LONDON
SCHOOLof

HYGIENE g
S&TROPICAL l't.

MEDICINE

Evaluation of the efficacy and safety of primaquine for
clearance of gametocytes in uncomplicated falciparum malaria
in Uganda

ALICE CHIJIOKE EZIEFULA

Thesis submitted in accordance
with the requirements for the degree of

Doctor of Philosophy

DECEMBER 2020

Department of Immunology and Infection
Faculty of Infectious and Tropical Diseases
London School of Hygiene & Tropical Medicine
University of London

Funded by The Wellcome Trust of the United Kingdom



Declaration

I, Alice Chijioke Eziefula, declare that this thesis is my own work, and that | have

acknowledged all results and quotations from the published or unpublished work of other

people.

SignatureDate: 20" September 2019




Abstract

Background: After standard effective antimalarial treatment with artemisinin-based
combination therapy (ACT), a proportion of individuals remain infectious to mosquitoes,
enabling onward transmission. This is due to persisting gametocytes, the sexual stage of the
malaria parasite. Primaquine, an 8-aminoquinoline drug, sterilizes and clears gametocytes.
The World Health Organization recommends that, in areas where malaria elimination is
targeted, a single dose of primaquine should be given in addition to standard antimalarial
treatment. Despite its recommendation in WHO guidelines since the 1970s, the optimal dose
of primaquine for this purpose had not been determined. Primaquine is associated with
haemolytic toxicity in individuals with glucose-6-phosphate dehydrogenase (G6PD) deficiency,
a condition that is prevalent in malaria-endemic regions. This thesis presents the first dose
ranging trial to assess the safety and efficacy of reducing doses of primaquine in combination

with ACT to treat children with uncomplicated falciparum malaria infection.

Methods: A literature review was conducted to inform a novel, evidence-based trial design.
Based in Jinja, Uganda, this randomised, double-blind, and placebo-controlled trial had four

parallel treatment groups of reducing doses of primaquine plus ACT.

Results: For trial participants, a single dose of 0.4mg/kg primaquine base had non-inferior
efficacy (measured by gametocyte clearance) to the WHO-recommended dose of 0.75mg/kg,
whereas a dose of 0.1mg/kg was not non-inferior. There was no significant haemolysis in any
of the treatment arms and the fall in haemoglobin was not associated with the dose of
primaquine. However, a sub-analysis showed a dose-dependent reduction in haemoglobin in
participants who were G6PD deficient (heterozygous or hemi-/homozygous genotype).

Subsequently, the WHO reduced the recommended dose to 0.25mg/kg primaquine base.



Additional trial analyses that were not included in the published manuscript are presented in

the thesis, together with descriptions of the trial’s impact and data sharing.

Conclusion: The findings of this trial have contributed to changes in malaria elimination policy
and to the prioritisation of primaquine evaluation in research agendas. This thesis puts the
trial in the context of the body of evidence that has amassed since the trial results were

published and highlights priorities for further research.
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1 Introduction

1.1 Malaria, elimination, and the need for additional interventions

Malaria kills an estimated 435 000 people per year (1). The majority of these deaths are in
African children, due to infection with Plasmodium falciparum. Considerable global morbidity
is attributable to the complications of infection, including anaemia(2) , poor pregnancy
outcomes (3), and, following severe cerebral malaria, cognitive and neurological impairment
(4, 5). In any given epidemiological setting, infection is most prevalent in the poorest
populations due to conditions that increase contact with the Anopheles mosquito vector, such
as exposure-prone housing and working conditions, and due to compromised access to
preventative healthcare and treatment (6). Endemic countries experience adverse financial

and development consequences due to the burden of infection on the population (7, 8).

The last century saw the first collaborative effort to achieve global eradication of malaria. The
World Health Organization (WHOQ) Malaria Eradication Programme in 1955-1969 co-ordinated
multilateral control activities focussed primarily on vector control and widespread distribution
of the anti-malarial drug chloroquine. The extent of global malaria endemicity was reduced
significantly in regions with low, unstable transmission, but countries with the highest levels
of malaria transmission and with the poorest health infrastructure, particularly in sub-Saharan
Africa, received no deployment of interventions (9). In the ensuing two decades, these regions
saw a rise in malaria-attributable deaths and global malaria interventions shifted focus to the
control rather than the eradication of malaria and had relatively little impact (10). Important
contributors were the widespread emergence of insecticide-resistant mosquitoes, and of
chloroquine-resistant malaria parasites. In the last decade, strong and productive
collaboration between committed funders, researchers and international organisations
launched a new drive to tackle malaria as a public health problem. A bold renewed ambition

of malaria eradication was declared by Bill and Melinda Gates in October 2007 (11) . This was
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endorsed by the WHO in 2008 with a new Global Malaria Action Plan, calling for the
elimination of malaria as a public health problem (12, 13) . Focussed distribution of
insecticide treated bed nets, indoor residual spraying of households with insecticide, prompt
and effective anti-malarial treatment, and intermittent preventive treatment of malaria
during pregnancy (IPTp) has been accompanied by a significant fall in malaria deaths in all
regions, particularly in African children (14). Several countries have reached “pre-elimination”
and “elimination” status (1). Even in countries with the highest levels of transmission, there
have been some significant and sustained gains following targeted malaria interventions (15,

16).

Malaria elimination requires that the number of infectious mosquito bites per person per year
is reduced to zero in a defined geographic area (17). To achieve this, local transmission must
be interrupted and maintained as such, and the importation of malaria into the area must be

monitored and managed actively (18).

In the last five years, the estimated number of deaths from malaria globally has fallen by
17.8% (28% in children aged under 5 years) (1). A powerful analysis of field surveys and
intervention coverage found that between 2000 and 2015, the prevalence of Plasmodium
falciparum infection halved in endemic African countries (19). These massive gains imply the
success of existing strategies; significant attribution has been given to the increased

distribution of insecticide-treated bednets (19).

The WHO proposed a technical strategy for tackling malaria between 2016 and 2030 defining
the target of eliminating malaria in 10 out of the 91 malaria-endemic countries by 2020 and in
a further 25 countries by 2030 (13) . Whilst elimination is on track in some settings, the
majority of endemic countries fall short of the indicator of reducing malaria case incidence
and mortality by 40% by 2020 (1, 20). The falling trend in the annual global number of malaria

deaths stalled between 2015-2016 and there was an increase in the annual number of malaria
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cases, 90% of which were in the African region (21). In 10 sub-Saharan African countries and in

India, the number of malaria cases increased in 2016, and again in 2017 (1).

Drug resistance in mosquitoes and in malaria parasites represents a major threat to the
effectiveness of existing elimination efforts (13). Originating in Southeast Asia, resistance to
the most powerful and effective antimalarials, artemisinin-based combination therapies
(ACTs), is now well-documented (22). The magnitude of the role that antimalarial drug
resistance, as opposed to insecticide resistance, plays in the number of malaria deaths needs
to be understood. There is substantial evidence that counterfeit and substandard antimalarial
drugs are responsible for malaria deaths (23, 24). Mathematical models predict that
innovative implementation strategies are needed to bring transmission to elimination levels

(25, 26).

Whilst vector control and case-based treatment have demonstrable impact (27-29), the
reduction of transmission to zero requires that parasites are cleared from all reservoirs of
infection. Case-based treatment targets symptomatic infections, but evidence points to a
significant contribution of asymptomatic infection to ongoing transmission (30, 31). Prior to
this thesis, relatively limited emphasis had been placed on targeting the transmission stages
of the parasite and the role such a strategy might have in decreasing the time to elimination.
The focus of this work is on blocking transmission of Plasmodium falciparum malaria infection
from humans to mosquitoes, with an intervention that has not hitherto been adopted widely,

namely, drug therapy targeted against the gametocyte, the sexual stage of the parasite.
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1.2 Literature review

1.2.1  Afocus on gametocytes and gametocytocidal therapy

1.2.1.1  Role of the gametocyte in malaria transmission

Theoretically, effective clearance of gametocytes from the human population would interrupt
the malaria transmission cycle definitively. Targeting the gametocyte, or the interruption of
gametocytogenesis, promises to be an important element of malaria elimination programmes

(32, 33).

The mortality and morbidity associated with Plasmodium falciparum infection is due to the
effects of the asexual stage of the parasites on the human red blood cell, reviewed in (34). As
the parasite multiplies and proliferates within red blood cells, conformational changes in the
red cell membrane render it rigid and sticky (35) resulting ultimately in cell rupture. Infected
red cells bind to the vascular endothelium and to the placenta (in pregnant women). This
adhesion results in further harmful effects on the host, such as cytokine release and
microvascular pathology. Uninfected red cells are also reduced by removal in the spleen.
Anaemia, inflammatory cell recruitment and organ damage result, proving fatal if untreated

and unchecked by the host immune system (36).
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Figure 1-1 The lifecycle of Plasmodium falciparum: the role of the gametocyte.

A relatively small number of erythrocytic merozoites differentiate into the sexual forms of the parasite,
the male and female gametocytes, rather than undergoing asexual reproduction in the human host.
Gametocytes develop through five morphological stages within the haematopoietic system until they
reach maturity (stage 5 gametocytes) and re-enter the peripheral circulation, where they are infectious
to biting female anopheline mosquitoes. In the mosquito midgut, the parasites undergo sexual
reproduction, forming an oocyst. Upon maturity, the oocyst ruptures and releases sporozoites which
migrate to the mosquito salivary glands, enabling onward transmission to humans. From Bousema

Drakeley Clinical Microbiology Reviews 2011 (37).

Early on in the course of human infection a small number of parasites differentiate sexually
into male and female gametocytes (reviewed in Sinden 1983 (38)), (Figure 1-1). Gametocytes
are inert and harmless to the human host. They sequester in the spleen and haematopoietic

system where they mature through five stages of development and the mature stage 5
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gametocytes are released in the peripheral blood (reviewed in Nixon 2016 (39)). Gametocytes
outlive the harmful asexual stages, going on to circulate in the human host for days and even

months after cure from clinical infection (40, 41) .

Theoretically, only two gametocytes (one of each sex) must be ingested per blood meal to
effect successful transmission. Concentrations as low as 1 gametocyte per 5000 leucocytes
have had documented infectivity to mosquitoes (42). The likelihood of human to mosquito
transmission has been found to correlate with the density of gametocytaemia (43, 44).
However, there is much observed non-linearity in this relationship (41, 45, 46). This has been
explained by many factors, including the influence of antimalarial drugs (47, 48); human host-
derived inhibitory mechanisms such as acquired transmission-blocking antibody responses to
antigens on the gametocyte surface (49, 50) (leading the way to the development of malaria
transmission-blocking vaccines (51)); the immune defence of the mosquito (52, 53); and
factors intrinsic to the gametocyte itself, such as the ratio of male to female gametocytes and
their longevity. To summarise, even gametocyte densities at, and below, the lower limit of
detection are able to infect mosquitoes (46, 54) so interventions designed to clear them must
be designed with this in mind. Although some countries, such as Sri Lanka (55), have seen
success in malaria elimination principally by targeting a reduction in symptomatic cases
interventions that only target infections of high enough density to produce symptomatic
infections might not sufficiently interrupt human to mosquito transmission in countries with a
large proportion of low density infections (56). In settings where low density infections are
highly prevalent, case-based treatment, rather than broader campaigns to treat people with
asymptomatic infections, may have reduced impact.

1.2.1.2  Persistence of gametocytes post standard antimalarial drug interventions

Many antimalarial drugs have activity against the sequestered early stage 1-4 gametocytes,
reducing the number of parasites that will go on to become infectious after treatment (32,
47). Indeed, the introduction of ACTs saw reductions in transmission due in part to their rapid
and highly-effective schizontocidal activity and also to their effect on early stage gametocytes
(57). However, at the time of treatment, the majority of patients will have been infected for
long enough to have developed a significant gametocytaemia (37) and it is these already-
circulating mature stage 5 gametocytes that are responsible for transmission to the mosquito

vector. Numerous studies have documented the persistence of mature gametocytes after

20



antimalarial treatment, including non-ACTs (58-61) and ACTs(62-65), enabling successful

transmission to mosquitoes (37, 66).

Currently, the only drug class with in vivo activity against mature stage 5 gametocytes is the 8-
aminoquinolines, and primaquine is the only drug in this class that is available and licensed

widely (reviewed in White 2013 (67)).

1.2.1.3  Primaquine’s transmission-blocking activity

1.2.1.3.1 Primaquine’s gametocytocidal action

The 8-aminoquinolines were first developed in 1931 having primary action as antimalarials
and antiseptics (68). The drug class was derived from the first synthetic antimalarial,
methylene blue. Primaquine, 8-(4-amino-1-methyl-butylamino)-6-methoxyquinoline, was
developed by the US Army and scientists at Columbia University in the 1940s for the purpose
of radical cure and prevention of relapse of Plasmodium vivax infection (i.e., as a terminal
prophylactic) in troops deployed in Southeast Asia and to prevent the importation of malaria
when they returned home (69-71). It succeeded its parent compound, pamaquine (also known
as plasmochin, plasmocide); the use of pamaquine was discontinued due to unacceptable
levels of haemolysis and gastrointestinal toxicity (72, 73). Primaquine has sporozoiticidal
activity and is recommended as an effective primary prophylactic agent for all species of
malaria (74). There is some evidence that the drug may render hepatocytes non-receptive to
sporozoites (75). Its effect against the asexual stages in the blood is unacceptably weak for
use as a schizontocide for treatment (76). It was the demonstration that a single dose was
effectively gametocytocidal (77-79) that led to recognition that primaquine has important
public health potential to reduce transmission of Plasmodium falciparum parasites, regardless

of their sensitivity to schizontocidal drugs (80). Evaluation of this potential is of particular
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importance today, in the face of emerging parasite resistance to artemisinin derivatives in
Southeast Asia, threatening the effectiveness of the most potent antimalarial drugs we have

available.

Historical studies, conducted shortly after primaquine’s development, measured primaquine’s
transmission-blocking efficacy at the level of the individual, at the level of the mosquito and at
the level of the population. Primaquine administered to individuals reduced the gametocyte
count after treatment (77, 78, 81). To assess the effect of primaquine at the level of the
mosquito, blood samples taken from malaria-infected individuals were fed to laboratory-
reared mosquitoes to assess mosquito infectivity. The likelihood of the development of
oocysts in the mosquito midgut, i.e., successful transmission and sporogony, was reduced
when the individual was treated with primaquine (77, 78, 81, 82). Only one historical study
assessed the effect of primaquine administration on population level malaria transmission,
but there was no control arm. Clyde conducted a mass administration of a primaquine-
amodiaquine drug combination in sequential weekly, fortnightly and monthly rounds over a
duration of ten months to three distinct populations of over 5000 individuals in eastern
Tanzania (83). In addition to gametocyte prevalence, two additional measures were assessed
to indicate ongoing transmission of the parasite beyond the treated individual: the mosquito
sporozoite rate and the population asexual parasite rate. High population coverage was
achieved (over 93%) and both sporozoite rates and population parasite rates reduced
significantly with weekly and fortnightly treatment. However, monthly treatment intervals
were much less effective, seeing a resurgence of parasitaemia prior to sequential doses. The
author noted that population coverage was an important limiting factor to transmission

interruption, as has been borne out by more recent modelling studies (84).
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1.2.1.4  Role of gametocytocidal drugs in malaria elimination prior to this work

1.2.1.4.1 WHO guidelines prior to this work

In recognition of the documented efficacy of primaquine as a gametocytocidal drug, decades
of WHO malaria treatment guidelines have incorporated recommendations for primaquine
use to block malaria transmission. In 1973, WHO guidelines advocated the use of single dose
primaquine at 0.75mg/kg (45mg adult dose) to block transmission, asserting that this dose
was well-tolerated and there was no need to screen for G6PD deficiency prior to its use (80) .
However, the setting for its use and the method of deployment was not stipulated. In 2001,
the WHO Roll Back Malaria report advised the administration of 0.75mg/kg of primaquine to
block malaria in areas of low to moderate transmission (85). The advice was to administer the
drug after the patient had stabilized and again, that the dose was well-tolerated and that prior
testing for G6PD deficiency was not recommended. In 2008, the WHO’s Malaria Control and
Elimination guidelines stated that the effect of ACTs on gametocytes was incomplete, so they
should be combined with primaquine to block transmission more effectively (12). Again, there
was no detail as to the timing or optimal setting for this treatment. After this thesis started, in
2010, WHO Malaria Treatment Guidelines advised primaquine as an addition to ACT as a
component of a pre-elimination or elimination programme (86). Despite these repeated
recommendations for primaquine as a malaria control tool, relatively few programmes
incorporated its use, none of which were in Africa. This was largely due to the perceived risks

associated with its use (reviewed in Ashley 2014 (87)).

1.2.2  Risks of primaquine

1.2.2.1  Gastrointestinal symptoms
At therapeutic doses, primaquine causes gastrointestinal side effects (abdominal pain,
cramps, mild diarrhoea) when taken on an empty stomach. Taking primaquine with food,

however, significantly reduces this effect, as well as increasing its bioavailability (88).

23



1.2.2.2  Methaemoglobinaemia

Methaemoglobin is produced by the oxidation of oxyhaemoglobin when iron is oxidised from
Fe?* to Fe3'. This is a continuous process and it is regulated by the reducing nicotine adenine
dinucleotide (NADH) system. Under oxidant stress, excessive methaemoglobin is formed.
Primaquine is an oxidant that causes a predictable drug-induced methaemoglobinaemia.
During a 14-day course of daily primaquine (15mg) for radical cure of Plasmodium vivax
infection, typically less than 5% of total haemoglobin is methaemoglobin, and rarely greater
than 12% (89). Symptoms are rare below levels of 15-20% (90) . In individuals with G6PD
deficiency and NADH methaemoglobin reductase deficiency, excessive methaemoglobinaemia
can occur (91). This can eventually reduce oxygen delivery to the tissues causing cyanosis, and

at high levels, fatigue, dyspnoea, nausea and tachycardia.

1.2.2.3  G6PD deficiency-related haemolysis

Soon after the drug was developed, it became clear that certain individuals were ‘primaquine
sensitive’; they experienced haemolysis after exposure to primaquine (92, 93). The suspicion
that an enzyme deficiency was the underlying cause (94) led to the elucidation of the

underlying biochemistry, haematology and, subsequently, genetics of G6PD deficiency (95-97)

In G6PD deficient individuals, the risk of haemolysis is well-documented following a 14 day
course of primaquine for radical cure of Plasmodium vivax malaria (98, 99) . There are also
case reports of severe haemolysis after administration of single dose primaquine. For
example, cases of severe haemolysis and black urine have been reported in Vanuatu following
a single dose of 45mg of primaquine (100) . In Tanzania, where the prevalent A- variant of
G6PD deficiency is typically associated with mild deficiency, a child was found to have severe

haemolysis after a single dose of primaquine (101) .
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Primaquine is distributed to the tissues rapidly and undergoes hepatic metabolism. The
toxicity of primaquine is due to one or more of its metabolites; the responsible compound has
not yet been identified (102). The functional biochemistry of primaquine metabolites,
reviewed by Vale in 2009, is poorly understood (103). The carboxyprimaquine and 5-
hydroxyprimaquine metabolites have been proposed as candidate haematotoxic molecules
(104, 105). Chemical instability hampers the investigation of the full range of metabolites.
Primaquine is chiral and is usually produced in a racemic form (both L- and D- isomers
present). Studies on stereo-selectivity indicate that the different enantiomers have different

safety profiles and further work may produce products with reduced toxicity (106).

Haematological toxicity has limited the widespread use of primaquine. This has led, in recent
years, to a proliferation of searches for safer new drugs with gametocytocidal activity (107,
108), with ensuing concepts and programmes for drug development (109). However,
alternatives to primaquine are currently not readily available for deployment. The indication
from two small studies from the 1960s that primaquine-induced haemolysis is dose-

dependent (110, 111) led to the hypothesis for this thesis.

Now that low-dose primaquine is recommended by the WHO as an adjunct to standard
antimalarial therapy in malaria elimination and containment programmes (in addition to the
well-established recommendation for radical cure of Plasmodium vivax malaria), it is set to be
deployed more widely in malaria endemic regions (112). The risk of primaquine-induced
haemolysis has demanded further and urgent exploration. The distribution of malaria
endemicity roughly mirrors the prevalence of G6PD deficiency (Section 1.2.3.4). There is some
speculation as to whether this is driven by vivax or falciparum malaria infection. It is crucial,
therefore, that we understand the risk of drug-induced haemolysis both at the individual level
and at the population level for primaquine administered at an efficacious dose for

transmission-blocking.
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The following section reviews the background pathophysiology, epidemiology and available
diagnostics for G6PD deficiency that have implications for risk and safety in primaquine

deployment.

1.2.3  G6PD deficiency

1.2.3.1  What does the G6PD enzyme do?

G6PD is expressed in almost all human cells, including red blood cells, and is essential to their
functioning (113). It catalyses the first step in the pentose phosphate pathway of
carbohydrate metabolism, a series of reactions that ultimately results in the production of the
reducing molecule NADPH. This confers cells with protection from potential oxidative damage.
The enzyme is encoded by an X-linked gene which is highly polymorphic. More than 186
mutations have been described to date (114, 115), leading to phenotypes, varying in
biochemistry and clinical manifestation (116-119). Despite this extensive polymorphism, the
vast majority of mutations are single point substitutions and all are in the coding region of the
gene, supporting the assertion that a baseline level of G6PD expression is necessary for

survival (120).

1.2.3.2  Ethical reflections on early work on G6PD deficiency

A significant part of the work that led to the first definitions of G6PD deficiency, and that has
been used subsequently to inform contemporary primaquine use, was based on by
experiments conducted on inmates of the US Stateville Penitentiary, Joliet, lllinois (121-124).
This was through a collaboration of the US Army Malaria Research Programme and the
University of Chicago in the 1940s (93). These experiments were exhibited during the 1947
Doctor’s Trial that led to the development of the Nuremburg Code of ethics of human subjects
research, now superseded by the Declaration of Helsinki (125). Endorsed at the time of the

trial, their ethical basis has been criticised subsequently (121, 126).
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1.2.3.3  What are the physiological effects of G6PD deficiency?

1.2.3.3.1 Haematological effects of G6PD deficiency

G6PD deficient individuals exhibit varying degrees of fragility of the enzyme product,
depending on the specific mutation they carry (127). The extent of enzyme fragility translates
to a risk of haemolysis (97, 119). Red blood cells are particularly affected by G6PD deficiency
because, having lost their nucleus and key organelles during development (a crucial step that
facilitates their unique role in transporting oxygen), they are unable to produce enough
functioning G6PD enzyme as they age. Furthermore, G6PD enzyme activity decreases as they
age (94). They are unable to compensate because they lack mitochondria to produce NADPH
from alternative pathways. Low levels of functional G6PD enzyme renders red blood cells
vulnerable to haemolysis under oxidative stress, which triggers a reticulocytosis to buffer

against the oxidative challenge (110).

The oxidative products of foods (archetypally, fava beans (128)), infections (129), and drugs
(92, 110, 116, 130) such as primaquine, can trigger haemolysis, reviewed in (118, 131). The

risk of haemolysis is governed by factors that determine the exposure to the drug, or other
trigger factor, such as drug dose (92, 110), drug metabolism and drug-drug interaction (88,

132) or inter-current infections (133, 134). Additional, extrinsic factors affecting the

pharmacokinetics of primaquine are summarised in Table 1-1.

Rare mutations producing the most severe deficiency cause a chronic haemolysis with no
exogenous trigger, known as congenital non-spherocytic haemolytic anaemia, more analogous
to severe thalassaemia (129, 135). These mutations are considered to be sporadic and
independent in their origin, compared to the inherited, conserved milder variants that cluster

in malaria-endemic regions (136, 137).
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The WHO classification of G6PD deficiency according to phenotype is presented in table 5-1.
Whilst male hemizygotes (their sole X chromosome carries the deficient gene) and female
homozygotes have a fairly predictable phenotype, female heterozygotes can exhibit a range of
phenotypes. This is attributed to lyonisation, whereby one of the two X chromosomes is
randomly inactivated in each cell (138). The implications of this for the diagnosis of G6PD
deficiency and for primaquine deployment are discussed later in this chapter (Sections

1.2.3.6).
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Table 1-1 WHO classification of G6PD deficiency. Adapted from WHO (116) and Capellini et.

al., 2008 (118)
Category Description Residual G6PD Common Variants
enzyme function
Class | Severely deficient and associated Minimal (Very rare)
with chronic non-spherocytic
Zacatecas (139),
haemolytic anaemia
Hamburg (140),
Veracruz (139),
Yucatan (139)
Class Il Severely deficient and associated 1-10% Mediterranean (141),
with acute haemolytic anaemia Santamaria (142),
Viangchan (143),
Jammu (144), Seattle
(145)
Class llI Moderate to mild deficiency 10-50% A- (146), Mahidol
(147)
Class IV Normal activity 60-150% A, B (146)
Class V Increased activity >150%

1.2.3.3.2 Clinical effects of G6PD deficiency

The clinical presentation ranges from self-limiting haemolysis (110) to life threatening effects

on the kidneys resulting in haemoglobinuria and acute renal failure (99, 148). Neonatal

jaundice may be self-limiting or, in severe cases, result in kernicterus (149). Severe

haemolysis is characterised by symptoms of fatigue and back pain, and signs of anaemia,
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jaundice and haematuria (dark, blood-stained urine) (reviewed in (118, 129). The resultant
anaemia is accompanied by an unconjugated bilirubinaemia, raised lactose dehydrogenase,
and reticulocytosis (150). Management of haemolysis depends on the severity and a key
intervention is avoiding or removing the trigger. Mild to moderate drug-induced haemolysis is
typically transient and recovery ensues several days after stopping the drug. Severe
haemolysis may require blood transfusion. In neonates, if ongoing haemolysis results in levels
of unconjugated bilirubin above age thresholds (151), then phototherapy is given to prevent
neurological damage. If levels are life-threatening, then exchange transfusion may be

indicated.

1.2.3.4  G6PD epidemiology/geodistribution

An estimated 400 million people are affected by G6PD deficiency globally (118). It is the most
common enzyme deficiency worldwide and it is particularly conserved in malaria-endemic
areas. In keeping with the hypothesis of Haldane in 1949 (152), that resistance to infectious
disease drives natural selection in humans, there is solid evidence to suggest that G6PD
deficiency affords protection against severe falciparum malaria (153, 154) In vitro, the growth
of falciparum malaria parasites appears to be impaired in red blood cells with reduced G6PD
function (155, 156), and they are more readily phagocytosed (157). At population level, the
risk of severe falciparum malaria was significantly reduced in male hemizygotes in a hospital-
based case-control study in Mali (158) and in both male hemizygotes and female
heterozygotes in hospital- and community-based case-control studies in Kenya and The
Gambia (159, 160). A large prospective cohort study in Uganda found a significantly reduced
incidence of malaria episodes in phenotypically G6PD deficient females but not males (161,
162), reflecting risk in a more representative community-based sample than hospital-based
surveys of people with malaria. Individuals with malaria are haemolysing and therefore, have
a higher mean G6PD enzyme level in the surviving red blood cells. Using G6PD genotyping to
estimate the level of enzyme activity, a large multi-centre case-control study found that the
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type of clinical manifestation of severe malaria was associated with the extent of G6PD
enzyme deficiency. Decreasing levels of enzyme activity (more severe deficiency) were
associated with a higher risk of severe malarial anaemia but a lower risk of cerebral malaria
(163). G6PD deficiency was associated with significantly reduced risk of Plasmodium vivax
malaria infection in an Afghan population (164) and with reduced Plasmodium vivax parasite

density in Thailand (165).

Global prevalence estimates indicate that the highest population frequencies of G6PD
deficiency are in sub-Saharan Africa with hotspots also in the Mediterranean, the Arabian
Peninsula and in parts of South and Southeast Asia and the central and southern Pacific
islands (116, 166). Moderate levels are found in the Americas (167, 168). In regions where the
G6PD map does not correspond to malaria prevalence, this has been attributed to relatively

recent migration from malaria-endemic areas or successful regional malaria eradication (118).

Recently, a novel approach to mapping the global distribution of G6PD deficiency was applied
by Howes and colleagues (167). Data from 1734 surveys of phenotypic enzyme function was
screened for quality and sub-national geotatistical mapping methods were used to generate
global- and national-level maps of the allele frequency of G6PD deficiency. The investigators
incorporated both estimates of the certainty of the data and population-weighting. The
highest prevalences of enzyme deficiency were found in sub-Saharan Africa (with relative
sparing of the Horn of Africa and parts of southern Africa). Whilst the prevalence was lower in
Asia, when it was weighted by population density, the highest burdens were found in this
region, particularly in India and China. Howes overlaid prevalence data with scores of the
severity of G6PD deficiency from data on the variants found in geographical surveys to
produce a map that highlights the overall risk from G6PD deficiency, and the implied risk of
haemolysis (Figure 1-2). The highest risk regions were in west Asia and the Arabian Peninsula

and it was high across the whole of Asia. This distinction, between risk and prevalence, must
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be taken into consideration in primaquine deployment programmes. In summary, whilst the
A- variant is highly prevalent in sub-Saharan Africa, the mild severity of the enzyme deficiency
(10-20% residual enzyme function) could be expected to present a lower risk of haemolysis in

the context of treatment with primaquine compared to more severe variants.
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Figure 1-2 Severity risk from G6PD deficiency. From Howes et. al. (167)

A: G6PD variant severity score per country (ratio of class Il to class Ill variants). B: G6PD deficiency risk
index (severity of variants, from A, and prevalence of G6PD deficiency). C: Scoring matrix for maps A and
B. D: uncertainty level of data analysis for severity score and risk index per country. E: matrix for
uncertainty index for severity and prevalence (detailed in Howes et. al. (167))
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1.2.3.5 G6PD deficiency in Uganda

There is marked geospatial heterogeneity in the prevalence of G6PD deficiency within Uganda
and this appears to vary with the regional risk of malaria (169). Prevalences vary depending on
the method of analysis (162) (see section 5.5). A recent cross sectional survey in South
western Uganda screened 631 asymptomatic children aged between 6 and 59 months of age
for G6PD deficiency and found low but varying prevalence depending on the assay used (170).
Applying a <60% threshold of activity, a quantitative enzyme activity assay (Trinity Biotech ®
G6PDH test, Ireland) found 6.8% of children with mild or moderate deficiency (none with
severe deficiency), whilst a qualitative rapid diagnostic test (CareStart™) identified 8.6% of
children as deficient. In Tororo district, in the East, enzymatic testing of children in a
community cohort study found 19.7% of children had mild or moderate G6PD deficiency (60%
activity cut-off) (171). Gold standard genotyping found the prevalence of the G202A mutation
to be 6.8% in this population. A household level survey conducted in 1344 individuals
distributed across three districts with varying malaria endemicity found prevalences of G6PD
A- variant (G202A mutation) ranging from 8% in the low endemic setting (Kanungu district) to
29% in the high endemic setting (Tororo) (169). In Walukuba, Jinja, the study site for this
thesis, this household survey found a genotypic prevalence of 18%. A longitudinal cohort
study of children in the neighbouring district of Iganga, the prevalence was comparable, 22.7%

in a 1-year cohort study (172) and 20.4% in a birth cohort (173).

