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ABSTRACT Artemisinin and its semisynthetic derivatives (ART) are fast acting, potent
antimalarials; however, their use in malaria treatment is frequently confounded by recru-
descences from bloodstream Plasmodium parasites that enter into and later reactivate
from a dormant persister state. Here, we provide evidence that the mitochondria of
dihydroartemisinin (DHA)-exposed persisters are dramatically altered and enlarged
relative to the mitochondria of young, actively replicating ring forms. Restructured
mitochondrial-nuclear associations and an altered metabolic state are consistent
with stress from reactive oxygen species. New contacts between the mitochondria
and nuclei may support communication pathways of mitochondrial retrograde sig-
naling, resulting in transcriptional changes in the nucleus as a survival response.
Further characterization of the organelle communication and metabolic dependen-
cies of persisters may suggest strategies to combat recrudescences of malaria after
treatment.

IMPORTANCE The major first-line treatment for malaria, especially the deadliest form
caused by Plasmodium falciparum, is combination therapy with an artemisinin-based
drug (ART) plus a partner drug to assure complete cure. Without an effective partner
drug, ART administration alone can fail because of the ability of small populations of
blood-stage malaria parasites to enter into a dormant state and survive repeated treat-
ments for a week or more. Understanding the nature of parasites in dormancy (persist-
ers) and their ability to wake and reestablish actively propagating parasitemias (recru-
desce) after ART exposure may suggest strategies to improve treatment outcomes and
counter the threats posed by parasites that develop resistance to partner drugs. Here,
we show that persisters have dramatically altered mitochondria and mitochondrial-nu-
clear interactions associated with features of metabolic quiescence. Restructured asso-
ciations between the mitochondria and nuclei may support signaling pathways that
enable the ART survival responses of dormancy.

KEYWORDS malaria, artemisinin-based combination therapy, drug resistance, Airyscan
microscopy, fluorescence lifetime imaging, mitochondrial retrograde response

rtemisinin provides the basis for first-line antimalarial treatment worldwide, partic-

ularly against the deadliest form of malaria caused by Plasmodium falciparum (1).
Artemisinin and its semisynthetic derivatives (collectively abbreviated here as ART) are
among the best antimalarials for rapid parasitemia clearance and resolution of illness
(2, 3). Yet, since its introduction, frequent recrudescences have been reported after ART
monotherapy, necessitating the use of partner drugs for their prevention (4). Dormant
intraerythrocytic parasites (persisters) have been found to produce these recrudescences
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(5-8), but much remains to be understood about the nature of these persisters and how
they develop from only a small fraction (less than ~1% [5, 7]) of ART-treated populations.

Although dormancy of intrahepatic parasites (hypnozoites) of certain Plasmodium
spp. was well known, it was not until 1995 that small numbers of dormant intraerythro-
cytic parasites were reported from P. falciparum populations treated with pyrimeth-
amine or with sequential passages through a p-sorbitol solution to destroy actively rep-
licating parasites (9). Importantly, the dormant parasites were able to survive these
treatments for several days, after which they gave rise to recrudescent populations
that were as susceptible to pyrimethamine or p-sorbitol as the original populations.
Further, no relationship could be demonstrated between the incidence or timing of re-
crudescence and drug concentration (10).

Dormant forms following ART exposure have been distinguished from actively repli-
cating ring stages and pyknotic parasites in Giemsa-stained thin blood films by their
small rounded appearance with magenta colored chromatin and condensed blue cyto-
plasm (6, 8). Outgrowth experiments using rhodamine 123 staining demonstrated that
mitochondrial membrane potential is critical to persister viability (11). Fatty acid bio-
synthesis, pyruvate metabolism, and the isoprenoid pathway are among the few up-
regulated processes in dormant parasites following ART exposure (12, 13), while
expression changes of cyclin and cyclin-dependent kinase (CDK) genes have been cor-
related with dormancy and reactivation of persister forms (14).

Considerably different in vitro recrudescence times can be found between P. falcipa-
rum parasites that have distinct genetic backgrounds, e.g., as seen between the
KH002-009 and the 967 family of parasite lines investigated by Breglio et al. (15). In
that study, the differences in recrudescence time could not be attributed to P. falcipa-
rum K13 protein (PfK13) polymorphisms, as the 967753° and KH002-009 lines were both
PfK13 wild type; further, recrudescences were not faster with isogenic clones carrying a
PfK13 R539T or C580Y mutant allele instead of the PfK13 wild-type allele (15, 16).
These findings contrast with the effects of PfK13 mutations on the outcomes of ring-
stage survival assays (RSAs), wherein early ring-stage parasites (0 to 3 h postinvasion)
are exposed for 6 h to a physiological level of ART (16, 17). However, because the RSA
phenotype does not include the PfK13-independent susceptibilities of more mature
trophozoite and schizont stages, it does not correlate with standard half-maximum in-
hibitory concentrations (ICs,) or clinical treatments that provide continual ART expo-
sures for more than one intraerythrocytic cycle (18). PfK13 status and the ring-stage
phenotype are thus divorced from the ability of parasites to become dormant and sur-
vive ART monotherapy for periods of up to 10 days (19).

Recent advances in methods for fluorescence cell sorting, subcellular organelle
imaging, and metabolic activity analysis offer new approaches to study persister forms.
Airyscan microscopy (ASM) provides a markedly improved resolution and signal-to-
noise ratio relative to standard confocal microscopy for organelle-level imaging of indi-
vidual cells (20). Fluorescence lifetime imaging (FLIM) with exogenous or endogenous
(autofluorescent) fluorophores now enables noninvasive characterization of metabolic
changes and provides insight into the redox status of tissues (21-23). Phasor analysis
of FLIM data provides a convenient two-dimensional (2D) graphical approach that has
been applied to the metabolic characterization and responses of germ cells, bacteria,
and keratinocyte cells (24-27).

