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ABSTRACT: Peroxidic antimalarial agents including the
sequiterpene artemisinins and the synthetic 1,2,4-trioxolanes
function via initial intraparasitic reduction of an endoperoxide
bond. By chemically coupling this reduction to release of a
tethered drug species it is possible to confer two distinct
pharmacological effects in a parasite-selective fashion, both in

Plasmodium chaubaudi
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vitro and in vivo. Here we demonstrate the trioxolane-mediated delivery of the antimalarial agent mefloquine in a mouse malaria
model. Selective partitioning of the trioxolane—mefloquine conjugate in parasitized erythrocytes, combined with effective
exclusion of the conjugate from brain significantly reduced brain exposure as compared to mice directly administered mefloquine.
These studies suggest the potential of trioxolane-mediated drug delivery to mitigate off-target effects of existing drugs, including
the adverse neuropsychiatric effects of mefloquine use in therapeutic and chemoprophylactic settings.
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he antimalarial agent (+)-mefloquine (1) has for decades

been a stalwart of antimalarial chemotherapy and
chemoprophylaxis. While both enantiomers of 1 exhibit potent
antiplasmodial effects,”> one or both enantiomers have
variously been reported to interact with CNS off-targets
including gap junction channels, adenosine receptors, GABA
receptors, and serotonin (S-HT) receptors, as recently reported
by Riscoe and co-workers.” It seems clear that some aspect of
this CNS pharmacology must account for the rare but serious
neuropsychiatric side-effects of mefloquine use, which include
anxiety, paranoia, depression, hallucinations, and psychotic
behavior. Even so, 1 exhibits many favorable properties,
particularly in the context of chemoprophylaxis, where its
extended half-life enables convenient once-weekly dosing. The
combination of a long-acting drug like 1 with a rapid-acting
agent such as a 1,2,4-trioxolane (e.g, arterolane,* 2) may be
optimal for chemoprevention in malaria-endemic regions
(Figure 1). Herein we describe 3, a 3”-trioxolane conjugate
of 1 that confers a trioxolane-based effect coincident with
release of free 1. We report that administration of 3 significantly
reduces the exposure of 1 in the brains of treated mice, when
compared to mice administered 1 directly. Our results thus
suggest an approach to antimalarial chemoprophylaxis that
combines rapid and prolonged antimalarial activities with
superior tolerability.
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Figure 1. Mefloquine and arterolane. The (+)-(11S,12R) enantiomer
of mefloquine is shown.

In recent years, our group and others have sought to exploit
the intrinsic reactivity of endoperoxide antimalarials as
platforms for targeted drug delivery.”™” Our designs in
particular involve embeddin§ a masked retro-Michael linker
in an arterolane-like scaffold.”"* Intraparasitic reduction of the
endoperoxide bond in such systems (e.g., 3) serves to unmask a
ketone and reveal the competent retro-Michael substrate 4,
which then undergoes traceless release of a 3”-carbamate-
tethered gayload (Scheme 1). The key reduction step is widely
thought'°~"* to involve Fenton-type reaction in the parasite
digestive vacuole (DV), promoted by iron(Il)-heme that is
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Scheme 1. Trioxolane-Mediated Release of Mefloquine from

Trioxolane Conjugate 3
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enantiomers of S5 when starting from nonracemic 3-
hydroxycyclohexanone, (+)-5 was employed for the studies
reported herein. In a similar fashion, we prepared the conjugate
6'° to explore the effects of 3”-carbamate substitution in a
trioxolane analogue more closely related to 2.

The in vitro antiplasmodial activity of 1, 2, 3, and 6 against
chloroquine-resistant W2-strain P. falciparum parasites was
assessed using a flow-cytometry-based growth inhibition
assay.'” All four compounds exhibited comparable, low-nM
antiplasmodial activity that was superior to artemisinin (Table
1). While the combined application of 1 and 2 has been

liberated durlng the catabolism of hemoglobin. However, our
recent studies’ demonstrating delivery of the antimetabolite
puromycin to its ribosome target suggests that endoperoxide
reduction in the parasite cytoplasm, promoted by labile ferrous
iron'* or perhaps by other cellular factors,"> cannot be excluded
as an alternate or additional site/mode of activation. These
results also demonstrate that the scope of the approach extends
beyond the delivery of other DV-acting agents.