1.2.3.6  The challenge of testing for G6PD deficiency
The exact mechanism for primaquine-induced haemolysis is still unknown. Tests for an
individual’s risk of haemolysis are based on the proxy measure of the level of residual G6PD

enzyme function (phenotypic tests) or on their genotype (genotypic tests).

To accurately predict the risk of exposure to a drug like primaquine, we need to answer a key

question: how does a given level of GEPD enzyme activity correlate with the risk and severity
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of haemolysis after primaquine administration both at individual level, and at population
level? This remains to be clearly delineated, leaving, on one hand, the risk of causing harm to
individuals with a low threshold for primaquine-induced haemolysis and on the other hand,
the risk of reducing the maximal impact of primaquine on interrupting transmission by

omitting individuals from the intervention (174, 175).

1.2.3.6.1 Auvailable tests for G6PD deficiency

1.2.3.6.1.1 Phenotypic tests of enzyme function: Qualitative Quantitative

Quantitative assessment of G6PD enzyme activity enables classification of the degree of
enzyme deficiency, and this can be interpreted using the WHO classification of severity (Table
1-1). A shortcoming of the application of this classification for clinical use is that, although the
severity categories relate to a specific range of enzyme function, they are not calibrated to the

risk of haemolysis induced by primaquine or any another precipitant.

The gold standard method for quantitative phenotypic assessment is laboratory-based
ultraviolet spectrophotometry. Accurate results depend on preservation of functioning
enzyme levels from the point of blood sampling through to the point of running the assay.
This applies to both the test samples and to the biological controls (171). G6PD enzyme
degrades at room temperature and is preserved for two weeks at 4-8 degrees (176). Freezing
allows longer-term storage, but the enzyme degrades on thawing (171). The haemolytic status
of the test recipient can affect assay results. During acute haemolysis old erythrocytes are
removed selectively. The remaining young reticulocytes have less-fragile G6PD enzyme, so
higher functioning activity levels (177). This can lead, potentially, to false normal classification.
To avoid misclassification, the WHO recommends an adjustment calculation depending on
haematological status (178). Typically, a normalisation adjustment is made for haemoglobin
level, but when anaemia is caused by a haemoglobinopathy, red cell count normalisation is

recommended instead, to avoid over-estimation of G6PD enzyme activity (179). Sampling
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from venous versus finger-prick capillary blood does not appear to affect measured G6PD
activity, despite the slight difference in haemoglobin concentration and red cell count
anticipated by the two methods (180). Females may be under-diagnosed with phenotypic
tests. The linkage of the G6PD gene to the X chromosome was established in 1961 (181). In
females, each cell expresses only one copy of the X chromosome and this process, lyonisation,
occurs at random (182), the classic example being the mosaicked colouring of the coat of the
tortoiseshell cat. Hence, homozygous females have a predictable G6PD phenotype, but female
heterozygotes have a highly variable extent of gene expression (129, 183) and they may be
under-diagnosed when using conventional enzymatic tests rather than molecular diagnostics

(97, 131).

A range of field-based methods have been developed to quantify enzyme activity in resource-
limited settings and increasingly, recommendations are being designed to minimise potential

challenges and to standardise test evaluation (184).

Point-of-care tests are becoming available, designed to simplify requirements for laboratory
training and facilities (185, 186) and there is indication that they may be cost-effective (187).
These tests are largely qualitative; with cut off values that vary widely, from 10-60% of
residual enzyme function (137, 174, 185). The WHO recently published prequalification
criteria for qualitative tests (188). These require that tests determine G6PD status as a

IM

percentage of the adjusted male median enzyme activity for a population: the “normal” cut

off is defined as >30% in males and >80% in females (189).

1.2.3.6.1.2 Genotypic tests

A given G6PD genetic variant is loosely associated with a clinical phenotype, as illustrated in
Table 1-1 (Section 1.2.3.3.1) for the most prevalent variants. However, there are documented
cases where this is not consistent. For example, whilst G6PD A- variant is usually associated

with mild haemolysis, Shekalaghe et al. describe the case of a child who received single dose
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primaquine during a mass drug administration resulting in severe haemolysis (101). In a
household cohort study, Johnson et al found that 29% of males with reduced enzyme function
had wild type genotype for A- variant (162). A possible explanation is that these children have
a genotype not yet characterised and not detected by the single nucleotide polymorphism
(SNP) markers used for A- genotyping. Exploratory sequencing and screening for an extended
range of SNPs and alternative genetic markers may reveal alternative genotypes prevalent in
Africa that are associated with G6PD deficiency (163, 190). More than 400 biochemical
variants have been defined, which far exceeds the number of molecular variants,
approximately 187, that have been characterised (115). Furthermore, particular genotypes are
found to be associated with a range of clinical presentations (119). A range of phenotypic
severities have been documented in well-studied variants such as Mahidol (191), and A-
variants (192). The risk of haemolysis for any given variant may have multiple determining
factors. There is variability according to physiological status; immediately after an episode of
haemolytic anaemia, a resistant period is documented in some genotypes, during which
further oxidative insult does not produce any worsening in haemolysis, such as is seen in A-
variant but not in Mediterranean (97). To summarise, genotyping alone does not give a

reliable indication of an individual’s capacity for haemolysis at a given instance.

Molecular tests are typically unsuited to field settings because of the high requirement for
resources, including technical equipment and consumables stored at constant temperature

conditions, with reliable electricity, and highly-trained operating personnel.

The thesis presented an opportunity to provide samples for the development of a novel high-
throughput bioluminescence-based assay that enables the detection of multiple SNPs (20-50)
without the use of gel electrophoresis. This assay still requires the resources for polymerase

chain reaction, but it is an example of a methodology that might ultimately be transferable to

the field (193).
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1.2.4  Evidence-based study design

Prior to development of the protocol for this thesis, the evidence base was reviewed to inform
the formulation of the research question (section 1.3 to 1.5) and the trial design (chapter 2). A
large body of evidence for the use of single dose primaquine is now available. A series of
Cochrane reviews (194-197) and the Worldwide Antimalarial Resistance Network (WWARN)
(198) have kept track of the rapidly evolving research questions and data pool. However, this
was not the case at the time this trial was conceived. Primaquine was recommended in
guidelines, but the evidence base needed strengthening in order to empower policy makers to

make informed decisions about its use.

This necessitated a process of thought as to what evidence gaps needed testing in a clinical
trial and how such a trial should be structured. Superimposed was the need to produce a
meaningful trial result in a timescale that that could enable its translation into policy rapidly,
as, in several settings, primaquine use as a transmission-blocking agent was already in

consideration (199).

It became apparent that a novel approach was needed to design a drug efficacy trial to assess
transmission-blocking efficacy rather than asexual parasite clearance as per standard
antimalarial drug efficacy trials. Although previous authors had studied the effect of
primaquine on gametocytes, there was paucity of reference material for trial components
such as optimal endpoints, sample size determinations, safety considerations, and the
structure of follow-up procedures. Importantly, an emerging body of evidence was indicating
that infections with very low sexual parasite densities (below the microscopic detection
threshold) were infective to mosquitoes (54), so submicroscopic molecular detection methods

needed consideration in trial design.

The process of informing study design is presented as a series of answers to questions in

Chapter 2. Section 2.1.3 summarises the conclusions of this process, using the evidence that
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was available at the time the trial objectives were formulated. In the discussion chapter
(Section 5.2), the trial is put back into the context of the subsequent, contemporary evidence

base.

1.2.5 Overall aim

To design, conduct and report a clinical trial to evaluate the efficacy and safety of lower doses
of primaquine for the clearance of gametocytes in uncomplicated falciparum malaria in sub-
Saharan Africa, compared to the reference WHO-recommended dose of 0.75mg/kg

primaquine base.

1.2.6  Hypothesis
The trial hypothesis was that lower doses of primaquine given with ACT have a higher risk of
adverse effects compared to ACT alone, and that they are not as efficacious as the WHO-

recommended 0.75mg/kg dose for gametocyte clearance.

This hypothesis was tested with a four-arm clinical trial with a non-inferiority design to
evaluate the efficacy, and with a superiority design to evaluate the safety, of the WHO dose
(0.75mg/kg) and lower doses of primaquine for clearance of Plasmodium falciparum
gametocytes in children in Uganda. The study was designed to include a novel
pharmacokinetic analysis. The inclusion of an ACT-alone arm enabled testing of the hypothesis
that primaquine adds no benefit for clearance of gametocytes compared to ACT alone and

that primaquine is less safe than ACT alone.
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1.2.7

1.2.7.1

Objectives

General objective

To evaluate the efficacy and safety of different doses of primaquine administered with

standard antimalarial treatment, artemether lumefantrine (AL), to children in Uganda with

uncomplicated malaria and with normal G6PD enzyme function, for the purpose of reducing

Plasmodium falciparum gametocytes in the infected human host to prevent transmission of

falciparum malaria to the Anopheles mosquito vector.

1.2.7.2

1)

2)

3)

4)

5)

Specific obfectives
To evaluate the efficacy of different doses of primaquine when administered with AL

as measured by gametocyte prevalence and density

To evaluate the safety of different doses of primaquine when administered with AL as

measured by change in mean haemoglobin, prevalence of severe anaemia (Hb

<5g/dL), and evidence of black urine (haemoglobinuria; dipstick positive) or

requirement for blood transfusion

To assess the safety of different doses of primaquine when administered with AL as

measured by prevalence/ incidence of adverse events and tolerability

To obtain basic pharmacokinetic parameters for primaquine in the study population

To evaluate primaquine safety according to G6PD genotype and enzyme function for

children who are misclassified by phenotypic G6PD testing
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1.2.7.3  Objectives for the thesis

1.2.7.3.1 Design and implement a clinical trial

Funded as a clinician’s research training fellowship, through the Wellcome Bloomsbury Clinical
PhD Programme in International Health, the objective of the PhD was to design a clinical trial
compliant with good clinical practice and regulatory body obligations, to attract an advisory
panel of suitable expertise, to select an appropriate location and local collaborators for the
trial and to implement it, manage it, control the budget and close the trial in a responsible

manner.

1.2.7.3.2 Timely and accessible presentation of trial findings

Given the public health importance of baseline data on primaquine as a transmission-blocker,
the reporting aim was to produce reports of the trial results in peer-reviewed journals.
Prospective publication of the trial protocol was planned in order to uphold transparency and
concept-sharing within the scientific community. This was important as, following the
establishment of the Single Low-Dose Primaquine Working Group (Section 3.3.4.1), a range of

future trials were planned in different settings (199).

2 Methods

2.1 RESEARCH PAPER 1: Publication of the trial methods

The trial methodology was published prospectively in a peer reviewed journal, BMJ Open

2012 (200). Sections 2.2 onwards describe the process of protocol development.
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Study protocol for a randomised
controlled double-blinded trial of the
dose-dependent efficacy and safety of
primaquine for clearance of gametocytes
In children with uncomplicated
falciparum malaria in Uganda

Alice Chijioke Eziefula,l Sarah G Staedke,l Shunmay Yeung,1 Emily Webb,2
Moses Kamya,3 Nicholas J White,4 Teun Bousema,l’5 Chris Drakeleyl

ABSTRACT

Objectives: For the purpose of blocking transmission of
Plasmodium falciparum malaria from humans to
mosquitoes, a single dose of primaquine is recommended
by the WHO as an addition to artemisinin combination
therapy. Primaquine clears gametocytes but causes dose-
dependent haemolysis in individuals with glucose-6-
phosphate dehydrogenase (G6PD) deficiency. Evidence is
needed to inform the optimal dosing of primaquine for
malaria elimination programmes and for the purpose of
interrupting the spread of artemisinin-resistant malaria.
This study investigates the efficacy and safety of reducing
doses of primaquine for clearance of gametocytes in
participants with normal G6PD status. Methods and
analysis: In this prospective, four-armed randomised
placebo-controlled double-blinded trial, children aged 1-10
years, weighing over 10 kg, with haemoglobin 28 g/dl and
uncomplicated P falciparum malaria are treated with
artemether lumefantrine and randomised to receive a dose
of primaquine (0.1, 0.4 or 0.75 mg base/kg) or placebo on
the third day of treatment. Participants are followed up for
28 days. Gametocytaemia is measured by guantitative
nucleic acid sequence-based analysis on days 0, 2, 3, 7,
10 and 14 with a primary endpoint of the number of days to
gametocyte clearance in each treatment arm and
secondarily the area under the curve of gametocyte density
over time. Analysis is for non-inferiority of efficacy
compared to the reference dose, 0.75 mg base/kg. Safety
is assessed by pair-wise comparisons of the arithmetic
mean (+SD) change in haemoglobin concentration per
treatment arm and analysed for superiority to placebo and
incidence of adverse events. Ethics and dissemination
Approval was obtained from the ethical committees of
Makerere University School of Medicine, the Ugandan
National Council of Science and Technology and the
London School of Hygiene and Tropical Medicine.

Results: These will be disseminated to inform
malaria elimination policy, through peer-reviewed
publication and academic presentations.

ARTICLE SUMMARY

Article focus

= Single-dose primaquine, administered
together with artemisinin combination therapy,
blocks transmission of Plasmodium
falciparum malaria by clearing gametocytes.

= Primaquine, an 8-aminoquinoline, causes dose-
dependent haemolysis in individuals with
glucose-6-phosphate  dehydrogenase (G6PD)
deficiency. Evidence is lacking on the safety and
efficacy of lower doses of primaquine.

= This is the protocol of a dose-finding trial
being conducted in eastern Uganda.

Key messages

= Dose-finding is a priority for the use of prima-
quine in malaria elimination programmes and to
block the spread of artemisinin-resistant malaria.

= This trial is designed to investigate the
efficacy and safety of reducing doses of
primaquine for gametocytocidal action.

= This paper highlights the unique trial design
issues that are relevant for investigating the effi-
cacy and safety of antimalarials targeted against
the sexual stages of malaria for blocking trans-
mission rather than clinical cure.

Strengths and limitations of this study

= For ethical reasons, in this trial, dose-finding is
conducted in children with normal G6PD status, but,
ultimately, information is needed on the safety of
lower doses in people with G6PD deficiency.

= This trial measures primaquine’s transmission-
blocking potential by assessing gametocyte
clearance. Endpoints of mosquito transmission
at multiple time points could be usefully
assessed but on smaller numbers of individuals.

BACKGROUND

Sustained deployment of vector control mea-
sures and accessible, effective drug therapy has
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reduced the transmission of Plasmodium falciparum in many
endemic countries. However, further scaling-up of cur-rently
available malaria control measures is unlikely to achieve
malaria elimination in most settings.1 Moreover, the

emergence of resistance to artemisinin in Southeast Asia,2 3
and the development of insecticide resistance and adaptive

behaviour in the mosquito vector®® present sig-nificant
threats to the current trend of declining malaria burden.
Malaria elimination initiatives and artemisinin-resistance
containment strategies both require additional tools that are
specifically aimed at reducing the transmis-sion of malarial
parasites.7 8

Antimalarial drugs are designed primarily to target the
asexual stages of the parasite that cause morbidity and
mortality. The effect of antimalarial drugs on game-tocytes,
the transmission stages, has for decades been seen as
ancillary. P falciparum gametocytes undergo complex
development that is characterised by five mor-phologically

distinct stages of maturation.’ The imma-ture gametocyte
stages (I-1V) are sequestered in the reticuloendothelial

system and bone marrow.2%~12 Mature stage V gametocytes
typically appear approxi-mately 12 days after the onset of
patent asexual blood-stream infection, and are the only
gametocyte stage that circulates in the peripheral blood and

is infective to biting female Anopheles mosquitoes.13 1% The
majority of antimalarial drugs, including artemisinins,
lumefantrine and piperaquine, have some efficacy against

immature gametocytes.15 16 These drugs have the potential
to reduce transmission at a population level because asexual
parasites are cleared, preventing de novo devel-opment of
gametocytes, and fewer of the immature gametocytes that are
present upon initiation of treat-ment survive to maturity.
However, the vast majority of symptomatic cases have
measurable and transmissible levels of mature gametocytes

at presentation.17 18 These persist after treatment with all
antimalarials that are cur-rently implemented as first-line
treatment, including artemisinin combination therapy (ACT).
Gametocytes that persist after ACT have repeatedly been

shown to be infectious to mosquitoes.17 1920 T post-
treatment gametocyte carriage frequently occurs at low
densities, commonly below the microscopic threshold for

detec—tion,21 22 put is sufficiently high for efficient mosquito
infection.’ 23

The only class of drugs that are effective against mature P
falciparum  gametocytes is the 8-aminoquinolines.
Primaquine is the most widely available drug in this class.
The exact mechanism for this gametocytocidal activity is
unknown, but it is probably dependent on oxidative damage

to the intraerythrocytic parasite by primaquine metabolites.?*
Primaquine as a single dose of 0.75 mg base/kg added to
standard ACT has superior gametocyto-cidal activity to ACT

alone.2>~2" Al doses of primaquine described hereafter refer
to the dose of primaquine base per unit weight. There are
indications that doses of primaquine lower than 0.75 mg/kg
may be equally effica-cious. A Thai study showed that both
0.5 and 0.25 mg/kg

of primaquine administered with ACT to adults infected with
malaria effectively and indistinguishably reduced the
proportion of mosquitoes that became infected after a blood
meal.?® In small numbers of adults, total doses of 30 mg and
15 mg have shown comparable efficacy to a 45 mg dose in
reducing mosquito infection rates.?% 30

The efficacy of primaquine when given as a single low
dose is important in the light of concerns over the
haematological safety of primaquine. There is conclusive
evidence for primaquine-induced haemolysis in glucose-6-

phosphate dehydrogenase (G6PD) deficient individuals.3! 32
G6PD deficient individuals are vulner-able to oxidative stress
because their erythrocytes do not have alternative pathways
for G6PD-dependent nicotina-mide adenine dinucleotide
phosphate production, which is essential to maintain
antioxidant defences. There is conflicting evidence on the
risk of haemolysis after a single dose of primaquine. A single
dose of 45 mg primaquine administered to a Vanuatan adult
caused life-threatening haemolysis.33 In G6PD-deficient
Tanzanian children, the mean fall in haemoglobin after a
single dose of 0.75 mg/kg primaquine was 2.5 g/dl (95% CI
1.2 to 3.8 g/dl), though no associated severe adverse events

were recorded and haemolysis was transient.34 On the other
hand, primaquine was reported to be well tolerated when
0.75 mg/kg was given without prior G6PD testing in large

studies in Myanmar, Sudan, Russia, Cambodia and China.?’
313536

Because primaquine-induced haemolysis is dose-

dependent,29 and because gametocytocidal efficacy may be
retained with primaquine doses lower than 0.75 mg/kg, the
WHO-recommended dose in its 2010 Guidelines for the
Treatment of Malaria, dose-finding studies are needed
urgently. This trial tests the hypoth-esis that lower doses of
primaquine have a substantially lower risk of, or an absence
of, adverse effects but that their gametocytocidal efficacy is
retained.

METHODS AND ANALYSIS

Study design

The study is a prospective, randomised, parallel arm,
placebo-controlled, double-blinded clinical trial of redu-cing
doses of primaquine administered with artemether
lumefantrine (AL) for the treatment of uncomplicated
clinical P falciparum malaria infection in children aged 1-10
years of age. The study uses a non-inferiority design to
evaluate the efficacy and a superiority design to evaluate the
safety of 0.1 and 0.4 mg/kg primaquine compared with 0.75
mg/kg when added to AL.

Study objectives

1. To evaluate the efficacy of 0.1, 0.4 and 0.75 mg/kg
primaquine when administered together with the fifth
dose of AL as measured by gametocyte preva-lence and
density.

2. To evaluate the safety of 0.1, 0.4 and 0.75 mg/kg
primaquine when administered together with the

44


http://bmjopen.bmj.com/
http://group.bmj.com/

Downloaded from bmjopen.bmj.com on June 10, 2013 - Published by group.bmj.com

Dose-finding trial for single-dose primaquine to block malaria transmission

fifth dose of AL as measured by change in mean
haemoglobin,  prevalence  of severe  anaemia
(haemoglobin <5 g/dl) and evidence of black urine
(haemoglobinuria).

To assess the safety of different doses of 0.1, 0.4 and
0.75 mg/kg primaquine when administered together with
the fifth dose of AL as measured by preva-
lence/incidence of adverse events and tolerability.

Participants and enrolment

The study is conducted at Walukuba Health Centre 1V in
Walukuba subcounty, Jinja district, in eastern Uganda. In
this area, malaria transmission is year-round with two
seasonal peaks. The entomological inoculation rate (EIR)
was estimated at 7 infectious bites per person per year in

Walukuba.’ Study participants are recruited from children
attending the Health Centre IV with sus-pected malaria
(figure 1). Inclusion criteria are age 1-10 years, weight over
10 kg, fever (tympanic tempera-ture >38°C) or history of
fever in the last 24 h, P falcip-arum mono-infection with a
parasite density <5 00 000/ pl and normal G6PD enzyme
function. Exclusion cri-teria are evidence of severe
iliness/danger signs, known allergy to study medications,
haemoglobin <8 g/dl, started menstruation, pregnancy or
breastfeeding, anti-malarials taken within the last 2 days,
primaquine taken within the last 4 weeks and blood
transfusion within the last 90 days.

The fluorescent spot test®® is used for G6PD screen-ing.
This test has a cut-off of approximately 20% enzyme
function, below that, there is no fluorescence. The WHO
classification defines severe G6PD deficiency as 10% enzyme

function.3?

Figure 1 Enrolment and
selection procedures.

Randomisation, blinding and intervention

After enrolment (day 0), participants are randomised to

a treatment arm stratified by gender (figure 2). The study
pharmacist selects sequential opaque envelopes (from either
the male or the female pile). Each enve-lope contains a
predetermined treatment assignment code. The study
pharmacist is the only member of the clinic team not blinded
to the treatment arm and is not involved in assessing patients
or assigning outcomes. All study site staff who administer
drugs, assess patients and process laboratory samples do not
have access to the ran-domisation code breaker.

All participants receive a 3 day course of artemether
lumefantrine according to Ugandan national treatment
guidelines for uncomplicated malaria. Participants are ran-
domised to receive a placebo or a dose of 0.1, 0.4 or 0.75
mg/kg primaquine in addition to the AL treatment. The dose
of primaquine/placebo is given at the same time as the fifth
dose of AL, in the morning of day 2. To pre-serve the
accuracy of lower weight-based doses, all prima-quine doses
are administered in aqueous solution and measured using a
sterile syringe. The placebo is aqueous solution alone. All
doses including placebo are mixed with glucose-based syrup
that masks the colour and taste of primaquine. All treatments
are directly observed. A snack with approximately 5 g of fat
is administered prior to both AL and primaquine
administration to optimise absorption of AL and minimise
gastrointestinal side effects with primaquine. Participants are
observed for 30 minutes; treatment is readministered in any
case of vomiting within this period. Repeated vomiting (>3
times) leads to exclu-sion from the study and treatment as
complicated malaria according to national guidelines.

Individuals presenting to health centre with
suspected malaria and positive thick film for

malaria

es

Screening interview with study clinician

es

SRR B CORI T

Age 2 1 year <10 years

Not enrolled in another study

No known allergy to study medications

Not started menstruation/ pregnant/ breastfeeding
Not taken antimalarials within last 2 days

No primaquine taken within last 4 weeks

No blood transfusion within last 90 days

No

es

H A L

38

1. Written information (discussed word for word)
2. Time for questions
Invite to sign consent

Informed consent interview

Standard health facility
care

es

£

OVICHEBELE b

No

Informed consent given? | [

Clinical and laboratory screening
No clinical signs of severe illness
Tempz 38 degrees
Weight 2 10kg
Haemoglobin = 8g/dI
P. falciparum infection
Normal G6PD enzyme function

No

Yes
) [Enrollin study
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Figure 2 Participant flow Participants
diagram screened
Ineligible: with
reasons
Number
randomised
Excluded post
randomisation
Assigned Assigned Assigned Assigned
AL+ AL +PQ AL +PQ AL +PQ
placebo 0.1mg/kg 0.4mg/kg 0.75mg/kg
Number Number Number Number
lost to lost to 1 lostto I lost to
- follow u " follow u = follow u . follow up
Efficacy : 2 Efficacy : s Efficacy : P Efficacy :
Completed Completed Completed Completed
14 day 14 day 14 day 14 day
follow-u follow-u follow-u follow-up
L Number 2 Number T 2 Number T Number
lost to | lost to lost to lost to
follow u
Safety: follow up Safety: follow up Safety: follow up Safety: p
Completed Completed Completed Completed
28 day 28 day 28 day 28 day
follow up follow up follow up follow up

Follow-up measurements

Study participants are reviewed on days 0, 1, 2, 3, 7, 10, 14,
21 and 28 after enrolment or on any day of illness. On each
of the scheduled visit days they are assessed clinically with
standardised adverse event recording and blood samples are
taken for microscopical detection of asexual parasites and
gametocytes, molecular detection of gameto-cytes and
haemoglobin measurements (table 1).

Blood smears from all visits are Giemsa-stained and 100
microscopic fields are screened for asexual parasites on days
0,1,2,3,7,10, 14, 21 and 28. Asexual parasites are counted
against 200 white blood cells (WBC) or, if fewer than 10
parasites are observed per 200 WBC, against 500 WBC.
Gametocytes are recorded if observed during this screening
process. On day 0, 100 microscopic fields are reread for
gametocytes specifically. If gametocytes are observed, they
are quantified against 500 WBC. All micros-copy readings
are performed by two independent micro-scopists, if they
disagree on prevalence or if density results differ by more
than 25%, a third reading is requested.

Gametocytes are quantified on days 0, 2, 3, 7, 10 and 14
using quantitative real-time nucleic acid sequence-based
analysis (QT-NASBA), detecting and quantifying Pfs25
mRNA. One hundred microlitres of finger prick blood is
mixed with 900 pl L6 guanidine buffer (Severn Biotech,
UK) and stored at —-80°C until automatic nucleic acid
extraction by MagNAPure (Roche) using commercial high-
yield kits. The Pfs25 QT-NASBA is spe-cific for mature
gametocytes with a sensitivity of 0.01-0.1 gametocytes/ul of
blood when 50 pl blood samples are used for RNA

extraction.*°

Haemoglobin is measured on days 0, 1, 2, 3, 7, 10, 14, 21
and 28 using HemoCue 201+ photometers (HemoCue;
Angelholm, Sweden). At each follow-up visit, study staff
assess participants in an objective manner according to a
clinical record form and assessment for

adverse events is conducted in a prospective, systematic
fashion during all visits, including the enrolment visit (eg,
vomiting post-AL). All data are double-entered in real time.

Safety considerations

A protocol was developed in order to standardise the
detection, investigation and management of severe haem-
olysis in this trial (figures 3 and 4). A Data Safety Monitoring
Board (DSMB) has been installed; clinically relevant
haemolytic events, hospital admissions, blood transfusions
and deaths are reported within 72 h to this DSMB.

Ethical considerations

The study protocol and informed consent forms were
approved by the Makerere University School of Medicine
Research Ethics Committee ( protocol 2011- 210), the
Uganda National Council of Science and Technology (
protocol HS1056) and the London School of Hygiene and
Tropical Medicine research ethics com-mittee ( protocol
5987). The Ugandan National Drug Authority approved the
protocol and importation of primaquine for the purposes of
the study. The DSMB and Trial Advisory Committee for the
study agreed to meet at predetermined stages of the study.
Before the study began, local community stakeholders
(including village health team and local council members) in
Walukuba were consulted and a community advisory board
meeting was held.

Sample size

For efficacy, the sample size calculation is based on non-
inferiority of each of the two test dose arms to the
comparator arm, the WHO-recommended dose of
primaquine, 0.75 mg/kg. The primary outcome
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Tablel Summary of outcome measures
Outcome measure Description
Efficacy
Primary Mean number of days to gametocyte clearance Mean number of days per treatment arm for
(GCT) gametocytes to become undetectable using
submicroscopic molecular testing methods (QT-NASBA).
Reappearance of gametocytes after day 14 will be
considered as re-infection and excluded
Secondary Mean (+SD) area under the curve of gametocyte Total number of gametocytes (measured by QT-NASBA)
density per day during 14 days of follow-up seen over follow-up, averaged per day of follow-up (days
0-14)
Density of gametocytes on days 7, 10 and 14 Mean number of gametocytes (measured by
QT-NASBA) per treatment arm on days 7, 10 and 14
Proportion (%) of participants with gametocytes on For each treatment arm, percentage of participants with
each day of follow-up gametocytes (measured by QT-NASBA) on each day of
follow-up from days 0-14
Safety
Primary Mean (+ SD) maximal fall (£) in Hb (haemoglobin, Mean maximal greatest negative difference in Hb
g/dl) from enrolment to day 28 of follow-up (measured by HemoCue) from enrolment value per
treatment arm over 28 days follow-up
Secondary Follow-up day of Hb nadir Mean day of follow-up (day 0-28) per treatment arm of

Maximal percentage fall in Hb level compared to
enrolment value

Percentage of participants with Hb<5 g/dl during
follow-up
Requirement for blood transfusion

Evidence of black urine

Incidence of serious adverse events by sign,

symptom, laboratory parameter and relationship to

taking study drug

Incidence of gastrointestinal symptoms after taking

study drug

lowest Hb measurement (by HemoCue)

Size of maximal Hb drop (by HemoCue) during follow-up
(day 0—28) from enrolment value, divided by enrolment
value, *100

Percentage (number) per treatment arm during days
0-28

Percentage (number) of children receiving blood
transfusion per treatment arm during days 0—28
Percentage (number) of children with documented black/
dark urine with urine dipstick positive for Hb per
treatment arm during days 0—28

Percentage (number) per treatment arm during days
0-28

Percentage (number) per treatment arm during days 2—7

GCT, gametocyte clearance time; Hb, haemoglobin; QT-NASBA, quantitative real-time nucleic acid sequence-based analysis.

measure is number of days to gametocyte clearance. The
addition of primaquine (0.75 mg/kg) to ACT in Tanzania
reduced the time to gametocyte clearance from 28.6 to 6.3

days (SD 6 days).41 Allowing for a 10% loss to follow-up, a
sample size of 120/arm will provide over 80% power at the
0.05 significance level to detect non-inferiority to the
standard arm with a non-inferiority margin of 2.5 days,
which was considered to be a clinically relevant reduction in
gametocyte clear-ance time. This sample size also allows for
an analysis of superiority of the efficacy of the two test dose
arms to placebo.

