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Background SJ733, a newly developed inhibitor of P. falciparum ATP4, has a favorable safety profile and rapid anti-
parasitic effect but insufficient duration to deliver a single-dose cure of malaria. We investigated the safety, tolerabil-
ity, and pharmacokinetics of a multidose SJ733 regimen and a single-dose pharmacoboost approach using cobicistat
to inhibit CYP3A4, thereby increasing exposure.

Methods Two multidose unboosted cohorts (n = 9) (SJ733, 300mg and 600mg daily for 3 days) followed by three
single-dose boosted cohorts combining SJ733 (n = 18) (75-, 300-, or 600-mg single dose) with cobicistat (150-mg sin-
gle dose) as a pharmacokinetic booster were evaluated in healthy volunteers (ClinicalTrials.gov: NCT02661373).

Findings All participants tolerated SJ733 well, with no serious adverse events (AEs), dose-limiting toxicity, or clini-
cally significant electrocardiogram or laboratory test findings. All reported AEs were Grade 1, clinically insignificant,
and considered unlikely or unrelated to SJ733. Compared to unboosted cohorts, the SJ733/cobicistat-boosted cohorts
showed a median increase in area under the curve and maximum concentration of 3¢9£ and 2¢6 £, respectively,
and a median decrease in the ratio of the major CYP3A-produced metabolite SJ506 to parent drug of 4¢6£ . Incorpo-
rating these data in a model of parasite dynamics indicated that a 3-day regimen of SJ733/cobicistat (600mg/150mg
daily) relative to a single 600-mg dose § cobicistat would increase parasite clearance from 106 to 1012 parasites/µL.

Interpretation The multidose and pharmacoboosted approaches to delivering SJ733 were well-tolerated and signifi-
cantly increased drug exposure and prediction of cure. This study supports the further development of SJ733 and
demonstrates an innovative pharmacoboost approach for an antimalarial.
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Introduction
Antimalarial drug resistance remains a threat to global
control of malaria. With the spread of artemisinin resis-
tance, new antimalarials are urgently needed.1-3 SJ733 is
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Research in context

Evidence before this study

We searched PubMed and ClinicalTrials.gov to identify
Plasmodium falciparum ATP4 inhibitors in clinical devel-
opment and the purposeful use of a pharmacoboost
(pharmacoenhancement) approach with an antimalarial
before December 5, 2021, by using the search terms
“Plasmodium falciparum inhibitor”, “PfATP4 inhibitor”,
“pharmacoenhancement”, “pharmacoboost”, “cobici-
stat”, and “ritonavir”. This search did not retrieve any
antimalarial studies that used a pharmacoboosting
approach. Prior work with antimalarial drugs and phar-
macoboosters, such as ritonavir, which is part of antire-
troviral therapy, has addressed drug interactions and/or
adverse events/antimalarial tolerability in the setting of
treatment of malaria in individuals living with HIV.

Antimalarial drug resistance remains the greatest
threat to the global control of malaria. The spread of
artemisinin resistance in the past decade has put the
first-line, artemisinin-based combination therapies at
risk, and new classes of antimalarials are urgently
needed. (+)- SJ000557733 (SJ733) is an inhibitor of P. fal-
ciparum ATP4, a crucial sodium-proton antiporter in the
malaria parasite. SJ733 is the second drug in this class
to enter clinical development, following cipargamin
(KAE609; a spiroindolone analogue). The first-in-human
study in a malaria-naïve population of healthy volun-
teers demonstrated that SJ733 is safe, well-tolerated,
well-absorbed, and with no relevant food effect. How-
ever, a sub-proportional increase in drug exposure was
observed beyond the 600-mg dose. A single-dose, vol-
unteer-infection study using the induced blood-stage
malaria model with P. falciparum showed that the maxi-
mal achievable exposure was associated with rapid par-
asite clearance, but the decline in parasitemia may be
insufficient to achieve a cure in uncomplicated malaria
with a single dose. A pharmacokinetic/pharmacody-
namic model based on these studies predicted that par-
asite decline would continue if a longer duration of
exposure, with or without increased SJ733 concentra-
tions, was achieved. This finding prompted further eval-
uation of the described multidose regimen and a
pharmacoboost approach, which is innovative for anti-
malarial development.

Added value of this study

Study results demonstrate a significant increase in drug
exposure and time above minimum inhibitory concen-
tration, no drug toxicity signals, and a strong predicted
parasite clearance with both the multidose and the
innovative pharmacoboosted approaches of the prom-
ising new antimalarial SJ733. The described work in a
malaria-naïve population of healthy volunteers supports
further drug development of SJ733 as an antimalarial
and serves as an innovative example of a pharmaco-
boost approach for an antimalarial.

