Taylor & Francis
Taylor & Francis Group

EXPERT

OPINION Expert Opinion on Drug Metabolism & Toxicology

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/iemt20

An update on pharmacogenetic factors influencing
the metabolism and toxicity of artemisinin-based
combination therapy in the treatment of malaria

Leyre Pernaute-Lau, Mahamadou Camara, Tais Nobrega de Sousa, Ulrika
Morris, Marcelo Urbano Ferreira & José Pedro Gil

To cite this article: Leyre Pernaute-Lau, Mahamadou Camara, Tais Nébrega de Sousa, Ulrika
Morris, Marcelo Urbano Ferreira & José Pedro Gil (2022) An update on pharmacogenetic
factors influencing the metabolism and toxicity of artemisinin-based combination therapy in

the treatment of malaria, Expert Opinion on Drug Metabolism & Toxicology, 18:1, 39-59, DOI:
10.1080/17425255.2022.2049235

To link to this article: https://doi.org/10.1080/17425255.2022.2049235

8 © 2022 The Author(s). Published by Informa ﬁ Published online: 04 Apr 2022.
UK Limited, trading as Taylor & Francis

Group.
N\
C)/ Submit your article to this journal & il Article views: 1052
A N
& View related articles &' (&) View Crossmark data &

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=iemt20


https://www.tandfonline.com/action/journalInformation?journalCode=iemt20
https://www.tandfonline.com/loi/iemt20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/17425255.2022.2049235
https://doi.org/10.1080/17425255.2022.2049235
https://www.tandfonline.com/action/authorSubmission?journalCode=iemt20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=iemt20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/17425255.2022.2049235
https://www.tandfonline.com/doi/mlt/10.1080/17425255.2022.2049235
http://crossmark.crossref.org/dialog/?doi=10.1080/17425255.2022.2049235&domain=pdf&date_stamp=2022-04-04
http://crossmark.crossref.org/dialog/?doi=10.1080/17425255.2022.2049235&domain=pdf&date_stamp=2022-04-04

Taylor & Francis

2022, VOL. 18, NO. 1, 39-59
Taylor &Francis Group

https://doi.org/10.1080/17425255.2022.2049235

REVIEW a OPEN ACCESS W) Check for updates

An update on pharmacogenetic factors influencing the metabolism and toxicity of
artemisinin-based combination therapy in the treatment of malaria

EXPERT OPINION ON DRUG METABOLISM & TOXICOLOGY e

Leyre Pernaute-Lau®?, Mahamadou Camara¢, Tais Nobrega de Sousa, Ulrika Morris?, Marcelo Urbano Ferreira®e
and José Pedro Gil*>f

aDepartment of Microbiology, Tumor and Cell biology, Karolinska Institutet, Solna, Sweden; PFaculty of Sciences, BiolSI - Biosystems & Integrative
Sciences Institute, University of Lisbon, Lisbon, 1749-016, Portugal; “Department of Epidemiology of Parasitic Diseases, Faculty of Pharmacy,
Malaria Research and Training Center, University of Science, Techniques and Technologies of Bamako, Bamako, Mali; “Molecular Biology and
Malaria Immunology Research Group, Instituto René Rachou, Fundagéo Oswaldo Cruz (FIOCRUZ), Belo Horizonte, Brasil; ¢Department of
Parasitology, Institute of Biomedical Sciences, University of Sdo Paulo, Sao Paulo, Brazil; ‘Global Health and Tropical Medicine, Institute of Hygiene
and Tropical Medicine, Nova University of Lisbon, Portugal

ABSTRACT ARTICLE HISTORY
Introduction: Artemisinin-based combination therapies (ACTs) are recommended first-line antimalarials Received 18 July 2021
for uncomplicated Plasmodium falciparum malaria. Pharmacokinetic/pharmacodynamic variation asso- Accepted 1 March 2022

ciated with ACT drugs and their effect is documented. It is accepted to an extent that inter-individual
variation is genetically driven, and should be explored for optimized antimalarial use.
Areas covered: We provide an update on the pharmacogenetics of ACT antimalarial disposition.
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Beyond presently used antimalarials, we also refer to information available for the most notable next- metabolism: ABC
generation drugs under development. The bibliographic approach was based on multiple Boolean transporter; adverse events;
searches on PubMed covering all recent publications since our previous review. ACT

Expert opinion: The last 10 years have witnessed an increase in our knowledge of ACT pharmacoge-
netics, including the first clear examples of its contribution as an exacerbating factor for drug-drug
interactions. This knowledge gap is still large and is likely to widen as a new wave of antimalarial drug is
looming, with few studies addressing their pharmacogenetics. Clinically useful pharmacogenetic mar-
kers are still not available, in particular, from an individual precision medicine perspective. A better
understanding of the genetic makeup of target populations can be valuable for aiding decisions on
mass drug administration implementation concerning region-specific antimalarial drug and dosage
options.

1. Introduction enzymes (especially Uridine 5’-diphospho-glucuronosyltrans-
ferases (UDPGTSs)), as well as for the expected involvement of
transport systems, namely members of the ATP Binding
Cassette (ABC) superfamily.

ACT has proved to be a resilient strategy against the devel-
opment of parasite resistance. Albeit Plasmodium falciparum
has scored early victories, namely in Southeast (SE) Asia,
against artesunate-mefloquine [3] and more recently handling
dihydroartemisinin-piperaquine [4], the fact is that in Africa -
where most of the global malaria burden is located — ACT is
still highly efficacious. The future importance of pharmacoge-
netics in ACT success might rise at a point when resistance
emerges, shrinking therapeutic windows and potentially for-
cing changes to higher dosing or more complex combinations.

Entering the third decade of the 21st Century, and as Such developments will drive another issue - compliance.
a follow-up of the previous review, we herein offer an updated Lack of adherence to treatment is a recurrent issue in malaria
overview of the field. Most of the presently available data control [5,6]. The 3-day ACT course is frequently considered
point to polymorphisms in hepatic cytochrome P450s (CYPs) ~cumbersome, a reality further composed by the fact that the
as the major source of pharmacogenetic variation in the dis- Most used ACT, artemether-lumefantrine, involves the taking
position of antimalarial drugs. To this phase | metabolism ©f six instead of three doses, the second of them (Tgn) being
factors, some data have been recent|y added on phase I often in the middle of the nlght [5]. An increase in adverse

In 2011, a comprehensive review on the pharmacogenetics
associated with artemisinin-based combination therapy (ACT)
was published [1]. In the intervening 10 years, the scenario of
malaria treatment has developed in several ways. Some exam-
ples are the implementation of new strategies (e.g. Seasonal
Malaria Chemotherapy and Intermittent Preventive Treatment
in Pregnancy), the significant progress in malaria elimination
efforts, which drive new concerns on transmission interrup-
tion, the proposal of more complex triple ACTs opening the
possibility of new adverse events situations, the enrichment
and progression of the pipeline of new antimalarials [2] includ-
ing new ACTs, and the inescapable shadow of the ongoing
Covid-19 pandemic.
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Article highlights

e Malaria is a vector-borne tropical and subtropical disease affecting
over 241 million people just last year. Causing 627,000 deaths in
Africa alone mainly driven by Plasmodium falciparum infections.

¢ Artemisinin-based combination therapies (ACTs) are the globally
recommended first-line treatments for uncomplicated P. falciparum
malaria.

* Host genetic variation in genes involved in antimalarial disposition or
toxicity constitutes an important determinant of adverse drug reac-
tions and may even prime drug resistance development. The knowl-
edge of its pharmacogenetics continues to largely trail the public
health importance of these treatments.

o The first clear example of pharmacogenetic exacerbated drug—drug
interactions involving antimalarials has been unveiled giving
increased urgency for a better understanding of these anti-infection
drugs pharmacology.

o Albeit individual antimalarial precision medicine is still not achievable
with presently available pharmacogenetic knowledge, a better under-
standing of population-specific pharmacogenetic signature, namely
in African populations, can be used for optimizing large-scale drug
administration programs.

This box summarizes key points contained in the article.

side effects, including mild ones can further decrease compli-
ance, to a certain extent opening a door for resistance devel-
opment, potentially generating a positive feedback on ever
increasing dosing needed. Pharmacogenetics is likely to be
a sound contributor for dose-dependent secondary events,
as suggested by recent reports [7].