Here, we compare the subcellular structure and metabolic phenotypes of persisters
to those of actively replicating ring forms from two clonal P. falciparum lines as follows:
GB4, an African line of Ghanaian origin; and 803, a Southeast Asian line from Cambodia. In
previous work with parasites from a GB4x 803 cross, a standard 3-day course of artesunate
was shown to clear infections of nonhuman primates to microscopically undetectable lev-
els, just as they do in humans, but frequent in vivo recrudescences occurred whether or
not the parasites carried a PfK13 C580Y mutation from the Cambodian 803 parent (16). To
investigate the events of dormancy that underlie these recrudescences, we have now
used ASM to study the subcellular features of GB4 and 803 parasites, including changes in
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the mitochondria and their proximity to nuclei, that suggest mito-nuclear interactions.
Autofluorescence FLIM-phasor analysis indicates increased free NADH in persisters
relative to actively replicating ring forms, which is consistent with metabolic quies-
cence in dormancy.

RESULTS

Recrudescence after ART exposure is innate to P. falciparum. To further expand
on previous observations that the recrudescence profiles of ART-treated P. falciparum
populations can vary with their genetic background (7, 9, 14-16, 28), we followed cul-
tures of synchronized GB4 and 803 parasites after their exposure as young rings to
700 nM dihydroartemisinin (DHA) for 6 h and three successive 5% p-sorbitol treatments
at 24, 48, and 72 h. Figure 1A shows the recrudescence curves, from the initial 2% ring
parasitemias treated with the DHA, through the low levels (<0.05%) of parasites in dor-
mancy, to the recovery of ~2% actively growing GB4 and 803 parasites at 20 and
16 days, respectively. Data from RSAs were also compared and showed a lower per-
centage survival of GB4 relative to 803 parasites, consistent with their difference by
PfK13 C580Y and its effect in the GB4x803 cross (16) (see Fig. STA in the supplemental
material). Taken together, these results, along with the observations of previous stud-
ies, reinforce that recrudescences after ART treatment are universal features of P. falcip-
arum lines and that variations of recrudescence time may appear to partner with
PfC580Y in some cases and not in other cases, with the effects of different genetic
backgrounds.

Viable persister forms can be sorted by a fluorescence sensor of mitochondrial
potential. To identify and isolate persister parasites after DHA treatment of synchron-
ized ring stages, we adapted the method of Peatey et al. (11) to use MitoTracker Deep
Red FM (MT) instead of rhodamine 123 as a sensor of mitochondrial membrane poten-
tial. The DHA-treated samples were passed through a magnetically-activated cell sort-
ing (MACS) column at t=30h to deplete mature-stage hemozoin-containing parasites,
returned to culture, and finally stained with MT and SYBR green | (SG) (for nucleic acid
staining) before fluorescence-activated cell sorting (FACS) at t=50h (Fig. 1B).

FACS dot plots of the sorted GB4 and 803 samples are shown in Fig. 1C. In the
upper left quadrant of each plot, the gate region labeled “PYK” includes pyknotic para-
sites that lacked mitochondrial potential, whereas, in the upper right quadrant of the
plot, the gate region labeled “MT+" includes parasites that were positive by MT for mi-
tochondrial activity. In this MT+ gate region, the SG and MT signals that extend upward
and to the right indicate the progression of young ring stages to mature-stage parasites,
as described with fluorescent markers in previous studies (29). FACS patterns of the control
vehicle-treated GB4 or 803 populations in this MT+ region (Fig. 1C, first and third plots)
also show a dense cluster at the lower left and a lighter cluster at the upper right, which,
considering the timeline of development and reinvasion in the control populations, can be
explained by the number of ring stages at the beginning of the second intraerythrocytic
cycle relative to fewer schizonts that have not yet finished the end of the first cycle (see
Fig. S1B in the supplemental material). In contrast, FACS results from the DHA-treated par-
asites (Fig. 1C, second and fourth plots) registered large numbers of parasites that lack mi-
tochondrial potential in the PYK region, as expected after pyknosis and cell death from the
drug. To the right of the PYK region, viable GB4 and 803 parasites registered in the MT+
region where fewer GB4 than 803 counts agree with their different RSA survival levels (see
Fig. STA in the supplemental material).

Peatey et al. (11) showed that parasites that had been DHA treated and passed
through a magnetic column at t=30h were enriched for dormant persister forms.
Since the enrichment is imperfect, FACS at t=50h would be expected to identify per-
sisters along with some actively replicating mature stages that escape removal by the
single magnetic column. We tested this expectation by counting the parasite stages in
Giemsa-stained thin blood films from the culture samples immediately before FACS. In
three independent experiments, using parasite populations that had been passed
through the magnetic column at t=30h, blood films at t =50 h showed that persisters
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FIG 1 Recrudescence of DHA-treated P. falciparum parasites in vitro and sorting of their dormant persister forms by FACS. (A) Recrudescence curves of
GB4 and 803 parasites after exposure of early ring stages to 700 nM DHA for 6 h and three daily 5% b-sorbitol treatments. (B) Schematic of GB4 and 803
parasite preparations for study by ASM and FLIM-phasor analyses. The parasites were synchronized through two sorbitol treatments, 46 h apart, to obtain
0- to 3-h rings. At the start of the experiment (t=0h), the GB4 or 803 populations of 0- to 3-h rings were treated at 2% parasitemia with either 700 nM
DHA or 0.1% DMSO vehicle for 6 h, washed, and returned to culture. In one arm of the study, DHA-treated parasites at t=30h were passed through a
magnetic depletion column to remove mature-stage parasites that were present after DHA treatment. The recovered parasites were then returned to
culture on a rocking incubator for 20 h at 37°C along with the vehicle control parasites. At t=50h, 1 ml of each culture was stained with either SG plus MT
for FACS and ASM or with MT only for FACS and FLIM-phasor autofluorescence analyses. In the other arm of the study, parasite populations exposed to
DHA or DMSO only were given three daily treatments with 5% sorbitol to select for persister forms. On days 5 and 11, 1ml of each culture was
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in the control vehicle-treated populations were greatly outnumbered by rings, whereas
overall greater fractions of persisters and pyknotic forms were present in the DHA-
treated populations (see Fig. S2 in the supplemental material). Although ring-stage
parasites in these DHA-treated populations were relatively infrequent, the median and
interquartile range (IQR) of the GB4 ring-stage percentages (0.90% [0.25 to 1.79%])
were less than those of the 803 ring stages (8.04% [7.13 to 15.73%]; P=0.028), consist-
ent with the lower survival of GB4 relative to 803 parasites in RSA determinations.

