prising during the maturation phase (Dayl-5) where we observed only
gradual transcriptional changes contrasting the morphological profile
with essentially all parasites in the condensed state (Fig. 1B, D). This
suggests that during the first 5 days, the DHA-induced condensed
forms of P. falciparum undergo a developmental process where the
initial ring-like transcriptional profile gradually transitions into a
unique pattern (see below). Curiously, while the Day 1 (and to some
degree Day 2) parasites still relate transcriptionally to the ring stage
(Spearman’s Rank Correlation Coefficient, SPCC ~0.7), the transcrip-
tional profile of the condensed parasites from Day 3 through Day 8,
exhibit no resemblance to any stage of the asexual®® (SPCC ~0.3) and
sexual (SPCC < 0.3) intraerythrocytic growth (Fig. 2C, Fig. S5). Principal
component analysis further shows distinct clusters being formed by
asexual, sexual, and DHA-induced dormant parasite transcriptomes
(Fig. S6A), suggesting fundamental transcriptomic differences
between these developmentally distinct stages. Crucially, this corre-
lation pattern is well preserved in all three biological replicas of the
maturation and re-emergence phases (Fig. S5A, B). This also applies to
the transcriptome of the persistence phase between Day 5-7, which
bears no resemblance to any IDC or gametocytogenesis-bound
developmental stages as indicated by low SPCC values (Fig. 3A, C,
Fig. S5C). Moreover, there is a remarkably high correlation between the
corresponding transcriptomes across the three biological replicas
across all three phases, suggesting the specificity and reproducibility
of these presumably dormant parasite transcriptional characteristics
(Fig. 3C, Fig. S6B). This suggests that the observed transcriptomic
reshuffling may represent an orchestrated transcriptional program
that is “hardwired” into the P. falciparum genome, giving rise to a new
previously undefined developmental stage. The concept of gradual
transition might also be partly true for the re-emergence phase (Day
9-12), however, the 500-cell samples collected during this phase
contained a progressively increasing number of morphologically
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distinct rings masking the putative transcriptional profile of growth
reemergence (Fig. 1A, D).

Taken together these data demonstrate that the DHA-induced
dormant stages of P. falciparum represent a unique physiological state
that requires 4-5 days for a maturation process represented by the
gradual transcriptional transformations. For that reason, we wish to
term the mature dormant stages the day five (5) Mature Dormant

Persister stage (d5MDP). The proposed concept of transcriptional
retuning of the dSMDP is also supported by functional enrichment
analyses that revealed their specific gene expression pattern
with inductions/suppressions of several key metabolic and cellular
functions. First, we observed a strong upregulation of a broad
spectrum of genes involved in mitochondria-linked energy metabo-
lism including ATP synthase subunits, cation-transporting ATPase 1,
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Fig. 2 | Transcriptomic profiling of dormancy developmental cycle in DHA
treated P. falciparum. a A heatmap depicting the Fourier-transformed gene
expression profile of P. falciparum during the induction and re-emergence phase of
DHA-induced dormancy (replicate BR_C). Genes upregulated and downregulated
during Days 1 to 5 are highlighted by red bar (g,,) and green bar (8qown) respec-
tively. b A line graph showing the average expression (smoothened) of key cellular
pathways enriched amongst the upregulated (red) and downregulated (green)
genes between Day 1to 5. ¢ A bubble plot depicting Pearson correlation coefficients

(PCC) of P. falciparum transcriptomes obtained during the induction-maturation
(Day 1to 5) and re-emergence (Day 8 to 12) phases of dormancy in comparison to the
high-resolution 3D7 reference transcriptomes for asexual (0-48 HPI) and sexual
stages. d, e Bubble plots depicting pathways enriched amongst genes upregulated
and downregulated during Day 1to 5 after DHA induced pyknosis. All pathways are
ordered by enrichment score and the color (red and green) denotes the statistical
significance (hypergeometric p-value) in a one-sided hypergeometric test.

citrate/oxoglutarate carrier protein, cytosolic Fe-S cluster assembly
factors and several mitochondrial and apicoplast ribosomal proteins
during day 1to day 5 (Fig. 2b). Additionally, several pathways linked to
RNA biogenesis, GPI biosynthesis, histone modifications, mitosis and
chromosome separation showed increased average expression during
the dormancy maturation phase (Fig. 2b, lower panel). These are
complemented by an array of specific cellular pathways such as
mitochondrial peptide export, Acetyl-CoA production in mitochon-
dria, amino-sugar metabolism, mitochondrial & apicoplast transpor-
ters, etc., all of which were found to be enriched amongst the genes
induced during the dSMDP maturation (Fig. 2d). Inversely, glycolysis,
factors of intracellular trafficking, protein export and translation were
found to be suppressed through the dSMDP maturation (Fig. 2b, upper
panel). This is specifically complemented by the suppression of factors
involved in PTEX-complex, Mauer’s Clefts, membrane trafficking,
protein export to the host cell cytoplasm, and several amino acid
biosynthesis pathways (Fig. 2e). The model of the specific metabolic
and physiological state is also supported by the gene set enrichment
analysis (GSEA) of the steady state transcriptome of the dSMDPs,
reflecting the enrichment of cellular and metabolic pathways amongst
genes with high mRNA levels (Fig. 3b). Essentially, genes involved in
the formation of exosomes, centrosome, DNA repair machinery and
nucleosome assembly exhibit the highest levels of expression in
d5MDP, along with factors of mitochondrial DNA replication and
cytochrome oxidase biogenesis and a specific subset of exported
proteins. These functional representations of the transcriptional pro-
files were highly reproducible on the maturation and persistence pha-
ses of the d5SMDPs, respectively (Fig. 3c, Figs. S7 and S8). By visual
inspection of the fold-change and statistical significance (z-score) of
the transcriptional changes, we identified several genes that could be
used as transcriptomic markers differentiating between the rings and
d5MDP. These include cytochrome ¢ oxidase subunit 2
(PF3D7_1430900) and subunit 6B (PF3D7_0928000), ATP synthase F1
subunit (PF3D7_0217100), mitochondrial ribosomal protein SI2 pre-
cursor, putative (PF3D7_0412100) and several spliceosomal RNA genes
(e.g. PF3D7_1341100) upregulated in dSMDP (Supplementary Data 2).
On the other hand, early transcribed membrane protein gene family
members (e.g. PF3D7_0202500, PF3D7_1102800, PF3D7_1401400) and
knob-associated histidine-rich protein (PF3D7_0202000) were upre-
gulated in the ring stage parasites and massively downregulated in the
d5MDPs. Next, we validated this differential expression and proposed
that this panel of transcriptional markers could detect dormant para-
sites in various conditions using RNA-based quantitative RT-
PCR (Fig. 3d).