In the last two decades, malaria elimination efforts have
been successful on significantly decreasing malaria transmis-
sion in large regions. During this period of time previously
certified malaria-free countries have avoided re-establishment
of malaria transmission [8]. But the progress has slowed down

in some critical aspects. Albeit the reduction on malaria case
incidence has been significant from 80/1000 in 2000 to 58/
1000 cases in 2015, the progression has stalled, 2019 register-
ing 57/1000. In particular in Africa, the age profile of the
disease is also changing, likely through decreases in natural
immune protection. Malaria incidence is expanding beyond
under-five children, toward older subjects, as premunition
develops later and later due to lowered malaria exposure.
Again, less natural protection might need tailoring the treat-
ment toward higher dosing, especially when aiming on single-
dose treatments [9]. In these scenarios, personalizing drug
administration might be an option to be considered, as the
number of patients reduces, while the likely gravity of their
conditions increases.

As in its previous iteration [1], this review will be mainly
organized by focusing on each major antimalarial drug.
Figure 1 presents a summary of the main genes involved in
Absorption, Distribution, Metabolism and Excretion (ADME
genes) of currently administrated ACT drugs.

The present review was based on a systematic literature
search between January 2021, and April 2021 of published
articles present at PubMed and, sporadically, Google Scholar
as a broader engine until June 2021, covering all the recent
publications after our previous review. Exceptionally, Clarivate:
Web of Science Book Citation Index and Google Scholar were
used for exploring other potentially interesting documents.
This included PhD thesis and documents from internationally
recognized organizations (e.g. WHO), for which we provide
web sites, when available. Meeting communications were
not considered as sufficiently robust from a peer review per-
spective. We only exceptionally included information from
animal models. The basic approach involved Multiple
Boolean searches including the large number of combinations
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Figure 1. Schematic simplified view of the metabolic routes of antimalarials, including transporters (localized in PM) and drug-metabolizing enzymes
(localized in ERM). Metabolic routes are indicated by arrows and distribution and elimination goes from the lower to upper part of the Figure. This visual
compilation is based at several levels of evidence, including in vitro and in vivo data. The former includes cell free approaches (e.g [141].), cellular systems (e.g
[147].), as well as in vivo data as drug-drug interactions (e.g [47].) and pharmacogenetic marker/phenotype associations (e.g [91].). In some specific cases, phase Il
transporters were assumed due to their known functional characteristics (e.g. the transport of phase Il hydrophilic conjugates by ABCC2/MRP2). Note that the
denomination ‘M1’ and ‘M2’ are just routine nomenclature for peaks in mass spectrometry analysis. As such, the M1 and M2 compounds referred are different
between reactions — e.g. the M2 precursor of QNMs from the CYP1A1 and CYP1B1 action over AQ and DEAQ is not the same compound as the M2 associated with
the action of CYP2C8 on PPQ. (abbreviations: PM: plasma membrane of the hepatocyte, ERM: endoplasm reticulum membrane of the hepatocyte).



between the antimalarial drug designations with general (e.g.
CYP) or specific enzyme/transporter/receptor names (e.g.
G6PD), as well as pharmacokinetics and pharmacodynamics
associated terms.

2. Artemisinin-based combination therapy and
beyond

During the 1980s and 1990s, P. falciparum resistance to the
mainstay chloroquine (CQ) and mefloquine (MQ) monotherapies
has led to the progressive proposal and adoption of drug com-
bination regimens [10]. The validity of this approach has been to
a certain extent previously shown upon the blending of antifo-
late drugs, namely adding sulfadoxine to pyrimethamine (SP),
due to the rapid development of resistance against the latter
[11]. Albeit initially successful on preventing the rapid rise of
pyrimethamine resistance, the parasite was ultimately able to
develop resistance to this weak combination [12]. This was to
a significant extent due to the limited scope of action of these
two related drugs, both targeting the same metabolic pathway.
It became evident that the next generation of combinations had
to include drugs with very different modes of action.
Conceptually introduced in the late 1980s, ACT fits these objec-
tives [13]. These combinations are based on the premise that the
powerful and rapid pharmacodynamic effect of the fast acting/
fast eliminated artemisinin derivative (ART) component leads to
a decisive reduction in parasitemia during the first hours of
treatment. This decreases the burden faced by the partner drug
not only in simple parasite numbers, but also chrono-
pharmacologically: such lower parasitemias would only be avail-
able for the partner drug when already acting alone, significantly
later in the therapy course. At such a downstream point in time
the partner drug blood concentration would be much lower, and
less effective. For more details on the ACT concept refer to the
previous review [1], as well as to specifically focused references
[14]. ACT has been a decisive public health success story [8].
Presently, the major available ACTs are: artesunate blend with
mefloquine (ATS-MQ), amodiaquine (ATS-AQ) or pyronaridine
(ATS-PYR), dihydroartemisinin with piperaquine (DHA-PPQ), arte-
sunate-sulfadoxine-pyrimethamine (ATS-SP), and the de facto
global mainstay, Artemether-Lumefantrine (AL). Though
a potentially valuable option, the artesunate-atovaquone-
proguanil combination will not be considered in this review, as
it has essentially only been used exploratory.

Albeit still largely effective, full efficacy of ACT is anyway
under pressure by the parasite. Resistance to the established
ATS-MQ [3,15] and more recently introduced DHA-PPQ [16,17]
is entrenched in SE Asia. As for ATS-AQ, the capacity of the
parasite to evade AQ action has been long known [18-20].
Most worrying, signals of the capacity of the parasite to han-
dle the global mainstay artemether-lumefantrine have been
accumulating, particularly in Africa [21-23].

Avoiding the trap of prolonged expansion of resistance wit-
nessed with chloroquine in the 20th Century [24],
a comprehensive pipeline of new antimalarials and combinations
is now emerging, for example, KAF156 (Ganaplacide) [25],
KAE609 (Cipargamine) [26], Artefenomel, (0Z439), Arterolane
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(0Z227), and Fosmidomycin, all already at least at phase 2b
trialing [27]. Additionally, there is also a trend toward recovering
old compounds, most notably the XIX Century methylene blue,
the first ever synthetic drug [28]. The objective is to keep an ACT-
level of high efficacy with combinations showing more balanced
pharmacokinetic characteristics between partner drugs, opening
the possibility of more compact routines, down to two, and even
one-day administration courses (‘single encounter treatment’)
[9,25,29,30]. Additionally, some of these new combinations are
able to handle liver forms of the parasites, as well as gameto-
cytes. The latter, leading to transmission interruption capacities,
which is key in the perspective of current elimination efforts [31].

3. ACT: The artemisinin component

In the last 10 years no new artemisinin derivative has been
introduced to ACT. The three mainstream ARTs available for
ACT are still the water-soluble Artesunate (ATS), the more
lipophilic Artemether (ATM), and dihydroartemisinin (DHA,
Artenimol) (Figure 2), the latter representing simultaneously
the main phase | active metabolite of both ATS and ATM, and
an available drug on its own merit.

3.1. Artesunate and dihydroartemisinin

ATS is the semi-synthetic artemisinin derivative of choice for
most ACTs, being blend with MQ, amodiaquine, and, lately
with pyroniridine, the latter constituting the most recently
approved ACT [32]. In some regions, for example, in Western
Asia, ATS is also still combined with SP, determining a more
fragile ACT due to P. falciparum well-established capacity to
rapidly develop intense resistance against these antifolates.
Importantly, ATS is also presently the de facto global first
choice for the management of severe malaria.

Hepatic biotransformation of ATS is fast, with an average
half-life of conversion to DHA of ca. 15 minutes. ATS swift
metabolism makes the study of its inter-individual PK varia-
tions particularly challenging. Nevertheless, significant inter-
individual variation in PK parameters, including nominal expo-
sure (Area Under the Curve, AUCy...) has been robustly docu-
mented [33].

The influence of this variation in therapeutic success is
unclear, but it is likely to be more noticeable in the context
of P. falciparum ATS (and DHA) resistance infections. Of more
concern is the narrowness of the ATS therapeutic window.
Preliminarily studies before Artesunate-MQ implementation
in Thailand showed that a 5-day course of escalating daily
doses of ATS (2 to 4 mg/Kg, oral or intravenous) — especially
the higher ones - as being associated with a worrisome, albeit
recoverable, >20% reduction in neutrophils [34].

The emergence in SE Asia of more tolerant P. falciparum
parasites against artemisinin [35,36], raised the possibility of
increasing the clinical dosing of ATS. New studies, now with
the canonical 7-day ATS monotherapy, confirmed and
expanded the toxicity observations from 20 years before
[37]. An increase in ATS dose from the basal 2-4 mg/kg to
6 mg/kg was linked with a marked increase in risk of
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Figure 2. Drugs chemical structures. List of compounds referred in the present review. Adapted from PubChem.ncbi.

