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Optimization of Malaria Treatment Strategies:
A Pharmacokinetic and Pharmacodynamic Analysis of Artemether-

Lumefantrine in the Context of Pediatrics and HIV

Meghan Whalen

Abstract

Malaria remains a leading cause of morbidity and mortality worldwide, with young children at
particular risk for severe, or complicated disease. The artemisinin-based combination therapies
(ACTs) are the first-line treatment for uncomplicated (i.e., non-severe) malaria, but optimal
dosing regimens are yet unclear for the most vulnerable populations, such as young children
and those with potential drug-drug interactions for treatment of co-morbidities, like HIV.
Suboptimal dosing not only diminishes clinical responses, but also exposes parasites to
subtherapeutic levels of antimalarials, which may select for resistant parasites. For example,
resistance to artemether-lumefantrine (AL), a commonly prescribed ACT, is an emerging
problem in Africa. Thus, the goal of this dissertation work was to identify ways to optimize

dosing in these populations in order to protect the utility of ACTs.

The specific aims of this work were to evaluate the pharmacologic and clinical benefits of
extending AL malaria treatment duration from the standard 3-day (6 dose) regimen to a 5-day
regimen (10 dose) in young HIV-uninfected children (Aim 1, Chapter 2) and HIV-infected
children on efavirenz (EFV)-based antiretroviral therapy (ART) (Aim 2, Chapter 3). As EFV has
potent metabolic inductive effects shown to result in lower AL exposure, in Aim 2 an extended
regimen was evaluated as an attempt to compensate for this drug-drug interaction. The overall

goal of the study was to determine the impact of extended duration treatment on the

viii



pharmacokinetics (PK) and pharmacodynamics (PD) of AL. Samples collected as part of a
prospective, randomized, open-label phase 4 trial of uncomplicated malaria pediatric patients in
Uganda with and without HIV co-infection were used to quantify (1) artemether, (2) active
metabolite, dihydroartemisinin (DHA), (3) lumefantrine (LF), and (4) active metabolite, desbutyl-
lumefantrine (DBL) plasma concentrations. Children received malaria treatment with standard 3-
day (6-dose) or extended 5-day (10-dose) AL-based therapy. A combination of intensive and
population PK sampling approaches was utilized to determine drug exposure. PK estimates
were then linked to clinical outcomes (e.g., recurrent parasitemia) and assessed over a 42-day

follow-up period for the PD analyses.

Overall, our analyses demonstrated that extended (5-day) duration of AL-based antimalarial
therapy significantly increased AL and AL-metabolite exposure in HIV-uninfected children.
These findings included statistically significant higher exposure of the artemisinins and long
acting LF and DBL with extended 5-day therapy. In particular, higher LF concentrations were
associated with a 46% and 42% lower risk of recurrent parasitemia at 28 and 42 days,
respectively. In addition, weight-based associations were observed for LF among HIV-
uninfected children; participants in the lowest weight-band had the lowest AL plasma
concentrations. Among HIV-infected children, 5 days of AL successfully compensated for the
EFV-driven cytochrome P450 (CYP) 3A4 induction effect and resulted in LF exposure that was

equivalent to that seen in HIV-uninfected children given 3 days of AL.

Collectively, this dissertation contributes to the limited PK/PD data for AL-based treatment
regimens for uncomplicated malaria in children. Here, we studied an underrepresented,
pediatric population to highlight the necessity for optimized dosing regimens (for example,

among HIV-coinfected and low weight children). Given that this population makes up the



maijority of malaria-related morbidity and death, efforts to optimize AL-based treatment regimen

dosing in these patients are likely to lead to improved malaria clinical outcomes worldwide.
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Chapter 1: Introduction

Malaria remains a major cause of morbidity and mortality in sub-Saharan Africa,
particularly among young children. Despite progress in the past to reduce malaria cases and
deaths (e.g. development of more sensitive malaria diagnostic testing, better protective
measures with indoor residual spraying and insecticide treated bed nets, and advancements in
malaria drug therapy), malaria-related morbidity and mortality are increasing, especially in
Africa. The 2021 World Malaria Report estimated that there were, globally, 242 million cases of
malaria in 2020, up from 227 million cases in 2019, and 224 million cases in 2015 [1].
Importantly, 95% of these cases occurred in Africa [1]. There were also an estimated 627,000
malaria-related deaths, an increase from 558,000 in 2019 and 562,000 in 2015, with >90% of
those deaths occurring in Sub-Saharan Africa [1]. The highest mortality risk group consists of
young children, especially those under 5 years of age. Antimalarial dosing for children requires
specific recommendations due to physiological changes as they age and the potential for co-
treatments for HIV, or other conditions. This is particularly true in Uganda, which has one of the
highest malaria transmission intensities in the world and, as of 2020, had ~98,000 children

(aged 0-14 years) living with HIV [1-4].

Rapid and effective treatment of malaria is critical in reducing malaria-related morbidity
and mortality. Malaria is a disease caused by Plasmodium parasites that are transmitted to
humans through the bite of a female Anopheles mosquito. Plasmodium falciparum is both the
most common malaria-causing parasite in Africa and the deadliest [1, 5]. Once parasites enter
the human body, they travel to the liver where they multiply asexually [6]. The parasites, now in
the form of merozoites, enter the bloodstream, invade erythrocytes, and replicate asexually [6].

When the erythrocytes rupture, the parasites are released, invade new red blood cells, and



multiply, a cycle which continues every 48-hours [6, 7]. The rupturing of the red blood cells
results in the clinical signs and symptoms associated with uncomplicated malaria: headaches,
fevers, chills, muscle aches, nausea, and vomiting [6, 8]. The disease can progress to severe
malaria which can result in impaired consciousness, severe anemia, end organ failure, cerebral

malaria, or death, thus rapid and effective treatment of malaria is critical [8].

Due to widespread global resistance to older malaria drugs, artemisinin-based
combination therapy is now first line. Artemisinin-based combination therapies (ACTs),
including artemether-lumefantrine (AL) and dihydroartemisinin-piperaquine (DP), are first-line
treatment for uncomplicated Plasmodium falciparum malaria due to widespread resistance to
older antimalarial medications [8]. The artemisinins rapidly reduce parasite load while the long-
acting partner drugs eliminate residual parasites and protect against artemisinin resistance and
recurrent infection. In 2020, an estimated 243 million courses of ACTs were used for malaria
treatment, with AL being the most widely used [1]. However, ACT efficacy is threatened if

specific dosing guidelines for children, the most treated population, are not improved.

Young children make up the majority of worldwide malaria, but proper pediatric dose
adjustment of ACTs is not clear. Guidelines have historically been based on pharmacokinetic
(PK) and pharmacodynamic (PD) studies in adults. Although studies in children are increasing
in frequency, they are hindered by PK design, sample size, variability in childhood age, and
analytical limitations [9-11]. This gap in knowledge is of increasing concern due to increasing
parasite resistance in Southeast (SE) Asia, and emerging resistance in Africa, to the
artemisinins and partner drugs [1, 12]. If optimized pediatric dosing is not established, there is
concern that ACT resistance could continue to spread in sub-Saharan Africa and worsen an
already challenging situation. The optimization of ACT use is vital in staving off the spread of

ACT resistance in Africa.



The development and spread of drug resistance to antimalarial medications remains a
major concern and challenge. Sulfadoxine-pyrimethamine (SP), used prior to the expansion of
ACTs, was one of the most effective antimalarials until the rise of widespread resistance. The
reason for the emergence of resistance is commonly attributed to improper dosing in young
children [13]. In the early 1970s, SP replaced chloroquine as the main antimalarial treatment
option in Thailand. However, within 5 years of SP being the first-line treatment, the cure rates
seen with SP use in Thailand dropped dramatically: from 83% in 1975 to 22% by 1979, a loss
attributed to the rise of parasite resistance to SP [13]. SP resistance in Africa remained low until
the late 1990s but since then has spread rapidly in malaria endemic regions [14]. During the
early years of SP usage, a high proportion of malaria treatment failures occurred among young
children, later attributed to the underdosing of SP [15]. A study of Kenyan children younger than
5 years with acute, uncomplicated P. falciparum malaria found that when dosing SP based on
age (i.e. standard of care in Kenya at the time), three-quarters of the children received less than
the current internationally recommended SP target dose of 25 mg of sulfadoxine plus 1.25 mg of
pyrimethamine per kg of body weight [15-17]. Underdosing likely resulted in the selection of
resistant mutants and is considered a significant factor in the development of SP resistance in
Africa [15, 16, 18]. These findings led to a revision of the dose recommendations by the Kenyan
Ministry of Health in 1998 [17]. Currently, SP is mainly used for intermittent preventative
treatment of malaria in pregnant women, and children in select countries, and is not considered
sufficient for treatment of uncomplicated malaria [8]. Underdosing of ACT regimens among
children, therefore, should be carefully evaluated and avoided to prevent an analogous situation

for these now first-line therapies.

Suboptimal drug concentrations and drug resistance directly impact malaria treatment

outcomes. Failure of antimalarial treatment is commonly attributed to two main sources: human



host factors, such as insufficient drug concentrations, and parasite factors, such as drug
resistance [19]. These factors can lead to treatment failure in the individual and contribute to the
development, intensification, and spread of P. falciparum drug resistance by increasing the
probability of exposing parasites to suboptimal drug levels [15, 19]. Resistant parasites are
selected when the antimalarial drug concentrations are high enough to suppress sensitive

parasites but are too low to kill resistant parasites [20-24].

ACT exposure is greatly altered in young, small children and impacted by childhood
development. The PK disposition of drugs in young children differs greatly from that in adults
[25-27]. Enzymes involved in ACT metabolism, such as uridine diphosphate-
glucuronosyltransferases [(UGT), responsible for the metabolism of active dihydroartemisinin
(DHA), relevant for both AL and DP, and desbutyl-lumefantrine (DBL), the active metabolite of
lumefantrine] and CYP enzymes (responsible for the metabolism of artemether, lumefantrine,
and piperaquine), mature during the early stages of life, from 0-6 months of age for UGTs and
over 12 months of age for CYP enzymes [28, 29]. For example, studies of DP in Ugandan
children <2 years found piperaquine (PQ) exposure to be ~33% lower than in children aged 2-
10 years [30-34]. A Worldwide Antimalarial Resistance Network (WWARN) pooled analysis
reported that children <5 years are the most likely group to receive suboptimal DP doses, which
might be due to higher drug clearance in young children compared to adults, potentially putting
these children at an increased risk for recurrence of malaria [35]. Due to these and similar
findings, in 2015, the WHO revised its dosing of DP in young children to improve drug exposure
[36, 37]. For AL, similar results have been found. Studies have shown documented low
lumefantrine exposure and worse outcomes following currently recommended doses in young
children [38-42]. In previous research, we showed that lumefantrine exposure, reported as area
under the plasma concentration time curve (AUC) post-last dose to infinity (AUCo.~), in children

was reduced by 46% when compared to adults, and that very young children (aged 6 months —



2 years) had lower lumefantrine exposure than older children and adults [40, 42]. In a PK/PD
modeling study, researchers found that lumefantrine plasma concentrations 7 days after starting
standard AL treatment were 24.2% and 13.4% lower in children weighing <15 kg and 15-25 kg,
respectively, compared with adults [38]. Smaller children, due to inadequate AL exposure, could
be at an increased risk of recurrent parasitemia and treatment failure. In the past when there
was concern for underdosing of antimalarials, the amount of drug given per dose was
increased, as was done for SP [15, 16]. However, as AL exhibits dose limited absorption, giving
a larger dose is not a viable option [43]. Extending the treatment duration from 3 days to 5 days

of AL has been suggested as an alternative [38].

Malaria and HIV co-infection remain common in Africa, complicating the adequate
treatment of malaria infections. Sub-Saharan Africa, especially Uganda, continues to bear a
heavy burden of both malaria and HIV. In terms of the HIV epidemic, Uganda has been
successful in slowing HIV transmission in years past, but there are still over 1.4 million people
living in Uganda with HIV [44]. There were 1.5 million new HIV infections and 680,000 deaths
from AIDS-related causes that occurred worldwide in 2020 [44]. Currently, 1.7 million children
are living with HIV; a majority of these HIV-infected children live in sub-Saharan Africa [44].
Thus, HIV-malaria co-infection remains common in Africa, with treatment for both diseases
complicated by multiple pharmacological factors that require further study. Since children may
be susceptible to underdosing of ACT regimens already, studying drug-drug interactions

between malaria drugs and ART among children with HIV is especially critical.

Serious drug-drug interactions occur between ART and ACT, resulting in significant
changes to the PK/PD of ACTs. The antiretroviral therapies (ARTSs) ritonavir and efavirenz
(EFV) cause potent CYP3A4 inhibition and induction, respectively [45-47]. Artemether

undergoes demethylation by CYP3A4 and CYP2B6 to form the active metabolite, DHA, which is



further metabolized via UGTs [48-50]. CYP3A4 is also responsible for metabolizing
lumefantrine to DBL, an active metabolite [51, 52]. Studies of AL from our group show that a
dramatic increase in lumefantrine exposure occurs when lopinavir/ritonavir-based ART is co-
administered [53, 54]. The reverse occurs when EFV-based ART is administered with AL; there
is a significant decrease in artemether, DHA, and lumefantrine exposure, which puts patients at
an increased risk of malaria recurrence [54-57]. The results highlighted a 10-fold variance in
lumefantrine exposure in HIV-infected children with malaria depending on the ART

regimen used [54].

ACT resistance is spreading throughout the world, threatening the efficacy of these
important first-line therapies. Artemisinin resistance, seen as delayed parasite clearance after
therapy and associated with propeller domain mutations in the P. falciparum kelch (K13) protein,
is well-documented in SE Asia and is emerging in Africa [12, 58-63]. There is also established
resistance to many of the partner drugs used in combination with the artemisinins, including
mefloquine, amodiaquine, piperaquine, and SP [64-66]. Clinically relevant resistance, identified
as treatment failure, occurs when a parasite exhibits resistance to both the artemisinin
component and long-acting partner drug. Increasing treatment failure rates of DP in Cambodia
and artesunate-mefloquine in Thailand, are indicative of this, and it is alarming that artemisinin
resistance is now spreading to Africa, specifically to Uganda [12, 61, 63, 65, 67, 68]. Multiple
studies now show a rapid increase in the prevalence of mutations associated with artemisinin
resistance in P. falciparum parasites in northern Uganda. One study found that the incidence of
K13 mutations in parasite isolates increased from 3.9% in 2015 to 19.8% in 2019, while another
showed a jump in a K13 mutation prevalence from 5.5% in 2017 to 215% in 2019 in 3 northern
Uganda sites [12, 63]. As seen with SP, there is a major concern that systematic under-dosing
of ACTs, specifically in children, could increase the spread of resistance in Africa, since

subtherapeutic drug levels can select for resistant parasites [69, 70].



HIV infected children on EFV-based ART are particularly vulnerable to an increased risk
for recurrent infection and their underdosing can lead to the selection and spread of ACT
resistance. Our group has previously shown that children managed with EFV-based ART have
a ~2-fold reduced exposure to AL, increasing the likelihood of suboptimal ACT exposure
resulting in higher risk for reinfection [54]. The >1.7 million children with HIV, many of them who
are over 3 years old, are still managed with EFV-based ART [44]. Although current guidelines
recommend the universal use of the integrase inhibitor, dolutegravir, as first line, switching from
EFV to dolutegravir-based ART is a gradual undertaking [71]. Thus, there is a growing concern
that suboptimal ACT dosing among HIV-infected children that remain on EFV-based ART will
contribute to the selection of ACT-resistant parasites and hasten the spread of ACT-resistance

in Africa [58, 60, 69, 72-74].

In order for ACTs to remain effective, it is vital that dosing guidelines be optimized,
especially in young children, with human host factors in mind. Specific treatment
guidelines, based on carefully designed PK/PD investigations in children, are needed to
minimize suboptimal dosing, maintain efficacy, and deter the spread of ACT resistance.
Therefore, this dissertation aims to fill key gaps in the literature for this most vulnerable
population by examining AL PK and PD in the context of pediatrics, HIV-infection, and EFV-

based ART.

Extended AL dosing regimens may increase AL exposure and greatly improve clinical
outcomes in young children and those with significant drug-drug interactions. This

research builds on results from our previous work in pediatric and HIV-infected populations and



addresses the clinically relevant reductions in AL exposure seen in small children and HIV-
infected children on EFV-based ART. This research also incorporates findings that AL exhibits
dose-limited absorption. We studied an extended AL treatment regimen rather than an increase
in mg/kg dosing, since doubling of the dose led to a 30% decrease in lumefantrine exposure
(expressed by AUC) with no change in the maximum concentration (Cmax), suggesting dose-
limited absorption of lumefantrine [43]. No previous studies have investigated an extended
dosing regimen of AL among both HIV-uninfected and HIV-infected children on EFV. Other
studies in the literature suggesting an extended AL treatment duration based on PK/PD
modeling, justifies our strategy; these researchers relied on modeling and simulations to show
the benefits of an extended 5-day AL dosing regimen [38]. We attempt to demonstrate this

strategy using real world patient data from clinical PK studies.



Chapter 2: The pharmacokinetics and pharmacodynamics
of extended malaria treatment with artemether-lumefantrine

in HIV-uninfected children

2.1 Abstract

Background. Artemether-lumefantrine (AL) is the most widely used artemisinin-based
combination therapy (ACT) in sub-Saharan Africa and is threatened by the emergence of
artemisinin resistance. Dosing is suboptimal in young children. We hypothesized that extending
AL duration will improve exposure and reduce reinfection risks.

Methods. We conducted a prospective, randomized, open-label pharmacokinetic (PK)/
pharmacodynamic (PD) study of extended duration AL (EXALT) in children with malaria in high
transmission rural Uganda. Children received 3-day (standard 6-dose) or 5-day (10-dose) AL
with sampling for artemether, dihydroartemisinin (DHA), and lumefantrine over a 42-day clinical
follow-up. Primary outcomes were 1) comparative pharmacokinetic parameters between
regimens, and 2) recurrent parasitemia analyzed as intention-to-treat.

Results. 177 children ages 16 months to 16 years were randomized, contributing 227 total
episodes. Terminal median lumefantrine concentrations were significantly increased in the 5-
day versus 3-day regimen on days 7, 14, and 21 (p <0.001). A pre-defined day 7 lumefantrine
threshold of 280 ng/mL was strongly predictive of recurrence risk at 28 and 42 days (p<0.001).
Kaplan-Meier estimated 28-day (51% vs 40%) and 42-day recurrence risk (75% vs 68%) did not
significantly differ between 3-day and 5-day regimens. No significant toxicity was seen with the

extended regimen.

Conclusions. Extending the duration of AL was safe and significantly enhanced overall drug

exposure in young children, but there were not significant reductions in recurrent parasitemia



risk compared to the standard 3-day regimen in our high transmission setting. However, day 7
levels were strongly predictive of recurrent parasitemia risk; participants who attained a day 7
lumefantrine concentration > 280 ng/ml had a lower risk of recurrent parasitemia. The 5-day AL
group was more successful in achieving this target lumefantrine day 7 concentration than the 3-
day AL group. Finally, those in the lowest weight-band were at higher risk of underdosing with
the standard 3-day regimen. The implementation of an extended 5-day regimen of AL in this
group could prove beneficial in boosting AL PK and improving clinical outcomes, though more

research with a larger sample size is needed to confirm.
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2.2 Introduction

Plasmodium falciparum malaria remains one of the most devastating infectious diseases,
causing roughly 242 million cases and 627,000 deaths in 2020, with improvements stalling since
2015 [75]. Sub-Saharan Africa (SSA) bears >90% of all deaths, primarily in young children for
whom antimalarial dosing guidelines are not fully optimized [75]. Treatment currently relies upon
artemisinin-based combination therapies (ACTs), all dosed over 3-days, and most effectively
targets initial 48-hour blood stage life cycles. Short-acting artemisinins rapidly reduce parasite
burden while the long-acting partner drug eliminates residual parasites and protects against
resistance and recurrent infection. Unfortunately, ACT resistance is now widespread in
Southeast Asia, and recent reports confirm artemisinin-resistance in Uganda and Rwanda [12,
76]. Protecting ACTs in SSA is critical, and leading strategies include optimizing current ACT

regimens, the use of triple ACTs, multiple first-line therapies, and cycling of ACTs.[77-80]

Of the six WHO-endorsed ACTs, artemether-lumefantrine (AL) is most widely used [8].
Importantly, all ACTs demonstrate a mismatch in component half-lives. For AL, artemether has
a fast onset of action; it is quickly absorbed and cleared as it undergoes demethylation by
various cytochrome P450 (CYP) enzymes into dihydroartemisinin (DHA), its active metabolite
[48]. DHA then undergoes glucuronidation before it is excreted [50]. Lumefantrine, the long-
acting partner drug, has a slow absorption phase and is metabolized primarily by CYP3A4 with

a terminal half-life of ~3-4 days [81, 82].

With this pharmacokinetic (PK) mismatch in mind, children in high transmission settings can
experience 5 or more episodes of malaria per year, indicating the need for optimized regimens
that consider both treatment of the current infection and post-treatment prophylaxis against new

or recurrent infections [83, 84]. Consideration of these dynamics can reduce the risk of true
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treatment failure (recrudescence), extend the period of post-treatment prophylaxis (in high

transmission settings), and mitigate the selection of resistance [85].

However, determining the optimal weight-based ACT dose in children requires consideration of
developmental changes, including enzyme maturation, as well as the impact of malnutrition on
ACT pharmacokinetics and pharmacodynamics (PD) [27, 29, 41, 42, 86]. For AL, our group and
others have documented low lumefantrine exposure and worse outcomes following currently
recommended doses in young children [38-42]. Day 7 lumefantrine concentration thresholds
from 175-280 ng/mL have been a common target linked to outcomes [38, 81, 87]. Improving
lumefantrine exposure, and thereby improving outcomes, requires lengthening the treatment
duration (versus increasing mg/kg per dose), as absorption is dose-limited [12, 38, 40, 41, 43,
88-90]. Additionally, artemisinins are cleared within 24 hours, thus extending regimens will
expose parasites to the artemisinin component for an additional 48-hour life cycle, which may

also mitigate the impact and risk of ACT resistance emergence and spread [90-93].

Ensuring that current ACTs are adequately dosed, both in terms of total PK exposure and
duration is critical. We conducted the Extended Duration AL Treatment for Malaria in Children
(EXALT) trial and hypothesized that an extended 5-day regimen would be safe, well tolerated,
and significantly improve AL PK exposure. We further hypothesized that improved exposure

would lower the risk of recurrent parasitemia.

2.3 Methods

Study area and participant enroliment
EXALT is a prospective, randomized, open-label PK/PD study of 3-day (6-dose) versus 5-day

(10-dose) AL for the treatment of uncomplicated malaria in Ugandan HIV-uninfected children.
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Our study clinic is located on the grounds of Masufu General Hospital in Busia, Uganda, a
perennial holoendemic transmission area with an estimated 33.4% P. falciparum parasite
prevalence in 2—10 year old children [94]. Children ages 6 months to 18 years were recruited at
our clinic, open 7 days a week. After informed consent (and assent if 27 years), children were
randomized 1:1 to 3- or 5-day AL and could be re-enrolled/re-randomized for up to 4 episodes (
Fig 2.1). All parents or guardians provided informed consent. Assent was also obtained from
participants aged 7 years old. Eligibility criteria were the following: (1) living <60 km from the
study site, (2) confirmed HIV negative status, (3) age 6 months to 18 years, (4) weight 26 kg, (5)
hemoglobin > 7.0 g/dL, (6) no history of significant comorbidities, (7) no receipt of drugs
impacting CYP enzymes <14 days (8) no prior malaria treatment <28 days, (9) presentation with
uncomplicated P. falciparum malaria, or mixed infection with the presence of P. falciparum
species, and (10) agreement to come to clinic for all follow-up clinical and PK evaluations.
Children were randomized using a computer-generated randomization list accounting for loss to
follow-up and withdrawals. Allocation sequence was concealed from the clinician assessing and
enrolling participants through sequentially numbered, opaque, sealed envelopes assembled by
a third-party not involved in participant enroliment, treatment, or follow-up. Children could be re-
enrolled for up to 2 intensive malaria episodes, and a maximum of 4 total episodes, and re-
randomization occurred for each new enrollment. Once the target sample sizes were met for the
intensive PK study arm, or if the child had already participated twice in the intensive PK study,
randomized enroliment into sparse PK sampling 3-day (6-dose) or 5-day (10-dose) AL

groups began.

