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ABSTRACT Current best practice for the treatment of malaria relies on short half-
life artemisinins that are failing against emerging Kelch 13 mutant parasite strains.
Here, we introduce a liposome-like self-assembly of a dimeric artesunate glycero-
phosphocholine conjugate (dAPC-S) as an amphiphilic prodrug for the short-lived
antimalarial drug, dihydroartemisinin (DHA), with enhanced killing of Kelch 13 mu-
tant artemisinin-resistant parasites. Cryo-electron microscopy (cryoEM) images and
the dynamic light scattering (DLS) technique show that dAPC-S typically exhibits a
multilamellar liposomal structure with a size distribution similar to that of the lipo-
somes generated using thin-film dispersion (dAPC-L). Liquid chromatography-mass
spectrometry (LCMS) was used to monitor the release of DHA. Sustainable release of
DHA from dAPC-S and dAPC-L assemblies increased the effective dose and thus effi-
cacy against Kelch 13 mutant artemisinin-resistant parasites in an in vitro assay. To
better understand the enhanced killing effect, we investigated processes for deacti-
vation of both the assemblies and DHA, including the roles of serum components
and trace levels of iron. Analysis of parasite proteostasis pathways revealed that
dAPC assemblies exert their activity via the same mechanism as DHA. We conclude
that this easily prepared multilamellar liposome-like dAPC-S with long-acting efficacy
shows potential for the treatment of severe and artemisinin-resistant malaria.
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alaria remains a leading threat to public health. A recent World Malaria Report

(1), reports that 241 million new cases were recorded in 2020, resulting in more
than 600,000 deaths. Children under the age of 5 continue to be among the most vul-
nerable, accounting for 77% of deaths in this period.

Artemisinin combination therapies (ACTs) are currently the front-line treatment
option recommended by the World Health Organization for uncomplicated falciparum
malaria, while parenteral or suppository artesunate (ARS) is the recommended treat-
ment for severe malaria (2). ACTs are formulated to contain a fast-acting artemisinin-
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Free heme, generated during hemoglobin digestion, activates artemisinins (4) by
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FIG 1 (a) Chemical structures of DHA, artemisinin, and dAPC. (b and c) Schematic representation of workflow
for preparation of (b) dAPC-L and (c) dAPC-S. MLV, multilamellar vesicles; ULV, unilamellar vesicles. Vesicle sizes

in nm are indicated.

opening the endoperoxide ring, leading to the production of radical species (5). The
activated artemisinin intermediates react with susceptible (nucleophilic) groups within
target molecules such as proteins, lipids, and heme (6-9). The resultant cellular dam-
age eventually overwhelms the parasite’s homeostasis systems (10, 11).

Different artemisinins exhibit different physicochemical and pharmacokinetic prop-
erties, tailored for different formulations and routes of delivery. DHA and AM exhibit
poor solubility in water, and their administration is largely restricted to the enteral
route and can show low (~20%) bioavailability (12, 13). An oil-based formulation of
AM is also available for intramuscular delivery, but again, the bioavailability is low and
variable (13, 14). ARS is sparingly water-soluble and is approved for intravenous, intra-
muscular, rectal, and oral delivery (15). Again, absorption of ARS is variable (16). Upon
absorption into the bloodstream, both AM and ARS are converted to DHA (17). DHA
exhibits a short in vivo half-life (~45 min), which necessitates a multidose treatment
regimen in combination with a longer half-life partner drug to avoid parasite recrudes-
cence (2). A novel formulation strategy for parenteral delivery of artemisinin-deriva-
tives could provide an effective approach to overcome these limitations, especially for
the treatment of severe malaria, which generally requires intravenous chemotherapy
to ensure rapid antimalarial activity.

Unfortunately, the effectiveness of artemisinins has declined in Southeast Asia,
manifesting as a delay in the clearance of parasites from the bloodstream following a
standard 3-day ACT treatment regimen (18) and up to ~50% treatment failure in areas
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with concomitant partner drug resistance (19, 20). Decreased sensitivity to artemisinins
is associated with mutations in a Kelch domain protein (K13) (21). Worryingly, recent
reports show mutations in K13 are appearing in Africa (22). Two recent studies suggest
that K13 plays a role in hemoglobin internalization (23, 24). K13 mutants exhibit lower
levels of K13 protein (23, 25). This partial loss of function of K13 leads to decreased he-
moglobin uptake in the early ring stage, which in turn reduces the level of artemisinin
activation, permitting parasite survival (23, 24). While early ring stage K13 mutant para-
sites are able to withstand exposure to short-lived artemisinins, prolonged drug expo-
sure is expected to overcome the resistance mechanism (26, 27).

One possibility for improving the therapeutic potential of antimalarials and enhancing
their tolerability, is via the use of slow-release nanoparticle formulations. Amphipathic mol-
ecules can be assembled to form micelles or liposomes in aqueous solution, and these
structures may exhibit improved solubility, bioavailability, and plasma half-lives and
reduced toxicity (28, 29). Nanoparticles based on naturally occurring lipids (typically, phos-
phatidylcholine, phosphatidylethanolamine, and cholesterol) or synthetic amphiphiles can
be loaded with a drug of interest. For example, nanoparticle therapeutics, such as Doxil
(liposomes) (30) and Genexol-PM (micelles) (31), are now employed in clinical tumor ther-
apy. Nanoparticle assemblies containing antimalarials, such as chloroquine (32), ARS (33),
primaquine (34), and DHA (35), have been described. However, conventional drug-loaded
liposomes can suffer from poor and variable loading levels and poor stability (36-38).
Recently, we and others have employed rational drug design strategies to modify existing
drugs in order to stimulate their self-assembly and physical transformation into nanopar-
ticles (39-41). This approach obviates the need for a carrier with a high loading rate to
deliver the drug of interest. It also simplifies preparation and offers the possibility of slow-
release formulations.