Implications of all the available evidence

The safety and tolerability of unboosted and cobicistat-
boosted SJ733, the significant increase in SJ733 expo-
sure in the multidose and pharmacoboosted setting,
and the PK/PD model predicted strong parasite clear-
ance in the setting of treatment of acute uncomplicated
malaria. Together, these results support testing these
dosing approaches in Phase 2 clinical trials.
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a newly developed orally available inhibitor of Plasmo-
dium falciparum ATP4 (PfATP4), a critical sodium-pro-
ton antiporter in the parasite and the second in class,
after cipargamin, to enter clinical development.4-8 Its
major metabolite SJ506 has no known antimalarial
activity.

In a Phase 1 program combining a first-in-human
study and a healthy volunteers induced blood-stage
malaria model (IBSM), single-dose administration of
SJ733 demonstrated favorable safety and tolerability
profiles combined with rapid antiparasitic activity.7

However, drug exposure was not maintained over the
estimated minimum inhibitory concentration (MIC;
150 µg/L) for a sufficient duration (>96 h) to result in a
single-dose cure. This was due to the combination of
moderate drug clearance and a sub-proportional
increase in drug exposure following a single dose above
600mg. This prompted the evaluation of multiple dos-
ing of SJ733 (3 daily doses). Additionally, although SJ733
is metabolized by CYP2C8, 2D6, and 3A4,9 because the
dominant metabolizing enzyme for SJ733 is CYP3A4
(unpublished data), we proposed combining a single dose
of SJ733 with cobicistat, a strong inhibitor of CYP3A4.10,11

Combining antiretrovirals that are CYP3A4 substrates,
such as lopinavir, with strong CYP3A4 inhibitors that are
pharmacoenhancers/pharmacoboosters, such as ritonavir
or cobicistat, has been successfully used to treat HIV infec-
tion. Although studies have interrogated the impact of
these anti-HIV treatments on antimalarial drug exposure
and/or adverse events/tolerability in HIV-infected patients
treated for malaria,12,13 pharmacoboosting in any other
infectious disease setting, including malaria, has not been
reported.

We considered both ritonavir and cobicistat as phar-
macoboosters and selected cobicistat because it has no
antiviral activity, thereby negating any concerns when
used in populations with HIV coinfection, no signifi-
cant 2D6 component or off-target interactions, a more
favorable safety/tolerability profile, and no restrictions
with food requirements.10 The safety/tolerability and
pharmacokinetics (PK) of SJ733 after multidose admin-
istration and the innovative pharmacoboost strategy in a
malaria-naÿve population of healthy volunteers are
described here.
www.thelancet.com Vol 80 Month , 2022
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Methods

Study design and participants
This Phase 1a study was a single-center, dose-escalation,
first-in-human study of single doses of SJ733 that
allowed modifications to dose increments and dose-
cohort size based on safety and PK results in a malaria-
naÿve population of healthy volunteers. It also included
an adaptation to a Phase 1b IBSM study if safety war-
ranted. The Phase 1a component was a leapfrog design,
allowing enrollment in more than one nonconsecutive
dose cohort, with at least 14 days required between
administrations. The single-dose escalation showed a
less than proportional increase in SJ733 exposure for
doses over 600 mg,7 but promising pharmacodynamics
(PD) were seen after a single 600-mg dose in the Phase
1b IBSM study. Therefore, the study protocol was
amended to include both multidose (3 daily doses) and
cobicistat-boosted (a single dose of SJ733 given simulta-
neously with cobicistat) cohorts. Study eligibility criteria
for the multidose and cobicistat-boosted cohorts were
similar to those previously described for the single-dose
unboosted cohorts, with some additions specific to the
multidose cohort (Appendix) .7

The primary objectives of this study amendment
included assessing the safety, tolerability, and PK
parameters of escalating doses of SJ733 given daily, with
or without cobicistat. In addition, PK data from this
study were integrated into simulations of PD effects of
both multidose and cobicistat-boosted doses of SJ733 on
the parasite burden by using the previously described
PK/PD model established after completion of the IBSM
study.7
Procedures
As part of the multiple ascending dose (MAD) cohort,
participants received 300 and 600mg SJ733 daily for 3
consecutive days. For the cobicistat-boosted cohorts
(henceforth referred to as boosted cohorts), single
ascending doses (SAD) of 75, 300, and 600mg SJ733
in combination with cobicistat (150mg) were planned.
The starting dose of SJ733 proposed for the boosted
cohorts was determined based on the PK and safety/tol-
erability data from the unboosted SAD cohorts,7

