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Abstract

Forty percent of the world’s population is at risk of Plasmodium vivax infection. Relapse is a feature of malaria
caused by P. vivax and P. ovale due to the presence of the parasite’s hypnozoite stage that allows it to stay dor-
mant in the human liver. The associated morbidity and economic burden is high, as P. vivax causes severe anemia,
miscarriage among pregnant women, malnutrition, and developmental delay in young children due to its chronic
relapsing nature. Till recently, for more than 60 years the only licensed antimalarial with proven hypnozoitocidal
activity was primaquine. The World Health Organization recommends a regimen of 3-day chloroquine plus 14
days of primaquine for radical cure. Poor adherence to the primaquine course limits its public health benefit on a
large scale. Tafenoquine is an 8-aminoquinoline with slower elimination rate, hence a single dose of it is sufficient
for hypnozoitocidal activity. Additionally, the schizontocidal activity of tafenoquine makes it a superior drug to
the currently available antimalarials, which are mostly single stage specific. Recently, tafenoquine was approved
in the USA and Australia for the radical cure of P. vivax malaria in patients aged 216 years who are receiving ap-
propriate antimalarial therapy for acute P. vivax malaria, and for the prophylaxis of malaria in patients aged 218
years. We have reviewed the available literature of tafenoquine here, and this article explores the possibility of

tafenoquine as a key tool for control and elimination of malaria.

Introduction

Globally, in 2017, an estimated 219 million cases of malaria were
reported (95% confidence interval [CI]: 203-262 million), com-
pared with 239 million cases in 2010 (95% CI: 219-285 million)
and 217 million cases in 2016 (95% CI: 200259 million). Fifteen
countries within sub-Saharan Africa and India carried nearly 80%
of the global malaria burden. Among those, five countries account-
ed for nearly 50% of all malaria cases worldwide: Nigeria (25%);
Democratic Republic of the Congo (11%); Mozambique (5%); In-
dia (4%); and Uganda (4%).!

An increasing number of countries are progressing to elimina-
tion, with 19 countries attaining elimination status (zero indige-
nous cases for 3 years or more) between 2000 and 2017. Although
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several countries continue to reduce their malaria burden, the rate
of reduction has slowed in the highest burden countries; in fact, in
some of those countries, malaria cases appear to have risen. With
the current global trends being off track for the global technical
strategy for malaria 2016—-2030 morbidity and mortality targets for
2020, all indications are that the goals are unlikely to be achieved.
To get back onto a trajectory that will ensure the achievement of
global technical strategy morbidity and mortality milestones for
2025, a response is required to change the current trend in coun-
tries that are off track, while sustaining the momentum in those
that are on target. This calls for intensified efforts, especially in the
highest burden countries.!

Until recently, Plasmodium vivax was a relatively neglected
pathogen, and research and clinical efforts mainly focused on
reducing the mortality associated with Plasmodium falciparum.
However, P. vivax is still a major health and economic burden
across Asia and Latin America, where the infection is still prev-
alent. About 82% of estimated vivax malaria cases in 2017 oc-
curred in just five countries (India, Pakistan, Ethiopia, Afghanistan
and Indonesia).! Unlike P. falciparum, P. vivax and P. ovale have
the ability to form hypnozoites that persist in the human liver for
variable periods of time and can result in clinical relapses many
months or years after the primary infection. Hence, the efforts
focused on eradicating malaria need to address this hypnozoite
reservoir of P. vivax.? A clinical cure of P. vivax can be achieved
by clearing the blood-borne pathogen from a patient. However, to
achieve a radical cure, in addition to the clinical cure, the patient
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has to be cleared of the hypnozoite reservoir so as to prevent any
future relapses.