We previously described a dimeric artesunate glycerophosphocholine (GPC) conju-
gate (dAPC) as a novel antimalarial artemisinin-based prodrug (Fig. 1a) (42). The com-
pound was synthesized by conjugating two ARS molecules to positions sn-1 and sn-2
of GPC. dAPC is an amphiphile, and previous studies used thin-film dispersion (42, 43)
to assemble dAPC into liposome-like structures (dAPC-L). dAPC exhibited decreased cy-
totoxicity in a mouse leukemia cell line and a significantly extended in vivo half-life
(~10 h) compared with ARS (~1.5 h) (42, 43). In vitro studies, employing a mixed-stage
laboratory-adapted Plasmodium falciparum line, demonstrated the antimalarial activity
of dAPC-L. Furthermore, dAPC-L exhibited improved activity compared with ARS for
the treatment of Plasmodium berghei-infected mice (42).

In this study, we examine the properties of a spontaneously self-assembled dAPC
preparation (dAPC-S) and explore the efficacy of the nano-assemblies against K13-mu-
tant artemisinin resistant malaria parasites. We characterize the nano-assemblies using
electron microscopy (EM) and dynamic light scattering (DLS). Liquid chromatography-
mass spectrometry (LCMS) analysis shows that both dAPC-S and dAPC-L act as sustain-
able release reservoirs of DHA. This extends the effective dose of the active entity and
increases the potency. As a consequence, dAPC-S and dAPC-L exhibit enhanced killing
of artemisinin-resistant (K13 mutant) parasite lines compared to DHA. We conclude
that easily prepared dAPC-S nano-assemblies have potential for development as long-
acting formulations for the treatment of severe and artemisinin-resistant malaria.

RESULTS

Preparation of dAPC nanoparticles and characterization of size distribution
and morphology. In this study, we compared spontaneously self-assembled dAPC
nanoparticles, generated by direct suspension of dAPC in aqueous medium (dAPC-S;
“Preparation of dAPC-L and dAPC-S"), with particles produced by dispersion of a dried
thin-film (dAPC-L). Dynamic light scattering (DLS) of the samples (final concentration,
1 mM) revealed that the dAPC-S and dAPC-L preparations exhibit average diameters of
75 and 93 nm, respectively, with similar polydispersity (Fig. 2a).

Cryo-electron microscopy (cryoEM) revealed that dAPC-L particles are generally uni-
lamellar, while dAPC-S particles are multilamellar (Fig. 2b). Analysis of particle sizes
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FIG 2 Characterization of dAPC nanoparticles. (a) Particle size distributions of dAPC-S (blue line) and dAPC-L (red line) analyzed by
DLS. (b) CryoEM images of dAPC-S (left panels) and dAPC-L (right panels) (50 nm and 100 nm scale bars indicated); (c) particle size
distributions of dAPC-S (blue bars) and dAPC-L (red bars) vesicles analyzed by cryoEM.

from micrographs confirmed the average sizes of approximately 85 and 90 nm, respec-
tively, and again revealed the polydispersity of the samples (Fig. 2c).

dAPC assemblies act as sustainable release agents for DHA. To probe the stability
of dAPC preparations relative to DHA during incubation in aqueous medium, we undertook
LCMS analysis (“LCMS Analysis of the Release of DHA from dAPC") using high-resolution mass
spectrometry. Quality control analysis of DHA samples confirmed that detection of DHA was
in the linear range under the conditions of the assay (see Fig. S1 in the supplemental mate-
rial). We note that DHA (in phosphate-buffered saline [PBS]) is rapidly degraded due to the
presence of a lactol moiety, as reported previously (44). Upon incubation in PBS, or PBS plus
10% plasma, DHA is degraded with half-lives of 12.8 h and 9 h, respectively (Fig. 3a). Only
10% of the initial level remains after 24 h in PBS plus 10% plasma.

Quality control analysis of dAPC samples confirmed that detection of dAPC-S was in
the linear range under the conditions of the assay (Fig. S2). During incubation of dAPC-
S preparations in PBS, and PBS plus 10% plasma, dAPC is degraded with half-lives of
4.8 h and 9.4 h, respectively (Fig. 3b). The slower degradation in the presence of
plasma suggests that protein-binding stabilizes dAPC. Interestingly, the analysis
revealed that DHA is gradually released from the GPC conjugate, reaching a maximum
after 12 h of incubation and then gradually declining (Fig. 3c). This analysis reveals that
dAPC acts as an agent for the sustainable release of DHA. This slow-release behavior is
expected to increase the potency of DHA by enhancing the effective dose of inhibitor
to which the parasite is exposed (45). We therefore undertook a series of in vitro analy-
ses to assess the relative activities of DHA and dAPC preparations.