The d5MDPs represent viable cells characterized by functional
mitochondria

Overall, the transcriptomic results further support our original
hypothesis that the condensed forms of P. falciparum parasites are
viable, given that these carry a highly specific transcriptional profile
with a distinct set of biological functions that gets established 5 days
after induction. To support this hypothesis further, we wished to
investigate dSMDPs viability and, as such, their potential of reemer-
gence to asexual growth. Our initial Giemsa stain-based evaluations
suggested that essentially all condensed forms of the parasites across

the experimental time course (Dayl-Day5) exhibit the presence of
compressed chromatin (red/purple stain) along with condensed but
visible cytoplasm (blue stain) (Fig. S2A, B)”. To complement this, we
investigated the intactness of the mitochondrial membrane potential
(MMP) by the fluorescent indicator MitoTracker™. Using FACS, we
observed one continuous cell population in the ring/condensed forms
gate defined by the Hoechst staining (Fig. 4a). Likewise, the Mito-
Tracker™ staining appeared contiguous in this population of the
condensed forms from both Day 1and Day 5 post-DHA exposure. Using
the edge of the uninfected, analogous to Connelly S. V. et at (2021) as
the conservative threshold”, we observed that at least 70.6% and 74.7%
of the Day 1 and Day 5 condensed forms passed this threshold,
respectively. To support this, we carried out life cell imaging to com-
pare MitoTracker™ staining between the ring stage parasites prior to
DHA treatment and Day 1 and Day 5 after (Fig. S9A). Here, we con-
ducted an unbiased quantitative analysis of the MitoTracker™ micro-
scopy of 100 cells with DAPI nuclear signal staining for each cell sample
(Supplementary Data 3). Essentially, all DAPI-stained parasites also
exhibited some degree of MitoTracker signal albeit lesser intensity in
Day 1and Day 5 condensed forms compared to the ring stages (Figs. 4B
and S9B). High-resolution microscopy ultimately demonstrated that
the MitoTracker signal from all positive cells reflects the membrane
potential within mitochondria compartments in each dSMDP juxta-
posed to the nucleus (Fig. 4c). This is consistent with previous sug-
gestions that the P. falciparum dormant stages contain enlarged
mitochondria located near the nucleus®.

Finally, in a recent study, Kobpornchai, P. et al.*® showed that
fluorescent staining with propidium iodide (PI) (or the lack of it)
indicates an active membrane potential of the parasite cells and thus
their viability®. In these studies, a considerable fraction of DHA-
induced dormant parasites displaced PI staining as the sign of their
viability, which contrasted dead parasites after paraformaldehyde-
glutaraldehyde (PFA-GA) treatment that exhibited full PI positivity.
Here, we employed an analogous analysis showing that essentially all
DHA-induced condensed forms displace PI staining for up to 5 days,
and the PFA-GA treated (dead) parasites are fully Pl-positive (Fig. S10).
Crucially, the initial PI-negative dSMDPs (99.75%) became PI-positive
(98.92%) after PFA-GA treatment (Fig. 5a). This result is also consistent
with the overall viability status of the dSMDP, showing their suscept-
ibility to deadly treatment with PFA-GA.

d5MDPs are highly resilient to most antimalarial drugs

Considering these viability indicators, it is now feasible to investigate
the level and profile of sensitivity of the dSMDPs to antimalarial drugs.
To do so, we carried out a drug sensitivity assay in which dSMDPs were
matured for four days and subsequently treated with a series of anti-
malarial drugs or inhibitory compounds at concentrations equivalent
to their 1x, 10x and 100x of the 50% inhibitory concentrations (ICso)
determined for the IDC asexual parasite stages ("°°ICso, Fig. S11). After
24 h of exposure (completed on day 5), the drug was removed, and re-
initiation of the asexual growth was monitored for up to 30 days
(Fig. 5B and Supplementary Data 4). Altogether, 1x "°“ICsq treatments
of the dSMDPs with most tested antimalarial drugs did not alter their
recovery rate, suggesting their full resistance to these concentrations.
The exceptions were amodiaquine (AMQ) and trichostatin (TSA),
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which caused a delay in recovery by 5.6 days and 4.8 days on average,
respectively, at 1x "°“ICso. Furthermore, dSMDPs appear resistant to
even 10x and 100x "*“ICsy concentrations of atovaquone (ATQ), pyr-
imethamine (PMT), triclosan (TRI) (Fig. 5B, Fig. S11B). There was an
intermediate effect of 10-100x "™“ICso of DHA, MMV 1576856, (spir-
oindolone class) and TSA delaying the asexual growth recovery by
5-10 days. Finally, dSMDPs appear sensitive to several classes of

Higher Expression in Dormant d5MDP

PF3D7_0202500 - early transcribed membrane protein 2

PF3D7_1350900 - transcription factor with AP2 domain(s)
PF3D7_0628200 - protein kinase PK4

PF3D7_0412100 - mitochondrial ribosomal protein S12 precursor, putative
PF3D7_1341100- U6 spliceosomal RNA