The study was open-label, with weight-based AL dosing (Coartem® Dispersible 20 mg/120 mg,
Novartis, Switzerland). Participants weighing <15 kg, received 1 tablet; 215 to <25 kg, 2 tablets;
225 to <35 kg, 3 tablets; and 235 kg, 4 tablets. Each clinic dose was observed and administered

with milk (daytime doses), and milk was provided for non-observed doses at home (evening
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doses), to enhance and control for lumefantrine absorption [95]. Powdered milk at
approximately 2 scoops (equivalent to 2.8 grams of fat) were given for consumption of each
dose to ensure that at least 1.2 grams of fat were taken with each dose. Doses in clinic were

readministered for vomiting within 30 minutes.

Primary outcomes were 1) comparative plasma PK parameters for artemether, DHA, and
lumefantrine between treatment regimens in the intensive PK sub-cohort, and 2) microscopy-
determined recurrent parasitemia in the entire cohort. Secondary outcomes were genotype—
unadjusted/adjusted recurrent malaria at 28 and 42 days using standard WHO criteria [8].
Ethical approval was obtained from the Uganda National Council of Science and Technology,
the Makerere University School of Medicine Research Ethics Committee, the University of
California, San Francisco Committee on Human Research, and the Yale University Human

Investigations Committee

Clinical and molecular follow-up

Uncomplicated malaria was confirmed by presence of any parasites on thick smear with a
documented or history of fever within 24-hours (=38.0°C). All 2% Giemsa-stained slides were
read by two expert microscopists with third reads conducted for discrepancies. Complete blood
count and liver function tests were performed on days 0, 14, and 28. Active and passive follow-
up was conducted to day 42 (Fig 2.1). Participants were encouraged to return to clinic on any
non-study days for any concerns. The NIAID Division of AIDS criteria (version 2.1, March 2017)
were used to assess safety and tolerability, including adverse events. Electrocardiograms were
performed in a subset of participants (Fig 2.1). Electrocardiograms were completed at baseline
(before the administration of the first dose), prior to and 4-6 hours post-last dose (day 3 or 5 for

the 6- and 10-dose arms, respectively), day 8 (or day 7 for the sparse sampling arm), and day
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28 (Fig 2.1). Corrected QT (QTc) intervals were computed using the Fridericia formula (QTcF,
Y/RR). Genotyping was performed using capillary electrophoresis of six loci (msp1, msp2,
TA40, TA60, TA81, and TA87), as previously described [54]. Episodes were considered
recrudescent (true failures) only if strain genotypes matched at all loci that were successfully
genotyped. Recurrences occurring after 14 days were retreated with artemether-lumefantrine,

as per standard of care.

Pharmacokinetic sampling and analysis

3-day AL (6-dose regimen): Intensive PK cohort, sampling occurred on days 0 to 3 for

artemether, DHA, and lumefantrine. Sampling also occurred on days 4 (24 hours post-third
dose), 8, 14, and 21 for lumefantrine. Sparse PK cohort, sampling occurred on days 0 to 3, 7,

14, and 21. 5-day AL (10-dose regimen): Intensive PK cohort, sampling occurred days 0 to 5 for

artemether, DHA, and lumefantrine. Additional sampling occurred on day 6, 8, 14, and 21 for
lumefantrine. Sparse PK cohort, sampling occurred on days 0 to 5, 7, 14, and 21 (Fig 2.1).
Concentrations of artemether and DHA were determined using liquid chromatography—tandem
mass spectrometry, as previously described [96]. Lumefantrine quantitation was performed on a
Waters® UPLC® | class system coupled with Sciex TripleQuad 6500" tandem mass
spectrometry system based on a previous method [97]. For the artemisinins, the calibration
range was 0.5-200 ng/mL with the lower limit of quantification (LLOQ) at 0.5 ng/mL for both
artemether and DHA. For lumefantrine, a previous quantification method was modified as
follows: plasma sample volume was reduced from 25 ul to 5 L, and the instrument time per
sample was reduced from 8 min to under 2 min with a newer UPLC column [97]. All sample and

PK analysis was completed at the Drug Research Unit, University of California, San Francisco.
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For intensive PK studies, PK parameters for each subject around the final dose were
determined using non-compartmental analysis and followed a linear up-log down trapezoidal
rule in conjunction with first-order input (Phoenix WinNonlin 64). Intensive PK cohort analysis
included estimates of the area under the plasma concentration versus time curve post-final dose
(AUCo-g hours for artemether and DHA; AUCo.214 for lumefantrine), maximal concentration (Cmax),
time to Crax (tmax), €limination half-life (t12), and Cgn (artemether and DHA). An estimation of
cumulative exposure (i.e. the AUC from the 3™ dose to day 21, AUC.um) Was also calculated for
lumefantrine for the intensive PK arms of the study. As we only collected pre-dose samples on
first day of dosing, the 3™ dose was the earliest post-dose samples that could be utilized to
generate the cumulative exposure variable. Specifically, estimates relied on the 2- and 4-hour
actual post-dose concentration levels on days 1, 2 (and days 3, 4 for the AL 10-dose regimen),
and calculated trough concentrations on those days using an elimination rate constant
determined from the post-final dose data. The trapezoidal rule was used to calculate AUCs for
the morning, directly observed doses 3 and 4 (6 and 8 for the AL 10-dose regimen), which were
then also used as an estimate for lumefantrine exposure for the evening doses 5 (7 and 9 for
the AL 10-dose regimen). All dose specific AUCs (i.e. third dose to the ninth dose) were added
to the post-final dose estimated AUCo.214 to generate an estimated cumulative lumefantrine
exposure from the third dose to day 21, AUCcum. For the AUC.um calculation, Phoenix WinNonlin
64 was utilized to determine the elimination rate constant and post-last dose AUC. Microsoft
Excel version 16.54 was used to calculate the trough values, the dose specific AUCs, and the
summation of all AUCs. For sparse PK data, lumefantrine concentrations at day 7, day 14, and
day 21 were combined with the concentration data from the intensive PK cohort to compare

exposure between the 3-day AL and 5-day AL groups.

Capillary and venous samples collected concurrently at 2- and 8-hours post-final dose on the

intensive sampling day (i.e. day 3 for 3-Day AL group) were used to compute capillary-venous
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correlations of artemether and DHA concentrations which permitted merging of capillary and
venous measurements for PK analysis. Correlation data analysis was performed using STATA®
SE14.2 (StataCorp, College Station, TX, USA). The relationship between capillary and venous
plasma artemether levels was modeled using linear regression with estimated intercept and
slope. The linear least squares regression models were built using natural logarithmic-
transformed concentrations and the final models were selected based on maximal coefficient of
determination (R?) and visual check. The same analysis was conducted using DHA venous and
capillary sample data to determine the correlation between capillary and venous

DHA concentrations.

Statistical Analysis

Analysis included the intention-to-treat population (ITT; all those who were enrolled and
randomized) and the per protocol population (PP; those completing 21 days of PK sampling).
For the primary PK outcome, mixed effects repeated measures model was used to compare PK
parameters between 3-day and 5-day groups and LF concentrations for the combined intensive
and population 3-day and 5-day groups, after accounting for correlation within re-randomized
subjects. For the primary clinical outcome, the cumulative risk of recurrent parasitemia at days
28 and 42 was assessed using Kaplan-Meier curves and differences between arms were
compared using log-rank test. Multivariate Cox regression with robust sandwich estimation to
account for within-subject correlation of recurrent enroliment was conducted, controlling for age,
weight, baseline parasite density, baseline hemoglobin, sex, lumefantrine mg/kg, lumefantrine
PK exposure, and cross-over status (i.e. enrolled in the 3-day arm and re-enrolled with a

separate episode in the 5-day arm).
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For the intensive PK sub-cohort, a sample size of n=50 in each arm was determined to detect a
35% AUC difference of all analytes (80% power; a=.05) [53, 98]. A similar sample size was
determined for the sparse PK cohort. Clinical outcomes were assessed in children in the entire
cohort. Based on our recent study in a nearby area with a 42-day recurrence rate of more than
50%, we have 80% power to detect a 20% difference in recurrence rates between the treatment
arms (0=.05) [54]. A mixed effects repeated measures model was used to compare artemether
and DHA concentrations at 2- and 4-hours post-third and post-last dose (day 3 or 5) between 3-
day and 5-day groups. The change in parasite density was compared between regimens from
mixed effects repeated measures models, controlling for parasite density on day 0. Secondary
clinical outcomes used standard WHO criteria (adequate clinical and parasitological response
(ACPR), late clinical failure (LCF), and late parasitological failure (LPF) which were compared
using chi-square test. Statistical significance was a 2-sided P value < .05. Stata version SE14.2
(StataCorp, College Station, Texas) and SAS version 9.4 (SAS Institute, Cary, North Carolina)

software programs were used for analyses.

2.4 RESULTS

Study Profile

Children were randomized into 3-day or 5-day regimens, first into the intensive cohort, and then
into the sparse cohort once sample sizes or maximum enroliment was reached (Fig 2.1).
Intensive and sparse PK cohorts were combined for all analyses, except for intensive PK
parameters. Enrolment and follow-up took place between February 21, 2018, to August 29,
2019. For the intensive PK cohort, 212 episodes were screened, 102 episodes were
randomized, and 100 episodes completed the study and were included in the final PK/PD
analysis (Fig 2.2). For the sparse PK cohort, 276 episodes were screened, 125 episodes met

eligibility criteria, and 119 episodes were included in the final PK/PD analysis (Fig 2.2). For all
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randomized children, the median age (interquartile range, IQR) was 5.8 years (4.1-8.0 years)
and median (IQR) weight was 18.4 kg (15.3-22.9) (Table 2.1). Baseline geometric mean (95%

confidence interval) parasite density was 9542 parasites/pL (7342-12,403 p/uL).

In the PP population, n=169 children participated for a single episode and n=50 were enrolled
for more than one episode (two episodes (n=44), three episodes (n=4), and four episodes
(n=2)) (Fig 2.2). Of the 86 children who participated in the PP intensive PK analysis, n=16
participated for 2 episodes. Overall, children re-enrolled for a subsequent episode (n=50) were
marginally younger (median (IQR) age 4.6 years (4.1-7.9) versus 6.2 years (4.6-8.2); p=0.06),
weighed less (median (IQR) weight 16.1 kg (13.8-22.4) versus 19.1 (4.6-8.2); p=0.05), and
received a lower LUM mg/kg dose in each regimen than those enrolled for only a single
episode, respectively. Vomiting post-last dose was rare, with only 5 instances occurring in the

trial, all of which were re-dosed.

Correlation of drug concentrations in capillary versus venous plasma

We report, for the first time, on the correlation of simultaneously collected capillary plasma
concentrations versus venous plasma concentrations of artemether and DHA, respectively.
Briefly, 126 pairs (252 individual data points) of capillary and venous plasma samples collected
simultaneously at 2- and 8-hours post-final AL dose were used to complete a linear regression
analysis after the data had undergone a natural log transformation. The resulting equation for
artemether capillary concentration (Ccap) vs venous concentration (Cyen) was In[Ccap] = 1.03*
IN[Cven] — 0.08 (N = 126, R? = 0.924). The median ratio (IQR) of artemether Ccap/Cuen Was 1.00
(0.94, 1.07). The equation for DHA capillary concentration (Ccap) vs venous concentration (Cyen)
was IN[Ccap] = 1.08 * IN[Cyen] — 0.21 (N = 126, R? = 0.967). The median ratio (IQR) of DHA
Ccap/Cven Was 1.01 (0.98, 1.04). From these results, it was determined that capillary and venous
measurements of both artemether and DHA have a 1:1 linear relationship, respectively. Due to

this 1:1 linear relationship, artemether and DHA capillary concentration results from the EXALT
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study were not converted to predicted venous values using the generated correlation equations.
For lumefantrine, we also combined capillary and venous plasma concentrations without

conversion as we found a 1:1 correlation previously [99]

PK of artemether and DHA in the 3-day versus 5-day study arms

PK parameters for 3-day and 5-day (n=50 each) episodes with completed intensive PK
sampling are summarized in Table 2.2 and Figs 2.3. For children undergoing intensive PK,
cumulative artemether and DHA exposure (AUCcum; post-third to 8-hr post-final dose) showed a
1.70- and 1.82-fold increase in artemether and DHA exposure in the 5-day vs 3-day group
(p=0.001 and <0.0001, respectively). To investigate artemisinin exposure changes with
repeated dosing, post-dose 2-hour concentrations were compared over the course of dosing
(Table 2.3, Fig 2.4). Artemether concentrations were 68% and 65% lower following the last
versus the third dose in the 3-day and 5-day regimens, respectively (p <0.0001 for both); DHA
concentrations were 43% and 29% lower following the last versus third dose in the 3-day and 5-
day regimens, respectively (p < 0.0039 for all comparisons; Table 2.3, Fig 2.4). During
analysis, the coefficient of variation (CV%) for artemether was 7.65, 6.73, 7.74% at low,
medium, and high concentration quality control samples, respectively, and for DHA was 6.28,

5.95, 6.22%, respectively.

PK of lumefantrine in 3-day versus 5-day study arms

PK parameters for the 3-day and 5-day (n=50 each) intensive episodes are in Table 2.4 and Fig
2.3. An estimate of cumulative lumefantrine exposure (AUCcum; post-third dose to day 21)
showed a 1.82-fold increase in lumefantrine exposure in the 5-day vs 3-day group (p=0.0001)
(Table 2.4 and Fig 2.3). Combining data from the intensive and sparse PK cohorts, those
receiving the 5-day vs 3-day regimen exhibited markedly higher median lumefantrine

concentrations on days 7, 14, and 21 (2.24-, 1.52-, 1.37-fold, respectively; p<0.001 for all
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comparisons; Table 2.4). The coefficient of variation (CV%) for lumefantrine was 9.72, 9.27,

8.16% at low, medium, and high quality control samples, respectively.

Treatment outcomes at 28-day and 42-day follow-up

The primary clinical outcome was recurrent parasitemia (with or without fever) detected by
microscopy at 28- and 42-days. The Kaplan-Meier estimated cumulative risk of recurrence at
day 28 was 51% vs 40%, 3-day vs 5-day AL, respectively (p=0.091), and at day 42 was 75% vs
68%, 3-Day vs 5-Day AL, respectively (p=0.10; Fig 2.5). Genotyping was attempted on all
children with recurrent parasitemia and was successful for 140/158 children. For the WHO
outcomes at 42 days, 24% and 23% of participants had symptomatic (i.e., fever and
parasitemia) re-infections in the 3-day and 5-day regimens, respectively (Table 2.5). Overall,
7.1% (n=10/140) of recurrences were recrudescent, and equally proportioned between
regimens (n=5 in each). The median multiplicity of infection between 3-day and 5-day AL
regimens at enrollment was 4 (range 1-11) and 3 (range 1-14), respectively. There was no

difference in the median MOI between regimens upon recurrence.

Multivariate Cox regression was performed to evaluate the risk of recurrent parasitemia after
adjusting for the above covariates, as well as sex, baseline parasite density, lumefantrine mg/kg
per dose, and whether a participant was re-enrolled and participated in both arms (Table 2.6).
The adjusted analysis risk differences between 3-day and 5-day regimens were not significantly

different at 28 or 42 days.

In an exploratory analysis, when restricting to those that presented with recurrent malaria for re-
randomization/re-enrollment (n=50 episodes total), 40.7% and 13.0% of episodes in the 3-day
and 5-day developed recurrent parasitemia at 28 days (p=0.030); differences were not

significant at 42-days (70.4% and 60.9% of episodes in the 3-day and 5-day (p=0.48). We

hypothesize that children who presented for multiple episodes represent a group at higher risk
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of malaria, and therefore, the benefit of the extended regimen was more evident in those higher
risk children. Parasite densities of recurrent episodes following treatment in each of the

treatment duration arms is presented in Fig 2.6 and Table 2.7.

We next examined the relationship between regimen, lumefantrine exposure, and recurrence
risk in the intensive cohort (n=100). In this subset, a multivariate Cox model adjusting for the
above covariates found that at 28 days, children in the 5-day versus 3-day regimen had a HR of
0.47 (95% CI 0.25-0.88; p=0.019) for recurrence of parasitemia, though differences were not
significant at 42 days (HR 0.74; p=0.23) (Table 2.6). Lumefantrine AUCq.214 (AUC post-last dose
to 21 days) was significantly associated with malaria risk at both days 28 and 42 (HR 0.54,

p=0.028 and HR 0.61, p=0.038; respectively).

Treatment outcomes based on a day 7 lumefantrine level of 280 ng/mL

Associations between recurrent parasitemia and a previously defined day 7 lumefantrine
predictive “threshold” of 280 ng/mL for risk of recurrent infection were assessed (Fig 2.5) [81].
Approximately 4 times as many children were found to have a day 7 level <280 ng/mL in the 3-
day versus 5-day regimen (Table 2.1). Overall, a lumefantrine level >280 ng/mL on day 7 was
associated with a 46% and 42% lower hazard of recurrence at 28 and 42 days,

respectively (Table 2.6).

In the 3-day arm, height and weight were significantly higher in those achieving targeted day 7
levels (Table 2.8). We therefore investigated whether certain dosing weight bins may be
associated with higher frequencies of falling below the 280 ng/ml lumefantrine threshold. For
those in the 5-14 kg weight bin (1 AL tablet), 64.0% (n=16/25) in the 3-day regimen versus

18.8% (n=3/16) in 5-day regimen, fell below the day 7 threshold.
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Safety and tolerability of artemether-lumefantrine

Artemether-lumefantrine was well tolerated throughout the study. There were two serious
adverse events (SAEs) documented in the study, both in the 3-day arm. The first was a 5-year-
old who was successfully treated and cleared parasitemia by day two, fainted on day 26, and
was taken to a nearby healthcare facility where he responded to fluids. The facility deemed that
the episode was due to hypoglycemia of unknown etiology. He was seen on day 31 in clinic and
was in good health with a negative blood smear. The second SAE that occurred was a 3-year-
old boy who responded to 3-day AL, had recurrent parasitemia on day 21, and was found to
have grade 4 anemia on day 28 with a negative blood smear (grade 1 on day 0 and 14). He was
treated with anthelminthics and iron, was found to have malaria on day 43 and retreated with
AL, with hemoglobin returning to grade 1 six days after retreatment. Overall, only a single grade
3 symptom (cough) was noted in a child. All AST, ALT, and creatinine values were grade 2 or
below throughout the duration of the study. One child had grade 4 thrombocytopenia at
presentation with malaria and rebounded to a normal value at day 14. Graphs of all monitored
chemistry and hematology values on days 0, 14, and 28 are presented in Fig 2.7.
Electrocardiograms conducted in subset of 101 children showed no QTc prolongation greater
than 450 ms at any time point. A change in the QTc greater than 60 ms occurred in two
children. The first child, in the 5-day arm, had an increase in QTc from 292 ms on day 0 to 386
ms on day 5 (post 10th dose). The second child, in the 3-day arm, had a change in QTc from

420 ms on day 3 (post 6th dose) to 356 ms on day 28 of follow-up (post-treatment baseline).

2.5 Discussion

We conducted EXALT, the first study in children to specifically look at an extended AL duration
of 5-day (10-doses) versus the standard 3-day (6-doses) regimen to improve PK exposure and

clinical outcomes. We found that the extended regimen was both safe and effective at
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increasing AL exposure. Those receiving the 5-day regimen were significantly more likely to
attain a previously defined day 7 lumefantrine target concentration (280 ng/ml), with 4-fold more

children falling below this level in the 3-day versus 5-day regimen.

In our intense transmission region, true failure after treatment with either 3 days of AL or 5 days
of AL remained rare, with 93% of all recurrences attributed to new infections. By 28 and 42 days
of follow-up, nearly 50% and 75% of children had recurrent parasitemia. In this setting, the
extended 5-day regimen was unable to significantly reduce the risk of recurrent parasitemia,
though the risk difference narrowed over follow-up, likely explained by post-treatment
prophylactic lumefantrine levels falling below a protective threshold. Indeed, the risks were
significantly different when stratifying by regimen and day 7 level, from highest to lowest in
those in the 3-day <280 ng/ml, 5-day <280 ng/mL, 3-day >280 ng/mL, and 5-day

>280 ng/mL (Fig 2.5).

When limiting our analysis to children in the intensive PK cohort, we saw a significantly reduced
28-day risk of recurrence in the 5-day group. A potential explanation may relate to levels of
adherence, as intensive participants spent more time in the clinic, had one additional directly
observed dose, and their regimen was extended by an additional 12 hours as compared to
children in the sparse cohort (Fig 2.8). Indeed, for those in the 5-day regimen, day 14 and 21
lumefantrine levels were higher in the intensive versus sparse cohort (p=0.0018 and p=0.0004,
respectively). It is also notable that parasite densities of recurrent episodes trended towards
being lower in the 5-day vs 3-day regimens, perhaps demonstrating a quantitative impact of the

additional AL doses on parasite clearance (Fig 2.6; Table 2.7).

Our trial builds on a handful of other studies that confirm the safety and efficacy of extended

duration of AL in different settings [88, 89, 100]. The first was a trial in Myanmar in 2013-2015,
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involving adults and children treated with 3- vs 5-days of AL, all of whom received a dose of
primaquine. Both regimens were safe and effective [100]. A similar Tanzanian study involved
adults and children treated with 3- vs 6-days of AL plus primaquine [88]. The extended regimen
was safe and effective but did not meet superiority specifications. Finally, researchers compared
3-day vs 5-day AL in n=48 pregnant and n=48 nonpregnant Congolese women; again, regimens
were safe and effective, and the extended regimen improved PK exposure to a level

comparable to nonpregnant adults [89].

An important additional finding in our study was that those children in the lowest weight-band of
3-day AL dosing were 3.4-times more likely to fall below 280 ng/mL than those receiving the 5-
day regimen. Previous work by our group showed that children under 2 years were at risk for
low AL exposure, which we hypothesized was due to lower bioavailability [40]. A population
PK/PD meta-analysis also demonstrated that day 7 lumefantrine concentrations in children
weighing <15kg and 15-25 kg were 24.2% and 13.4% lower compared to levels in nonpregnant
adults [38]. The first study to demonstrate the potential impact of extending the duration of AL
was in Thailand, where six-doses were administered either over 3 or 5 days, with the 5-day
dosing interval improving PK exposure and cure rates [90, 101]. Our data now successfully
demonstrate the ability of an extended 5-day (10-dose) regimen to improve exposure in the
lowest weight children, and we advocate that dosing regimens in the youngest, smallest children

be revisited.

Optimizing the dosing of the artemisinin component is also critical, particularly considering the
recent emergence of artemisinin resistance in SSA [12, 76]. Five-days of AL exposes the
parasite to the artemisinin component for an additional 48-hour trophozoite cycle where

artemisinins are most active [90]. This additional exposure may leave fewer parasites for
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lumefantrine and/or the immune system to clear, reducing the risk of emergence and spread of
artemisinin resistance [91, 93]. We also observed a notable decrease in artemisinin exposure
(post-dose 2-hour concentrations) with repeated dosing. This aligns with previous studies and
has been thought to be caused by CYP3A4 autoinduction (likely an intestinal first-pass effect)
by artemether and/or recovery from malaria leading to improved bioavailability and absorption
[102-107]. The clinical impact on declining artemisinin exposure with each dose is unclear,
however, any impacts are more likely to be seen in the 3-day regimen, as the extended regimen

significantly enhanced artemisinin exposure.