PubChem Identifier: CID 68827 (URL:https://pubchem.ncbi.nlm.nih.gov/compound/Artemisinin#section=2D-Structure); CID 456410 (URL:https://pubchem.ncbi.nlm.nih.gov/compound/
Dihydroartemisinin#section=2D-Structure); CID 6917864 (URL:https://pubchem.ncbi.nim.nih.gov/compound/6917864#section=2D-Structure); CID 68911 (URL:https://pubchem.ncbi.nim.
nih.gov/compound/68911#section=2D-Structure); CID 4046 (URL:https://pubchem.ncbi.nlm.nih.gov/compound/4046#section=2D-Structure); CID 6437380 (URL:https://pubchem.ncbi.nlm.
nih.gov/compound/6437380#section=2D-Structure); CID 2165 (URL:https://pubchem.ncbi.nim.nih.gov/compound/2165#section=2D-Structure); CID 122262 (URL:https://pubchem.ncbi.nim.
nih.gov/compound/122262#section=2D-Structure); CID 107771 (URL:https://pubchem.ncbi.nlm.nih.gov/compound/107771#section=2D-Structure); CID 4908 (URL:https://pubchem.ncbi.nim.
nih.gov/compound/4908#section=2D-Structure); CID 115358 (URL:https://pubchem.ncbi.nim.nih.gov/compound/115358#section=2D-Structure); CID 49856296 (URL:https://pubchem.ncbi.
nlm.nih.gov/compound/49856296#section=2D-Structure); CID 10475633 (URL:https://pubchem.ncbi.nlm.nih.gov/compound/10475633#section=2D-Structure); CID 24999143 (URL:https://
pubchem.ncbi.nlm.nih.gov/compound/24999143#section=2D-Structure): CID 140118553 (URL:https://pubchem.ncbi.nim.nih.gov/compound/140118553#section=2D-Structure); CID 572
(URL:https://pubchem.ncbi.nim.nih.gov/compound/572#section=2D-Structure); CID 6099 (URL:https://pubchem.ncbi.nim.nih.gov/compound/60994#section=2D-Structure)
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neutropenia, enough to halt the trial. Of the six patients
experiencing neutropenia, five were in the higher dose
group, and one from the 4 mg/kg group. All had significantly
higher AUC and C.x levels. The precise nature of this dose-
dependency was not clear, but one cannot exclude the con-
tribution of some specific pharmacogenetic characteristics of
the affected group. The narrow nature of the window prompts
the question: can a regular 4 mg/kg dose lead to a 6 mg/kg-
like exposure in individuals with pharmacogenetic-driven low
ATS metabolism?

Microsome-based studies have pointed for CYP2A6 as the
major cytochrome P450 involved in the conversion of ATS
toward DHA, with a likely secondary contribution of CYP2B6
[38,39]. CYP2A6 harbors significant Open Reading Frame
(ORF) polymorphism, with several alleles leading to reduced
enzyme activity (e.g. 2A6/2A7 gene conversion (*12A),
V365M (*17), K476R (*21)) or its total absence (e.g. L160H
(*2), G479V (*5)), for example, through gene deletion (*4).
Scarce information is available concerning associations
between CYP2A6 polymorphism and artesunate adverse
events. A small (24 patients) study in Malaysia showed an
increased incidence of adverse events among CYP2A6*1B
carriers upon treatment with ATS-AQ [40]. Concerning treat-
ment efficacy, Phompradit et al. (2014) [41] studied the
frequencies of CYP2A6 (*1A, *1B, *4C, *2, *3 and *6),
CYP2B6 (*1-*9) in 71 Burmese uncomplicated malaria
patients under ATS-MQ treatment. The standout observation
was the significantly decreased adequate clinical and para-
sitological response (ACPR) of CYP2B6*9/*9 carriers. Albeit
interesting, these observations need to be followed up by
more robust investigations, in particular, as the P. falciparum
infections were not analyzed for the presence of mutations
in artemisinin and MQ resistance markers. Single Nucleotide
Polymorphisms (SNPs) in the parasite K13 (providing arte-
misinin partial resistance) gene, as well as pfmdr1 duplica-
tions might have a significant influence on the role of
pharmacogenetics on treatment efficacy.

The phase | metabolite DHA undergoes phase Il conjuga-
tion, performed by the UDP-glucuronosyltransferases UGT1A9
and UGT2B7 into several inactive metabolites [42,43]. In the
aforementioned studies among Burmese malaria patients, the
UGTI1A9 (*1, *4, and *5) were not found to influence individual
DHA exposure. Glucuronidated Phase Il conjugates are ulti-
mately excreted through the biliary route [43,44]. In the case
of DHA, the hepatobiliary membrane located ATP-Binding
Cassette (ABC) transporter MRP2/ABCC2 is likely to be
involved in the elimination route of its relatively hydrophilic
glucuronide metabolites [45].

Finally, a recent targeted NGS analysis of a large panel of
pharmacogenetic markers among 50 Gabonese children under
severe malaria treatment with ATS did not find any significant
associations between CYP2A6, CYP2B6, UGT1A9, UGT2B7, ABCBI,
and ABCC2 polymorphisms with relevant clinical phenotypes,
albeit detecting several alleles linked to decreased or absent
phase | and Il enzyme activity [46]. At the presently used ACT-
based artesunate dosing for malaria treatment (up to 4 mg/kg),
there is no major evidence supporting the patient
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pharmacogenetics as a significant efficacy and safety modifier.
However, for higher doses commanding frequent adverse events
such factors might be of importance. The scarcity of studies
exploring higher doses preclude further conclusions for now.
This might change in the future, in particular, upon the repurpos-
ing of artesunate for other applications, namely cancer, where
higher exposures are justifiable in terms of cost-benefit balance.

3.2. Artemether

Artemether (ATM) is mainly used in combination with LUM. AL has
been the most administered antimalarial worldwide in the last two
decades, having been adopted by the vast majority of the National
Malaria Control Programs [47] in Africa. ATM was initially investi-
gated as a mono-therapy agent. As with ATS, the highest doses
tested (4 mg/kg) led to significant but reversible neutropenic
effect in a significant fraction of the studied volunteers [34]. With
AL, ATM is administered six times in three days, following the
established treatment schedule. The combination has proven to
be remarkably safe, with only very rare adverse events having
been registered. As with ATS, ATM is rapidly metabolized toward
DHA, in its case mainly by CYP3A4/5, with secondary roles having
been suggested for CYP1A2 and CYP2B6 [48,49]. To date no
studies have been published on artemether monotherapy phar-
macogenetics. The few available reports concern AL by Staehli-
Hodel et al. [50], whom did not find associations between ATM
elimination and the individual status for the CYP2B6*6, CYP3A4*1b
and CYP3A5*3 alleles among Tanzanian subjects.
Pharmacogenetic associations with potential ART adverse
events have not been investigated in depth, deserving future
attention, especially in the context of potential changes in ACT
treatment leading to increased exposures, as recently sug-
gested with triple-drug therapies (ART component + two part-
ner drugs) [51] and extended administration courses [52].
Artemisinin derivatives have been shown the potential to
influence their own - and other drugs disposition, probably
through the Human Pregnane X Receptor (PXR/NR112)/
Constitutive Androstane Receptor (CAR/NR113) activation cir-
cuit [53,54]. These nuclear receptors operate as xeno-sensors
in the cell cytoplasm. When binding to specific xenobiotics,
like therapeutic drugs, these proteins become active transcrip-
tion factors, which typically induce the expression of genes
coding for drug metabolism enzymes and transport proteins,
affecting the disposition of the triggering ligand. Functionally
relevant polymorphisms in these proteins are able to potenti-
ate interactions affecting pharmacokinetic profiles [55,56].

4. ACT: the long half-life partners
4.1. Mefloquine

Mefloquine (MQ), an amino alcohol quinoline (Figure 2) was
developed during the 1960s and 1970s in the United States,
during the large program of antimalarial drug discovery, ori-
ginally established during WWII and later carried over to the
Vietnam War. Registered in the late 1970s, MQ was introduced
at national scale in the Thai national malaria program during
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the 1980s, as a key tool for managing chloroquine resistant
P. falciparum. Initially applied as a 2-dose monotherapy, it
soon started being used in combination with SP. As parasite
resistance pressure built-up, it evolved toward the first widely
used ACT: mefloquine plus artesunate (ATS), in a two-dose
regimen.

The regimen has been further updated to the presently
regular oral administration dosing for the treatment of uncom-
plicated malaria in the context of ACT, comprising 25 mg/kg
MQ (+12 mg/kg of ATS) in three days. MQ pharmacokinetics
parameters can vary significantly between individuals, albeit
with some dependency on the regimen type. AUCy.. has
a range of 2 to 7-fold, with 2-6-fold for C,.x and 2-4-fold
for the characteristically long (>15 days) Ty, [15,57-66]. It is
conceivable that part of this variation is associated with indi-
vidual pharmacogenetic variation.