For safety, the sample size calculation is based on
superiority of each of the two test dose arms to the com-
parator arm (0.75 mg/kg). For this comparator arm,
Shekalaghe et al®* found an overall mean absolute drop in
haemoglobin by day 7 after treatment of 0.6 g/dl (SD 1.5).
Therefore, with 80% power and at the 0.05 signifi-cance
level, a sample size of 99 would be required to

detect a difference in mean maximal drop in haemoglo-bin
between treatment groups of 0.6 g/dl.

Data analysis

Data will be double entered in Microsoft Access and
imported into Stata V.12.0 (Statacorp Ltd, Texas, USA). All
efficacy analyses will be based on gametocyte detec-tion by
Pfs25 QT-NASBA. Gametocyte density on days 7, 10 and 14
will be compared with the comparator arm (0.75 mg
primaquine/kg) by )(2 test. The mean duration of gametocyte
carriage and 95% CI will be estimated in each treatment arm
and compared with the comparator arm using a previously
validated mathematical model.*2 The area under the curve of
gametocyte density over time will be calculated using the
method described by Mendez et al*® For individuals who are
gametocyte posi-tive at enrolment, Kaplan-Meier survival
analysis will be used to compare the decline in gametocyte
prevalence.
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Figure 3 Procedure for
investigation of suspected

haemolysis.
INVESTIGATIONS

1. Full blood count

2. G6PD function

3. Thin smear
4. Urinalysis

5. Physical
examination

The primary safety outcome, mean maximal fall in
haemoglobin concentration during 28 days of follow-up will
be assessed for each treatment arm. Pair-wise com-parisons
will be made between each of the treatment arms and
compared with the comparator arm using unpaired t tests.

DISCUSSION

In the 2010 edition of the Guidelines for the Treatment of
Malaria, the WHO recommends that a single dose of 0.75
mg/kg primaquine is added to ACT in malaria elimination
programmes and for epidemic control, provided the risks of
haemolysis in

Figure 4 Procedure for
management of haemolysis.

Clinically
stable.

No urine
abnormalities

Suspect mild
haemolysis

Observe
Monitor

Hb <5g/dl, Hb fall > 2g/dl, dark urine

INDICATOR OF
HAEMOLYSIS
Confirmed fall in
Hb >2g/dl from
enrollment value

ACTION

Assess

Schistocytes seve I’It\/ Of

Haemoglobinuria
| Frateinuce Haemoylsis
Cardiovascular (Haemolysis
compromise management
Jaundice protocol)
Black urine

G6PD-deficient patients are considered. This guidance was
recently updated to recommend a lower dose of 0.25 mg/kg
primaquine without G6PD testing for new malaria
elimination programmes and to prevent the spread of

artemisinin resistance.>! The revision was based largely on
grey literature and historical data rather than on recent

clinical trials and few of the data are in the public domain.**
There have been no formal dose-finding studies using
contemporary tools and stan-dards for the measurement of
drug efficacy and safety for the combination of ACTs and
primaquine. In the current study, we aim to provide these
urgently needed efficacy data and provide safety data for
individuals with normal G6PD enzyme function.

Investigate for haemolysis

Clinically Clinical Clinically stable.

Clinical
stable. compromise. compromise.
Hb<8 Schistocytes Schistocytes Schistocytes
Schistocytes No urine Urine Urine
No urine abnormalities

abnormalities

Suspect mild
haemolysis

Observe +/-
haematinic
supplements

Severe
haemolysis

Admit.
Resuscitate
+/-

transfusion

abnormalities

Suspect severe
haemolysis

Specialist
opinion
regarding
management

Consider referral to national renal/

specialist unit

abnormalities

Severe
haemolysis

Refer and
admit for
specialist
care.
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Relatively few trials have been designed specifically to test
gametocytocidal drugs in vivo. Standardised proto-cols and
trial designs for assessing the efficacy of drugs targeted

against asexual parasites45 46 are not suitable to assess
gametocytocidal drugs, where the main outcome is
transmission-blocking activity rather than clinical or
parasitological cure. There is no agreement on the best tools
to quantify gametocyte carriage. Many trials have used

microscopy to measure gametocytesze_28 4748 \while it has
been known for decades that microscopy is notori-ously

insensitive for detecting gametocytes.49 Gametocytes
typically circulate at densities that are <1% of asexual

parasite densities.'® 0 Nevertheless, gameto-cytes are often
simply recorded while screening for asexual parasites. If
slides are specifically read for game-tocytes, the number of
microscopic fields that is screened is mostly the same as that

for asexual para—sites.51 As a consequence, gametocytes
measured micro-scopically by routine underestimate the total

gametocyte prevalence by up to 10-fold. 26 17 21 22 |y the
current study, gametocytes are quantified with the most
widely used quantitative molecular gametocyte detection
method, QT-NASBA that has an estimated sensitivity of

0.01-0.1 gametocytes/ul blood in the blood sample taken.*
The use of this sensitive molecular method will increase the
power of our efficacy estimates since up to 90% of
symptomatic malaria patients may harbour (sub-
microscopic) gametocyte densities prior to the initiation of
treatment, 18

Gametocyte density is associated with the likelihood of
mosquito infection and some of the lowest gametocyte
densities may therefore be unlikely to result in mosquito
infections. In general, there are limitations to which
gametocyte prevalence or density can be used to predict
mosquito infection rates. The fitness or infectivity of

gametocytes is variable, especially after treatment.2® 52 93
Very early studies demonstrated that primaquine may render
gametocytes non-infectious several days before they are

cleared from the circulation.%® % % The only approach to
directly measure transmission-blocking potential involves
assessing the infectiousness of the par-ticipant’s blood to
mosquitoes using the membrane feeding assay or direct skin

feeding assays,56 the latter being described by early

malariologists.57 58 However, the capacity for mosquito
feeding assays is not widely available and repeated
assessments of infectiousness on the same patients have
never been performed as part of clinical trials. This is partly
because of ethical concerns related to repeated venous
bleeding in young children, and partly because of the
complexity of mosquito hus-bandry when large numbers of
mosquitoes are required for robust transmission estimates.>®
In the absence of biomarkers, using the prevalence and
density of gameto-cytes after treatment is the most pragmatic
approach to assess the transmission-blocking efficacy of
drugs across a variety of malaria endemic settings.

To assess the safety of the 8-aminoquinoline drugs, there
must be a clear definition of the risk of haemolysis

and how it should be measured.! %9 The safety profile may
best be defined by the incidence of endpoints that could
compromise health, such as signs of severe haem-olysis, and
the need for interventions such as haematinic drug
administration, hospitalisation or blood transfu-sion. These
events, however, are rare and changes in haemoglobin
concentration may be a more sensitive primary safety
outcome for standard clinical trials. In a recent Cochrane
review of randomised controlled trials of primaquine’s

efficacy, only one trial®® was found to have measured the

haemoglobin concentration to assess san‘ety.61 In this current
study, clinically relevant safety endpoints have been selected
and a standardised pro-cedure is in place for the investigation
and management of severe haemolysis. A shortcoming of the
current study is that safety data are most urgently needed in
the most vulnerable group, G6PD-deficient individuals. For
ethical reasons this group was excluded. The authors
consider that the priority is first to determine the minimal
effective dose in a G6PD normal population before G6PD-
deficient individuals are exposed to this low dose of
primaquine to assess safety.

The ultimate evidence for a beneficial role of prima-quine
in reducing malaria transmission would come from trials
assessing the effect of the drug on measures of community-
level transmission. Once a safe and effica-cious dose of
primaquine in combination with ACTS is established, the
next step involves designing these com-munity trials.
Treatment of symptomatic cases could play an important role
in reducing the spread of (resistant) malaria strains from

symptomatic patients.62 However, because of the large pool

of asymptomatic parasite car-riers in all endemic settings63
and their importance in defining transmission potential, any
effect of prima-quine on community-wide transmission will
be limited if administration is restricted to symptomatic
cases. Other strategies such as pro-active screening and
treatment and (focal) mass drug administration may have a

larger impact in some settings.64 This trial forms the starting
point for defining the optimal dose of primaquine for use in
transmission-blocking interventions.
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2.2 Protocol development

The proposed trial objectives relate to gametocyte clearance to block transmission of
infection to the mosquito rather than cure of the malaria-infected individual. Standard
antimalarial drug efficacy trial guidelines (201) focus on clearance of asexual parasites and
clinical outcomes. An innovative part of this work was to design a method for assessing
transmission-blocking efficacy and safety that might be transferrable to future trials of
transmission-blocking drugs. Although there were a small number of instances where
transmission-blocking had been evaluated already, a Cochrane review in 2012 highlights the
heterogeneity of methods that had been employed in such assessments prior to this trial

(197).

Unique ethical issues are raised when trialling a drug whose action is primarily for the benefit
of the community rather than the individual participant (199, 202). The individual treated with
single dose primaquine benefits only indirectly from the community effect, rather than
directly from the drug effect. Standard passive detection of adverse events was considered
inadequate; safety outcomes were designed to reflect the specific haematological risk of the
drug. Community engagement and community stakeholder partnership were integral parts of
trial implementation and there was an emphasis on exploring the ethical issues around

primaquine use during engagement events.

This chapter presents the process of enquiry that led to protocol development. The trial

protocol can be found in Appendix A.
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2.2.1 Investigating the efficacy of primaquine: what questions to ask?

2.2.1.1  What s the optimal dose of primaquine for transmission-blocking ?
The WHO recommended dose at the time this trial was designed was 0.75mg primaquine

base/kg to a maximum of 45mg in adults (86).

The earliest studies on 8-aminoquinolines observed that single doses cleared gametocytes
within a few days (77, 203). The doses used were the same as the daily causal prophylactic
dose and the gametocytocidal effect was an incidental advantage. Most studies, therefore are
based on this standard dose. Very few studies have assessed the efficacy of different doses to

the standard 0.75mg/kg.

Gunders (in 1961) (204) used a dose of 1-2mg/kg in a cohort of 22, largely children, in Liberia
and reported few adverse effects. Bunnag (in 1980) (205) compared the effect of 15mg daily
for 5 days, 30mg single dose and 45mg single dose in Thai adults and found no significant
difference in gametocyte clearance between doses. Pukrittayakamee (in 2004) (206)
compared 0.25mg/kg and 0.5mg/kg primaquine in adults and found both to have shorter
gametocyte clearance times (GCT) than artesunate containing regimens with no significant

difference between the two doses.

This suggests that low doses may be as effective as higher doses. A very low dose of
pamagquine (Plasmoquine), 0.02mg/kg was reported as gametocytocidal (207). This translates

to a molar equivalent of 0.0164mg/kg of primaquine base.

On this basis, it is possible that the WHO dose is excessive for gametocytocidal efficacy and

the lowest dose for efficacy and safety ought to be established.
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2.2.1.2 /s a standard superiority design optimal for the evaluation of lower-than-standard
doses?

Rather than the superiority design of antimalarial drug efficacy trials (201), for dose-finding,

the emphasis is on assessing the efficacy of lower doses than the recommended dose. An

analysis based on non-inferiority to the existing 0.75mg/kg WHO-recommended dose may be

a more appropriate approach (208). This requires a larger number of participants than a dose-

escalation study (209).

V(]

Possible outcomes of a non-inferiority trial arm are “non-inferior”, “not non-inferior”, or
“inferior” to the comparator arm (210) (Table 2-1). Table X presents some possible inferences
drawn from these outcomes with relation to the fictional trial arms. There may be difficulty
interpreting the inference if a study arm has “not non-inferior” but not “inferior” outcome
(210). For this reason, the non-inferiority margin was constructed with some thought to its
biological relevance. Guidelines were consulted on the procedures for choice of the non-

inferiority margin (211).
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Table 2-1 Possible inferences from non-inferiority efficacy analysis outcomes from a fictional

dose-finding study

Reference Comparator arm | Non-inferiority Inference

arm analysis outcome

A B “Non-inferior” Dose B dose is not less
efficacious than dose A

A C “Not non-inferior” The efficacy of dose C is not
inferior to dose A but the study
cannot determine whether it is
equivalent to dose A

A D “Inferior” Dose D is less efficacious than
dose A

The non-inferiority margin represented the maximum additional number of days for which we

speculated an individual might remain gametocyte positive, such that the primaquine dose

administered would still be considered as efficacious as a comparator dose. Available data

suggested that submicroscopically detected gametocytes (the study outcome measure) were

cleared most rapidly within 11 days after 0.75mg/kg primaquine administration, although a

small number of individuals still carried gametocytes beyond day 28 (63, 212). A margin of 2.5

days was selected to distinguish between doses, so, for example, clearance within 12.5 days

would be seen as non-inferior to clearance within 10 days. Figure 3-1 (in Chapter 3, Results)

shows graphically how trial results were interpreted using non-inferiority analysis.
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2.2.1.3  What s the optimal timing of primaquine dosing with concomitant schizontocidal
treatment?
If primaquine is to be given in clinical case treatment or mass treatment initiatives, it is
logistically simpler, much cheaper and more reliable to give it at the same day as the partner
asexual treatment. However, often it is given after the start of treatment to avoid
exacerbating the nadir in haemoglobin associated with clinical malaria. Based on a
gametocyte half-life of 4-6 days, some authors suggest giving primaquine on day 7 or 8 to
capture maturing gametocytes which develop in the first few days of treatment (213). Few
studies have examined the efficacy associated with the timing of primaquine treatment.
Lederman (214) found a shorter GCT when primaquine was given on day 2 rather than day 0O,
but this was not significant. The range of regimens of primaquine administration in the

literature are illustrated in Table 2-2.
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Table 2-2 The range of timings of primaquine treatment in published studies

Day of primaquine
administration (after
asexual treatment
on day 0)

Country

Comment

Author, year

0-6 (7 days)

Thailand

No detailed safety
data. No adverse
events reported

Pukrittayakamee,
2004 (206)

India

No significant
adverse
haematological or
other events

Gogtay, 2006 (215)

Ovs2

Indonesia

Day 2 group had
faster GCT, but
difference was not
significant. Not
powered to detect
difference.

No safety reporting

Lederman, 2006 (214)

Tanzania

Haemoglobin nadir
on day 7. Worse in
G6PD deficient. No
symptomatic
anaemia

Shekalaghe, 2007 (63)

Sudan

Asymptomatic cases
(mass drug
administration). No
difference in packed
cell volume on day 7.

El-Sayed, 2007 (216)

Colombia

No safety reporting

Alvarez, 2010 (217)

Myanmar

Haemoglobin
increase by day 63
was reduced by
0.295g/dL in
PRIMAQUINE-treated
group. No black
water or severe
anaemia

Smithuis, 2010 (218)
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2.2.1.4  What pharmacokinetic properties of primaquine influence study design?

Primaquine is extensively metabolized; less than 2% of the parent compound is excreted in
the urine within 24hrs of dosing (219). Several metabolites have been identified, but it is
unclear which are responsible for the action against hypnozoites and gametocytes and which
for the toxic effects. The mechanism of action of primaquine remains unclear.
Carboxyprimaquine is the main metabolite (104) and its formation is cytochrome CYP450-
dependent (220). The 5-hydroxylated metabolite has been linked to both therapeutic efficacy
and toxicity (221). New evidence suggests that that a range of hydroxylated metabolites are
responsible for primaquine’s efficacy in clearing liver stage and sexual stage parasites, and
that this action is dependent on human liver microsome activity (222). Hydrogen peroxide
(H20,) generated from primaquine metabolism is hypothesized to cause parasite killing
through oxidative stress. Hence, the very mechanism for primaquine’s efficacy may be linked
to the drug’s toxicity to humans, which is also induced by oxidative stress. Other metabolites

have been identified, but their function remains undetermined (89).

A prerequisite of reliable pharmacokinetic data is a robust assay for drug detection. A high
performance liquid chromatography (HPLC) method devised in 1984 (104) to detect
primaquine with a sensitivity of 1ng/ml has been updated by Cuong (88). Primaquine exhibits
extensive tissue distribution (102, 223). Peak plasma concentration is within 1-4 hours (133,

219, 223) and the terminal half-life is 4-6 hours (133, 219).

Table 2-3 categorises studies that provide pharmacokinetic data which could affect the design
of a primaquine efficacy and safety trial. The ethnicity, age, sex and symptomatology of
participants may influence outcomes as well as the methodology of the study, such as dosing

schedule, combination drugs used and method of administration.
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Table 2-3 Summary of pharmacokinetic data that affect study design

Variable

Numbers
studied

Detail

Reference

Ethnicity

5-11

18

20

Thais +/- G6PD, Caucasians. Basic
PK no significant difference 45mg
stat

Australians in this study had
much higher clearance (lower
AUC and C™*) compared to Thais
from Singhasivanon 1991, even
considering weight difference

Vietnamese (30mg) values similar
to Mihaly (45mg) in having
substantially lower Cmax and AUC
than Thai study (15mg)

Fletcher 1981 (219)

Elmes 2006 (223)

Cuong 2006 (88)

Age & sex

7-9

6-30

18

20

Adult males
Adult males
Adult males
Adult males

Thai Females higher AUC and Crmax
than males (15mg dose)

9 male, 9 female (Australian)
healthy, single dose (30mg)
weight-adjusted results: no
difference in AUC, Cmax, CL/f or
t12

No significant difference between
10 men and 10 women
(geographic mean ratio of Cmax
0.89 and AUC 0.80, both non-
significant). No change in dose
required.

Edwards 1993 (133)
Mihaly 1984 (104)
Mihaly 1985 (102)
Fletcher 1981 (219)

Singhasivanon 1991
(224)

Elmes 2006 (223)

Cuong 2006 (88)

Drug interaction

30

20

Chloroquine: increases
production of methaemogobin
(time scale compatible with
primaquine metabolite)

Mefloquine: no significant effect

Quinine: reduction of carboxy-
metabolite AUC

Artesunate:

Grapefruit juice increased mean
Cmax (23%) and AUC (19%). Highly

Fletcher 1981 (219),
Cowan 1964 (225)

Edwards 1993 (133)

Edwards 1993 (133)

Cuong 2006 (88)
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variable between individuals—
avoid co-administration

Malaria interaction 9 Clinical malaria reduced oral Edwards 1993 (133)
clearance of primaquine, and
reduced tmax
Repeated dosing 5 Accumulation of carboxy- Ward 1985(226)
primaquine at 14 days with higher
Cmax and AUC.
Administration with 5-9 All starved overnight Mihaly 1984, 1985
food (102, 104), Ward 1985
(226), Edwards 1993
(133)
18 All given with food min 30% fat Elmes 2006 (223)
20 Food (bread and butter-28g fat5 | Cuong 2006 (88)

mins before dose) increased the
Cmax by 26% and the AUC by 14%.
All also given 300ml water). All
given a meal 4 hours after dose.
Comment that increased
bioavailability with food is too
modest to worsen adverse events
also reduces Gl side effects and
could be useful given resistance

Dose assessed in study

15mg, 30mg, 45mg
45mg for carboxyprimaquine data

15mg Thai male female difference
and higher Cmax and AUC than
other studies

30mg Australian male vs female

30mg Vietnamese male, female
food, grapefruit juice

Mihaly 1985 (102)
Mihaly 1984 (104)

Singhasivanon 1991
(224)

Elmes 2006 (223)

Cuong 2006 (88)

Abbreviations: PK = pharmacokinetic; AUC = area under the plasma concentration-time curve; Cmax = the

maximum concentration of a drug in the blood after the drug has been administered and before the

administration of a second dose, i.e., the maximum peak plasma concentration; CL/f = total clearance of

a drug from the plasma after oral administration, i.e., the mean oral clearance; ti/; = elimination half

life

We can conclude that from existing data that the same dose can be given in males and

females and it should be given with food. Data is lacking on the effect of artesunate
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derivatives on primaquine pharmacokinetics and most data available is in adults. More data is

required specifically in African children.

Pharmacokinetic studies require frequent blood sampling and particularly in children, this
must stand up to ethical scrutiny. Using population pharmacokinetic models, an optimal
sampling schedule can be defined to maximize the information gained from the smallest

possible number of blood samples (227).

2.2.1.5 Whatis the ideal transmission setting for trials of primaquine for transmission-
blocking?
A main determinant of drug efficacy in clearing gametocytes is the pre-treatment
gametocytaemia (228) and this varies with age (229) and the entomological inoculation rate
(EIR) (230). Therefore, the effect of primaquine in interrupting transmission may vary between
transmission settings. Given the heterogeneity of transmission intensity over time and place
and the complexity of the determinants of transmission efficiency, data on primaquine’s
gametocytocidal efficacy in a range of settings will be of value to inform further modelling and
eventually to inform policy decisions. We do not have convincing epidemiological data on the
effect of primaquine in reducing malaria transmission at community level. Would primaquine
have any significant effect in a high transmission setting where asexual parasite rates are high
and fuel ongoing gametocyte production? Clyde’s work in the 1960s demonstrated high
impact of a primaquine-including regimen on transmission reduction in a high endemic region
of Tanzania (83) . However, the relative contribution of primaquine cannot be ascertained due

to lack of a control arm (Section 1.2.1.3.1).

Table 2-4 summarizes the transmission settings for the range of primaquine trials at the start

of this thesis.
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Table 2-4 The transmission setting for trials of primaquine as a gametocytocidal agent

Transmission setting (EIR* if | Country Author, year

available from reference)

Low Thailand Bunnag, 1980 (205)
Chomcharn, 1980 (231)

Low Indonesia Kaneko, 1989 (232)

Moderate India Gogtay, 1999 (233)

Low Thailand Suputtamongkol, 2003 (234)

Low Thailand Pukrittayakamee, 2004 (206)

Moderate India Gogtay, 2006 (215)

Low-moderate Indonesia Lederman, 2006(214)

High (91) Tanzania Shekalaghe, 2007 (63)

High, seasonal Sudan El-Sayed, 2007 (216)

Low Colombia Alvarez, 2010 (217)

Low-moderate Myanmar Smithuis, 2010 (218)

*EIR = entomological inoculation rate (the number of infective mosquito bites per person, per year)

Definition of transmission settings: Low transmission, Plasmodium falciparum parasite rate (PfPR) 1-

10%; moderate transmission, PfPR 10-35%; high transmission, PfPR > 35%, seasonal transmission,

malaria transmission occurs only during some months of the year (235, 236)
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The majority of these studies have been conducted outside sub-Saharan Africa. At the time of
thesis design, no African countries had been defined as in pre-elimination of elimination
phase. African data is now clearly relevant, as malaria elimination is now firmly on the agenda

for an increasing number of states (1).

For dose-finding studies, high transmission settings may be advantageous. Potentially, the
higher gametocytaemias encountered would provide more data, and faster recruitment, for a
comparison of efficacy between different doses of primaquine. This difference may not be as
readily discernible in low-transmission settings. Translation into policy needs consideration.
There may be isolated moderate transmission settings where primaquine will be used (such as
on islands, or for outbreak control (194) , but most recommendations have been for
primaquine use in elimination or pre-elimination settings of low malaria transmission (Section

1.2.1.4.1).

2.2.1.6 /s the schizontocidal drug combination important?

Schizontocidal drug failure results in prolonged clearance time or recrudescence of the
asexual parasitaemia. Hence, the effect of a gametocytocidal drug is offset by newly forming
gametocytes. Interpretations of the efficacy of primaquine from studies have been conducted

with a failing regimen against asexual parasites (215, 234) should be drawn with caution.

Drugs with short duration of action can result in higher incidence of re-infections, and a new
source of gametocytes compared with drugs with prolonged effect against asexual parasites.
Hence, artemisinin combinations containing lumefantrine or piperaquine may show lower

total gametocyte prevalence during follow up than shorter acting combinations.

For efficacy trials, highly effective asexual stage treatment should be used and the half-life of
the schizontocidal drug should be considered when assessing the gametocyte prevalence

during follow up.
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2.2.1.7 What s the ideal outcome measure for efficacy?

Gametocytocidal efficacy can be measured as the prevalence or density of gametocytes
during follow up by microscopy. Gametocyte density can vary considerably from day to day as
seen in experimental infections (81, 237) . Therefore, point density and prevalence

comparisons are less informative than cumulative measurements.

Mendez (238) defined the log10 of the mean area under the curve of gametocyte density over
time per day as an indicator of the total infectious potential of an individual treatment group.

This has been used subsequently in primaquine trials (63).

Gametocyte density can be measured using molecular detection methods such as QT-NASBA,
a real time quantitative nucleic acid sequence based amplification detects gametocytes at
densities down to 20-100 per ml (237). This is a factor of 10 below the theoretical limit for
infectiousness to mosquitoes, given assumptions around the relationship between
gametocytaemia and the mosquito blood meal. This higher level of detection is useful to

highlight significant differences between treatment arms as shown in Figure 2-1.
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Figure 2-1 Differences between treatment arms with microscopic and submicroscopic

detection methods, from Shekalaghe et al, PLosOne, 2007 (63)

Gametocyte prevalence by microscopy (A) and Pfs 25 QT-NACBA (B). Gametocyte prevalence for SP+AS
(closed diamonds, solid line) and SP+AS+PQ (open triangles, broken lines) treated children. Bars indicate
the 95% confidence intervals around the proportions. *indicates a statistically significant difference

between the two treatment arms. (From original manuscript (63))

To measure the true transmission potential following primaquine treatment, ideally,

transmission experiments should be performed, with sporogony as an outcome, namely
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oocyst numbers in the mosquito midgut or presence of sporozoites in the mosquito mouth
parts. Table 2-5 illustrates the outcome measures used in published studies of primaquine as a
transmission-blocking agent. The measures represent how primaquine impact can be
measured on gametocytes and through the process of sporogony to sporozoite production

and community parasite rate.

Table 2-5 Outcome measures for primaquine as a transmission-blocking agent

Outcome measure Numbers studied Author, year
Microscopic gametocytes 315 Bunnag, 1980 (205)
only
176 Pukrittayakamee, 2004 (206)
90 Gogtay, 2006 (215)
117 Lederman, 2006 (214)
468 Alvarez, 2010 (217)
808 Smithuis, 2010 (218)
Submicroscopic 104 El-Sayed, 2007 (216)

gametocytaemia

108 Shekalaghe, 2007 (63)
Oocysts in mosquito midgut | 10 Jeffery, 1956 (82)

10 Gunders, 1961 (204)

n/a (in vitro) Chotivanich 2006 (239)
Sporozoite prevalence 12 Burgess, 1961 (77)

3 Rieckmann, 1968 (78)
Community parasite rate >15 000 Clyde, 1962 (83)
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Clearly, to demonstrate the consequence of gametocytocidal therapy on infectiousness to
mosquitoes, a measurement of gametocyte density or prevalence is only a proxy measure.
Furthermore, simply quantifying gametocytes after treatment might not provide a full
representation of drug effect. Detection by microscopy does not distinguish between
gametocytes that may be viable and infectious, or that may be sterilized or dead due to the
drug effect. Where sporogony has been measured, in previous studies, gametocytes are still
detectable long after sporogony is inhibited (within 3 days of primaquine) (77, 78). This
suggests that gametocyte density/prevalence might be a conservative estimate of
transmission potential following primaquine treatment. As long as this is considered, since it is
a logistically simple measurement to conduct, the use of gametocyte quantification might be

justifiable as an outcome measure in primaquine efficacy trials.

2.2.1.8 What should be the defined duration of follow-up?

Early studies predating the onset of widespread anti-malarial drug resistance show complete
gametocyte clearance within 3-14 days of primaquine treatment (77, 78, 204) and total
inhibition of sporogony within 3 days of primaquine (77, 204). In subsequent years,
microscopic gametocyte clearance has been noted by 14-28 days with regimens varying in
efficacy against asexual parasites (205, 206, 217, 218). Submicroscopic gametocyte clearance
with primaquine is detectable in 3.9% to 6.4% on day 14 (206, 216). Following that, there is a
detectable increase which may be due to re-infection or recrudescence of asexual
parasitaemia (Figure 6). 28 days might, therefore, be a reasonable duration of follow up for a

dose-finding study.

2.2.1.9 Inwhat clinical context should primaquine efficacy be assessed?
The optimal clinical setting for the implementation of primaquine-based intervention is
undetermined (199) . For malaria elimination/eradication, primaquine may be used in mass

treatment of asymptomatic individuals in the community or in case-based treatment. Is it
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ethical, then, to test its efficacy only in trials of clinical cases? Are results from trials on
patients with uncomplicated clinical malaria translatable to effects on asymptomatic
parasitaemic individuals? Clinical (symptomatic) malaria itself may have an effect on the
pharmacokinetics of primaquine (133) and on gametocyte immunity (230) impacting the
magnitude and rate of post-treatment gametocytaemia reduction compared to in
asymptomatic infection. Symptomatic malaria also impacts the haemoglobin so extrapolation
of safety data from trials in symptomatic cases should be done with caution. Notably, WHO
guidelines for primaquine as a gametocytocide are for the treatment of clinical cases (Section
1.2.1.4.1). This is how primaquine has been used in South American countries for decades,

where the endemicity of falciparum malaria has been reducing progressively (1).

Given that the prevalence of gametocytaemia in asymptomatic infection is low, although
highly variable (37), initial dose-finding studies in the context of clinical symptomatic malaria
will have more signal to compare different doses, i.e., there will be more individuals with
measurable endpoints. Primaquine use in symptomatic cases is a consideration in epidemics.
Furthermore, especially if primaquine is to be used in mass treatment initiatives, it is

important that safety analysis is available in the context of controlled trial settings.

2.2.1.10 What important confounding factors should be controlled for in a trial of primaquine
efficacy?

Individuals with G6PD deficiency are at risk of haemolysis with primaquine. Given that G6PD

gene polymorphisms are conserved in malaria endemic regions (96, 162), and it is considered

that screening for G6PD deficiency for gametocytocidal primaquine treatment may not be

necessary or practical, it is important that information on safety in G6PD deficiency is

available. Therefore, this should not be controlled for, but can be part of a sub-analysis. G6PD

deficiency inheritance is sex-linked, so ideally, gender should be stratified for in enrolment. Of
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note G6PD deficiency is not the only predisposing condition for haemolysis with primaquine

(63).

Pre-treatment gametocytaemia increases the probability of prevalence of gametocytes

following treatment (228). This should be stratified for in analysis.

Age may affect baseline gametocytaemia and anti-gametocyte immunity (230) so age-
stratification is important in both enrolment and analysis. A cut off of age 5 may be
reasonable because in a similar transmission setting, 5-7 was the upper age group where

immune responses appear to impact infection (240).

2.2.2  Investigating the safety of primaquine as a gametocytocidal agent. What questions to

ask?