Our study is subject to a few limitations. Evening doses were not observed. In addition, while
active sampling occurred on up to 13 visits, alongside passive follow-up available daily, we are
unable to comment on parasitemia occurring on intervening days, or submicroscopic
parasitemia occurring during follow-up. In addition, we are unable to comment on regimen
effectiveness if deployed outside of a controlled study where adherence to an extended regimen

may be more problematic.

In summary, our data demonstrate that extended duration 5-day (10-dose) AL treatment
regimen is safe and efficacious in HIV-uninfected children living in a high transmission setting.
Specifically, children in the lowest weight category appeared to be at highest risk of
underdosing, a deficit that was largely overcome with additional days of dosing. In addition,
children in the 5-day regimen were more likely to attain the 280 ng/mL threshold, and those
achieving this threshold had the lowest recurrence risk. In our setting, the increased exposure
led to marginal reductions in the overall 28-day recurrence risk, which was no longer evident at
42-days, likely due to new parasites emerging from the liver or newly inoculated over time

entering the blood when lumefantrine levels were no longer protective. It is critical that we
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explore multiple potential options to preserving the utility of current ACTs. Extending AL regimen
duration should be considered as a potential option, and additional study in lower transmission
settings, or in areas where artemisinin resistance is emerging in Africa should be considered to

mitigate the emergence and spread of ACT resistance in SSA.
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2.6 Figures

HIV-Uninfected Children
6 months — 18 years

Intensive PK

Randomized

3-DayAL | 5-DayAL

3DayAL | 5DayAL

[ Completed Study ] [

Completed Study

)

3-Day AL ][ 5-Day AL
)

( Completed Study J(__Completed Study ]

All study participants are followed for 42 days to assess clinical outcomes
* Intensive:
Day 0, 1, 2, 3, 4, 5 (5-Day AL only), 6 (5-Day AL only), 8, 14, 21, 28, 35,
42
Population:
Day 0, 1, 2, 3, 4 (5-Day AL only), 5 (5-Day AL only), 7, 14, 21, 28, 35, 42

Intensive PK Sampling:
Day 0: Pre-dose
Day 1-2 (3-Day AL) & Day 1-4 (5-Day AL): 2- & 4-hour post-dose
Day 3 (3-Day AL) & Day 5 (5-Day AL): 0, 0.5, 1, 2, 3, 4, 6, 8, 24-hour
post-dose
Day 8, Day 14, Day 21

Population PK Sampling:
Day 0-2 (3-Day AL) & Day 0-4 (5-Day AL): Pre-dose, 2- & 4-hour post-
dose
Day 3 (3-Day AL) & Day 5 (5-Day AL): 24-hour post-dose
Day 7, Day 14, Day 21

Electrocardiograms (ECGs)
Intensive PK Cohort
Day 0: Baseline, prior to the 15t dose of AL
Day 3 (3-Day AL) or Day 5 (5-Day AL): Pre-last dose, 4-6 hours post-
dose
Day 8, Day 28

Population PK Cohort

Day 0: Baseline, prior to the 15t dose of AL

Day 3 (3-Day AL) or Day 5 (5-Day AL): 8-12 hours post-last dose
Day 7, Day 28

Figure 2.1 (A) Randomization schema and (B) PK/PD study follow-up and sampling design.
Children were initially randomized into 3-day or 5-day intensive study arms, and re-randomized
upon presentation for a subsequent episode ocurring during follow-up or at a later date,
provided eligibility criteria were met, and sample sizes had not been met for a specified study
arm PK study sampling design and malaria follow-up schedule.

28



Y

Intensive PK/PD Study

212 episodes of malaria

Excluded

Children with fever and malaria parasites on
blood smear

-

screened for enroliment

~ @@

) N

102 episodes of malaria
were enrolled and
randomized

100 episodes completed
follow up & were

Did not
complete
study

\_

110 were excluded:
4 had a Hgb < 7 g/dI
6 had severe malaria
1 weighed less than 6 kg
15 received prior antimalarial
medications
61 had negative blood smears
12 declined consent
10 had mixed infections
1 received contraindicated
medications

~

/

4 N

151 were excluded:
2 had a Hgb < 7 g/dI
2 had severe malaria
14 received prior antimalarial
medications
117 had negative blood smears

Excluded

Y
Sparse PK/PD Study

~— @@

276 episodes of malaria

4 declined consent
2 had a non-P. falciparum infection
1 received contraindicated
medications
9 other (maxed out enroliments,

k unconfirmed HIV status, etc) /

2 were withdrawn:
1 did not follow dosing
1 withdrew consent

6 were withdrawn:

1 did not follow dosing
3 withdrew consent
1 had low hemoglobin
1 was lost to follow up

included in the intensive

PK analysis
4 N [~ N
41 first malaria episodes 43 first malaria episodes
in 3-day arm in 5-day arm
N\ l AN l J
4 4 N\
9 second malaria 7 second malaria
episodes in 3-day arm episodes in 5-day arm
- O\

Did not

complete

study

screened for enroliment

~— @@

125 episodes of malaria
were enrolled and
randomized

119 episodes completed
follow up & were

included in the sparse
PK/PD analysis

Vs

in 3-day arm

&

40 first malaria episodes

~

J

( R

45 first malaria episodes
in 5-day arm

& J

l

l

-~
14 second, 3 third,

in 3-day arm
&

fourth malaria episodes

~
and 2

J

( N
14 second, and 1 third
malaria episode in 5-day

arm

- J

Figure 2.2 Trial Profile. Study screening and enrolment flowchart for the intensive and sparse
PK sampling arms showing intention to treat (ITT) and per protocol cohorts (Consort diagram).
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Figure 2.3 (A) Plasma concentration-time profiles of artemether, (B) dihydroartemisinin (DHA),
and (C) lumefantrine in children treated with three days of AL and children treated with five days
of AL, and (D) estimated cumulative AUC (AUC from the 3rd dose to day 21; AUC..m). Data are
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represented as median, and values below the limit of quantitation (BLQ) are shown. Note that
lumefantrine concentrations are shown in pg/mL.
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Figure 2.4. (A) Artemether and (B) DHA concentrations 2 hours following each morning dose in
3-day and 5-day regimens.
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Figure 2.5. Kaplan-Maier estimate of time to microscopically-determined recurrent parasitemia
over 42-day follow-up for ITT cohort in (A) children randomized to the 3-day versus 5-day
regimen, (B) children attaining a day 7 lumefantrine levels > 280 ng/mL and < 280 ng/L, and (C)
children stratified by treatment regimen duration and day 7 lumefantrine level > 280 ng/mL and
< 280 ng/L. A represents 3-day AL, with a lumefantrine day 7 < 280 ng/mL (red); B: 3-day AL,
lumefantrine day 7 > 280 ng/mL (dark red); C: 5-day AL, lumefantrine day 7 < 280 ng/mL (blue);
D: 5-day AL, lumefantrine day 7 > 280 ng/mL (dark blue)
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Figure 2.6 Parasite densities of children during recurrent episodes of parasitemia by treatment
duration arm.
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Figure 2.7 Laboratory values on days 0, 14, and 28 by AL regimen duration. Day 14 values
include six children who followed up on day 15 (n=5) or day 17 (n=1). Day 28 values include
twelve children who followed up on day 29 (n=2), day 30 (n=6), or day 31 (n=4). Data are
presented for total white blood cells (x1000/per mm?®), neutrophils (x1000/per mm?), hemoglobin
(g/dL), platelets (x1000/per mm?), aspartate aminotransferase (IU/L), alanine aminotransferase
(IU/L), and creatinine (mg/dL).
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PK Study Design

Intensive PK sampling (post-final dose)
0,0.5,1, 2, 3,4,6, 8, 24hr
(ARM, DHA & Lumefantrine)

‘ AL, 6 doses - 3 Day

‘ PK sampling

Intensive: Days 8, 14, 21

| Day |

. [ (Lumefantrine only)
il ll liilliél } —

[3.. [4 [5..]8 |14 [21 2835 [42 |

S T??lT [ )

‘ AL, 10 doses — 5 Day ‘

i} [2- & 4-hour post-dose sampling |

Intensive PK sampling (post-final dose)
0,0.5,1,2,3,4,6, 8, 24hr
(ARM, DHA & Lumefantrine)

Figure 2.8 PK sampling and clinical follow-up schedule.

Sparse PK Sampling:

3 Day AL:

* Day 0-2: pre-dose, 2 & 4 hrs post-dose
« 24hr post-last dose, Days 7, 14, & 21

5 Day AL
« Day 0-4: pre-dose, 2 & 4 hrs post-dose
« 24hr post last dose, Days 7, 14, & 21
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Tables 2.7

Table 2.1 Demographics of Study Participants in the ITT cohort

AL Dosing Regimen group

3-Day AL
(N = 114 episodes
/87subjects)

Malaria episodes, per enrolled child

One 87 (76.3%)
Two 22 (19.3%)
Three 3 (2.6%)
Four 2 (1.8%)
PK study arm

Intensive 51 (44.7%)
Sparse 63 (55.3%)

Age (Years)

Median (IQR) 534.1-7.9)
Sex

Female 64 (56.1%)
Height (cm)

Median (IQR) 105.0 (93.0 — 118.0)
Weight (kg)

Median (IQR) 17.3 (15.1 - 23.0)
Parasite density at diagnosis

Geometric mean 8552 (6112-12821)
(95% ClI)

5-Day AL

(N = 113 episodes/90

subjects)

90 (79.6%)
21 (18.6%)
2 (1.8%)

51 (45.1%)
62 (54.9%)

5.9 (4.1 - 8.0)

60 (53.1%)

108.0 (96.0 — 124.0)

19.1 (15.4 — 22.6)

10293 (7065-14995)

Gametocytes detected by microscopy on the day of diagnosis

Yes 34 (29.8%)
No 80 (70.2%)

Artemether dosing (mg/kg) per each dose

Median (IQR) 2.0(1.7-2.3)

Lumefantrine dosing (mg/kg) per each dose
Median (IQR) 12.2 (10.4 - 14.0)

30 (26.5%)
83 (73.5%)

2.1(1.8-24)

12.3 (11.0 - 14.1)

Total
(N =227)

177 (78.0%)
43 (18.9%)
5 (2.2%)
2 (0.9%)

102 (44.9%)
125 (55.1%)

5.8 (4.1 - 8.0)

124 (54.6%)

107.0 (95.0 — 122.0)

18.3 (15.3 — 22.9)

9542 (7342-12403)

64 (28.2%)
163 (71.8%)

2.0 (1.8-2.4)

12.3 (10.7 - 14.1)

P Value

0.69

0.95

0.24

0.65

0.26

0.26

0.50

0.58

0.37

0.37
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Table 2.2 Artemisinin pharmacokinetics following a 6-dose regimen or 10-dose regimen of AL in
children undergoing intensive PK sampling

Pharmacokinetic Parameter

Artemether

Cmax, ng/mL, geometric mean (95% CI)

tmax, hr

AUCo.sr, hr-ng/mL, geometric mean
(95% ClI)

Cenr, Ng/mL

AUCcum, hr-ng/mL, geometric mean
(95% Cl)?

Dihydroartemisinin

Cmax, Ng/mL, geometric mean
(95% ClI)

tmax, hr

AUCo.shr, hr-ng/mL, geometric mean
(95% ClI)

Cenr, Ng/mL

AUCcum, hr-ng/mL, geometric mean
(95% CI)°

3-Day AL

n=50

32.5 (25.4, 41.5)
1.10 (0.98, 2.03)

95.8 (77.5, 118)

3.6 (2.58, 6.33)
792 (645, 974)

89.0 (77.4, 102)

2.00 (1.00, 2.03)
241 (216, 269)

4.09 (2.73, 6.32)

1670 (1467, 1901)

5-Day AL

n=50

27.3(20.5, 36.3)
1.08 (0.97, 2.02)

78.6 (61.3, 101)

2.72 (1.51, 5.33)
1344 (1090, 1656)

87.9 (75.8, 102)

2.00 (1.08, 2.08)
229 (202, 261)

3.36 (2.48, 6.11)
3038 (2629, 3510)

Ratio (p-value)

5-Day AL / 3-Day AL

0.84 (0.34)
0.98 (0.74)

0.82 (0.25)

0.75 (0.07)
1.70 (0.001)

0.99 (0.83)

1.00 (0.68)
0.95 (0.52)

0.82 (0.23)
1.82 ( <0.0001)

Abbreviations: AL, artemether-lumefantrine; AUCq.snr, area under the concentration-time curve
post-last dose; AUC.um, area under the concentration-time curve post-third dose to Day 21; Cégn,
concentration 8 hours post-last dose; Cl, confidence interval; Cnax, maximal concentration post-
last dose; IQR, interquartile range; tmax, time to maximal concentration post-last dose. Per

protocol cohort.

2Artemether AUCcum: N = 48 in 3-day AL group, N = 45 in 5-day AL group
®Dihydroartemisinin AUCqm: N = 50 in 3-day AL group, N = 45 in 5-day AL group
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Table 2.3 Comparing Artemether and DHA post-third dose exposure to post-last dose exposure
in children receiving 3- or 5-day AL in the intensive PK sampling study arm

Post-3rd Dose of AL Post-Last Dose of AL

GM; 95%CI (Dose 6 or 10)
GM; 95%Cl
Artemether, Canr, ng/mL
3-Day AL Regimen? 60.1 (47.3,76.4) 19.4 (15.3, 24.7)
5-Day AL Regimen® 51.5(39.9, 66.5) 18.0 (13.6, 23.8)
DHA, Canr, ng/mL
3-Day AL Regimen® 105 (83.6, 132) 59.2 (49.4, 71.0)
5-Day AL Regimen® 89.3 (72.5, 110) 63.8 (53.8, 75.5)

GMR Ratio
(pre-/post-last dose)
(p-value)

0.32 (<0.0001)
0.35 (<0.0001)

0.57 (<0.0001)
0.71 (0.0039)

Wilcoxon signed-rank test used for all; GM (95% CIl). Per protocol cohort. Abbreviations: AL,
artemether-lumefantrine; Canr, concentration 2-hours post-dose; Cl, confidence interval; DHA,
dihydroartemisinin; GM, geometric mean; GMR, geometric mean ratio

@3-Day AL: post-3rd dose, n=49; post-last dose AL, n=50
®5-Day AL: post-3rd dose, n=49; post-last dose AL, n=50
¢3-Day AL: post-3rd dose, n=50; post-last dose AL, n=50
45-Day AL: post-3rd dose, n=49; post-last dose AL, n=50
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Table 2.4 Lumefantrine Pharmacokinetics Following a 6-Dose Regimen or 10-Dose Regimen of

Artemether-Lumefantrine

Pharmacokinetic Parameter

Intensive PK arm

Cmax, Ng/mL, GM (95% ClI)
tmax, hr

tiz, hr?

AUCo21q, hr-pg/mL, GM (95% Cl)

AUCcum, hr-ug/mL, GM (95% CI)®

Intensive + sparse sampling PK episodes
Crd4, ng/mL®

Day 7 > 280 ng/mL

Ci144, ng/mLY

C214, Nng/mL®

3-Day AL
Median (IQR)

n=50
7236 (6023, 8692)
4.00 (0.00, 6.00)
120 (91.4, 158)

259 (222, 302)

468 (410, 534)

n=109

363 (188, 478)
69 (63.3%)

122 (86.7, 171)

65.0 (BLQ, 85.2)

5-Day AL
Median (IQR)

n=50

8450 (7085, 10079)

4.00 (1.00, 6.00)

97.4 (81.6, 119.1)

318 (274, 370)

852 (746, 974)

n=110

816 (524, 1290)
99 (90.8%)

186 (122, 269.5)

89.1 (63.5, 116)

Ratio (p-value)

5 Day AL / 3 Day AL

1.16 (0.39)
1.00 (0.69)
0.81 (0.007)

1.22 (0.12)

1.82 (< 0.0001)

2.25 (< 0.0001)
<0.001
1.52 (< 0.0001)

1.37 (< 0.0001)

Data are from the per protocol analysis and are presented as frequency (percentage) or median (interquartile range) unless
otherwise specified. Cmax, tmax, t12, & AUCo-214 data all refer to post-last dose values.

Abbreviations: AL, artemether-lumefantrine; AUC, area under the concentration-time curve; AUC.um, area under the concentration-
time curve from post-3™ dose until day 21; BLQ, below the limit of quantitation; Cl, confidence interval; Cmax, maximal concentration;
Crq, concentration at day 7; C144, concentration at day 14; Cz14, concentration at day 21; GM, geometric mean; PK,
pharmacokinetics; ti2, elimination half-life; tmax, time to maximal concentration.

2 Due to the additional dosing days and set terminal concentration sampling times, the 5-Day AL group has a shorter window
between the end of AL dosing and the Cz4 sampling time than the 3-Day AL group. This caused the t12 in the 5-Day AL regimen to
appear overly short when compared to the 3-Day group. N= 50 for t1,2 in 3-Day AL group; 49 for t12 in 5-Day AL group

®N= 50 for AUCeum in 3-Day AL group; 45 for AUCcum in 5-Day AL group

¢N= 109 for Czq in 3-Day AL group; 109 for Czq in 5-Day AL group

4N= 106 for C14q in 3-Day AL group; 108 for C1q in 5-Day AL group

¢N= 102 for C214 in 3-Day AL group; 108 for Cz14 in 5-Day AL group
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Table 2.5 28-Day & 42-Day Treatment Outcomes Stratified by Treatment Regimen

3-day AL (n, %) 5-day AL (n, %) p-value

Recurrent parasitemia by day 28 55/114 (48.2%) 44/113 (38.9%) 0.12
Recurrent parasitemia by day 42 83/114 (72.8%) 75/113 (66.4%) 0.29
Day 28 WHO Outcomes (uncorrected)

Adequate clinical and parasitological response (ACPR) 54 (49.5%) 66 (60.0%)

Late Clinical Failure (LCF) 12 (11.0%) 9 (8.2%) 0.29
Late Parasitological Failure (LPF) 43 (39.4%) 35 (31.8%)

Day 42 WHO Outcomes (uncorrected)

Adequate clinical and parasitological response (ACPR) 27 (24.5%) 35 (31.8%)

Late Clinical Failure (LCF) 26 (23.6%) 25 (22.7%) 0.47
Late Parasitological Failure (LPF) 57(51.8%) 50 (45.5%)

*Data are presented as number (percentage) with polymerase chain reaction—unadjusted treatment outcome.
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Table 2.6 Multivariate Cox regression analysis of PK exposure and 28-day and 42-day
outcomes of recurrent parasitemia in the ITT cohort

Day 28 Outcome Day 42 Outcome
HR (95% Cl) P value HR (95% Cl) P value

Overall cohort n=217 n=217

AL 5 Day vs. 3 Day 0.95 (0.62, 1.46) 0.82 0.92 (0.66, 1.27) 0.614
Lumefantrine at Day 7, >280 vs. < 280 0.54 (0.32, 0.91) 0.021 0.58 (0.38, 0.88) 0.010
Intensive PK participants only n =98 n =98

AL 5 Day vs. 3 Day 0.47 (0.25, 0.88) 0.019 0.74 (0.46, 1.21) 0.23
Lumefantrine AUCo-214 0.54 (0.31, 0.93) 0.028 0.61 (0.38, 0.97) 0.038

Cox regression models with robust sandwich estimation on the risk of recurrent parasitemia by

AL arms, adjusted with age, sex, weight, baseline HGB, baseline parasite density, patient
indicator for trial arm crossover, patient indication for multiple episodes, lumefantrine mg/kg
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Table 2.7 LS Mean estimated Parasite Density (log) from Repeated Measurement Models

All Episodes AL 3-Day AL 5-Day A 5.pay vs. 3 Day Pa
Day 14 (n=217) 0.03 (0.34) 0.13 (0.33) -0.10 (0.47) 0.84
Day 21 (n=217) 2.57 (0.34) 2.97 (0.36) -0.77 (0.47) 0.10
Day 28 (n=200) 2.70 (0.35) 3.67 (0.36) -0.40 (0.49) 0.42
Day 35 (n=189) 3.31 (0.37) 3.56 (0.38) -0.97 (0.51) 0.055
Day 42 (n=171) 1.16 (0.34) 1.94 (0.33) -0.25 (0.53) 0.64

Recurrent Episodes AL 3-Day AL 5-Day A 5.pay vs. 3 Day Pa

Day 14 (n=48) 0 (0.68) -0.04 (0.63) 0.04 (0.93) 0.97
Day 21 (n=49) 0.70 (0.68) 1.89 (0.62) -1.19 (0.92) 0.20
Day 28 (n=47) 0.68 (0.68) 2.39 (0.64) -1.72 (0.94) 0.07
Day 35 (n=45) 2.17 (0.70) 3.75 (0.65) -1.59 (0.96) 0.10
Day 42 (n=40) 2.93 (0.76) 2.60 (0.68) 0.34 (1.02) 0.74

Parasite density was log transformed, and measures were grouped into 5 timepoints: 1441,
2141, 2841, 3541, 42+1 days. Time was treated as categorical variable. Model adjusted with
parasite density at day 0, and an interaction term between AL regimen and time.

Earliest recurrent parasitemia is at day 10 among all episodes.
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Table 2.8 Demographics and PK data for children in the 3-day regimen by day 7 lumefantrine

levels

PK Arms
Intensive PK

Population PK

Episodes
First

Recur, Early Enroll
Recur, Late Enroll

Age (Year)

Median (IQR)
Sex:

Male

Female
Height

Median (IQR)

Weight
Median (IQR)

Parasite Density at Day 0
Geometric mean (95% Cl)

Gametocytes at Day 0
Yes
No

Artemether dosing (mg/kg)
Median (IQR)

Lumefantrine dosing (mg/kg)
Median (IQR)

Lumefantrine mg per dose
120
240
360
480

Day 7 Lumefantrine level

< 280 ng/ml
(N = 40)

14 (35.0%)
26 (65.0%)

31 (77.5%)
1(2.5%)
8 (20.0%)

4.6(3.5-6.9)

17 (42.5%)
23 (57.5%)

97.5(90.1 — 109.0)

15.6 (13.6 — 19.3)

9512 (3108-4911)

9 (22.5%)
31 (77.5%)

1.9 (1.6 - 2.3)

11.5 (9.8 — 14.0)

16 (40.0%)
19 (47.5%)
5 (12.5%)
0 (0.0%)

> 280 ng/ml
(N =69)

36 (52.2%)
33 (47.8%)

51 (73.9%)
4 (5.8%)
14 (20.3%)

5.8 (4.2 - 8.4)

32 (46.4%)
37 (53.6%)

109.0 (95.6 — 126.0)

19.1 (16.0 - 23.9)

8845 (5523-14166)

22 (31.9%)
47 (68.1%)

2.1(1.8-2.4)

12.4 (10.7 - 14.1)

9 (13.0%)

45 (65.2%)

12 (17.4%)
3 (4.3%)

Total
(N =109)

50 (45.9%)
59 (54.1%)

82 (75.2%)
5 (4.6%)
22 (20.2%)

5.3 (4.1 -8.0)

49 (45.0%)
60 (55.0%)

104.0 (93.0 - 118.0)

17.4 (15.1 - 23.1)

9084 (6225-13257)

31(28.4%)
78 (71.6%)

2.0 (1.7-2.3)

12.2 (10.4 — 14.0)

25 (22.9%)

64 (58.7%)

17 (15.6%)
3 (2.8%)

P Value

0.08

0.81

0.07

0.69

0.048

0.001™

0.76

0.30

0.23

0.23

0.009”
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Chapter 3: Impact of extended duration treatment on the
pharmacokinetics and pharmacodynamics of
artemether-lumefantrine in HIV-infected children on

efavirenz-based antiretroviral therapy

3.1 Introduction

Malaria and human immunodeficiency virus (HIV) infection continue to cause high rates of
morbidity and mortality in vulnerable populations, including children in sub-Saharan Africa. For
malaria, despite previous progress in driving down cases and deaths, this progress has stalled,
and malaria cases have begun to increase. In 2020 alone, there were roughly 242 million cases,
up from 227 million cases in 2019, and 627,000 deaths [1]. Sub-Saharan Africa continues to
account for > 90% of deaths due to malaria, primarily in children, with Uganda, specifically,

having the 3™ highest number of malaria cases in 2020 [1].