A modified washing procedure is required to assess dAPC potency in pulsed in
vitro exposure assays. The responses of P. falciparum cultures to artemisinins are best
studied using inhibitor exposure times designed to mimic in vivo exposure (26, 45, 46).
An important aspect of such assays is the efficient removal of the compounds from the
culture wells, following the inhibitor pulse, to ensure that their activity is not overesti-
mated (47). This is particularly important for more hydrophobic compounds that may
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FIG 3 Chemical transformation of DHA and dAPC-S in aqueous media. DHA and dAPC-S were incubated in PBS (circles) and PBS + 10%
plasma (squares) for the times indicated before quantitative analysis by HPLC and mass spectrometry. (a to c¢) DHA (a) was degraded, while
loss of dAPC-S (b) was accompanied by release of DHA (c). The data represent the average of two independent experiments, each performed
in duplicate. Error bars represent the standard error of the mean (SEM).
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FIG 4 Antimalarial activity of DHA, dAPC-S, and dAPC-L in short-pulse exposure assays. (a) Ring-stage
parasites (Cam3.II753T) were exposed to DHA (black), dAPC-S (blue), or dAPC-L (red) (500 nM) for the
times indicated, and residual viability was measured in the following cycle. The data represent the
average of 3 or more independent experiments, each in duplicate. The error bars represent the S.D. (b)
Dose response curves for ring-stage Cam3.lI"%3°T parasites exposed to DHA (black, diamonds), dAPC-S
(blue, circles), and dAPC-L (red, squares) for 6 h. The data are from an experiment performed in duplicate.
The data are typical of three independent experiments. Error bars represent the range of values.

adhere to the plate well surface. Because the physicochemical properties of dAPC
assemblies are different from those of DHA, it was important to establish a suitable in-
hibitor elimination (or wash) procedure.

Briefly, uninfected red blood cells (RBCs) were incubated for 3 h with a dilution series
of the compounds, prior to four wash cycles. Cells were either maintained in the same
plate or transferred to a fresh plate. Infected RBCs (Cam3.lI*v) were added, and viability
was assessed in the next cycle (Fig. S3). While the standard wash protocol was sufficient to
remove DHA, loss of parasite viability was observed at higher dAPC concentrations (500 to
1,000 nM) (Fig. S3a), indicating that residual compound remained in the wells. A modified
protocol, involving transfer of RBCs to a fresh plate, was required to ensure elimination of
residual inhibitor (Fig. S3b). This modified protocol was used for all further studies.

dAPC assemblies exhibit enhanced killing of artemisinin-resistant parasites in
clinically relevant exposure assays. The K13 mutant line (Cam3.1I*>3°T) of P. falciparum
exhibits decreased susceptibility to artemisinins at the ring stage of infection compared
with the isogenic K13 wild-type line (Cam3.1I®V) (48), manifesting as residual viability fol-
lowing a short pulse exposure. Accordingly, following a 3-h exposure to DHA, the K13 mu-
tant line exhibits a residual viability of 43% (Fig. 4a, Table S1), consistent with a previous
report (47). dAPC-S and dAPC-L exhibit 50% lethal dose (LDs,) values for the 3-h pulsed ex-
posure that are 1.3 to 3.6-fold higher than for DHA (Fig. S4b, Table S2). Nonetheless, expo-
sure to dAPC-S and dAPC-L for 3 h at 500 nM, killed >85% of the K13 mutant parasites
(Fig. 4a, Fig. S4a, Table S1). When the exposure time was increased to 6 h or 9 h, ~25%
and 10%, respectively, of K13 mutant parasites remained viable after exposure to DHA,
while no parasites survived exposure to dAPC-S and dAPC-L for the same period (Fig. 4a
and b, Fig. S4b, Table S1). Thus, at anticipated exposures in vivo, both dAPC-S and dAPC-L
would be expected to be more efficacious than DHA against K13 mutant parasites. We
note that exposure to DHA for 72 h renders both the K13 wild-type and mutant lines non-
viable (Fig. 4a, Table S1), as previously shown (47).

dAPC nanoparticles exhibit a time-dependent increase in potency and resist
degradation. To better understand the differential potencies of dAPC-S, dAPC-L, and
DHA, we examined their antimalarial activities following preincubation under different
conditions. We assessed potency by exposing trophozoite-stage parasites (Cam3.1I"sV)
to the preincubated samples for 3 h. When applied without preincubation, DHA shows
high antimalarial potency (LDs, for the 3-h pulsed exposure [LDs, 5], 12 nM); however,
its activity decreases rapidly upon incubation in RPMI 1640 (RPMI) medium or plasma-
supplemented RPMI (Fig. 5a and b). For example, the LDy, 3, value increases to approx-
imately 150 nM and 750 nM, respectively, following preincubation for 24 h (Fig. 5a and
b). This represents a loss of ~90% and 98% of activity, respectively (Fig. S5c and d).
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FIG 5 Effect of preincubation on antimalarial activity of DHA, dAPC-S, and dAPC-L. (a and b) DHA (black), dAPC-S (blue), and dAPC-L (red)
were preincubated in (a) RPMI or (b) RPMI + 10% plasma for the indicated periods. The LD, values were determined from a series of 10
dilutions in two independent experiments. Error bars represent the range of values for the two experiments. (c to e€) DHA (c), dAPC-S (d),
and dAPC-L (e) were preincubated in the presence of RBCs at 0.1% ht (unbroken line), 1% ht (dashed line) and 10% ht (dotted line) for the
indicated periods. Remnant activity was assessed by exposing infected RBCs to the preincubated compound samples for 3 h, with viability
assessed in the next cycle. Dose response curves were generated, and relative activity was estimated compared with activity prior to
preincubation, defined as LDy, (time = 0)/LD, (time = t) multiplied by 100. The remnant activity values are determined from a series of 10
dilutions in two independent experiments. Error bars represent the range of values for the two experiments.