2.2.2.1 What are the ethical issues when giving a treatment which does not contribute directly
to the health of the individual?
Primaquine use has been advised by the WHO for transmission-blocking. This is an off-label
use of the drug. This recommendation does not constitute evidence that it is ethical to give a
medication to individuals for the sake of reducing malaria transmission in the community.
Since those individuals do not benefit directly from the treatment, the ethical concern is
related to whether there is any risk to those individuals. There is, however, a lack of data to
inform at what dose and in which settings primaquine could be used with safety and efficacy.
Therefore, this clinical equipoise is the proposed justification for conducting research on this
intervention. It is crucial that proposed trials undergo ethical review that considers this lack of

direct benefit to the individual, both in their clinical settings and sponsor institutions.

2.2.2.2 Whatis an acceptable level of haemolysis post primaquine treatment?
Arguably, no degree of haemolysis should be accepted following a treatment that is not of

benefit to the individual. The haemolysis following primaquine is transient, as shown by
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Shekalaghe et al (2007, Figure 3) (63) . Data are lacking to define the expected size of
haemoglobin nadir post treatment, whether this differs with a range of starting haemoglobin
values and crucially, the risk of adverse outcomes from primaquine-associated haemolysis. In
Tanzania, the nadir in haemoglobin following primaquine treatment (0.75mg/kg primaquine

base) was on day 7, when it was 5.2% lower than on enrolment (63).

Review of the current literature indicated that none of the trials using single dose primaquine
45mg reported any severe adverse events associated with primaquine use, including no
transfusion requirement and no documentations of black urine secondary to haemolysis.
There was, however, significant heterogeneity in the safety metrics that were collected. Few
studies measured haemoglobin concentration or haemolysis specifically; non-specific adverse
event reporting was common. There was one case of severe anaemia (Hb <5g/dL) without
clinical compromise in a Tanzanian study (101) where the mean fall in haemoglobin following

treatment was 2.5g/dL.

Data regarding the primaquine dose-related reduction in haemoglobin are required if its use

may become more widespread in populations with G6PD deficiency.

2.2.2.3  How will G6PD deficient individuals be identified?

2.2.2.3.1 Fluorescent spot test

An inclusion criterion for trial participation was normal G6PD enzyme activity. This was
defined as normal fluorescence with the fluorescent spot test (241). If fluorescence was
reduced, this was interpreted as G6PD deficiency and the participant was excluded. The assay
kit used (N Dimopoulos SA, Greece, formerly R & D diagnostics) shows fluorescence if GGPD
enzyme activity is greater than approximately 20% of normal reference enzyme activity
(Figure 4-1, Section 4.3.1.1). This cut off is particularly low, with reference to the WHO

classification of severity (Table 1-1), and falls in the range of moderate to mild deficiency.
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2.2.2.3.2 G6PD genotype

DNA was extracted from blood spots on Whatman filter papers, then amplified using the
polymerase chain reaction and detected using primers that characterise the G6PD A- allele
(202G-> A and 376A->G). Figure 4-2 (Section 4.3.1.2) shows the amplified products run on an
electrophoresis gel after digestion with restriction enzymes. 376A->G characterises the
change from G6PD B (wild type) to A, and 202G-> A characterises the change to A- variant.

The presence of both mutations is required for designation as A- variant.

2.2.2.4  What safety outcomes are important?
Haemolysis can be measured by the fall in haemoglobin and the presence of haematological
indicators, such as reticulocytosis, haematocrit and lactose dehydrogenase levels.

Intravascular haemolysis may be evident on a blood film, exhibiting schistocytes.

The outcomes of haemolysis can range from acute or chronic asymptomatic anaemia,
symptomatic anaemia requiring transfusion, transient black urine (haemoglobinuria), or black

urine with renal failure.

For operational purposes, it is most useful to measure the level of the haemoglobin along with
any evidence of adverse outcome of haemolysis, rather than haematological indicators which

could be affected by factors other than the drug treatment itself.

Monitoring and reporting of any adverse events during the trial, which may or may not be

related to drug treatment should form an integral part of the trial.

2.2.2.5 Safety in pregnancy and breastfeeding
Primaquine is contra-indicated in pregnancy because of the risk of haemolysis leading to
adverse outcomes for both the mother and the unborn child (74). Given that it is secreted into

breast milk, it is contra-indicated in breast feeding despite a lack of data (242). The
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implications for widespread community interventions are that a significant proportion of

female community members might be excluded from treatment.

2.2.2.6  Whatis the optimal sampling framework for both safety and efficacy?

The frequency of blood sampling was designed to capture the expected day of the nadir in
both haemoglobin and gametocyte prevalence/density. Sampling on day 2 was important as a
baseline, being the day primaquine/ placebo was administered and it appeared that a nadir in
haemoglobin might be expected around day 7 (63). In a Tanzanian population, gametocyte
prevalence declined until day 14, after which, an increased prevalence was attributed to re-
infections (63). An additional data point on day 10 was proposed, to capture changes prior to
day 14, then weekly samples were taken until day 28. If children were still anaemic on day 28,

it was proposed that they would have further weekly sampling until resolution.

2.2.2.7 What additional trial eligibility criteria need consideration?

At the time of trial design, the lower age limit for primaquine use on the drug label was 1 year
and this was reflected in WHO guidelines (243), so this was the lowest age for trial
recruitment. To exclude the risk of administering primaquine in pregnancy, discussion was
held with Ugandan public health clinicians and community representatives and 10 years was
the selected upper age limit. The cut-off haemoglobin level for enrolment was 8g/dL, to
exclude children with severe anaemia and significant haematological co-morbidity, and to

minimise risk from potential primaquine-induced haemolysis.
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2.2.3  Conclusions that can be drawn to inform study design

In summary, the following conclusions were reached regarding study design:

Table 2-6 Conclusions from evidence-based study design

Trial Criterion

Conclusion

Trial design

Parallel-arm randomized controlled trial

with double blinding

Analysis approach

Non-inferiority

Stratified by age and sex and gametocyte

prevalence at enrolment

Primaquine reference and comparator dose

0.75mg/kg versus lower doses: 0.4mg/kg,
0.1mg/kg, and placebo

Timing of primaquine dose

Day 2

Schizontocidal drug combination

ACT recommended by local Ministry of

Health (artemether-lumefantrine)

Efficacy outcome measure

Gametocyte prevalence over time,

gametocyte clearance time

Safety outcome measure

Primary: mean fall in haemoglobin after

treatment

Secondary: requirement for transfusion,

haemoglobin <5, presence of black urine

Duration of follow up

14 days for efficacy, 28 days for safety

Transmission setting

Moderate (EIR* 1-10)

Clinical context

Symptomatic uncomplicated Plasmodium

falciparum malaria

*EIR = entomological inoculation rate (number of infective mosquito bites per person, per year)
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2.3 Development of a Primaquine working group

Following the development of this thesis, a clear gap in the malaria elimination research
agenda was identified. A working group was established to focus on the research agenda and
operational priorities for the use of single low-dose primaquine as a transmission-blocking
intervention (described in Section 3.3.4.1). The group’s remit was defined principally with
questions around primaquine use in Africa, but outputs became transferable to other regions

where Plasmodium falciparum elimination is being targeted.

2.3.1 RESEARCH PAPER 2: Publication of the rationale for using primaquine to interrupt
malaria transmission in Africa
The report from the first primaquine working group meeting was peer reviewed and

published in the Malaria Journal(199).
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Abstract

Following the recent successes of malaria control in sub-Saharan Africa, the gametocytocidal drug primaquine needs
evaluation as a tool to further reduce the transmission of Plasmodium falciparum malaria. The drug has scarcely been
used in Africa because of concerns about its safety in people with glucose-6-phosphate dehydrogenase (G6PD)
deficiency. The evidence base for the use of primaquine as a transmission blocker is limited by a lack of comparable
clinical and parasitological endpoints between trials. In March 2012, a group of experts met in London to discuss the
existing evidence on the ability of primaquine to block malaria transmission, to define the roadblocks to the use of
primaquine in Africa and to develop a roadmap to enable its rapid, safe and effective deployment. The output of this
meeting is a strategic plan to optimize trial design to reach desired goals efficiently. The roadmap includes
suggestions for a series of phase 1, 2, 3 and 4 studies to address specific hurdles to primaquine’s deployment. These
include ex-vivo studies on efficacy, primaquine pharmacokinetics and pharmacodynamics and dose escalation
studies for safety in high-risk groups. Phase 3 community trials are proposed, along with Phase 4 studies to evaluate
safety, particularly in pregnancy, through pharmacovigilance in areas where primaquine is already deployed. In
parallel, efforts need to be made to address issues in drug supply and regulation, to map G6PD deficiency and to
support the evaluation of alternative gametocytocidal compounds.

Keywords: Plasmodium falciparum, Malaria, Primaquine, 8-aminoquinoline, Transmission,
Gametocyte, Glucose-6-phosphate dehydrogenase deficiency, G6PD, Africa

Background

Current World Health Organization (WHO) guidelines
recommend the “addition of a single dose of primaquine
(PQ) (0.75 mg/kg) to artemisinin-based combination
therapy (ACT) for uncomplicated falciparum malaria as an
anti-gametocyte medicine, particularly as a component of
a pre-elimination or an elimination programme” [1].
However, unlike recommendations for other anti-malarial
treatments this does not come with the supporting state-
ment “Strong recommendation, high quality evidence”.
This is because there are limited data to suggest that
primaquine is safe and efficacious for this use, especially
to support regulation and licensure. This is striking given
that primaquine has been in the anti-malarial drug arsenal
since the 1950s and historical studies strongly
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suggest that primaquine is highly effective at blocking
transmission. Worldwide, 20 countries include prima-
quine as first-line treatment for Plasmodium falciparum in
their national policy. None of these countries are in Africa
[2].

There are an increasing number of reports of declining
transmission intensity in many parts of sub-Saharan Africa,
bringing malaria transmission to pre-elimination levels in
some countries. There is also increasing recog-nition that
additional strategies aimed specifically at the transmission
stages of P. falciparum are required both to further reduce
transmission and to sustain the gains made by current
control efforts. The previously high levels of malaria
transmission may be one of the main reasons why
primaquine has not been used widely in Africa, with only
very frequent delivery of the drug being likely to have any
impact on transmission [3]. However, the most likely
reasons for the limited use of primaquine in Africa are
concerns over safety, given the conservation

© 2012 Eziefula et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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of the glucose-6-phosphate dehydrogenase (G6PD) defi-
ciency polymorphism in the population.

Using an anti-malarial drug with the goal of inter-rupting
malaria transmission rather than clinical cure necessitates
a clearly-defined assessment of safety and efficacy with
benefits at the individual level and at the community level
being considered. For primaquine, the optimal dose to
achieve such endpoints remains undeter-mined. The
recommended 0.75 mg/kg dose is associated with
significant haemolysis in some susceptible indivi-duals [4-
6], but this dose may well be excessive for the
transmission-blocking activity [7]. For the purpose of
comparison, doses in this report that are expressed as a
milligram per kilogram (mg/kg) equivalent assume an
average adult weight of 60 kilograms.

The limited safety data available on single dose primaquine
has lead to the requirement of prior testing for G6PD
deficiency and pregnancy to avert risk. The necessity for this
additional testing has a significant impact on the feasibility,
cost effectiveness and the achiev-able population coverage of
large scale primaquine-based interventions. More information
on the consequences of single-dose primaquine administration
on individuals/ populations with a relevant range of G6PD
enzyme ac-tivity levels is required urgently if 8-
aminoquinolines are to be deployed to interrupt transmission.

Meeting objectives
With these issues in mind, a meeting of experts was
convened to review and discuss existing data on the use of
primaquine in Africa for transmission-blocking and to
examine the road-blocks that could be overcome to enable
and inform its safe use.

Specific objectives of the meeting were to:

1. Identify key road-blocks to deployment of short
course primaquine or similar drugs in Africa to
reduce transmission of falciparum malaria.

2. Reach consensus on study endpoints so as to
maximize comparability between
transmission prevention studies.

3. Generate a list of deliverables that will move forward
deployment of primaquine in Africa.

Meeting sessions

Country program perspectives and potential use for
primaquine

Chris Drakeley and Roly Gosling introduced the meeting
by providing the current context for the use of prima-quine
and highlighting the fact that the reductions in malaria
transmission that have been described in many sub-
Saharan African settings may well be linked to in-creasing
spatial, temporal and even demographic hetero-geneity in
infections. Spatial targeting of control efforts

is likely to make interventions, such as mass drug
administration (MDA) more feasible [8]. National malaria
control programmes that have seen success in malaria
control in the last decade are looking to implement new
tools to sustain existing reductions and to further reduce
transmission. The question is whether primaquine is one of
these tools?

Salhiya Ali described current malaria transmission in
Zanzibar, which is characterized by perennial and
declining transmission. The sporozoite rate decreased from
4.3 in 2005 to 0% in 2009 and the most recent para-site
prevalence was 0.067%. Recent Zanzibar Malaria Control
Programme reports suggest that transmission has become
highly heterogenous with cases restricted to relatively few
weeks per year and to a few localities. Primaquine is not
used, but its use could be considered to facilitate further
reductions by targeting hot spots, or in treating confirmed
clinical cases. The local distri-bution of gametocytaemia
and G6PD deficiency is not known.

In Ethiopia, both P. falciparum and Plasmodium vivax
are endemic and Ashenafi Assefa indicated that the mal-
aria strategy for 20112015 includes a plan for elimination
by 2020. Primaquine was used in Ethiopia for 25 years up
until 1990. Chloroquine (CQ) plus primaquine was first-
line treatment for both species. There is no documenta-tion
of adverse effects due to primaquine in this period. When
sulphadoxine-pyrimethamine (SP) was introduced, it was
considered not feasible to administer three drugs, therefore,
primaquine was dropped. At present, prima-quine is used
for radical cure of P. vivax, but not for P. falciparum. The
barriers to using primaquine in Ethiopia include: 1) a lack
of documentation of the distri-bution and clustering of
G6PD deficiency (small studies suggest that prevalence is
between 1.4 and 6.7% among some minority groups) [9],
and 2) uncertainty about the efficacy of primaquine for
interrupting transmission of P. falciparum in Ethiopia.

Karen Barnes gave a historical perspective of malaria
control in South Africa. Previously, the country had high
levels of malaria transmission. In 1938, there were 22,000
deaths due to malaria in Kwazulu-Natal. Subsequently, an
aggressive approach to malaria control including mapping,
malaria surveys, and vector control has reduced the burden
considerably but case incidence has remained at a steady
state since 2001. The Ministry of Health has now set a goal
for elimination by 2018. The biggest chal-lenges include
imported malaria, and the perception that malaria is not a
public health problem, leading to central budget cuts.
Given the already aggressive measures in place, the
addition of a transmission-blocking drug such as
primaquine could be required to achieve elimination. One
challenge is that primaquine is only available on an
individual patient basis for radical cure of P. vivax. In
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South Africa, the very high rate of tuberculosis and HIV
infection means that the potential for drug interactions with
other anti-infective therapies must be considered if
primaquine is to be used at a population level. The risk of
primaquine-associated haemolysis in people living with
HIV infection may differ from that in uninfected people.

In contrast to the aforementioned countries, Diadier
Diallo reported that malaria transmission in Burkina Faso
is still high. The use of a combination of inter-ventions,
such as long-lasting insecticidal nets (LLINS), indoor
residual spraying (IRS), and effective artemisinin
combination therapy (ACT) with a long half-life part-ner
drug such as dihydroartemisinin-piperaquine is a proposed
strategy. Co-administration of ACT with prima-quine (or
alternatives such as methylene blue) for con-firmed
malaria episodes and mass drug administration (MDA)
may help to further reduce transmission. This strategy may
be particularly appropriate in the Sahel area where
transmission is highly seasonal and relatively low, making
it a potential target for elimination activities. Challenges
include the high mobility of human and vec-tor populations
particularly from Mali and Niger.

Historical studies on single dose or short course
primaquine for blocking transmission of P. falciparum

Chi Eziefula highlighted that the current recommenda-
tions for primaquine are based on studies with very small
numbers of participants. The parent 8-aminoquinoline,
pamaquine (or plasmoquine), developed in the 1920s, was
shown to have activity against P. vivax and Plasmodium
ovale relapses, and against both sporozoites and gameto-
cytes of all species [10,11]. A derivative of pamaquine,
primaquine was developed in the 1940s by the United
States army to prevent relapse of P. vivax in soldiers
returning from Korea and to prevent the import of malaria
into the country [12].

In 1973, the WHO recommended a single dose of
primaquine (0.75 mg/kg ) for malaria transmission-
blocking and considered prior screening for G6PD defi-
ciency unnecessary [13]. It was not until 2010 that the
WHO Malaria Treatment Guidelines (Second Edition)
changed to indicate that the risks of haemolysis in G6PD
deficient patients should be given consideration prior to
primaguine-based interventions.

The currently recommended single dose of primaquine is
based on limited efficacy data. In 1961, in Liberia, Burgess
and Bray found that a single dose of 0.75-1.5 mg/kg
primaquine administered to12 children cleared circulating
gametocytes by day 9 [7]. In 1961, also in Liberia, Gunders
administered 0.45-1.1 mg/kg of prima-quine in
combination with pyrimethamine to 22 children and adults.
Gametocytes were cleared after a mean of 5 days post
treatment, and no mosquito infections

occurred in feeding assays [14]. Primaquine was paired
with amodiaquine (AQ) in a large scale MDA conducted
by Clyde in 1962 in a hyperendemic area of Tanzania.
More than 15,000 subjects were studied in three clusters:
weekly administration, fortnightly administration, and
monthly administration. Outcome measures included
asexual parasite, gametocyte and sporozoite rates. After six
months there was a ten-fold reduction in parasite
prevalence with weekly and fortnightly administration but
not with monthly administration [3]. Except for the work
by Clyde, there are no substantial field data that indicate
that single dose primaquine decreases trans-mission of P.
falciparum.

Safety data for primaquine use in Africa or African
Americans are equally limited despite the fact that they
inform contemporary guidelines. Burgess and Bray com-
ment that primaquine was “well-tolerated”[7]. Clyde
reported no safety data and it is unclear who was excluded
from treatment [3]. In a series of studies in G6PD deficient
African-American volunteers, Alving and colleagues
showed that, in three individuals, haemolysis occurred with
daily administration of 30mg (approxi-mately 0.5 mg/kg)
of primaquine. But, after three weeks, the haematocrit
recovered and lower doses resulted in less haemolysis.
Eight weekly doses of 60 mg and 45 mg were not
associated with haemolysis [15,16]. Daily administration
of 30mg of primaquine to African Americans resulted in
significant haemolysis in 1%, com-pared to no severe
haemolysis when 15 mg was adminis-tered [17]. Tolerance
in a pregnant woman (28 weeks gestation) has only been
reported by Burgess and Bray, but there was no
documentation of birth outcomes [7]. In a more recent
study, Kenyan school children were randomized to receive
15mg primaquine daily or three times a week as a malaria
prophylactic. It is not clear whether G6PD deficient
individuals were included and haemoglobin levels are not
reported but again the authors note simply that “primaquine
was remarkably well tolerated in our studies” [18].

Kevin Baird remarked that any discussion about
primaquine efficacy is necessarily also a discussion about
toxicity as there are inherent risks of the drug in situa-tions
when the individual patient may not benefit. He
highlighted the importance of employing the ethical
principles of autonomy, justice and beneficence to game-
tocytocidal therapy [19]. The 45 mg dose of primaquine is
based on data obtained in very few, healthy indivi-duals.
This dose was proposed in an era where the goal of the US
military was not to find the lowest efficacious dose, but
rather to show that the drug worked. The first dose-finding
study by Alving in 1960 included one single patient [16].
It was subsequently observed that daily but not weekly
administration of 0.25 mg/Ib of body weight (~0.55 mg/kg)
to G6PD deficient-children resulted in
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haemolysis [20]. Rieckmann and Burgess both showed
declines in gametocytes, oocysts and sporozoites follow-
ing a dose of 45 mg of primaquine but a similar efficacy
was seen with lower doses of 30 mg and 15 mg [7,21,22].
Importantly, these evaluations were conducted without co-
administration of a blood schizontocidal drug.

In 1944, the US government abandoned pamaquine as a
means of preventing relapses of P. vivax due to its
haemolytic toxicity and drug interactions. Primaquine was
introduced as a gametocytocidal agent at the 45mg dose
based on Alving’s work, a dose which was readily available
and in use for chemoprophylaxis in American soldiers in
Southeast Asia at the time. Some significant haemolysis
was seen, mostly in African Americans; there were no
deaths but there were several cases of renal fail-ure with
daily dosing for 14 days[17]. Summarily, the
recommended 45 mg dose may be too dangerous for use in
mass drug administration, especially given the limited data
on transmission reduction with this strategy.

Recent studies on the use of primaquine in Africa

Data from two Tanzanian studies which employed single
dose primaquine were reviewed by Teun Bousema. In the
first study, treatment with sulphadoxine-pyrimethamine
(SP) and artesunate (As) was given to children aged 3 to 15
years with uncomplicated falciparum malaria. They were
randomized to receive placebo or a single dose of 0.75
mg/kg of primaquine on the third day of treatment (day 2).
Compared to the control arm, primaquine ad-ministration
on day 2 decreased the area under the curve of gametocyte
density over time and the duration of gametocyte carriage.
The effect was apparent for two weeks; using quantitative
real time nucleic acid sequence-based amplification (QT
NASBA), 3.9% had gametocytes on day 14 in the
primaquine arm, and the density was extremely low,
compared to a prevalence of 62.7% in the control arm [23].
Haemoglobin fell in both arms but the drop was more
pronounced in the primaquine arm. However, this effect
was transient and there was no symptomatic anemia. A
haemolytic effect was seen even in some individuals
without genotypic (A- variant) G6PD deficiency [23].

In a subsequent cluster randomized study, using MDA in
lower Moshi [24], single dose primaquine was given with
SP plus As treatment to 1110 individuals older than 1 year
with primaquine dosages based on weight (approximately
0.75 mg/kg). It was not possible to assess post-intervention
incidence or prevalence because P. falciparum
transmission had dropped to very low levels. However,
safety outcomes, based on haemolysis, were available.
Moderate haemolysis occurred follow-ing primaquine
treatment in 40% of G6PD deficient (A- genotype)
individuals but in only 4.5% of non-deficient individuals.
There was no clinical compromise

due to anemia in any of the children, except in one child in
the primaquine arm, whose haemoglobin dropped from 8.3
g/dL to 4.8 g/dL. It was noted that in all cases haemolysis
was transient, recovering by day 14 after treatment.

As a former colleague of Professor Li Guogiao, Keith
Arnold represented him and presented data from an MDA
campaign in Moheli Island, Comoros. Dr. Arnold began by
reviewing Professor Li’s work on primaquine in South East
Asia, which served as the basis for the drug regimen used
in Comoros. In the late 1990s, Professor Li developed CV8
(320 mg piperaquine phosphate, 32 mg dihydroartemisinin,
5 mg primaquine phosphate, 90 mg trimethoprim). An
estimated 1.3 million doses of this drug were administered
across Vietnam as part of the National Malaria Control
Programme in 2000. There were no documented reports of
haemolysis. Data were pre-sented from subsequent dose-
finding studies. Artequick (dihydroartemisinin piperaquine
given at 0 and 24 hours) was administered in clinical cases
followed as inpatients for 30 days followed by
administration of 6 mg (7 patients), 7.5 mg (3 patients) or
8 mg (32 patients) of primaquine. A 7.5 mg dose of
primaquine rendered gametocytes non infectious at 24
hours. Following 8 mg of primaquine, there were oocysts
but no sporozoites in membrane-fed mosquitoes. He
decided on the use of Artequick + 9 mg primaquine for
MDA after performing safety studies using 8 mg and 10
mg doses in small numbers of indivi-duals with G6PD
deficiency in South East Asia. An MDA campaign in 2003
in Cambodia using this regimen resulted in a large
reduction in population parasite car-riage over three years
[25].

In Moheli Island, Comoros the baseline P. falciparum
parasite prevalence in children ranged from 10-95% in 25
villages. Given a mosquito life expectancy of 30 days, the
strategy was to give Artequick for three days plus 9 mg of
primaquine on day 1 (Round 1) and day 35 (Round 2).
Also, beginning on day 21, 9 mg primaquine alone was
given every 10 days, 12 times. Patients less than six months
of age were excluded. Treatment cover-age for both rounds
was reported as >90% and data from monitoring between
2007 and 2009 suggested a reduc-tion of parasite
prevalence to <5%. The exception was an area on the south
of the island where parasite rates decreased from 94% to
19% with frequent migration from a nearby island
suggested as the reason for the persist-ence of parasites.
There were no reports of haemolysis, although it was not
measured objectively. The baseline prevalence of G6PD
deficiency was estimated to be 15%.

G6PD deficiency prevalence testing and safety issues
G6PD is an essential erythrocytic enzyme. G6PD defi-
ciency is one of world’s most common genetic poly-
morphisms. Dennis Shanks described the current array
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of diagnostic tests available to test for G6PD deficiency.
Testing of the enzymatic activity of G6PD on freshly-
collected blood samples is the most widely used method.
The NADPH fluorescent spot test is most commonly used
and is currently recommended by the International
Committee for Standardization in Haematology, but it
requires a UV lamp and is difficult to do on high volumes
of samples. Other diagnostic tests include cytochemical
assays, DNA sequence analysis of the G6PD gene, and
some rapid diagnostic test formats not yet validated for
public health application. In theory, testing for G6PD de-
ficiency is not difficult, but most tests have limitations for
large-scale field application, such as expense, require-ment
for electricity, duration of test procedure, and sen-sitivity
of reagents to light and heat, low detection threshold, and
relatively low throughput capacity.

Rosalind Howes described G6PD deficiency as being
widespread in tropical regions of sub-Saharan Africa,
commonly affecting over 15% of the male population, and
in some isolated areas of West and Central Africa reaching
up to 30% of the male population. It is consid-ered that
severe G6PD deficiency is likely to exist in Africa but its
prevalence is unknown. Shanks noted that country-wide
MDA with primaguine has been used in China and
Nicaragua, both areas with a low prevalence of G6PD
deficiency and that in both programmes there were some
cases of severe haemolysis. The three primary safety/
tolerability issues with primaquine are gastro-intestinal
upset, methaemoglobinaemia, and haemolytic anemia in
those who are G6PD deficient. GBPD enzyme activity is at
best a partial biomarker of clinical effect and the clinical
effect is likely dependent on other factors including red
blood cell count, gender, and other gen-etic factors.

Testing for G6PD deficiency

Gonzalo Domingo observed that genotyping for G6PD
deficiency is most commonly carried out for known
prevalent mutations at the risk of misclassifying study
participants with unknown G6PD deficiency traits as
normals. Phenotyping, either quantitative or qualitative,
determines G6PD activity in red blood cells and can be
defined as a relative deficiency in activity compared to a
predefined “normal” activity or in absolute terms in units
per gram of haemoglobin. Most studies in Africa have used
a semi-quantitative/qualitative fluorescent spot test and
observed a high degree of discordance be-tween
phenotyping and genotyping not limited to just
heterozygous women. Other phenotypic tests e.g. cyto-
chemistry can identify heterozygous females. Spectro-
photometry is the gold standard and fluorescent spot tests
are useful for screening. The ideal specification for a G6PD
deficiency test is difficult to achieve as there is

no defined acceptable cut-off of G6PD activity. The chal-
lenges are that the measurement of enzyme activity is
extremely sensitive to temperature, specimen volume, and
possibly specimen type. Of the available tests that run on
point-of-care platforms, BinaxNOW is limited by its
operating temperature and Access Bio by its small sample
volume, which may be a source for perform-ance
variability. The BinaxNOW test detects a cut-off of 30-
40% enzyme activity and was designed to detect
hemizygous males. Detecting heterozygous females re-
quire platforms that can detect and enumerate intra-
erythrocytic G6PD activity. The next steps include an
evaluation of currently available tests for G6PD defi-
ciency under ideal laboratory conditions, field evaluation
under controlled conditions, and engaging with the
diagnostic sector to define a value proposition for point-of-
care G6PD deficiency tests. Ongoing efficacy studies for
primaquine represent an opportunity to obtain G6PD
deficiency cut-off levels.

Examples of possible study designs— clinical and
field-based

Lorenz von Seidlein and Teun Bousema considered the
sequence of studies required to establish the role of
primaquine in the response to artemisinin resistance as well
as for the elimination of falciparum malaria. Before
population-level interventions are considered, three main
questions will need to be addressed: 1) What drug con-
centration is needed to inhibit gametocytes, 2) which
primaquine regimen is required to achieve these gameto-
cyte inhibitory concentrations and 3) can this dose be
safely administered to both sexes and all age groups?
Excluding young children and women of reproductive age
from MDA will seriously reduce coverage and is likely to
render any intervention meaningless. Since a prospective
study of giving single dose primaquine dur-ing pregnancy
is not likely to be approved, retrospective approaches e.g.
pharmacovigilance during large field trials should be
explored as a way of gaining informa-tion about the safety
of primaquine in pregnancy.

One option for field evaluation is the cluster rando-mized
trial. A double-blinded community-randomized, placebo-
controlled trial in The Gambia evaluated MDA with
sulphadoxine- pyrimethamine (SP) plus single dose artesunate
(AS1) in 18 villages and achieved 89% coverage
[26]. There was an initial decrease in malaria incidence but
the effect quickly disappeared. Possible reasons for a
failure to reduce transmission intensity might be that the
baseline transmission intensity was too high, that there was
migration of infected individuals or mosqui-toes, or that
the drug regimen was not ideal. A double-blinded
community-randomized, placebo-controlled trial was
conducted in Tanzania in a setting of very low and
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seasonal malaria transmission (entomological inoculation rate
of approximately 2) using MDA with SP on day 1 plus
artesunate for 3 days and primaquine on day 3 [27]. Coverage
of 93% was achieved, but the study failed to show a reduction
in transmission intensity due to the small number of outcome
events (P. falciparum infections) in both the intervention and
control groups. These studies raise two important questions:
1) Are sub-microscopic parasite densities sufficient to sustain
transmission and

2) what is the ideal transmission intensity at which to conduct
MDA? It was considered that studies designed to detect the
community benefit of ACT versus ACT plus primaquine
would potentially necessitate very large sample sizes and
alternative strategies to evaluate MDA should also be
considered. The community effect of insecticide-treated bed
nets extends beyond the households that use nets and has been
estimated by measuring the distance between control and
intervention villages and com-pounds where protection is
seen. Such an effect may exist for primaquine- based
interventions such that targeted coverage has a high impact.
Less ambitious trial designs could encompass treatment of
clinical malaria cases, focal screen—and-treat campaigns, or
primaquine could be incorporated into active case detection
activities using standardized outcome measures such as
entomological parameters, gametocyte prevalence by
molecular methods, parasite prevalence/ molecular force of
infection, and malaria incidence during follow-up.