In addition to the heavy load of malaria cases, sub-Saharan Africa also bears the highest
burden of HIV infections with the risk of malaria-HIV co-infection remaining prevalent in children
and adolescents. There are currently 25 million people with HIV who reside in sub-Saharan
Africa, and 2.9 million are children <15 years [108-110]. Eastern and southern Africa are the
places most heavily affected, accounting for approximately 55% of all people living with HIV,
and home to two thirds of all HIV-infected children [109]. Uganda, specifically, has 1.4 million
adults and children living with HIV [44]. These high rates of both malaria and HIV increase the
likelihood of co-infection, raising the potential for highly significant drug-drug interactions

between antimalarial medications and HIV anti-retroviral therapy (ART).
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Artemisinin-based combination therapies (ACTs) are the standard of care for treating
uncomplicated Plasmodium falciparum malaria [111] and include a short-acting artemisinin
component [e.g. artemether and dihydroartemisinin (DHA)] that rapidly reduces parasite burden
and a long-acting partner drug (e.g. lumefantrine) that eliminates residual parasites and protects
against recurrent infection. Currently, artemether-lumefantrine (AL) is the most widely used ACT
worldwide [111, 112]. Artemether is metabolized to DHA via cytochrome P450 3A4 (CYP3A4);
both compounds are active against malaria [48, 113, 114]. Once formed, DHA undergoes
glucuronidation via uridine diphosphate glucuronosyltransferase (UGT) before excretion [50].
Both artemether and DHA have relatively short half-lives, estimated as ~1 hour for each [90].
Long-acting lumefantrine (LF), is characterized by a much longer half-life estimated as 3-5 days
[90]. It is converted by CYP3A4 to desbutyl-lumefantrine (DBL), an active metabolite that is 4-8
times more potent than LF, although due to low measurable levels, it remains unclear how much
DBL contributes to overall antimalarial activity. Specifically, the ratio of systemic exposure of

DBL to LF has been estimated to be 1/100 [38, 39, 48, 81, 82, 115].

Maintaining sufficient levels of drug exposure for all ACT drug components is key to ensuring
adequate clinical response, and it has been confirmed that administering AL with high fat foods
(such as milk) significantly increases the bioavailability of artemether and LF; thus, concomitant
food intake is recommended [43, 82]. Indeed, low LF concentrations (i.e. concentrations on day
7, 14, and 21 post-treatment initiation) have been associated with malaria treatment failure and
increased risk of exposing malaria parasites to subtherapeutic drug concentrations, which may
select for drug resistance [54, 69, 90]. With this in mind, we believe optimized treatment with
ACTs in children must have a three-pronged approach: effectively treating the current infection,
maximizing the post-treatment prevention recurrent infections, and minimizing the selection of

resistant malaria parasites by ensuring appropriate drug plasma concentrations [83, 85].
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Per the World Health Organization (WHO) clinical guidelines for HIV, all HIV-infected children,
regardless of disease status, should receive ART [116]. A high percentage of these children
over 3 years of age receive efavirenz (EFV)-based ART, despite the WHO recently
recommending dolutegravir-based ART as first line in all populations, including children [116]. A
recent report estimated that, in spite of new guidelines, dolutegravir-based regimens accounted
for only ~18% of pediatric ART in low and middle income countries in 2020, while
lopinavir/ritonavir-, EFV-, and nevirapine-based ART accounted for 53%, 19%, and 10%,
respectively, a distribution that is expected to shift over time. [117] As the transition to
dolutegravir slowly continues and is unclear when (and if) all countries will complete this
transition, children will continue to receive EFV-based ART. Additionally, if any children are
unable to tolerate dolutegravir, EFV is a likely alternative therapy. The continued use of EFV
underscores the importance of investigating the impact of EFV on concomitant therapies,

including antimalarials, to best inform guidelines specifying appropriate dosing regimens.

Multiple studies have shown that ART choice, such as EFV, influences AL pharmacokinetics
(PK) as well as malaria treatment outcomes due to pronounced drug-drug interactions [54, 56,
118, 119]. EFV is metabolized mainly by CYP2B6 and CYP3A4 and is a known autoinducer of
CYP3A4 [120, 121]. Due to the shared metabolism pathway between AL and EFV, and the
autoinduction effect of EFV, AL PK is significantly altered in the context of EFV leading to
exposure reductions in all AL drug components from 30-70% [54, 56, 57]. Our group and others
have shown that EFV leads to a significant reduction in artemisinin and LF exposure and could
leave children on EFV-based ART vulnerable to treatment failure when compared to children on
other ART [54, 119]. As the absorption of LF is dose limited, an increase in mg/kg dosing is
likely ineffective [43]. Thus, an extended treatment duration has been suggested to improve AL

exposure [38, 43, 54, 122]. Extending the AL treatment regimen from 3 days to 5 days is
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hypothesized to compensate for the EFV effect and remedy the differences in LF exposure, a

compensation expected to protect against poor treatment outcomes.

This dissertation chapter details our PK and exposure-outcomes investigation of the AL-EFV
interaction in HIV infected children who present with uncomplicated malaria. We evaluated the
use of a 5-day AL treatment regimen, in comparison to the standard 3-day AL treatment, in
these children to compensate for the AL-EFV interaction. In addition, we compared results for
both groups to results in a group of HIV-uninfected children not on EFV and receiving standard
3-day AL treatment. We conducted the Extended Duration AL Treatment for Malaria in Children
(EXALT) trial and hypothesized that an extended 5-day AL regimen would significantly improve
PK exposure to both the artemisinin and LF components of AL and that the improved drug
exposure of all ACT drug components would lower the odds of 28- and 42-day

recurrent parasitemia.

3.2 Methods

EXALT (Extended Duration AL Treatment for Malaria in Children), a randomized, open-label
prospective pharmacokinetic/pharmacodynamic (PK/PD) study, compared the standard 3-day
(6-dose) regimen of AL to an extended 5-day (10-dose) AL regimen for the treatment of
uncomplicated malaria in both HIV-uninfected and HIV-infected children (Figure 3.1). From
August 2018 to January 2020, eligible participants (HIV-infected children on EFV-based ART
and HIV-uninfected children) were recruited in Busia, Uganda at our study clinic, located on the
campus of the Masufu General Hospital. Children presented with uncomplicated P. falciparum
(mono- or mixed infection) malaria; eligible participants had a fever or history of fever within the
last 24 hours (tympanic temperature of = 38°C) and a positive thick blood smear. Participants

could not enroll if they had been treated for malaria within the past 28 days. Children were aged

49



6 months to 18 years for HIV-uninfected individuals or 3 to 18 years for HIV-infected children;
clinical outcomes analysis included all children, but also explored limiting the analysis to
children only 3 to 18 years of age in both groups to ensure ages were matched appropriately
and younger (< 3 years of age) children did not impact the clinical results. Additionally, eligible
children had a hemoglobin = 7 g/dL; weighed = 6 kg; lived within 60 km of the study clinic; and
had not taken medications (other than the study drugs) known to affect CYP3A4 metabolism,
such as antituberculosis medications (i.e., rifampin) or antifungals (i.e., itraconazole and
ketoconazole). HIV status was confirmed positive (via rapid HIV test + Western Blot or HIV RNA
after enrollment) for the HIV-infected individuals. HIV-infected children must have initiated EFV-
based ART for at least 10 days prior to enrolling in the study. All HIV-infected children were on
standard weight-based dosing of EFV and daily trimethoprim-sulfamethoxazole prophylaxis
[116]. All children, both HIV-infected and uninfected children, were randomized 1:1 to the 3-day
(6-dose) or 5-day (10-dose) AL arm. In this chapter, however, only HIV-uninfected children
treated with the standard-of-care, 3-day AL regimen are reported; the HIV-uninfected 5-day AL
group has previously been discussed (Chapter 2). For the HIV-infected children on EFV-based
ART, the 3-day AL and 5-day AL arms are assessed. All children could be re-enrolled for up to 2
times in the intensive sampling cohort and 2 times in the sparse sampling cohort, for a
maximum of 4 total episodes. Re-randomization occurred for each new enroliment. Participants
were enrolled in the sparse PK sampling cohorts only when target sample sizes were met for
the intensive PK study arm or if the child had already been enrolled twice in the intensive PK

study arm.

The trial was registered at http://ClinicalTrials.gov. Protocols and procedures were approved by
the Uganda National Council of Science and Technology, the Makerere University School of
Medicine Research Ethics Committee, the University of California, San Francisco Committee on

Human Research, and the Yale University Human Investigations Committee. Written informed
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consent was obtained from the parents or guardians of the children, and children >7 years of

age were also assented.

Clinical Management and Pharmacokinetic Methods

Children enrolled had uncomplicated P. falciparum malaria confirmed by thick blood smear
(regardless of parasite density) and either a documented or 24-hour fever history (= 38.0°C).
For the intensive sampling cohort, follow-up occurred on days 0 (diagnosis), 1, 2, 3, 4, (5, 6 for
the 5-day AL group), 8, 14, 21, 28, 35 and 42. For the sparse sampling group, follow-up

occurred on days 0 (diagnosis), 1, 2, 3, (4, 5 for the 5-day AL group), 7, 14, 21, 28, 35 and 42.

HIV-infected children on EFV-based ART were randomized to either a standard 6-dose
treatment of weight-based AL (Coartem® Dispersible 20 mg/120 mg, Novartis Pharma AG,
Basel, Switzerland) over the course of 3 days or an extended 10-dose treatment over 5 days
(Table 3.1). All HIV-uninfected children evaluated in this manuscript received the standard 6-
dose of weight-based AL (3-day AL treatment). Doses were administered with milk in the clinic
or at home, to enhance and control for LF absorption [95]. For the intensive sampling arm, the
first, third, fourth and sixth doses in all groups were observed in the clinic; the additional eighth
and tenth doses were also directly observed for those in the 5-Day AL group. The second and
fifth doses (in addition to the seventh and ninth in the 5-Day AL arm) were taken at home and
the time of administration recorded. The dosing schedule in the intensive arm was slightly
extended so that the last dose was administered in the morning to facilitate intensive PK
sampling. For the sparse sampling arm, the first, third, and fifth doses in all groups were
observed in the clinic, with the seventh and ninth doses also directly observed for those in the 5-

Day AL group.
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The primary outcome was to evaluate PK parameters of LF, ARM, and DHA in the three
cohorts. Secondary outcomes included examining differences in DBL PK parameters and
comparing incidence of recurrent parasitemia, as determined by microscopy obtained on every

clinic visit day, between groups.

Pharmacokinetic sampling and processing

3-day AL (6-dose regimen): For children in the intensive PK cohort, sampling occurred on day 0
(pre-dose), 2-and 4-hour post-dose on days 1 and 2, and serially (0 hr, 0.5 hr, 1 hr, 2 hr, 3 hr, 4
hr, 6 hr, 8 hr) on day 3 to determine artemether, DHA, and LF concentrations (Figure 3.2).
Sampling also occurred on days 4 (i.e. 24 hr post-third dose), 8, 14, and 21 to generate LF
concentrations. For children in the sparse PK cohort, a pre-dose sample was collected on day 0
and samples were collected 2- and 4-hours post-dose on days 1, 2, and 3. Additional samples

were collected on days 7, 14, and 21.

5-day AL (10-dose regimen): For children in the intensive PK cohort, samples were collected on
day O (pre-dose), 2- and 4-hours post dose on days 1, 2, 3, and 4, and serial sampling occurred
onday 5 (0 hr, 0.5 hr, 1 hr, 2 hr, 3 hr, 4 hr, 6 hr, 8 hr) to measure artemether, DHA, and LF
concentration data (Figure 3.2). Additional sampling occurred on days 6, 8, 14, and 21 for the
determination of LF concentrations. In the sparse PK cohort, sampling occurred on days 0, 1, 2,

3,4,5,7,14, and 21.

Concentrations of artemether and DHA were determined using liquid chromatography—tandem
mass spectrometry (LCMS/MS), as previously described [96]. The calibration range was 0.5—
200 ng/mL with the lower limit of quantification (LLOQ) at 0.5 ng/mL for both artemether and

DHA. LF quantitation was performed on a Waters® UPLC® | class system coupled with Sciex
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TripleQuad 6500" tandem mass spectrometry system based on a previous method with
modifications [97]. The changes were as follows: plasma sample volume was reduced from 25
ul to 5 L, and the instrument time per sample was reduced from 8 min to <2 min with a newer
UPLC column. The calibration range was 50-20,000 ng/ml with the LLOQ at 50 ng/mL. DBL
quantitation was also performed on a Waters® UPLC® | class system coupled with a Sciex
TripleQuad 6500" tandem mass spectrometry system. Briefly, 100 uL of 5% formic acid was
added to 1.5 mL Eppendorf tubes followed by 10 uL of the internal standard working solution
(1/100 ng/mL DBL/LF in 50% acetonitrile + 0.5% formic acid). To the double blank, 10 pL of
50% acetonitrile + 0.5% formic acid was added. Using a micropipette, 5 uL of each plasma
sample, or 5 uL of blank plasma for the blank and double blank, was added into the Eppendorf
tubes and triturated briefly. After trituration, 900 uL of ethyl acetate was added to each tube,
vortexed briefly, rotated for 30 minutes, followed with a 1-minute centrifugation at 20,000 g. The
organic phase was then transferred into clean test tubes, dried under a gentle stream of
nitrogen gas, reconstituted with 200 uL of 50% acetonitrile + 0.5% formic acid, and vortexed.
The reconstituted solutions were transferred to a 96-well plate and 5 pL injected into the
Waters® UPLC® | class system coupled with Sciex TripleQuad 6500" tandem mass
spectrometry system. Sample analysis took ~2 min on the LCMS/MS machine. The calibration

range was 0.5-500 ng/mL for DBL with an LLOQ of 0.5 ng/ml.

Non-compartmental PK analyses

Intensive PK cohort analysis for both 3-day and 5-day AL included estimates of the area under
the plasma concentration-time curve post-final dose (AUCq_gn for artemether and DHA; AUC,.
214 for LF and DBL), maximal concentration (Cmax), time to Cmax (tmax), €limination half-life (t1,),
and Cgn (artemether and DHA). AUC, -gn post-last dose was utilized for artemether and DHA

instead of an AUC, 24 post-dose to ensure that most participants had a measurable drug
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concentration for the last time point, as concentrations are often below the LLOQ by 24 hours
post-dose. For intensive PK studies, PK parameters for each subject around the final dose were
determined using non-compartmental analysis and followed a linear up-log down trapezoidal
rule in conjunction with first-order input (Phoenix WinNonlin 64). In addition, an estimation of
cumulative exposure [i.e. the AUC from the 3™ dose (of either regimen) to 8 hours post-last
dose (AUC.um for artemether and DHA; the AUC from the 3™ dose to day 21 (AUCcum) for LF
and DBL] was also calculated for ARM, DHA, LF, and DBL for individuals with complete data
and who had participated in the intensive PK arms of the study. As we only collected pre-dose
samples on first day of dosing, the 3™ dose was the earliest post-dose sample that could be
utilized for either regimen to generate the cumulative exposure variable. Specifically, estimates
relied on the 2- and 4-hour actual post-dose concentration levels on days 1, 2 (and days 3, 4 for
the AL 10-dose regimen), and calculated trough concentrations on those days using an
elimination rate constant determined from the post-final dose data. The trapezoidal rule was
used to calculate AUCs for the morning, directly observed doses 3 and 4 (and 6, 8 for the AL
10-dose regimen), which were then also used as an estimate for artemether, DHA, LF, and DBL
exposure for the evening doses 5 (and 7, 9 for the AL 10-dose regimen). All dose specific AUCs
(i.e. third dose to the fifth or ninth dose) were added to the post-final dose estimated AUC
(AUCo-g h for artemether and DHA; AUCoq.214 for LF and DBL) to generate an estimated

cumulative AUC for each component of AL (artemether or DHA AUCcum: exposure from the third

dose to 8 hours post-last dose; LF or DBL AUC.um; exposure from the third dose to day 21).

Phoenix Winonlin 64 and Microsoft Excel version 16.54 were used to determine cumulative
exposure. Additionally, AUCpgL+Lr, @ composite AUCo-214, was calculated for each individual in
the intensive sampling arm who had both DBL and LF AUC,.214 data. As both DBL and LF are
active compounds against malaria, we wanted to investigate their combined efficacy. DBL

AUC-214 was multiplied by 4 (i.e. weighted) to conservatively account for the increased potency
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compared to LF and then combined with the LF AUCo.214 to generate the composite AUCpgL+Lr

[39, 52, 123-125].

Capillary and venous samples collected concurrently at 2- and 8-hours post-dose on the
intensive sampling day (i.e. day 3 for 3-Day AL group) in the intensive PK cohorts were used to
compute capillary-venous correlations of DBL concentrations which permitted merging of
capillary and venous measurements for PK analysis. Specifically, linear regression was used to
determine the correlation between capillary and venous plasma DBL concentration results
before, and after, natural log transformation of the data using STATA SE 14.2 (StataCorp,
College Station, TX, USA). For sparse PK cohort data, LF concentrations at day 7, day 14, and
day 21 were combined with the LF concentration data from the intensive PK cohort to compare
exposure between the 3-day AL and 5-day AL groups. This was also done for day 7, 14, and 21
concentrations of DBL. All sample and PK analysis was completed within the Drug Research

Unit, University of California, San Francisco.

Treatment Outcomes
Parasitemia and gametocytemia were assessed on day 0. Blood smears were also collected at

each day of follow-up to monitor for parasitemia throughout the study.

Statistical Analysis

All children enrolled in the study, regardless of age, were included in the main analysis. An
additional exploratory analysis was conducted in participants aged 3-18 years for all groups to
ensure age differences between groups did not impact overall study results. For intensive PK, it
was necessary to use at least 30 subjects for each arm to detect a >35% AUC difference of all

analytes (80% power; a = 0.05). This is based on a conservative estimated coefficient of
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variation of 59% for exposure estimates of all analytes [82, 126]. Odds of recurrent parasitemia
were assessed using generalized estimating equations (GEEs) with robust standard errors to
account for repeated measures. Univariate GEE analysis was utilized to evaluate regimen, HIV
status, age, baseline parasite density, baseline hemoglobin, sex, DBL exposure, and LF
exposure before moving forward with selected covariates to the multivariate GEE analysis. A
second analysis, evaluating only HIV-infected participants, also implemented univariate and
multivariate GEEs with robust standard errors to assess odds of recurrent parasitemia.
Covariates tested for the HIV-infected cohort univariate GEE analysis included regimen, age,
baseline parasite density, baseline hemoglobin, sex, DBL exposure, and LF exposure. Wilcoxon
rank sum tests were used to compare PK parameters between the three groups. Statistical
significance was a two-sided p-value < 0.05, except for the PK parameter evaluations where a
Bonferroni correction was used with significance set at <0.017 to account for comparison
between 3 groups. Geometric means (GM) or medians were reported as appropriate. Data
analysis was completed using STATA® version SE12.1 (StataCorp, College Station, TX, USA).
Power calculations were based on observed mean AUC and standard deviations from our

previous studies.

3.3 Results

Study Profile

Participants were enrolled into intensive or sparse PK arms (Table 3.2; Figure 3.3). Intensive
and sparse cohorts were combined for analyses except for intensive PK parameters, as
specified. This chapter focuses on three arms of the EXALT study (3-day AL HIV-uninfected, 3-
day AL HIV-infected, and 5-day AL HIV-infected), while Chapter 2 evaluated the additional 5-

day AL HIV-uninfected cohort. Children were screened for enrollment over the course of 764
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episodes of malaria; 305 met enroliment criteria for the full study. Focusing on the three main
arms of interest, and combining both the intensive and sparse cohorts, 181 episodes were
included in the final PK/PD analysis (3-day AL HIV-uninfected: n = 110; 3-day AL HIV-infected:
n = 36; 5-day AL HIV-infected: n = 35) For the PK/PD sub-analysis with only the intensive
cohort, 110 episodes were included (50 HIV-uninfected, 3-day AL; 30 HIV-infected, 3-day AL;

30 HIV-infected, 5-day AL).

When compared to the 3-day AL HIV-uninfected cohort, parasite densities were comparable
with the 3-day AL HIV-infected group and slightly lower in the 5-day AL HIV-infected group
(Table 3.2). Parasite densities were comparable between HIV-infected groups (Table 3.2).
Compared to the 3-day AL HIV-uninfected children who had a median age of 5.33 years, both 3-
day AL and 5-day AL HIV-infected groups were older (median age, 11.5 and 10.4 years,
respectively). Even after removing the eight children who were < 3 years of age, the median age
of the 3-day AL HIV-uninfected group only shifted from 5.33 years to 5.55 years old and the 3-
day AL HIV-uninfected cohort was still significantly younger than the children in the HIV-infected
arms. Examining the HIV-infected arms, only three individuals were < 3 years of age (versus the
45 individuals in the 3-day AL HIV-uninfected arm). Due to this age difference, when compared
to the 3-day AL HIV-uninfected group, the children in both HIV-infected arms weighed more:
60% more in the 3-day AL HIV-infected arm and 45% more in the 5-day AL HIV-infected group
(p <0.0001 for both). There were no differences in age or weight between the two HIV-infected

arms. All other baseline characteristics were comparable between all three groups.

Pharmacokinetics of Artemether
Pharmacokinetic parameters for artemether in the intensive cohort are summarized in Table 3.3
and Figure 3.4. Compared to results from the 3-day AL HIV-uninfected arm, artemether AUCcum

was 38% lower in children in the 3-day AL HIV-infected group on EFV-based ART (p=0.0104).
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Additionally, there was a trend towards a lower AUCo.s nr and lower Cgnr in the 3-day AL HIV-
infected children when compared to HIV-uninfected children, though this did not reach statistical
significance. There were no statistically significant differences in artemether PK parameters
between the 5-day AL HIV-infected children and the 3-day AL HIV-uninfected group, with
estimates of AUCo-gn, (71.7 vs 95.8 h xng/mL, respectively) and AUCcum (1021 vs 792

h x ng/mL) being similar between the two groups. Evaluating the two HIV-infected arms (5-day
AL vs 3-day AL), AUC.um Was significantly higher (2.09-fold) in the 5-day AL group than in the 3-
day AL group (p = 0.0010). There were no other significant differences in artemether PK

parameters between the two arms.

Pharmacokinetics of DHA

Pharmacokinetic parameters for DHA in the intensive cohort are summarized in Table 3.3 and
Figure 3.4. Compared to 3-day AL HIV-uninfected children, those in the 3-day AL HIV-infected,
cohort had significantly lower Cnax and AUCo.snr (51% and 55% lower, respectively; p <0.0001
for both comparisons). Similarly, AUCc.m and Cenr were lower in 3-day AL HIV-infected children
compared to those in the 3-day AL HIV-uninfected group (62% and 70% lower, respectively; p <

0.0001 for both comparisons).

Notably, there were also multiple differences in DHA PK parameters between the 3-day HIV-
uninfected cohort and the 5-day AL HIV-infected children. The 5-day AL HIV-infected children
had a 61% lower Cmax and 63% lower Cgnr when compared to 3-day AL HIV-uninfected
participants (p < 0.0001 for each). Additionally, DHA exposure post-final dose (AUCq.snr) was
markedly reduced in the 5-day AL HIV-infected group when compared to the HIV-uninfected
participants; 5-day AL participants had a 60% lower AUCo.ghr (p < 0.0001). In contrast,

cumulative DHA exposure from the third dose until 8 hours post-final dose (AUCcum) was
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comparable between the 3-day AL HIV-uninfected children treated and the 5-day AL HIV-

infected children on EFV-based ART (1670 vs 1486 h x ng/ml, respectively; p < 0.3931).