unboosted MAD cohorts (described in the Results),
and animal studies with cobicistat-boosted SJ733. Spe-
cifically, an increase in plasma SJ733 area under the
concentration curve (AUC0-1) of up to 5-fold was
observed in mice when SJ733 was dosed in combina-
tion with the single dose of cobicistat (unpublished
data). With an initial cohort receiving 75 mg SJ733 com-
bined with 150mg cobicistat based on rodent data, a
maximum increase of 5-fold in SJ733 AUC0-1 was
hypothesized. This was well below maximum safe
exposures observed in the unboosted SAD7 and MAD
cohorts (maximal AUC0-1 and maximum
www.thelancet.com Vol 80 Month , 2022
concentration [Cmax] values of 103,883 µg-h/L and
2182 ng/mL, respectively). Additionally, given that the
unboosted SAD data showed saturable exposure
between 600 and 900mg, SJ733 doses above 600mg
in the boosted SAD and MAD studies were not
planned. Furthermore, considering that food had no
clinically relevant effect on the PK of either SJ733 or
cobicistat, the MAD (unboosted) and the boosted SAD
(MAD if needed) cohorts were planned in fasted state.
Study assessments, including the PK time points for
the participants in the MAD cohort and boosted single-
dose cohort, are presented in Tables S1-S2.
SJ733/SJ506 pharmacokinetic analysis
Blood samples were taken predose and at 0¢5, 1, 2, 3, 4,
6, 8, 10, 24, 48, 72, and 168 h post-dose to measure the
concentrations of SJ733 and its major metabolite,
SJ506, in plasma. Samples were analyzed using a liquid
chromatography/tandem mass spectrometry method
validated by the U.S. Food and Drug Administration
(FDA) guidance for industry by Pyxant Labs (Colorado
Springs, CO).

The population PK and individual post-hoc estimates
(Empirical Bayesian Estimates) of SJ733 and SJ506 were
determined by nonlinear mixed-effects modeling with
Monolix (version 5.0.0, Lixoft) using the stochastic
approximation expectation-maximization approach. We
modeled SJ733 and SJ506 sequentially. This process
reduced the complexity of the parameter estimation
without affecting the ability to quantify the PK of each
component. For SJ733, a linear two-compartment model
with first-order absorption, an absorption lag time, and
first-order elimination was applied. Enterohepatic recir-
culation was accounted for by using an additional gall-
bladder compartment that deposits drug back into the
gut compartment at discrete time intervals (Figure S1).
The times of the deposit were fixed at 4 and 20 h after
the dose, which corresponds to the scheduled meals
administered at the study site. The model for SJ506,
which is produced through CYP3A metabolism of
SJ733, was a modified version of the SJ733 model that
accounted for the effect of cobicistat concentration on
the formation of SJ506. Specifically, the cobicistat PK
parameters were modeled independently (described
below), and their individual post-hoc estimates were
fixed and used in the PK analysis of SJ506. Additionally,
the formation of SJ506 was modeled with a formation
term from SJ733 that was inhibited by the cobicistat con-
centration (Figure S2). For all models, the interindivid-
ual and interoccasion variability of the parameters were
assumed to be log-normally distributed. A proportional
residual error model was used with assumed normal
distribution of residuals. Concentrations below the
lower limit of quantification (LLOQ=10 ng/mL) were
treated as censored using the M3 method as imple-
mented in Monolix.14 All the secondary PK parameters,
3
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including apparent clearance (CL/F), AUC0-1, Cmax,
time of the maximum concentration (Tmax), and termi-
nal half-life (t1/2) were estimated for each individual by
using the post-hoc estimated PK parameters (Empirical
Bayes Estimates: the mode of the conditional parameter
distribution).
Cobicistat pharmacokinetic analysis
Blood samples were taken predose and at 0¢5, 1, 2, 3, 4,
6, 8, 10, 24, and 48 h after the cobicistat dose to mea-
sure the concentration of the drug in plasma. Samples
were analyzed using a liquid chromatography/tandem
mass spectrometry method validated by the U.S. FDA
guidance for industry by Pyxant Labs (Colorado Springs,
CO, USA).

The population PK and individual post-hoc estimates
of cobicistat PK were determined using a similar model-
ing approach as described above. A linear one-compart-
ment model with first-order absorption, an absorption
lag time, and first-order elimination was applied. Con-
centrations below the LLOQ (10 ng/mL) were treated as
censored using the M3 method as implemented in
Monolix.14 The interindividual and interoccasion varia-
bilities of the parameters were assumed to be log-nor-
mally distributed. A proportional residual error model
was used with assumed normal distribution of resid-
uals.
Pharmacodynamic simulation methods
The antimalarial efficacy of SJ733 against P. falciparum
at different dosing regimens was simulated using the
previously developed PK/PD model.7 The simulations
in the current study used the PD parameters estimated
using the data from P. falciparum-infected participants
in the Phase 1b IBSM study prior to and after 600-mg
SJ733 therapy7 and the observed PK parameters deter-
mined in the current study, with the multidose and
cobicistat-boosted doses. A representative fit of the
model to the parasite vs. time data for an individual
from the Phase 1b IBSM study who was treated with a
single unboosted dose of 600mg and the simulated
profiles of an individual given 3 daily doses of 600mg
§ cobicistat boost are shown in Figure S3.
Outcomes
Study outcome measures were similar to those
described for the unboosted SAD/first-in-human study.7

Electrocardiograms (ECGs) were performed in triplicate
at predose and at 1¢5, 4, and 8 h (MAD) or 10 h (boosted
SAD) post-dose.
Statistics
The study was a single-arm, unblinded Phase 1 study
that had an adaptive component in which PK and safety
results from each dose cohort were reviewed by a Safety
Monitoring Committee and a PK Monitoring Commit-
tee before the next dose cohort was initiated. Sample
size per dose cohort was typically six and determined in
consultation with the U.S. FDA, during the discussion
before the Pre-Investigational New Drug application
was submitted. Study eligibility criteria are noted in the
appendix. Descriptive statistics were summarized for
participants and adverse events.