This loss of activity is consistent with the previously reported poor stability of DHA
under culture conditions (49, 50).

Heat inactivation of the plasma did not prevent loss of DHA activity (Fig. S6), suggest-
ing that the deactivation is not mediated by serum esterases. The loss of potency was less
dramatic in PBS or PBS plus plasma (Fig. S5a and b) than in RPMI (Fig. S5¢). This suggests
that inactivation is due to chemical decomposition (51), exacerbated by RPMI components,
such as trace iron in the presence of the glutathione reducing agent in RPMI. Accordingly,
we showed that addition of extra iron exacerbated the loss of activity (Fig. S7).

In the absence of preincubation, dAPC-L and, particularly, dAPC-S (Fig. 5a and b),
show lower initial levels of potency than DHA (ICs, 5, values of ~50 and ~150 nM,
respectively). However, the potency increased 3- to 10-fold upon incubation in RPMI
medium or plasma-supplemented RPMI (Fig. 5a and b, Fig. S5c and d). The ICs, 5, val-
ues for both compounds decreased to 10 to 20 nM following incubation for 12 h, and
the preparations retained good potency following incubation for 24 h (Fig. 5a and b).
Interestingly, the initial increase in potency upon incubation of dAPC-S in PBS, and PBS
plus plasma (Fig. S5a and b), correlates very well with the estimated increase in DHA
due to release from dAPC (Fig. 3¢c).

Instability due to ferrous iron (and heme released from hemoglobin) in uninfected
RBCs is considered to be a major contributor to the very short in vivo half-life of DHA
(50, 52). In this work, we examined the effect of incubating DHA and the dAPC nano-
particle preparations at increasing hematocrit (ht) levels. Exposure of DHA to a 10%
suspension of RBCs in PBS for 24 h reduced the level of activity by ~94% (Fig. 5C, Fig.
S5e). In contrast, upon incubation with a 10% suspension of RBCs in PBS, dAPC-S and
dAPC-L exhibited initial gains in potency and remained more potent (dAPC-S) or
retained close to 100% of the initial activity (dAPC-L), even after 24 h of incubation
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FIG 6 Disruption of proteostasis underpins parasite killing by dAPC nanoparticles. (@ and b) Trophozoite-stage infected
RBCs (Cam3.lI"") were incubated with carrier (0.1% DMSO) or increasing concentrations (indicated) of DHA (a) or dAPC-S (b)
for 90 min. Extracts were probed with antiserum recognizing polyubiquitinated proteins. PfBiP is a loading control. The
data represent matched blots from the same day. Blots from three additional experiments are presented in Fig. S8. (c)
Lysate from trophozoite-stage parasites exposed to carrier, DHA, and dAPC (concentrations indicated) for 3 h were
analyzed by Western blotting for phosphorylated-elF2a. PfBiP is a loading control. Blots from three additional experiments
are presented in Fig. S8. (d) Protein translation was measured in trophozoite-stage parasites (Cam3.lI"") that were exposed
to increasing concentrations of DHA (black, diamonds), dAPC-S (blue, circles), or cycloheximide (green, triangles) for 60 min
before incorporation of O-propagyl-puromycin (OPP). Cultures were incubated for a further 120 min before parasites were
harvested for determination of OPP incorporation. The data represent the average of two technical replicates. Error bars

represent the range of the individual values. A replicate data set is presented in Fig. S9.

(Fig. 5d and e, Fig. S5f and g). Thus, the sustainable release of DHA from dAPC means
that it is protected from rapid degradation, likely enhancing its in vivo exposure and
providing the superior in vivo efficacy of the nanoparticle preparations (42).

dAPC assemblies exert their activity via the same mechanism as DHA. Artemisinins
exert their activity by causing widespread protein damage, leading to a build-up of poly-
ubiquitinated proteins that eventually overwhelms the parasite’s stress response and
causes cell death (10). While it seems likely that dAPC preparations exert their activities
via a similar mechanism, this has not been formally demonstrated. Based on a previous
report (26), we exposed trophozoite stage cultures of P. falciparum (Cam3.1I"*V) to a range
of concentrations of DHA or dAPC-S for 1.5 h (Fig. 6). Parasite proteins were isolated and
the level of polyubiquitinated proteins analyzed by Western blotting (Fig. 6a and b, Fig.
S8). Exposure of parasites to either DHA or dAPC resulted in a concentration-dependent
increase in protein ubiquitination.

Accumulation of unfolded proteins triggers endoplasmic reticulum (ER)-stress, lead-
ing to elF2«a (a subunit of eukaryotic initiation factor 2) phosphorylation and partial in-
hibition of protein translation (23, 53). We exposed trophozoite-stage parasites to dif-
ferent compounds for 3 h. dAPC-S exposure triggered elF2a phosphorylation in a
dose-dependent manner (Fig. 6¢, Fig. S8), reaching a level similar to that achieved
upon exposure to DHA (1 wM) (Fig. 6¢).

To monitor protein translation efficiency, we used a flow cytometry-based assay to
measure the level of incorporation of a fluorescent puromycin derivative, extending a
previously published method (54). Parasites were exposed to DHA for 1 h, before addi-
tion of O-propargyl-puromycin (OPP) for a further 2 h to measure the translation level.
DHA exposure (for a total period of 3 h) inhibited translation to a maximal level of 50
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to 60% (Fig. 6d, Fig. S9), in agreement with a previous report (23). dAPC-S also inhib-
ited protein translation, reaching a maximal level of 30 to 50% inhibition (Fig. 6d, Fig.
S9). The well-characterized ribosome-targeted inhibitor cycloheximide also inhibited
protein translation in this assay format, with an IC, value of 0.7 uM (Fig. 6d, Fig. S9), in
agreement with a previous report (23). Taken together, the data support the sugges-
tion that dAPC kills parasites in a manner similar to DHA.