PF3D7_0217100- ATP synthase F1, alpha subunit

PF3D7_1430900 - cytochrome c oxidase subunit 2, putative

antimalarials, including mefloquine (MFQ), lumefantrine (LMF), amo-
diaquine (AMQ), and doxycycline (DOX) at 10-100X "™€ICso. In parti-
cular, 100x "™ICso concentrations of MFQ, LMF and AMQ that still
correspond to their physiological concentrations, blocked the asexual
growth recovery of the dSMDPs completely (past the 24-day obser-
vation period) or delayed by more than 20 days (Fig. 5b). The pattern
of no parasite recovery was similar for 10-100x "°“ICs, LMF even when
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Fig. 3 | Transcriptome and Functional Pathway Enrichment for day 5 dormant
parasites (d5SMDPs). a A heatmap showing expression for genes (rep 1, 84own and
8up in the same order as Fig. 2a) during the persistence phase (Day 6-7). Yellow color
depicts higher FPKM values whereas blue depicts lower FPKM. b A boxplot
depicting average expression (in log2FPKM, rep 1) of pathways on Day 5-7 was
found to be significantly enriched during Gene Set Enrichment Analysis (GSEA) of
d5SMDP whole transcriptome. The boxplots are color-coded and categorized
according to cellular/metabolic function similarities within the parasite (table on
right). Each box represents the average expression values from first to third quartile

with the black horizontal line across each box representing the median value. The
top and bottom whiskers represent the maximum and minimum values of average
expression (within the 1.5 times interquartile range) respectively. ¢ A bubble plot
depicting whole transcriptome correlations (Spearman’s Rank Correlation Coeffi-
cients, SPCC) for Day 5, 6, and 7 persistence phase of the parasite transcriptome
(biological replicates - rep 1 and rep 2). d RT-PCR-based measurements of relative
mRNA levels of selected genes between rings and dSMDPs. The error bars represent
measurements between two biological replicas and three technical replicas from
each (n=6). Source data are provided as a Source Data file.

parasites were treated 24 h after induction of dormancy with DHA,
mimicking the clinical treatment scenario (Fig. S11B). In addition to
these, we tested the dSMDP toxicity of tafenoquine (TAF) which has
high efficacy against the P. vivax liver dormant stage hypnozoites. Due
to the need for in vivo metabolic conversion, the drug has a high
in vitro '"“ICso that reaches its physiological concentration (TAF -~
500 nM, Fig. S11A). At these concentrations, tafenoquine didn’t affect
d5MDP reemergence. Although 10x and 100x ""“ICsq of TAF did block
the growth recovery to some extent, these concentrations are clinically
unrealistic, and the observed in vitro effect likely represents (some
form of) general toxicity. It has been previously observed that adding
gibberellic acid (GA) directly to the DHA-treated parasites promotes
faster recrudescence®. Here, we used three different concentrations of
GA (1uM, 10 uM and 100 uM) on d5MDPs. However, in our case, GA
didn’t affect the recrudescence and its delay of dSMDPs (Fig. 5b).

Cellular structure characterizations of dSMDPs as a distinct P.
falciparum life cycle developmental stage by transmission
electron microscopy

Next, we studied the ultrastructure of dSMDPs by performing trans-
mission electron microscopy post-DHA treatment on day 1, day 5
(d5MDPs) and asexual ring stages for comparison. As shown in Fig. 6a
and Fig. S12, the ring stage parasites show cuplike shape with well-
defined sub-cellular organelles such as the nucleus, rough endoplasmic
reticulum (RER), ribosome and membranous organelles such as mito-
chondria (M) and Golgi apparatus (GA). In contrast, 24 h after DHA
exposure (Day 1), the ring stage parasites transform into round-shaped
forms with somewhat lucent areas in the cytoplasm harboring fewer
ribosomes and the presence of organelles such as the GA, RER and M
still identifiable (Fig. 6b and Fig. S12). dSMDPs, however, exhibit a highly
irregular morphology characterized by a lack of intracellular organellar
structures, the presence of large “empty” vacuole-like structures (VS)
and enlarged mitochondria. There is also a reduction in the number of
ribosomes in the cytoplasm, but on the other hand, massive formation
of multi-membrane structures (MAS) (Fig. 6C). Several of these features
have been reported previously in quinine, artesunate, and/or
piperaquine-treated P. falciparum®>; however, most of these ultra-
structural studies described short-term (hours) morphological changes
upon drug exposure in the trophozoite stage. It is also important to
note that we also observed frequent electron-dense formations in the
infected RBCs cytosol, possibly indicating packets of proteins exported
by the parasite (Fig. 6d and Fig. S13). Strikingly, these packets were
observed mainly in infected RBCs in day 5 samples (Figs. S13 and S14)
and not uninfected RBCs, possibly indicating an active reduction in
protein processing, folding and export to the host cell surface during
dormancy. Overall, our results describe the long-term morphological
changes in DHA-induced condensed dormant stages of P. falciparum.

Discussion

As opposed to the liver stage dormancy of P. vivax, which has been the
subject of numerous studies®, the existence of the dormant parasite
forms of P. falciparum induced by drug exposure during the IDC is a
relatively new concept. Given its potential to cause important clinical
phenotypes such as recrudescence and drug resistance%”, it is

imperative to understand its biological significance fully. As shown in
the earlier studies, in vitro exposures of ring-stage parasites to clini-
cally relevant concentrations of DHA (700 nM) can transform varying
proportions of the parasite population into dormant stages''?*%,
The parasites remain dormant with little or no apparent signs of
multiplication for at least 8 days, after which a growth recovery was
reported as early as Day 10 but sometimes as late as Day 25727339,
These time differences were generally attributed to the parasite’s
genetic background (including drug resistance) and growth conditions
at the induction time. The growth initiation originates largely from the
“re-awakening” of a small portion of the dormant parasites to asexual
growth, which in one study was estimated to range between 0.044%
and 1.313%". Nevertheless, neither of the studies could exclude a
contribution of the residual asexual stage parasites that remained in
the bulk cultures at small levels such as 0.9% and 8.04% for GB4 and
803 strains, respectively, in the study of Connelly S. V. et al.”. Finally, in
approximately half of the previous reports, the total parasitemia
(including the condensed forms) remained constant through the DHA-
induced dormancy time course?**>****°_In other studies, however, the
total parasitemia was reported to be near zero before the sexual
growth re-emergence'®?**, Here, we report a similar approach in
which essentially all parasites persisted at the initial parasitemia for up
to 8 days, after which asexual growth resumed fully on Day 10. During
the persistence phase of the time course, a small fraction (<2%) of the
parasite’s population consisted of asexual forms while most (>98%)
exhibited a condensed morphology, presumably reflecting dormancy,
particularly at Day 5 (d5MDPs). We estimated that, in the given cul-
turing conditions, up to 4.16% + 3.86% of these dSMDPs have the pro-
pensity to reemerge to asexual growth while most will remain dormant
and eventually die along with the host erythrocyte. Altogether, this
study is reminiscent of the previous reports falling within the variation
range of the culturing parameters. As mentioned above, some of these
variations were attributed to the parasite’s genetic background and the
induction conditions. Our studies contrast all previous studies in three
main aspects: (i) we used the 3D7 P. falciparum strain which was never
used before (except D6 which is genetically related but not identical)'’;
(ii.) the DHA treatment was carried out with mid rings (6-12 HPI) while
all previous studies used early rings (0-3HPI); (iii) here we adjusted the
initial parasitemia to 8% which is substantially higher compared to the
previous studies using 2% (Fig. 1 & S1). Hence, currently, it is unclear
whether the dormancy parasites induced in these studies are identical
to those induced earlier. However, it is feasible to speculate on their
analogy given the overall similarities in the culture dynamics and the
distribution of the morphology distribution over the experimental
time course. In future studies, it will be interesting to explore further
the nature of the inconsistencies in the inductions of dormancy
mediated by artemisinins but possibly other conditions, including
other antimalarial drugs or other external perturbations, some of
which were reported previously***.