MQ is extensively metabolized toward a major carboxy-
mefloquine metabolite, and to lesser extent, hydroxyl-
mefloquine. These pathways are mainly catalyzed by
CYP3A4, as supported by in vitro (microsome systems) data
[67]1 and drug interaction pharmacokinetic studies [68,69].

It has been long assumed that there is a significant CYP3A4
pharmacogenetics contribution in inter-individual drug
response [70]. Unfortunately, the exact nature of its mechan-
ism is still unclear. The large majority of CYP3A4 ORF poly-
morphisms are considered rare (i.e. <1%), albeit some being
known to have significant consequences on the patient drug
metabolism status [71-73]. The most studied CYP3A4 SNP is
the CYP3A4*1b allele, a relatively frequent change located in
the gene 5’ proximal regulatory region [74], proposed to
influence the gene transcription activity [75]. It is present in
significant prevalence among African populations [50,76-78].
The importance of CYP3A4*1b has been controversial with
some reports pointing for its potential as a modulating factor,
with many others not finding significant correlations [79]. In
the case of MQ, no significant associations were found
between individual MQ pharmacokinetics and their
CYP3A4*1b status among 68 Cambodian patients treated
with 3 doses of ATS-MQ [50].

MQ long elimination half-life prompted its early adoption
as a prophylactic agent, commanding significantly larger
exposures. MQ has been well known for its associated adverse
events, in particular, of neuropsychiatric nature. These are
likely related with the capacity of this antimalarial to cross
the blood-brain barrier (BBB), of which protection function is
dependent on the action of membrane drug transporters,
namely P-glycoprotein (Pgp)/ABCB1, a member of the ABC
(ATP-binding cassette) superfamily. MQ is a likely Pgp sub-
strate [80]. Following this premise, Aarnoudse et al. [81]
found a positive association between the canonical lower
activity MDR1 1236 T/2777 T/3435 T SNP haplotype and psy-
chiatric grade secondary events upon prophylaxis. This is con-
sistent with the hypothesis of a higher BBB permeability for
MQ among these subjects, and hence a decreased protection
of the central nervous system (CNS). The effect was mainly
observed among women, a result still without a clear

explanation. It is also conceivable that in cases of a large
range of C.,ax values (e.g. >5-fold [62]), a differential Pgp/
MDR1 activity in the gut is involved; this is a hypothesis still
in need of exploration.

Other efflux pumps may play a role in MQ disposition,
including the ABC proteins ABCC1/MRP1 and ABCC4/MRP4 -
both significantly polymorphic - leading to a range of trans-
port capabilities. From the perspective of malaria, it is to note
that both are well represented at the erythrocyte plasma
membrane [82], opening the possibility of pharmacogenetics-
driven differences in intra-cellular MQ accumulation [83], and
as such access to parasite drug targets.

Finally, as observed for some artemisinin derivatives, car-
boxy-mefloquine - MQ main metabolite - has been shown
in vitro to be a strong PXR/NR1I2 agonist, leading to the
significantly increased expression of several cytochrome
P450s, e.g. CYP2B6, which bio-transforms artemether [84].
Considering the wide polymorphism of PXR/NR1/2 [85], and
recent observations of pharmacogenetic-driven HIV drug/anti-
malarial interactions [86], the influence of specific nuclear
receptor pharmacogenetic profiles on carboxy-mefloquine dri-
ven drug-drug interactions deserves further studies.

4.2. Lumefantrine

Lumefantrine (LUM, initially referred as benflumetol, Figure 2)
in combination with artemether (ATM) (120 mg LUM + 20 mg
ATM) represents the most frequently used antimalarial in the
world, with more than one billion doses administered since its
global introduction during the first decade of the Century [87].
LUM is a lipophilic amino-alcohol quinoline drug, with a slow
absorption, highly influenced by the concomitant ingestion of
a fatty meal. Albeit shorter than in the case of MQ, it presents
a reasonably long terminal half-life with significant variability
(Ty2 ~ 2-6 days), and clear inter-individual differences in
AUC,... [88]. These have been described even in studies with
fat content, where a large part of absorption variability is
hence controlled [89]. Considering D; LUM blood levels as
a proxy of treatment outcome [90], field data shows a 10-50-
fold range in these concentrations [91-93].

LUM is eliminated at the hepatic levels, mainly untrans-
formed. The metabolized fraction results from the action of
CYP3A4/5, generating desbutylbenflumetol (DBB), the only
until now identified and studied metabolite [94]. DBB repre-
sents approximately 1% of the total exposure (AUC,... DBB /
AUCy... LUM) [95], but its longer half-life (T,,, > 6 days) [96]
guarantees an increase in this ratio along time. DBB is also
a significantly more powerful antimalarial, (ICsoq 4-5-fold
higher), able to synergistically interact with LUM [97,98].
These characteristics prompted a possible importance of DBB
in LUM-based treatments, supported by
a preliminary observation of its significant influence on D,g
recurrence rates [99], and ACPR outcome among pregnant (a
status frequently leading to lower LUM metabolism) [100].
Further consistent with the involvement of CYP3A, interaction
studies with ketoconazole have shown a mild but significant



increase in AUCy.., as well as Cmax [49]. These data reinforce
the possible importance of the patient CYP3A pharmacoge-
netic status for AL therapy.

Staheli-Hodel et al. [50] found no influence of the afore-
mentioned CYP3A4*1B, as well as the splice defect carrying
CYP3A5*3 on the pharmacokinetic parameters of 150
Tanzanian malaria patients treated with AL. Also, a study in
78 patients from Tanzania attempted to associate D; LUM
blood levels and CYP3A4*1B, *1G and *22 status, with no
positive links found [101]. Interestingly, the author found
a notable 14% prevalence of CYP3A4*22, an allele previously
reported to be associated with decreased protein expression
[102] and enzyme activity [103]. Similarly, treatment outcomes
were also not influenced by CYP3A4*1B in a Ghanaian AL
efficacy trial, as all patients were classified as wild-type [104].
Similar observations were reported in an Angolan study,
where further analysis of the CYP3A4*3 and CYP3A5*3 alleles
did not produce significant associations [105]. It is to note that
CYP3A4 is a relatively low information pharmacogenetic mar-
ker, due to the importance of environmental factors, com-
bined with the scattered nature of its SNP diversity. These
characteristics make the understanding of the contribution
of CYP3A4 genetic variations particularly challenging.

Further concerning the polymorphism of CYP3A5,
Mutagonda et al. [106] have reported in Tanzania that
CYP3A5*1/*1 was associated to significantly decreased LUM
D, concentrations after regular 3-day AL regimen among
pregnant women.

Above all, an interesting pharmacogenetically driven inter-
action has recently emerged concerning LUM. The geographi-
cal distribution overlap between HIV and Malaria in Africa
prompts frequent events of co-administration of anti-HIV
and antimalarials. The non-nucleoside reverse transcriptase
inhibitor (NNRTI) Efavirenz (EFV) is one of the most used anti-
HIV drugs in Africa, well documented to be a PXR/NR112 and
CAR/NR113 agonist, the former promoting CYP3A and MDR1/
ABCB1 transcriptional activation [107,108], the latter, CYP2B6
[109]. This promotes EFV elimination, as this NNRTI is itself
extensively metabolized by CYP2B6 [110]. In parallel, EFV
treatment interferes with AL pharmacokinetics, leading to
significant reductions in C,ax and AUGC... in both LUM and
ATM, as well as Dy levels for the former, all interpretable as the
result of the aforementioned CYP3A and ABCB1 induction
[111-113]. This in turn has consequences in AL efficacy,
which plummets below the 90% WHO watermark for ACT
performance [114,115]. Interestingly, it has been described
that the poor metabolizer CYP2B6*6/*6 genotype carriers,
associated with increased EFV plasma levels [116], lead to
a significant decreased LUM exposure (D; blood levels).
Consistent with the previous reports, this is likely due to
increased nuclear receptor-based activation of CYP3A and
ABCB1. Lower D5 levels, in turn, led to a significantly higher
rate of recurrent parasitemia [86], showing that the post-
treatment protection by the LUM long pharmacokinetic elim-
ination tail was compromised. It has been modeled that an
increase from 3-day AL treatment course toward 7 days (akin
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to the recently trialed long regimen [52]) among CYP2B6*6/%*6
patients would offset this effect and restore full AL treatment
success [117]. Finally, LUM has been determined in vitro as
a CYP2D6 inhibitor. This might also promote interactions with
the potential of being exacerbated by specific pharmacoge-
netic profiles.