For more than 60 years, primaquine (PQ) has been the only
licensed drug for P. vivax hypnozoite eradication.’ The standard
regimen for a radical cure treatment of P. vivax infection includes
the treatment with artesunate based combination therapy (ACT;
including its derivatives) or chloroquine (CQ) for 3 days, along
with PQ for 14 days started from day-1 of the treatment. The most
significant obstacle to achieving an adequate clinical effectiveness
of this regimen is compliance.* Patients often feel asymptomatic
within a few days after onset of the treatment, resulting in poor
compliance for completing the 14-day course of PQ.

Consider a population as a whole, and this small pool of patients
who still carry the dormant parasites act as the pathogen reserve,
aiding in the transmission of parasite to other healthy individu-
als. Level-headed use and forestalling resistance are the key issues
with PQ use. PQ has been utilized for over 60 years with foreseen
high efficacy in relieving P. vivax infection. Its adequacy has been
challenged with accessibility, prescribing practices, and adherence.

Dread of hemolytic potential in glucose 6 phosphate dehydro-
genase (G6PD)-deficient people fundamentally diminishes eligi-
bility of PQ to be used as a mass administered drug in public health
programs. As indicated by the World Health Organization, antima-
larial drug resistance emerges because of spontaneous mutation,
and thus is unpredictable. Though the mechanism of resistance
to CQ has been widely studied and understood, for 8-aminoqui-
nolone compounds like PQ, such a mechanism has not been iden-
tified yet.5 There has been recently emerging reports mentioning
PQ resistance from various parts of the world. Unfortunately, PQ
resistance is regularly confused as treatment failure (relapse occur-
rence), even after the full course of treatment and at the right thera-
peutic dose.® Along these lines, defining or confirming genuine PQ
resistance is disputable.

Baird and Hoffman” performed and audit and published instanc-
es of PQ resistance from over more than 30 years past; they showed
that an extensive number PQ treatment failure was seen with pa-
tients who took 15 mg/day for 5 days. The standard recommended
adult dose of PQ is 15 mg/day for 14 days (210 mg in total). In
any case, new studies from a few nations have indicated that this
regimen is no longer viable and thus call for higher doses of PQ.57
Poor compliance, need for increasing drug doses, and rising con-
cerns regarding drug resistance among the malarial parasites have
been pushing the scientific community and researchers to search
for a drug that could address these concerns and would acceler-
ate the global movement towards eradicating malaria. Tafenoquine
(TQ) is a relatively new 8-aminoqunolone, belonging to the same
class as PQ with a long elimination half-life (14-28 days versus
4-6 hour for PQ); this long half-life allows infrequent dosing.

History and evolution of the next generation antimalarial: TQ

Currently available antimalarial drugs have stage-specific activity.
Drugs like CQ act mainly on the blood stage of plasmodium and
is important for the clinical cure of malaria. Drugs like PQ have
a main activity against hypnozoites, thus helping to prevent re-
lapses. Moreover, these drugs have not been successful in breaking
the transmission of malarial parasites because of their poor activ-
ity against the gametocytic or sporogonic stages of plasmodium.
Some of the concerns and liabilities of the current treatment in-
clude prolonged treatment duration, increasing reports of resist-
ance, and failing treatments with the need for usage of higher doses
and the risk of hemolysis in G6PD-deficient patients. Thus, there is
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a need for modification in the currently existent treatment protocol
for malaria.

The orally active 8-aminoquinoline TQ was discovered in 1978
by scientists at the Walter Reed Army Institute of Research (re-
ferred to here as WRAIR), USA during their search for a more
convenient alternative to PQ. It is an analogue of PQ and varies
only on the presence of a 5-phenoxy group. The prophylactic in-
dication was first developed by GlaxoSmithKline and WRAIR, It
was further developed jointly by GlaxoSmithKline and the Medi-
cines for Malaria Venture as a radical cure for P. vivax malaria,
while 60° Pharmaceuticals and WRAIR, in collaboration with the
U.S. Army, worked further on prophylaxis of malaria using TQ.?