The covariates single vs multidose SJ733 and con-
comitant administration of cobicistat were evaluated to
determine their significance in explaining PK variabil-
ity. These covariates were considered significant in a
univariate analysis if their addition to the model
reduced the objective function value by at least 3¢84
units (p <0¢05, based on the x2 test for the difference in
the �2 log-likelihood between two hierarchical models
that differ by 1 degree of freedom).
Ethics
This study (ClinicalTrials.gov: NCT02661373) was
approved by institutional review boards (Reference #:
BUZZOFF (Pro00006080) and conducted at St. Jude
Children’s Research Hospital and at the University of
Tennessee Clinical Research Center (Memphis, TN,
USA) under an Investigational New Drug approval
(126652) from the U.S. FDA.7 All participants provided
written informed consent.
Role of the funders
The Global Health Innovative Technology (GHIT) Fund
and the American Lebanese Syrian Associated Charities
(ALSAC) had no role in the study design, data collec-
tion, data analysis, data interpretation, or writing of the
report. Medicines for Malaria Venture (MMV) provided
supplemental funds and subject experts, who provided
input for the study design, data collection, data analysis,
data interpretation, and writing of the report. This
research was supported, in part, by the National Insti-
tutes of Health (NIH) Cancer Center grant (P30
CA021765); however, the content is solely the responsi-
bility of the authors and does not necessarily represent
the official views of the NIH.
Results

Participants
Overall, the Phase 1a study enrolled 34 healthy adult vol-
unteers. All were male, except for one female volunteer
who participated in the previously described single-dose
cohort.7 The demographic distribution of the subjects in
each cohort is described in Table 1. All participants in
the MAD cohort and the majority (83%) in the boosted
single-dose cohort were Caucasian; there were two Black
participants and one Asian participant in the boosted
www.thelancet.com Vol 80 Month , 2022
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Cohort 7
(300mg£ 3 QD)a

N = 3

Cohort 8
(600mg£ 3 QD)b

N = 6

Total Cohort 11
(75mg
SJ733+150mg
cobicistat SAD)c

N = 6

Cohort 12
(300mg
SJ733+150mg
cobicistat SAD)d

N = 6

Cohort 13
(600mg
SJ733+150mg
cobicistat SAD)
N = 6

Total

Mean

Range

31¢9
27¢5 � 47¢2

27¢0
19¢1 � 37¢6

29¢5
19¢1 � 47¢2

25¢6
19¢5 � 38¢1

30¢3
(21¢3 � 47¢95)

23¢2
(18¢8 � 30¢8)

26¢4
(18¢8 � 47¢95)

Table 1: Age of participants at screening in the Phase 1a unboosted multiple ascending dose cohorts (Cohorts 7 & 8) and the cobicistat-
boosted single ascending dose cohorts (Cohorts 11, 12 and 13).

a Includes 3 subjects who participated in previous single-dose cohorts. One subject participated in cohort 4 and the fed cohort; one participated in cohort 5;

and one participated in cohort 6.
b Includes 5 subjects who participated in previous single-dose cohorts.
c Includes 6 subjects who participated in previous dose cohorts.
d Includes 2 subjects who participated in previous dose cohorts.
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single-dose cohort. Between March 2017 and March
2018, nine volunteers were enrolled in the MAD cohorts
(eight also participated in prior single-dose cohorts, and
seven also participated in subsequent cobicistat-boosted
cohorts), and 18 (eight also participated in prior cohorts)
were enrolled in the cobicistat-boosted cohorts. Three
participants were given 300mg SJ733 daily for 3 days,
and six were given 600mg daily for 3 days. The 75, 300,
and 600mg SJ733 boosted with 150mg cobicistat sin-
gle-dose cohorts included six participants each
(Figure 1).
Adverse events
Adverse events (AEs) in the unboosted SAD cohorts
have been previously reported.7 Those in the
Figure 1. Consort Flow Diagram of the Phase 1a study: Multidose a
progress through the study. In Phase 1a, multiple ascending dos
(300 mg and 600mg SJ733 daily for 3 days, respectively) and three
single-dose) fasting dose cohorts, respectively. Enrolment in more t
14 days required between doses.

www.thelancet.com Vol 80 Month , 2022
unboosted MAD and cobicistat-boosted SAD
cohorts are summarized in aggregate in Table S3
and are individually presented in Table S4. Overall,
we found no serious AEs, dose-limiting toxicities,
Grade 3 or 4 AEs, clinically significant ECG/safety
laboratory test findings, or study discontinuations.
We adjudicated all AEs reported in the MAD and
cobicistat-boosted SAD cohorts as unlikely related
or unrelated to SJ733 or cobicistat (where applica-
ble).