A significant involvement of drug transporters in LUM dis-
position is suggested from the referred Nuclear Receptor dri-
ven interactions, as well as the known effect of ketoconazole,
a PgP inhibitor [118]. Additionally, one can also argue that as
most LUM is eliminated unchanged, functional polymorphism
in this ABC transporter is expected to be involved. This is
further supported by considering CYP3A participation as part
of a proposed ‘battery system’ with MDR1/ABCB1 [119,120], as
both the CYPs and this ABC transporter share a range of
substrates [121].

MDR1/ABCB1 3435CC allele carriers, a genotype occasion-
ally associated with increased drug exposure, have been
reported to be linked with a decreased number of malaria
reinfections in an AL efficacy trial in Angola [105]. In other
studies, performed in mainland Tanzania and Zanzibar, no
trends were found associating ABCBT C3435T or the A4036G
SNPs and pharmacokinetic parameters, including D; LUM
levels [93,106]. Concerning this latter drug-level time point,
a significant association was documented between the
C1515Y SNP at the MRP2/ABCC2 drug transporter, a key efflux
protein present in the hepatic biliary-canalicular membrane.
The MRP2/ABCC2 1515YY carriers presented a near 3-fold
increase in concentration, when compared with 1515C
patients [93], compatible with the in vitro observations of
decreased efflux by this variant protein [122].

4.3. Amodiaquine

The Mannich base, 4-aminoquinoline Amodiaquine (AQ)
(Figure 2) was synthesized for the first time in the late 1940s
[123], and soon recognized as a valid antimalarial [124]. It has
been a mainstay in the treatment of uncomplicated malaria in
Africa for more than half a Century. Few years after the first
inclusion of AQ in the WHO Model List of Essential Drugs in
1979, it was removed due to reports of fatal adverse drug
reactions, namely agranulocytosis and/or severe hepatic
damage, described among Caucasian travelers under AQ pro-
phylaxis [125,126]. In 1996, an intense review of the available
clinical data, including the assessment of adverse events
among drug efficacy trials, suggested AQ toxicity as primarily
seen in non-Africans [127], specifically under drug exposures
associated with prophylaxis regimens, hence supporting its
safety and adequate use for the regular treatment of uncom-
plicated malaria [128]. AQ was subsequently reinstated as
a WHO supported option for malaria management [129], lead-
ing to its subsequent inclusion in the efforts for developing
antimalarial combination therapies, during the early years of
the XXI Century. Although AQ remains overall well tolerated,
and serious adverse events rather rare, mild ones are very
frequent under typical therapeutic doses. This includes
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abdominal pain, nausea, neutropenia, dizziness, pruritus, and
vomiting [130].

AQ is presently mostly used in combination with artesunate
(AS) (ASAQ) as a first-generation ACT [131]. ASAQ (weight
adjusted 4 mg/kg ATS + 10 mg/kg AQ) is presently a fixed
combination originally developed through a collaboration
between Sanofi-Aventis and DNDi (Drugs for Neglected
Diseases, https://dndi.org) (Winthrop). Additionally, AQ is also
used in combination with sulfadoxine-pyrimethamine (SP-AQ:
30 mg AQ base/kg body weight over 3 days, i.e. 10 mg/kg/
day) in Seasonal Malaria Chemoprevention (SMC) [132]. This is
a key WHO mass drug administration (MDA) strategy based on
the monthly distribution of intermittent preventive treatment
for young children during disease transmission periods in
regions with marked malaria seasonality. This includes most
African countries of the Sahel belt sub-region [133]. Finally, AQ
is being considered as a partner for novel combinations under
development with the old but resurfacing antimalarial methy-
lene blue [134].

AQ is quickly absorbed after oral administration, being
primarily metabolized in the liver through N-de-ethylation by
the cytochrome P450 2C8 (CYP2C8) toward its main biologi-
cally active metabolite desethyl-amodiaquine (DEAQ) [135]. In
contrast, with AQ short half-life of 2-12 hours, DEAQ has
a longer terminal elimination half-life (4->20 days), command-
ing a 100 to 240-fold higher internal exposure when com-
pared with AQ [136,137]. Accordingly, AQ has been
occasionally even referred to as a pro-drug [138]. Albeit
being less active against the parasite [19,139], this large dif-
ference in exposure makes DEAQ the main responsible for
antimalarial action, including the important temporary post-
treatment protective effect during its elimination phase. DEAQ
has been detected in plasma and/or blood up to 1 month after
drug administration being then further metabolized in vivo,
via a still unclear route, into its inactive metabolite, bis-DEAQ
[140,141]. A number of minor metabolites from AQ are pro-
duced in parallel with DEAQ. This includes the aforementioned
bis-DEAQ, now generated directly from AQ [138], hydroxy-
DEAQ [142], and the aldehyde compound M2, the latter only
detected in vitro. At least M2 is likely a result of CYP1A1 and
CYP1B1 action [135] - two mainly extra-hepatic expressed
cytochrome P450s - over both AQ and DEAQ [143]. The
pharmacological importance of these minor metabolites
remains unclear, albeit early research showed hydroxy-DEAQ
to be two orders of magnitude less active in vitro then DEAQ
against P. falciparum [144], while M2 has been shown in vitro
to be further metabolized by CYP1A1 and CYP1B1 toward
quinoneimine species [143].

The key importance of CYP2C8 in the metabolism of AQ
raises the possibility of its polymorphism to be of pharmaco-
genetic significance. Albeit less polymorphic than most drug
metabolizing CYPs, CYP2C8 carries a range of minor alleles
[145]. CYP2C8*2 and CYP2(C8*3 are the globally most prevalent
[146], both known to code for enzymes with decreased activity
in vitro. CYP2C8*2 is common among African populations
[147], whilst *3 — common among Europeans - is mainly
present in locations in the continent where the admixture

between Caucasian and African populations has been histori-
cally frequent [148,149]. CYP2C8*2 activity on AQ has been
characterized in vitro (recombinant microsomes) with a near
40% reduction in its Vax associated with 3-fold increase in its
Km [150]. The same authors determined in their experimental
setting the *3 variant as having no detectable AQ biotransfor-
mation capacity. Additionally, no minor metabolites were
detected, this being interpreted as these being mainly pro-
duced in vivo in extra-hepatic environments, with no direct
role of CYP2C8. These investigations were part of a clinical trial
performed in Burkina Faso assessing AQ monotherapy efficacy
in uncomplicated malaria patients [151] - no significant differ-
ences were reported in treatment success rates between wild-
type carriers (¥*1/*1) and patients harboring the *2 allele. This
result has recently been reproduced in a larger analysis of
ASAQ trials in Zanzibar [7]. These observations are not surpris-
ing, considering that both AQ and DEAQ are active antimalar-
ials. Of note, the Zanzibari studies documented a strikingly
similar profile of mild adverse events (mainly abdominal pain),
significantly more frequent among carriers of at least one
minor allele when compared with the (*7/*7) subjects (ca.
50% vs 30% in Burkina-Faso, 45% vs 28% in Zanzibar) [7].
These observations are of potential importance. Although
these adverse events are not on themselves worrying, they
have the potential of decreasing compliance in real world,
non-supervised treatment courses. This can lead to decreased
effectiveness due to incomplete therapies, which additionally
can create the conditions for the emergence of drug resis-
tance. Moreover, an altered elimination curve is potentially
able to influence the post-treatment protective capacity of
DEAQ, which might in turn modulate the risk of selection of
less sensitive parasites [152-154]. In this perspective, more
intense studies are warranted in the SMC-targeted Sahel
regions, where the prevalence of the very low activity
CYP2C8*3 is likely to be significant [149].

AQ and DEAQ secondary effects have been associated in
animal-based studies and in vitro approaches to a metabolic
bio-activation toward quinoneimine (QNM) type of reactive
metabolites [155]. AQ is more prone to generate these toxic
species (amodiaquine quinoneimine-AQQI) then DEAQ (DEAQ-
Ql) [156], albeit the orders of magnitude larger exposure to
DEAQ largely compensates this difference. The bio-activation
of AQ is catalyzed by the cytochrome P450s [157], namely
CYP2D6, CYP3A4, and CYP2C8. DEAQ metabolism generating
QNMs invoke the same enzymes, plus CYP2C9 [158]. In addi-
tion to CYPs, a significant role of leukocyte myeloperoxidases
in the production of QNMs has been proposed [159]. All these
enzymes harbor polymorphisms leading to significantly
altered activities, and hence driving inter-individual differ-
ences in risk of AD/DEAQ generated QNM exposure and their
linked serious adverse events. In this context, the previously
mentioned reports on *2 association with mild adverse can be
interpreted as resulting from a higher exposure to AQQIs.