The focus of this study was the mature dormant parasites which
are formed after a five-day maturation process during which the initial
ring-like transcriptome transforms to unique previously unobserved
transcriptional profiles carrying features of quiescence and senes-
cence simultaneously. This transcriptional transformation is striking
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Fig. 4 | Mitotracker Staining of Day 5 post-DHA Exposure Parasites (15MDPs)
indicates viability of pyknotic parasites. a FACS plots representing Hoechst
33342 and Mitotracker Deep Red staining on Day O (6-12hpi rings) and Day 5
(d5MDPs). Quadrant 1 and 2 are both Hoechst-positive. Mitotracker staining posi-
tivity in Q2 was calculated as: Mt += Q2/(Q1 + Q2)*100. This experiment was per-
formed once. b Average intensity of Mitotracker Deep Red staining. The violin plot
shows the average intensity of Mitotracker Deep Red stain quantified in ring stages
(Day 0), Day 1 and Day 5 post-DHA treatment parasites (n =100). CTCF (corrected

total cell fluorescence) values calculated in Image). Source data are provided as a
Source Data file. ¢ Staining specificity evaluation by 3D reconstruction of nucleus
and mitochondrion in live parasites. Live-cell imaging pictures of untreated rings
(Day 0) and d5MDPs were processed with Imaris software to generate 3D visuali-
zation of the nucleus (DAPI - blue) and mitochondrion (Mitotracker Deep Red -
purple) Images are the representative selection out of -250 cells (per condition)
captured by the software.

Nature Communications | (2024)15:7485


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-51846-0

a) Day 0 Day 0 PFA/GA
10° 3 Alive Dead 105 <  Alive Dead Day 0
(99.75%) * -(0.25%) (1.08%) (98.92%) 3K 4 [0] Day 0 + PFA/GA
10° 100 o
] K
10° 10 A =
1K A
0 0o 3
#[-10° 100 4 al o
£ gy T T s Ty T Ty | = T Ty s
$ 0 100 10 10° 0 100 100 108 2 102 0 100  10° 105
] Pl
Day 5 Day 5 PFA/GA |
10° 3 Alive Dead 10° Alive Dead Day 5 (d5MDP)
(98.69%) (1.31%) (0.08%) (99.92%) K —) [Epay 5 (dSMDP) + PFA/GA
10° 4 10¢ 4
0 E 3 1.5K
10° 4 10° o 1K o
0 i i 0 i % 3 500 1
g : 108 100 100 108 8
K 0 10 10 @ 103 0  10° 10 10°
Pl Pl
b) Key:
@‘ ® ® Amodiaquine (AMQ)
® Giberellic Acid (GA)
- i; ® Atovaquone (ATQ)
_g 18 (# ® Dihydroartemisinin (DHA)
Z 16 ° ©® Mefloquine (MFQ)
814 b o
3 12 + ©  Lumefantrine (LMF)
§ 10 : ? ©  Pyrimethamine (PMT)
]
§ : ) o ¢ ® Triclosan (TRI)
5 4 é ® poxycycline (DOX)
“ oo ¢ ¢ é O MMV 1576856 (MMV)
0 o @ o ot e ) ® Tafenoquine (TAF)
X X X S S S X X X %X X X x x X X x x X X x % x x x x x X x x x x x x i i
79 8555 7288288 "288~"88 87888 "8 7“9 8 <9 8 g = 8 8 @ Trichostatin (TSA)
(=] - o (=} - -t - - - - - -
s 8 1C50
R £ g 5 2 : - =
5 i vy i T ) |5 I il g W
28 & o s / 5 i Audh S i i
v S t ¥ 2 * 3 s
= a AMQ GA ATQ DHA MFQ PMT TRI DOX MMV TAF TSA D Dead
D Recovery
E Lysis

Fig. 5 | Viability evaluation using Propidium lodine (PI) and Drug sensitivity
profiling of P. falciparum d5MDPs. a FACS plots representing Hoechst 33342 and
Pl staining on Day O (6-12hpi rings) and Day 5 (d5MDPs) before and after paraf-
ormaldehyde + glutaraldehyde (PFA/GA) treatment. Live cells are indicated as
Hoechst +/PI- in Q1 and dead cells are shown in Q2 (Hoechst + /Pl +). The percen-
tage of infected live or dead RBCs in Q1 and Q2 respectively was calculated as: Qx%
= Qx/(Q1 +Q2)*100 (where Qx QI for live and Qx Q2 for dead infected RBCs).
Histograms show the PI staining shift before and after paraformaldehyde/glutar-
aldehyde (PFA/GA) treatment on the corresponding day. This experiment was
performed once. b A graph showing recrudescence delay for dSMDPs treated with

various antimalarial drugs/compounds for 24 h (started on Day 4) as compared to
the controls (i.e. parasites treated with the corresponding drug solvent - DMSO,
methanol or water, see Fig.S11A). Three different concentrations (i.e. 1XIC50,
10xIC50, 100 x IC50) were tested per drug. Three independent biological replicates
were conducted with two technical replicates per condition. Error bars indicate
SEM calculated from all the cultures/wells that eventually recovered. The circular
charts below show the number of cultures/wells that recovered, died (i.e. no
recovery up to 30 days) or were lysed for each drug concentration tested (legend
on the right). Source data are provided as a Source Data file.