There were no differences in DHA PK parameters seen between the HIV-infected groups (3-day
AL versus 5-day AL), except that AUC.um was 2.31-fold higher in the 5-day AL

group (p=0.0001).

Pharmacokinetics of Lumefantrine

Pharmacokinetic parameters of LF are summarized in Table 3.4 and Figure 3.5. Compared with
the 3-day AL HIV-uninfected cohort, 3-day AL HIV-infected children demonstrated significant
changes in LF AUCo.21¢ and AUCcum: @ 44% (p = 0.0001) and 37% (p = 0.0001) decrease,
respectively. Additionally, Cmax and t1,2 appeared to be reduced in the 3-day HIV-infected
children when compared to the HIV-uninfected cohort, though this did not reach statistical

significance with the utilization of a Bonferroni correction (p = 0.0267 and 0.0288, respectively).

Evaluations between HIV-uninfected children and 5-day AL HIV-infected children resulted in a
40% lower LF ti2 in the 5-day AL HIV-infected cohort. Notably, with the aim of the 5-day AL
treatment being to compensate for the reduction in LF exposure due to the drug-drug interaction
with efavirenz, all other comparisons of LF PK parameters (AUCo-214, AUCcum, Cmax, tmax) revealed

no statistically significant differences between the two groups.

Comparisons between the two HIV-infected arms revealed that cumulative LF exposure from
the 3 dose until day 21 (AUCcum) was 90% higher in the 5-day AL group than the 3-day AL
group (561 vs 296 h x ug/ml, p = 0.0001). Additionally, there was a trend towards significance

for LF AUCo.214 With values 42% higher in the 5-day AL HIV-infected group than the 3-day AL
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HIV-infected cohort (p = 0.0428). There were no significant differences in LF exposure found

between the HIV-infected arms for Crax, tmax, OF t1/2.

Lumefantrine Day 7 Concentrations

Day 7 LF levels are commonly used as a rough estimate of AUC to predict therapeutic
outcomes, and a threshold of > 280 ng/ml has been shown to be protective [38, 81, 127-130].
LF plasma concentrations were significantly lower in the 3-day AL HIV-infected children than in
the 3-day AL HIV-uninfected children; median LF concentrations were 61% lower on study day
7 when compared to the HIV-uninfected arm (141 ng/ml vs 364 ng/ml, p < 0.0001). In contrast,
compared to the 3-day AL HIV-uninfected group, 5-day AL HIV-infected children had 51%
higher median day 7 LF concentrations (363 ng/ml vs 550 ng/ml, p = 0.0023). Comparing the
two HIV-infected arms, the 5-day AL group had 3.9-fold higher median LF day 7 concentrations

than the 3-day AL HIV-infected cohort (p < 0.0001).

Overall, HIV-infected 3-day AL-treated children had the lowest day 7 LF concentrations. Only
14% of HIV-infected 3-day AL-treated children met or exceeded the day 7 protective LF
concentration threshold of 280 ng/mL, while 78% of 5-day AL-treated HIV-infected children and
64% of 3-day AL-treated HIV-uninfected children attained day 7 LF concentrations above

280 ng/ml.

Pharmacokinetics of Desbutyl-lumefantrine

Pharmacokinetic parameters of DBL are summarized in Table 3.4 and Figure 3.6 for this
exploratory analysis in a sub-set of participants from the study. Children in the 3-day AL HIV-
infected cohort had 29% lower DBL exposure post-final dose (AUCo-21¢) Wwhen compared to HIV-
uninfected children (p = 0.0102). Likewise, the weighted DBL and LF composite AUC

(AUCpsL+Lr) was also lower in children in the 3-day AL HIV-infected group than those in the HIV-
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uninfected cohort (AUCpgL+Lr: 169 vs 288 h x ug/mL, p = 0.0049). All other PK parameters,
including DBL concentrations on day 7, 14, and 21, AUCcum, and Cmax, were not significantly

different between groups.

Comparisons of DBL PK parameters between 3-day AL HIV-uninfected children and 5-day AL
HIV-infected children revealed that those in the 5-day AL HIV-infected cohort had a 14% shorter
ti2 (p = 0.0098). Additionally, the HIV-infected 5-day AL group had significantly higher DBL
concentrations on day 7, 14, and 21 (74%, 65%, and 46% higher, respectively; p < 0.0118 for all
comparisons). Finally, no additional differences were seen between the 3-day AL HIV-
uninfected group and the 5-day AL HIV-infected in the other PK parameters, including DBL

Crax, AUCo-214, AUCcum, and AUCpgL+LF.

Comparing the two HIV-infected cohorts, both AUCo.21¢ and AUCcum were higher in the 5-day AL
HIV-infected children than those in the 3-day AL HIV-infected group (45% and 65% higher,
respectively; p < 0.0031 for both comparisons). Children in the 5-day AL HIV-infected group had
markedly higher LF concentrations than those in the 3-day AL HIV-infected group: 2.91-, 2.16-,
2.07-fold higher on days 7,14, and 21 respectively (p < 0.0001 for all comparisons). In contrast,
those in the 5-day AL HIV-infected group had a shorter half-life than those in the 3-day AL HIV-

infected cohort (Geometric Mean, 109 vs 130 hr, p = 0.0002).

Overall, in all three study arms, LF exposure was much higher than DBL exposure; LF AUCq.214

was > 25x higher than DBL AUCo214 for all treatment arms.

Correlation of capillary versus venous plasma DBL concentrations
Here we report, for the first time, on the correlation of simultaneously collected capillary plasma

concentrations versus venous plasma concentrations of DBL, respectively (Figure 3.7). Briefly,
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91 pairs of capillary and venous plasma samples collected simultaneously at 2- and 8-hours
post-final AL dose were used to complete a linear regression analysis before, and after, the data
had undergone a natural log transformation. The resulting equation for DBL capillary
concentration (Ccap) Vs venous concentration (Cven) using untransformed data was [Ccap] =
0.94*[Cyen] — 4.39 (n = 91, R? = 0.91). The median ratio (interquartile range [IQR]) of artemether
Ccap/Cven was 1.01 (0.88, 1.10). Using log transformed data the equation for DBL capillary
concentration (Ccap) Vs venous concentration (Cven) was In[Ccap] = 0.95 * In[Cyen] — 0.22 (n = 91,
R? = 0.92). The median ratio (IQR) of log transformed DBL Cgap/Cven Was 1.00 (0.97, 1.02). From
these results, it was determined that capillary and venous measurements of DBL have a 1:1
linear relationship. Due to this 1:1 linear relationship, DBL capillary concentration results from
the EXALT study were not converted to predicted venous values using the generated correlation
equations. For DHA and artemether, capillary plasma concentrations were used without
conversion as the correlation was 1:1 (Chapter 2). Additionally, for LF, capillary and venous

plasma concentrations were used interchangeably as a previous correlation was 1:1 [99].

Treatment Outcomes Analysis

Univariate analysis using generalized estimating equations (GEEs) with the combined
population and intensive cohorts showed that HIV-infection, age, and baseline hemoglobin all
were significant predictors for odds of recurrent parasitemia by day 28 (p < 0.035 for all) (Table
3.5). Additionally, AL treatment regimen (3-day vs 5-day) trended towards significance (p =
0.051) as a predictor for odds of recurrent parasitemia by day 28. When examining a combined
variable of HIV-infection status and AL treatment regimen, 5-day AL HIV-infected children had a
significantly lower odds of recurrent malaria than 3-day AL HIV-uninfected children (OR = 0.37,
p = 0.027). These differences were not seen by day 42 (Table 3.6). Using GEEs adjusted for
covariates (multivariate analysis), statistical significance was lost for all predictors described in

the univariate analysis, and no relationship was observed between HIV-infection status, age,
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baseline hemoglobin or AL-treatment regimen and clinical outcomes (recurrent parasitemia)
both at day 28 and day 42. Additionally, associations between day 28 and day 42 treatment
outcomes and AL exposure were explored using GEEs in both univariate and multivariate
analysis. LF concentrations on day 7, 14, and 21, and DBL concentrations on day 7 and 14 had
no observed relationship to odds of recurrent parasitemia during the univariate or multivariate
analysis. The day 7 LF concentration threshold of 280 ng/mL was also not a significant predictor
in odds of recurrent parasitemia by day 28 or day 42. During the univariate analysis, DBL day
21 concentration was a statistically significant predictor for the odds of recurrent parasitemia by
day 28 (p = 0.038), but lost significance in the multivariate analysis. For the GEE analysis
investigating odds of recurrent parasitemia by day 42, no LF or DBL exposure parameters were

significant predictors.

Interestingly, in a sub-analysis evaluating only those in the intensive sampling cohorts, day 14
LF concentration and the HIV-infection status + AL regimen variable were both significant
predictors of odds of recurrent parasitemia by day 28 (Table 3.7). In the univariate analysis, the
combination variable of HIV status + AL regimen was a significant predictor for odds of recurrent
parasitemia by day 28, with day 14 LF concentration, age and baseline hemoglobin trending
towards significance (p = 0.080, 0.075, and 0.081, respectively). There was no significant
relationship between day 7 LF concentration, day 21 LF concentration, LF AUCq.214, LF AUCcum,
DBL AUCoy.214, DBL AUCcum, or DBL concentrations on day 7, 14, or 21 and treatment outcomes
(Table 3.7). The composite weighted DBL-LF AUC (AUCpgL+Lr) Was also not a significant
predictor for odds of recurrent parasitemia by day 28. For the multivariate analysis, when
adjusted for age, sex, baseline parasitemia, and baseline hemoglobin, day 14 LF concentration
was associated with a 55% lower odds of recurrent parasitemia (p = 0.029), while 3-day AL HIV-
uninfected children had a higher odds of recurrent parasitemia compared to the 3-day AL HIV-

infected children (74%, p = 0.055) and 5-day AL HIV-infected children (76%, p = 0.032). By day
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42, there was a loss of significance for these covariates, and no patient or treatment

characteristics were significant predictors by day 42 (Table 3.8).

Our GEE analysis focusing on only HIV-infected participants found that no disease or treatment
characteristics were significant predictors of odds of recurrent parasitemia by day 28 or 42
(Table 3.9 and 3.10). AL regimen, age, hemoglobin, sex, and baseline parasitemia did not
significantly impact the odds of recurrent parasitemia by either day 28 or day 42. Similar to the
results of the GEE analysis that included the sparse and intensive data from all three study
arms, LF and DBL concentrations on day 7, 14, and 21, and LF day 7 values > 280 ng/ml vs. <
280, were not significant predictors of recurrent parasitemia. Additionally, when limited to the
HIV-infected intensive sampling cohorts, none of the variables listed previously nor LF AUCq.214,
LF AUCcum, DBL AUCo-214, DBL AUCcum, or AUCpgsL+Lr Were significant predictors (p<0.05) of

recurrent parasitemia by day 28 or 42 for the univariate analysis.

3.4 DISCUSSION

Prior studies suggest that the standard of care 3-day six-dose AL treatment regimen under
current weight-based dosing categories is associated with suboptimum exposure in children
who are HIV-infected and managed with EFV-based ART [38]. We had previously reported a 4-
fold higher risk of recurrent malaria in children managed with EFV and treated with 3-days of AL
compared to other HIV-infected children on different ART regimens, differences attributed to a
10-fold reduction in AL exposure in the EFV-based ART group compared to children receiving a
lopinavir/ritonavir combination known to have an opposing effect on CYP metabolism [54].
Knowing that LF absorption is dose limited, we hypothesized that this reduction in exposure

could potentially be remedied with an extended treatment duration and demonstrated that such
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an extension (as opposed to an increase in mg/kg given for each dose), increased AL exposure
[38-40, 42, 54, 131]. To our knowledge, EXALT is the first study to evaluate an extended AL 5-
day (10-doses) treatment in HIV-infected children on EFV-based ART versus the standard 3-
day (6-doses) regimen in both HIV-uninfected and HIV-infected children (also on EFV-based

ART), and assess the impact on clinical outcomes and PK parameters.

Extended duration AL significantly increased LF exposure and compensated for the EFV-
induction effect. Data on LF PK from this study coincide with previous literature citing lower LF
exposure in HIV-infected children treated with the standard 3 days of AL when compared to
HIV-uninfected children [54, 56, 128, 132]. We saw a significant reduction in LF AUCo.214 (44%
decrease) and concentrations on day 7, 14, and 21 between HIV-uninfected children and HIV-
infected children on EFV-based ART, both treated with 3 days of AL. In contrast, when
comparing the 5-day AL HIV-infected to 3-day AL HIV-uninfected children, there were no
differences in LF AUCo-214 or AUC.m between groups. This shows that 5-days of AL in HIV-
infected children on EFV-based ART generates LF exposure that is equivalent to 3 days of AL
in HIV-uninfected children and compensates for EFV-driven CYP3A4 induction, a result

consistent with our overall goal for this study.

When comparing HIV-infected children on EFV-based ART, we found that the 5-day AL regimen
significantly increased PK exposure of LF with a 1.9-fold higher estimated cumulative AUC and
significantly higher LF concentrations on days 7 and 14, as compared to HIV-infected children
receiving the 3-day AL regimen (3.90- and 2.01-fold, respectively; p < 0.0002 for all
comparisons). Indeed, multiple PK/PD models and studies in the literature hypothesized that
extending AL treatment to 5 or 7 days (as we have done) would compensate for the EFV-

induction effect and restore LF exposure to levels seen in HIV-uninfected individuals receiving 3
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days of AL [54, 56, 122, 131, 133]. The results from this study confirm what was hypothesized in
the literature: 5 days of AL in HIV-infected study participants on EFV-based ART increases LF

exposure to that of HIV-uninfected individuals given the standard 3 days of AL.

Our exploratory PK analysis of DBL, the active metabolite of LF, confirms the lower exposure of
DBL when compared to LF; DBL exposure was only 1.85 — 3.89% of parent LF exposure, for all
three groups. Interestingly, its exposure is reduced in the context of EFV-based ART, similar to
LF. Based on our analysis in a sub-set of 76 participants, we found that DBL has a longer ti,
and significantly lower plasma concentrations than LF in all three arms of the study, with this
finding consistent with what is seen in the literature [52, 134, 135]. Our median LF-to-DBL ratios
of 33.1 (HIV-uninfected children), 26.3 (3-day AL HIV-infected children), and 25.4 (5-day AL
HIV-infected children) coincide with the mean in vivo LF-to-DBL exposure ratio of 27.4 seen in
Papua New Guinean children, and similar findings in Thai and Colombian patients [52, 134,
135]. Notably, there appears to be a similar theme of reduced DBL exposure in the context of
HIV-infection and EFV-based ART. Children in the 3-day AL HIV-infected group had a 29%
lower DBL AUCo-214 than children in the 3-day AL HIV-uninfected group. Additionally, though not
statistically significant, DBL Cmax and day 7, 14, and 21 concentrations appeared to be lower in
the 3-day HIV-infected children when compared to the 3-day AL HIV-uninfected children. This
could be due to the lower amount of lumefantrine in the 3-day AL HIV-infected children on EFV-
based ART, resulting in less conversion to DBL, or possibly due to a direct effect of EFV on DBL
PK. Data on the specific pharmacology of DBL is scarce. It is known that DBL undergoes
glucuronidation via UGT, though the specific UGT isoform is unknown [136]. DBL is eliminated
in the bile, likely via a transporter, similar to LF [82, 137]. Studies show that LF is excreted in the
bile via efflux transporters, such as multidrug resistance—associated protein 2 (MRP2) and P-

glycoprotein (P-gp); DBL may also be excreted via these pathways [138-140]. Data on the
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impact of EFV on UGTs and drug efflux transporters is unclear, though one study shows EFV
induces UGT1A1 [141]. Additional studies show that EFV induces both MRP2 and P-gp [142,
143]. Therefore, the lower DBL exposure could be due to EFV-driven induction of UGTs and
drug transporters. The higher DBL concentrations on day 7, 14, and 21 and the shorter t1,2 in the
5-day AL HIV-infected group when compared to the HIV-uninfected 3-day AL group is most
likely due to additional days of dosing and there being less time from the final dose to the day 7,
14, and 21 sampling than in the 3-day AL HIV-uninfected group. Notably, the small sample sizes
could have hindered a more complete understanding of DBL PK, and further research with more
participants may be required to elucidate the full PK/PD of DBL in malaria infected children

treated with AL.

Day 7 LF concentrations have been shown to be a surrogate marker of LF AUC and have been
used to predict AL treatment efficacy by days 28 or 42 of follow-up, with concentrations that fall
below the 280 ng/mL threshold being associated with increased risk of malaria recurrence or
recurrent parasitemia [38, 54, 81, 129, 132]. Though we did see a greater number of
participants meeting the protective 280 ng/mL cutoff on day 7 in the HIV-infected 5-day AL
group (78%, versus 64% in the HIV-uninfected group and 14% in the 3-day HIV-infected group),
overall, we did not see a significant difference in rates of recurrent parasitemia between the
participants who achieved day 7 LF concentrations =280 ng/mL and those who did not. These
results contradict those from a previous study in Tanzania, which evaluated HIV-infected adults
on EFV-based ART with uncomplicated malaria and found that participants who had recurrent
parasitemia by day 28, after treatment with AL, had lower median LF concentrations than those
who did not have parasites. The Tanzanian study also found that the proportion of participants
who achieved day 7 LF concentrations =280 ng/mL was higher in those who remained parasite-

free [128]. Notably, our results also do not match our own findings from a previous study with
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HIV-infected children on EFV-based ART, where day 7 concentrations were directly related to
clinical outcomes [54]. However, the results from the EXALT study do coincide with those from a
study in HIV-infected adults on EFV-based ART with uncomplicated malaria in Zambia, which
did not find a relationship between day 7 LF concentrations and clinical outcomes [132]. These
contradictory results are likely due, in part, to our small sample size and being underpowered to
detect differences in clinical outcomes. Additionally, the Zambia study attempted to link day 7 LF
concentrations to clinical outcomes at day 42, though our results show most of LF has been
cleared by the body by day 42, so drug concentrations would likely have a limited impact on
clinical outcomes. Importantly, in this analysis of all three arms with sparse and intensive
sampling data combined, none of the other PK measurements for AL exposure significantly
impacted clinical outcomes, including LF concentrations on day 14 and 21, LF AUCo.214, LF
AUC..m, DBL concentrations (on day 7, 14, and 21), DBL AUCo-214, DBL AUCcum, and a
composite AUC of DBL and LF (AUCpsL+r). None of these were significant predictors in the
odds of recurrent parasitemia in the GEE multivariate analysis that included all three arms nor in

the GEE analysis with only the HIV-infected participants.

In addition to LF and DBL exposure, other factors, such as AL regimen, were evaluated to
determine if they impacted the odds of recurrent parasitemia. In the univariate GEE analysis for
all three arms, HIV-status, baseline hemoglobin, and age were all statistically significant
predictors (p < 0.05) of the odds of recurrent malaria by day 28, with AL regimen close to
statistical significance (p = 0.051). When we combined HIV status and AL regimen into a new
variable, this combination variable showed that the 3-day AL HIV-infected group did not have a
significantly different odds of recurrent parasitemia by day 28 compared to the HIV-uninfected
children and that the HIV-infected 5-day AL group had lower odds of recurrent parasitemia by

day 28 than the HIV-uninfected group (OR 0.37, p = 0.027). However, when comparing the two
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HIV-infected arms, AL regimen was not a significant predictor for the odds of recurrent
parasitemia. Overall, the multivariate GEE analysis showed that none of the participants’
disease or treatment characteristics, including AL PK parameters, predicted the odds of
recurrent parasitemia by day 28 or day 42. This differs from our previous study that showed AL
exposure, HIV-status, and baseline hemoglobin significantly impacted clinical outcomes [54].
Due to the difficulty in enrolling HIV-infected children on EFV-based ART, and our resulting
small sample size, the study may not have been powered to identify predictors of recurrent

parasitemia and evaluate trends in clinical outcomes in this study population.

Notably, in the analysis limited to children in the intensive PK cohorts, we saw a significantly
reduced 28-day odds of recurrent parasitemia in both HIV-infected groups when compared to
the HIV-uninfected children. Additionally, day 14 LF concentration also was associated with
lower odds of recurrent parasitemia (OR 0.45, p = 0.027). A potential explanation for this
contradiction with the larger analysis of sparse and intensive sampling data, may relate to
treatment adherence, as children in the intensive sampling cohorts spent more time in the clinic,
had an additional directly observed dose, and, in order to have final dose and intensive post-
final dose sampling occur in the morning, their AL dosing regimen was extended by ~12 hours
as compared to children in the sparse sampling cohorts. It is important to note, however, that
when the analysis was limited to solely HIV-infected participants in the intensive PK cohorts, AL

regimen and drug exposure (either LF or DBL) did not impact the odds of recurrent parasitemia.

There are multiple explanations for the conflicting results and lack of association between AL
exposure and clinical outcomes, with the most likely being our small sample size and the study
not being powered appropriately to detect small changes in clinical outcomes. This is especially

true for the analysis limited to the HIV-infected cohorts (3-day AL vs 5-day AL) since we were
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not able to recruit as many children (total HIV-infected episodes, n = 71 vs the desired 160).
Additionally, for the analysis of all three arms, there are major differences in age and weight
between the HIV-uninfected and the HIV-infected children, with both groups of the HIV-infected
children (3-day AL and 5-day AL) weighing more and being older that the 3-day AL HIV-
uninfected children. This inherent difference between groups could confound our results, as
older children have more immunity to malaria and previous studies have shown that young
(smaller) children are more often underdosed [38, 40]. Efforts were made during the analysis to
minimize the differences in age; we tested the impact on clinical outcomes of including and
excluding the eight children in the HIV-uninfected arm who were < 3 years old. Even after
excluding the eight children, the HIV-uninfected cohort was still younger (and smaller) than the
two HIV-infected arms and there were no changes in clinical outcomes from when they were
included in the analysis. Finally, HIV-infected children in this study were receiving TS for
bacterial prophylaxis, as recommended by the Ugandan HIV-treatment guidelines [144]. TS has
been shown to have antimalarial activity and could have impacted treatment outcomes in our
study [145, 146]. Despite the lower AL exposure in the 3-day HIV-infected group, the odds of
recurrent parasitemia by day 28 were similar to those in HIV-uninfected children. Additionally, as
the 3-day HIV-uninfected children had higher odds of recurrent parasitemia than the 5-day HIV-
infected children, even though their AL exposure was similar, the TS effect, coupled with the
increased age of participants, could have impacted the clinical outcomes separate from AL
exposure. Our results coincide with what we observed in our previous study where HIV-infected
children on EFV-based ART had a lower overall risk of recurrent malaria compared with HIV-

uninfected children even though their AL exposure was reduced [54].

In the context of rising resistance to artemisinin compounds in Uganda and Rwanda, optimizing

the dosing and exposure of the artemisinin components of ACT is vital to maximizing the
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viability and usage of the ACTs to treat malaria [12, 76]. Artemisinin resistance, largely defined
as delayed parasite clearance, could potentially be overcome by extending AL treatment
duration. Extension of AL dosing from 3 days to 5 days allows for the exposure of the
Plasmodium parasite to the artemisinin for an additional 48-hour life cycle, and in particular, an
additional trophozoite cycle where artemisinin drugs exhibit a majority of their antimalarial
activity [90]. This additional cycle would clear out lingering parasites exhibiting delayed parasite
clearance and would also kill any newly emerging parasites from the liver. Indeed, comparing
the cumulative DHA AUC and cumulative ARM AUC (post-third dose to 8-hour post-last dose,
AUCcum) in the 3-day AL HIV-infected 3-day AL group to the 5-day AL HIV-infected group, the
two additional days of dosing resulted in an overall 2.09-fold and 2.32-fold increase in
artemether and DHA exposure in 5-day AL regimen, respectively (p < 0.001, for all
comparisons). This additional artemisinin exposure could significantly reduce parasite burden,
leaving fewer parasites for LF/DBL and the immune system to clear, as well as potentially

reducing the spread of artemisinin resistance [91].