QNM s are detoxified through the glutathione system, likely
involving Phase Il polymorphic glutathione S-transferases
(GSH), producing QNM-GS conjugates [155,160,161].
Specifically, GSTP1, GSTA4, GSTM4, GSTM2, and GSTA2 have
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been proposed to be involved [162]. Consistent with these
observations, high dose or long-term use of AQ potentially
leads to depletion of glutathione levels and eventually liver
toxicity. The QNM detoxification process also involves the
polymorphic defense enzyme NADPH:quinone oxireductase 1
(NQO1) [163], through reduction [162]. This is consistent with
the fact that NQOT1 is frequently co-induced with the glu-
tathione system as a response battery to environmental stres-
sors [164]. Albeit both GSTs and NQO17 harbor polymorphisms
responsible for severe reductions on activity of their coded
enzymes [163], no studies have been conducted associating
this variation and AQ therapy adverse events. As for QNM-GS,
these compounds being a phase Il hydrophilic conjugate they
are likely to be transported by MRP2/ABCC2, in the liver apical
membrane (biliary secretion) as a detoxification route [165].

In terms of possible drug-drug interactions (DDI), it is worth
to mention that AQ is a CYP2D6 and CYP2C9 inhibitor in vivo
[166], the former cytochrome P450 being involved in the
metabolism of Methylene blue, a prospective partner of AQ
in antimalarial combination therapy [134]. It is possible that
certain pharmacogenetic profiles might exacerbate drug-drug
interactions (DDI) which by themselves lead to decreased
CYP2C8 activity, e.g. AQ is co-administered with some clini-
cally used drugs capable of CYP2C8 inhibition (ritonavir, keto-
conazole, and thrimethoporin) [167]. A CYP2C8*2/*2 carrier,
already with lower enzyme activity, would be turned through
DDI into a CYP2(C8*3 type phenocopy, leading to an even
higher risk of AQ associated adverse events.

Finally, one cannot underestimate the diversity Sub-
Saharan African populations. This is supported by reports of
large inter-individual changes in pharmacokinetic parameters,
without the presence of CYP2C8*2 or *3, suggesting that other
mutations in the gene might have been involved (e.g. [168]).
Such expanded diversity is supported by recent data from
studies in African Native populations [46].

4.4. Piperaquine

Piperaquine (PPQ) is a bisquinoline (Figure 2), with essentially
a scaffold involving two chloroquine-like structures linked by
a bridge. PPQ was heavily deployed as mass drug administra-
tion (MDA) in Southern Asia during the 1980s, with resistance
swiftly developing [169,170]. Reintroduced this Century as
a combination with DHA (320 mg of PPQ Phosphate +40 mg
DHA formulation) in SE Asia, PPQ resistance again rapidly
emerged [4]. DHA-PPQ is nevertheless still highly effective in
Africa [171], and part of many national malaria control pro-
grams [47].

Piperaquine is notorious for its very long elimination half-
life (>20 days) [172]. It is bio-transformed toward two main
active metabolites, M1 and M2, with ca. 9 and 4 days half-lives.
M1 and M2, albeit active, have ECsq values nearly ten times
higher than the parent drug. This associated with their shorter
T, (especially M2) suggests that faster PPQ metabolizers
might confer less protection against post-treatment reinfec-
tion events. In vitro data indicates piperaquine as mainly
metabolized by CYP3A4, with a possible secondary
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contribution of CYP2C8 [173]. To our knowledge there are no
studies available associating SNPs in these genes and pharma-
cokinetic/pharmacodynamics outcomes.

4.5. Pyronaridine

Pyronaridine (Malaridine) is a benzonaphthyridine derivative
(Figure 2) with strong anti-parasitic action developed in China
during the 1980s [174]. In combination with artesunate, it
represents the most recent addition to the ACT arsenal, with
the 180 mg PYR/60 mg (ATM) combination having been
granted European Medicines Agency (EMA) approval in 2015
for medicinal products intended for non-EU markets (Article
58 roadmap). Pyronaridine (PYR) has a long half-life of 12-
18 days, and a complex metabolism involving over 10 primary
and secondary metabolites, with both hepatic and renal elim-
ination [175]. Unchanged PYR is almost totally eliminated in
the liver, representing ~40% of the total recovered drug-
related material. Two main metabolites (M1 and M2) dominate
>95% of the renal excretion.

Microsome in vitro data during the drug development in
China pointed for CYP1A2, CYP2D6, and CYP3A4 as key CYPs
in PYR metabolism [176]. CYP2D6 harbors extensive poly-
morphism with high frequency mutant alleles, raising the
possibility of having a significant pharmacogenetic contribu-
tion. Trends between CYP2D6 status (probe drug: metoprolol)
and pharmacokinetic parameters [177] have not been found,
albeit it is to be noted that these relatively limited studies did
not fully addressed the complexity of CYP2D6 phenotypes/
genotypes. Also, as with LUM, PYR is a documented CYP2D6
inhibitor, which might be of importance in terms of potential
drug-drug interactions.

PYR has been determined to be a P-glycoprotein substrate
(and inhibitor) [178,179], raising the possibility of a role for
MDR1/ABCB1 SNPs in PYR disposition.

5. Transmission blockers: the pharmacogenetics of
primaquine and tafenoquine

The drugs commonly used to eradicate blood stages of
P. falciparum are not adequately effective against mature
gametocytes [180,181]. Since these parasite stages are respon-
sible for transmission to mosquitoes, their persistence jeopar-
dizes transmission-reducing strategies. The World Health
Organization (WHO) recommends a single dose of 0.25 mg/
kg primaquine (PQ) added to ACT-based P. falciparum treat-
ment in low-transmission areas, or those threatened by emer-
ging or established artemisinin resistance [182]. A systematic
review showed recently that this low dose of PQ added to ACT
for malaria reduces infectiousness of people to mosquitoes,
although it is still not clear whether PQ added to malaria
treatment translates into a reduction of community transmis-
sion of malaria [183].

Primaquine (Figure 2) is a rapidly eliminated 8-aminoquino-
line (elimination half-life, 4-6 hours) developed in 1945 and
introduced in clinical use in the early 1950s. PQ is particularly
effective against mature gametocytes of P. falciparum and
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dormant liver stages of Plasmodium vivax and Plasmodium
ovale (i.e. hypnozoites) [184]. Although the exact mechanism
of action of PQ against the parasite is unknown, a body of
evidence points to a similar mechanism of generation of
reactive oxygen species (ROS) implicated in PQ efficacy and
hemolytic toxicity in patients with G6PD deficiency (G6PDd)
(Figure 3) [185,186]. Hydrogen peroxide (H,0,) is the main
agent responsible for oxidative damage and hemotoxic effects
of PQ [185,187-189].

Host genetic variation can affect PQ metabolism in the liver
[187]. Cytochrome P450 2D6 (CYP2D6) is primarily expressed
in the liver and is involved in metabolism of 20-25% of all
drugs in clinical use, such as antidepressants, antipsychotics,
analgesics, beta-blockers, and antiarrhythmics [190-193]. The
human CYP2D6 gene is highly polymorphic, with over 140
alleles known to be associated with either complete loss of
activity, or decreased, normal or increased function [194,195].
Activity scores (AS) are used by the Clinical Pharmacogenetics
Implementation Consortium (CPIC) to infer enzyme activity
from genotypes [196]. An AS value ranging between 0 to 1
is assigned for each allele according to the associated enzyme
activity and the final AS score corresponds to the sum of AS
values of both alleles. AS scores range from 0 (loss of CYP2D6
function) to >2 (ultra-rapid metabolism) [197-199].