given that the RNA-Seq analyses were carried out will exactly 500 cells
sorted by FACS, all of which exhibited a condensed morphology from
Day 1. To our knowledge, this is the first application of the “few-cell”
transcriptomics, developed by our group earlier that allows transi-
tional analyses of minute or highly specific cell samples in Plasmodium
infections®. Here we characterize the transcriptome of the dSMDPs

that demonstrate their viability given its full reproducibility and spe-
cificity demonstrated in multiple biological replicas (Figs. S5-S8).
Moreover, the dSMDPs carry an intact nucleus and mitochondria,
which maintain their membrane potential indicated by the Mito-
Tracker™ staining. This is consistent with previous observations of
the dramatically enlarged mitochondria with abnormal cellular
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arrangement relative to the nucleus and active transcription of at least
5 mitochondria-linked genes*. This further supports the analogy
between the d5MDPs and the dormant parasites characterized in the
previous studies and provides further knowledge for their future
analyses. Here, we show that the dSMDPs exhibit considerable resi-
lience to a spectrum of antimalarials, including artemisinin and ato-
vaquone. The latter is particularly surprising given the prevalent

500nm

— 200nm

— 200nm

—— 200nm

200nm

200nm

500nm

— 200nm

500nm

— 100nm

— 100nm

presence of mitochondria, the natural target of atovaquone, in
d5MDPs. In future studies, it will be crucial to study the basic biological
blueprint of the P. falciparum dormant forms, with a particular focus
on their druggability and roles in clinical phenotypes, including arte-
misinin resistance (see below)®'%*2,

The blood stage dormancy represents a physiological state of the
P. falciparum parasite cells that are temporarily arrested in their
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Fig. 6 | Transmission electron micrographs showing ultrastructure of P. falci-
parum ring stages and post DHA treatment on Day 1 and 5. a Low-power
transmission electron micrograph of ring stages with distinct organelles such as
nucleus (N), ribosomes, plastid and rough endoplasmic reticulum (RER). b Low-
power transmission electron micrograph of dormant parasites 1 day post DHA
treatment, showing the transformation of parasites to round and compact forms,
with the nucleus (N) being the most identifiable organelle in the parasite. Note the
presence of electron dense spots in the RBC cytosol (blue arrowhead). c Low-power
transmission electron micrograph of dSMDPs showing a completely different
morphology characterized by lack of intracellular organellar structure except for

the nucleus (N) and the presence of large “vacuole-like” structures (VS) and multi-
membrane structures (MAS). An increase in electron dense spots (blue arrowhead)
was also observed. d Low-power transmission electron micrographs with increas-
ing magnification (orange boxes) showing electron dense spots at Day 5 post DHA
treatment were observed in the cytosol of 48 out of 65 infected RBCs (73%) on Day 5
(Fig. S13). Additionally, clusters of these spots surrounded by membranous struc-
tures, forming packets, were observed in dSMDP infected-RBCs. All represented
TEM pictures are from two independent experiments. Approximately 100 images
were generated per each day captured.

development but can ultimately recover to full growth. This is analo-
gous to quiescence, which was reported for most (if not all) eukaryotic
systems (reviewed in refs. 43, 44). Cellular quiescence ranges from
reversible arrest of unicellular organisms such as yeast, during the
stationary growth phase and/or sporulation* to metazoans in which
most somatic cells are arrested in the GO phase but could be rapidly
“revived” in special situations such as wound healing*®. Indeed, several
aspects of the dSMDP transcriptome are compatible with quiescence.
These include the downregulation of essentially all proliferation pro-
cesses such as transcription (RNA Pol I & Il-driven RNA synthesis);
translation (protein synthesis, folding, trafficking and posttransla-
tional processing); and factors involved in the host cell cytoplasm
remodeling (such as the PTEX translocon and Maurer’s clefts) all of
which are essential for growth and development of the ring stages
along the IDC". This seems complemented by upregulation of some
parts of the energy metabolism; biosynthesis of amino acids, lipoic and
shikimate acids, and nucleotide precursors, indicating an active
metabolic state of the dormant parasite stage also suggested
previously”**, Due to this, the blood stage dormancy is occasionally
referred to as “dormant rings”, implying a growth arrest in the ring
stage”’. However, this study’s results somewhat contradict this vision,
showing very little resemblance between the dSMDPs and the cano-
nical ring stages. Besides the distinct transcriptome, the dSMDPs
exhibit irregular cellular ultrastructure dominated by an enlarged (and
active) mitochondrion, condensed nucleus, and “vacant cytoplasm”
with diminished propensity of protein export, which is fundamentally
different from the ring form parasites. The induction of mitochondria
and suppression of glycolysis of the d5SMDP also contradicts cellular
quiescence, which is typically characterized by an opposite trend*.
The ability of the P. falciparum to enter cellular quiescence can be also
questioned by the fact that the canonical cell cycle regulatory network
based on cyclins, cyclin-dependent kinases (CDK) and cyclin inhibitors
typically facilities quiescence® are not well conserved in the Plasmo-
dium genomes*’. Moreover, the asexual IDC is not a standard cell cycle
but rather a developmental program*’ driven by a series of transcrip-
tion factors such as the ApiAP2 gene family™.

On the other hand, the dSMDPs carry some characteristic of
another arrested cellular state: senescence. Originally discovered in
the 1960s, cellular senescence is associated with growth arrests but
significant metabolic activities®. This is typically accompanied by
broad gene expression changes facilitating the senescence state*® (and
resistance to apoptosis®*). In higher eukaryotes, cellular senescence is
triggered by shortening of the telomeres during aging®. Senescence
can be, however, also induced by external stresses (stress-induced
premature senescence)** such as therapeutic agents in cancer cells
referred to as therapy-induced senescence (TIS)*. TIS is frequently
triggered by DNA damage, mediated by reactive oxygen species (ROS)
produced by abnormal activity of the mitochondria that in some cases
is reversible”. The subsequent feedback loop between the DNA
damage and abnormally functioning mitochondria can maintain
senescence via elevated levels of ROS indefinitely®. Indeed, dSMDPs
exhibit (abnormally) acting mitochondria (see above), which is
accompanied by high transcriptional levels of genes involved not only
in DNA repair machinery but also in chromatin structure such as

histone chaperones and factors of nucleosome assembly (Figs. 2B and
3B). Hence, it is tempting to speculate that the artemisinin-induced
dormancy may be also maintained by an interplay between abnormally
functioning mitochondria and DNA damage.