The EXALT study is subject to a few limitations that require consideration. Not all doses were
directly observed; while all morning doses of AL were observed in clinic by a study staff
member, evening doses were given to each participant to take at home and were not witnessed.
Adherence for these evening doses was only assessed by questionnaires when the participant
returned each subsequent morning, and timing of the evening dose was recorded based solely
on the dosing times reported by the participant and the family. Another limitation stems from the
difficulty in finding and recruiting HIV-infected participants on EFV-based ART near Busia,
Uganda. Due to this difficulty, the age range for HIV-infected children was adjusted from the
desired 3 — 10 years of age to 3 — 18 years of age. Unfortunately, this change occurred after

much of the HIV-uninfected cohort had already been enrolled in the study. This change in
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enrollment criteria resulted in the HIV-uninfected group being younger than the HIV-infected
cohorts. The difficulty in recruiting HIV-infected children on EFV-based ART also resulted in the
early termination of recruitment for the HIV-infected sparse sampling arms and the full number
of desired sparse sampling HIV-infected children were not enrolled in the study. This greatly
limited the sample size of the study, and, because of this, we may have been underpowered to
detect meaningful differences in study arms for the clinical outcomes analysis. Finally, while we
have demonstrated that 5-days of AL is effective for the treatment of malaria, we are unable to
comment on the effectiveness of the regimen if deployed outside of a controlled study and in a

different population (i.e. HIV-infected adults, pregnant women, etc.).

In summary, our data demonstrate that extended duration 5-day (10-dose) AL treatment
regimen successfully compensates for the EFV-driven CYP3A4 induction effect and results in
AL exposure that is similar to that of HIV-uninfected children treated with the standard 3-day AL
regimen. The 5-day AL regimen is an efficacious treatment for uncomplicated malaria in HIV-
infected children on EFV-based ART living in a high transmission setting and could be a useful
regimen in the context of emerging ACT resistance. Despite the increased exposure of LF in the
5-day AL group, there were no statically significant differences for odds of recurrent parasitemia
at 28 days or 42 days between any of the study arms in the combined sparse and intensive
multivariate analysis. This is possibly due to issues from our smaller sample size not being
powered, children being older in the HIV-infected arms than the HIV-uninfected group, or the
antimalarial activity of TS that the HIV-infected children were taking for bacterial prophylaxis.
More research is needed to determine the future utility of extended ACT regimens, such as AL,
and if these extended regimens may be an effective measure in children on non-EFV-based
ART, pregnant women, in lower transmission settings, or in areas where artemisinin resistance

is already emerging.
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3.5 Figures
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Days7,14,21

Figure 3.1 Overview of EXALT Study Design



PK Study Design

Intensive PK sampling (post-final dose)
0,05,1,2,3,4,6, 8, 24hr
(ARM, DHA & Lumefantrine)

’ AL, 6 doses - 3 Day ‘

PK sampling

Intensive: Days 8, 14, 21
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Intensive PK sampling (post-final dose)
0,0.5,1,2,3,4,6, 8, 24hr
(ARM, DHA & Lumefantrine)

Sparse PK Sampling:
3 Day AL:

Day 0-2: pre-dose, 2 & 4 hrs post-dose
*  24hr post-last dose, Days 7, 14, & 21

5 Day AL
Day 0-4: pre-dose, 2 & 4 hrs post-dose
*  24hr post last dose, Days 7, 14, & 21

Figure 3.2 Treatment and PK sampling schedule. Following malaria diagnosis on study day O,
subjects received six doses of AL or 10 doses of AL. For the six dose AL group, doses were
administered on study days 0 to 3 (Blue) Plasma PK samples were collected on day O prior to
treatment, 2- and 4-hr post-dose on day 1, 2- and 4-hr post-dose on day 2, and on day 3 before
(0O hr)and at 0.5, 1, 2, 3, 4, 8, 24, 120 (day 8*), 264 (day 14), and 432 (day 21) hr post sixth

dose (blue arrows).

AL, artemether-lumefantrine; ARM, artemether; DHA, dihydroartemisinin; DBL, desbutyl-
lumefantrine; PK, pharmacokinetics.
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HIV-Uninfected

Children

488 episodes of
malaria screened
for enrolliment

229 episodes of
malaria were
enrolled

complete study

[ Children with fever and malaria parasites on blood smear ]

259 were excluded:
6 had a Hgb < 7 g/dI
8 had complicated malaria
1 weighed less than 6 kg
29 received prior antimalarial
medications
178 had negative blood smears
15 declined consent
10 had mixed infections
2 received contraindicated medications
1 had a non-P. falciparum infection
9 other (maxed out enroliments,

4 )

Excluded

-

2 received contraindicated medications
2 had a non-P. falciparum infection

\

200 were excluded:
1 had a Hgb < 7 g/dI
12 received prior antimalarial
medications
161 had negative blood smears
1 declined consent
3 had mixed infections

Excluded

14 not on EFV-based ART
4 other (age, no study drug, etc)

k unconfirmed HIV status, etc) J

9 were withdrawn:
2 did not follow dosing
4 withdrew consent
1 had low hemoglobin
1 was lost to follow up

Did not

1 had a mono-infection with P. ovale /

N

Did not

complete study

5 were withdrawn:
1 had a mixed infection
2 withdrew consent
1 had low hemoglobin
1 was lost to follow up

3-Day AL: 110
episodes were
evaluable

5-Day AL: 110
episodes were
evaluable

HIV-Infected
Children on

276 episodes of
malaria screened
for enrollment

EFV-based ART

76 epis
malaria were
enrolled

odes of

5-Day AL: 35
episodes were
evaluable

3-Day AL: 36
episodes were
evaluable

Figure 3.3 Enrollment and completion of PK studies from study evaluating an extended AL
treatment regimen for uncomplicated malaria in HIV-uninfected and HIV-infected children on
EFV-based ART. AL denotes artemether-lumefantrine; ART, antiretroviral therapy; Hgb,
hemoglobin; HIV, human immunodeficiency virus; kg, kilogram; PK, pharmacokinetics.
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Figure 3.4 Plasma concentration-time profiles of artemether (ARM) (A), dihydroartemisinin
(DHA) (B), in HIV-uninfected children treated with 3 days of

artemether-lumefantrine (AL) therapy (black line) and HIV-infected children (stabilized on
efavirenz-based ART) treated with either 3 days of AL (red line) or 5 days of AL (purple line).
Data are represented as median with interquartile range, and values below the limit of
quantitation are shown. Lower limit of quantitation (LLOQ) is 0.5 ng /ml.
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Figure 3.5 Plasma concentration-time profiles of lumefantrine in HIV-uninfected children treated
with 3 days of artemether-lumefantrine (AL) therapy (black line) and HIV-infected children
(stabilized on efavirenz-based ART) treated with either 3 days of AL (red line) or 5 days of AL
(purple line) post-3" dose (A) or post-final dose (B, C). Data are shown with real post-final dose
timing (B) or adjusted to line up the terminal sampling days (C). Data are represented as
median with interquartile range, and values below the limit of quantitation are shown. Lower limit
of quantitation (LLOQ) is 0.05 ug/ml.
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Figure 3.6 Plasma concentration-time profiles of DBL in HIV-uninfected children treated with 3
days of artemether-lumefantrine (AL) therapy (black line) and HIV-infected children (stabilized
on efavirenz-based ART) treated with either 3 days of AL (red line) or 5 days of AL (purple line)
post-final dose (A, B). Data are shown with real post-final dose timing (A) or adjusted to align
terminal sampling days 7, 14, and 21 (B). Data are represented as median with interquartile
range, and values below the limit of quantitation are shown. Lower limit of quantitation (LLOQ) is
0.5 ng/ml.
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Figure 3.7 Linear regression of capillary versus venous plasma desbutyl-lumefantrine in
children at 2 hr and 8 hr post-last dose. Concentrations are untransformed (A) and natural log
transformed (B).
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3.6 Tables

Table 3.1 Weight-based dosing for artemether-lumefantrine

Weight

Coartem® Dispersible 20 mg /120 mg tabs

<15 kg

1

> 15 to < 25 kg

= 25 to < 35 kg

= 35 kg

2
3
4
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Table 3.2 Demographics of Study Participants

HIV-Uninfected HIV-Infected
3-Day AL, 3-Day AL, 5-Day AL,

No ART EFV-Based ART EFV-Based ART
Variable (n=110) (n =35) (n =36)
Malaria episodes, intensive sampling, n 50 30 30
Malaria episodes, sparse sampling, n 60 5 6
Sex, female, n (%) 61 (55) 21 (60) 15 (42)
Age, y, median (range)? 5.33 (1.43-13.9) 11.5 (4.26 - 17.05) 10.4 (3.38 - 15.9)
Weight, kg, median (range)® 17.6 (8.7 - 39.1) 28.6 (15.2-54.5) 25.8 (14.6 - 54.5)

f f ; ; -1

Parasite density at diagnosis, pL", 11760 (2400 - 41920) 6660 (720 - 28800) 2040 (880 - 14160)
median (IQR)
Gametocytes present at diagnosis, n (%) 32 (29) 10 (29) 9 (25)
Hemoglobin at diagnosis, g/dL, median (IQR) 11.1(9.8-11.9) 11.3(10.3-11.8) 11.2 (104 - 12.3)
Total lumefantrine dose, mg/kg, median (range) 12.3 (8.16 - 16) 12.5(8.81 - 15.8) 11.9 (8.22-15.7)
Total artemether dose, mg/kg, median (range) 2.04 (1.36 - 2.67) 2.08 (1.47 - 2.63) 1.99 (1.37 - 2.61)

There were no differences in demographic parameters between the intensive and sparse PK sampling cohorts.
Abbreviations: ART, antiretroviral therapy; EFV, efavirenz; HIV, human immunodeficiency virus; IQR, interquartile range, PK,
pharmacokinetics.

2Age was significantly different in 3-day AL HIV-infected vs HIV-uninfected children (p <0.0001) and 5-day AL HIV-infected vs
HIV-uninfected children (p <0.0001); differences not significant between the two HIV-infected arms.

bWeight was significantly different in 3-day AL HIV-infected vs HIV-uninfected children (p <0.0001) and 5-day AL HIV-infected vs
HIV-uninfected children (p <0.0001); differences not significant between the two HIV-infected arms

‘Parasite density at diagnosis was lower in the 5-day AL HIV-infected group when compared to 3-day AL HIV-uninfected children
(p =0.0109)
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Table 3.3 Artemisinin Pharmacokinetics Following a 6-Dose or 10-Dose Regimen of
Artemether-Lumefantrine in HIV-Uninfected and HIV-Infected Children

HIV- HIV-Infected on .
Uninfected EFV-based ART Ratio (P Value)
3-Day AL 3-Day AL 5-Day AL 3-Day AL + EFV/  5-Day AL + EFV/ 5-Day AL + EFV/
PK Parameter (n =50)2 (n =30)° (n =30)° 3-Day AL No ART 3-Day AL No ART  3-Day AL + EFV
Artemether
Cmax, ng/mL 32.5 224 23.0 0.69 (0.0892) 0.71 (0.0990) 1.03 (0.9882)
(25.4, 41.5) (15.3, 32.8) (16.4, 32.3)
tmax, h 1.10 1.55 1.91 1.40 (0.8025) 1.71 (0.6314) 1.23 (0.5607)
(0.98, 2.03) (0.57, 2.00) (1.00, 2.03)
AUCo-gn, 95.8 64.0 71.7 0.67 (0.0406) 0.74 (0.1271) 1.12 (0.6168)
h x ng/mL (77.5, 118) (45.5,90.0) (54.8, 93.8)
AUCcum, 792 488 1021 0.62 (0.0104) 1.28 (0.1643) 2.09 (0.0010)
h x ng/mL (645, 974) (372, 642) (766, 1361)
Csn, ng/mL 3.59 2.81 2.56 0.78 (0.0624) 0.71 (0.0736) 0.91 (0.7618)
(2.58, 6.33) (1.32, 4.46) (1.75, 4.61)
DHA
Cmax, ng/mL 89.0 43.8 34.9 0.49 (< 0.0001) 0.39 (<0.0001) 0.80 (0.2838)
(77.4,102) (33.5,57.2) (24.6, 49.4)
tmax, h 2.00 2.00 2.00 1.00 (0.5203) 1.00 (0.3315) 1.00 (0.7080)
(1.00, 2.03) (1.98, 2.03) (1.00, 3.00)
AUCo-gn, 241 109 95.8 0.45 (< 0.0001) 0.40 (<0.0001) 0.88 (0.6823)
h x ng/mL (216, 269) (83.9, 141.6) (69.7, 132)
AUCcum, 1670 641 1486 0.38 (< 0.0001) 0.89 (0.3931) 2.32(0.0001)
h x ng/mL (1467, 1901) (480, 855) (1087, 2031)
Csn, ng/mL, 4.09 1.24 1.53 0.30 (< 0.0001) 0.37 (<0.0001) 1.23 (0.4329)
(2.73, 6.32) (0.815, 2.51) (0.88, 3.32)

Data are presented as geometric mean (90% confidence interval) unless otherwise specified. Significance level: a = 0.0167 (0.05/3); tmax

and Csn reported as median (interquartile range); Wilcoxon rank sum tests were used to compare between all groups.

AUCcum is the cumulative drug exposure of the third dose to 8 hr post last dose (either 61 dose or 10" dose).

Abbreviations: AL, artemether-lumefantrine; ARM, artemether; ART, antiretroviral therapy; AUC, area under the concentration-time curve;

Cmax, maximal concentration; DHA, dihydroartemisinin; EFV, efavirenz; HIV, human immunodeficiency virus; tmax, time to maximal

concentration.

an =48 for ARM AUCcum
bn =28 for ARM & DHA AUCcum
°n =29 for ARM & DHA AUCo.gn; n = 27 for ARM & DHA AUCcum
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Table 3.4 Lumefantrine and Desbutyl-lumefantrine Pharmacokinetics Following a

6-Dose or 10-Dose Regimen of Artemether-Lumefantrine in HIV-Uninfected and HIV-Infected
Children

HIV-Uninfected

Pharmacokinetic HIV-Infected on EFV-based ART

Ratio (P Value)

Parameter 3-Day AL 3-Day AL 5-Day AL 3-Day AL+EFV/ 5-Day AL+EFV/ 5-Day AL+EFV/
(n = 50)2 (n = 30)° (n = 30)° No ART No ART 3-Day AL+EFV
Lumefantrine
Cmax, Ng/mL, 7236 5065 6027 0.70 (0.0267) 0.83 (0.5812) 1.19 (0.2062)
(6023, 8692) (3894, 6589) (4253, 8543)
tmax, h 4.00 3.99 4.00 1.00 (0.8568) 1.00 (0.6879) 1.00 (0.6281)
(0.00, 6.00) (0.57, 5.50) (0.50, 6.00)
tiz, h 119 87.9 711 0.74 (0.0288) 0.60 (<0.0001) 0.81 (0.2466)
(107, 133) (69.4, 111) (61.4, 82.3)
AUCo-214, 259 144 205 0.56 (0.0001) 0.79 (0.1797) 1.42 (0.0428)
h x ug/mL (222, 302) (114, 182) (151, 279)
AUCcum, 468 296 561 0.63 (0.0001) 1.20 (0.1746) 1.90 (0.0001)
h x ug/mL (410, 534) (251, 348) (423, 743)
LF Cp7, ng/mL 364 141 550 0.39 (<0.0001) 1.51 (0.0023) 3.90 (<0.0001)
(191, 480) (106, 252) (326, 898)
LF Cp14, ng/mL 119 67.5 136 0.57 (<0.0001) 1.14 (0.4055) 2.01 (0.0002)
(86.7, 170) (42.4,98.3) (79.4, 220)
LF Cp21, ng/mL 64.1 BLQ 62 <1 (0.0006) 0.96 (0.8736) >1 (0.0249)
(BLQ, 83.3) (BLQ, 52.1) (BLQ, 94.1)
DBL n=17 n=30 n=29
Cmax, Ng/mL 106 78.3 98.2 (74.6, 129) 0.74 (0.0803) 0.93 (0.7500) 1.25 (0.0895)
(77.3, 146) (62.6, 97.9)
tmax, h 4.00 4.05 4.00 (3.00, 6.03) 1.01 (0.8498) 1.00 (0.7495) 0.99 (0.7028)
(3.02, 6.00) (3.00, 6.00)
tiz, h 127 130 109 (99.0, 120) 1.02 (0.6902) 0.86 (0.0098) 0.84 (0.0002)
(110, 147) (120, 141)
AUCo-214, 7718 5491 7982 0.71 (0.0102) 1.03 (0.7935) 1.45 (0.0031)
h x ng/mL (5931, 10045) (4658, 6472) (6216, 10250)
AUCcum, 8261 7399 12229 0.90 (0.3865) 1.48 (0.1588) 1.65 (0.0007)
h x ng/mL (4307, 15846) (6168, 8875) (9320, 16045)
AUCDsL+LF, 288 169 239 0.59 (0.0049) 0.83 (0.4062) 1.41 (0.0378
h x ug/mL (215, 386) (137, 210) (177, 323)
AUC ratio 33.1 26.3 25.4 0.79 (0.0354) 0.77 (0.0080) 0.97 (0.7733)
(LF/DBL) (27.7, 39.5) (20.9, 33.1) (19.9, 32.4)
DBL Cp7, ng/mL 19.4 11.6 33.7 0.60 (0.0305) 1.74 (0.0001) 2.91 (<0.0001)
(8.23, 26.2) (9.14, 13.9) (20.9, 58.6)
DBL Cp14, ng/mL 7.16 5.46 11.8 0.76 (0.0959) 1.65 (0.0003) 2.16 (<0.0001)
(4.03, 9.60) (4.14, 6.46) (8.47, 16.3)
DBL Cpz1, ng/mL 3.09 2.18 4.51 0.70 (0.0559) 1.46 (0.0118) 2.07 (<0.0001)
(1.72, 4.87) (1.84, 3.11) (3.08, 6.95)

Data are presented as geometric mean (90% confidence interval) unless otherwise specified. Significance level: a = 0.0167 (0.05/3); tmax (for
both LF & DBL) and Day 7, 14, and 21 concentrations (for both LF and DBL) reported as median (interquartile range); Wilcoxon rank sum
tests were used to compare between all groups.

AUCcum is the cumulative drug exposure of the third dose to day 21. AUCopaL+LF is a composite AUC post-last dose to 21 days with DBL
weighted 4x as much as LF.

Abbreviations: AL, artemether-lumefantrine; ART, antiretroviral therapy; AUC, area under the concentration-time curve; Cmax, maximal
concentration; DBL, desbutyl-lumefantrine; EFV, efavirenz; HIV, human immunodeficiency virus; LF, lumefantrine; tmax, time to maximal
concentration.

an=48 for LF t12; n= 108 LF Cp7; n= 102 LF Cp14; n= 96 LF Cp21; n=7 DBL AUCcum; n= 33 DBL Cp7; n= 30 DBL Cp14; n= 30 DBL Cp21

bn=28 for LF t1/2; n = 28 LF AUCcum; n= 35 LF Cp7; n= 31 LF Cp14; n= 33 LF Cp21; n= 28 DBL AUCcum; n= 34 DBL Co7; n= 38 DBL Cp14; n= 31
DBL Cp21

°n=28 for LF t12; n = 26 LF AUCcum; n = 32 LF Cp7; n= 36 LF Cp14; n= 33 LF Cp21; n= 26 DBL AUCcum; n= 31 DBL Cp7; n= 33 DBL Cp14; n= 31
DBL Cpz1
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Table 3.5 Generalized Estimating Equation Logistic Regression on Recurrent Parasitemia by
Day 28 — HIV-Infected and HIV-Uninfected, with Combined Sparse and Intensive Data

Variables Univariate Analysis Multivariate Analysis
OR (95% CI) P-value OR (95% CI) P-value

AL Regimen?®

3-Day AL Ref

5-Day AL 0.43 (0.18, 1.00) 0.051
HIV Status?

HIV-Uninfected Ref

HIV-Infected on EFV-based ART 0.47 (0.24, 0.89) 0.022
AL Regimen & HIV Status
3 Day, HIV-Uninfected Ref Ref
3 Day, HIV-Infected 0.57 (0.27, 1.23) 0.153 0.51 (0.19, 1.41) 0.195
5 Day, HIV-Infected 0.37 (0.15, 0.89 0.027 0.42 (0.16, 1.10) 0.078
Age (Years) 0.91 (0.84, 0.99) 0.031 1.00 (0.88, 1.12) 0.937
Sex

Male Ref Ref

Female 1.02 (0.56, 1.85) 0.955 1.04 (0.54, 1.99) 0.904
Hemoglobin at Day 0 0.81 (0.67, 0.99) 0.035 0.82 (0.63, 1.08) 0.153
Parasite Density at Day 0 (log) 1.11 (0.97, 1.28) 0.144 1.04 (0.88, 1.23) 0.620
LF at Day 7 (log) 0.83 (0.60, 1.15) 0.263
LF D7 > 280 ng/ml vs. < 280

LF D7 > 280 ng/ml Ref
LF D7 < 280 ng/ml 0.69 (0.37, 1.26) 0.222

LF at Day 14 (log)* 0.71 (0.48, 1.05) 0.086 0.68 (0.43, 1.08) 0.101
LF at Day 21 (log) 0.74 (0.48, 1.13) 0.165
DBL at Day 7 (log) 0.70 (0.42, 1.16) 0.166
DBL at Day 14 (log) 0.64 (0.38, 1.09) 0.101
DBL at Day 21 (log) 0.56 (0.33, 0.97) 0.038

Abbreviations: AL, artemether-lumefantrine; ART, antiretroviral therapy; Cl, confidence interval; DBL, desbutyl-lumefantrine; EFV,

efavirenz; HIV, human immunodeficiency virus; LF, lumefantrine; OR, odds ratio.
®When HIV status and AL regimen are included in the multivariate model as separate variables, statistical significance is lost.
*All LF and DBL parameters were tested in the multivariate model, and no variable was statistically significant (p < 0.05).
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Table 3.6 Generalized Estimating Equation Logistic Regression on Recurrent Parasitemia by
Day 42 — HIV-Infected and HIV-Uninfected, with Combined Sparse and Intensive Data

Variables

Univariate Analysis

Multivariate Analysis

OR (95% CI) P-value OR (95% CI) P-value

AL Regimen

3-Day AL Ref

5-Day AL 0.62 (0.28, 1.37) 0.234
HIV Status

HIV-Uninfected Ref

HIV-Infected on EFV-based ART 0.65 (0.35, 1.22) 0.178
AL Regimen & HIV Status
3 Day, HIV-Uninfected Ref Ref
3 Day, HIV-Infected 0.74 (0.33, 1.67) 0.466 0.58 (0.22, 1.57) 0.287
5 Day, HIV-Infected 0.58 (0.26, 1.30) 0.188 0.49 (0.21, 1.18) 0.114
Age (Years) 0.99 (0.92, 1.07) 0.807 1.04 (0.93, 1.17) 0.477
Sex

Male Ref Ref

Female 1.29 (0.69, 2.41) 0.430 1.04 (0.53, 2.03) 0.905
Hemoglobin at Day 0 1.03 (0.83, 1.27) 0.815 1.01 (0.77, 1.34) 0.922
Parasite Density at Day 0 (log) 1.02 (0.87, 1.20) 0.794 1.01 (0.85, 1.21) 0.910
LF at Day 7 (log) 0.86 (0.60, 1.22) 0.402
LF D7 > 280 ng/ml vs. < 280

LF D7 > 280 ng/ml Ref
LF D7 < 280 ng/ml 0.66 (0.33, 1.33) 0.245

LF at Day 14 (log)* 0.85 (0.58, 1.26) 0.422 0.85 (0.59, 1.25) 0.411
LF at Day 21 (log) 0.69 (0.45, 1.06) 0.093
DBL at Day 7 (log) 0.88 (0.52, 1.49) 0.633
DBL at Day 14 (log) 0.90 (0.49, 1.67) 0.744
DBL at Day 21 (log) 0.76 (0.43, 1.34) 0.343

Abbreviations: AL, artemether-lumefantrine; ART, antiretroviral therapy; Cl, confidence interval; DBL, desbutyl-lumefantrine; EFV,

efavirenz; HIV, human immunodeficiency virus; LF, lumefantrine; OR, odds ratio.
*All LF and DBL parameters were tested in the multivariate model, and no variable was statistically significant (p < 0.05).