Outgrowth experiments were performed to confirm the viability of the sorted para-
site populations. For this purpose, cultures were seeded with parasitized erythrocytes
that had been exposed as young ring forms to vehicle control or DHA, and the DHA-
treated samples were magnetically purified at t=30h. The parasites were then culti-
vated until t=50h, sorted and collected by a gating strategy designed to separate
SYBR green-positive cells having the dim MT fluorescence of pyknotic forms (SG/MTP),
the intermediate MT fluorescence of persisters and ring stages (SG/MT'), or the bright
MT fluorescence of schizonts (SG/MTE) (see Fig. S3 in the supplemental material).
Giemsa-stained thin films of these FACS collections showed that the collections pre-
ponderantly contained pyknotic cells, persisters, or mature stages, respectively,
although the amounts of material were insufficient to reliably count the small fractions
of admixed stages (see Fig. S4 in the supplemental material).

Days to 0.5% parasitemia outgrowth were determined for these different popula-
tions in two replicate experiments with GB4 parasites and one experiment with 803
parasites. Results showed outgrowth in 14 to 20 days from wells seeded with 30,000 of
the collected DHA-treated SG/MT' GB4 or 803 parasites (see Tables S1 to S3 in the sup-
plemental material). As described above and documented in Fig. S2, the majority of
the SG/MT' seeded parasites were persisters, although a minority of active rings were
present (fewer from GB4 than from 803), which also could have contributed to the out-
growth. Outgrowth was also observed at 17 to 27 days from the collected SG/MT® mature-
stage 803 and GB4 parasites seeded at 1,200 to 6,000 parasites/well. In contrast, except for
a single late instance of recovery at 28 days, no outgrowth was obtained from the pyknotic
SG/MTP forms collected after DHA treatment, supporting the utility of MT as an indicator
of viability for parasites exposed to the drug.

Airyscan imaging reveals organelle level changes in GB4 and 803 persisters.
Isolated persister- and ring-stage forms were imaged by high-resolution ASM and com-
pared for fluorescent mitochondrial and nuclear volumes, the shapes of these volumes
as indicators of organellar morphology, and the mean distances between these vol-
umes as indicators of relative mito-nuclear positioning.

Figure 2 shows representative surface renderings of the volumes of nuclear DNA
and mitochondrial fluorescence regions from experiments with vehicle control- or
DHA-treated GB4 and 803 parasites. In the control, the nuclear DNA (green) and mito-
chondrial (red) volumes of the ring forms were typically well separated from one
another. Nuclear DNA volumes presented with an oblate or boxy appearance and were
greater than the MT-stained volumes of mitochondria. The mitochondrial volumes
were usually oblate in appearance, reminiscent of the rounded or elongated dot-like
mitochondrial images reported from ring-stage parasites by Scarpelli et al. (30). Longer
rod-like appearances of ring-stage mitochondria reported by van Dooren et al. (31)
were not characteristic of the MT-stained mitochondria in our ASM images.

After DHA treatment of synchronized GB4 parasites followed by magnetic column
separation at t=30h, actively growing parasites were mostly eliminated, and surviving
persisters greatly predominated in the DHA-treated GB4 population captured at t=50h
(Fig. 1C, second plot; see also Fig. S2 in the supplemental material). Figure 2A (right)

FIG 1 Legend (Continued)

stained and studied in the same way as the magnetically purified samples. Schematic created with BioRender (Toronto, Canada). (C) SG-positive parasites at
t=50h were gated into two populations based on MT fluorescence intensity. Large numbers of pyknotic forms in the PYK gates of the DHA-treated
populations represent parasites killed by the DHA. Parasites from the MT+ gate were used for ASM. SG, SYBR green I; MT, MitoTracker Deep Red FM.
Uninfected erythrocytes that lack SG and MT signals are indicated in the lower left quadrant of the plots.
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FIG 2 ASM images of control and DHA-treated GB4 and 803 parasites at t=50h. Individual panels
show processed ASM images of the mitochondrial (red) and nuclear (green) fluorescence signals from
six representative parasites in each treatment group separated by FACS. (A) GB4 parasites from
control 0.1% DMSO vehicle-treated samples present smooth, oblate mitochondrial and nuclear
volumes. Images in this control group are consistent with young ring-stage parasites in the culture at
t=50h. DHA-treated parasites show the distinctly different morphologies of persisters, with rumpled
and corrugated mitochondrial volumes that are in close approximation to the nuclei. (B) Images of
the control 803 parasites at t=50h also have the smooth, oblate appearance of mitochondria
separated from the nucleus as expected of actively replicating young parasite ring forms. Images of
DHA-treated 803 parasites compared to those of the treated GB4 population are consistent with a
mixed population of cells, many with the rumpled, corrugated mitochondria characteristic of
persisters, while others have the smooth, oblate mitochondria apart from nuclei that is characteristic
of ring-stage parasites.

presents the nuclear and mitochondrial morphologies of six parasites from this population;
one shows a smooth oblate mitochondrion separate from the nucleus that is characteristic
of an actively growing ring-stage form, whereas the five others exhibit distinctly different
appearances, with rumpled and corrugated mitochondria in close approximation to the
nuclei. The mitochondria partially enwrap the nuclei, and many are enlarged compared to
the control ring-stage parasites. Contact sites appear to be present between the nuclear
DNA and mitochondria as another potential feature of the persister phenotype.

Because single column separation at t=30h does not completely remove actively
replicating parasites from the DHA-treated 803 parasites (Fig. 1C, fourth plot; see also
Fig. S2 in the supplemental material) (daily column separations would have been
required for more complete purification of the persisters [7]), the parasites imaged by
ASM at t=50h comprised a major population of persisters with an admixture of ring-
stage forms. Thus, compared to the DHA-treated GB4 population, images from the
DHA-treated 803 population show more frequent examples of cells with the smooth-
surfaced, normal volume mitochondria separate from the nuclei as observed in the
control 803 population (Fig. 2B, right). Other images of DHA-treated 803 parasites have
rumpled, corrugated mitochondria in close approximation to nuclei as observed in the
DHA-treated GB4 persisters (Fig. 2B, right). These findings confirm the presence at
t=50h of a mixed population of persisters and actively replicating ring stages in the
DHA-treated 803 sample, consistent with the results shown in Fig. 1C and Fig. S2.