We did not note any baseline versus post-dose (1¢5 h,
4 h, and 10 h) corrected QT (QTc) interval change above
60ms, except in one instance (Day 3, 1¢5-h post 300mg,
unboosted, SJ733 ECG). This AE was assessed as not
clinically significant; we observed no post-dose QTc
interval change above 500ms.
nd cobicistat boosted dose cohorts. Flow diagram of participant
es and cobicistat-boosted doses of SJ733 were tested in two
(75, 300, and 600mg SJ733 combined with 150mg cobicistat,

han one non-consecutive dose cohort was allowed with at least
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Pharmacokinetics
The SJ733 population PK parameters estimated on data
from all cohorts are described in Table S5, and the post-
hoc estimated secondary parameters are summarized in
Table S6. Similarly, the SJ506 population PK parame-
ters estimated on data from all cohorts are described in
Table S7, and the post-hoc estimated secondary parame-
ters are summarized in Table S8. Plots showing the
goodness-of-fit for both the models describing SJ733
and SJ506 are shown in Figures S4 and S5.
Multidose cohort pharmacokinetics
SJ733. The PK profiles of the 300 and 600mg SJ733
(daily for 3 days) regimens are shown alongside their
equivalent unboosted single-dose profiles in Figure 2
and Figure S6. None of the primary parameters were
significantly different in the MAD cohorts compared to
the unboosted SAD cohorts. In addition, the post-hoc
estimated CL/F of SJ733 in the two MAD cohorts was
similar to that of the three unboosted SAD cohorts
between 75 and 600mg (median [range]: 35¢6 [19¢2,
84¢2] vs. 30¢5 [15¢5, 67¢4] L/h, p = 0¢4 [Kruskal-Wallis
test], respectively; Figure 3a). This translated to a pro-
portional increase in the estimated AUC for the two
MAD cohorts, compared to their respective unboosted
Figure 2. SJ733 median concentration versus time plot for unboost
mum inhibitory concentration (150 ng/mL) is shown as a horizontal
single-dose AUC (2¢3£ higher, p = 0¢007, [Kruskal-
Wallis test]; Figure 3b). Furthermore, compared to their
respective unboosted single dose, the exposure was
above the MIC of 150 ng/mL longer (4¢0£ and
2¢0£ longer, p = 0¢02 and p = 0¢004 [Kruskal-Wallis
test], for 300mg£ 3 and 600mg£ 3, respectively). The
percentage of individuals for whom this time was
>96 h was higher (50% vs. 0%, p = 0¢046 [Kruskal-
Wallis test]), for 600 vs 300mg SJ733 daily for 3 days
(Figure 3d).

SJ506. The SJ506 concentration versus time profiles
of the 300mg and 600mg SJ733 daily for 3 days are
shown alongside their equivalent single-dose profiles in
Figures S7 and S8. Like that of the parent drug, the PK
of the metabolite showed that none of the primary
parameters were significantly different in the MAD
cohorts compared to the unboosted SAD cohorts. The
estimated CL/F of SJ506 in the two MAD cohorts was
similar to that of the three unboosted SAD cohorts
between 75mg and 600mg (median [range]: 18¢4 [10¢8,
35¢2] vs. 19¢3 [6¢8, 39¢7] L/h, p = 0¢9 [Kruskal-Wallis
test], respectively; Figure S9). This translates to a pro-
portional increase in the estimated AUC for the two
MAD cohorts compared to their respective unboosted
single-dose AUC (3¢0£ higher, p = 3¢8£ 10�4 [Kruskal-
Wallis test]).
ed and cobicistat-boosted single-dose cohorts. Estimated mini-
red line. Abbreviations: Cobi, cobicistat;£ 3 QD, daily for 3 days.

www.thelancet.com Vol 80 Month , 2022



Figure 3. Secondary PK parameters after single-dose or multidose treatment with SJ733 alone or single-dose SJ733 phamaco-
boosted with cobicistat. (a) Apparent clearance (CL/F), (b) areas under the curve (AUC), (c) maximum concentration (Cmax), and (d)
time above 150 ng/mL, the minimum inhibitory concentration (MIC), are stratified by cohort. Horizontal Bar: median; Box: quartile
range; Whiskers: range. Red dots: individual measures.
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Cobicistat-boosted cohort pharmacokinetics
Cobicistat. The PK profiles of the CYP3A4 inhibitor
cobicistat were described by a one-compartment model
with first-order absorption (Figure S10). The estimated
population PK parameters are described in Table S9.
The post-hoc estimated median [range] CL/F and t1/2
were 19¢5 L/h [7¢5, 111¢4 L/h] and 4¢1 h [1¢3, 8¢0 h],
respectively. Given the dose of 150mg, all individuals’
cobicistat levels were below LLOQ by 48 h.