Taken together, the blood stage dormancy of P. falciparum
appears to combine molecular and cellular mechanisms from both
cellular quiescence and senescence in a unique set of processes lead-
ing to a robust but reversible growth arrest. This process seems to
involve two seemingly independent but likely tightly interlinked steps:
(i.) stress (DHA)-induced conversion from the ring stage to into
pyknosis and (ii.) maturation process characterized by gradual tran-
scriptional shifts to a highly unique physiological state and subsequent
re-emergence back to the ring stage and full asexual growth. The
dynamics and breadth of the dormancy-related transcriptional shifts
are reminiscent of other developmental processes of the Plasmodium
life cycle such as the asexual IDC, gametocytogenesis and/or the
intrahepatocyte development in which large proportions of the genes
also undergo orchestrated transactional programs'®*’°*¢°, In future
studies, it will be interesting to investigate whether the dormancy-
related transcriptional program is governed by a similar system of
transcriptional regulators, including the ApiAP2 family of transcription
factors™. It will also be interesting to investigate whether the blood
stage dormancy shares common features with the pre-erythrocytic
stages (hypnozoites) but also the dormancy of other eukaryotic spe-
cies, including plants®.

Both mitochondrial genes and DNA repair factors, two dominant
functionalities of the dSMDP transcriptomes, were also implicated in
artemisinin MOA and/or resistance®>®. Currently, there are two
opposing studies associating (or not) dormancy in artemisinin resis-
tance directly. In vitro, a P. falciparum parasite line resistant to artelinic
acid (W2AL80) exhibited a decreased propensity to fall dormant as
they were able to better tolerate the drug exposure and continued to
grow despite the drug treatment®®. On the other hand, the presence of
the artemisinin resistance-linked PfK13 mutations does not seem to
modulate dormancy after artemisinin induction and/or sorbitol
treatment®’. Hence, the role of the dormant blood stage P. falciparum
parasite in the disease progression and treatment outcome is still a
matter of debate®*% In a recent opinion article, Wellems, T. et al.*®
argued that the persister parasites are unlikely to be associated with
the increased parasite clearance halftimes (?PC), the current pheno-
typic feature of artemisinin resistance®. Indeed, there appears to be no
association between Y?PC and recrudescence and longer Y2PC do not
cause delayed resolutions of malaria infections®®. On the other hand,
there is mounting evidence that dormant parasites occur in vivo, in
humans?, and in rodent models®. In the latter study, the growth
recovery time was directly correlated to the dose of dormant parasites
transferred to the rodent host, suggesting their significance in recru-
descence. Hence, even though dormancy might not be the main direct
factor in artemisinin resistance mediated by PfK13 mutations, it may
play significant a role in the rapidly spreading ACT failures in the GMS’.

The resilience of the d5SMDPs to a broad spectrum of antimalaria
drugs might indeed be a key factor of this phenomenon, allowing
residual fractions of dormant parasites to survive an ACT course. The
d5MDPs appear to be fully resistant to all or most tested antimalaria
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drugs when applied at "™IC50 and 10x™°IC50 for asexual growth,
respectively. Only 100x™°IC50 of AMQ, LMF, MF and DOX were able to
either kill or significantly impede the d5SMDP growth re-emergence.
Indeed, three quinolines, MFQ, AMQ of LMF are the most frequently
used as the long-lasting partner drugs of the current ACT and the
tested 100x™°IC50 concentrations are clinically relevant that could
affect the dormant parasites (Fig. S11)'¢7“, The mode of action (MOA)
of the three quinolines is believed to mainly involve inhibition of heme
polymerization and thus production of ferriprotorphyrin IX that is
highly toxic to asexual forms of Plasmodium parasites®’. However,
hemoglobin digestion is unlikely to take place in the dormant parasites
suggesting that the inhibiting quinoline effects are mediated by other
components of their presumed pluripotent MOAs’*”". In particular,
mefloquine is also known to target components of the Plasmodium
cytoplasm such as the ribosome Pf80S™, PfPnP”®, an AcetylCoA-
binding protein’* and possibly other mechanisms leading to induc-
tions of ROS and subsequent apoptosis”. Mefloquine is also potent
against other parasites that do not rely on blood ingestion, such as
tapeworms (Echinococcus multilocularis)’® and nematodes (Schisto-
soma mansoni)”’, possibly by targeting crucial metalloproteins. Simi-
larly, amodiaquine and lumefantrine were suggested to some degree
also act via targets outside of the digestive vacuole possibly by inter-
fering with DNA and protein synthesis”’. Hence inhibition of the P.
falciparum dormant parasites by the three quinolines is likely to be
also mediated by at least some of these cytoplasmic effects. Moreover,
the main target of doxycycline antimalaria activity is apicoplast protein
synthesis, causing delayed’® or immediate parasite death depending
on the drug dose’. The transcriptome of the dSMDP indicates upre-
gulations of genes associated with apicoplast which is consistent with
the doxycycline inhibitory effect. The absolute inactivity of atova-
quone against the dormant parasite is counterintuitive, given that its
main target is the mitochondria-located Bcl complex of the P. falci-
parum oxidative respiratory chain®. This indicates that even though
the mitochondria are the predominant features of the dormant para-
sites, inhibition of its respiratory chain does affect their viability. As
such atovaquone appears unsuitable as a candidate ACT partner drug.
From that end, we wish to propose that future ACT combinations take
into consideration partner drugs with higher capacity to eliminate the
d5MDPs to prevent recrudescence along with increasing frequencies
of ACT failures. One such strategy includes the design of triple arte-
misinin combination therapies (TACT) that are currently being eval-
uated for their ability to prevent the rise of resistant parasites®.

Methods
Parasite culture and dormancy induction
3D7, DD2, W2 strains (MR4) and T996 (laboratory strain) of Plasmo-
dium falciparum were cultured in RPMI 1640 medium (Gibco) con-
taining purified human packed RBCs, supplemented 1with 0.25%
Albumax II (Gibco), 0.1 mM hypoxanthine (Sigma), Sodium bicarbo-
nate (Sigma) (2 g/L), and gentamicin (Gibco) (50 pg/L). Cultures were
maintained on the shaker at 37 °C with 5% CO,, 3% O,, and 92% N, in 2%
hematocrit. The culture medium was replenished regularly at least
every 24 h, fresh RBCs were added once a week. Blood smears fixed
with 100% Methanol (Fisher Chemical) and stained with 10% Giemsa
(Sigma) for 3 min were used for microscopy examination. For the
distinct differentiation of nucleus and cytoplasm of dead vs. dormant
condensed forms, Giemsa was filtered before the staining using the
0.2 uM syringe filter (Pall Life Science), diluted into 5% concentration
and smears were stained for 20 min instead. For parasitemia calcula-
tion, 500 RBCs were counted in at least five view fields and if para-
sitemia was below 1%, ~10,000 RBCs were counted instead.