Population measures of mito-nuclear distance and organelle volumes differ
between persisters and actively replicating ring stages. To quantify the pheno-
types of persisters versus actively replicating ring-stage parasites, mito-nuclear distan-
ces, mitochondrial volumes, and nuclear volumes were determined from parasites of
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FIG 3 Quantifications of mito-nuclear distances and mitochondrial volumes of GB4 and 803 parasites at
t=50h, day 5, and day 11 after DHA treatment. (A) Scatterplots, medians, and interquartile ranges (IQR) of
mito-nuclear distances in the populations of GB4 and 803 parasites exposed to 0.1% DMSO (control) or 700 nM
DHA for 6 h, selected, sorted, and analyzed as described in the text. In the mito-nuclear distance scatterplots,
there were five outliers beyond the bounds of the y axis in the GB4 control group (at 2.8 um, 2.5um, 2.2 um,
2.7 um, and 6.8 um), one outlier in the 803 control group (at 3.7 um), and three outliers in the 803 DHA group
(at 2.6 um, 2.0 um, 5.5 um). (B) Mitochondrial volume scatterplots, medians, and IQR from the same populations
used for mito-nuclear distance determinations. (C) Middle panel presents representative ASM images of DHA-
treated/sorbitol-selected 803 parasites on day 5 posttreatment. The six examples of persisters show rumpled,
corrugated mitochondria in close approximation to the nuclei. The right and left panels present the surface images
of DHA-treated/sorbitol-selected GB4 and 803 parasites at day 11. Persister morphologies are evident in the images
from each parasite line, including rumpled and corrugated mitochondria in close approximation to the nuclei.

the control vehicle- and DHA-treated GB4 and 803 populations. At t=50h, a mito-nu-
clear median distance of 0.56 um with an IQR of 0.32 to 0.98 um was obtained from
the control, untreated population of GB4 ring stages (n=167), whereas a smaller me-
dian distance of 0.19 um (0.11 to 0.28 um) was obtained from the population of DHA-
treated GB4 parasites that predominantly consisted of persisters (n=167) (Fig. 3A;
P < 0.0001, unpaired t test). In the case of 803, the mito-nuclear median distance in the
control vehicle-treated population of ring stages was 0.39um (0.25 to 0.53 um)
(n=190), versus a measure of 0.31 um (0.17 to 0.49 um) (n=158) for the mito-nuclear
distance in DHA-treated 803 parasites (Fig. 3A; P=0.50, unpaired t test). The insignifi-
cance of this difference between the control and DHA-treated 803 populations is con-
sistent with a greater presence of surviving active ring stages in the DHA-treated 803
population of persisters.

Mitochondrial volume comparisons of control- and DHA-exposed GB4 or 803 para-
sites revealed an increase in the mitochondrial volume 50 h after DHA treatment. In
control GB4 parasites, the median mitochondrial volume was 0.26 um3? (0.20 to
0.34 um?3), whereas the post-DHA treatment mitochondrial median volume was
1.30 um3 (0.64 to 1.9 um?3), a 5-fold increase (Fig. 3B; P<<0.0001, unpaired t test). In
control 803 parasites, the median mitochondrial volume was 0.31um3 (0.20 to
0.43 um?3), and the DHA-exposed median volume was 0.54um?3 (0.23 to 1.5um?3)
(Fig. 3B; P < 0.0001, unpaired t test). Compared to the results from GB4 parasites, the
less dramatic increase of median mitochondrial volume in DHA-exposed 803 parasites
at t=50h may be at least partially explained by its mixed population of persisters, with
large mitochondrial volumes, plus actively replicating ring forms, with smaller mito-
chondrial volumes. We note that mixed populations of actively replicating and
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persister forms have been detected in postartesunate blood smears of patients
infected with parasites carrying the PfK13 Kelch propeller R539T mutation but not with
parasites carrying wild-type PfK13 (28). These findings with GB4 and 803 parasites are
consistent with the increased mitochondrial volumes that have been reported from
other studies of ART-treated Plasmodium and Toxoplasma gondii (32, 33).

Isolation and characterization of persister parasites 5 and 11 days after DHA
treatment. After examining the morphological characteristics of persister mitochon-
dria and quantifying their close apposition to nuclei at t =50 h, we looked for the pres-
ence of these features in persisters 1 to 2 weeks old, before recrudescence of parasite-
mia in culture. Samples of the DHA-treated/sorbitol-selected parasite populations were
examined and counted by Giemsa-stained thin smear microscopy at days 5 and 11,
sorted by MT intensity in FACS, and then collected and subjected to ASM and analysis
(Fig. 1B).

Counts of the Giemsa-stained samples confirmed the presence of persisters among
pyknotic forms in the DHA-treated/sorbitol-selected GB4 and 803 populations at both
days 5 and 11. Low percentages of actively replicating parasites were also observed,
more frequently on day 11 than on day 5, particularly in the 803 population, where
these active forms accounted for approximately 6% of the total count relative to 19%
persisters and 75% pyknotic forms (see Fig. S2 in the supplemental material). This
increased count of 803 active forms on day 11 agrees with the earlier recrudescence of
803 relative to GB4 parasites 2 weeks after treatment with DHA (Fig. TA).

ASM of the DHA-treated/sorbitol-selected 803 parasites collected on day 5 showed
a nearly complete preponderance of persister morphology in which large and rumpled
mitochondrial volumes often appeared to partially enwrap the nucleus (Fig. 3C, cen-
ter). The collected GB4 parasites were not imaged on day 5 but on day 11, when fea-
tures similar to those of persisters at t=50h were present in virtually all of the cells
(Fig. 3C, left). The collected parasites from the 11th day 803 population also showed
features of persisters in the majority of cells, but there were also many examples of
cells with smaller oblate mitochondria separate from the nucleus (Fig. 3C, right; com-
pare with the images in Fig. 2B). This evidence for actively growing ring-stage forms
among persisters in the 11th day 803 population is consistent with the observations
from Giemsa-stained thin films and waking from dormancy at the beginning of the re-
crudescence curve shown in Fig. TA.