When TQ was first investigated by the U.S. Army, it was as a
substitute for PQ that would be more efficacious in a radical cure
against relapsing P. vivax. Its preclinical developments gained mo-
mentum once its potent blood schizontocidal activity against mul-
tidrug resistant asexual stages of P. falciparum became evident.
In January 2013, it was granted the orphan drug status to promote
further developments and research on this drug. Further, in De-
cember 2013, the U.S. Food and Drug Administration granted a
breakthrough therapy designation.’ The designation was granted
as an attempt to accelerate the development and review times of
the drug, since preliminary clinical evidence indicated TQ to rep-
resent a substantial improvement over existing therapy.'? Finally,
a single dose of TQ 300 mg was approved in the USA (July 2018)
and Australia (August 2018) for the radical cure of P. vivax malaria
in patients aged >16 years who are receiving appropriate antima-
larial therapy for P. vivax malaria; subsequently, in August 2018,
TQ 200 mg administered once daily for 3 days followed by once
weekly was approved in the USA for the prophylaxis of malaria in
patients aged >18 years. TQ is under phase 2 development for the
same prevention indication in Australia. The safety and efficacy
of TQ is not yet established for its use in the pediatric population
(as a radical cure in age <16 years and as a prophylactic agent in
age <18 years). A bridging clinical trial (NCT02563496) is cur-
rently in phase 2, and will assess the efficacy of TQ (50 mg fast
dispersible tablet for weight <35 kg and adult tablet of 150 mg for
children >35 kg) in a pediatric population (6 months-16 years old)
of southeast Asia and South America. A brief timeline of important
milestones in TQ development is shown in Figure 1.

Pharmacokinetics and pharmacodynamics

TQ is unique in the sense that it has a very long half-life and, like
PQ, is active against the preerythrocytic form (liver), the eryth-
rocytic form (asexual), and the gametocytes of the Plasmodium
species, that includes P. vivax and P. falciparum.'=15 TQ exhibits
extensive protein binding of over 99.5% and in a healthy adult has
a volume of distribution of =2,470 L with an interindividual vari-
ability of 24.1%. Though its full excretion profile is unknown, me-
tabolism of TQ is slow. With an apparent oral clearance of =3 L/h,
it has an average terminal half-life of =15 days. While the effect of
renal or hepatic impairment on the pharmacokinetics of TQ is still
unknown, the pharmacokinetic profile of TQ remains unaffected
by age, sex, ethnicity, and bodyweight. Compared with the fasting
state, co-administration of TQ with a high-calorie, high-fat meal
increased the total exposure to drug by up to 41% and the time to
reach peak plasma concentration was increased by approximately
one-third.!4

Drug interaction studies in healthy volunteers concluded that
the pharmacokinetics of TQ were not affected to a clinically rele-
vant extent upon coadministration with CQ,'¢ dihydroartemisinin—
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*DISCOVERY- Walter Reed Army Institute of Research

N

*GSK entered into a collaboration with MMV, a notfor-proft drug research partner, to develop tafenoquine

2008 as an anti-relapse medicine for patients infected with P. vivax

*ORPHAN DRUG status granted
JANUARY

2013

€€

*US FDA grants breakthrough therapy status (radical cure)
DECEMBER

J
2013
N
¢ 60° Pharmaceuticals (60P) entered into a cooperative research and development agreement with the US
R Army to develop and commercialise tafenoquine for malaria prophylaxis
J
2015

N
eKnight Therapeutics extended the frst tranche of a fully secured loan to support product development by
60P. As part of the transaction, Knight Therapeutics will receive a share of all proceeds arising from the
b)2e= 18 successful approval of 60P’s products in the USA and elsewhere.

2015

eSubmission to US FDA (radical cure)
NOVEMBER

2017

eSubmission to Australian TGA (radical cure)
DECEMBER

2017

eSubmission to US FDA (prophylaxis)
DECEMBER

2017

eApproved in USA (radical cure)

eApproved in USA (prophylaxis)

AUGUST eApproved by Australian TGA for radical cure

2018

Sy
eUnder phase 2 development for the prevention indication in Australia.