DISCUSSION

In a previous study, we reported a novel artemisinin derivative, dAPC, that mimics
the structure of natural phosphatidylcholines (42). Using a classic liposome preparation
protocol, dAPC was assembled into unilamellar vesicle (ULV) liposomes (dAPC-L) with-
out any other excipients. dAPC exhibited inherently full drug-loading and significantly
improved in vivo half-life and efficacy in vitro and in vivo (42). Here, we aimed to under-
stand the molecular basis for the enhanced potency and to develop more practical for-
mulations suitable for transfer to the clinic.

In contrast to traditional liposomal preparations, the self-assembly process described
here requires no specialist equipment. Amphiphilic compounds spontaneously self-assem-
ble to form nanoparticles that can take the form of micelles, liposomes, or liquid crystals
(55). Using cryoEM and DLS analyses, we showed that dAPC-S self-assembles into multila-
mellar vesicles (MLV) with a similar size distribution to dAPC-L in the ULV form.

Artemisinins are thought to kill malaria parasites by damaging proteins and mem-
branes (10). In order to exert their activity, artemisinins must first be activated by ferrous
iron attack on the peroxide oxygen atom to form an alkoxy radical that undergoes B-scis-
sion to form a secondary carbon-centered free radical (56). The same chemical reactions
also underpin the instability of artemisinins in medium containing a source of reduced
iron and contribute to the rapid clearance from the bloodstream in vivo (44).

The very short in vivo half-lives (0.5 to 1.5 h) mean that a single treatment with clini-
cally used artemisinins does not deliver sufficient exposure (to activated inhibitor) to
kill all parasites, particularly in the ring stage of development when the flux of hemo-
globin digestion is low (26, 45). Recent work shows that mutations in the Kelch 13
(K13) gene confer decreased artemisinin sensitivity by further dampening hemoglobin
endocytosis (23, 24). As a consequence, a substantive proportion of the population of
ring-stage K13 mutant parasites are not killed by clinically relevant artemisinin expo-
sures. Modeling studies have predicted that artemisinin derivatives that exhibit slower
degradation rates, which increases the duration of exposure to activated artemisinin,
would possess superior ability to kill K13 mutant parasites (45).

In this work, we used chromatographic separation and mass spectrometry to assess
the fate of dAPC and DHA during incubation in aqueous medium. DHA is degraded
rapidly, even in PBS, in agreement with previous reports (49, 50). Decomposition prod-
ucts can include deoxyartemisinin (51), isomeric decomposition products, and several
other end products dependent on the reaction system (3, 57, 58). Interestingly, dAPC is
also transformed during incubation, but in this case, it acts as a sustainable release res-
ervoir for DHA. The endoperoxide bond appears to be protected from degradation in
the context of the GPC conjugate, and the sustainable release profile effectively
extends the exposure to DHA.

We examined the ability of DHA, dAPC-S, and dAPC-L to inhibit the growth of cul-
tures of wild-type and K13 mutant P. falciparum. K13 mutant parasites exhibited much
lower residual viability when exposed to dAPC-S or dAPC-L than to DHA. This effect is
particularly dramatic for exposure pulses of 6 or 9 h, which mimic the longer in vivo
half-life of dAPC (42). We anticipate that this enhanced activity is due to the higher
effective dose of DHA (i.e., longer exposure time) provided by the slow-release mecha-
nism, such that the proteotoxic stress reaches the toxic level (59).

We undertook a more detailed analysis of the factors that underpin the differential
degradation of DHA and dAPC in different aqueous media. Following incubation for 24
h at 37°C in the presence of plasma-containing culture medium, the antimalarial
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activity of DHA was completely ablated, consistent with previous reports (57). Our
detailed analysis showed that the degradation was relatively slow in PBS (t,,, ~12 h)
but increased in culture medium (half-life [t,,], ~6 h) and was very rapid in plasma-
supplemented culture medium (t,,, ~3 h). Incubation in the presence of an increasing
hematocrit of RBCs also caused rapid degradation of DHA, likely due to the ferrous iron
or heme present at low levels in the RBC cytoplasm (60).

In contrast, the potency of dAPC-S increases upon incubation in each of the media exam-
ined, reaching a maximal level at ~12 h and then gradually declining. Comparison with the
quantitative analysis of the fate of dAPC in PBS, and PBS plus plasma, confirmed that the incu-
bation-induced increase in potency is very well correlated with the increase in DHA concentra-
tion, due to release from dAPC. Similarly, the subsequent loss of potency (after >12 h of incu-
bation) correlates with the decrease in DHA concentration, due to chemical degradation.

The ability of reduced iron to attack the endoperoxide bond of artemisinins is
decreased if the bond is less accessible (61, 62). We propose that the much lower sus-
ceptibility of dAPC to chemical degradation is due to burying reactive groups in the
center of the bilayer of the dAPC assemblies (or potentially upon binding to serum lip-
oproteins), which may protect against degradation. The sustainable release of DHA
from dAPC nanoparticles provides a drip-feed of DHA.