The design of trials of MDA with primaquine should help
inform a potential strategy for interventions. What is the
threshold endemicity level at which MDA with primaquine
should be considered? How many rounds of MDA are
required and at what interval to give a given effect? Even
if efficacy and safety can be established, the issue of
willingness to participate in MDA must be con-sidered. In
settings of very low transmission and minimal risk, e.g.
Swaziland, the community might not be as accepting of
MDA as compared to a country with higher endemicity as
the perceived benefit is lower.

Potential study endpoints-clinical and field studies
Heiner Grueninger emphasized that study endpoints should
be designed to facilitate both effective treatment and
increased knowledge of the study drug. In the con-text of
using primaquine for a new indication of trans-mission-
blocking, the study design should address the requirements
set by authorities for obtaining regulatory approval to use
the drug. Consequently, endpoints should be considered
with input from both industry and policy makers in order
to expedite drug deployment in endemic settings.

Chris Drakeley discussed biomedical efficacy end-
points. Abrogation of infection in mosquito infectivity
studies is a compelling functional bioassay yet only one

existing study involving primaquine satisfied Cochrane
review criteria (Graves and Gelband, in press). In this
study, mefloquine and SP plus primaquine stopped
infection over 14 days post treatment [28]. The mosquito
feeding assay methods for assessing post treatment
infectivity of subjects offer different options for evalu-
ation, but are not standardized. Direct skin feeding of
mosquitoes on treated individuals is most representative of
natural infection dynamics but presents logistical and
ethical concerns. Using venous blood allows both direct
membrane feeding but also serum replacement with un-
treated or treated serum to examine the effect of dif-ferent
serum compositions, such as drug metabolites.
Reproducibility of results is an important issue with no
clear guidelines on how to feed mosquitoes, how many
mosquitoes should be fed per assay, because the robust-
ness of the estimate of prevalence of infection depends on
the number fed [29], and on which day post-treatment
participants should be tested for infectivity. For example,
primaquine has a short half-life so infectivity could be
measured after 24 hours, whereas, for the purpose of MDA,
it is probably pertinent to know for how long the subject
has reduced infectivity and testing for infectivity up to 28
days may be relevant. This latter point could be addressed
by staggering sampling time points between participants to
reduce the number of bleeds per individ-ual. Further
studies may be required to confirm the effect on
infectiousness to wild mosquito populations as natural
infections have been shown to be successful at very low
gametocyte densities suggesting high vector susceptibility

[30]. Such feeding experiments may not be warranted or
practical for larger field evaluations and a surrogate mar-
ker for transmission would be preferable.

Although, there is no standardized, validated marker of
infectiousness of the human host, the most widely used
marker to compare drugs is the prevalence of gameto-cytes
7 days post treatment [31]. Gametocyte density is less
relevant at low gametocyte counts found in chronic and
asymptomatic infections as the correlation between
infectivity and low gametocyte density is poor. The
measurement of gametocyte prevalence and density
depends on the method of detection with 5- to 10- fold
differences seen with molecular methods compared to
microscopy[32]. Gametocyte densities can be integrated
using area under the curve (AUC) to provide an estimate of
gametocyte carriage [33,34]. In natural infections this is
likely to vary by age with young children with clinical
disease having short, intense gametocytaemia (abrogated
by drugs or gametocyte death) and older semi-immune
individuals, who can have asymptomatic infections for up
to a year [35] and maybe longer, with a more pro-longed
AUC.

The issue of how to tailor the design of studies using
primaquine to include endpoints that are meaningful to
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regulatory authorities was tackled by Justin Green. The key
question is what level of evidence do we require in order to
use primaquine as a transmission-blocking agent? He
referred to ongoing studies using tafenoquine to high-light
how bespoke endpoints are being used to achieve licensure.
Tafenoquine is an 8-aminoquinoline developed by the US
army and the Walter Reed Army Institute of Research
(WRAIR) with GlaxoSmithKline (GSK). It has a long half-
life (14-17 days), which may confer advan-tages as an
anti-parasitic agent, but also risks, given that the duration
of haemolysis in individuals with G6PD deficiency is also
prolonged [36]. The drug is slowly metabolized and the
parent compound is respon-sible for the anti-malarial effect
[37]. Tafenoquine is being developed as a radical cure of
P. vivax infection. Green described a dose-ranging study in
individuals over 16 years with P. vivax infection evaluating
chloro-quine alone compared with standard dose
chloroquine plus primaquine 15mg (for 14 days) and
different single

doses of tafenoquine (50mg, 100mg, 300mg, and 600mg)
given on day 1 or day 2 (NCT01376167). The primary
endpoint is relapse at 6 months with secondary end-points
of relapse at 4 months, time to relapse, parasite clearance
time, fever clearance time, gametocyte clear-ance time (by
microscopy), safety and pharmacokinetics/
pharmacodynamics.

These pivotal endpoints are designed with regulatory
requirements in mind so that wording related to end-points
can be incorporated into a label claim. From the
perspective of industry, this can determine the potential
volume of sales (the percentage of the primaquine market
obtainable). For trials with primaquine, or other
transmission-blocking candidates, it is necessary to decide
how important it is that the study endpoint is on the label
and whether stakeholders demand a “label claim” or an
indication for approval. For transmission markers to stand
as endpoints for a regulatory level trial, one would need
validation that the marker, e.g., a
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Figure 1 Preliminary modeling of administration of primaquine together with ACTs in a range of transmission settings. A simulation of adding
primaquine to ACT first line treatment versus ACTs only in a seasonal setting. In this simulation 80% of clinical cases are treated with ACT
alone or ACT-PQ. Primaquine is assumed to reduce the duration of infection by 78% and the level of infectiousness by 67% in treated
patients compared to those treated with ACT alone. In a low transmission scenario, adding PQ to the treatment of clinical cases causes a
higher relative reduction than in higher transmission scenarios. Ro differs between settings. Migration is not allowed for. With the kind

L permission of Lucy Okell, Jamie Griffin & Azra Ghani. For further details, see reference [40].
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molecular method such as detection of pfs25 with QT
NASBA [38] or microscopic gametocytaemia, correlates
with transmission.

Typically, the pharmaceutical industry focuses on the
risk-benefit of a particular drug in the individual. For
primaquine, the drug may be of more benefit to some-one
other than the recipient, raising the ethical question of
whether it is acceptable to give a drug for community
benefit. This issue is also pertinent to transmission-
blocking vaccines [39]. Justin Green considered that it is
crucial that primaquine trials include individuals with
G6PD deficiency (including heterozygote females) and
describe the risk of haemolysis in these patients. There is
no consensus on whether there is any acceptable degree of
haemolysis following a drug intervention for malaria in
clinical cases or in asymptomatic individuals.

Modeling the potential use of primaquine

Teun Bousema discussed how to extrapolate the effect of
primaquine in the individual to community-level
transmission, acknowledging that the infectious reservoir
of malaria may vary with transmission setting. A recent
model by Lucy Okell and colleagues [33] suggests that
infectiousness post ACT alone is 13 days and post ACT
plus primaquine is 3 days. Using this model that incorpo-
rates population age structure, immunity, heterogeneous
exposure and as well multiple interventions as covariates,
the addition of primaquine to ACT as first-line treatment
significantly reduces transmission in low endemic set-tings
but not in higher transmission settings (Figure 1). The
proportion of people who received primaquine in addition
to ACT is a key parameter suggesting prima-quine needs
to be given with all courses of ACT to have an effect. The
models were further extended to investi-gate the effect of
primaquine as part of an MDA [40] in a non-seasonal
setting with 9% prevalence of P. falciparum. Giving MDA
every four months caused an 80% reduction in
transmission, but not elimination. With MDA every six
weeks one could plausibly reach elimination. Prelim-inary
models suggest that MDA may be more successful in areas
of seasonal transmission (Figure 2). The dur-ation of drug
action is important and a long acting ACT plus a long
acting 8-aminoquinoline could be an optimal combination.

An approach targeting malaria transmission hotspots
may be appropriate for all endemic settings [8]. The
hypothesis is that hot spots catalyse transmission and
targeting them would reduce transmission both within and
outside the hotspot. Modeling hotspot interventions with
no drug treatment but with insecticide-treated bed nets
scaled up to 80% coverage and targeted IRS had a
significant effect on transmission. The effect of adding
primaquine should be investigated. Models of transmis-
sion assume a long time-course and there was discussion
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Figure 2 The effect of annual MDA with primaquine in addition to
primaquine and ACT treatment of clinical cases in a low transmission
setting. In a seasonal, low transmission setting, giving ACT+
primaquine to clinical cases plus an annual MDA with ACT plus
primaquine could reduce malaria levels close to elimination if repeated
for a number of years; however the model does not allow for
immigration of malaria cases. With the kind permission

of Lucy Okell, Jamie Griffin & Azra Ghani. For further

{ details, see reference [40].

as to the stability of hot spots and how this would affect the
efficacy of an intervention.

Meeting outputs

Possible approaches for the use of primaquine to

interrupt malaria transmission

Having reviewed the existing data, the second aim of the
meeting was to identify the roadblocks to deployment of
primaquine in Africa (Figure 3), decide on common study
endpoints and to determine the next steps. As a starting
point the group determined the intended indica-tions of
primaquine (Figure 4), a target product profile (Figure 5)
and common endpoints for infectivity, efficacy and safety
studies (Figure 6).

Key roadblocks to the deployment of primaquine
Safety and efficacy of primaquine

The paucity of evidence for primaquine’s safety and
efficacy for transmission-blocking were seen as major
issues, particularly, the lack of data supporting the safest
and most efficacious dose. If primaquine is going to be
used to maximal benefit then it must be safe to deploy in
G6PD deficient individuals and women of childbearing age
and it must be safe to co-administer with HIV and
tuberculosis treatments without adverse drug interactions.
Most crucially, evidence is lacking for any transmission-
reducing effect in the community from the addition of
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primaquine to routine anti-malarial treatment of symp-
tomatic individuals.

Suitable endemicity for use of primaquine

It was agreed that use of primaquine is most likely to have
an impact on transmission intensity in areas char-acterized
by low endemicity prior to the intervention, i.e. P.
falciparum parasite rate (PfPR) by microscopy of less than
5%, or an EIR (entomological inoculation rate) less

than 1. In such settings, there is a low frequency of
symptomatic parasitaemia so the greatest benefit is likely
to result from treating asymptomatic infections as well,
through MDA or screen-and-treat initiatives. The optimal
strategy for delivering primaquine-based MDA in terms of
who to treat, at what threshold endemicity, with what
regimen and how often is unknown.

Mathematical modelling indicates a limited effect at
higher transmission intensities (PfPR> 10%). However,
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further iterations are needed to assess the additional effect
of primaquine interventions together with other control
tools at a range of transmission intensities. As was the
situation in Aneityum, Vanuatu [41], there may be other
higher transmission settings where interruption of
transmission could occur using MDA with primaquine
because of limited human migration.

Partner drug for primaquine

For community campaigns with primaquine, the partner
ACT should probably differ from the recommended first-
line anti-malarial treatment. An alternative ACT may be
required for community-wide MDA or in circumstances
where repeated rounds of MDA are envisaged. However,
in smaller hotspots of high transmission intensity where
fewer rounds of treatment with ACT-primaquine are
needed, the standard first-line ACT could be considered as
the partner to primaquine. The relative gametocytocidal
activity of the partner ACT, its half-life for killing asexual
parasites and the potential for drug interactions or for
synergy with primaquine will need to be considered.

Drug supply and regulation
The manufacture and supply of the appropriate dose and
formulation of primaquine was seen as a major obstacle for
primaquine deployment. Currently, there are primaquine
shortages globally and in Africa, the procurement of
supplies to treat P. vivax where it is endemic is a challenge.
Further information on the current challenges for the
manufacture and supply of single- or low-dose prima-quine
is required. A review of the current situation of primaquine
manufacture and supply should be carried out with the aim
of identifying the steps needed to ensure an adequate
supply of primaquine formulated in the correct dose should
low dose primaquine be found to be efficacious. It is likely
that primaquine for the clear-ance of P. falciparum
gametocytes will remain off label. In order to ensure the
smooth process from manufacture to implementation, it
was recommended that stake-holders from industry and
governments, including regu-latory authorities be brought
together to discuss these challenges.
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Alternatives to primaquine

The meeting agreed that seeking alternative gametocytoci-dal
drugs to primaquine was paramount due to the safety concerns
with 8-aminoquinolines. The 8-aminoquinoline tafenoquine
appears to have a similar safety profile to primaquine
(haemolysis in people with G6PD deficiency), but being long-
acting, may potentially inhibit gametocyte infectivity for
longer. Should a safe, low dose be found, tafenoquine could
be a useful tool in the elimination of P. falciparum. There is
increasing evidence for methy-lene blue having a better safety
profile [42,43], but more work needs to be done on regimen,
dose-finding and acceptability [44,45]. The group supported
the further development of these drugs and considers it a
priority to develop more compounds active against
transmission stages for all species of malaria.

The roadmap

Three themes were identified that need to be addressed
simultaneously. Firstly, there are evidence gaps for
primaquine itself, secondly, the manufacture and supply of
primaquine needs mapping and thirdly, efforts to search for
a safe and effective alternative to primaquine need to be
supported. A schematic of the roadmap is shown in Figure
7.

Providing evidence of the efficacy and safety of
primaquine

A range of studies from phase 1-4 were proposed that
would inform decisions on the efficacy and safety of
primaquine. These are outlined below.

Phase 1: Identification of the lowest dose for efficacy

Ex vivo gametocytocidal/ infectivity assays: because the
active metabolites of primaquine are currently unknown,
the interpretation of in vitro assays with primaquine is
complicated. A possible approach would be to use healthy
volunteers treated with different doses of primaquine. The
plasma (containing primaquine metabolites) of these
individuals could be used in membrane feeding experi-
ments with cultured parasites to demonstrate lack of
infectivity in mosquitoes of different doses of primaquine
and in combination with ACT.

There is no proven relationship between mosquito
infectivity and gametocytocidal effects so this may need to
be repeated with a variety of parasite lines and volun-teers
of different ethnic backgrounds.

It was noted that much needed pharmacokinetic studies
could be performed during the same experiments as could
studies evaluating the different partner ACT, other
gametocytocidal drugs and drugs in common use
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that may interact with primaquine (e.g. antiretrovirals and
drugs for tuberculosis).

Phase 2: Establish the safety and efficacy of the
optimal dose of primaquine in relevant sub-groups

Efficacy of low dose primaquine to assess post-
treatment infectivity using common endpoints (see
below) in G6PD normal individuals. A dose-
finding study is currently under way in Uganda
(NCT01365598).

Studies to confirm safety of low dose primaquine in
G6PD deficient.

— hemizygous males with lowest doses (dose
escalation studies)
— heterozygous females (dose escalation studies)

— individuals of a given phenotypic G6PD enzyme
function level, to establish a relationship
between G6PD enzyme function level and
safety, a proposed threshold enzyme function
being in the range 20-30%.

Confirm safety and efficacy in infected population
of unselected G6PD status (timeline 3—4 years).

If safety with G6PD deficiency remains a problem,
field usable and reliable point of care tests to detect
G6PD deficiency will be needed and the effect of not
treating a proportion of the population on
transmission reduction modeled.

Programmes to map the geographical distribution of
G6PD deficiency in countries targeted for primaquine
deployment. This should include assessment of the
range of enzyme function levels in the population.
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Phase 3: Studies to establish utility at community level pharmacovigilance could be supported to do a retro-These may
measure transmission reduction but may not spective study following up women of reproductive age necessarily need to be in
the form of randomized con- who have been treated with any dose of primaquine. trolled trials. Much can be learnt from the

transmission-
blocking vaccine field where designs such as a ‘stepped

wedge’ design may be used with a focus on the indirect
and community effects. Both prospective and retrospect-
ive pharmacovigilance studies will be needed and preg-
nancy registers will be an important component.

Phase 4: Studies to review the safety in pregnancy
Currently there is no evidence on safety of primaquine
in pregnancy. Post-marketing surveillance is possible as
several countries have adopted primaquine as policy,
such as India, China and Sri Lanka. In these countries,

Conclusion

Primaquine may be a useful malaria control tool in low-
endemic settings in Africa when used in combination
with a blood schizontocide. For maximal effect it will
need to be given to asymptomatic parasite carriers and
therefore a safe and efficacious dose needs to be found
that can be used in populations with G6PD deficiency.
Studies designed to find this dose should contain com-
mon endpoints including infectiousness to mosquitoes
seven days after treatment and gametocyte prevalence
pre-treatment and seven days post-treatment to allow
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maximal comparability between trials. Safety endpoints
need to be defined, particularly with regard to G6PD
pheno- and genotype and pregnancy. Methylene blue and
tafenoquine are alternative drugs but need further testing
and establishing standard protocols could facili-tate this
process. Community trials should identify the added
benefit of using primaquine in addition to a long-acting
ACT with the endpoint of community transmis-sion
reduction.
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2.4 Trialling an off-label drug

An important challenge in setting up this trial was the fact that primaquine was not on the
registered drugs list in Uganda (244) and was not part of the treatment policy for the Ugandan
National Malaria Programme. Therefore, it was not manufactured in the country and needed
to be imported for use in the trial. This raised several issues surrounding the off label use of

the drug.

2.4.1 Whatis on primaquine’s label and why does it matter?

A drug’s label defines the indications for which the drug has been found in clinical trials to be
safe and effective (245). Primaquine appears on the WHO Essential Medicines list for the
indication of radical cure of Plasmodium vivax infection at doses of 7.5mg or 15mg (246) and
this is a reflection of the label it is approved for across different drug authorities (247). The
use of single, low-dose primaquine to block transmission of Plasmodium falciparum infection

is an off-label use of the drug.

There are numerous examples where off-label drug use has come into common practice and is
even recognised as the first-line treatment option (248). It is legal for clinicians to prescribe
off-label drugs once they are on the market, as long as it is “done in good faith, in the best

interest of the patient and without fraudulent intent” (249).

2.4.2 Licence to trial an off-label drug

Primaquine had not been used in Uganda for the transmission-blocking indication previously
and there were no other African countries implementing it as a gametocytocide for malaria
control or elimination at the time of this trial. Approval from the Ugandan National Drug
Authority for the importation of the drug and its use in a trial use necessitated the application
for a clinical trial licence. This involved documentation of the chemistry of the product, the
proposed non-Ugandan manufacturer and evidence of their quality control processes, and
summaries of non-clinical and clinical studies conducted on the pharmacokinetics, safety and
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efficacy of the drug, and post-marketing experience. The full clinical trial licence application
for the national drug authority is available in Appendix B. Table 2-7 summarises its key

contents:

Table 2-7 Ugandan National Drug Authority clinical trial licence application checklist

Requirements for NDA Clinical Trial Licence application

[0 Proof of payment of fees

1 Materials transfer: Applications for import and/or export of materials

(1 Clinical Trial Application Form

71 Trial Protocol

(1 Investigators Brochure

(1 Participant Information Leaflet and Informed Consent

71 Certificate of GMP manufacture of the trial medicine or other evidence
of manufacture quality, safety and consistency

[0 Package Insert/s for other trial medicines.

[0 Certificate of GMP manufacture of the placebo - if appropriate.

[1 Evidence of accreditation of the designated Laboratories or other
evidence of GLP and assay validation.

(1 Insurance Certificate specific for the trial in consultation with NDA

71 Signed and completed Declarations by all Investigators

00 Approval of Ethics Committees for the Protocol

[0 Full, legible copies of key, peer-reviewed published articles supporting
the application.

[0 Sample of the label for the imported products




2.4.3  The challenge of ensuring accurate paediatric dosing of primaquine

Primaquine is available in tablets containing 15mg and 7.5mg primaquine phosphate base. For
the purpose of this dose-finding trial in children, doses as small as 1mg, increasing in
increments of 0.5 mg, were required. It was necessary to develop a robust method for
incremental dosing that would ensure the correct amount of active drug in each dose

administered.

The stability of primaquine phosphate tablets in solution with water was established by HPLC
analysis in the laboratory of Dr Harparkash Kaur at the London School of Hygiene and Tropical
Medicine. The analysis demonstrated that primaquine tablets, including the batch procured
for the study were stable in solution at room temperature (20 degrees C) for 7 days. This
meant that doses could be titrated accurately by syringe for the purpose of the clinical trial.
Each tablet of 15mg primaquine phosphate was crushed and fully dissolved in 15ml of
drinking water. This 1mg/ml solution was used to give draw up doses to the nearest 0.5mg

using 5ml and 10ml syringes.

This methodology was subsequently ratified in 2014 (two years after this trial completed),
when Sanofi Aventis produced instructions for the extemporaneous preparation of
primaquine phosphate tablets 26.3mg (15mg equivalent base) for clinical trial use. These
instructions were shared at the low dose primaquine working group meeting and published in

the meeting report (250).

2.5 Ethical clearance and regulation

2.5.1 Ethical committee assessment
The trial was submitted to ethical committees at the London School of Hygiene and Tropical

Medicine in the UK, to the Faculty of Medicine Research Ethics Committee (FOMREC) at
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Makerere University College of Health Sciences, Uganda and to the Ugandan National Council

of Science and Technology (UNCST).

2.5.1.1 Ethical recommendations from Faculty of Medicine Research Ethics Committee
(FOMREC) at Makerere University College of Health Sciences, Uganda
The ethical committee did not express concern with the ethics of the principle of using
primaquine as a transmission-blockier and assessing the dose-response relationship. There
was recognition that its use was recommended in the WHO guidelines. Given the contra-
indication in pregnancy, concerns were raised regarding the method of exclusion of
pregnancy. The committee agreed that limiting the eligible age limit to 10 years, and excluding
those who have started menstruating, was sufficient, but at their request, a supply of
pregnancy tests was provided at the study clinic, to be used at the discretion of the study

clinicians and with parental consent.

FOMREC requested simplification of the language in the consent forms. This prompted
consultation with local researchers and community members with experience in constructing
and using consent forms in the study village location, where many participants had a limited

extent of formal education.

Detail of quality assurance systems was provided on request, particularly on how malaria
slides would be read and how results would be validated. This had been detailed in the study
protocol (Appendix A) (200). There was a call for specification with regard to future use of
biological specimens, as it was thought to be too broad in the initial protocol version.

Accordingly, this was narrowed to cover only research related to malaria.

The appropriateness of cost re-imbursements for participants was questioned, and
justification was given detailing the expected costs incurred by participants for food and

transport in missing a day of work.
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The committee was interested to learn what was the intended system for clinical
management of illnesses other than malaria, and it was confirmed that all diseases would be
managed within the capacity of local facilities and expertise and any requirement for specialist
medical input would be met by consultation with dedicated senior clinicians at the regional

paediatric hospital (which was 30 minutes’ drive away).

There was concern with regard to the optimisation of opportunities for capacity building by
processing study samples within Uganda as far as possible. Unfortunately, potential for this
was limited, as at the time of study development and with the available resources, the
technology for molecular gametocyte detection and pharmacokinetic analysis specifically for
primaquine were not available in Uganda. Initially, polymerase chain reaction detection of
G6PD alleles was planned in country, but unfortunately, the infrastructure was not available in
a timely manner and these samples were instead exported, under appropriate transport
conditions, for analysis in the UK. Malaria microscopy, haemoglobin measurement, G6PD
phenotypic assessment (fluorescent spot test) and G6PD enzyme level assays were all

conducted in Uganda.

2.5.1.2  Ethical recommendations from London School of Hygiene and Tropical Medicine
(LSHTM)

The first proposal submitted to LSHTM (and all ethical committees) involved a trial population

that was un-screened for G6PD deficiency. This was in line with the lack of requirement for

G6PD screening in the WHO recommendations for single dose primaquine. The proposal was

rejected outright by the LSHTM ethical committee, with the following comment:

“We are of the opinion that the benefit to the individual participants from the primaquine is
small if not negligible and the risk relatively high. We therefore do not feel able to approve

the proposal as submitted. There are clearly possibilities for staging this work - with a dose
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ranging study in those screened to ensure they are not G6PD deficient followed by a study of

the safety of this dose in the general population.”

This feedback was considered extremely helpful in highlighting the expected ethical concerns
and the trial design was altered to exclude G6PD deficient children at enrolment. Plans were
put in place to develop a protocol for a daughter trial in G6PD deficient individuals informed

by the dosing data in this trial (251).

The new trial population demanded a re-calculation of the appropriate sample size. Initially,
sample size was calculated to include adequate numbers to assess safety in the predicted
proportion of individuals who would be G6PD deficient. Upon revision, the optimal sample
size for safety was reduced, as there was no longer any requirement to include a population
that would be expected to represent all G6PD genotypes. As no prior representative data was
available on the expected fall in haemoglobin in a G6PD-screened African population, data
was taken from a recent trial of primaquine in an un-screened population in Tanzania (63) .
The revised sample size calculation takes into account the size required for non-inferiority
analysis of the efficacy outcome measure in the test dose arms compared to the reference
dose (WHO-dose) arms and the size required to assess the superiority of safety outcome

measures in the test dose arms compared to the reference dose (WHO-dose) arm.

The process of screening for G6PD deficiency was not specified by the committee. Specific

issues with the selection of the method for G6PD screening are covered in Section 1.2.3.6.

2.5.1.3  Ethical recommendations from the Uganda National Council of Science and Technology
(UNCST)

No concerns were raised at the stage of protocol approval by the UNCST, but, following their

site visit to inspect the acceptability of the trial site prior to recruitment, recommendations

were made regarding the storage facilities for study drugs and the appropriateness of snacks
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and provision of meals for study participants and their relatives whilst attending for follow up

visits.

2.5.2  Clinical trial registration, sponsorship and monitoring
The trial was registered on www.clnicaltrials.gov. The trial was sponsored by LSHTM, and
LSHTM conducted the clinical trial monitoring. All monitoring site visits were conducted by the

Ugandan National Council of Science and Technology (UNCST).

A Data Safety and Monitoring Board (DSMB) was set up for the trial. All members accepted
the terms of a DSMB charter. The board agreed what data and parameters should be
presented and at what frequency. Data collated per study arm was coded as A, B, Cand D to

preserve blindness. A sample DSMB reporting sheet is available in Appendix C, (part 1).

2.6 Sitesetup

2.6.1 Collaboration with the Infectious Diseases Research Collaboration, Uganda

The collaborator in Uganda was the Infectious Diseases Research Collaboration (IDRC), a non-
profit research organisation that was established in May 2008 by scientists at Makerere
University College of Health Sciences and the University of California, San Francisco and the

Ugandan Ministry of Health.

The IDRC evolved from the Uganda Malaria Surveillance Project established in 2001 to
evaluate the impact of malaria control interventions on key malaria indicators. This focussed
on sentinel sites based at six health centres across the country. The organisation’s role
expanded rapidly to incorporate the production of high quality data from multiple
geographical sites and research programmes targeted to inform policy makers and widened

research activities in the fields of HIV, tuberculosis and community health as well as malaria.
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Key components of collaboration with the IDRC were support for Ugandan trial regulatory
affairs, including communication with the ethical committees, and provision of training for
staff to ensure compliance with Good Clinical Practice requirements; support with data
management, including provision of a secure server to deposit trial data; quality control of
malaria slide readings at the Kampala-based Molecular Research laboratory (MOLAB); support
with procurement, budget administration, staff employment and financial reporting; and,

assistance with sample transport and storage facilities

This work saw the involvement of the London School of Hygiene and Tropical Medicine as a
new collaborator with IDRC, necessitating the set-up of a Memorandum of Understanding
between the two organisations, to facilitate exchange of contracts and funds and transfer of

materials for the purpose of this study and future work.

2.6.2  Blood transfusion access

Access to safe blood transfusion was vital for this study in the event of any severe drug-
related haemolysis. An agreement was made with the Regional Paediatric Referral Hospital in
Jinja to provide blood (form the national bank in Kampala) to our study participants. The
regional paediatric intensive care unit clinicians agreed to support our study participants if

they required blood transfusion.

2.6.3 Medical care infrastructures
At the study site, the resident governmental health workers were not medically qualified. Two
qualified physicians were employed for the trial as study co-ordinators and doctors. The lead

paediatrician at the Regional Paediatric Referral Hospital in Jinja provided senior support to
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the trial physicians when requested. Details of the senior consultations requested by trial staff

are provided in the results section (Section 3.3.3).

2.6.4  Staff recruitment and training

Study staff were recruited and employed through IDRC-hosted structures. Group and role-
specific training sessions were designed to cover all trial processes. All staff were trained and
certified in Good Clinical Practice (GCP) and materials for Good Clinical and Laboratory
Practice (GCLP) were supported by the IDRC and a series of group discussion sessions were
held in the laboratory to further explore the training manual. The data team had input into
the design of a self-cleaning study database. Briefly, the database was designed so that each
value had to fit appropriate criteria in order to be entered. This reduced some level of human
data entry error. Manual data cleaning was still required, hence all data was double entered
and checked for inconsistency and corrected against source data before being entered into
the master database. The laboratory team had input into the design of some of the laboratory
standard operating procedures (SOPs). The clinicians, nurses and fieldworkers also inputted
into SOP design after training sessions to provide guidance. This helped ensure that staff

members had ownership of the targets and processes of the clinical trial.

Training for each staff discipline was given by the principle investigator at employment and
trial-specific training manuals were designed and provided. Materials on the ethics of research
involving human subjects developed by the collaborating partner, IDRC, were used for
additional group training in this area. These covered a history of research ethics, recognition
of vulnerable populations, key elements of the informed consent process and guidelines on
correct documentation of informed consent. All staff had permanent access to these materials

for continued reference during the recruitment process.
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Once trial recruitment was underway, there were regular appraisal sessions and feedback
opportunities for staff to assess performance, to improve practice where necessary and to

give feedback to the principle investigator and employer.

2.7 Overcoming hurdles

2.7.1 Delays in obtaining permissions

The initial submission of the study protocol to the School of Medicine Research Ethics
Committee at Makerere University, Kampala, was not reviewed because the committee
announced that it was undergoing a change in staffing and a change in processes. During this
time, the submitted protocol was reported to have been lost from the committee offices. This
was discovered only after some months of waiting for approval, adding to delays. The
protocol was re-submitted and then reviewed, after which, revisions were called for as
detailed above (Section 2.5.1) and the submitted alterations were approved. At the point of
protocol alteration, core trial staff were appointed and trained, in order to minimise further
delays in the onset of recruitment, whilst balancing the cost of staff employment prior to

approval.