For the particular application described herein, we
envisioned that trioxolane-mediated delivery of 1 in the form
3 would reduce the exposure of free 1 in the brain since release
of 1 should occur primarily within parasites, and the intact
conjugate 3 was expected to exhibit poor brain penetration. If
borne out, the approach might enable mefloquine to be more
safely deployed, mitigating or eliminating its neuropsychiatric
side effects. That the intrinsic potency of 1 is comparable to
that of typical antimalarial trioxolanes (low nM) was another
important consideration, given the necessarily stoichiometric
nature of drug release. Finally, previous work had established
that mefloquine exhibits synergistic antlmalarlal effects when
combined with arterolane or an artemisinin.'® Thus, several
distinct factors augured for the potential utility of conjugate 3.

The presence of a reactive amine in 1 made its incorporation
in conjugate 3 straightforward. Thus, 3 was synthesized as a
mixture of diastereomers in two steps from (£)-5 and (+)-1
(Scheme 2). Key intermediate 5'¢ was first converted to the p-
nitrophenyl carbonate and then reacted with (#)-1 to afford 3
in 63% overall yield. As we recently reported, trans-S is available
from 3-hydroxycyclohexanone in a three-step process involving
a diastereoselective Griesbaum co-ozonolysis reaction as the
key step.'® While this same process can yield single

Scheme 2. Synthesis of 3 and 6 from the Alcohol §
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(i) 4-(NO,)PhOC(O)CI
DMAP, CH,Cl,
0°C-tt, 0.5 h, 94%

(ii) 1, i-Pr,EtN, DMF
rt, 1h, 67% (for 3)
or
HoNCH,C(Me)oNH»
i-ProEtN, DMF
rt, 1h, 93% (for 6)

3 steps

67 71% overall
ref. 16
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Table 1. In Vitro Antimalarial Activity and Blood Stability of
1and 3

stability (%)”

compd W2 P. falc. ECyy + SEM (nM)* plasma blood  B/P ratio
1 25 +0.1 97 95 1.6

2 2.5+ 0.7 nd. n.d. 15"

3 3.0 + 0.6 94 85 0.7

6 2.7 + 04 97¢ n.d. n.d.
ART® 93 + 0.6 n.d. n.d. n.d.

“Mean of three (1, 3, ART) or six (2 and 6) separate determinations.
Percent remaining after 240 min mcubatlon in human plasma or

whole blood. “Incubation for 120 min. “Apparent blood/plasma ratio.
“Artemisinin control. n.d., not determined.

reported to be synergistic, it was not expected that 3 would
necessarily exhibit greater potency than 1 or 2 alone since the
mechanism by which 3 confers its two activities is not
analogous to the combination of 1 and 2. Even so, the excellent
potency of 3”-carbamate analogues 3 and 6 does clearly
demonstrate that trioxolane-based antiplasmodial effects can be
realized with the hitherto underexplored 3”-substitution
pattern.

The stability of 1 and its trioxolane conjugate 3 was also
assessed in human plasma and whole blood. Neither compound
showed detectable degradation in plasma when incubated at 37
°C for up to 4 h. Incubation of 3 in human whole blood did
produce detectable amounts of released 1 that increased over
time, indicating some blood-mediated conversion of 3 to 1.
Even so, ~85% of 3 remained unchanged after 4 h in whole
blood, suggesting more than sufficient stability for further in
vivo evaluation. The blood/plasma ratio (B/P) of 3 was 0.7,
less than that of either 1 or 2 (B/P ~ 1.5), and more similar to
the value of 0.8 reported for 07439,"® a 1,2/4-trioxolane that
has shown pharmacokinetic properties superior to 2 in human
clinical trials (Table 1).

With good antiplasmodial activity and blood stability
established, we next compared the in vivo efficacy of 1, 2, 3,
and 6 in the P. berghei mouse model of malaria. Female Swiss-
Webster mice (n = § per dosing arm) were inoculated with 10°
P. berghei parasites and administered test compounds or vehicle
by oral gavage once daily for 4 days. Parasitemia, morbidity, and
mortality were evaluated daily over the 28 days of the study,
with mice euthanized as required according to study protocols.
The arterolane-like 3”-carbamate 6 and mefloquine (1) were
the most effective treatments, with 4/5 mice in each cohort
surviving to day 28 and exhibiting no detectable parasitemia
(Figure 2). The excellent efficacy of 6 was highly encouraging
and revealed the in vivo potential of trioxolane analogues with
3"-carbamate substitution. Indeed, compound 6 outperformed
arterolane in this study (3/5 survivors in the cohort dosed with
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Figure 2. Survival time course of P. berghei infected mice treated by
oral gavage at the indicated (equimolar) doses of test compound once
daily for 4 days, starting on the day of inoculation.

arterolane tosylate). That 1 and 6 exhibited comparable in vivo
efficacy at equimolar doses also confirmed 1 as an ideal payload
for delivery from trioxolane conjugate 3. Surprisingly, however,
3 proved to be entirely ineffective in this model (Figure 2).
Comparing the results for 3”-carbamates 6 and 3, we judged
that the failure of 3 was most likely due to poor oral absorption,
which was likely attributable to a molecular weight outside the
ideal range. To explore this further and to test our original
hypothesis that administration of 3 would exclude 1 from the
brain, we evaluated the efficacy of 1 and 3 with intraperitoneal
(ip.) administration.