In agreement with the nearly complete preponderance of persisters in the DHA-
treated/sorbitol-selected population on day 5, the median mito-nuclear distance of the
803 parasites on this day was at its smallest (0.18 wm [0.087 to 0.26 wm]) (Fig. 3A), while
the median mitochondrial volume was at its largest (1.5 um?3 [1.2 to 1.8 um3]) (Fig. 3B).
By day 11, the median mito-nuclear distance of the 803 population was again larger
(0.24 um [0.15 to 0.39 um]) and the mitochondrial volume smaller (0.71 um3 [0.24 to
1.6 um3]) than on day 5, as expected from the presence of active stages that had
woken from the persisters. The median mito-nuclear distance of the 803 population on
day 11 was also greater than that of GB4 (0.24 um [0.15 to 0.39 um] versus 0.20 um
[0.13 to 0.28 um]; P=0.0187, unpaired t test) (Fig. 3A), and the median mitochondrial
volume was comparatively smaller (0.71 um3 [0.24 to 1.6 um3] versus 2.1 um3 [1.6 to
2.7 um?3]; P<<0.0001) (Fig. 3B), reflecting the greater fraction of actively replicating para-
sites in the 803 versus GB4 population (Fig. S2).

Nuclear DNA volumes of the dimethyl sulfoxide (DMSO) vehicle- and DHA-treated
GB4 and 803 parasites were assessed at t=50h and compared to volumes of the DHA-
treated/sorbitol-selected populations at days 5 and 11 (see Fig. S5 in the supplemental
material). At t=50h, the median nuclear DNA volume of DHA-treated GB4 parasites
was smaller than that of vehicle-treated controls (0.83 um3 [0.57 to 1.1 um?3] versus
1.1 um3 [0.85 to 1.4 um?3]; P=0.0012, unpaired t test); however, the median volume of
DHA-treated 803 parasites was relatively larger (2.1 um?3 [1.5 to 2.8 um?3] versus 1.8 um3
[1.2 to 2.2 um3]; P < 0.0001). The minimum median DNA volume of the 803 population
occurred on day 5 (1.2 um3 [1.1 to 1.5 um?3]) when the fractional content of persisters
was highest in the population. On day 11, the median DNA volumes of the DHA-
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treated/sorbitol-selected GB4 and 803 parasites were not significantly different
(1.5 «m3[1.1 to 1.9 um3] versus 1.6 um3 [1.2 to 2.2 um3]; P=0.09, unpaired t test).

We considered whether the separation of the mitochondria and nuclei could have
been reduced by shrinking of the overall available space in the parasite after drug
treatment. One of our controls for preparation quality was to assess infected erythro-
cyte areas of the vehicle-treated and DHA-treated samples. Cells from FACS collections
were attached onto poly-L-lysine-coated surfaces and imaged by differential interfer-
ence contrast (DIC) microscopy before fluorescence lifetime imaging. Analysis of these
images found no reduction in the median surface area of DHA-treated cells relative to
vehicle only-treated cells; in fact, the data suggested a possibly larger surface area of
the DHA-treated population (see Fig. S6 in the supplemental material). Thus, with the
caveat that the ability of the vehicle control- and DHA-treated cells to flatten may dif-
fer, these assessments provided no support for differential constriction of the cells due
to DHA treatment.

FLIM metabolic imaging distinguishes the states of actively replicating parasites
and persisters. We employed FLIM imaging to assess ratios of the bound and free
states of NADH as an autofluorescence indicator of the cellular metabolic state (23, 25,
34, 35) (Fig. 4A). FLIM data were collected from actively replicating control and DHA-
treated populations at t=50h and subjected to phasor analysis in three independent
experiments (Fig. 4B). Results from GB4 parasites showed that the phasor distribution
of the DHA-treated population was shifted to the right of the untreated control ring
stages, indicative of a greater level of free NADH and quiescent state of the persister
phenotype (control, 0.75, 0.22; DHA-treated, 0.80, 0.19; P < 0.0001, Pillai trace). With
the 803 parasites, the DHA-treated population had only a higher S coordinate than the
control group (control, 0.63, 0.14; DHA-treated, 0.63, 0.16; P < 0.05, Pillai trace). Little or
no shift of the phasor position to the right was consistent with the presence of meta-
bolically active ring forms along with dormant persisters in the DHA-treated 803 popu-
lation at t=50h.

The metabolic states of the DHA-treated/sorbitol-selected GB4 and 803 parasites
were also assessed by FLIM-phasor analysis on days 5 and 11 of dormancy (Fig. 4C). On
these days, the mean coordinates of the GB4 and 803 distributions were located on
the right side of the phasor plot. Although the coordinates of the mean phasor posi-
tions from each assessment can be affected by particulars of the culture conditions
and experimental manipulations, we note that the large shift of the mean 803 signal to
the right from its position at t=50h to its position on day 5 is consistent with the
higher level of free NADH in the purer population of persisters (DHA t=50h coordi-
nates, 0.63, 0.16, versus DHA day 5 coordinates, 0.77, 0.21; P < 0.0001, Pillai trace; com-
pare Fig. 4B, right, and Fig. 4C, left). The mean position of the 803 distribution then
trended to the left from its day 5 coordinates of 0.77, 0.21 to day 11 coordinates of
0.74, 0.22 (P=0.05, Pillai trace; compare Fig. 4C, right and left). This trend suggests that
a relatively greater level of bound NADH was developing on day 11, consistent with
the presence of active ring forms waking from the 803 persister population.