Parasite culture containing ring stages was synchronized in two
consecutive cycles before the start of the experiments via 5% sorbitol
(Sigma) to achieve a maximum age difference of ~6 h.

Dormancy was induced by adding 700 nM Dihydroartemisinin
(DHA) to the 6-12 HPI parasite rings for 6 h. After this incubation
period, the RBCs were washed 3x with warm RPMI media to remove the
DHA thoroughly. Mature parasites unaffected by the treatment were
removed by passing the culture through a magnetic column (MACS)
for three consecutive days after the drug treatment, as described
elsewhere”.

Flow cytometry, sorting strategy, and RNA sequencing

Staining of the samples for the flow cytometry was performed as
described elsewhere?. Briefly, 1 uL (for well-plate) or 10 pL (for tube)
of P. falciparum-infected RBCs were added to the 50 pL (well-plate)
or 200 pL of PBS respectively, containing 5 pg/mL Dihydroethidium
(DHE) (Sigma) and 8 pM Hoechst 33342 (Thermo Scientific). DHE
was used as aredox indicator and Hoechst for DNA visualization. For
the viability assay, 1 uM Mitotracker Deep Red (Thermo Scientific;
abs/em ~-644/665nm) was used instead of DHE as an indicator of
AWm. In a separate experiment, 10 pg/mL Propidium iodide (PI)
(Thermo Scientific; abs/em ~493/636 nm) was used as an indicator of
apoptosis. Samples were incubated for 30 min at 37 °C. An addi-
tional 200 pL (well-plates) or 3 mL (tubes) of PBS were added after
the incubation.

Fortessa X20 (BD) was used to acquire all flow cytometry data
using the UV laser (355nm excitation) for Hoechst 33342 detection,
blue laser (488 nm excitation) for the DHE and PI, and the red laser
(633 nm) for the Mitotracker Deep Red. 50,000 events were recorded
for each sample and FlowJo (Tree Star) was used for FACS data pro-
cessing (specifically, for excluding the debris and doublets and for
gating of the parasites, as shown in Malleret et al.”®). Uninfected RBCs
were stained as a negative control.

500 infected RBCs were sorted into 3 puL of Lysis buffer (final
concentration of RNAseOut 2 U/pL and 1 mg/mL BSA, Molecular Biol-
ogy Grade (NEB), diluted into sterile PBS) by FACSAria Il (BD) into
0.2mL PCR strip tubes. Sorted samples were spun briefly and pro-
cessed afterward for RNA extraction or stored at —80 °C. To confirm
the correct sorting and gating strategy, 3000-5000 cells were col-
lected from each gate into 3 pL of RPMI media. 1 pL of packed blood
was diluted into 9 pL of RPMI media in a separate tube to prepare -1
million RBCs/1 pL. Then, 1 pL of diluted blood was added to the tube
with the sorted cells to achieve 0.3-0.5 % parasitemia. The tube was
briefly spun afterwards, and a short blood smear was made and stained
by Giemsa to evaluate the stage of the sorted parasites in the corre-
sponding sample (Fig. 1B).

For RNA sequencing, 500 sorted cell lysate was subjected to
SMART-Seq2 protocol as stated elsewhere®® with minor modifica-
tions. Briefly, RNA priming was performed by incubating the cell
lysate with 1 mM dNTP and 1 uM Oligo-dT30VN at 72 °C for 3 minina
preheated thermal cycler. Samples were put back on ice immedi-
ately after incubation. Following this, a reverse transcription mix
was prepared containing 120U of SuperScript™ Il Reverse Tran-
scriptase (Invitrogen™), 12U RNaseOUT™ Recombinant Ribonu-
clease Inhibitor (Invitrogen™), DTT (5 mM), betaine (1 M), MgCI2
(6 mM), LNA-TSO (1uM) and nuclease-free water and added to
the primed lysate. Samples were then incubated according to the
SMART-seq2 reverse transcription and cDNA amplification
protocol’®, with certain adaptations for the dormant stages of
Plasmodium (Supplementary protocol). Sequencing libraries were
generated by Illumina Nextera XT kit and DNA/RNA UD Indexes
(Ilumina) following the manufacturer’s protocol. Successful tag-
mentation and library size were verified by Bioanalyzer High Sensi-
tivity DNA chips (Agilent). Libraries were pooled and sequenced on
the Illumina NovaSeq 6000 platform, generating ~8 Gb data output
per sample. Quality metrics for RNA sequencing results are shown
in Fig. S15.
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Quantitative RT-PCR

100 uL of high-parasitemia culture (~30%) was used for the RNA
extraction. 200 uL of DNA/RNA Shield (Zymo) and 300 uL of TRIzol
(Thermo Fisher Scientific) were added to the blood and the sample was
processed as stated elsewhere (Steps 2-7 and 10-36 in Supplementary
protocol Kucharski et al.*°). 50 ng of total RNA was used for reverse
transcription. qRT-PCR was performed using the SYBR™ Select Master
Mix (Applied Biosystems™). Forward and reverse primers were
designed by the Primer3 program and ordered in desalted condition
from Integrated DNA Technology.

In vitro Drug susceptibility assays

Three biological replicates of 6-12 HPI Plasmodium culture at 1% para-
sitemia, and 2% haematocrit were exposed for 48 h to 11 different con-
centrations of selected drugs (Fig. S11) in two-fold serial dilution manner
in 96-well plate format. Each biological replicate was performed in two
technical replicates. 0.1% DMSO (Sigma) was used as a negative control.
After 48 h of drug treatment, cultures were washed 3x with fresh warm
RPMI media. The growth of the parasites was determined after 72 h by
Flow Cytometry with Hoechst 33342 and DHE staining as stated above.
For all the compounds, the ICsq values of each biological replicate were
determined by nonlinear regression analysis in GraphPad Prism 8. These
ICs0 values of all biological replicates for a specific drug treatment were
then averaged and ICsg range interval + SD was defined (Fig. S11).