SJ733. The SJ733 PK profiles of the 300- and 600-mg
doses of SJ733 with cobicistat are shown alongside their
equivalent unboosted single-dose profiles in Figure 2
and Figure S6. Co-administration of cobicistat signifi-
cantly increased the elimination (ke: 0¢34 vs 0¢11 (L/h)
with vs without cobicistat; p <2¢2£ 10�16 [Wald test])
and decreased apparent volume (V/f: 22¢9 L vs 336¢3 L
with vs without cobicistat; p <2¢2£ 10�16 [Wald test])
and absorption (ka: 0¢16 L/h vs 2¢26 L/h with vs without
cobicistat; p <2¢2£ 10�16 [Wald test]) of SJ733 (Table
www.thelancet.com Vol 80 Month , 2022
S5). This corresponded to a significant 72% decrease in
the median post-hoc estimated apparent clearance of
SJ733 in the two SAD cohorts without cobicistat versus
the two cohorts with cobicistat (median [range]: 30¢5
[15¢5, 67¢4] vs 8¢4 [3¢7, 15¢2] L/h, respectively,
p = 3¢0£ 10�7 [Kruskal-Wallis test]; Figure 3a). This
decrease translated to a significant increase in SJ733
AUC0-1 (3¢9 £, p = 9¢4£ 10�7 [Kruskal-Wallis test])
and Cmax (2¢6 £, p = 1¢8£ 10�6 [Kruskal-Wallis test])
relative to the equivalent SAD cohorts without cobicistat
and a slightly higher AUC0-1 relative to the MAD
cohorts (1¢4 £, p = 0¢055 [Kruskal-Wallis test])
(Figure 3c). In addition, the time above the MIC of
150 ng/mL trended longer when cobicistat was present
(2¢1 £, 1¢2 £; p = 0¢08, p = 0¢2 [Kruskal-Wallis test];
given 300 or 600mg SJ733, respectively; Figure 3d).

SJ506.The SJ506 PK profiles of the 300- and 600-
mg doses of SJ733 with cobicistat are shown alongside
their equivalent unboosted single-dose profiles in
7
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Figures S7-S8. Cobicistat had a time-dependent effect
on the formation of SJ506, which was directly correlated
with the inhibitor’s plasma concentration. Specifically,
the formation of SJ506 was significantly decreased
78% in the presence of cobicistat (0¢99 vs 0¢22,
p = 2¢7£ 10�15 [Wald test]; Table S7). Similarly, the CL/
F of SJ506 was significantly higher in the presence ver-
sus the absence of cobicistat (median [range]: 22¢3 [9¢1,
42¢6] vs. 17¢7 [6¢8, 39¢7] L/h, respectively; p = 0¢027,
[Kruskal-Wallis test]; Figure S9). The effects of cobici-
stat, therefore, translated to a lower metabolite exposure
(AUC0-1 and Cmax) compared to cohorts without cobici-
stat (23% and 65%, p = 0¢027 and 2¢4£ 10�6 [Kruskal-
Wallis test], respectively). Cobicistat also significantly
decreased the AUC0-1 metabolic ratio (SJ506/SJ733) by
4¢6£ from 1¢7 (0¢9, 4¢1) in the cohorts without cobici-
stat to 0¢37 (0¢1, 0¢7) in the cohorts with cobicistat
(p = 7¢2£ 10�10 [Kruskal-Wallis test]).
Pharmacodynamic model simulations
Following a single unboosted 600-mg dose of SJ733,
parasitemia was reduced by an average of 102¢6 para-
sites/µL, and the average time to the maximum kill was
»36 h (Table 2, Figure 4a). The model simulations pre-
dict that unboosted 300 or 600mg SJ733 daily for
3 days would enhance parasitemia reduction to 106¢9

and 108¢7 parasites/µL, respectively (Table 2, Figure 4b-
c). Relative to a single unboosted 600-mg dose, this is
an increase of 2¢7£ and 3¢3£ . Additionally, these
model simulations predicted an enhanced reduction of
parasitemia with cobicistat-boosted SJ733 between 106¢9

and 1013¢2 parasites/µL given a 600-mg single dose or
600mg daily for 3 days (Table 2, Figure 4a-c). This is
an increase, relative to a single unboosted 600-mg dose
of 2¢7£ and 5¢1 £, respectively. The simulations also
showed that a reduction in parasite burden of 109 para-
sites/µL would require a minimum of 300mg SJ733
combined with cobicistat daily for 2 days. Without a
cobicistat pharmacoboost, the simulations predicted
that a dose of 600mg SJ733 daily for 3 days or 200mg
daily for 4 days would be needed to achieve the desired
109 or more reduction in parasites in most individuals.
Treatment Measure

SJ733 600mg

SJ733 Max Log10 Kill 2¢6 (2¢3, 2¢8
Time to Max Kill (h) 36¢2 (34¢7, 37

SJ733 + Cobicistat Max Log10 Kill 6¢9 (6¢4, 7¢3
Time to Max Kill (h) 75¢9 h (70¢1, 81