DISCUSSION

In the present study, we have used FACS, ASM, and autofluorescence FLIM-phasor
analysis to characterize signature changes in the mitochondria of P. falciparum persist-
ers that develop after exposure to DHA. These mitochondria differ from the smooth
and oblate mitochondria of actively replicating parasites by more rumpled and corru-
gated shapes that develop within 50 h of DHA exposure. Along with their irregular
shapes, the fluorescence volumes of persister mitochondria are often up to 5-fold
larger and are also found in closer positions to the parasite nuclei than in active ring
stages. Indeed, in many cases, the ASM images show partial enwrapment of the nuclei
by the mitochondria of the DHA-induced persisters. Previous studies on the ultrastruc-
tural effects of ART with various Plasmodium species in vivo found evidence for mito-
chondrial enlargement in electron microscopy images (32, 36-38). In other
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FIG 4 Metabolic phenotyping of untreated control versus DHA-treated GB4 and 803 parasites. (A) Schematic flow of FLIM-phasor data collection and
analysis. Parasites were stained only with MT, sorted by FACS, and seeded into a 10- by 10-um polydimethylsiloxane (PDMS) stencil microwell covered with
0.01% poly-lysine. The region of interest (ROI) in a parasite is established by the boundary of MT fluorescence, and this ROl mask is applied to the lifetime
datafile represented by its FLIM intensity image. At least 10 million photon events are counted while limiting the time of exposure of these parasites to
750 nm excitation. Next, Fourier transformation of the FLIM data is performed on the data from each pixel, and the frequency domain results are averaged
to represent a data point on the 2D phasor plot. Each position has coordinates G (from 0 to 1) and S (from 0 to 0.5); single exponential decays fall upon
the semicircle, whereas complex multiexponential decays, such as occur with fluorescent lifetimes of metabolic coenzymes, fall within the semicircle. A shift
to the right (shorter fluorescence lifetime) indicates increased free NADH, whereas a shift to the left (longer lifetime) indicates increased enzyme-bound
NADH. (B) Autofluorescence FLIM-phasor graphs from the GB4 and 803 parasite populations at t=50h. The phasor distribution of untreated control GB4
parasites has a mean coordinate of 0.7542, 0.2150, whereas the distribution of DHA-treated parasites has a mean coordinate of 0.7971, 0.1879 (P < 0.0001,
Pillai trace). This shift after DHA treatment is toward increased free NADH, consistent with the quiescent metabolic state of persisters. The distribution of
untreated 803 parasites at t=50h (right) has a mean coordinate of 0.6341, 0.1400, and the phasor distribution of DHA-treated parasites has a mean
coordinate of 0.6270, 0.1570. The distribution of DHA-treated 803 parasites is slightly shifted upward relative to control (P < 0.05, Pillai trace) but not to the
left or right, consistent with the presence of actively replicating 803 parasites that survived ring-stage exposure to DHA. Asterisks mark the mean phasor
positions of the control and DHA-treated parasite distributions. Comparison of intensity images in the same field of view before and after FLIM acquisition
confirmed little or no photobleaching. (C) Autofluorescence FLIM-phasor graphs for DHA-treated/sorbitol-selected GB4 and 803 on day 5 and day 11. In the
phasor distributions from day 5 (left), the treated GB4 and 803 parasites have mean coordinates of 0.72, 0.21 and 0.77, 0.21, respectively. Consistent with
depletion of the many actively replicating parasites from the 803 population by three daily sorbitol treatments, the 803 phasor distribution is shifted right
with quiescence and increased levels of free NADH in persisters. The genetic backgrounds and baseline metabolic states of African GB4 and Southeast
Asian 803 parasites may contribute to the different positions of the 803 and GB4 coordinates (P < 0.0001, Pillai trace).

apicomplexans, mitochondrial enlargement has been reported in Toxoplasma gondii
following ART pressure (33).

Is it possible that closer mitochondria-nuclei associations after DHA treatment could
reflect an effect of diminished parasite volume and shrinkage of the 3D space available
to the organelles? The larger erythrocyte surface areas of DHA-treated cells relative to
untreated cells (see Fig. S6 in the supplemental material) are not supportive of this
possibility, although they cannot rule it out because the abilities of vehicle control-
and DHA-treated erythrocytes to flatten might differ. Perhaps more important is that
several key observations would remain unexplained by volume reduction that simply
brings mitochondria closer to nuclei. The enlarged mitochondria and their rumpled
and corrugated appearances would be unaccounted for by the physical effects of
smaller containment. Cell volume reduction also would not explain the partial
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enwrapment of the nuclei by mitochondria, which in many cases extends across large
surface areas of the nuclei.

Reactive oxygen species (ROS) capable of membrane damage are induced by ART
in isolated Plasmodium and yeast mitochondria, and this induction can be moderated
by agents that reduce electron transport chain activity (39). Indeed, rapid killing is
thought to result from depolarization of the parasite mitochondrial and plasma mem-
branes upon exposure to ROS (40), and the mitochondrion has been proposed as a
sensor of cellular damage produced by ART activity (41). Depolarization of mitochon-
drial membrane potential accompanies the disruption of mitochondrial function by
ART in yeast (42). In human tumor cell lines, activation of the ART endoperoxide bridge
by mitochondrial heme is thought to promote generation of ROS by the electron transport
chain, leading to mitochondrial dysfunction and cellular apoptosis (43). Artemisinin-resist-
ant T. gondii selected in vitro provided further evidence for the involvement of mitochon-
drial pathways, as demonstrated by amplifications of mitochondrial cytochrome b and
cytochrome c oxidase | genes and mutations in the mitochondrial protease DegP2 ortho-
log (33). The same DegP2 ortholog was identified in a genetic screen; its disruption in T.
gondii facilitated survival to lethal concentrations of DHA, and its deletion in P. falciparum
resulted in higher survival in the RSA (44).

Interestingly, in breast cancer cells and mouse embryonic fibroblasts, the responses
to mitochondrial stress include formation of tethers between nuclei and mitochondria,
coined nuclear-associated mitochondria (NAM) (45). ROS production after exposure of
THP-1-derived macrophages to the fungal toxin altertoxin Il was followed by relocation
of mitochondria to perinuclear regions (46). Similarly, we speculate that oxidative stress
may be involved in triggering the development and survival of P. falciparum persisters
through the morphological changes of mitochondria and their repositioning in closer asso-
ciation with nuclei.

Mitochondrial retrograde response (MRR) signaling provides communications from
mitochondria to nuclei that promote cellular adaptations under conditions of stress
(47). Contact microdomains between the two organelles involve cholesterol redistribu-
tion and may promote a survival response in breast cancer (45). The MRR pathway is
conserved among species, as exemplified by nuclear protein CLK-1 in Caenorhabditis
elegans and its homolog in human cells COQ7, which serves as a regulator of this path-
way limiting ROS production (48). In these studies, mitochondria and the MRR were
found to serve as barometers of cellular damage, capable of changing gene expression
pathways to facilitate survival.