As expected, dAPC assemblies appear to exert their activity via the same mecha-
nism as DHA. Upon exposure to dAPC, parasites display the hallmarks of ER stress,
which include protein polyubiquitination, elF2a phosphorylation, and consequent
downregulation of protein synthesis. The longer in vivo half-life time of dAPC and grad-
ual conversion to DHA means that parasites will be subjected to protein damage for a
longer period that eventually overwhelms the parasite’s defense system.

The excellent activity of dAPC assemblies suggests that more complex formulations
may not be needed. The easy to prepare, relatively low-cost dAPC-S formulation may be
sufficient. dAPC nano-assemblies offer clear advantages for parenteral and intramuscular
routes of delivery for treatment of artemisinin-resistant (K13 mutant) malaria; however, we
note a limitation of dAPC with respect to oral formulations, as it would be expected to
undergo rapid conversion to DHA at the pH of the stomach. Further research could
explore the possibility of different linkages that would be more acid resistant.

Conclusions. In summary, we have examined two different methods for prepara-
tion of dAPC nano-assemblies. A careful analysis of the behavior of these preparations
in an in vitro culture system revealed that the endoperoxide group is protected from
chemical degradation until the DHA is released from the conjugate. With further devel-
opment, dAPC-S holds promise as a much-needed stable injectable formulation with
enhanced activity against artemisinin-resistant parasites.

MATERIALS AND METHODS

Materials. 1,1'-Carbonyldiimidazole (CDI) and 1,8-diazabicyclo-[5.4.0]-undec-7-ene (DBU) were sup-
plied by Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). L-a-glycerophosphocholine (GPC)
was provided by Fushilai Medicine & Chemical Co., Ltd. (Changshu, China). Dihydroartemisinin (DHA)
was purchased from Tokyo Chemical Industry (TCl) Co., Ltd. (Tokyo, Japan). All organic solvents used in
this work were analytical or higher grade. Tween 20, Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA),
Triton X-100, propidium iodide (PI), and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich
(St. Louis, MO). RPMI 1640 (catalog [cat.] no. 21870076) and AlbuMAX Il (cat. no. 11021045) were pur-
chased from Life Technologies (Carlsbad, CA). Human pooled serum and red blood cells (RBCs) (O*)
were supplied by the Australian Red Cross Blood Service (Melbourne, Australia). cOmplete protease tab-
lets (cat. no. 05892791001) were purchased from Roche (Welwyn Garden City, UK). Anti-ubiquitin anti-
body (cat. no. 3933S) and anti-phospho-elF2a (Ser51) antibody (cat. no. 9721S) were purchased from
Cell Signaling Technology (Danvers, MA). Anti-PfBiP antibody was kindly provided by Alan Cowman, The
Walter and Eliza Hall Institute (Melbourne, Australia). Goat anti-rabbit IgG antibody (cat. no. A0545) was
purchased from Sigma-Aldrich, and goat anti-mouse IgG antibody (cat. no. AP127P) was purchased from
Merck (Darmstadt, Germany). SeeBlue Plus2 prestained protein standards (cat. no. LC5925), Bolt Bis-Tris
4 to 12% polyacrylamide gels (cat. no. NW04122BOX), Bolt lithium dodecyl sulfate (LDS) sample loading
buffer (cat. no. B0008), morpholineethanesulfonic acid (MES) running buffer (cat. no. B0002), and sample
reducing agent (cat. no. B0009) were purchased from Life Technologies. Pierce ECL Western blotting
substrate (cat. no. 32106) and SYTO 61 red fluorescent nucleic acid stain (SYTO61) (cat. no. S11343) were
purchased from Thermo Fisher Scientific. O-propargyl-puromycin (OPP) (cat. no. 1407-5) and Alexa Fluor
488 azide (cat. no. 1275-1) were purchased from Click Chemistry Tools (Scottsdale, AZ).
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Synthesis of dAPC. The dAPC was synthesized by a heterogeneous esterification reaction as
reported previously (42). Briefly, ARS (1.0 mmol) was activated using CDI (1.5 mmol) in anhydrous di-
methyl sulfoxide (DMSO; 20 mL) for 2 h. GPC (0.4 mmol) and DBU (4.0 mmol) were mixed in DMSO
(10 mL) for 15 min and then added to the reaction mixture and stirred overnight. The reaction mixture
was separated using a traditional silica gel chromatographic column with eluent A (CH,CI,/CH,0OH, 5/1,
vol/vol) and then eluent B (CH,Cl,/CH,OH/H,0, 65/25/4, vol/vol/vol). The desired fractions were vacuum
dried, producing the crude product as a faint yellow solid. The crude product was further purified by
high-performance liquid-phase column chromatography using a C,; column (NS4000; Hanbon Sci. &
Tech. Co., Huai'an, China) with bound material eluted in CH,Cl,/CH,OH/H,O (65/25/4, vol/vol/vol). The
desired fractions were vacuum dried, producing a white solid with a purity of 97.3% (yield, ~40%).

Preparation of dAPC-L and dAPC-S. The dAPC liposomes (dAPC-L) were prepared by thin-film disper-
sion as described previously (Fig. 1b) (42). Briefly, dAPC (10 mg, 10 wmol) powder was dissolved in 50 mL
chloroform and placed in a 100-mL round-bottom flask. Rotary evaporation under reduced pressure at 30°C
was employed to produce a thin film. A suspension was created by resuspending dAPC in 10 mL PBS (pH
7.4). The sample was maintained in a round-bottom flask at 40°C with shaking for 10 min to produce lipo-
somes with a final concentration of 1 mM. LCMS analysis revealed that the preparation contains a small level
(~4%) of DHA. The liposome suspension was homogenized by several passages through a Millipore Millex-
HV 0.45-um filter. To prepare dAPC-S (Fig. 1c), dAPC was dissolved in DMSO to 100 mM and slowly added
into PBS to achieve a final dAPC concentration of 1 mM. The suspension was incubated for 30 min at room
temperature with gentle mixing. LCMS analysis revealed that DHA represents ~4% of the preparation.