Table 2: Maximum and timing of log10 parasite kill
a

.
a These results are predictions based on the pharmacokinetic and pharmacody
b Variability considered interindividual heterogeneity but excluded intraindivi

netic profiles (i.e., only maximum decline was used).
Discussion
SJ733 is the second PfATP4 inhibitor to enter clinical
development. Although SJ733 demonstrated a favorable
safety profile and rapid antiparasitic effect, the duration
of the antimalarial effect with a single dose was insuffi-
cient.7 We demonstrated that both a standard 3-day
once-daily regimen and an innovative pharmacoboosted
dosing approach to treat acute, uncomplicated malaria
with oral SJ733 were safe and well tolerated in healthy
adult volunteers. Both regimens were also associated
with drug exposures predicted to cure patients with P.
falciparum malaria. The use of the pharmacoboost for
CYP3A4 substrates is well established for antiretrovirals
used to treat HIV; however, using it with an antimalar-
ial is innovative and prompts a broader consideration of
its application to other disease paradigms.

For treatment of acute uncomplicated malaria, SJ733
is considered a fast-acting drug candidate. The drug will
not be used as monotherapy but combined with a sec-
ond antimalarial drug that ideally would exhibit a longer
t1/2. We previously demonstrated in vitro and in vivo
that maximal parasite killing is achieved after a 96-h
exposure to the appropriate drug levels.4 As is shown in
our recent publication, SJ733 demonstrates a biphasic
killing cure. First, a very rapid, phagocyte-mediated
phase clears trophozoites and schizonts, which is fol-
lowed by a slow arrest and clearance of residual rings.
Killing of rings is fully committed by 96 h15 The major-
ity of blood-stage parasites are cleared within the first
12 h after initiation of therapy, but full cure requires
maintaining exposure until the residual rings have
either been killed by the intrinsic mechanism or cycled
and cleared by the phagocyte-mediated mechanism.
Time above MIC has traditionally been the parameter
targeted for antimalarial drugs and has proven a reason-
able description of driving parameter for efficacy for
many classes of drugs. With respect to SJ733, data from
in vitro cellular assays and in vivo murine models of
both P. berghei and P. falciparum suggest strongly that
time above threshold near the MIC is the key driving
parameter.4,15 However, we cannot discriminate
between two possible models in clinical response: effi-
cacy requires SJ733 exposure to remain above 150 ng/
Cohort Geometric mean (90% confidence interval)b

£ 1 SJ733 300mg£ 3 SJ733 600mg£ 3

) 6¢9 (6¢3, 7¢4) 8¢7 (8¢2, 9¢2)
¢7) 90¢0 (79¢4, 100¢5) 105¢4 (91¢2, 119¢6)
) 11¢9 (11¢2, 12¢6) 13¢2 (12¢5, 14¢0)
¢7) 121¢9 (111¢8, 132¢0) 133¢6 (122¢3, 144¢9)

namic model.

dual heterogeneity and the breadth of potential SJ733+cobicistat pharmacoki-

www.thelancet.com Vol 80 Month , 2022



Figure 4. PK/PD simulations of the efficacy of SJ733 alone and SJ733 pharmacoboosted with cobicistat to cure malaria. (a)
PK/PD model simulation of the effect of single-dose SJ733 (600 mg) alone (light gray) and that predicted for the same dose of SJ733
pharmacoboosted with cobicistat (dark gray). (b-c) The same simulations were used to assess multidose SJ733 (b: 300 mg daily for
3 days § cobicistat and c: 600 mg daily for 3 days § cobicistat).

Articles
mL levels for at least 4 days, or efficacy is driven by
achieving maximal total exposure of SJ733 for at least
3 days. A Phase 2 trial testing these hypotheses is cur-
rently underway in Peru (ClinicalTrials.gov Identifier:
NCT04709692).

In the described multidose and cobicistat-boosted
cohorts, there were no AEs possibly, probably, or defi-
nitely related to SJ733, and no study discontinuations
confirming the favorable safety profile of SJ733. Dose-
dependent, reversible methemoglobinemia has been
noted in dogs given high doses of SJ733; however, care-
ful monitoring in our Phase 1 program, including these
new investigations with the multidose and pharmaco-
boost administrations, did not show abnormal values.
Additionally, no clinically relevant study drug-SJ733-
related liver toxicity or cardiac safety (QTc prolongation)
www.thelancet.com Vol 80 Month , 2022
signals were noted in healthy volunteers, including in
the IBSM model in Phase 1b. Concentration/QTc
modeling with SJ733 and SJ506 will be needed to con-
firm the absence of a QTc-prolongation signal.