LF at Day 14 is shown to match the day 28 analysis.
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Table 3.7 Generalized Estimating Equation Logistic Regression on Recurrent Parasitemia by

Day 28 — HIV-Infected and HIV-Uninfected, with Only Intensive Data

Variables Univariate Analysis Multivariate Analysis
OR (95% CI) P-value OR (95% CI) P-value

AL Regimen?

3-Day AL Ref

5-Day AL 0.39 (0.17, 0.93) 0.034
HIV Status?

HIV-Uninfected Ref

HIV-Infected on EFV-based ART 0.39 (0.17, 0.87) 0.021
AL Regimen & HIV Status
3 Day, HIV-Uninfected Ref Ref
3 Day, HIV-Infected 0.50 (0.20, 1.23) 0.132 0.26 (0.68, 1.03) 0.055
5 Day, HIV-Infected 0.29 (0.11, 0.78) 0.014 0.24 (0.07, 0.89) 0.032
Age (Years) 0.92 (0.83, 1.01) 0.075 1.03 (0.89, 1.20) 0.687
Sex

Male Ref Ref

Female 1.33(0.61, 2.92) 0.476 1.29 (0.54, 3.06) 0.571
Hemoglobin at Day 0 0.79 (0.61, 1.03) 0.081 0.82 (0.58, 1.17) 0.275
Parasite Density at Day 0 (log) 1.08 (0.91, 1.28) 0.405 1.01 (0.82, 1.25) 0.899
LF at Day 7 (log) 0.87 (0.56, 1.36) 0.550
LF D7 > 280 ng/ml vs. < 280

LF D7 > 280 ng/ml Ref
LF D7 < 280 ng/ml 0.70 (0.32, 1.55) 0.384

LF at Day 14 (log)* 0.62 (0.36, 1.06) 0.080 0.45 (0.22, 0.92) 0.029
LF at Day 21 (log) 0.80 (0.44, 1.45) 0.465
LF AUCo-214 (log) 0.85 (0.49, 1.48) 0.566
LF AUCcum (log) 0.63 (0.31, 1.27) 0.198
DBL at Day 7 (log) 0.80 (0.43, 1.47) 0.466
DBL at Day 14 (log) 0.77 (0.37, 1.61) 0.486
DBL at Day 21 (log) 0.65 (0.35, 1.22) 0.180
DBL AUCo-214 (log) 0.80 (0.37, 1.71) 0.567
DBL AUCcun (log) 0.60 (0.30, 1.19) 0.143
DBL + LF AUCopg+.F (log) 0.70 (0.35, 1.34) 0.275

Abbreviations: AL, artemether-lumefantrine; ART, antiretroviral therapy; AUC, area under the concentration-time curve; Cl, confidence

interval; DBL, desbutyl-lumefantrine; EFV, efavirenz; HIV, human immunodeficiency virus; LF, lumefantrine; OR, odds ratio.
#When HIV status and AL regimen are included in the multivariate model as separate variables, statistical significance is lost.
*All LF and DBL parameters were tested in the multivariate model, and day 14 LF concentration was selected for the final
multivariate analysis as it was the only parameter close to statistical significance.
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Table 3.8 Generalized Estimating Equation Logistic Regression on Recurrent Parasitemia by

Day 42 — HIV-Infected and HIV-Uninfected, with Only Intensive Data

Variables

Univariate Analysis

Multivariate Analysis

OR (95% CI) P-value OR (95% CI) P-value

AL Regimen

3-Day AL Ref

5-Day AL 0.79 (0.34, 1.88) 0.598
HIV Status

HIV-Uninfected Ref

HIV-Infected on EFV-based ART 0.99 (0.44, 2.19) 0.973
AL Regimen & HIV Status
3 Day, HIV-Uninfected Ref Ref
3 Day, HIV-Infected 1.17 (0.43, 3.17) 0.752 0.90 (0.23, 3.47) 0.880
5 Day, HIV-Infected 0.84 (0.33, 2.13) 0.716 0.83 (0.28, 2.43) 0.730
Age (Years) 1.00 (0.91, 1.09) 0.984 1.01 (0.88, 1.15) 0.886
Sex

Male Ref Ref

Female 1.95 (0.89, 4.27) 0.095 1.71 (0.75, 3.94) 0.204
Hemoglobin at Day 0 1.00 (0.75, 1.35) 0.953 1.02 (0.73, 1.43) 0.904
Parasite Density at Day 0 (log) 1.04 (0.85, 1.27) 0.687 1.01 (0.83, 1.23) 0.910
LF at Day 7 (log) 0.85 (0.53, 1.36) 0.495
LF D7 > 280 ng/ml vs. < 280

LF D7 > 280 ng/ml Ref
LF D7 < 280 ng/ml 0.61(0.27, 1.41) 0.247

LF at Day 14 (log)* 0.80 (0.45, 1.42) 0.443 0.80 (0.44, 1.45) 0.466
LF at Day 21 (log) 0.77 (0.41, 1.44) 0.405
LF AUCo-214 (log) 0.81 (0.44, 1.51) 0.508
LF AUCcum (log) 0.87 (0.42, 1.78) 0.697
DBL at Day 7 (log) 1.12 (0.57, 2.18) 0.741
DBL at Day 14 (log) 1.44 (0.66, 3.14) 0.365
DBL at Day 21 (log) 1.01 (0.52, 1.97) 0.980
DBL AUCo-214 (log) 1.35 (0.55, 3.29) 0.514
DBL AUCcun (log) 0.93 (0.43, 1.99) 0.852
DBL + LF AUCopg+F (log) 0.85 (0.40, 1.82) 0.680

Abbreviations: AL, artemether-lumefantrine; ART, antiretroviral therapy; AUC, area under the concentration-time curve; Cl, confidence

interval; DBL, desbutyl-lumefantrine; EFV, efavirenz; HIV human immunodeficiency virus; LF, lumefantrine; OR, odds ratio.

*All LF and DBL parameters were tested in the multivariate model. All PK parameters were not statically significant and day 14 LF
concentration was selected for the final multivariate analysis to match the Day 28 analysis.
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Table 3.9 Generalized Estimating Equation Logistic Regression on Recurrent Parasitemia by
Day 28 — HIV-Infected, with Combined Sparse and Intensive Data

Variables Univariate Analysis
OR (95% Cl) P-value

AL Regimen

3-Day AL Ref

5-Day AL 0.62 (0.22, 1.75) 0.366
Age (Years) 0.99 (0.92, 1.07) 0.807
Sex

Male Ref

Female 1.06 (0.35, 3.18) 0.918
Hemoglobin at Day 0 0.79 (0.57, 1.11) 0.178
Parasite Density at Day 0 (log) 1.26 (0.96, 1.64) 0.091
LF at Day 7 (log) 0.91 (0.57, 1.43) 0.677
LF D7 > 280 ng/ml vs. < 280

LF D7 > 280 ng/ml Ref
LF D7 <280 ng/ml 0.56 (0.16, 1.95) 0.364

LF at Day 14 (log)* 0.65 (0.32, 1.35) 0.251
LF at Day 21 (log) 0.56 (0.20, 1.56) 0.270
DBL at Day 7 (log) 0.98 (0.54, 1.76) 0.946
DBL at Day 14 (log) 0.99 (0.53, 1.85) 0.972
DBL at Day 21 (log) 0.68 (0.33, 1.41) 0.299

Abbreviations: AL, artemether-lumefantrine; Cl, confidence interval; DBL, desbutyl-lumefantrine;

LF, lumefantrine; OR, odds ratio.

All covariates were tested in multivariate models. None were statistically significant.
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Table 3.10 Generalized Estimating Equation Logistic Regression on Recurrent Parasitemia by

Day 42 — HIV-Infected, with Combined Sparse and Intensive Data

Variables Univariate Analysis
OR (95% Cl) P-value

AL Regimen

3-Day AL Ref

5-Day AL 0.78 (0.27, 2.22) 0.639
Age (Years) 1.05 (0.94, 1.17) 0.423
Sex

Male Ref

Female 1.02 (0.41, 2.51) 0.972
Hemoglobin at Day 0 0.92 (0.67, 1.27) 0.625
Parasite Density at Day 0 (log) 1.22 (0.93, 1.60) 0.143
LF at Day 7 (log) 0.96 (0.61, 1.51) 0.862
LF D7 > 280 ng/ml vs. < 280

LF D7 > 280 ng/ml Ref
LF D7 < 280 ng/ml 0.81 (0.29, 2.24) 0.679

LF at Day 14 (log)* 0.82 (0.52, 1.28) 0.376
LF at Day 21 (log) 0.62 (0.37, 1.04) 0.071
DBL at Day 7 (log) 1.15 (0.58, 2.29) 0.690
DBL at Day 14 (log) 1.22 (0.53, 2.78) 0.640
DBL at Day 21 (log) 0.91 (0.44, 1.86) 0.788

Abbreviations: AL, artemether-lumefantrine; Cl, confidence interval; DBL, desbutyl-lumefantrine;

LF, lumefantrine; OR, odds ratio.

All covariates were tested in multivariate models. None were statistically significant.
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Chapter 4: Conclusions and Perspectives

The findings presented in this dissertation contribute to filling a gap in knowledge of antimalarial
pharmacokinetics (PK) and pharmacodynamics (PD) in pediatric populations. This research
brings us closer to determining the optimal dosing of antimalarial medications in children, the
most relevant population for malaria, including those who are co-infected with HIV and taking
antiretroviral therapies (ART). As discussed in Chapter 1, young children and HIV-infected
children on ART are at a high risk of being underdosed for malaria treatment with artemether-
lumefantrine (AL). In an effort to increase AL exposure and mitigate the risk of underdosing, an
extended treatment duration was tested. The “extended duration artemether-lumefantrine
treatment for malaria in children (EXALT)” is the first study to directly evaluate an extended

dosing regimen in both an HIV-uninfected and HIV-infected pediatric population.

In Chapter 2, we focused on testing an extended AL treatment (5 days) for uncomplicated
malaria against the standard of care treatment (3 days of AL) in young, malaria-infected,
Ugandan children. The literature shows that young, small children are often underdosed for
malaria treatment when weight-based dosing is utilized. As discussed in Chapter 2, groups
using PK/PD modeling have suggested an extended duration treatment with AL may remedy the
lower AL exposure seen in young, smaller children. We implemented a study to test the
suggestions in the literature and determine if extending treatment with AL from 3 days to 5 days
would result in higher AL exposure and reduced recurrence of parasitemia. Based on the results
presented in Chapter 2, the following conclusions can be drawn: (i) 5 days of AL treatment
significantly increases overall exposure of both the artemisinins and long acting LF; specifically
day 7 concentrations of LF (a key surrogate for clinical outcomes) are higher compared to 3

days of AL, (ii) higher LF day 7 concentrations significantly reduce the risk of recurrent
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parasitemia, (iii) children in the lowest weight band for weight-based AL dosing who are treated
with 3 days of AL are at high risk of reduced LF exposure, which can largely be mitigated with
two additional days of AL treatment. Given this specific finding for our lowest weight children,
further research is needed to explore the PK/PD impacts of low weight for age (i.e.
“malnourishment”) for children receiving AL and how extended AL dosing may alter clinical
outcomes in this patient population. Overall, 5 days of AL is a safe and effective treatment for
uncomplicated malaria in young children and could be considered as a treatment option for

small children that fall in the lower weight bins of AL weight-based dosing.

For Chapter 3, we pivoted to explore the use of extended AL dosing in HIV-infected children on
efavirenz (EFV)-based ART. HIV-infected children on ART are at high risk of drug-drug
interactions that can lead to drug toxicity or loss of efficacy. With this work, we attempted to
compensate for a known drug-drug interaction between AL and EFV that results in reduced AL
exposure. Our study revealed that 5 days of AL dosing successfully compensates for the EFV-
driven CYP3A4 induction effect and returns LF exposure to levels seen in HIV-uninfected
children treated with the standard 3 days of AL. We were able to enroll our target number of
subjects in the intensive PK sampling arm to confirm this compensatory PK effect. However, for
relating PK exposure to clinical outcomes, we found that recruiting HIV-infected participants on
EFV-based ART near our study site was difficult. Due to the associated costs with running a
longer duration clinical trial, we terminated our recruitment early before we attained the desired
sample size for the sparse PK sampling arm. This limited our ability to detect meaningful
differences in clinical outcomes between the 3-day AL and 5-day AL HIV-infected groups and
rendered it unable to show that extended AL treatment results in better clinical outcomes.
Despite these results, based on our previous research, we still believe that AL exposure does
impact clinical outcomes and that 5 days of AL could be a viable malaria treatment regimen for

HIV-infected children on EFV-based ART. However, more research is needed, with larger
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sample sizes, to truly assess the impact of 5-day AL dosing on clinical outcomes in HIV-infected

pediatric populations.

In addition to our work in children, studies have begun to emerge evaluating extended AL
treatment duration in pregnant women and adults. Thus, the next step for assessing the utility of
an extended AL dosing regimen will come from testing extended AL treatment in areas with
emerging artemisinin resistance. As artemisinin-based combination therapies are the gold
standard treatment options for uncomplicated malaria, it is crucial that we explore methods to
preserve the efficacy of these essential medications. By extending the duration of AL dosing,
additional parasites emerging from the liver will be subjected to antimalarial treatment, with the
expectation that the two extra days of AL exposure will clear out any lingering parasites and

reduce the risk of parasites being exposed to sub-therapeutic levels of AL.

While young (small) children and HIV-infected children on EFV-based ART would likely benefit
from the implementation of a 5-day AL regimen, in addition to the possible use of an extended
regimen to slow artemisinin resistance, there are some drawbacks to utilizing extended duration
AL dosing. As patients generally feel better and are clinically improving after 2 or 3 days of ACT
treatment, adherence may be an issue if a 5-day AL regimen is implemented. Additionally,
though we have shown that extended duration AL treatment is safe in HIV-uninfected children
and HIV-infected children on EFV-based ART, caution may be needed in children taking
concomitant CYP3A4 inhibitors, like lopinavir/ritonavir, where LF concentrations are already
high after only 3 days of AL dosing. As LF has the potential to increase the QTc interval,
additional studies would be needed to examine the use (and need) of extended duration AL in

this population.
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In summary, the work presented in this dissertation contributes to knowledge of AL PK/PD in
pediatric and HIV-infected populations and brings us closer to fully optimizing AL dosing in
these populations. These findings may impact future malaria treatment guidelines as further

research is published on extended AL treatment duration

93



References

10.

11.

12.

Organization WH. World Malaria Report 2021, 2021.

White NJ. Pharmacokinetic and pharmacodynamic considerations in antimalarial dose
optimization. Antimicrob Agents Chemother 2013; 57(12): 5792-807.

Yeka A, Gasasira A, Mpimbaza A, et al. Malaria in Uganda: challenges to control on the
long road to elimination: |. Epidemiology and current control efforts. Acta Trop 2012;
121(3): 184-95.

Commission UA. Facts on HIV and AIDS in Uganda 2021. Kampala: Uganda AIDS
Commission, 2021 September 14, 2021.

Rosenthal PJ. Malaria in 2022: Challenges and Progress. Am J Trop Med Hyg 2022;
106(6): 1565-7.

Mawson AR. The pathogenesis of malaria: a new perspective. Pathog Glob Health 2013;
107(3): 122-9.

Smith LM, Motta FC, Chopra G, et al. An intrinsic oscillator drives the blood stage cycle
of the malaria parasite Plasmodium falciparum. Science 2020; 368(6492): 754-9.
World Health Organization. Guidelines for the Treatment of Malaria - June 2022.
Geneva, Switzerland, 2022 June 3, 2022.

Batchelor HK, Marriott JF. Paediatric pharmacokinetics: key considerations. Br J Clin
Pharmacol 2015; 79(3): 395-404.

Lu H, Rosenbaum S. Developmental pharmacokinetics in pediatric populations. J
Pediatr Pharmacol Ther 2014; 19(4): 262-76.

Sage DP, Kulczar C, Roth W, Liu W, Knipp GT. Persistent pharmacokinetic challenges
to pediatric drug development. Front Genet 2014; 5: 281.

Balikagala B, Fukuda N, Ikeda M, et al. Evidence of Artemisinin-Resistant Malaria in

Africa. N Engl J Med 2021; 385(13): 1163-71.

94



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Rieckmann K, Suebsaeng L, Rooney W. Response of Plasmodium falciparum infections
to pyrimethamine-sulfadoxine in Thailand. Am J Trop Med Hyg 1987; 37(2): 211-6.

In: Arrow KJ, Panosian C, Gelband H. Saving Lives, Buying Time: Economics of Malaria
Drugs in an Age of Resistance. Washington (DC), 2004.

Terlouw DJ, Nahlen BL, Courval JM, et al. Sulfadoxine-pyrimethamine in treatment of
malaria in Western Kenya: increasing resistance and underdosing. Antimicrob Agents
Chemother 2003; 47(9): 2929-32.

Terlouw DJ, Courval JM, Kolczak MS, et al. Treatment history and treatment dose are
important determinants of sulfadoxine-pyrimethamine efficacy in children with
uncomplicated malaria in Western Kenya. J Infect Dis 2003; 187(3): 467-76.

Health KMo. National guidelines for diagnosis, treatment & prevention of malaria for
health workers. Nairobi, Kenya: Kenya Ministry of Health, 1998.

Bloland PB, Organization WH. Drug resistance in malaria: World Health Organization,
2001.

White NJ. Why is it that antimalarial drug treatments do not always work? Ann Trop Med
Parasitol 1998; 92(4): 449-58.

Peters W. Drug resistance in malaria. Recenti Prog Med 1990; 81(12): 749-53.

Peters W. Chemotherapy and drug resistance in malaria. Volume 1: Academic Press
Ltd, 1987.

Peters W. The prevention of antimalarial drug resistance. Pharmacology & therapeutics
1990; 47(3): 499-508.

White NJ, Pongtavornpinyo W. The de novo selection of drug-resistant malaria
parasites. Proc Biol Sci 2003; 270(1514): 545-54.

White NJ. Antimalarial drug resistance. J Clin Invest 2004; 113(8): 1084-92.

Wagner J, Abdel-Rahman SM. Pediatric pharmacokinetics. Pediatr Rev 2013; 34(6):

258-69.

95



26.

27.

28.

29.

30.

31.

32.

33.

34.

Anderson BJ, Holford NH. Understanding dosing: children are small adults, neonates are
immature children. Arch Dis Child 2013; 98(9): 737-44.

Ginsberg G, Hattis D, Sonawane B, et al. Evaluation of child/adult pharmacokinetic
differences from a database derived from the therapeutic drug literature. Toxicol Sci
2002; 66(2): 185-200.

Bouwmeester NJ, Anderson BJ, Tibboel D, Holford NH. Developmental
pharmacokinetics of morphine and its metabolites in neonates, infants and young
children. British journal of anaesthesia 2004; 92(2): 208-17.

Bartelink IH, Rademaker CM, Schobben AF, van den Anker JN. Guidelines on paediatric
dosing on the basis of developmental physiology and pharmacokinetic considerations.
Clin Pharmacokinet 2006; 45(11): 1077-97.

Creek DJ, Bigira V, McCormack S, et al. Pharmacokinetic predictors for recurrent
malaria after dihydroartemisinin-piperaquine treatment of uncomplicated malaria in
Ugandan infants. J Infect Dis 2013; 207(11): 1646-54.

Sambol NC, Yan L, Creek DJ, et al. Population Pharmacokinetics of Piperaquine in
Young Ugandan Children Treated With Dihydroartemisinin-Piperaquine for
Uncomplicated Malaria. Clin Pharmacol Ther 2015; 98(1): 87-95.

Zongo |, Some FA, Somda SA, et al. Efficacy and day 7 plasma piperaquine
concentrations in African children treated for uncomplicated malaria with
dihydroartemisinin-piperaquine. PLoS One 2014; 9(8): €103200.

Price RN, Hasugian AR, Ratcliff A, et al. Clinical and pharmacological determinants of
the therapeutic response to dihydroartemisinin-piperaquine for drug-resistant malaria.
Antimicrob Agents Chemother 2007; 51(11): 4090-7.

Tarning J, Zongo |, Some FA, et al. Population pharmacokinetics and
pharmacodynamics of piperaquine in children with uncomplicated falciparum malaria.

Clin Pharmacol Ther 2012; 91(3): 497-505.

96



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

WorldWide Antimalarial Resistance Network DPSG. The effect of dosing regimens on
the antimalarial efficacy of dihydroartemisinin-piperaquine: a pooled analysis of
individual patient data. PLoS Med 2013; 10(12): e1001564; discussion e.

World Health Organization. Guidelines for the Treatment of Malaria - Third Edition.
Geneva, Switzerland, 2015.

Organization WH. Guidelines for the Treatment of Malaria. Second ed. Geneva: World
Health Organization, 2010.

Kloprogge F, Workman L, Borrmann S, et al. Artemether-lumefantrine dosing for malaria
treatment in young children and pregnant women: A pharmacokinetic-pharmacodynamic
meta-analysis. PLoS Med 2018; 15(6): e1002579.

Salman S, Page-Sharp M, Griffin S, et al. Population pharmacokinetics of artemether,
lumefantrine, and their respective metabolites in Papua New Guinean children with
uncomplicated malaria. Antimicrob Agents Chemother 2011; 55(11): 5306-13.
Tchaparian E, Sambol NC, Arinaitwe E, et al. Population Pharmacokinetics and
Pharmacodynamics of Lumefantrine in Young Ugandan Children Treated With
Artemether-Lumefantrine for Uncomplicated Malaria. J Infect Dis 2016; 214(8): 1243-51.
Price RN, Uhlemann AC, van Vugt M, et al. Molecular and pharmacological
determinants of the therapeutic response to artemether-lumefantrine in multidrug-
resistant Plasmodium falciparum malaria. Clin Infect Dis 2006; 42(11): 1570-7.
Mwesigwa J, Parikh S, McGee B, et al. Pharmacokinetics of artemether-lumefantrine
and artesunate-amodiaquine in children in Kampala, Uganda. Antimicrob Agents
Chemother 2010; 54(1): 52-9.

Ashley EA, Stepniewska K, Lindegardh N, et al. Pharmacokinetic study of artemether-
lumefantrine given once daily for the treatment of uncomplicated multidrug-resistant
falciparum malaria. Trop Med Int Health 2007; 12(2): 201-8.

UNAIDS Data 2021. Geneva: Joint United Nations Programme on HIV/AIDS, 2021.

97



45.

46.

47.

48.

49.

50.

51.

52.

53.

Kosel BW, Aweeka F. Drug interactions of antiretroviral agents. AIDS Clin Rev 2000:
193-227.

Khoo S, Back D, Winstanley P. The potential for interactions between antimalarial and
antiretroviral drugs. AIDS 2005; 19(10): 995-1005.

Dooley KE, Flexner C, Andrade AS. Drug interactions involving combination
antiretroviral therapy and other anti-infective agents: repercussions for resource-limited
countries. J Infect Dis 2008; 198(7): 948-61.

Navaratnam V, Mansor SM, Sit NW, Grace J, Li Q, Olliaro P. Pharmacokinetics of
artemisinin-type compounds. Clin Pharmacokinet 2000; 39(4): 255-70.

Newton P, Suputtamongkol Y, Teja-Isavadharm P, et al. Antimalarial bioavailability and
disposition of artesunate in acute falciparum malaria. Antimicrob Agents Chemother
2000; 44(4): 972-7.

llett KF, Ethell BT, Maggs JL, et al. Glucuronidation of dihydroartemisinin in vivo and by
human liver microsomes and expressed UDP-glucuronosyltransferases. Drug Metab
Dispos 2002; 30(9): 1005-12.