In an early in vivo study'’ of 1 using the P. chabaudi mouse
malaria model, a single subcutaneous dose of 40 mg/kg was
found to be curative. Using a similar model, we found that a
single i.p. dose of just 10 mg/kg of 1 afforded parasitological
cure at day 13 postinoculation (Table 2). Having thus

Table 2. Parasitemia of P. chabaudi Infected Mice Treated
with a Single Intraperitoneal Dose of 1 or 3

mean parasitemia &+ SEM (%)

cmpd dose (mg/kg) day 4 day 7 day 13
vehicle 46 £ 0.5 34 +£23 b

1 10 4.8 + 0.5 0.02 + 0.01 0

3 8 4.8 + 0.4 33+ 1.5 b

3 16.5 45+ 1.1 0.7 £ 0.2 0.65 + 0.65
3 50 54 + 0.6 0 0

“Day postinoculation; animals dosed on day 4. b Animals sacrificed on
day 8 due to poor health, as dictated by study protocol.

established an effective i.p. dose of 1 in this model, we next
evaluated its trioxolane conjugate 3 at equimolar (16.5 mg/kg)
as well as at half-molar (8 mg/kg) and 3-fold higher (50 mg/
kg) molar doses. We found that conjugate 3 was efficacious at
both the 16.5 mg/kg (equimolar) and 50 mg/kg doses in this
model, but not at the half-molar (8 mg/kg) dose (Table 2).
These results confirmed our suspicions regarding the oral
bioavailability of 3, while also suggesting that 3 has reasonable
pharmacokinetic properties once absorbed.

The promising in vitro and in vivo activities of 3 and 6
confirmed that 3”-substituted trioxolanes are able to access
compartments of the parasite where endoperoxide activation
occurs and trioxolane-based antiplasmodial effects are realized.
To better understand the in vivo PK properties of 3 and its
utility as a drug delivery platform for 1, we performed a series
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of PK studies with 1 and 3 in infected and uninfected mice. In
the first study, cohorts of P. chaubaudi-infected mice were
treated with 1 (10 mg/kg ip.) or with the trioxolane-conjugate
3 at the 3-fold higher molar dose (50 mg/kg ip.). The higher
dose of 3 was employed to increase the likelihood that
detectable concentrations of released 1 could be measured in
brain and plasma. We collected blood and brain samples over
24 h, and these were analyzed for concentrations of 1 and 3.
Comparing the plasma exposure-time course for 1 in these two
cohorts reveals that administration of 1 in the form 3
significantly alters the plasma exposure profile of 1 (Figure
3). Thus, near-peak plasma concentrations of 1 were reached

== 10 mg/kg 1
=== 50 mg/kg 3

b

plasma concentration (ng/mL)

10 15 20 25

Time (h)

Figure 3. Plasma concentrations of 1 following a single ip. dose of
either 1 (10 mg/kg) or 3 (50 mg/kg) in P. chabaudi infected mice.

within S min in mice administered 1, whereas plasma
concentrations of 1 in mice receiving 3 were nearly
undetectable at 30 min but then increased steadily out to 24
h (blue line, Figure 3).

The full plasma and brain exposure profiles of 3 and 1 for 3-
treated mice are illustrated below (Figure 4). Thus, peak plasma
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Figure 4. Time course of plasma and brain concentrations of 1 (blue)
and 3 (orange) in P. chabaudi infected mice treated i.p. with SO mg/kg
3.

concentrations of 3 are reached between 0.5 and 2 h, with some
variability in ¢, observed between individual mice. Peak
plasma exposure is followed by slow clearance, with plasma
levels of 3 falling to ~10% of peak values at 24 h. This sustained
exposure profile is quite remarkable and atypical for a
trioxolane, especially in an infected animal. By contrast to its
high and sustained plasma exposure, 3 was entirely excluded
from brain, as expected (orange dashed lines, Figure 4). Free 1
released from 3 was detected in both plasma and brain, and
concentrations of 1 increased steadily over the 24 h study (blue
lines, Figure 4). Significantly, brain concentrations of 1 were
substantially lower at all time points in mice treated with 50
mg/kg of 3 than in mice administered a 3-fold lower molar
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dose of 1 (Figure S). Even allowing peak brain concentrations
of 1 in 3-treated mice to exceed by half again the levels at 24 h,
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Figure S. Brain concentrations of mefloquine (1) in P. chabaudi
infected mice at three time points following i.p. administration of 10

mg/kg 1 (black bars) or S0 mg/kg 3 (gray bars).

we extrapolate a dose-corrected peak brain exposure of 1 in 3-
treated mice of ~250 ng/mL, or just ~18% that of 1-treated
mice at 24 h (~1400 ng/mL). This represents a significant
reduction in brain exposure that could plausibly mitigate off-
target CNS effects.