The reason for the observed sub-proportional
increase in exposure with doses exceeding 600mg
SJ733 during the Phase 1a study remains unclear. The
increased apparent clearance for doses higher than
600mg could result from solubility-limited absorption;
however, there are no data yet to confirm this hypothe-
sis. Using our previously developed PK/PD model of P.
falciparum7 and the PK data from this study, we pre-
dicted a clinically meaningful parasite clearance of at
least 9 log10 parasites/µL with the unboosted multidose
approach using 600mg SJ733 daily for 3 days or the
pharmacoboosted approach using a minimum of
9
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300mg SJ733 plus cobicistat daily for 2 days. In addi-
tion, the co-administration of 600mg SJ733 with cobici-
stat daily for 3 days, relative to a single 600-mg dose §
cobicistat, would increase parasite clearance between
106 parasites/µL and 1012 parasites/µL. For reference,
clearing 106 parasites/µL is viewed as minimally effica-
cious (typically seen in uncomplicated symptomatic
malaria); 109 parasites/µL is considered significantly
efficacious; and 1012 parasites/µL (seen in acutely ill
patients with malaria) is ideal.16 Currently, all the
approved treatments for acute, uncomplicated malaria
require treatment for 3 days or longer and often require
twice-daily administration. Moreover, no single-dose
treatment has entered Phase 3 so far. Consequently, a 2-
day, once-daily treatment would constitute an improve-
ment over available treatments for uncomplicated
malaria. Our data also suggest that SJ733 could be com-
bined with another antimalarial that exhibits CYP3A4
inhibition and be applied as an alternative to boost with
cobicistat.

The importance of PK/PD simulations and the role
of pharmacometrics in optimizing dose selection for
vulnerable populations who are typically excluded from
clinical trials, such as children and pregnant women,
has been noted.13 The PK/PD modeling and simulation
process we developed enabled us to leverage the rela-
tively small number of PK and PD studies to evaluate
new treatment options (multiple doses and dosing
schedules), with or without pharmacoboosting, and
determine candidate dosing approaches to move for-
ward into Phase 2 trials against acute, uncomplicated
malaria. The main advantages of this modeling and
simulation process are the reduced time and cost lead-
ing up to Phase 2 trials by reducing the number of addi-
tional Phase 1 PK- or PD-dosing cohorts.

The innovative application of the pharmacoboost
approach with CYP3A4 inhibition and subsequent
increase in drug exposure for an antimalarial raises a
number of considerations. For SJ733, it offers the oppor-
tunity to take a potentially more efficacious dosing
approach into a Phase 2 setting. An adaptive open-label
Phase 2a study to examine the antimalarial efficacy,
safety, and tolerability of SJ733 with or without cobicistat
in adult patients with uncomplicated P. vivax or P. falci-
parum blood-stage malaria monoinfection is currently
underway in Peru. For future clinical development and
Phase 2B/3 trials, SJ733 will most likely be combined
with a second antimalarial, and specific drug-drug inter-
actions will need to be considered if cobicistat is used as
a pharmacobooster. Given that cobicistat has no antire-
troviral activity, its use negates any concern about the
development of HIV resistance when used in popula-
tions with a high HIV incidence. Additionally, the short
course of antimalarial therapy that would include a
strong CYP3A4 inhibitor makes concerns about clini-
cally relevant drug-drug interactions unlikely. The
added cost of the pharmacobooster and available
formulation would certainly influence the generalizabil-
ity of considerations for the proposed pharmacoboost
strategy. Although no pediatric formulation of cobicistat
is registered, clinical trials for its use with antiretrovirals
in children are ongoing (ClinicalTrials.gov Identifier:
NCT02016924). Ritonavir is available as a liquid formu-
lation, has dosing guidelines available for all ages, and is
generic. However, its, compared to cobicistat, inherent
antiretroviral activity with theoretical concerns of per-
petuating antiretroviral resistance, unpleasant taste, and
being a less selective CYP inhibitor and one with
enzyme-inducing effects, a higher likelihood of having
drug-drug interactions with concomitant medications,
reduces its appeal as a candidate pharmacobooster for
SJ733 or any future applicable antimalarials.

The significant decrease in plasma exposure of
SJ506, the major metabolite of SJ733, is not expected to
have any clinical significance, given that it lacks antima-
larial activity. This may not be the case for other antima-
larials; depending on the safety or efficacy signals
attributed to a metabolite, the impact of the pharmaco-
boost approach on the metabolite levels may be clini-
cally meaningful.

The race/ethnicity of the volunteers in this trial is
not representative of populations most affected by
malaria. Under-recruiting of female participants also
remains a common limitation of early-stage drug devel-
opment studies, including this one.7 These limitations
are not uncommon for Phase 1 trials and are being
addressed as SJ733 drug development has proceeded to
the current Phase 2 trial in Peru. Of note from a cobici-
stat boost standpoint, there is no evidence that gene
polymorphisms of CYP3A4 have a major role in estab-
lishing ethnic differences in CYP3A4 expression.

The favorable safety and tolerability of unboosted or
cobicistat-boosted SJ733 and the significant increase in
SJ733 exposure in the multidose and pharmacoboosted
setting with associated clinically meaningful predicted
parasite clearance in the setting of uncomplicated
malaria, support testing these dosing approaches in
Phase 2 clinical trials. Additionally, SJ733’s projected
reduced susceptibility to resistance supports its further
development in patients with malaria and suggests that
it may afford a viable replacement for artemisinin in
current treatment regimens.
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