Low-activity CYP2D6 polymorphisms were first described
to reduce the hypnozoitocidal efficacy of PQ in an experi-
mental P. vivax challenge, with repeated relapses despite
standard PQ treatment [200,201]. Several studies have con-
firmed these findings in different endemic settings [202-
204]. CYP2D6 activity is typically predicted from genotype

data, but some studies used a probe drug (ie.
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Figure 3. Mode of action of primaquine and the effects of CYP2D6 polymorph-
ism. Primaquine biotransformation into active metabolites requires the generation of
hydrogen peroxide (H,0,) to parasite killing. Reactive oxygen species (ROS) are
generated by oxidation and redox cycling of hydroxylated-PQ metabolites (OH-
PQm) produced by the complex NADPH cytochrome P450 oxidoreductase (CPR)
and the cytochrome P450 2D6 (CYP2D6)[185,186]. Beyond its role as CYP2D6 redox
partner required to electron transfer from NADPH, CPR has a direct role in the redox
cycling of OH-PQm, leading to generation of H,0, and parasite killing. PQ gameto-
cytocidal activity is significantly enhanced by the direct reduction of OH-PQm by CPR
[185]. Created with BioRender.com.

dextromethorphan) to directly measure CYP2D6 activity
and confirm that individuals with decreased enzyme activity
are at elevated risk of P. vivax malaria recurrence [200,203].
Reduced urinary levels of 5,6-ortho-quinone, a surrogate
marker of the presumed active metabolite 5-hydroxyprima-
quine, are found in individuals with impaired CYP2D6 meta-
bolism, consistent with the key role of CYP2D6-mediated
biotransformation for PQ hypnozoitocidal efficacy [205].
Experimental studies using knockout mouse models have
also established a link between the anti-relapse activity of
PQ and different levels of CYP2D6 enzyme activity [186,206].
Much less is known regarding the impact of CYP2D6
enzyme activity on the gametocytocidal effect of PQ in
P. falciparum malaria. A single retrospective study has exam-
ined the influence of CYP2D6-mediated PQ metabolism on
gametocyte clearance in African populations treated with
a single dose of PQ (0.1 to 0.75 mg/kg) in combination
with ACT [207]. A higher gametocyte prevalence was
found for patients with impaired CYP2D6 activity, compared
to normal/ultrarapid metabolizers.

8-aminoquinolines, such as PQ and tafenoquine (TQ), are
known to cause hemolytic toxicity in patients with G6PD
deficiency. Interestingly, individuals with reduced CYP2D6
activity and G6PDd can also experience hemolysis following
PQ treatment [207], suggesting that PQ metabolites causing
hemolysis are not necessarily generated by CYP2D6-
dependent pathways. G6PDd, the most common inherited
disorder of humans, affects over 400 million people world-
wide, with a global prevalence of approximately 5%. This
X-linked recessive disorder can cause hemolytic anemia and
eventually lead to multi-organ failure and mortality,
although most individuals with G6PD deficiency are asymp-
tomatic. Multiple allelic variants of the G6PD gene have
been identified which affect differently males and females
and have a distinct impact on hemolysis and activity of the
enzyme [208]. The highest prevalence of G6PDd occurs in
sub-Saharan Africa (mainly A7), but locally predominant
G6PD alleles in Asian countries are associated with highest
risk of severe G6PDd. PQ can be prescribed to prevent
P. vivax malaria relapses (adult dose, 0.25-0.5 mg/kg, over
14 days) for individuals with >30% of the normal levels of
G6PD enzyme activity. A dose of PQ at 0.75 mg/kg once
a week for 8 weeks can be given for individuals with
G6PDd. Individuals with G6PDd and those with intermediate
(30-80%) levels of activity should be monitored for hemo-
lysis [209]. Also, a single PQ dose (0.25 mg/kg) can be given
to G6PDd individuals to rapidly eliminate P. falciparum
gametocytes and prevent onwards transmission. Because
PQ toxicity is dose-dependent, the currently recommended
low gametocytocidal dose is probably safe in individuals
with mild-to-moderate G6PDd. The single low dose of PQ
was well tolerated and safe even in populations with high
prevalence of G6PDd in the North-Western Myanmar-
Thailand border where the Mahidol variant associated with
a low residual enzymatic activity is predominant [210].
Likewise, African G6PDd males given single low-dose PQ in
combination with artemether-lumefantrine or



dihydroartemisinin-piperaquine had only mild and transient
reductions in hemoglobin in two recent clinical trials, sug-
gesting that this regimen is safe in individuals with the
African A-variant [211].

TQ is a slowly eliminated (elimination half-life, 14 days)
8-aminoquinoline (Figure 2) first synthesized in 1979 that
advanced to clinical development in 1991 [184]. Only a few
clinical studies have assessed the impact of CYP2D6 poly-
morphisms on the anti-relapse effect of TQ in P. vivax malaria
[212,213]. TQ efficacy did not appear to be reduced in inter-
mediate metabolizers of CYP2D6, but TQ efficacy remains to
be determined in low metabolizer individuals with AS < 1.
Conflicting results have been reported on the effect of TQ
biotransformation in CYP2D knock-out against liver-stages of
Plasmodium berghei [214-216]. Noticeably, the changes in TQ
pharmacokinetic parameters were less pronounced than those
reported for PQ in the same mouse model [206,216] TQ is not
currently recommended as a gametocytocide for use in
P. falciparum infections treated with ACTs and cannot be
used without previous G6PDd testing. Moreover, the gameto-
cytocidal effect of TQ may be antagonized by some ACT
partner drugs, such as lumefantrine, mefloquine, and amodia-
quine [217]. The extent to which human CYP2D6 polymorph-
ism affects TQ effect against gametocytes remains unexplored.

6. Future combinations - carrying over from ACT

The last 15 years have witnessed the establishment of a pipe-
line for the development of new antimalarials only compar-
able with the WWII drug discovery effort. Most of these new
combinations are based on blending a well-established ACT
long half drug with the new compound, in an attempt of
replacing the role of the presently used artemisinin deriva-
tives. The information available on the metabolism, and in
particular pharmacogenetics of these compounds is still lim-
ited. Nevertheless, we herein refer some of the most notable
new combinations expected to hit the ground during this
decade.

6.1. KAF156 (Ganaplacide)-Lumefantrine

KAF156 is an imidazole-piperazine under development by
Novartis, which represents a new type of chemical structure
among antimalarial drugs [218] (Figure 2). This new drug is of
interest for this review, as it is planned to be used as
a combination with lumefantrine, being to a certain extent
a direct heir of the AL ACT.

KAF156 has a very powerful anti-plasmodia effect, with ICsqs
in the order of the single digit in nano-molarity [219], being
reasonably tolerated and with rapid clinical effect [220,221]. The
KAF156 combination is presently under phase Il trials [25].

According to the available information, Ty.x and T/, are
variable with values of 1-6 h, and 40-70 h, respectively. The
inter-individual range in terms of AUC,.. is 1.3-2-fold [222].
CYP3A4 has been suggested as involved in KAF156 metabo-
lism, albeit non-P450 phase | enzymes are also expected to
have a major role, possibly including flavin monooxygenases.
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To note that these latter enzymes are generally less inducible
then the P450s, which raises the point that any contributions
to phenotypic variation will potentially be more related with
sequence variation.

6.2. Arterolane (0Z277, RBx11160)-maleate/Piperaquine
and artefenomel (0Z439)/Ferroquine (SSR97193)

Since its broader adoption from ca. 2005, the use of ACT has
increased almost 40-fold in the following 15 years [8].
Naturally, demand for artemisinin ramp-up in parallel. Most
artemisinin is obtained from relatively scarce natural sources,
with a recovery amount of 0.1-1% of the Artemisia plants dry
weight [223]. This factor alone has been a motivation for the
discovery of fully synthetic alternatives. Additionally,
Artemisinin and its available derivatives offer a number of
limitations, including in some cases (e.g. artesunate) extremely
short half-lives (<1 h) and likely limited therapeutic windows.

Recognizing the endoperoxide bridge as the key structure
conferring artemisinin anti-Plasmodia effect, several fully syn-
thetic peroxide antimalarials, collectively referred as ozonides
have been developed [224].

Arterolane (0Z277, RBx11160) (Figure 2), represents the
first generation of these compounds that reached the market
[225]. Not yet approved by WHO, it is nevertheless available in
some regions of the developing world in a fixed combination
with piperaquine [226,227]. Arterolane has a T,,, of 2-4 hours,
a noticeable but still small improvement over conventional
ARTSs [228]. Initial in vitro studies using human hepatic micro-
somes and cryopreserved hepatocytes pointed for the involve-
ment of CYP3A4 and CYP2C9 in Arterolane biotransformation
in its two major hydroxylated metabolites [224,229]. To note
that arterolane was observed to ‘strongly inhibit’ the CYP2C19
isoform [224], raising the possibility of non-negligible drug-
drug interactions.

Artefenomel (0Z439) is a second-generation ozonide
(Figure 2), representing the result of efforts aiming on the
development of a more stable chemical scaffold, protecting
the peroxide bond pharmacophore [230]. This has resulted in
a vastly improved half-life of 46-62 h [231]. No information is
readily available concerning factors involved in Artefenomel
disposition.

A combination of Artefenomel with the 3™ generation
4-aminoquinoline Ferroquine (SSR97193) (Figure 2) as long
elimination partner (>15 days) is presently under phase Il/Ill
development. Ferroquine is metabolized by a number of cyto-
chromes P450s — CYP2C9, CYP3A4, CYP2D6 - toward two main
active products, N-desmethyl-Ferroquine and N-di-desmethyl-
ferroquine [232]. Two- to three-fold variations in Ferroquine
exposure has been documented in vivo [233]. No data is
available concerning the influence of CYP polymorphism in
this inter-individual differences.