Dynamic light scattering. Nanoparticle size was measured using dynamic light scattering (DLS) on
a Zetasizer Nano ZS 90 instrument (Malvern Instruments Ltd.). Nanoparticle samples were analyzed at a
final concentration of 1T mM. Measurements were taken over a 50-s time period with 10 replicates at
20°C. The samples were illuminated with a 4-mW He-Ne laser operating at 633 nm, and experiments
were conducted at a scattering angle of 173 degrees. The built-in analysis software was used to deter-
mine average particle hydrodynamic sizes.

CryoEM sample preparation and imaging. The dAPC (4 uL of 1 mM stock in PBS) was applied to
glow-discharged Quantifoil Cu 1.2/1.3 or UltrAuFoil 1.2/1.3 on a 300-mesh grid. Samples were vitrified in
liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific) plunge freezer set to 22°C with 100%
relative humidity. Grids were blotted with a blot time of 4 s, blot force of —1, and wait time of 30 s. The
vitrified samples were transferred to a Gatan 626 cryo transfer holder and imaged using a Tecnai G2
TF30 (FEI) field-emission transmission electron microscope operating at 200 kV.

LCMS analysis of the release of DHA from dAPC. DHA and dAPC-S (100 uM) were incubated in
PBS and PBS plus 10% plasma at 37°C for 3, 6, 9, 12, and 24 h before LCMS analysis. Samples were ana-
lyzed using high-resolution mass spectrometry (Q Exactive, Thermo Fisher) coupled with a Dionex
Ultimate 3000 ultra high-performance liquid chromatography (UHPLC) system (Thermo Fisher).
Analytical separation was performed on a 100 mm by 2.1 mm, 2.7-um Ascentis Express C; or 150 mm by
2.1 mm, 1.9- um Thermo Fisher Hypersil GOLD C,, reversed phase column, with a guard column of the
same material (Sigma-Aldrich). Compounds were eluted using a binary gradient solvent system consist-
ing of 20 mM ammonium formate, pH 6 (solvent A), and acetonitrile (ACN) (solvent B). The gradient pro-
file was as follows: 0 to 4 min, 20 to 98% B; 4 to 6.5 min, 98% B; 6.5 to 7 min, 98 to 15% B and 7 to
11 min, 15% B. The compounds of interest eluted between 1.5 and 5 min at a flow rate of 0.4 mL/min.
Mass spectrometry was performed as a full scan acquisition in polarity switching mode, with the follow-
ing settings: resolution, 35,000; AGC target, 1 x 10% m/z range, 100 to 1,250; sheath gas, 34; auxiliary
gas, 13; spare gas, 2; probe temperature, 120°C; and capillary temperature, 300°C. For positive ionization
mode, the spray voltage was set at +4 kV and the S-lens voltage at +50 V. For negative ionization
mode, the spray voltage was set at —3.5 kV and the S-lens voltage at -50 V. Targeted detection based
on accurate mass (* 3 ppm) and retention time, and integration of LCMS peak areas for the analytes of
interest, was performed using Thermo Xcalibur Quan Browser (version 4.2 SP1).

Parasite culture and tight synchronization. The P. falciparum lines employed in this study were
propagated in O* human RBCs (Australian Red Cross Blood Service) in complete culture medium (CCM)
defined as RPMI 1640 (RPMI), supplemented with GlutaMAX, 25 mM HEPES (Thermo Fisher), 5% (vol/vol)
human serum (Australian Red Cross Blood Service), 0.25% (wt/vol) AlbuMAX Il (Life Technologies), 10 uM p-
glucose, 22 ug mL™" gentamicin, and 0.5 mM hypoxanthine, and incubated at 37°C in an atmosphere of 1%
0,, 5% CO,, and 94% N,. Cultures were monitored by Giemsa staining of methanol-fixed blood smears.
Culture medium was replaced at least every 48 h, and parasitemia (pt) was maintained below 5% to ensure
health of the cultures. Parasites were synchronized by two sorbitol treatments as described previously (26,
45), yielding ring- (0 to 5 h postinvasion [p.i.]) or trophozoite-stage (25 to 30 h p.i.) parasites for use in experi-
ments. The P. falciparum lines used in this study, Cam3.1I"" (K13 wild type) and Cam3.II"%3°T (K13 mutant) (48),
were kindly provided by David A. Fidock (Columbia University Medical Center, New York, NY).

Inhibitor pulse assay. The inhibitor pulse assay employed in this study to estimate LD, and V,,
have been described previously (45-47). Briefly, DHA, dAPC-S, and dAPC-L were serially diluted in CCM
in 96-well v-bottom plates. Parasite culture was added to wells containing inhibitor (0.2% hematocrit
[ht], 1% pt) and incubated for 3 h. Cells were washed four times with 200 L CCM and incubated under
standard conditions until assessment of parasitemia. Parasite viability following an inhibitor pulse is
defined as the fraction of the parasite population that survives inhibitor exposure and is able to enter
the next parasite cycle. Viability was determined by measuring the parasitemia in the parasite cycle fol-
lowing the inhibitor pulse. For this, parasites were fluorescently labeled with the RNA-binding dye,
SYTO61, and the parasitemia was quantitated by flow cytometry. Viability was calculated in relation to
parasitemia in the “untreated parasite” control (parasites not exposed to inhibitor) and “kill" control
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cultures. The latter refers to parasites maintained under constant inhibitor pressure (>100 times the
LDs, 45 1, for 48 to 96 h) to ensure quantitative killing of parasites. LDy is the inhibitor concentration pro-
ducing 50% viability. V.., is defined as the viability at saturating inhibitor concentration and was estab-
lished by examining viability at the highest inhibitor concentration employed in a particular assay.