The changes in mitochondrial morphology, reduced mito-nuclear distances, and
metabolic consequences induced by DHA exposure presented here may be tied to
gene expression responses involved in persister formation as a survival mechanism.
These changes appear to occur in the PfK13 wild type as well as C580Y mutants and
may relate to an innate, multigenic growth bistability phenomenon whereby a fraction
of the drug-exposed population switches into the metabolic quiescence of persister
forms, as we have discussed elsewhere (19). How is it that less than ~1% (5, 7) of the
parasite population becomes persisters while the larger fraction dies away? The answer
may be a stochastic one that lies in systems of gene control. Feedback loops could rap-
idly flip the growth state of some cells to dormancy, producing forms that can survive
DHA treatment, while the actively replicating parasites succumb to the toxic effects of
the drug. Understanding these feedback loops and the metabolic and functional fea-
tures of persisters may lead to new chemotherapeutic approaches that can block clini-
cal recrudescences.

MATERIALS AND METHODS

Parasite cultivation. Leukocyte-depleted human erythrocytes were obtained weekly from Virginia
Blood Services (Richmond, VA). Erythrocytes were washed upon arrival with filtered RPMI 1640 medium
(containing 25 mM HEPES and 50 ug/ml hypoxanthine) (KD Medical, Columbia, MD) and stored at 50%
hematocrit in a 4°C refrigerator for use within a week from processing. P. falciparum GB4 (49) and 803
(50) parasites were grown in complete culture medium (cRPMI) containing 1% AlbuMax Il (Life
Technologies, CA, USA), 0.21% sodium bicarbonate (KD Medical, Columbia, MD), and 20 ug/ml
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gentamicin (KD Medical, Columbia, MD) in RPMI 1640 (KD Medical, Columbia, MD) at 5% hematocrit, 37°C,
and a gas mixture containing 90% N,, 5% CO,, and 5% O,. To monitor parasitemia, thin blood films were
prepared on glass slides, fixed with 100% methanol, and stained for 15 min with 20% Giemsa staining
(Sigma-Aldrich, St. Louis, MO). Using bright-field microscopy and a 100x oil objective, an estimated 1,000
erythrocytes were counted, and the number of parasitized cells was used to estimate percentage parasite-
mia. In recrudescence experiments, the medium was changed every other day, and fresh erythrocytes
were added every 4 days. When medium was changed, blood films were made and used to monitor
parasitemia.

Ring-stage survival assay. The GB4 and 803 cultures were tightly synchronized to obtain 0- to 3-h
ring stages through two successive 5% p-sorbitol treatments 46 h apart (51). Each sorbitol treatment
lasted 10 min at room temperature. Inmediately following the second sorbitol treatment, cultures were
adjusted to 2% parasitemia and 5% hematocrit in a total volume of 10 ml in a T25 flask (Thermo Fisher
Scientific, Waltham, MA). Thin blood smears were prepared just before drug exposure. Cultures were
then treated at a final concentration of 0.1% DMSO or 700 nM DHA/0.1% DMSO by addition of 10 ul of
DMSO or 10 ul of 700 wM DHA for 6 h. After 6 h of incubation, cells were washed and returned to culture
in drug-free cRPMIL. Sixty-six to ninety hours post-DHA treatment, thin blood smears were prepared, fixed
with 100% methanol, and stained for 15 min with 20% Giemsa (Sigma-Aldrich, St. Louis, MO). Slide iden-
tifications were blinded from the investigators, while parasitemia counts were obtained from 10,000
erythrocytes.

Dihydroartemisinin treatment and magnetic removal of mature stages. The GB4 and 803 cul-
tures were synchronized and treated with the control vehicle or DHA as above. Thirty hours after the ini-
tiation of treatment, the DHA-treated culture was passed over a magnetically-activated cell sorting LD
column (Miltenyi Biotec, Auburn, CA) to deplete the culture of parasites that escaped the DHA treatment
and progressed past ring stage. The same methodology as Teuscher et al. (7) was applied to the use of
the LD column. Pelleted cells from culture were suspended in 2 ml of cold cRPMI and passed three times
through the column over a period of 3 to 5 h. Afterward, the column was washed with 30 ml of cRPMI.
Eluates were combined and pelleted at 2,500rpm for 5 min, resuspended in 10 ml of cRPMI, and
returned to culture. As the parasitized erythrocytes approached maturity, the cultures were placed on a
rotator in the 37°C incubator to minimize the occurrence of multiply infected relative to singly infected
cells.

Dihydroartemisinin recrudescence assay. Tightly synchronized GB4 and 803 parasites, at approxi-
mately 2% ring-stage parasitemia, were treated with 700 nM DHA for 6 h. At 24, 48, and 72 h post-DHA
treatment, the cells of both cultures were treated with 10 ml of 5% p-sorbitol for 30 min at 37°C and
washed twice with cRPMI. This treatment removed mature stage parasites that survived the DHA treat-
ment. Parasitemia was monitored by microscopy, while medium was changed on alternate days and
fresh erythrocytes were added every 4 days until recrudescence.

Fluorescence-activated cell sorting. At t="50h, cells from 1 ml of each culture were pelleted and
washed three times with 1 ml of 1x Hanks balanced salt solution (HBSS) (Gibco, Waltham, MA) contain-
ing 2% fetal bovine serum (FBS) (Gibco, Waltham, MA). Washed samples were stained with 0.4x SG
(Invitrogen, Waltham, MA) for DNA content and 0.1 uM MT (Invitrogen, Waltham, MA) for mitochondrial
potential (52). Samples for FLIM analysis were stained only with 0.1 uM MT to avoid SG spectral overlap
(bleedthrough) with the endogenous FLIM signal (53). Control 0.1% DMSO vehicle-treated and DHA-
treated samples were filtered through a 35 um filter (Corning, Corning, NY) immediately before sorting.