2.7.2  Delays during recruitment—widened catchment area

The incidence of clinical malaria at the study site had been recorded by the Uganda Malaria
Surveillance Project showed an expected blood slide positivity rate of approximately 50%
(252). This had been used to predict the rate of recruitment and to plan the study landmarks
and budget. The rate of recruitment to the trial underwent significant decline after the first
two months. Data were obtained on the seasonal rainfall in the region and this was not lower
than expected (253). Estimates of the entomological inoculation rate (number of infective
bites per person per year) from epidemiological surveillance projects at the study site

revealed significant reduction from 7 (254) to 3.8 (255) over the preceding 7 years.
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Given the budgetary consequences of a reduced recruitment rate, the decision was taken to
widen the catchment area for the study. This decision was taken in consultation with ethical
advisers from the collaborating partner, IDRC. Participants were screened at health centres
and hospitals within the widened catchment area and were then transported by study staff
(always less than 20 minutes’ travel) to the study clinic, where screening processes were
repeated and eligible individuals were invited to enter the enrolment process. They then
completed the final steps of screening at the study clinic and were consented if entry criteria

were satisfied. All of their subsequent follow up visits were conducted at the study clinic.
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3 Results: Primaquine safety and efficacy dose-finding trial

This chapter covers the results of the trial, the main findings of which were published in the
peer-reviewed Lancet Infectious Diseases journal (256). Additional data analysis
considerations and unpublished data are presented in sections 3.2 to 3.3. Immediately
following the trial, the methodology and results were shared in international meetings to
develop and progress the research agenda and to engage with policy makers. These data

sharing processes are described here in Section 3.3.4.

3.1 RESEARCH PAPER 3: Publication of trial results
The trial results were peer reviewed and published in the Lancet Infectious Diseases

Journal. See Appendix E for the accepted plain text version of the manuscript.
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Summary

Background Primaquine is the only available drug that clears mature Plasmodium falciparum gametocytes in
infected human hosts, thereby preventing transmission of malaria to mosquitoes. However, concerns about dose-
dependent haemolysis in people with glucose-6-phosphate dehydrogenase (G6PD) deficiencies have limited its use.
We assessed the dose-response association of single-dose primaquine for gametocyte clearance and for safety in P
falciparum malaria.

Methods We undertook this randomised, double-blind, placebo-controlled trial with four parallel groups in Jinja
district, eastern Uganda. We randomly allocated Ugandan children aged 1-10 years with uncomplicated falciparum
malaria and normal G6PD enzyme function to receive artemether—lumefantrine, combined with either placebo or
with 0-1 mg/kg, 0-4 mg/kg, or 0-75 mg/kg (WHO reference dose) primaquine base. Randomisation was done with
computer-generated four-digit treatment assignment codes allocated to random dose groups in block sizes of 16.
Study staff who provided care or assessed outcomes and the participants remained masked to the intervention group
after assignment. The primary efficacy endpoint was the non-inferiority of the mean duration of gametocyte carriage
in the test doses compared with the reference group of 0-75 mg primaquine per kg, with a non-inferiority margin of
2:5 days. The primary safety endpoint was the superiority of the arithmetic mean maximum decrease in
haemoglobin concentration from enrolment to day 28 of follow-up in the primaquine treatment groups compared
with placebo, with use of significance testing of pairwise comparisons with a cutoff of p=0-05. The trial is registered
with ClinicalTrials.gov, number NCT01365598.

Findings We randomly allocated 468 participants to receive artemether—lumefantrine combined with placebo (119
children) or with 0-1 mg/kg (116), 0-4 mg/kg (116), or 0-75 mg/kg (117) primaquine base. The mean duration of
gametocyte carriage was 6-6 days (95% CI 5-3-7-8) in the 0-75 mg/kg reference group, 6-3 days (5:1-7-5) in the 0-4
mg/kg primaquine group (p=0:74), 8:0 days (6:6—9-4) in the 0-1 mg/kg primaquine group (p=0-14), and 12-4 days
(9:9-15-0) in the placebo group (p<0-0001). No children showed evidence of treatment-related haemolysis, and the
mean maximum decrease in haemoglobin concentration was not associated with the dose of primaquine received—
it did not differ significantly compared with placebo (10-7 g/L, SD 11-1) in the 0-1 mg/kg (11-4 g/L, 9-4; p=0-61), 0-4
mg/kg (11-3 g/L, 10-0; p=0-67), or 0-75 mg/kg (12-7 g/L, 8-2; p=0-11) primaquine groups.

Interpretation We conclude that 0-4 mg/kg primaquine has similar gametocytocidal efficacy to the reference 0-75
mg/kg primaquine dose, but a dose of 0-1 mg/kg was inconclusive for non-inferiority. Our findings call for the
prioritisation of further trials into the efficacy and safety of doses of primaquine between 0-1 mg/kg and 0-4 mg/kg
(including the dose of 0-25 mg/kg recently recommended by WHO), in view of the potential for widespread use of
the drug to block malaria transmission.

Funding Wellcome Trust and the Bill & Melinda Gates Foundation.

Introduction

Effective drug therapy is a key component of malaria
control and elimination strategies to reduce both morbidity
from the disease and onward transmission to mosquitoes.:
Artemisinin combination therapy (ACT), the first-line
treatment in sub-Saharan Africa, achieves excellent cure
rates for Plasmodium falciparum through rapid clearance of
the asexual stages of the parasite. As a consequence, ACT
reduces the production of malaria

transmission stages—gametocytes—and thereby restricts
transmission potential.. However, onward malaria trans-
mission is not completely prevented because of the
inadequate effect of artemisinins and their partner drugs
against mature gametocytes. If mature gametocytes are
present before treatment, they persist after ACT, often at
concentrations below the threshold for detection by
conventional microscopy,s and can allow onward malaria
transmission for up to 14 days after treatment.ss



Articles

Primaquine, an 8-aminoquinoline, is the only available
drug with established activity against mature gametocytes.
It clears circulating gametocytes that persist after ACT,
thereby reducing the duration of gametocyte carriage,s2 and
renders most patients free of gametocytes by day 14 after
initiation of ACT—primaquine treat-ment..s:2 Primaquine
reduces the transmission of malaria to mosquitoes—an
effect that might precede the clearance of gametocytes.is
The transmission-blocking properties of primaquine have
been reviewed in detail..s WHO has recommended one dose
of primaquine in addition to ACTs for use in two scenarios:
for malaria elimination programmes, and to stop the spread
of emerging artemisinin resistance..s Primaquine is
recommended for use in first-line antimalarial treatment in
many countries.

Despite these recommendations, primaquine is often not
used because of concerns about its haemolytic effect in
people with glucose-6-phosphate dehydrogenase (G6PD)
deficiency. Primaquine-induced haemolysis can occur after
one dose of the drugis and is dose dependent..s Because
doses of primaquine lower than the WHO-recommended
dose can be equally efficacious at clearance of P falciparum
gametocytes,.s dose optimisation for ACT—primaquine is
needed.

No formal randomised controlled trials have been done to
characterise the dose-response relation of primaquine for P
falciparum gametocyte clearance. We aimed to assess the
efficacy of reduced doses of primaquine for non-inferiority
to the WHO reference dose of 0-75 mg primaquine base per
kg that has proven efficacy,0 and to assess for superiority
of the safety of reduced doses compared with placebo, in
people with normal G6PD enzyme function.

Methods
Study design and participants
The study was a randomised, double-blind, placebo-
controlled trial with four parallel groups. The study protocol
has been described in detail elsewhere.. Briefly, we
undertook the study at Walukuba Health Centre 1V in Jinja
district, eastern Uganda, between December, 2011, and
March, 2013. In this region, malaria transmission is
perennial with seasonal peaks in intensity. An
entomological inoculation rate of seven infectious bites per
person per year was estimated in 2001.2

Eligible participants were children aged 1-10 years
attending the health centre with fever or history of fever in
the past 24 h, P falciparum monoinfection with a parasite
density lower than 500 000 per pL, and normal G6PD
enzyme function based on a fluorescence spot test (R&D
Diagnostics, Aghia Paraskevi, Greece). Exclusion criteria
were evidence of severe illness or danger signs,
haemoglobin concentration less than 80 g/L, known allergy
to the study drugs, antimalarials taken within the past 2
days, primaquine taken within the past 4 weeks, and blood
transfusion within the past 90 days. Written
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informed consent was provided by parents or guardians and,
in addition, assent was provided by children older than 8
years of age.

Ethics approval for the trial protocol and informed
consent forms were provided by the Makerere University
School of Medicine research ethics committee (protocol
2011-210), the Uganda National Council of Science and
Technology (protocol HS1056), and the London School of
Hygiene and Tropical Medicine research ethics committee
(protocol 5987). The Ugandan National Drug Authority
approved importation of the study drug. The trial data safety
monitoring board and trial advisory committee were
convened before the start of the trial and met at
predetermined stages of the study. Consultations with local
community stakeholders in Walukuba were held before,
during, and after trial completion.

Randomisation and masking

We randomly assigned eligible participants to one of four
dose groups. In each group, we gave participants
artemether—lumefantrine twice daily on days 0-2 and, with
the fifth dose of the drug, one dose of either placebo or
primaquine (0-1 mg/kg, 0-4 mg/kg, or 075 mgkg). A
statistician at the London School of Hygiene and Tropical
Medicine (ELW) computer-generated four-digit treatment
assignment codes and allocated these to random dose groups
in block sizes of 16. To achieve treatment concealment, we
added masking syrup to all treatment groups, which
disguised the colour and taste of the study drug. Because
G6PD deficiency is an X chromosome-linked disorder, we
stratified randomisation by sex. Sequential sealed envelopes
containing a randomisation code were selected by the study
pharmacist from either the male or female pile. The
pharmacist was not involved in patient outcome assessment.
All other study staff providing care or assessing outcomes,
and the participants themselves, remained masked to the
intervention group after assignment.

Procedures

We crushed 15 mg base primaquine phosphate tablets and
dissolved them in 15 mL of drinking water to produce a
stable 1 mg/mL solution. We drew up the assigned dose to
the nearest 0-5 mL through a sterile syringe and immediately
gave it to each participant in a plastic cup or spoon. We
administered all treatments after the children had eaten a
fatty snack (biscuits) and then directly observed the patients.
If a child vomited within 30 min, treatment was re-
administered. Those who vomited more than three times
were excluded from the study and were treated for
complicated malaria.

Enrolled participants were reviewed on days 0, 1, 2, 3, 7,
10, 14, 21, and 28, or on additional days if they presented at
the clinic. We did systematic and prospective assess-ments
for adverse events. We graded new or worsening symptoms,
examination findings, or laboratory ab - normalities
according to a severity scale (adapted from
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the WHO toxicity grading scale for determining the severity
of adverse events and from the National Institutes of Health,
Division of Microbiology and Infectious Diseases
paediatric toxicity tables published in January, 2003)z and
assessed causal associations with the study drug. We
implemented a standardised protocol to detect episodes of
haemolytic anaemia, which we have published elsewhere..
On scheduled visits, we collected roughly 500 pL of venous
blood for laboratory assess-ments. On all visits, we did
asexual malaria parasite counts, in which we enumerated
parasites per 200 white blood cells; we read 100 microscopy
fields in the Giemsa-stained thick blood film before we
judged aslide to be parasite negative. At enrolment, we read
slides twice specifically for gametocytes, following the
same procedure as that for asexual parasites. We measured
haemoglobin concentration on days 0, 1, 2, 3, 7, 10, 14, 21,
and 28 with self-calibrating HemoCue 201+ photometers
(HemoCue; Angelholm, Sweden). We assessed gameto-
cytaemia by quantitative real-time nucleic acid sequence-
based analysis (QT-NASBA) with Pfs25 mRNAz on days
0, 2, 3, 7, 10, and 14. The timing of gametocytaemia
measurements was based on findings from previous studies
that suggested the gametocyte-clearing effect of primaquine
is restricted to the first 2 weeks after treatment..s We
extracted nucleic acids from 50 pL blood samples in L6
buffer (Severn Biotech Limited, Kidderminster, UK) with
Total Nucleic Acid Isolation Kits—High Performance
(Roche Applied Science, Mannheim, Germany) and a
MagNA Pure LC automated extractor (Roche Applied
Science). The sensitivity of this assay is related to the
volume of blood sampled and is in the range of 0-02—0-1
gametocytes per pL for the samples collected.

The primary endpoint for efficacy was the non-inferiority
of the mean duration of gametocyte carriage in the test doses
compared with the reference group of 0-75 mg primaquine
base per kg. Secondary endpoints were the point prevalence
of gametocytes on days 7, 10, and 14 after treatment,
gametocyte circulation time, and the area under the curve
(AUC) of gametocyte density over time after primaquine
administration. For treatment outcomes in each group,
definitions of adequate clinical and parasitological
response, early treatment failure, and late treatment failure
were according to WHO Methods for Surveillance of
Antimalarial Drug Efficacy..s The primary safety endpoint
was the superiority of the arithmetic mean maximum
decrease in haemoglobin concentration from enrolment to
day 28 of follow-up in the primaquine treatment groups
compared with the placebo group. Secondary safety
endpoints were the superiority assessment of the day of
haemoglobin nadir, the maximum percentage decrease in
haemoglobin, the percentage of participants with
haemoglobin concentration lower than 50 g/L, requirement
for blood transfusion, evidence of black urine, and the
frequency of severe adverse events.

Statistical analysis
In our sample size calculation, we took into consideration
the primary endpoints for both efficacy and safety. To guide
the efficacy calculation, we used the QT-NASBA-measured
duration of gametocyte carriage in a Tanzanian study, which
was reduced from a mean of 28-6 to 6-3 days (SD 6) when
primaquine (0-75 mg/kg) was added to ACT alone.s
Efficacy analyses were done on an intention-to-treat basis.
To assess non-inferiority of the test groups to the reference
group with 80% power at the two-tailed 5% significance
level, with allowance for 10% loss to follow-up and with use
of a proposed clinically relevant non-inferiority margin of
2-5 days, the target sample size for efficacy was 120
participants per group. However, during the course of
review by the trial data safety monitoring board, the target
sample size was reduced to 460 participants (ie, 115 per
group instead of 120) because of a lower than expected loss
to follow-up. For the safety component of our analysis, the
sample size calculation was based on the mean decrease in
Hemocue-measured haemoglobin concentration on day 7
after treatment with primaquine of 6 g/L (SD 15) in a
previous Tanzanian study.is A sample size of 99 participants
per group would provide 80% power to detect a difference
in mean maximum decrease in haemoglobin between
treatment groups of 6 g/L at a significance level of 5%.

Data were double entered and transferred into Stata
(version 12.0) for analysis. We estimated duration of
gametocyte carriage and gametocyte circulation time in
children with gametocytaemia on day 2 (the day of
primaquine dosing) with a straightforward deterministic
compartmental mathematical model»s that allows for the
release of gametocytes from sequestration and incorporates
baseline gametocyte densities into model estimates. The
model allows the duration of gametocyte carriage to be
estimated as a continuous outcome. As the spacing between
sampling times increases, some uncertainty is expected, but
this was judged to be acceptable for estimates during the
first 14 days after initiation of treatment. We compared
treatment groups for non-inferiority to the reference group
with two-sided 95% Cls. Because the distribution of
gametocyte densities was expected to be skewed, all density
analyses involved logl0-transformed data and we used
geometric means as summary statistics. We assessed the
AUC of gametocyte density per participant with the linear
trapezoid methodz and log10-transformed the data. We used
ANOVA to compare log AUC with the reference treatment
group. We compared gametocyte point prevalence estimates
per treatment group with the reference group with use of the
prevalence ratio with 95% CIs. We adjusted all efficacy
analyses for gametocyte density at enrolment, and tested the
potential effect of sex by adding this variable to multivariate
models and by doing a stratified analysis.

The primary safety outcome, maximum decrease in
haemoglobin (g/L) during follow-up compared with the
measurement at enrolment, is expressed as an arithmetic
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mean per treatment group and pairwise comparisons made
between placebo and each of the primaquine groups, with
unpaired t tests. We used a cutoff for significance tests of
p=0-05 for the superiority analysis. We compared the
occurrence of adverse events between groups; the
significance level was adjusted for several comparisons by
Bonferroni correction. This trial is registered with
ClinicalTrials.gov, number NCT01365598.

Role of the funding source
The sponsors of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report. The corresponding author had full access to all
the data in the study. All authors reviewed the report and
agreed to submit for publication.

Results

We screened 1215 children with a history of fever and a
positive blood smear at Walukuba Health Centre for
eligibility to enrol in the study. The most frequent reason for
exclusion was having taken antimalarial drugs in the

previous 48 h (figure 1). Between December, 2011, and
December, 2012, we enrolled and randomly allocated 468
children, 461 of whom completed treatment and contributed
data for the assessment of safety and efficacy (figure 1). 36
of these 461 children (8%) did not complete 28 day follow-
up. The proportion lost to follow-up did not differ
significantly between treatment groups, but was highest in
the placebo group (figure 1). Baseline characteristics were
similar in all treatment groups (table 1). 199 of 461 (43%)
children were anaemic at baseline (haemoglobin
concentration <110 g/L). Treatment failure, assessed
clinically and microscopically, was rare (table 2) and did not
differ significantly between groups (p=0-68).

Gametocyte prevalence at enrolment was 22:6%
(104/461) by microscopy and 81-8% (365/446) by QT-
NASBA (table 1), and did not differ between treatment
groups (p=0-91 for microscopy and p=0-42 for QT-
NASBA). Gametocyte density at enrolment was
numerically higher in the 0-75 mg/kg reference group (table
1) but did not differ significantly from any of the other
groups (p>0-31). Gametocyte prevalence decreased

Initial screening

747 excluded

| 1215 patients assessed for eligibilityl

463 exclusion criteria

Randomisation

Treatment

allocation

Study drug

IEEEE——

| 468 randomly assigned |

5 serious chronic illness
83 intented to leave study area
154 took antimalarials 2 days earlier
91 underweight
7 severe malaria or danger signs
31 low haemoglobin
32 G6PD deficiency
6 mixed infection
17 hyperparasitaemia
37 other (<5 per group)
96 declined to participate
188 unaccompanied minors (ineligible)

:

!

3

!

119 allocated to AL plus placebo

116 allocated to AL plus
PQ 0-1 mg/kg

116 allocated to AL plus
PQ 0-4 mg/kg

117 allocated to AL plus
PQ 0-75 mg/kg

Y

— | 2 excluded before day 3

A 4

— | 1 excluded before day 3

A 4

— | 3 excluded before day 3

h 4

— | 1 excluded before day 3

117 received AL plus placebo
(ITT population)

115 received AL plus PQ 0-1 mg/kg
(ITT population)

(ITT population)

113 received AL plus PQ 0-4 mglkg

(ITT population)

116 received AL plus PQ 0-75 mg/kg

11 lost to follow-up
0 withdrew consent

6 lost to follow-up
0 withdrew consent

7 lost to follow-up
0 withdrew consent

5 lost to follow-up
0 withdrew consent

14 day follow-up

for efficacy | 108 completed e

106 completed efficacy follow-up |

fficacy follow-up |

| 107 completed efficacy foIIow-upl | 111 completed

efficacy follow-up

4 |ost to follow-up
0 withdrew consent

1 lost to follow-up
0 withdrew consent

0 lost to follow-up
0 withdrew consent

0 lost to follow-up
0 withdrew consent

28 day follow-up

for safety 102 completed safety follow-up |

| 108 completed safety follow-up |

| 106 completed safety follow-up |

| 111 completed safety follow-up

Figure 1: Trial profile

AL was given as six doses over 3 days (days 0, 1, and 2); PQ or placebo was given together with the fifth dose of AL on the morning of day 2. The two post-treatment exclusions in the 0-4 mg/kg treament group

(because of delayed confirmation of parasitaemia) were followed up for safety. G6PD=glucose-6-phosphate dehydrogenase. AL=artemether—lumefantrine. PQ=primaquine. ITT=intention to treat.
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Placebo (n=117)

Primaquine 0-1 mg/kg

Primaquine 0-4 mg/kg  Primaquine 0-75 mg/kg

Geometric mean sexual parasite density,
parasites/mL (IQR)

17 661 (5260-65 130)

Gametocyte prevalence by microscopy 23:1% (27/117)
79-8% (91/114)

152 (8-4-27-8)

Gametocyte prevalence by QT-NASBA

Geometric mean gametocyte density
(gametocytes/uL) by QT-NASBA (IQR)

(n=115) (n=113) (n=116)
Boys 48-7% (57/117) 49-6% (57/115) 49-6% (56/113) 49:-1% (57/116)
Age (years) 5.0 (3-0-7-5) 5.0 (3-3-7-0) 5.3 (3-2-7:0) 4.1 (3-0-7-0)
Bodyweight (kg) 160 (13:0-20-5) 16-0 (13-0-22-0) 17-0 (14-0-23-0) 15.0 (13:0-19-0)
Body temperature (°C) 38-0 (1-0) 38-3(1-1) 38:0(1-2) 38:2(1-1)
Haemoglobin concentration (g/L) 113 (15) 109 (15) 112 (15) 112 (14)

18 420 (4440-92 780)

24.3% (28/115)
86-7% (98/113)
14.5 (8-9-235)

Data are % (n/N), median (IQR), or mean (SD), unless otherwise indicated. QT-NASBA=quantitative real-time nucleic acid sequence-based analysis.

16 457 (3260-81 240) 32 497 (10 880-151 180)

20-4% (23/113)
78-7% (85/108)
19-4 (11-3-33.1)

22.4% (26/116)
82-0% (91/111)
24.6 (14-9-40-5)

Table 1: Baseline characteristics

or malaria

Lost to follow-up
ACPR on day 28
Treatment failures

Early (day 3) 0 0

Late (day 28) 4/102 (3-9%) 7/108 (6-5%)

15/117 (12-8%)  7/115 (6-1%)

Placebo Primaquine p value* Primaquine p value* Primaquine p value*
0-1 mg/kg 0-4 mg/kg 0-75 mg/kg
Number evaluated 117 115 113 - 116
Excluded from ITT analysis
Withdrawal unrelated to study drug 0 0 2/113 (1-8%)  0-245 0

98/102 (96-1%) 101/108 (93-5%) 0-41

Data are n/N (%), unless otherwise indicated. ITT=intention to treat. ACPR=adequate clinical and parasitological response. Defi nitions of ACPR,
early treatment failure, and late treatment failure are according to WHO Methods for Surveillance of Antimalarial Drug Efficacy 2009.2° *p values are
for comparison with placebo, with x? or Fisher’'s exact tests. Outcomes are unadjusted by PCR.

0-080 7/113 (6-2%) 0-088

106/106 (100%) 0-12

5/116 (4-3%) 0-033
106/111 (95-5%) 0-83

0

0-41 0 0-12 5/111 (4-5%) 0-83

Table 2: Treatment outcomes for the different regimens on day 28 after start of treatment

Circulation time per gametocyte (days) 1-97 (1.64-2-31) <0-0001

Placebo p value* Primaquine p value* Primaquine p value* Primaquine
0-1 mg/kg 0-4 mg/kg 0-75 mg/kg
Duration of gametocyte carriage (days)t 12:4 (9:9-15:-0) <0-0001  8-0 (6:6-9-4) 0-14 6-:3 (5:1-7:5) 0:74 6:6 (5-3-7:8)

1.47(1-22-1.73) 0-0012

Gametocyte prevalence onday 7 40/115 (34-8%) 0-001  25/108 (23-1%) 0-044  11/104 (10-6%) 0-47 15/104 (14-4%)
Gametocyte prevalence on day 10 23/112 (20-5%) 0-008  18/107 (16:8%) 0-020 10/107 (9-3%) 0-46 8/108 (7-4%)
Gametocyte prevalence on day 14 16/105 (15-2%) 0-017 6/103 (5-8%) 0-72 3/103 (2-9%) 0-51 6/106 (5-7%)

Data are mean (95% CI) or n/N (%). Except for the duration of gametocyte carriage, all estimates were adjusted for gametocyte density at enrolment. *p values are for

comparison with reference 0-75 mg/kg treatment group. tCalculated for all children who had gametocytes on the day of primaquine or placebo administration.

0-95(0-77-1:13) 0-80 0-98 (0-78-1-18)

Table 3: Gametocyte carriage during follow-up for the different treatment regimens

after enrolment, although 170 of 345 (49-3%) participants
who were gametocyte positive at enrolment remained so on
day 2 before receiving primaquine or placebo. After day 2,
the rate of gametocyte clearance was dependent on
treatment group. The mean duration of gametocyte carriage
was 6-6 days (95% CI 5-:3-7-8) in the 0-75 mg/kg reference
group, 6-:3 days (5:1-7-5) in the 0-4 mg/kg group, 8-0 days
(6:6-9-4) in the 0-1 mg/kg group, and 12-4 days (9-9-15-0)
in the placebo group (table 3). The duration of gametocyte
carriage for children who were

gametocyte positive at primaquine administration was the
primary outcome and was tested for non-inferiority to the
0-75 mg/kg reference group. With the proposed non-
inferiority margin of 2-5 days, the 0-4 mg/kg group showed
non-inferiority to the reference 0-75 mg/kg group, but the
0-1 mg/kg group was inconclusive for non-inferiority and
placebo was inferior (figure 2).

The mean circulation time of gametocytes indicated a
longer circulation time of gametocytes in the 0-1 mg/kg
group (p=0-0012) and the placebo group (p<0-0001) than
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Figure 2: Mean duration of gametocyte carriage by treatment regimen

deterministic compartmental mathematical model to repeated Pfs25 quantitative
real-time nucleic acid sequence-based analysis gametocyte prevalence estimates.
Symbols indicate the mean duration of gametocyte carriage, and error bars
represent the upper and lower limit of the 95% CI. The dashed line indicates the set
threshold for non-inferiority compared with the 0-75 mg/kg reference group
(non-inferiority margin of 2-5 days). AL=artemether-lumefantrine.

in the reference 0-75 mg/kg group (table 3). Gametocyte
circulation time did not differ significantly between the

0-4 mg/kg group and the reference 0-75 mg/kg group
(p=0-80). Compared  with the reference ~ 0-75  mg/kg
group, gametocyte prevalence was significantly higher in
the 0-1 mg/kg group on days 7 and 10, and significantly
higher in the placebo group on days 7, 10, and 14 (table 3).
We recorded no difference in prevalence between the

0-4 mg/kg group and the reference group throughout
follow-up (table 3, figure 3). The overall geometric mean
gametocyte density was 17-9 gametocytes per pL (95% CI
13-8-23-3) at enrolment, 15-7 gametocytes per pL
(11-0-22-2) on day 2 before primaquine treatment,

11:6  gametocytes per pL (7-2-18-8) on day
53 gametocytes per uL (3-0-9:3) on day
5-2 gametocytes per puL (2:6—10-5) on day 10, and

2-1 gametocytes per uL (0-7-5-7) on day 14. This decrease
in the density of gametocytes in gametocyte-positive
people during follow-up was statistically significant
(p<0-0001) but densities in these patients did not differ
significantly between treatment groups on  discrete
follow-up days (data not shown).

The AUC of gametocyte density over time, a measure
that incorporates both prevalence and density of QT-
NASBA estimates, was 3-8 (95% CI 1-7-8-2) gametocytes
per uL per day in the placebo group, 3-8 (1:8-7-8) in the
0-1 mg/kg group, 2-1 (1-0-4-5) in the 0-4 mg/kg group,
and 2-0 (0-9—4-3) in the 0-75 mg/kg group. After
adjustment for gametocyte density at enrolment, the
AUC compared with the reference group did not differ
significantly for the 0-4 mg/kg group (p=0-79) or the
placebo group (p=0-16), but was significantly higher in
the 0-1 mg/kg group (p=0-043; data not shown). None of
the efficacy estimates were affected by the sex of the
participants (data not shown).

The mean maximum decrease in haemoglobin
concentration did not differ significantly compared with
placebo (10-7 g/L, SD 11-1) in the 0-1 mg/kg (11-4 g/L,
9-4; p=0-61), 0-4 mg/kg (11-3 g/L, 10-0; p=0-67), or
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Figure 3: Gametocyte prevalence and prevalence ratio for each treatment regimen during 14 day follow-up
(A) Gametocyte prevalence during follow-up, as measured by Pfs25 quantitative real-time nucleic acid

sequence-based analysis. Error bars indicate the upper limit of the 95% CI. (B) Odds ratio of gametocyte prevalence
on each of the days of follow-up compared with the reference 0-75 mg/kg group after adjustment for baseline
gametocyte density. Error bars indicate the upper and lower limits of the 95% CI. *Indicates a statistically
significant difference compared with the reference 0-75 mg/kg group.

0-75 mg/kg (12-7 g/L, 8-2; p=0-11) groups. The size of
the  fall in haemoglobin concentration was not
significantly associated with primaquine dose (p=0-46).
The timing of the nadir in haemoglobin was independent
of treatment group, and the greatest contribution to the
total decrease in haemoglobin occurred before day 2
when the study drug was administered. By day 28, in all
treatment groups, haemoglobin concentrations had
recovered and exceeded baseline concentrations
(figure 4). We recorded no cases of black water fever; red,
black, or tea-coloured urine; or severe haemolysis; and
no child needed a blood transfusion. Sex had no effect on
safety outcomes (data not shown).

The proportion of participants having adverse events
did not differ between treatment groups after adjustment
of significance levels for multiple comparisons (data not

113



Ar

ticles

Mean change in haemoglobin from baseline (g/L)

10,

—10

—¢— Placebo
Primaquine 0-1 mg/kg
-@- Primaquine 0-4 mg/kg
—¥- Primaquine 0-75 mg/kg 5 7"

Primaquine/
placebo

T T
01 é 3 7 10 14 51 28
Days since start of treatment

Figure 4: Mean change in haemoglobin measurements by treatment regimen during 28 day follow-up
Haemoglobin concentrations (g/L) during follow-up are expressed relative to that at
enrolment for each treatment group.
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shown). In the sex-stratified analysis, the maximum
reduction in haemoglobin concentration seemed to be larger
in the 0-75 mg/kg group compared with the placebo group
in girls (p=0-023), but this difference was not statistically
significant after correction for multiple comparisons
(Bonferroni threshold level for significance p=0-0083). One
child, aged 1-5 years, had a haemoglobin concentration of
less than 50 g/L, which was the only severe adverse event.
This boy, who received 04 mg/kg primaquine, had a
baseline haemoglobin concentration of 99 g/L. On day 9 of
follow-up, he underwent an elective surgical procedure in a
mobile clinic. The mother reported no attempt at
haemostasis postoperatively and the child had bled severely.
By day 14, his haemoglobin concentration had fallen to 49
g/L without clinical compromise. After wound care and
treatment with iron and folate, his haemoglobin
concentration recovered to 106 g/L on day 28. This event
was judged to be unrelated to the study drug.