*Bridging clinical trial (NCT02563496) currently in phase 2 which assess the efficacy of TQ (50mg fast
dispersible tablet for weight <35 kg and adult tablet of 150mg for children >35kg) in paediatric
population (6 months- 16 years) of south-east Asia and South-America. )
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Fig. 1. Important milestones related to Tafenoquine (TQ).
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piperaquine or artemether—lumefantrine.!” Correspondingly, TQ
did not show a clinically significant effect on the pharmacokinetics
of coadministered dihydroartemisinin, piperaquine, artemether. or
lumefantrine.”

Though the exact mechanism(s) of action responsible for its an-
tiplasmodial activities remain unknown, certain studies involving
various protozoan parasites, including P. falciparum, have demon-
strated TQ to interfere with mitochondrial functions resulting in
an apoptotic-like death of the organism'#-2 TQ may also exert its
effect by inhibiting hematin polymerization.?! In addition to its an-
tiplasmodial activities, TQ also causes red cell shrinkage and eryp-
tosis or suicidal erythrocyte death, a process similar to apoptosis in
nucleated cells.?? The activity of TQ targeting the pre-erythrocytic
(liver) stages of plasmodium species prevents the development of
relapses in P. vivax malaria. A study from Thailand focusing on
the transmission blocking potential of TQ, evaluated the efficacy
of TQ against the sporogonic stage of the P. vivax parasite after
letting mosquitoes feed on gametocytemic blood containing TQ.
TQ reduced the transmission of parasite to the mosquito at doses
of >25 mg/kg.?

Like PQ, TQ can induce hemolysis in G6PD-deficient individu-
als. Drug-induced hemolysis in healthy volunteers with moder-
ately decreased GO6PD enzyme activity (40-60% of normal) and
who were heterozygotes for the Mahidol4874 G6PD deficiency
variant showed a linear correlation with increasing single dose of
TQ, from 100 mg through 300 mg. However, the hemolytic risk
of a single dose TQ 300 mg did not appear to be greater than that
with a 14-day course of PQ at 15 mg/day.** Among the heterozy-
gous healthy female volunteers with G6PD enzyme activities of
61-80% or >80% of normal, the greatest drop in hemoglobin fol-
lowing a single-dose TQ of 200 mg were seen in those with lower
G6PD enzyme activity levels.?* A thorough QT study among 260
healthy volunteers concluded that TQ at therapeutic (300 and 600
mg) and supratherapeutic (1,200 mg) doses did not have a clini-
cally significant effect on cardiac repolarization.?

Recent reports have featured a potential pharmacogenetic im-
pact on the adequacy of PQ in people who are normally deficient in
cytochrome P450 2D6 (known as CYP2D6) activity. Both in mice
and people, this exploration has given reliable proof that metabolic
enactment of PQ by CYP2DG6 is required for its activity against hyp-
nozoites, perhaps by means of a toxic metabolite.?%?” Further re-
search in mice suggested possible extension of this CYP2D liability
to other members of the 8-aminoquinolone class, including TQ.?

Indications and adverse reactions

The efficacy of TQ has been demonstrated successfully in proph-
ylaxis as well as radical cure (prevention of relapse) of P. vivax
malaria. Three key randomized, double-blind, placebo-controlled
and/or active referenced, multinational studies have investigated
the efficacy of TQ coadministered with CQ as a radical cure for
P. vivax malaria; these are the Dose and Efficacy Trial Evaluat-
ing CQ and TQ In Vivax Elimination (known as DETECTIVE;
NCTO01376167) parts 1 and 2 and the Global Assessment of TQ
Hemolytic Risk (known as GATHER; NCT02216123).2%3! An-
other four randomized, double-blinded, placebo-controlled and/or
active referenced studies have evaluated the prophylactic efficacy
of TQ (200 mg for 3 days followed by weekly 200 mg mainte-
nance doses); one phase III trial conducted on healthy Australian
soldiers (nonimmune subjects) deployed in a malaria endemic
zone of Timor Leste and three phase I trials conducted on inhabit-
ants of African regions endemic for P. falciparum malaria trials
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(NCT02488980, NCT02491606, and NCT0248890).32-35