The PK studies in infected mice revealed that conjugate 3 is
excluded from brain as desired, but that some free 1 is released
from 3 into systemic circulation where it eventually reaches the
brain. What these initial PK studies could not address was the
important question of how much 3 (and thus 1) was actually
delivered to parasites since only plasma and brain samples were
analyzed in these PK studies. The collective pool of parasites in
the infected mouse represents a notional “organ” that cannot be
easily collected for analysis. Therefore, to estimate the extent to
which 3 (and released 1) partition into parasites in vivo, we
performed an analogous study of 3 in wuninfected animals,
reasoning that the difference in plasma drug exposure between
infected and uninfected cohorts would reflect the amount of 3
delivered to parasites (and thus unobservable) in the infected
animals. Interestingly, the overall plasma AUC of 3 was found
to be ~2.5-fold higher in uninfected vs infected animals (Table
3), the difference providing a rough estimate of the total
exposure of 3 within parasites of the infected animals (AUC ~
20,500 h'-ng/mL). An alternate interpretation that 3 is more
rapidly degraded by free, systemic ferrous iron present only in
infected animals is inconsistent with our finding that plasma

Table 3. Noncompartmental Pharmacokinetic Parameters
for 3 in Plasma Following i.p. Administration of 50 mg/kg in
Uninfected or Infected Mice

parameter units uninfected infected
terminal ¢, /, h 8.41 8.60
ton h 1.00 2.00
Cone ng/mL 3620 1570
AUC, h-ng/mL 34100 13600
CL/F mL/h/kg 1470 3670
dose/Cpae L/kg 138 318
V,/F L/kg 17.8 45.5
MRT,,,, h 693 643
MRT, h 11.0 106
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concentrations of released 1 were comparable in both infected
and uninfected animals receiving 3 (Supplemental Figure S1).
Additionally, our observation that the volume of distribution of
3 is ~2.5-fold higher in the infected animal is consistent with
the accumulation of 3 in an additional compartment that is
present only in infected animals (i.e., parasitized erythrocytes).
Thus, our PK data suggest that conjugate 3 is excluded from
brain in mice and distributed primarily (~60—70%) in
parasitized erythrocytes. The remainder of 3 remains systemi-
cally available, and some fraction of this material is converted to
1 by a mechanism that is, as yet, undetermined but that occurs
to a similar extent in infected and uninfected animals.

It has been suggested' that the development of nonracemic
forms of 1 could mitigate the CNS side effects of (+)-1. It is
not altogether clear this should be the case, however, in light of
more recent studies’ showing that (+)-1 or (—)-1 (or both)
interact with an array of potential CNS off-targets. Thus,
therapeutic approaches that mitigate the overall exposure of 1
in brain would appear to hold greater promise for mitigating
the neuropsychiatric effects of 1. It is thus significant that
trioxolane-mediated delivery of 1 in the form 3, as detailed
herein, significantly reduces brain exposure in mice at
efficacious doses. Also noteworthy is that the presence of 1
in 3 appears to confer favorable in vivo properties that can be
attributed to intrinsic PK properties of 1 (i.e., long half-life and
mean residence time, and high volume of distribution). Thus,
the same PK properties that have made 1 an -effective
chemoprophylactic are also exhibited by its trioxolane
conjugate 3. At the same time, the physiochemical properties
that likely serve to exclude 3 from the brain (high MW and
polar surface area) appear also to limit oral bioavailability. An
effective oral formulation of 3 might still be identified if poor
solubility and not poor intrinsic permeability is the problem.
Alternatively, slow release of the conjugate from an injectable
polymer matrix may represent an ideal means to deploy 3 for
chemoprophylaxis and/or in the context of malaria elimination
and eradication campaigns where the emphasis is on patient
adherence and drug tolerability. More generally, our results
with 3 provide additional evidence’ in support of trioxolane-
mediated drug delivery as a purely chemical means to achieve
cell/tissue-selective drug targeting.
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