Discussion

This study is the first formal dose-finding trial to assess P
falciparum gametocyte clearance after treatment with
single-dose primaquine when given in combination with an
ACT (panel). We showed that the duration of gametocyte
carriage was roughly halved when 0-75 mg primaquine per
kg was given in addition to ACTs. A reduced dose of 0-4
mg/kg had a non-inferior gametocytocidal effect compared
with the WHO reference dose, whereas the duration of
gametocyte carriage was inconclusive for non-inferiority in
the 0-1 mg/kg group and gametocyte prevalence was higher
during follow-up than at baseline. Safety outcomes did not
differ significantly between the treatment groups.

In this population of children with uncomplicated clinical
malaria, gametocytes were detected at baseline in a quarter
of children by microscopy compared with four-fifths by
molecular methods, which is consistent with previous
findings and emphasises the inadequate sensitivity of
microscopy in identification of potentially infectious
people..: Gametocyte prevalence decreased during follow-
up; roughly half of the patients with gametocytes at
enrolment cleared their gametocytes during the first 2 days
of treatment, before primaquine was given. These dynamics
differ from those reported in children in a previous ACT-
primaquine trial that showed a more gradual reduction in
gametocyte prevalence after ACT,, but are similar to those
recorded in symptomatic Kenyan children of the same age
group.s Although primaquine shortened the duration of
gametocyte carriage, we noted that even the highest single
dose of the drug did not render all participants gametocyte
negative. In previous studies in Burma and Indonesia,
microscopic gametocytes persisted in a few individuals 21
days after primaquine treatment.ss In our study, six of 106
(5-7%) children were gametocyte positive by molecular
methods on day 14 after initiation of treatment, even with
the highest dose of primaquine. However, the density of
these persistent gametocytes was much lower than that at
enrolment. We used gametocyte density estimates for
secondary outcome measures because no clear lower
threshold gametocyte density that is needed for successful
mosquito infection has been established.x- The gametocyte
circulation time, which was calculated on the basis of the
rate of decrease of gametocyte densities after treatment, was
significantly longer in the placebo and 0-1 mg/kg groups
than in the reference group, but did not differ significantly
between the 0-4 mg/kg group and the reference 0-75 mg/kg
group. The AUC of gametocyte density over time, a
summary measure for malaria transmission potential,7z73s
was numerically higher in the placebo group and 0-1 mg/kg
dose group than in the 0-75 mg/kg dose group, but this
difference was statistically significant only for the 0-1 mg/kg
dose group. There was no siginficant difference in the AUC
between the 0-4 mg/kg and the 0-75 mg/kg dose groups.
Baseline differences in asexual parasites between treatment
groups did not result in differences in baseline gametocyte
prevalence or density or differences in treatment outcome,
and did not confound the comparison of gametocyte
dynamics between groups.

Although we used sensitive molecular gametocyte
detection methods in our trial and therefore provide detail
that is absent from most other primaquine trials, a relevant
shortcoming of this and other studies is that gametocyte
infectiousness to mosquitoes was not established. A
proportion of the gametocytes that are observed by
microscopy shortly after primaquine treatment might be
non-infectious..s Whether or not Pfs25 mRNA can be
detected from non-viable gametocytes is unknown, and a
proportion of the gametocytes that we detected could have
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been non-infectious. We might, therefore, have under-
estimated the transmission-blocking effect of primaquine.
None of the available gametocyte detection devices allow
inferences to be made about the infectiousness of
gametocytes to mosquitoes, and only mosquito feeding
assays can provide definitive evidence for the trans-
missibility of gametocytes. However, limitations do exist in
the extent to which labour-intensive mosquito feeding
assays can be used in clinical trials.ss Although gametocyte
measurements can be done repeatedly from the same
patient, the few clinical trials that have used mosquito
feeding assays typically do feeding experiments at one
timepoint per participants»s and thereby ignore the
dynamics of gametocyte infectivity.ss Future studies that
investigate the gametocytocidal effects of low-dose
primaquine should therefore preferentially include
mosquito feeding assays at intervals during follow-up.

A further limitation of this study was the absence of
available paediatric dose formulations for primaquine,
which necessitated titration of crushed primaquine in
solution for accurate dosing. Although crushed tablets have
been used previously for the 0-75 mg/kg dose,s this
approach might have affected efficacy, especially of the
lowest dose (0-1 mg/kg). More data for the relative
bioavailability of different formulations of primaquine are
needed. Hence, a prerequisite to the scaling up of
primaquine deployment will be the availability of reliable
paediatric formulations for low doses of the drug.

This study aimed to establish the efficacy and safety of
low-dose primaquine in people with normal G6PD enzyme
function. G6PD-deficient children were excluded from this
study based on the fluorescent spot test, the most widely
used enzyme function testis that detects enzyme function to
a cutoff of about 20-30% of normal activity.ss We decided
to exclude G6PD-deficient children so that we could first
establish the lowest efficacious dose before vulnerable
patients are exposed to a potentially haemolytic drug.
Although haemolysis has been reported in people without
common mutations in the G6PD enzyme, the exclusion of
those with abnormal enzyme function does clearly limit the
generalisability of the safety outcomes of this study and this
issue needs to be addressed in future studies. Given this
caveat, haemoglobin concentrations fell most rapidly in the
first 2 days after enrolment in all study groups, which
implies that the greatest effect on haemoglobin was caused
by clinical malaria rather than a drug effect. Thereafter,
haemoglobin recovered to premorbid concentrations. A
similar trend has been recorded in children in Tanzania, and
in populations in Burmas and Indonesia.s We recorded no
children with objective measures of clinically significant
haemolysis or black urine, or who needed hospital
admission or blood transfusion. The only severe adverse
event was in a child who underwent an elective surgical
procedure unrelated to the clinical malaria episode on day 9
and
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Panel: Research in context

Systematic review
We searched PubMed on May 25, 2013, without date or language restrictions, with the

terms “primaquine” and “malaria, falciparum” and “gametocyte” or “primaquine” and
“malaria, falciparum” and “transmission”. We identified no randomised controlled trials
assessing the dose-response relation of primaquine for gametocytocidal activity.

A Cochrane review of the transmission-reducing efficacy of primaquine published in
September, 2012, identified five trials assessing a primaquine—artemisinin combination
therapy combination that satisfied the criteria for inclusion and none of these analysed
a range of doses.?® Three studies have assessed the haematological safety of
primaquine with artemisinin combination therapies,”-?%3° but our trial is unique in that it
was specifically powered to assess safety outcomes. A search of clinical trial
registration sites for primaquine dose-finding trials for transmission blocking showed
one trial that is underway in The Gambia (NCT01838902) to assess the efficacy of
artemisinin combination therapy alone, and with 0-2 mg/kg, 0-4 mg/kg, or 0-75 mg/kg
primaquine base in asymptomatic patients. This trial is scheduled for completion in
2015. Another study (NCT01743820), which is in development, will assess primaquine
dose escalation from 0-125 mg/kg in 50 participants randomly allocated to different
dosing groups. Several other registered studies with primaquine for Plasmodium
falciparum do not involve dose-finding but will address relevant questions for the future
wide-scale deployment of primaquine. These studies include a trial of the optimum
timing of primaquine administration (NCT01906788, recruiting), primaquine
pharmacokinetics (NCT01552330 and NCT01525511, both completed August, 2013),
and a trial with mosquito feeding as an endpoint that will compare artemisinin
combination therapy alone with 0-75 mg/kg primaquine (NCT01849640, not yet
recruiting, with a scheduled 3-year timeline).

Interpretation

This study is, to our knowledge, the first randomised, placebo-controlled trial to assess the
dose-response relation of one dose of primaquine for gametocyte clearance and for safety in
falciparum malaria. This trial was undertaken in African children with clinical malaria and
normal glucose-6-phosphate dehydrogenase enzyme function. A dose reduction to

0-4 mg/kg primaquine base had demonstrable non-inferiority to the reference 0-75
mg/kg dose, whereas a dose of 0-1 mg/kg was inconclusive for non-inferiority. This
trial was designed and started before a revision of the WHO guidelines recommending
0-25 mg/kg primaguine for transmission blocking, in light of which this new dose must
now be assessed. In this population, all doses of primaquine had similar safety profiles
to placebo. An study of low-dose primaquine in people with glucose-6-phosphate
dehydrogenase deficiency is warranted.

therefore after the expected duration of primaquine-
associated haemolysis.

In this dose-finding trial, primaquine administration was
delayed until day 2 after initiation of schizonticidal therapy.
This timepoint is when, in the context of uncomplicated
malaria, the rate of malaria-attributable haemolysis is
expected to be falling, and comparisons of haematological
effects between dose groups are expected to be less affected
by the consequences of acute malaria infection. In
operational terms, administration of primaquine on the first
day of schizonticidal treatment is probably advantageous,
and comparisons of the efficacy of day 0 versus day 2
administration will be important.

For more than 40 years, WHO has recommended a single
dose of 0-75 mg primaquine base per kg in
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combination with schizonticidal drugs to reduce trans-
mission of malaria..c However, no dose-finding trials
underpinned this recommendation. The small evidence base
for primaquine use has prompted uncertainty as to the
benefit of an intervention that carries a documented risk of
haemolysis in malaria-endemic populations.s« The real
threat of spreading artemisinin resistance~ has led to
urgency in addressing this problem. In September, 2012,
while our study was ongoing, an evidence review group
commissioned by WHO revised its recommended dose to
0-25 mg primaquine base per kg to be added to ACT to treat
parasitologically confirmed falciparum malaria infection in
new programmes for malaria elimination and to stop the
spread of artemisinin resistance.« This dose revision was
based on underpowered historical studies, and the need for
contemporary data was emphasised.. The 0-25 mg/kg dose
was not assessed in our study, which is a limitation and
leaves important questions to be addressed in future dose-
finding trials. However, we have shown that
gametocytocidal efficacy is retained when the primaquine
dose is reduced from 0-75 mg/kg to 0-4 mg/kg and that a
dose-response relation exists for lower doses. The finding
of reduced gametocytocidal efficacy at doses lower than 0-4
mg/kg seems to contradict suggestions of uniform efficacy
in the range of 0-065—0-75 mg primaquine per kg.is This new
information provides a valuable starting point for
identification of the most efficacious and safest low dose of
primaquine for transmission blocking. Subsequent
investigations of primaquine should include assess ments of
the efficacy of doses lower than 0-4 mg/kg (including the
newly recommended 025 mg/kg dose), with use of
mosquito transmission endpoints to allow for differences in
infectiousness of gametocytes persisting after treatment; the
optimum timing of primaquine in combination with ACT;
the pharmacokinetics of low-dose primaquine; and the
safety of low-dose primaquine in people with G6PD enzyme
deficiency, which is of high priority. Because of differences
in gametocyte dynamics between African and Asian
settingsss and differences in the severity of GOPD deficiency
across regions,ss studies in a range of malaria-endemic
settings are needed.
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3.2 Reporting for non-inferiority analysis
The results were interpreted according to guidance from the Consolidated Standards of
Reporting Trials (CONSORT) group guidelines for reporting non-inferiority trials (210). The

0.1mg/kg primaquine base dose outcome was analogous to scenario F in figure 4-1, below.
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Figure 3-1 Possible scenarios of observed treatment differences for outcomes in non-

inferiority trials, from Piaggio, 2012, with original figure legend (210)

Error bars indicate 2-sided 95% confidence intervals (Cls). The blue dashed line at x=A indicates the non-
inferiority margin; the blue tinted region to the left of x=A indicates the zone of inferiority. A, If the Cl
lies wholly to the left of zero, the new treatment is superior. B and C, If the Cl lies to the left ofA and
includes zero, the new treatment is non-inferior but not shown to be superior. D, If the Cl lies wholly to
the left of A and wholly to the right of zero, the new treatment is non-inferior in the sense already
defined but also inferior in the sense that a null treatment difference is excluded. This puzzling
circumstance is rare, because it requires a very large sample size. It also can result from a non-inferiority
margin that is too wide. E and F, If the Cl includes A and zero, the difference is non-significant but the

result regarding non-inferiority is inconclusive. G, If the Cl includes A and is wholly to the right of zero,
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the difference is statistically significant but the result is inconclusive regarding possible inferiority of

magnitude A or worse. H, If the Cl is wholly above A, the new treatment is inferior.

3.3 Additional results and considerations not included in peer reviewed

publication

3.3.1 Interpolation to incorporate a 0.25mg/kg dose arm

Upon study completion, the WHO revised recommendations for single dose primaquine,
proposing a lower single dose of 0.25mg/kg primaquine base for malaria transmission-
blocking (257). Since this dose was not included in the trial arms, a short exercise was
undertaken to use visual interpolation to predict the outcome a notional 0.25mg/kg dose arm
for this trial (Figure 3-2) and to present the thesis trial results in the context of two studies
that used an identical method to assess primaquine efficacy as used in this thesis, one of

which incorporated the new WHO 0.25mg/kg dose as a trial arm (Figure 3-3).
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Figure 3-2 Non-inferiority analysis of the number of days to gametocyte clearance for each
primaquine dose arm. Interpolation to predict the outcome of a notional 0.25mg/kg

primaquine dose arm for the trial

Visual interpolation was used to predict the range of values for the upper 95% confidence limit of a
notional 0.25mg/kg primaquine dose arm for the thesis trial. The red line denotes the primaquine dose
of 0.25mg/kg. The green line highlights the range of values predicted for the upper 95% confidence limit
for the 0.25mg/kg dose arm. The black dotted line represents the non-inferiority margin used for the
thesis trial. Given that the upper 95% confidence limit for the interpolated 0.25mg/kg dose outcome
does not cross the non-inferiority margin, it would be interpreted as having non-inferior efficacy to the

WHO reference dose of 0.75mg/kg primaquine base.

The limited number of dose arms (n=4) in the thesis trial reduced the statistical validity of
inferring the outcome of postulated intermediate dose arms. With this in mind, a simple
interpolation was undertaken to predict where a 0.25mg/kg dose arm (the revised WHO-
recommended single dose of primaquine) would fall with respect to the non-inferiority margin
used for this trial. Figure 3-3 represents a prediction of the upper 95% confidence limit for an

interpolated 0.25mg/kg dose arm. It was based on an assumption of linearity that this value
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would fall between the upper 95% confidence limit of the 0.1mg/kg dose arm and either of
the two higher dose arms. This highly simplistic interpolation suggests that the upper 95%
confidence limit for the 025mg/kg primaquine dose arm would be expected to fall on the
favourable side of the non-inferiority margin, conferring non-inferior efficacy to the reference
0.75mg/kg dose arm. It does, however, lie close to the non-inferiority margin, pointing to the
importance of well-designed studies incorporating the 0.25mg/kg primaquine dose arm in

order to determine its efficacy.

Data from a Tanzanian trial of ACT alone and ACT with 0.75mg/kg primaquine (258) and from
the first sister study to this trial that included the 0.25mg/kg dose arm, (conducted in Burkina
Faso) (259) were incorporated into the trial results presentation Figure 3-3. The non-
inferiority margin was consistent with that used in this trial (256). Doses of 0.25mg/kg and

above were non-inferior to the 0.75mg/kg dose for gametocyte clearance.
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Figure 3-3 Mean duration of gametocyte carriage, in days, by treatment given for three trials
of artemisinin combination therapy (ACT) with and without primaquine for gametocyte

clearance, in Tanzania (TZ), Burkina Faso (BF) and Uganda (UG).

121



The data from clinical trials in Tanzania (258) and Burkina Faso (259), that used identical methods to
assess primaquine’s gametocyte clearance efficacy in children with uncomplicated malaria, are
presented alongside data from this trial in Uganda (256). Dose arms from each study are plotted
separately. Each colour represents a specific dose. The non-inferiority margin of 2.5 days from the
Ugandan reference dose arm is marked (dotted line). Non-inferiority to the 0.75mg/kg dose is found for

doses of 0.25mg/kg and above.

3.3.2 The effect of symptomatic malaria infection on mean maximal fall in haemoglobin during

follow up

Mean maximal fall in Hb
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Figure 3-4 Comparison of the mean maximal fall in haemoglobin over 28 days of follow up

with and without the inclusion of day 0 and day 1 haemoglobin measurement

Bars represent the mean maximal fall in haemoglobin per primaquine dose treatment group from

enrolment to the end of follow up (day 0-28: red bars), and from administration of primaquine to the
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end of follow up (day 2-28; blue bars). The greatest fall in haemoglobin occurs in the period from day 0
to day 2 for these children, i.e., prior to primaquine treatment and during artemether-lumefantrine

treatment for symptomatic malaria infection.

Primaquine was administered on day 2, after blood had been drawn for day 2 analysis. The
largest fall in haemoglobin happened between day 0 and day 2; for all treatment arms, the fall
in haemoglobin that occurred between days 0 to 2 was more than twice the size of the fall
between day 2 and the end of follow up on day 28 (Figure 3-4). Hence, the greatest
haemoglobin fall is during the period of acute clinical malaria infection, where haemolysis
might be attributed to either malaria or, possibly artemether-lumefantrine treatment, but not

to primaquine treatment.

3.3.3 Safety events: Consultations with regional lead paediatrician

Two study participants had medical conditions during the trial that prompted the need for
review by a consultant paediatrician at the Regional Paediatric Referral Hospital in Jinja.
Details of both cases were presented to the DSMB for review. The two cases are outlined

below.

Case 1.

A 2-year-old boy developed fixed rotation of his neck, resembling a torticollis, on day 11 of
participation. Passive movement of his head did not appear painful and he was otherwise
well, afebrile and continued to play with toys with his siblings. The consultant paediatrician
held the opinion that this was musculoskeletal in origin. Simple analgesia was provided and
the child’s neuromuscular signs resolved after three days. The DSMB was consulted and they
decided that this did not represent a severe adverse event, nor should it be reported as

related to the study drug. It was recorded as an adverse event.
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Case 2:

A 5-year-old boy was found to have a significant fall in haemoglobin count on day 14 of
recruitment. From a baseline of 9.9 g/dL at enrolment, his haemoglobin fell to 6.8 g/dL on day
10 and to 4.9 g/dL on day 14. On questioning, his mother revealed that she had taken her son
to a private clinic where he was circumcised on day 9 after enrolment into the study. No
attempt had been made to maintain haemostasis following the circumcision procedure and he
had bled significantly. At review on day 10, the child was in pain and mildly tachycardic. Study
staff gave wound care and administered analgesia. The child was brought to the regional
paediatric referral hospital for consultation, where it was confirmed that haemostasis had
been achieved, he was clinically stable and no further surgical input was required. There was
no systemic compromise, so it was advised that blood transfusion was not indicated, but
haematinic medications were prescribed. He was monitored closely and his haemoglobin
recovered to 10.6 g/dL on day 28 of recruitment. This event was reported to the DSMB
contemporaneously and it was considered to be a severe adverse event but there was
agreement that it was unrelated to the study drug. After un-blinding, he was found to be in
the 0.4mg/kg study arm. This may explain the anomalously higher fall in haemoglobin in the

0.4mg/kg study arm after day 2 (Figure 3-4, Section 3.3.2).

3.3.4  Trial outcomes for policy development

3.3.4.1 Development of a Single Low-dose Primaquine Working Group

After this trial was ethically approved and had started recruiting, the first in a series of
scientific meetings was held on 5™ to 6" March 2012 in London, with the support of the Bill
and Melinda Gates Foundation, co-hosted by the Malaria Centre at the London School of

Hygiene and Tropical Medicine and the Global Health Group at the University of California,
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San Francisco. This meeting led to the development of a Single Low-Dose Primaquine Working
Group. The objectives of the group were “to review and discuss existing data on the use of
primaquine in Africa for transmission-blocking with the aim of identifying the road blocks to
its use and the necessary studies to overcome these road blocks for a wider deployment of
primaquine and other transmission-blocking drugs” (250). The first meeting provided an
opportunity to present the trial design for this study and to participate actively in the
delineation of international research priorities to provide an evidence base for the
deployment of primaquine to block malaria transmission. This trial would, therefore, become
the first of a cohort of new trials addressing the identified deficiency of data to inform policy
makers and the programmatic use of low-dose primaquine (260). The voice of policy makers
was prominent within the contributors to the group. In addition to research investigators, in
attendance were national malaria control programme directors, industry representatives and
non-governmental organisation representatives. Subsequently, this group met annually to
biannually, until 2016, promoting data sharing, collaboration and development of a new body
of research designed prospectively to address pertinent questions. The focus of the group
evolved over four years from asking efficacy and safety-based research questions in 2012 to
asking drug- and intervention delivery questions in 2016. The proceedings of the first meeting

were accepted for publication in a peer-reviewed journal (Section 2.3.1) (199).

3.3.4.2 Data sharing to inform policy and further research agenda

During the course of this research, the potential importance of primaquine as a transmission-
blocker was recognised by the WHO Malaria Policy Advisory Group, prompting an Evidence
Review Group to assess the safety and effectiveness of single dose primaquine as a

Plasmodium falciparum gametocytocide in August 2012 (257). It was agreed with the trial
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advisory group that the provisional trial report should be released to the WHO Evidence

Review Group as pre-meeting material (Appendix C, part 2).

In the same year, PATH (an international non-profit global health organisation) commissioned
an advisory workshop “to identify key technical, operational and regulatory bottlenecks for
the adoption of current and emerging G6PD deficiency diagnostic tests in support of
treatment of malaria and malaria elimination efforts with 8-aminoquinoline drugs such as
primaquine and tafenoquine.” This trial was presented at the meeting in an advisory capacity

(185).

In 2014, the Single Low-Dose Primaquine Efficacy and Safety study groups were established by
the Worldwide Antimalarial Resistance Network (WWARN), providing a platform for data
data-sharing from this study to enable a pooled analysis (198). Results of the pooled analysis
have been presented at the European Congress on Tropical Medicine and International Health

(261) and are in preparation for publication.

The trial data was also requested by and shared with the Quantitative Sciences group at the
Bill and Melinda Gates Foundation in 2014, to further transparency, mathematical modelling

and hypothesis building for malaria elimination.
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4 Results: G6PD data analysis

4.1 RESEARCH PAPER 4: Publication of trial GEPD analysis

The analysis of G6PD data from this thesis was published in the Archives of Antimicrobial
Chemotherapy (262). In this first trial of single-dose primaquine for transmission-blocking in
Uganda, this paper assesses the safety of reducing doses of primaquine according to the range

of G6PD genotypes in the children who were enrolled.
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Glucose-6-Phosphate Dehydrogenase Status and Risk of Hemolysis
in Plasmodium falciparum-Infected African Children Receiving

Single-Dose Primaquine

Alice C. Eziefula,® Helmi Pett,? Lynn Grignard,? Salome Opus,® Moses Kiggundu,® Moses R. Kamya,®9
Shunmay Yeung,? Sarah G. Staedke,? Teun Bousema,®? Chris Drakeley?
Faculty of Infectious and Tropical Diseases, London School of Hygiene and Tropical Medicine, London, United Kingdom?; Department of Medical

Microbiology, Radboud University Medical Center, Nijmegen, The Netherlandsb; Infectious Diseases Research Collaboration, Kampala, Uganda®;
Department of Medicine, Makerere University College of Health Sciences, Kampala, Ugandad

Glucose-6-phosphate dehydrogenase (G6PD) enzyme function and genotype were determined in Ugandan children with
uncom-plicated falciparum malaria enrolled in a primaquine trial after exclusion of severe G6PD deficiency by fluorescent
spot test. G6PD A heterozygotes and hemizygotes/homozygotes experienced dose-dependent lower hemoglobin
concentrations after treatment. No severe anemia was observed.

eclines in malaria due to Plasmodium falciparum have been

Ddocumented in a number of settings where malaria is en-

demic. It is debated whether scaling-up of conventional malaria
control will sustain these declines or achieve elimination unless
augmented by tools that specifically reduce transmission. Pri-
maquine is the only currently available drug that actively clears
mature P. falciparum gametocytes and prevents malaria transmis-
sion to mosquitoes (1). The wide-scale use of primaquine is ham-
pered by its hemolytic effect in people with glucose-6-phosphate
dehydrogenase (G6PD) deficiency. The mutation deficiency alters
G6PD enzyme function (2), exposing red blood cells to oxidative
stress and resultant hemolysis in the presence of a stressor, such as
primaquine (3, 4). Primaquine-induced hemolysis is dose related
(1, 5, 6). While testing for G6PD deficiency is widely recom-
mended prior to the radical treatment of Plasmodium vivax with
14 days of primaquine, P. falciparum transmission may be consid-
erably reduced by a single, low dose of primaquine (1, 7) and may
avoid the necessity to screen for G6PD deficiency. We determined
G6PD enzyme function and the presence of the most common
African G6PD mutation (G6PD A ; 202A/376G) in a cohort of
Ugandan children treated with low-dose primaquine for clearing
P. falciparum gametocytes. This was a randomized, double-
blinded placebo controlled trial with four parallel arms. Ugandan

children 1 to 10 years old with uncomplicated P. falciparum ma-
laria, hemoglobin concentration (Hb) of $8 g/dl, and normal

TABLE 1 Baseline characteristics

G6PD enzyme function based on a fluorescent spot test (FST;

R&D Diagnostics, Agia Paraskevi, Greece) were enrolled and ran-
domized to treatment with artemether lumefantrine (AL) alone or
with a single dose of primaquine at 0.1, 0.4, or 0.75 mg/kg of body
weight on the last day of AL treatment (7, 8). Genotyping of G6PD
202A and G6PD 376G was performed (9, 10). Hb was measured
ondays 0, 1, 2, 3,7, 10, 14, 21, and 28 after enrollment by
HemoCue 201 (Angelholm, Sweden) and expressed as absolute
and relative change compared to baseline values. These values
were normally distributed, presented using mean values and stan-
dard deviations, and analyzed using linear regression models. Be-
cause the age distribution of the red blood cell population influ-
ences the severity of drug-induced hemolysis (11), we adjusted all
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Value by G6PD 202 A genotype

P value for P value for
difference from difference from
Characteristic Wild type Heterozygous wild type Homozygous/hemizygous wild type
No. of participants (% study population) 373 (80.9) 61 (13.2) 27 (5.9)
% female (no. of females/total no. of 46.7 (174/373) 100.0 (61/61) 0.001 3.7 (L27) 0.001
participants)
Mean (SD) age in yrs 5.0 (2.6) 4.8 (2.3) 0.61 49(2.4) 0.86
Mean (SD) baseline Hb concn in g/dl 11.2 (1.5) 11.4 (1.4) 0.20 10.9 (1.4) 0.38
% 376G genotype (no. of participants
with genotype/total no.)
Heterozygous 18.6 (69/371) 78.7 (48/61) 0.0 (0/27)
Homozygous 12.9 (48/371) 21.3 (13/61) 0.001 100.0 (27/27) 0.001
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TABLE 2 G6PD 202 A genotype and hemoglobin levels?

Value by treatment arm

Characteristic 0.75 mg/kg primaquine 0.4 mg/kg primaquine 0.1 mg/kg primaquine Placebo

No. of study participants
G6PD normal 98 90 93 92
G6PD heterozygous 14 13 16 18
G6PD hemizygous/homozygous 4 10 6 7

Mean absolute change (SD) in Hb on day 7
G6PD normal, in g/dl 0.41 (0.95) 0.25 (1.22) 0.30 (1.07) 0.11 (1.33)
G6PD heterozygous, in g/dl 1.08 (1.14) 0.99 (1.48) 0.07 (0.98) 0.49 (1.40)
P value 0.048 0.054 0.35 0.28
G6PD hemizygous/homozygous, in g/liter 1.10 (1.34) 0.48 (0.76) 0.07 (1.21) 1.02 (0.81)
P value 0.21 0.043 0.91 0.22

% relative change (SD) in Hb on day 7, in g/dI
G6PD normal 3.25 (8.60) 1.28 (11.24) 2.16 (9.71) 0.23 (11.34)
G6PD heterozygous 9.38 (10.4) 7.79 (12.57) 0.01 (8.56) 3.26 (12.26)
P value 0.044 0.073 0.34 0.33
G6PD hemizygous/homozygous 7.97 (12.40) 4.29 (7.70) 0.05 (11.45) 8.59 (7.28)
P value 0.36 0.028 0.93 0.16

@ 0n day 7 after initiation of treatment with artemether-lumefantrine (AL) plus placebo or AL plus different doses of primaquine. All primaquine or placebo treatment was
administered together with six doses of AL; primaquine/placebo was given on day 2 of treatment, together with dose 5 of AL. P values are compared to G6PD-normal

individuals, adjusted for baseline Hb concentration.

comparisons for baseline Hb concentration. All trial participants (n
468) were G6PD normal by FST. DNA was available for 461
individuals of whom 27 (5.9%) were homozygous/hemizygous, 61
were heterozygous (13.2%), and 373 (80.9%) were normal for the
G6PD variant A (wild type [WT]). All individuals with the 202A
mutation also had the 376G mutation, and individuals were classified
based on the 202A mutation (Table 1). G6PD 202 A heterozygous
individuals experienced a mean reduction in Hb concentration on day
7 after treatment of 1.08 g/dl (standard de-viation [SD], 1.14; P
0.048) in the 0.75-mg/kg treatment arm and 0.99 g/dl (SD, 1.48; P
0.054) in the 0.4-mg/kg treatment arm (Table 2).
Homozygous/hemizygous individuals in the 0.75-mg/kg and 0.4-
mg/kg arms also experienced a reduction in abso-lute Hb
concentration on day 7, although this was statistically significant in
the 0.4-mg/kg arm only (P 0.043). When changes in Hb
concentration on day 7 were expressed as a proportion of baseline Hb
concentration, the same trend was observed with sta-tistically
significant decreases in the 0.75-mg/kg arm for heterozy-gous
individuals and in the 0.4-mg/kg arm for homozygous/hem-izygous
individuals. No statistically significant changes in absolute or
relative Hb concentrations were observed for heterozygous or
homozygous/hemizygous individuals in the 0.1-mg/kg arm or
placebo arm (Table 2). We found no explanation for the numer-ically
large, but statistically nonsignificant, reduction in Hb con-centration
in homozygous/hemizygous individuals on day 7 after receiving AL
without primaquine. A previous study found no he-molysis after AL
in homozygous/hemizygous individuals (12), and we conclude our
observation may be a spurious finding and related to our small
sample size. We observed no statistically sig-nificant associations
between G6PD genotype and absolute or rel-ative Hb concentrations
in any treatment arm on days 3 and 10 after initiation of treatment
(see the supplemental material). Six-ty-nine individuals experienced
areduction of 2 g/dl in the first 2 weeks of follow-up: 13.7% (51/373)
of the WT individuals, 26.2% (16/61; P 0.031) of the heterozygous
individuals, and 7.4% (2/27; P 0.48) of the G6PD 202 A
homozygous/hemizy-

132 aac.asm.org

gous individuals (P 0.020). For all individuals, Hb concentra-tions
normalized during follow-up. The current findings provide important
data on the hemolytic effect of single-, low-dose prim-aquine. Our
results show that the predominant test for G6PD deficiency
screening, the FST (13), failed to identify a substantial proportion of
individuals who were genotypically G6PD deficient, particularly
female heterozygotes, who experienced significant re-ductions in
hemoglobin following higher doses of primaquine. The observation
that some G6PD-deficient individuals were FST normal is
unsurprising since the test may be insufficiently sensi-tive to detect
mild G6PD deficiency (13), but there are few supportive published
data. We observed statistically significant decreases in Hb following
single-dose primaquine in these G6PD-deficient individuals. A
hemolytic effect of a single dose of 0.75 mg/kg primaquine base has
been reported before (6); our study shows that a reduction in Hb
concentrations is also evident after a single dose of 0.4 mg/kg but not
0.1 mg/kg. Moreover, reductions in Hb were transient, with no
participant experiencing clinical symptoms suggestive of anemia and
none requiring related clini-cal care. Although these findings are
notable, a major limitation of the study is that individuals who were
determined G6PD deficient based on the FST were excluded from
the study (n 32), thereby plausibly removing those most severely
deficient and thereby those with the highest risk of primaquine-
induced hemolysis. There is therefore a need for confirmatory trials
to formally assess primaquine safety in G6PD-deficient individuals,
in particular with the World Health Organization recommended dose
of 0.25 mg/kg. Such studies will have to take into account
interindividual differences in primaquine metabolism that determine
primaquine efficacy in P. vivax (14) and potentially also safety.
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4.2 RESEAERCH PAPER 5: Field testing for G6PD deficiency

The thesis provided the opportunity to test novel methods for assessing G6PD status in a large
field-based sample. The evaluation of a high-throughput method, the WST8/1-methoxy-PMS

enzymatic assay was peer-reviewed and published and is presented here (171).
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Abstract

Background

The distribution of the enzymopathy glucose-6-phosphate dehydrogenase (G6PD) deficiency
is linked to areas of high malaria endemicity due to its association with protection from disease.
G6PD deficiency is also identified as the cause of severe haemolysis following administration
of the anti-malarial drug primaquine and further use of this drug will likely require
identification of G6PD deficiency on a population level. Current conventional methods for
G6PD screening have various disadvantages for field use.