Though TQ was generally well tolerated in the clinical trials,
some of the most common adverse events reported were headache,
dizziness, nausea, vomiting, and decreased hemoglobin. In the DE-
TECTIVE part 2 trial, the most common (incidence >5%) adverse
reaction reported prior to day 29 among the TQ plus CQ recipients
was dizziness (8% vs. 3% with CQ alone) followed by nausea (6%
vs. 7%), vomiting (6% vs. 5%), decreased hemoglobin (5% vs. 2%)
and headache (5% vs. 7%).15 Other adverse reactions, like neu-
ropsychiatric disorders (anxiety, insomnia, abnormal dreams), ab-
normal blood biochemical panel (raised blood creatinine, increased
blood methemoglobin, increased alanine aminotransferase), and
eye disorders (photophobia, vortex keratopathy) were reported in
<3% of clinical trial subjects who received a single dose of 300
mg TQ.'5 The concerns with ophthalmic safety of single-dose 300
mg TQ was further analyzed in a dedicated ophthalmologic study
involving nearly 300 healthy volunteers (NCT02658435). There
were no reports of vortex keratopathy or retinal abnormalities as-
sociated with TQ in this study.36-7

Schmidt et al 38 have shown that the tissue schizontocidal activ-
ity of PQ is a function of total dose rather than of duration of ad-
ministration, but the toxicity of PQ limits the amount patients may
be given in any period of time. Additionally, the fact that the thera-
peutic dose and the toxic dose are close, leads to serious problems
associated with the use of PQ. Clinically important side-effects
of PQ include gastrointestinal disturbances, methemoglobinemia,
acute intravascular hemolysis in individuals deficient in G6PD
enzyme, and possible immunosuppression through inhibition of
lymphocyte proliferation.®

The main safety concern with 8-aminoquinolines like PQ and
TQ is drug-induced hemolysis in patients with G6PD enzyme de-
ficiency.?® The DETECTIVE trials excluded patients with <70%
of normal G6PD activity. The GATHER study assessed the hemo-
lytic potential of TQ (300 mg as single dose), which excluded male
patients with <70% of normal G6PD activity and female patients
with <40% of normal G6PD activity.?! Clinically relevant hemoly-
sis was defined as an overall drop in hemoglobin to <6.0 g/dL or a
decrease in hemoglobin of >30% or >3 g/dL from baseline at any
visit after the first dose of study medication.3! Only 4 of the 166
participants (2.4%; 95% CI: 0.9 to 6.0) who received TQ plus CQ
experienced clinically significant hemolysis up to day 180 (one of
the coprimary endpoints) versus 1 of 85 participants (1.2%; 95%
CI: 0.2 to 6.4) who received PQ plus CQ. The other coprimary
endpoint (prespecified) was the proportion of females who expe-
rienced clinically relevant hemolysis up to day 180 who also had
moderate G6PD deficiency (G6PD enzyme activity between 40—
70%). However, in that event the single patient who was enrolled
did not receive TQ.3!