6.3. Fosmidomycin-piperaquine

Fosmidomycin (Figure 2) is an antibiotic originally developed
during the 1970s for bacterial infection management. Its well-



50 L. PERNAUTE-LAU ET AL.

established antimalarial activity [234,235] has motivated the
present development of a new combination with the estab-
lished antimalarial Piperaquine [236]. Fosmidomycin has
a short half-life showing a range of inter-individual values
(1.5-12 h), and a 3-4-fold varying AUGCy.. [235,237].
Fosmidomycin seems not to be metabolized, being eliminated
unchanged by the kidneys. It is conceivable that the observed
range in T;,, might be in part associated with genetic variation
in the large range of ABC and Solute Carrier Family (SLC)
transporters present in this organ [238].

6.4. Methylene blue - amodiaquine

The hydrophilic dye methylene blue (MB) (Figure 2) is an
historical drug, being actually the first synthetic therapeutic
drug, frequently used to treat malaria during the late XIX and
early XX Century [239,240]. Recently, there has been
a renewed interest in MB, explored as both alone [241], and
as a combination partner, in particular, with amodiaquine
[242]. MB has a typical T,,, of 15-24 h. AUCy... values can
vary 3-4-fold [243].

Most of MB elimination happens through the renal route,
with ca. 40% of MB excreted unchanged. Metabolites
include the major metabolite leucomethylene blue, as well
as three other minor N-demethylated ones, Azure A, B,
and C.

MB is in vitro metabolized predominantly by the phase I
glucuronidases UGT1A4 and UGT1A9, with additional contri-
butions of the phase | CYP1A2, CYP2D6, and CYP2C19.
Additionally, MB is a wide-spectrum CYP inhibitor, including
CYP1A2, CYP2B6, CYP2D6, CYP3A4/5, CYP2C19, CYP2C9, and -
of interest for the proposed MB-Amodiaquine combination -
CYP2C8 [244]. MB is also a substrate of ABCB1, as well as other
ABC-type of transporters [245,246].

Most importantly, its mechanism of action [247] prompts
the disturbance of the red blood cell pentose phosphate
pathway. As a consequence, MB has the potential to promote
hemolysis, especially among G6PDd patients [208]. The
actual in vivo penetrance of such effects is still under intense
discussion [248-250]. It is possible that specific subpopula-
tions of individuals carrying both G6PD deficiency and an
unfavorable ADME set of mutations might be at significantly
increased risk.

MB pharmacological characteristics raises a number of con-
cerns of drug-drug interactions, potentially exacerbated by
the patient's individual pharmacogene status, namely G6PD.
Pharmacogenetic studies are much needed under the per-
spective of MB-Amodiaquine being a combination presently
well established in the MMV pipeline for antimalarial drug
discovery and development [134].

7. Conclusions - ten years later, any
pharmacogenetic marker in the horizon?

A pharmacogenetic marker, in the sense of full clinical useful-
ness, is a demanding tool [251]. It involves a number of con-
ditions challenging to fulfill in the context of Developing

World health systems. Firstly, it needs to have a high predic-
tive power relative to the clinical/physiological phenotype of
interest. This demands high specificity and sensitivity, in order
to guarantee an appropriate and useful drug dosing adjust-
ment. The biomarker needs to be simple, preferentially based
on only one variation factor, like a SNP or insertion/deletions
(indels). If instead, it involves a complex set of genetic markers
it will make its application less attractive due to increased
costs, more complex technology, more difficult result inter-
pretation, all demanding more specific (and hence less com-
mon) training, and increased time of feedback to the health
practitioner and the patient. This conjugation of high predict-
ability, assay simplicity, and low cost have rarely been reached.

In the area of malaria, especially in the context of ACT no
marker has been found that complies with these demands.
The best candidate might not be related to ACT drugs them-
selves, but instead to primaquine (or tafenoquine), due to the
strict importance of CYP2D6 driven metabolism for the gen-
eration of the ‘double edge sword’ set of metabolites respon-
sible for both efficacy and adverse events. Anyway, CYP2D6
polymorphism can be intricate and not the straight yes/no
bench-side answer that is frequently demanded in clinical
settings, especially in low-income regions. Also, and especially
concerning the adverse event side of primaquine, it will be
important to conjugate this with G6PD pharmacogenetics. The
latter is notoriously complex, with the association between
gene mutations and final phenotypic outcome being fre-
quently imprecise. An example is the A~ mutation, highly
frequent among Africans, which is linked with a large range
of G6PD decreased activities [252]. Such variation adds doubts
as for the availability of an effective precision medicine tool for
the optimal personalized use of primaquine.

Population pharmacogenetics have anyway the potential to
be useful as public health tools. In particular, when planning
large-scale drug administration programs, a knowledge of the
pharmacogenetic characteristics of the targeted population
will aid decision-making on the type of intended implementa-
tion. One clear application relates with SMC, which is based on
SP-Amodiaquine MDA. These programs are mainly applied in
the Sahel belt and neighboring southern regions, which repre-
sent a human genetics interface with the CYP2C8*3 rich
Caucasian population and the CYP2(C8*2 rich African popula-
tions. Consistent with this view, a recent report showed the
Eritrean population as harboring intermediate CYP2C8*2 and
*3 frequencies between Caucasian and African populations
[149]. Increased adverse events associated with being
a carrier to these minor alleles, albeit mild, can decrease the
compliance of the populations to these important programs.

8. Expert opinion

Since our 2011 review there has been some advances in the
understanding of antimalarial pharmacogenetics, with emer-
ging data on other ADME factors, and some information on
the possible role of drug transporters. Notably, the first clear
data concerning a pharmacogenetics driven interaction
between antimalarials and another anti-infective drug, in this



case, an anti-HIV non-Nucleoside Reverse Transcriptase inhibi-
tor (NNRTI) have been reported, adding a new dimension on
the importance of pharmacogenetics in poly-pharmacy asso-
ciated with the control of multiple infectious diseases [253].
Still, the body of data continues to be limited, typically scat-
tered in the literature, and inconsistent with the impact and
importance of antimalarial therapy.

Also, it is likely that this knowledge gap will widen.
A significant number of antimalarial drug therapies are presently
being developed, a number already under phase II-lll trials,
others already in the field waiting for WHO homologation. The
information concerning their disposition factors - ADMEs or
transporters — is still scarce, curtailing a robust understanding
of the potentially involved pharmacogenetics. Nevertheless,
genomic analysis tools, namely next-generation sequencing, is
becoming less costly at a rapid pace. Most of the information
presented in this review cannot yet be considered as an ‘omics’
output, as, with rare exceptions (e.g. [46]), is focused in one or
very few genes and SNPs. The arrival of these technologies in the
malaria pharmacogenetics field will surely open new views of the
expected high diversity of human genomics, particularly in the
African Continent. On the other hand, this will demand ever
larger, statistically more powerful trials for detecting complex
configurations of single low impact genetic polymorphisms asso-
ciated with relevant pharmacologic phenotypes. These expected
increased demands will likely constitute a new bottleneck in the
development of the area. Smart new approaches (e.g. adaptive
clinical trials [254]) will also need to be considered for the full
exploitation of these new possibilities.

In our previous review, we ended with the uplift statement
‘the parallel development of a deeper understanding of the mole-
cular pharmacology of antimalarials should allow in the next
10 years the translation of the first antimalarial pharmacogenetic
tools to the endemic areas’ [1]. Reality has proven us too optimis-
tic. As antimalarials continue to constitute one of the most widely
prescribed treatments, much more knowledge concerning ende-
mic populations needs to be generated for this hope to materi-
alize [255]. As an example, the understudied pharmacogene
diversity in Africa is likely to be larger than presently considered
[7], needing focused studies of specific ethnic groups.

Further development of local pharmacogenetic research in
malaria affected areas is needed, in particular in scenarios of
infectious co-morbidities and associated risk of drug-drug
interactions due to polypharmacy, as recently demonstrated
between lumefantrine and efavirenz. Particular pharmacoge-
netic profiles can amplify such interactions resulting on
increased risks of adverse events, driving decreases in compli-
ance and treatment success, while potentially influencing the
process of resistance development.

Personalized medicine should not be seen as a downstream
effect of establishing a successful therapy, but part of the process
itself, even when considering that the target populations are
amongst the poorest in the world [252]. The review hence does
not conclude with the same positive view as its predecessor, but
with a more cautious outlook. Albeit we do not dare to predict
again that the first individual personalized antimalarial therapy
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will rise during this decade, the use of population pharmacoge-
netics might gain a valuable role supporting public health deci-
sions, in particular, with mass drugs administration, aiming for
malaria pre-elimination.
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