Modified inhibitor wash protocol. An inhibitor wash efficiency study was carried out as described pre-
viously (47). Briefly, 200-u.L aliquots of uninfected RBCs (0.1% ht) in CCM were dispensed in 96-well v-bottom
plates. Inhibitor (0 to 1 M) was applied to wells, and cell suspensions were maintained for 3 h under stand-
ard culture conditions. Inhibitor was removed by washing the uninfected RBCs in CCM (4x) and were either
maintained in the original plate (standard protocol, no transfer) or transferred (modified protocol) to a fresh
plate. Cam3.II""-infected RBCs were aliquoted into wells containing washed uninfected RBCs (0.2% ht, ~1%
pt). The culture was maintained until the next cycle, when parasite viability was assessed.

Stability studies. Inhibitor stability in different media was assessed as follows. Compound (100 wM)
was incubated in PBS (pH 7.4), PBS (pH 7.4) + 10% plasma, CCM, and CCM + 10% plasma for various
time periods before remnant activity was assessed. Similarly, inhibitor stability was examined in the pres-
ence of RBCs. Compound (100 ©M) was incubated in the presence of RBCs (0.1, 1, and 10% ht in PBS)
over various time periods. Remnant inhibitor activity was evaluated by exposing Cam3.lI"®¥ parasites (25
to 30 h p.i.) to inhibitor (in serial dilution) for 3 h (26). The culture was maintained until the next cycle,
when parasite viability was assessed.

Polyubiquitination and elF2« phosphorylation. Protein ubiquitination and phosphorylation of
elF2« (P-elF2a) were determined as previously described (10). Briefly, Cam3.1I""-infected (25 to 30 h p.i.)
RBCs (1 mL, 4 to 5% pt, 3% ht) were exposed to inhibitor or carrier in 24-well plates for 1.5 h for polyubi-
quitin detection, as per a previous report (26), or 3 h for P-elF2« detection, to match the period of the
protein translation assay (see below). The infected RBCs were pelleted at 380 x g for 5 min, resuspended
in 500 uL PBS (+ cOmplete), and repelleted. Pelleted RBCs were lysed by resuspension in 500 uL PBS,
cOmplete, and 0.05% saponin for 2 min at room temperature. Lysed RBCs were centrifuged at 380 x g
for 10 min at 4°C. Pellets were washed 3 times in 200 uL PBS (+ cOmplete) and solubilized in Bolt LDS
sample buffer containing reducing agent. Samples were resolved by SDS-PAGE (Bolt Bis-Tris 4 to 12%
polyacrylamide gel, MES running buffer) and transferred (iBlot, Thermo Fisher Scientific) to nitrocellulose
membranes. Membranes were blocked in mPBST (PBS supplemented with 3% wt/vol skim milk powder
and 0.1% Tween 20) for 1 h at room temperature and probed with antiubiquitin (1:2,000), anti-P-elF2«
(1:500), and anti-PfBiP (1:1,000) overnight at 4°C. Membranes were incubated with secondary antibody
for 1 h at room temperature. The secondary antibodies were goat anti-rabbit IgG-peroxidase (for antiubi-
quitin and anti-P-elF2q, 1:25,000) and goat anti-mouse IgG-peroxidase (for anti-PfBiP, 1:25,000). Washed
immunoblots were incubated with enhanced chemiluminescent (ECL) reagents before being imaged
using the ChemiDoc MP imaging system (Bio-Rad, Hercules, CA).

Protein translation assay. Protein translation efficiency was estimated by incorporation of O-pro-
pargyl-puromycin (OPP), based on a method modified from previous reports (63, 64). Briefly, duplicate
aliquots (200 ulL) of Cam3.II""-infected RBCs (25 to 30 h p.i.; 0.2% ht and 1% pt) were treated with DHA,
dAPC, and dAPC-L for 1 h in 96-well v-bottom plates. OPP solution (0.4 uL of 2 mM stock) was added
and incubated for 2 h. Cells were washed 3 times in PBS and fixed in 4% formaldehyde and 0.02% glutar-
aldehyde (200 wL) for 30 min at room temperature. The cells were washed 3 times in PBS and 3% plasma
and permeabilized in PBS, 3% plasma, and 0.05% Triton X-100 (200 wL) for 5 min at room temperature.
Cells were fluorescently labeled by incubation in 200 uL reaction mix (PBS, 0.1 mM CuSO,, 0.5 mM
THPTA, 5 mM sodium ascorbate, and 0.1 «M Alexa Fluor 488 azide) for 1 h at 37°C. Cells were washed
4 times in PBS and 3% plasma and resuspended in PBS, 3% plasma, and 5 ng/mL propidium iodide (PI)
(200 wl). Cells were incubated for 10 min at room temperature. Fluorescence was measured by flow
cytometry (FACS Canto II; BD Biosciences, San Jose, CA).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1 MB.
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