Cells were sorted by using the BD FACSAria Fusion fitted with a 70 micron nozzle, and gating was
performed using the BD FACSDiva software (BD Biosciences, Franklin Lakes, NJ). For ASM, samples
underwent two sorting steps as follows: (i) isolation of infected from uninfected erythrocytes and (ii) sep-
aration of parasite populations by DNA and mitochondrial signals. The first step enriched for infected
erythrocytes by collecting one million SG-positive cells. Enrichment removed the vast majority of unin-
fected erythrocytes, allowing for more accurate sorting of live and dead parasites in the second step. A
highly pure sorting modality (4-way purity sorting for FACSAria Fusion) was chosen for the second round
of sorting. Enriched samples were collected in 5 ml polystyrene round-bottom tubes (Corning, Corning,
NY) with 1 ml of 1x HBSS containing 2% FBS, pelleted at 2,500 rpm for 5 min, resuspended, and sorted
into two populations depending on the presence or absence of MT signal. Parasites in the PYK gate
were used for a Giemsa-stained thin blood smear, while parasites in the MT+ gate were used for ASM.
All four samples were collected in polystyrene round-bottom 5 ml tubes with 1 ml of 1x HBSS/2% FBS.

For autofluorescence FLIM experiments, samples underwent a single-step sorting. The MT+ cells
were collected in polystyrene round-bottom 5 ml tubes (Corning, Corning, NY) with 1 ml of 1x HBSS/2%
FBS at room temperature and used immediately for imaging.

Data analyses were conducted and displayed using FCS Express (De Novo Software, Pasadena, CA).

Airyscan microscopy analysis. A 10 um by 10 um polydimethylsiloxane (PDMS) stencil microwell
(Alvéole, Paris, France) was placed inside each well of a Lab-Tek 8-well chamber (Thermo Fisher
Scientific, Waltham, MA). Ten microliters of 0.01% poly-lysine (Sigma-Aldrich, St. Louis, MO) were added
to the microwell and incubated for 30 min at room temperature to allow poly-lysine to adhere to the
slide. Afterward, the microwell was washed twice with 10 ul of 1x HBSS to remove unbound poly-lysine.
The DMSO- and DHA-treated parasites positive for SG/MT were transferred to 1.5 ml Eppendorf tubes,
spun down at 2,500 rpm for 3 min, and resuspended in 20 wl of remaining wash buffer. Ten microliters
of cell suspension were added directly to the center of the poly-lysine-coated microwell and incubated
for 30 min at room temperature in the dark. Lastly, 200 ul of a 1:4 dilution of intracellular (IC) fixation
buffer (Invitrogen, Waltham, MA) in cell culture water (Gibco, Waltham, MA) were added to the chamber.
The chamber was covered with a plastic membrane and stored at 4°C for imaging within the following
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24 h. Parasites were imaged using the Zeiss LSM 880 with Airyscan. Afterward, the ASM images were an-
alyzed using Imaris 9.1.2, and volumes were adjusted. In the majority of cells, the small and low-level mi-
tochondrial DNA SG fluorescence was clearly distinct and excluded in the analysis. In a few cells, mito-
chondrial DNA fluorescence was not visible or was merged during thresholding of the DNA volume.
Mitochondrial DNA regions were excluded if possible. The volumes of the mitochondrial and DNA vol-
ume were calculated as well as the distance between these volumes.

Autofluorescence FLIM and phasor analysis. When NADH undergoes multiphoton excitation, pho-
tons are released over time as NADH returns to its ground state, establishing a pattern of fluorescence
decay that can be detected over a period of nanoseconds. The lifetime of decay differs for NADH in its
free (0.4 nanoseconds) or protein bound state (1 nanosecond), which allows for the quantification of the
redox state of the organism or tissue under study and display of the information in the phasor plane (23,
24, 54).

DHA-treated or control parasites stained with MT were seeded onto a microwell in an 8-well cham-
ber coated with 0.01% poly-lysine. A confocal image was acquired using a Zeiss LSM 780 for each field
of view with two channels as follows: differential interference contrast (DIC) and MT emission (633 nm
excitation and emission collected a 640- to 740-nm range). Next, emission data were collected from the
given field of view with the integrated Coherent Chameleon Il Ti:Sapphire femtosecond-pulsed laser
tuned to 750 nm. Photons for lifetime data fitting were collected using a Becker & Hickl TCSPC DCC-100
control card with two HCM-130 GaAsP hybrid detectors. A 525 nm dichroic separated the emission into
the detectors, and a 480/40 bandpass filter was used with the short-wavelength detector. Each field of
view was scanned until at least 10 million photon events were collected. Phasor values were calculated
for each pixel with the SPCImage software. The resulting files were exported, and a custom MATLAB
algorithm used the signal from the MT confocal images to threshold the mitochondria, obtain the mean
phasor values, and run statistical tests.

Outgrowth using sorted parasitized cells. Outgrowth experiments were used to investigate para-
site viability after FACS. For this purpose, control- and DHA-treated samples at t=50h were obtained
through three gates as follows: SG/MT dim (SG/MTP), SG/MT intermediate (SG/MT), and SG/MT bright
(SG/MT®) (see Fig. S3 in the supplemental material). Each population was placed into a polystyrene tube
with 1xHBSS/2% FBS at a final concentration of 1 ml. One hundred microliters were taken from these
samples for a blood film, and the cells in the samples were pelleted at 2,500 rpm for 5 min, resuspended
in 180 wl of cRPMI, and transferred to a 96-well plate. Twenty microliters of a 50% erythrocyte stock
were added to each well to obtain a 5% hematocrit culture. Medium was changed on alternate days,
and 150 ul of 3.3% hematocrit solution were added every 4 or 5 days to replenish erythrocytes lost to
sampling. The parasitemia in each well was monitored through thick and thin smears using 1 ul of para-
sitized erythrocytes for each smear, and the time it took for the parasitemia to reach 0.5% was recorded.

Parasite viability was also verified for both vehicle-treated control and DHA-treated GB4 and 803 par-
asites, utilizing the SG- and MT-stained samples.

Statistical analysis of ASM and FLIM-phasor data sets. Significance testing of the ASM data sets
was performed by unpaired t tests in GraphPad Prism version 8.4.3. Autofluorescence FLIM-phasor data
sets and mean phasor distribution coordinates were compared through Pillai trace calculations in
MATLAB version 2019b.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, TIF file, 0.5 MB.
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