Double drug recovery assay

6-12 HPI rings were treated by 700 nM DHA for 6 h on Day 0. Removal
of mature IDC stages by MACS was conducted on Days 1-3. The culture
was then treated on Day 4 with a partner drug for 24 h (Fig. S11) with
three different concentrations, 1xICso, 10xICso, and 100xICso. Drugs
were washed off three times by fresh warm RPMI on Day 5, followed by
the addition of fresh blood. Fresh blood was subsequently added every
7 days to prevent blood lysis. 1 pL of culture was stained with Hoechst
33342 and DHE for flow cytometry on Days 8-12 and every three fol-
lowing days until Day 30 (50,000 events recorded). The recovery day
of each specific well in the well plate was determined as a higher event
value of trophozoites and schizonts in culture (total amount of events
in Q2) than a background value in uninfected blood controls deter-
mined by FACS (0.014-0.032). If the positive recovery reading was
followed by a negative one, the culture wasn’t considered as recovered
(false positive). Recovery delay was calculated as a subtraction of
recovery day and negative control recovery day (culture treated with
700 nM DHA on Day O for 6 h and with drug solvents added for 24 h on
Day 4 instead of a partner drug with a corresponding concentration -
DMSO, H20, MetOH). Cultures without any trophozoites or schizonts
on Day 30 were considered as not recovered.

Live cell imaging

10 pL of infected RBCs were washed with PBS, followed by staining
with 100 nM Mitotracker™ Deep Red (Thermo Scientific; abs/em ~644/
665nm) and 8 uM Hoechst 33342 (Thermo Scientific; abs/em 350/
460-490 nm) for exactly 30 min. Cells were washed 3x with PBS
afterward, diluted with PBS into ~10% hematocrit and pipetted on the
glass slide, covered with a cover slip, and fixed with a nail polish.
Images were captured with a Zeiss LSM980 confocal microscope
equipped with an Airyscan 2 detector using Plan-Apochromat 100x/
1.46 oil objective. Images were processed using Zen 3.4 software (Carl
Zeiss) for 2D projection. Imaris v.9.2 software was used for the gen-
eration of 3D images, and contrast and brightness settings were
adjusted uniformly across all the processed images. Nucleus and
mitochondrion volumes were visualized to determine the Mito-
tracker™ Deep Red staining specificity. 100 cells from Day 0, Day 1 and
Day 5 were selected based on the DAPI staining threshold of 1% and
Analyze particles (Size =100-infinity) function in ImageJ). CTCF (cor-
rected total cell fluorescence) values indicating fluorescence intensity

for DAPI and Mitotracker Deep Red were calculated as follows: CTCF =
(area of selected cell*mean intensity)-(area of selected cell*mean
fluorescence of background). 5 different areas without fluorescence
signal were selected to calculate mean fluorescence of the background
on each processed figure.

Recrudescence assay

d5MDPs were seeded into the 96-well plates (2% hematocrit) in 4 dif-
ferent population sizes (250,000/well, 100,000/well, 50,000/well, and
10,000/well) on Day 5 after DHA treatment. Wells were then sampled
every 2 days and data were collected from FACS to determine the
recrudescence. Fresh blood was added to the wells every 7 days to
prevent lysis. Recrudesce was observed based on the following criteria:
parasitemia level >0.02%, Q2 % (proportion of trophozoites and schi-
zonts in the culture >20%), and subsequently increasing total para-
sitemia (Fig. S3).

Data analysis and clustering

Raw reads obtained from the Illumina sequencer were trimmed using
TrimGalore to create a high-quality read set without the contamination
of primers, adapters, and low-quality bases at the 3’ ends. These reads
were then aligned to the Plasmodium falciparum 3D7 reference gen-
ome (v3) obtained from the PlasmoDB database using HiSAT2. Prop-
erly oriented paired reads mapped to the unique location of the
genome were considered for counting. BEDTools software was used to
calculate gene-specific read counts which were further converted into
normalized counts - Fragments Per Kilobase per Million mapped reads
(FPKMs). These FPKM values were used for subsequent transcriptomic
analysis. Considering the periodic nature of the gene expression pro-
file of Plasmodium falciparum during intra-erythrocytic developmental
stages, the expression profile of dormant stages was modeled using
the Fast Fourier Transform method by fft() function in R (Supple-
mentary Software 1). Fourier analysis on each expression profile of the
transcripts was performed as described previously®. In brief, this
method was applied for each gene’s expression profile with no missing
data point to obtain a high-quality dormant stage transcriptome. Fast
Fourier transformed gene-expression profile calculated the relative
timing of the maximum expression called phase ranged from - to +1t.
Expression profiles of the genes were sorted according to these phases
determined and visualized through the TreeView software. The script
used for the Fourier transformation of gene expression is provided as
supplementary information.

Electron microscopy

15 pL of packed RBCs from P. falciparum cultures (post DHA treatment
on day 1, day 5, and control ring stages) were fixed overnight in 2.5%
glutaraldehyde (Ted Pella, Inc.) in PBS, pH 7.3, washed in buffer, post-
fixed for 1 h in 1% osmium tetroxide with 1.5% Potassium Ferrocyanide
in PBS, block stained for 1 h in aqueous 1% uranyl acetate, then dehy-
drated in an ethanol series, absolute acetone and embedded in Araldite
502 resin (Ted Pella, Inc). Ultra-sections were cut at 90 nm on a Leica
EM UC6 Ultramicrotome, collected on 200 mesh copper grids covered
with a Formvar carbon support film (Electron Microscopy Sciences),
and stained for 8 min in lead citrate stain. Photographs were taken with
Transmission Electron Microscopy (Tecnai Spirit G2, FEI, USA) at
100 kV with a bottom mounted digital camera FEI Eagle (4k x 4k pixels).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA sequencing data generated during this study have been
deposited on the GEO database under the GEO accession ID for the
GSE225340. All other source data are provided with this paper.
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Code availability

The code generated during this study has not been deposited in a
public repository because most tools used for analysis are publicly
available or previously published. The Fast Fourier Transform code is
provided with the Source Data file.
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