Public health importance

The current global strategies for eliminating malaria include meas-
ures for prevention of malaria, early detection of the disease with
carly initiation of appropriate treatment, and active surveillance
systems. Some of the challenges faced by P. vivax malaria-endem-
ic countries include limited access to effective drugs treating liver
stages of the parasite (schizonts and hypnozoites), emergence of
drug resistance, and misperception of P. vivax malaria as nonle-
thal. On average, as shown from experience, the elimination of P.
vivax foci can be achieved but not in <3 years, compared with the
elimination of P. falciparum, which can be achieved in 1 year.*
One of the important steps toward malaria elimination is to achieve
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radical cure among all patients with P. vivax malaria. Currently, the
treatment for an uncomplicated P. vivax infection consists of drug
therapy lasting 14 days (3 days CQ/artesunate based combination
therapy with 14 days PQ). This long therapy duration, even after
rendering the patient asymptomatic, is one of the most challenging
obstacles, as it is often the most common reason for poor compli-
ance. The poor adherence to PQ limits its public health benefit on
a large scale. With the current developments and evidence sug-
gesting the equal or even better efficacy of TQ over the existing
treatment regimen, it seems to be an ideal candidate for tackling
the problem of noncompliance due to its single dosing. Moreover,
TQ has been shown to be effective even against some CQ-resistant
strains. Another important benefit of TQ is in its potential to cut off
transmission of the parasite within a community, due to its activ-
ity against the sporogonic stage of the P. vivax parasite.?’ Hence,
such a drug, if introduced in a highly endemic region, would show
promising results in decreasing the disease burden.

Future research directions

PQ has been in consistent use since 1952 for preventing relapse in
patients with P. vivax and P. ovale malaria. Hemolysis is the major
concerning side effect of PQ in individuals who are deficient in
GO6PD enzyme or its activity. TQ seems to address the problem of
compliance due to its single dosing regimen and seems to be an
ideal candidate to replace PQ; however, it has similar hemolysis
potential as PQ. The available data related to hemolysis and phar-
macologic profile of PQ use in community can be utilized for the
use of TQ since both the drugs are from the same family and have
similar pharmacological properties.

Recently, there have been advancements in the technological
community to address the issue of hemolysis and different tools and
sensors have been developed to assess the G6PD enzyme activity.
Though with emerging technologies and feedback from the use of
these devices, the scientific community has been driven to reduce
the size and complexity of these devices; yet, they still, by far, are
not portable and the operation of these devices requires trained tech-
nicians, which largely limits use in community health programs.
Recently, a new device—STANDARD™ G6PD—has been devel-
oped by a south Korean company (SD BIOSENSOR) with support
from PATH. This is a handheld device that delivers results in 2 min-
utes and provides a quantitative measure of G6PD activity, includ-
ing in heterozygous women, by using a capillary blood sample and
a cartridge similar in format to a glucose meter. According to the
company’s description, “It provides a quantitative measurement of
both G6PD levels and total hemoglobin, enabling health workers
to determine if radical cure with an 8-aminoquinoline-based drug
is appropriate for patients.”.*! The product is currently Conformité
Européenne-marked to conform with the European Union In Vitro
Diagnostic Medical Devices Directive (98/79/EC), with ongoing
clinical evaluation through studies in Brazil, Ethiopia and India and
a full clinical evaluation report is expected by mid-2019.4!

Further research about the availability of a low-cost, portable
and efficient point-of-care testing platform for detection of G6PD
deficiency, better availability and affordability, as well as more de-
tailed risk versus benefit data regarding the use of TQ will be vital
before its use in public health care for malaria control.

Conclusions

TQ is a promising new drug for advancement of the goal towards
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global malaria elimination. Currently, TQ is approved in the USA
and Australia for the radical cure of P. vivax malaria in patients
aged >16 years who are receiving appropriate antimalarial therapy
for acute P. vivax malaria and for the prophylaxis of malaria in
patients aged >18 years. Similar efficacy to primaquine with a sin-
gle dosing regimen, with better compliance, along with the recent
development of small portable devices to quantitatively analyze
GO6PD activity, makes TQ a promising breakthrough drug for radi-
cal cure of malaria. Further research about the availability of a
low-cost, portable and efficient point-of-care testing platform for
detection of G6PD deficiency, as well as more detailed risk versus
benefit data regarding the use of TQ, will be vital before its wide-
spread use in public health care.
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