Lefevre G, Bindschedler M, Ezzet F, Schaeffer N, Meyer |, Thomsen MS.
Pharmacokinetic interaction trial between co-artemether and mefloquine. Eur J Pharm
Sci 2000; 10(2): 141-51.

Wong RP, Salman S, llett KF, Siba PM, Mueller I, Davis TM. Desbutyl-lumefantrine is a
metabolite of lumefantrine with potent in vitro antimalarial activity that may influence
artemether-lumefantrine treatment outcome. Antimicrob Agents Chemother 2011; 55(3):
1194-8.

German P, Parikh S, Lawrence J, et al. Lopinavir/ritonavir affects pharmacokinetic
exposure of artemether/lumefantrine in HIV-uninfected healthy volunteers. J Acquir

Immune Defic Syndr 2009; 51(4): 424-9.

98



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Parikh S, Kajubi R, Huang L, et al. Antiretroviral Choice for HIV Impacts Antimalarial
Exposure and Treatment Outcomes in Ugandan Children. Clin Infect Dis 2016; 63(3):
414-22.

German P, Greenhouse B, Coates C, et al. Hepatotoxicity due to a drug interaction
between amodiaquine plus artesunate and efavirenz. Clinical Infectious Diseases 2007;
44(6): 889-91.

Hughes E, Mwebaza N, Huang L, et al. Efavirenz-Based Antiretroviral Therapy Reduces
Artemether-Lumefantrine Exposure for Malaria Treatment in HIV-Infected Pregnant
Women. J Acquir Immune Defic Syndr 2020; 83(2): 140-7.

Huang L, Parikh S, Rosenthal PJ, et al. Concomitant efavirenz reduces pharmacokinetic
exposure to the antimalarial drug artemether-lumefantrine in healthy volunteers. J Acquir
Immune Defic Syndr 2012; 61(3): 310-6.

Dondorp AM, Nosten F, Yi P, et al. Artemisinin resistance in Plasmodium falciparum
malaria. N Engl J Med 2009; 361(5): 455-67.

Miotto O, Almagro-Garcia J, Manske M, et al. Multiple populations of artemisinin-
resistant Plasmodium falciparum in Cambodia. Nat Genet 2013; 45(6): 648-55.

Ashley EA, Dhorda M, Fairhurst RM, et al. Spread of artemisinin resistance in
Plasmodium falciparum malaria. N Engl J Med 2014; 371(5): 411-23.

Duru V, Witkowski B, Menard D. Plasmodium falciparum Resistance to Artemisinin
Derivatives and Piperaquine: A Major Challenge for Malaria Elimination in Cambodia.
Am J Trop Med Hyg 2016; 95(6): 1228-38.

Q&A on artemisinin resistance. Geneva, Switzerland: World Health Organization, 2018.
Asua V, Conrad MD, Aydemir O, et al. Changing Prevalence of Potential Mediators of
Aminoquinoline, Antifolate, and Artemisinin Resistance Across Uganda. J Infect Dis

2021; 223(6): 985-94.

99



64.

65.

66.

67.

68.

69.

70.

71.

Witkowski B, Nicolau ML, Soh PN, et al. Plasmodium falciparum isolates with increased
pfmdr1 copy number circulate in West Africa. Antimicrob Agents Chemother 2010; 54(7):
3049-51.

Amaratunga C, Lim P, Suon S, et al. Dihydroartemisinin-piperaquine resistance in
Plasmodium falciparum malaria in Cambodia: a multisite prospective cohort study.
Lancet Infect Dis 2016; 16(3): 357-65.

Na-Bangchang K, Ruengweerayut R, Mahamad P, Ruengweerayut K, Chaijaroenkul W.
Declining in efficacy of a three-day combination regimen of mefloquine-artesunate in a
multi-drug resistance area along the Thai-Myanmar border. Malar J 2010; 9: 273.

Duru V, Khim N, Leang R, et al. Plasmodium falciparum dihydroartemisinin-piperaquine
failures in Cambodia are associated with mutant K13 parasites presenting high survival
rates in novel piperaquine in vitro assays: retrospective and prospective investigations.
BMC Med 2015; 13: 305.

Phyo AP, Ashley EA, Anderson TJC, et al. Declining Efficacy of Artemisinin Combination
Therapy Against P. Falciparum Malaria on the Thai-Myanmar Border (2003-2013): The
Role of Parasite Genetic Factors. Clin Infect Dis 2016; 63(6): 784-91.

White NJ, Pongtavornpinyo W, Maude RJ, et al. Hyperparasitaemia and low dosing are
an important source of anti-malarial drug resistance. Malar J 2009; 8: 253.

Barnes KiI, Little F, Smith PJ, Evans A, Watkins WM, White NJ. Sulfadoxine-
pyrimethamine pharmacokinetics in malaria: pediatric dosing implications. Clin
Pharmacol Ther 2006; 80(6): 582-96.

World Health Organization. Consolidated guidelines on HIV prevention, testing,
treatment, service delivery and monitoring: recommendations for a public health

approach. Geneva, Switzerland, July 2021.

100



72.

73.

74.

75.

76.

77.

78.

79.

80.

Tumwebaze PK, Katairo T, Okitwi M, et al. Drug susceptibility of Plasmodium falciparum
in eastern Uganda: a longitudinal phenotypic and genotypic study. Lancet Microbe 2021;
2(9): e441-e9.

Rasmussen SA, Ceja FG, Conrad MD, et al. Changing Antimalarial Drug Sensitivities in
Uganda. Antimicrob Agents Chemother 2017; 61(12): e01516-17dhingra.

Conrad MD, LeClair N, Arinaitwe E, et al. Comparative impacts over 5 years of
artemisinin-based combination therapies on Plasmodium falciparum polymorphisms that
modulate drug sensitivity in Ugandan children. J Infect Dis 2014; 210(3): 344-53.
Organization WH. World malaria report 2020: 20 years of global progress and
challenges: World Health Organization., 2020.

Uwimana A, Umulisa N, Venkatesan M, et al. Association of Plasmodium falciparum
kelch13 R561H genotypes with delayed parasite clearance in Rwanda: an open-label,
single-arm, multicentre, therapeutic efficacy study. Lancet Infect Dis 2021; 21(8): 1120-
8.

Peto TJ, Tripura R, Callery JJ, et al. Triple therapy with artemether-lumefantrine plus
amodiaquine versus artemether-lumefantrine alone for artemisinin-resistant,
uncomplicated falciparum malaria: an open-label, randomised, multicentre trial. Lancet
Infect Dis 2022; 22(6): 867-78.

Rasmussen C, Ringwald P. Is triple artemisinin-based combination therapy necessary
for uncomplicated malaria? Lancet Infect Dis 2022; 22(5): 586-7.

Dhorda M, Amaratunga C, Dondorp AM. Artemisinin and multidrug-resistant
Plasmodium falciparum - a threat for malaria control and elimination. Curr Opin Infect
Dis 2021; 34(5): 432-9.

Boni MF, White NJ, Baird JK. The Community As the Patient in Malaria-Endemic Areas:
Preempting Drug Resistance with Multiple First-Line Therapies. PLoS Med 2016; 13(3):

e1001984.

101



81.

82.

83.

84.

85.

86.

87.

88.

Ezzet F, Mull R, Karbwang J. Population pharmacokinetics and therapeutic response of
CGP 56697 (artemether + benflumetol) in malaria patients. Br J Clin Pharmacol 1998;
46(6): 553-61.

Lefevre G. Clinical Pharmacokinetics of Artemether and Lumefantrine (Riamet). Clinical
drug investigation 1999; 18(6): 467-80.

Jagannathan P, Muhindo MK, Kakuru A, et al. Increasing incidence of malaria in children
despite insecticide-treated bed nets and prompt anti-malarial therapy in Tororo, Uganda.
Malar J 2012; 11: 435.

Kamya MR, Kapisi J, Bigira V, et al. Efficacy and safety of three regimens for the
prevention of malaria in young HIV-exposed Ugandan children: a randomized controlled
trial. AIDS 2014; 28(18): 2701-9.

Barnes Kl, Watkins WM, White NJ. Antimalarial dosing regimens and drug resistance.
Trends Parasitol 2008; 24(3): 127-34.

Oshikoya KA, Sammons HM, Choonara |. A systematic review of pharmacokinetics
studies in children with protein-energy malnutrition. Eur J Clin Pharmacol 2010; 66(10):
1025-35.

Worldwide Antimalarial Resistance Network: Lumefantrine PK/PD Study Group.
Artemether-lumefantrine treatment of uncomplicated Plasmodium falciparum malaria: a
systematic review and meta-analysis of day 7 lumefantrine concentrations and
therapeutic response using individual patient data. BMC medicine 2015; 13: 227.
Mhamilawa LE, Ngasala B, Morris U, et al. Parasite clearance, cure rate, post-treatment
prophylaxis and safety of standard 3-day versus an extended 6-day treatment of
artemether-lumefantrine and a single low-dose primaquine for uncomplicated
Plasmodium falciparum malaria in Bagamoyo district, Tanzania: a randomized controlled

trial. Malar J 2020; 19(1): 216.

102



89.

90.

91.

92.

93.

94.

95.

96.

97.

Onyamboko MA, Hoglund RM, Lee SJ, et al. A Randomized Controlled Trial of Three-
versus Five-Day Artemether-Lumefantrine Regimens for Treatment of Uncomplicated
Plasmodium falciparum Malaria in Pregnancy in Africa. Antimicrob Agents Chemother
2020; 64(3).

White NJ, van Vugt M, Ezzet F. Clinical pharmacokinetics and pharmacodynamics and
pharmacodynamics of artemether-lumefantrine. Clin Pharmacokinet 1999; 37(2): 105-
25.

Wang J, Xu C, Liao FL, Jiang T, Krishna S, Tu Y. Suboptimal dosing triggers artemisinin
partner drug resistance. Lancet Infect Dis 2019; 19(11): 1167-8.

Wang J, Xu C, Liao FL, Jiang T, Krishna S, Tu Y. A Temporizing Solution to “Artemisinin
Resistance”. New England Journal of Medicine 2019; 380(22): 2087-9.

Masserey T, Lee T, Golumbeanu M, et al. The influence of biological, epidemiological,
and treatment factors on the establishment and spread of drug-resistant Plasmodium
falciparum. Elife 2022; 11.

Ashton R, Alegana VA, Macharia PM, et al. Plasmodium falciparum parasite prevalence
in East Africa: Updating data for malaria stratification. PLOS Global Public Health 2021;
1(12): e0000014.

Ashley EA, Stepniewska K, Lindegardh N, et al. How much fat is necessary to optimize
lumefantrine oral bioavailability? Trop Med Int Health 2007; 12(2): 195-200.

Huang L, Olson A, Gingrich D, Aweeka FT. Determination of artemether and
dihydroartemisinin in human plasma with a new hydrogen peroxide stabilization method.
Bioanalysis 2013; 5(12): 1501-6.

Huang L, Li X, Marzan F, Lizak PS, Aweeka FT. Determination of lumefantrine in small-
volume human plasma by LC-MS/MS: using a deuterated lumefantrine to overcome

matrix effect and ionization saturation. Bioanalysis 2012; 4(2): 157-66.

103



98.

99.

100.

101.

102.

103.

104.

105.

Kredo T, Mauff K, Workman L, et al. The interaction between artemether-lumefantrine
and lopinavir/ritonavir-based antiretroviral therapy in HIV-1 infected patients. BMC Infect
Dis 2016; 16: 30.

Huang L, Mwebaza N, Kajubi R, et al. Strong correlation of lumefantrine concentrations
in capillary and venous plasma from malaria patients. PLoS One 2018; 13(8): €0202082.
Tun KM, Jeeyapant A, Myint AH, et al. Effectiveness and safety of 3 and 5 day courses
of artemether-lumefantrine for the treatment of uncomplicated falciparum malaria in an
area of emerging artemisinin resistance in Myanmar. Malar J 2018; 17(1): 258.

Ezzet F, van Vugt M, Nosten F, Looareesuwan S, White NJ. Pharmacokinetics and
pharmacodynamics of lumefantrine (benflumetol) in acute falciparum malaria. Antimicrob
Agents Chemother 2000; 44(3): 697-704.

Kajubi R, Huang L, Were M, et al. Parasite Clearance and Artemether Pharmacokinetics
Parameters Over the Course of Artemether-Lumefantrine Treatment for Malaria in
Human Immunodeficiency Virus (HIV)-Infected and HIV-Uninfected Ugandan Children.
Open Forum Infect Dis 2016; 3(4): ofw217.

van Agtmael MA, Cheng-Qi S, Qing JX, Mull R, van Boxtel CJ. Multiple dose
pharmacokinetics of artemether in Chinese patients with uncomplicated falciparum
malaria. Int J Antimicrob Agents 1999; 12(2): 151-8.

Lohy Das J, Rulisa S, de Vries PJ, et al. Population Pharmacokinetics of Artemether,
Dihydroartemisinin, and Lumefantrine in Rwandese Pregnant Women Treated for
Uncomplicated Plasmodium falciparum Malaria. Antimicrob Agents Chemother 2018;
62(10).

Chai L, Wang R, Wang Y, et al. Auto-Induction of Intestinal First-Pass Effect Related
Time-Dependent Pharmacokinetics of Artemisinin Rather than Dihydroartemisinin. J

Pharm Sci 2021; 110(1): 458-66.

104



106.

107.

108.

109.

110.

111.

112.

113.

114.

Hong X, Liu CH, Huang XT, et al. Pharmacokinetics of dihydroartemisinin in Artekin
tablets for single and repeated dosing in Chinese healthy volunteers. Biopharm Drug
Dispos 2008; 29(4): 237-44.

Nguyen DV, Nguyen QP, Nguyen ND, et al. Pharmacokinetics and ex vivo
pharmacodynamic antimalarial activity of dihydroartemisinin-piperaquine in patients with
uncomplicated falciparum malaria in Vietnam. Antimicrob Agents Chemother 2009;
53(8): 3534-7.

UNAIDS. The Gap Report. Geneva, Switzerland.

http://www.unaids.org/sites/default/files/media asset/UNAIDS Gap report en.pdf,

2014.

UNAIDS. Confronting Inequalities: Lessons for pandemic responses from 40 years of
AIDS. Geneva, Switzerland: UNAIDS, 2021.

Organization WH. Number of people (all ages) living with HIV Estimates by WHO region.

Available at: https://apps.who.int/gho/data/view.main.22100WHO?(2015). Accessed May

7th 2022.

World Health Organization. WHO Guidelines for Malaria. Geneva, Switzerland, 2021.
Beeson JG, Boeuf P, Fowkes FJ. Maximizing antimalarial efficacy and the importance of
dosing strategies. BMC Med 2015; 13: 110.

Li XQ, Bjorkman A, Andersson TB, Gustafsson LL, Masimirembwa CM. Identification of
human cytochrome P(450)s that metabolise anti-parasitic drugs and predictions of in
vivo drug hepatic clearance from in vitro data. Eur J Clin Pharmacol 2003; 59(5-6): 429-
42.

Pernaute-Lau L, Camara M, Nobrega de Sousa T, Morris U, Ferreira MU, Gil JP. An
update on pharmacogenetic factors influencing the metabolism and toxicity of
artemisinin-based combination therapy in the treatment of malaria. Expert Opin Drug

Metab Toxicol 2022; 18(1): 39-59.

105



115.

116.

117.

118.

119.

120.

121.

122.

123.

Asimus S, Elsherbiny D, Hai TN, et al. Artemisinin antimalarials moderately affect
cytochrome P450 enzyme activity in healthy subjects. Fundamental and Clinical
Pharmacology 2007; 21(3): 307-16.

World Health Organization. Consolidated guidelines on HIV prevention, testing,
treatment, service delivery and monitoring: recommendations for a public health
approach. Geneva, Switzerland, 2021.

Panos Z. 2021 HIV market report: the state of HIV treatment, testing, and prevention in
low- and middle-income countries, 2021.

Kajubi R, Huang L, Jagannathan P, et al. Antiretroviral Therapy With Efavirenz
Accentuates Pregnancy-Associated Reduction of Dihydroartemisinin-Piperaquine
Exposure During Malaria Chemoprevention. Clin Pharmacol Ther 2017; 102(3): 520-8.
Achan J, Kakuru A, lkilezi G, et al. Antiretroviral agents and prevention of malaria in HIV-
infected Ugandan children. N Engl J Med 2012; 367(22): 2110-8.

Robertson SM, Maldarelli F, Natarajan V, Formentini E, Alfaro RM, Penzak SR.
Efavirenz induces CYP2B6-mediated hydroxylation of bupropion in healthy subjects. J
Acquir Immune Defic Syndr 2008; 49(5): 513-9.

Hariparsad N, Nallani SC, Sane RS, Buckley DJ, Buckley AR, Desai PB. Induction of
CYP3A4 by efavirenz in primary human hepatocytes: comparison with rifampin and
phenobarbital. J Clin Pharmacol 2004; 44(11): 1273-81.

Francis J, Barnes KI, Workman L, et al. An Individual Participant Data Population
Pharmacokinetic Meta-analysis of Drug-Drug Interactions between Lumefantrine and
Commonly Used Antiretroviral Treatment. Antimicrob Agents Chemother 2020; 64(5).
Noedl| H, Allmendinger T, Prajakwong S, Wernsdorfer G, Wernsdorfer WH. Desbutyl-
benflumetol, a novel antimalarial compound: in vitro activity in fresh isolates of
Plasmodium falciparum from Thailand. Antimicrob Agents Chemother 2001; 45(7): 2106-

9.

106



124.

125.

126.

127.

128.

129.

130.

131.

132.

Starzengruber P, Kollaritsch H, Sirichaisinthop J, Wernsdorfer G, Congpuong K,
Wernsdorfer WH. Interaction between lumefantrine and monodesbutyl-benflumetol in
Plasmodium falciparum in vitro. Wien Klin Wochenschr 2008; 120(19-20 Suppl 4): 85-9.
Starzengruber P, Wernsdorfer G, Parizek M, Rojanawatsirivet C, Kollaritsch H,
Wernsdorfer WH. Specific pharmacokinetic interaction between lumefantrine and
monodesbutyl-benflumetol in Plasmodium falciparum. Wien Klin Wochenschr 2007;
119(19-20 Suppl 3): 60-6.

Belle Gv. Statistical Rules of Thumb. 2nd ed: John Wiley & Sons, Inc., 2008.

White NJ, Stepniewska K, Barnes K, Price RN, Simpson J. Simplified antimalarial
therapeutic monitoring: using the day-7 drug level? Trends Parasitol 2008; 24(4): 159-
63.

Maganda BA, Minzi OM, Kamuhabwa AA, Ngasala B, Sasi PG. Outcome of artemether-
lumefantrine treatment for uncomplicated malaria in HIV-infected adult patients on anti-
retroviral therapy. Malar J 2014; 13: 205.

Mutagonda RF, Kamuhabwa AA, Minzi OM, Massawe SN, Maganda BA, Aklillu E.
Malaria prevalence, severity and treatment outcome in relation to day 7 lumefantrine
plasma concentration in pregnant women. Malar J 2016; 15(1): 278.

Hughes E, Wallender E, Mohamed Ali A, Jagannathan P, Savic RM. Malaria PK/PD and
the Role Pharmacometrics Can Play in the Global Health Arena: Malaria Treatment
Regimens for Vulnerable Populations. Clin Pharmacol Ther 2021; 110(4): 926-40.
Hoglund RM, Byakika-Kibwika P, Lamorde M, et al. Artemether-lumefantrine co-
administration with antiretrovirals: population pharmacokinetics and dosing implications.
Br J Clin Pharmacol 2015; 79(4): 636-49.

Banda CG, Chaponda M, Mukaka M, et al. Efficacy and safety of artemether-

lumefantrine as treatment for Plasmodium falciparum uncomplicated malaria in adult

107



133.

134.

135.

136.

137.

138.

139.

140.

141.

patients on efavirenz-based antiretroviral therapy in Zambia: an open label non-
randomized interventional trial. Malar J 2019; 18(1): 180.

Maganda BA, Ngaimisi E, Kamuhabwa AA, Aklillu E, Minzi OM. The influence of
nevirapine and efavirenz-based anti-retroviral therapy on the pharmacokinetics of
lumefantrine and anti-malarial dose recommendation in HIV-malaria co-treatment. Malar
J 2015; 14: 179.

Hatz C, Soto J, Nothdurft HD, et al. Treatment of acute uncomplicated falciparum
malaria with artemether-lumefantrine in nonimmune populations: a safety, efficacy, and
pharmacokinetic study. Am J Trop Med Hyg 2008; 78(2): 241-7.

McGready R, Stepniewska K, Lindegardh N, et al. The pharmacokinetics of artemether
and lumefantrine in pregnant women with uncomplicated falciparum malaria. Eur J Clin
Pharmacol 2006; 62(12): 1021-31.

Adegbola A, Abutaima R, Olagunju A, et al. Effect of Pregnancy on the Pharmacokinetic
Interaction between Efavirenz and Lumefantrine in HIV-Malaria Coinfection. Antimicrob
Agents Chemother 2018; 62(10).

Ltd C. Summary of Product Characteristics: Lumartem. Cipla Ltd, 2018.

Kdck K, Brouwer KL. A perspective on efflux transport proteins in the liver. Clin
Pharmacol Ther 2012; 92(5): 599-612.

Kiaco K, Rodrigues AS, do Rosario V, Gil JP, Lopes D. The drug transporter ABCB1
c.3435C>T SNP influences artemether-lumefantrine treatment outcome. Malar J 2017;
16(1): 383.

Wahajuddin, Raju KS, Singh SP, Taneja I. Investigation of the functional role of P-
glycoprotein in limiting the oral bioavailability of lumefantrine. Antimicrob Agents
Chemother 2014; 58(1): 489-94.

Collins KS, Metzger IF, Gufford BT, et al. Influence of Uridine Diphosphate

Glucuronosyltransferase Family 1 Member A1 and Solute Carrier Organic Anion

108



142.

143.

144.

Transporter Family 1 Member B1 Polymorphisms and Efavirenz on Bilirubin Disposition
in Healthy Volunteers. Drug Metab Dispos 2020; 48(3): 169-75.

Weiss J, Herzog M, Kénig S, Storch CH, Ketabi-Kiyanvash N, Haefeli WE. Induction of
multiple drug transporters by efavirenz. J Pharmacol Sci 2009; 109(2): 242-50.
Stérmer E, von Moltke LL, Perloff MD, Greenblatt DJ. Differential modulation of P-
glycoprotein expression and activity by non-nucleoside HIV-1 reverse transcriptase
inhibitors in cell culture. Pharm Res 2002; 19(7): 1038-45.

Consolidated Guidelines for the

Prevention and Treatment of HIV and AIDs in Uganda. In: Republic of Uganda MoH. Uganda,

145.

146.

2020.

Thera MA, Sehdev PS, Coulibaly D, et al. Impact of trimethoprim-sulfamethoxazole
prophylaxis on falciparum malaria infection and disease. J Infect Dis 2005; 192(10):
1823-9.

Kamya MR, Gasasira AF, Achan J, et al. Effects of trimethoprim-sulfamethoxazole and
insecticide-treated bednets on malaria among HIV-infected Ugandan children. AIDS

2007; 21(15): 2059-66.

109



Publishing Agreement

It is the policy of the University to encourage open access and broad distribution of all
theses, dissertations, and manuscripts. The Graduate Division will facilitate the
distribution of UCSF theses, dissertations, and manuscripts to the UCSF Library for
open access and distribution. UCSF will make such theses, dissertations, and
manuscripts accessible to the public and will take reasonable steps to preserve these
works in perpetuity.

| hereby grant the non-exclusive, perpetual right to The Regents of the University of
California to reproduce, publicly display, distribute, preserve, and publish copies of my
thesis, dissertation, or manuscript in any form or media, now existing or later derived,
including access online for teaching, research, and public service purposes.

DocuSigned by:

Meglian Mialon 9/4/2022

C6F7B90BIET44CO... Author S|g nature Date

110