Methods

The WST8/1-methoxy PMS method, recently adapted for field use, was validated using a gold
standard enzymatic assay (R&D Diagnostics Ltd ®) in a study involving 235 children under
five years of age, who were recruited by random selection from a cohort study in Tororo,
Uganda. Blood spots were collected by finger-prick onto filter paper at routine visits, and
G6PD activity was determined by both tests. Performance of the WST8/1-methoxy PMS test
under various temperature, light, and storage conditions was evaluated.

Results

The WST8/1-methoxy PMS assay was found to have 72% sensitivity and 98% specificity when
compared to the commercial enzymatic assay and the AUC was 0.904, suggesting good
agreement. Misclassifications were at borderline values of G6PD activity between mild and
normal levels, or related to outlier haemoglobin values (<8.0gHb/dI or >14gHb/dl) associated
with ongoing anaemia or recent haemolytic crises. Although severe G6PD deficiency was not
found in the area, the test enabled identification of low G6PD activity. The assay was found to
be highly robust for field use; showing less light sensitivity, good performance over a wide
temperature range, and good capacity for medium-to-long term storage.

Conclusions

The WST8/1-methoxy PMS assay was comparable to the currently used standard enzymatic
test, and offers advantages in terms of cost, storage, portability and use in resource-limited
settings. Such features make this test a potential key tool for deployment in the field for point
of care assessment prior to primaquine administration in malaria-endemic areas. As with other
G6PD tests, outlier haemoglobin levels may confound G6PD level estimation.

Keywords

Malaria, G6PD deficiency, WST8/1-methoxy PMS, Primaquine

Background

Malaria has exerted the greatest genetic pressure on the human genome in recent times,
resulting in the evolutionary selection of genetic mutations that confer protection against the
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disease [1-4]. Glucose-6-phosphate dehydrogenase (G6PD) is an X-linked recessive hereditary
disorder that currently affects 200-400 million people worldw ide, with over 160 mutations
identified [3-6] and there is pronounced geographical overlap between areas of G6PD
deficiency prevalence and malaria endemicity [2,7-15]. The G6PD gene codes for an enzyme
responsible for catalyzing nicotidamine adenine dinucleotide phosphate (NADP+) to its
reduced form, NADPH, in the pentose phosphate pathway. Among G6PD variants with reduced
enzyme activity, several phenotypic effects have been described, and are classified by the WHO
as: enzyme deficiency with chronic non-spherocytic anaemia (class 1, <10% activity); severe
enzyme deficiency (class 11, <10% activity); moderate/mild enzyme deficiency (class 111, 10-
60% activity); very mild or no enzyme deficiency (class 1V, >60-100% activity); and increased
enzyme activity (class V, >150% activity) [16]. Erythrocytes with insufficient G6PD are thus
unprotected against oxidative injury, and individuals with G6PD deficiency may develop
haemolytic anaemia in response to a number of stresses, including infection and exposure to
medications such as the 8 amino-quinoline, primaquine [17].

Primaquine has received renewed interest in the context of malaria eradication. The drug is
recommended as presumptive anti-relapse treatment of Plasmodium vivax and Plasmodium
ovale infection due to its activity against hypnozoites. Furthermore, it remains the only readily-
available drug that actively clears mature P. falciparum gametocytes [18-22]. Given the risk of
haemolysis in G6PD deficient individuals, and the genetic and phenotypic variability of G6PD
deficiency across geographic areas where primaquine treatment is considered, estimation of
G6PD enzyme function prior to drug administration is recommended [23]. At present, however,
primaquine therapy without prior determination of G6PD enzyme function, perhaps due to a
lack of reliable tests, is thought to be common [24].

One possible reason for the current lack of a standard diagnostic test is that the majority of
methods for assessing G6PD deficiency have shortcomings for field use in tropical countries
[25-27] (see Table 1). In 2003, a novel enzymatic method to detect G6PD deficiency was
developed [28], based on the WSTS8 tetrazolium salt and the 1-methoxy PMS hydrogen carrier.
The assay has reduced light sensitivity, and is easily interpretable, both quantitatively and
qualitatively. In 2010 Kuwahata et al. reported a version of this method, optimized for use in a
96-well plate format using dried bloodspots in filter paper, which was successfully tested as an
in-field mass-screening tool for G6PD deficiency in the Solomon Islands [25]. The aims of this
current study were to further validate the WST8/1-methoxy-PMS test by comparison with a
commercially available enzymatic reference test and to assess the test’s robustness for field
use.

140



Table 1 Available tests for determination of G6PD deficiency and their use in field

settings
Test Characteristics Shortcomings for field and mass-screening
DNA sequence analysis of ~ Extremely reliable. Primers are used to  Requires training, and equipment. Genotype does
the G6PD gene. check whether the G6PD gene contains not correlate with enzyme function and the risk of

Brilliant cresyl blue
decolouration test

Methaemoglobin reduction
test

Formazan ring method

Sephadex gel MTT-PMS
method

Fluorescent spot test (FST)

BinaxNOW® rapid test

CareStart ™ test

R&D® enzymatic test
(reference)
WSTB8/1-methoxy PMS test
(test under validation)

a mutation. haemolysis. Female heterozygous have
unpredictable phenotype due to X chromosome
lyonization. Only one mutation can be analysed

with one primer (>160 mutations exist).

Laborious processes; requires technical skill, and
has low sensitivity.

Involves the action of G6PD and
NADPH diaphorase. A deficiency of
either one of these enzymes on RBCs
would result in the brilliant cresyl blue
remaining unchanged in the test.
Based on the oxidation of Hb to MetHb Laborious, qualitative and low sensitivity. Does

by sodium nitrate and the subsequent  not enable identification of heterozygous deficient
enzymatic reconversion to Hb inthe  females.

presence of methylene blue.

Uses the principle of the MTT-Linked
spot test. When G6PD is present at
normal levels, MTT is reduced to a
purple insoluble formazan derivative,
and results in a specific diameter of
discolouration.

Mostly used in Asia, and predecessor
in concept, of the WST8/1-methoxy
PMS test.

ICSH-recommended method.

Prone to misdiagnosis.Ring thickness may be
affected by exogenous factors.

Reacts with haemoglobin; is light sensitive and
water insoluble. It is of a qualitative nature.

Its cut-off value for G6PD deficiency
determination is only 10-20% of the normal G6PD
activity, which excludes patients with moderate
enzyme deficiency and increases the risk of false-
normal diagnosis.

Rapid test format: Overcomes i ssues of It is highly dependent on temperature-sensitive

technical skill, sophisticated equipment kinetic enzymatic reactions. This limits its use to

and reliability. areas with temperatures between 18 and 25C.
Potential cost.

RDT format. Qualitative Potential cost.
chromatographic test, based in the

reduction of colourless nitro blue

tetrazolium dye to dark colour

formazan. Long-term temperature

stability.

Both depend on the conversion of
NADP + to NADPH by G6PD.
NADPH converts colourless
tetrazolium salt into a coloured

Enzymatic gold standard. Requires various
temperature-dependent incubations.

Evaluated in this work. Advantages: no reaction
with haemoglobin, lower light sensitivity.

formazan, while NADP + does not.

Methods

Study site & sample selection

The study was conducted in seven sub-counties (Nagongera, Paya, Kirewa, Kisoko, Petta,
Mulanda, and Rubongi) in Tororo district, an area with very high malaria transmission intensity
in Uganda. In August-September 2010, the study area was mapped and a census
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survey carried out. Households within 2km of a health facility were included in the sampling
frame. Children under the age of five years were recruited from randomly selected households
and were enrolled into a cohort study (Clinical Trials registration number NCT01024426) if
they met the following inclusion criteria: 1) age < 5 years, 2) agreement of parents or guardians
to provide informed consent, 3) no intention to move during the follow-up period. Clinical and
laboratory evaluations were conducted at enrolment and repeated every six months over the
period of follow-up. Blood samples collected from cohort study participants at follow-up visits
conducted in July and August 2011 were used for the G6PD study.

Laboratory procedures

Blood samples were collected by finger-prick, onto 3MM filter paper, and were dried at
ambient temperature. Samples were then stored at room temperature in zip-lock bags
containing silica desiccant beads, and assayed within 24-72h. The remainder of the sample was
stored for various time periods and temperature/illumination conditions for further evaluation.
Additionally, haemoglobin values were obtained using a HaemoCue B analyser. In parallel,
two sets of internal controls were generated to calibrate the assay. A commercial standard
reagent of known G6PD activity (Trinity Biotech Normal Control) was used to create a panel
of normal, moderate, and severe deficiency (100%, 30% and 10% activity respectively), as well
as a no-enzyme control (0%). The second set of internal controls was generated from human
blood from two volunteers with normal G6PD activity, and followed the procedure described
for the field-adapted test [25]. Each set of controls were spotted onto 3MM filter paper
(Whatman), and stored under the same conditions as the samples. Blood spots and controls
were tested by both the optimized WST8/1-methoxy PMS assay, and by the commercially
available standard R&D® test. Results were evaluated both visually and quantitatively using a
spectrophotemer at 450 nm.

WST8/1-methoxy PMS assay

The principle of the WST8/1-methoxy PMS method depends on reducing hydrogen from
NADPH converting WST8 to WST8-formazan in the presence of the hydrogen carrier 1-
methoxy-PMS. This reaction yields a strong easily detectable orange colour, with colour
intensity directly proportional to G6PD activity. After a 2hr incubation at room temperature,
samples with normal G6PD activity show strong orange colour, deficient samples show faint
colour (moderate deficiency likely to represent heterozygotes) or no colour (severe deficiency
& negative controls).

Two stock solutions were prepared: a working mix, and a control mix. The working mix
contained 50mM G6P (Roche), 4mM NADP (Merck Pty Ltd), 1M Tris—=HCI pH 7.2-7.5, and
100mM MgCI2 (Sigma-Aldrich). The control mix contained all reagents in the concentrations
described above, but lacked NADP and G6P. Mixes for assay development consisted of 0.5mL
of WST8/1-methoxy PMS (Dojindo Laboratories), 0.5mL of working stock solution, and 19mL
of distilled water for every 96-well plate. Negative controls were generated on site as described
in previous studies [25].

A 1.5mm diameter disc was punched out from each blood spot sample and placed inside a
single well of the 96-well flat bottom microplate. Samples were assessed in duplicate. Plates
were incubated for 2h at ambient temperature, and were then inspected by eye by two different
observers for qualitative analysis. For quantitative analysis, the optical density was
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quantified in a microplate reader (Multiskan EX, Thermo scientific) at wavelength OD450-
594nm_  G6PD levels were determined in reference to the control panels.

Reference assay: standard quantitative G6PD assay (R&D® diagnostics)

The R&D® colourimetric test was used for validation [29,30]. In this t est, the resulting
NADPH reacts with a colour reagent in which a formazan salt (nitrotetrazolium blue) is
produced, generating a visually detectable purple colour. The resulting OD (measured at
550nm), is proportional to the level of G6PD present in the dried sample. The assay was
performed using 96-well plates and dried blood-spots in filter paper as per manufacturers
instructions. The same sets of controls were used for both assays, and their robustness tested
under various temperature, storage and light conditions.

Experiments to assess assay robustness

Storage

Storage of 150 dried blood spots (FPBS) prior to development of the assay was done at 24°C
and 4°C and tested at days 1, 2, 4, 5, 9, and 10 post-collection. Working mixes w ere stored at
24, 4, and —20°C, and tested at weeks 1,2 and 3.

Reaction stability

Control assays were developed for 2hrs at 3 different temperatures (37°C, 24°C and 10°C) to
determine whether the kinetics of the assay was affected by temperature. Given the
identification of limitations related to storage at room temperature of blood-spots in filter
paper previously reported [25], a selection of samples were assayed 24h after collection of
the sample, and frozen at —20°C immediately after absorbance was quantified. They
remained frozen for 1, 2, 3 and 4 weeks before G6PD assessment was carried out again both
qualitatively and quantitatively.

Light

The 2hr development of assays for G6PD determination was done under various light
conditions: in the dark, scattered light (indoors), and direct exposure to sunlight (outdoors).

Filter paper use

Assays for filter-paper saturation with blood-spots were done for both the WST8/1-methoxy
PMS assay and the standard test, to assess whether or not significant differences in saturation
could affect G6PD level determination. Such assessment was done by perforating 5-6 blood
spots with different levels of saturation from the filter paper, and comparing the final
quantitative readout.

For all measurements, the same preliminary experiments to those carried out with the WST8/1-
methoxy PMS assay were reproduced with the standard reference test.
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Sample size

The sample size was computed based on G6PD deficiency prevalence previously calculated by
two independent studies in Kampala (16%) [31,32]. To validate the WST8/1-methoxy PMS
method by comparison to the reference test with 80% power, the minimum number of samples
calculated was 108. The final number of samples compared was 122, and a further 113 samples
were evaluated by the WST8/1-methoxy PMS method alone.

Data entry and statistical analysis

Data regarding clinical evaluations, and G6PD assay outcomes were double-entered and
validated. Visual analysis was done independently by two observers. Agreement scores
between observers, G6PD level visual determination, and quantitative data were produced, and
analysed with STATA version 11 (STATA Corporation, College Station, TX). For analysis of
the use of the two tests, a contingency table was produced and sensitivity, specificity, PPV and
NPV were calculated. A Receiver Operating Characteristic (ROC) curve was calculated.
Potential characteristics that could affect G6PD deficiency assessment including gender, age,
haemoglobin levels, and prevalence of anaemia were tested by univariate and multivariate
regression analysis. Agreement between observers regarding qualitative G6PD activity levels
by the WST8 assay, and the R&D reference test was determined by calculating a weighted
kappa (Kw) value. A p-value < 0.05 was considered as statistically significant.

Ethics

Ethical approval to perform the G6PD assay validation was obtained from the London School
of Hygiene and Tropical Medicine Ethics Committee (application no. 010/361). The use of
human participant samples from the ACT PRIME study was under ethical approval of the
Makerere University School of Medicine Research and Ethical Committee (no. 2010-108), the
Ugandan National Council for Science and Technology (no. HS 794), the LSHTM Ethics
Committee (no. 5779), and the University of California San Francisco (no. 006160).

Results

WST8/1-methoxy PMS test use in a field setting
Timeframe and temperature storage conditions affect assay performance
Bloodspot storage

Following collection, a random selection of 150 FPBS were stored at two different
temperatures (4°C and 24°C), and assayed at various days (1, 2, 4, 5, 6, 9, 10) to determine
optimal storage times before degradation of G6PD occurs and risk of misclassification
increases. G6PD enzymatic activity could still be accurately assessed 10 days after sample
collection with storage of blood spots at 4°C. Beyond this timeframe, the risk of
misclassification increased (Figure 1a). For samples stored at room temperature, enzyme
degradation occurred at a faster rate than previously reported [25], and classification at day 5
post-sample collection was not possible due to a high degree of misclassification (Figure 1b).
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Figure 1 Enzyme degradation due to storage on filter papers. a) 150 filter papers with
control blood spots with normal activity, moderate deficiency, severe deficiency, and no
enzyme (100%, 30%, 10%, and 0%) were stored for up to 10 days at 4°C, and their activity
measured at days 1,2,4,6,9, and 10. b) Samples were stored at room temperature, in the dark,
for days 1-5, and the activity measured daily.

Assay mix storage

The stability of assay concentrated mixes was evaluated for a three-week time frame following
storage at room temperature, 4°C and —20°C. Assays were t hen developed and ODs measured
at time 0, and weeks 1, 2, and 3. Results for assay mixes stored at room temperature and 4°C
were comparable to those obtained by Kuwahata et al. [25]. Results for assay mixes stored at
—20°C yielded comparable results to those obtained using fresh mixes at all time points
evaluated.

Assayed plate storage post-development

As the storage time of blood spots prior to assay was limited due to enzyme degradation,
developed plates were re-assayed after initial assessment, after storage at —20°C for various
time points including 24 hours, 1, 2, 3 and 4 weeks. Figure 2 shows that both visual and
quantitative assessment of samples evaluated using the WST8 test was possible at all time
points.

Figure 2 Temperature effects on storage of developed assays. G6PD activity was
measured by the WST8/1-methoxy PMS test on fresh samples. The developed assay was then
stored at —20°C for 24h, and 1-4 weeks.

Temperature and scattered light had little effect on G6PD classification and
assay performance

Half-hourly kinetics of assays developed at 10, 24 and 37°C were meas ured and shown in
Figure 3a. It was observed that G6PD level assessment and classification was not compromised
across temperature ranges, although G6PD level assessment at 10°C was complicated (Figure
3a). In terms of assay sensitivity to aberrant colouration due to light, exposure of the assay to
scattered light had little effect on abnormal colour development during a 2hr period, however,
direct exposure to UV light led to aberrant colour development (Figure 3b).

Figure 3 Assay kinetics at various temperature and light levels. a) G6PD activity measured
after 2hr development at 37°C, 24°C, and 10°C. Classification of G6PD values was possible at
all temperatures, with 10°C showing the least variation Results repe ated 3x in duplicate (p >
0.05). b) Colouration development in reagents only, following 2hr incubation outdoors
(exposure to sunlight), and indoors (exposure to scattered light). Aberrant colouration measured
at the same wavelength as the G6PD assay (OD 450nm) was detected.
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Test validation by comparison to reference test

High inter-observer reliability exists for qualitative classification of G6PD levels
using the WSTS test

A weighted kappa statistic (Kw) for inter-observer reliability (based on qualitative G6PD
classification by two observers visual assessment) was calculated to be 0.922, indicating
excellent agreement. Paired assessment was conducted for 122 samples. Most mismatches
between observers occurred for samples with G6PD levels with threshold values between mild
deficiency (30-60% activity) and normal activity. Such range of G6PD levels is not of
significant clinical relevance. A 90% agreement between both observers and the quantitative
estimation of enzyme activity was calculated, and 10% discordance in samples with borderline
G6PD values (at the normal/moderately deficient threshold) was found. Importantly, moderate
and severe deficiency values were always accurately classified. It was observed that fresh
human blood controls led to an estimation of a significantly higher percentage of G6PD
deficient samples (in the 10-20% activity range), than the commercial control (p < 0.05).
Controls with similar storage time-frames as the samples being tested were used, in order to
prevent misclassification due to higher or lower reference OD values, as has been also reported
elsewhere [25,30,33].

The WST8/1-methoxy-PMS test has high agreement with the reference test

Agreement values between the WST8/1-methoxy-PMS assay and the reference R&D test were
assessed using the categorization of G6PD enzyme function into a) severe deficiency (<10%
G6PD activity), moderate deficiency (10-30%), mild deficiency (30-60%), and normal activity
(60-100%). Results are shown in Table 2. There was 100% agreement in classification of
severe, moderate, and >150% activity samples. The lowest agreement recorded occurred near
the cut-off point between normal and mild deficiency values (40-60% enzyme activity).
Importantly, both the WST8 test, and the R&D test enabled identification of individuals with
low G6PD enzyme activity with the highest risk for haemolytic anaemia (<30% activity). The
Using the R&D test as a reference standard, the WST8 test’s overall sensitivity for G6PD
normal or G6PD deficient was found to be 72%, specificity 98%, PPV 91.3%, NPV 91.9%.
The overall percentage of correct diagnosis was 91.8%, and an AUC value of 0.904 was
calculated (Figure 4).

Table 2 Detection of G6PD deficiency levels: agreement and validation of
WST8/1-methoxy PMS test

WST8/1-methoxy PMS Standard colourimetric test Agreement (%)

Total samples tested 122 122 -
Normal activity 98 (80.4%) 94 (77.04%) 92.63%
Mild deficiency (30-60% activity) 15 (12.3%) 21 (16.4%) 96.72%
Moderate deficiency (10-30% activity) 9 (7.38%) 9 (7.38%) 100%
Severe deficiency (<10%) 0 (0%) 0 (0%) 100%
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Table 3 Baseline measurements and G6PD classification by the WST8/1-methoxy PMS test

Glucose-6-phosphate dehydrogenase classification

Normal (40-100 +%o act.) Moderate Moderate Summary statistic Total
(mild: 20-40% activity)  (low:10-20% activity) (univariate normal/deficient)

Number 235
Males (n) 96 21 8 p =0.136 125 (53.2%)
Females (n) 93 10 7 110 (46.8%)
Age (years, range) 2.83(0.1-5.3) 2.89 (0.01-5.8) 2.87(0.01-5.1) p =0.802 2.84 (0.01-5.8)
Hb level (g/dl, mean, range) 11.18 (4.9-14.9) 11.74 (8-16) 11.90 (8.8 - 17) p =0.022 11.3(4.9-17.0)
Anaemia (%) 28.57 16.12 20.0 p =0.072 26.4%
G6PD activity (%, range) 72.6 (40.3-137.8) 29.2 (20.5-39.6) 15.11(10.3-19.8) n/a 63.2 (10.3-137.8)
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Figure 4 Validation of the WST8/1-methoxy PMS assay (AUC). Receiver operating
characteristic curve for the performance of the WST8/1-methoxy PMS test for G6PD
diagnosis in the field study in Uganda.

Study population and assessment of G6PD enzymatic activity

Samples from 235 children (110 females, 125 males) were analysed. No significant difference
in G6PD deficiency levels between males and females was found (p = 0.136) by either the WST
test or the reference R&D test. Among the male children, 16.5% showed intermediate levels of
G6PD activity (Figure 5). Mean age and age distribution was similar among all G6PD classes
(normal, mild, moderate and low deficiency) (p = 0.802). No severe deficiency was detected in
this study population. While children with severe G6PD deficiency were not seen, G6PD values
as low as 10.3% activity were identified. Anaemia prevalence (defined in this case as Hb levels
under 10g/dl) was not significantly different between G6PD classes (p = 0.072). However,
overall haemoglobin levels between the 3 main G6PD classes was significantly different (p =
0.022), with general haemoglobin levels being lower in G6PD normal children (Table 2).

Figure 5 G6PD distribution by gender. a) Among 110 females, 84.5% had G6PD levels
ranging from 60% to 123% activity; 9.37% of females had G6PD activity lower than 30% - the
activity threshold established by the WHO as posing a risk for primaquine administration at the
present regime. Most females had activity values between 60 and 80%. b) Among 125 males,
76.8% had G6PD levels ranging from 40.3% to 137.8%. 9.4% of males had values lower than
30% activity. Most males had activity values in the 60-70% range.

Discussion

Susceptibility of G6PD deficient individuals to haemolysis caused by anti-malarial drugs such
as primaquine and other 8-aminoquinolines is a concern for worldwide efforts for malaria
eradication, given the geographical overlap between malaria-endemic areas and those
populations with high prevalence of G6PD deficiency [12,13,27]. While primaquine
administration without G6PD screening for confirmed malaria cases is thought to be relatively
common, ethical issues regarding the use of the drug are regaining attention as wider
community use is considered. At present, a main limitation for wide-scale implementation of
G6PD screening is the lack of a robust, low-cost and rapid test that can accurately classify the
majority of samples obtained from individuals in a steady state (ie. not suffering from
haemolytic anaemia at the time of test), and that enables testing of a large number of samples
simultaneously. In 2003, Tantular and Kawamoto published a simple screening method for
detection of G6PD deficiency based on enzymatic activity, with improved performance and
reagent stability compared to its predecessors [28]. Additionally, the method offers the
advantage of enabling both qualitative and quantitative assessment of G6PD levels based on
the NADPH concentration in the test, which yields strong colouration. Since its description in
2003, the assay has been used in various settings, including Thailand

[12] and Suriname [26]. In 2010, Kuwahata et al. successfully optimized the WST8/1-methoxy
PMS assay for field use by adapting it to a 96-well plate format, and dried blood-spots in filter
paper. The optimized test was successfully used to determine G6PD deficiency prevalence in
Isabel Province, Solomon Islands [25]. Given the observations previously described regarding
the performance of the WSTS8 test, the aims of this study were to validate the WST8 method in
relation to a standard reference enzymatic test (commercially available
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R&D); and to identify operational shortcomings and advantages of this test for use in field
and resource-limited settings.

The assay was found to be easy to use, with low use of consumables, and low requirements
for sophisticated equipment, as well as being less time consuming than the reference test. On
average, processing time for a 96-well plate worth of samples took 10 minutes of active
processing and a 2hr waiting period for development, while the R&D test took 1 hour of
active processing. The WSTS8 test was not overly affected by temperature variation, and the
temperature range within which accurate G6PD classification was possible, includes
temperatures generally observed in tropical areas. Similarly, the test was less sensitive to
scattered light in the laboratory than previously reported for other tests. Nevertheless, from
our observations, we suggest avoiding unnecessary exposure of the test and the reagents to
light for extended periods. In terms of storage of assay mixes and reagents, our conclusions
are similar to those previously reached by Kuwahata et al. and confirm that long-term storage
is advantageous for assay transport and assay use in field settings where assays may need to
be run in the field, and subsequently tested in a central laboratory. This is likely, as a major
limitation for storage is that enzyme degradation occurs in blood spots in filter papers limiting
the time they can be held prior to testing. Previously, Kuwahata et al. determined that
accurate G6PD classification could be done by the WST8 method on filter papers stored at
ambient temperature for no more than five days, or alternatively at 4°C for up to 10 days.
This is similar to the findings of this study for storage of samples at 4°C, yet storage of
samples at room temperature for more than four days led to G6PD level misclassification. It
is thus recommended that the samples be tested within 48-72h following sample collection,
given that degradation time may vary slightly among different settings after this time frame.
An alternative is the possibility to freeze assayed plates at —20°C for quantitation at a later
time point. Although this requires freezing facilities, it would allow subsequent mass testing
of samples for confirmation of visual readings. A key observation from this and previous
studies [30], is that a control panel, which comprises positive controls and various levels of
relative G6PD concentrations, should be stored in similar conditions to those of samples to be
tested, as this will reduce the risk of misclassification. Two other observations, common to
spectrophotometric assessments with FPBS were that both blood spot saturation and bubbles
in the microplate wells can adversely affect reactions leading to aberrant readings and
underestimation of G6PD levels. Overall, it was found that the WST8 assay offered major
advantages in relation to other currently-used G6PD screening tests in its suitability for field
use.

Importantly the assay also performed well. In comparison with the standard reference test, the
WSTS8 test had 72% sensitivity, 98% specificity, and an AUC value of 0.904. The sensitivity
of the test was only with misclassifications corresponding to samples with values between
normal enzyme activity and mild G6PD deficiency i.e. individuals not at risk of severe
haemolytic anaemia after treatment with primaquine (ie. >30% enzyme activity as defined by
the WHO). Current tests, including the ICSH recommended fluorescent spot test (FST) method,
report a sensitivity value as low as 32% [27,34-36]. In this context, the WST8 test enabled
accurate identification of a wide range of G6PD enzyme levels. The study also showed a good
inter-observer reliability (qualitative assessment) with very good agreement in relation to the
quantitative classification though numbers of observers and samples were relatively few.

A known confounder for G6PD tests is haemoglobin concentration. This may be potentially
attributed to the fact that in patients with haemolytic anaemia, older erythrocytes are
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haemolysed, while the remaining reticulocytes have normal or near-normal enzyme activity.
Previous G6PD screening studies have therefore suggested that G6PD testing must be done in
parallel with haemoglobin measurements [25,33], or that inbuilt haemoglobin normalization
must be considered for accurate determination of status [30]. In this study, baseline
haemoglobin measurements in G6PD normal and G6PD-deficient children were significantly
different by univariate analysis. The lower haemoglobin levels in children with normal G6PD
in this study may be attributable to G6PD deficiency being associated with a protective effect
against infections that may result in anaemia, however, the study was not powered to test this
effect. Importantly, no severe deficiency was detected in this study population using both the
reference and WSTS8 tests, which is in agreement with the expected G6PD A- prevalent
genotype in Africa [5,8].

In conclusion, the WST8 test offers some important advantages in comparison to other tests for
G6PD deficiency assessment in large-scale screening studies and public health interventions
where primaquine administration is being considered. As demonstrated by this study, G6PD
screening using the WST8 assay can be easily nested into other public health interventions,
which is advantageous for its inclusion in malaria elimination programmes contemplating the
use of primaquine. Additionally, the high comparability of quantitative and qualitative G6PD
estimates between the WST8- and the standard colorimetric tests used for diagnosis in hospital
settings, suggest that the WST8 test would be a relatively safe basis for clinical decisions. This
would obviously depend on existing clinical and laboratory capacity in any facility and require
some adaptation to single sample testing [37]. No individuals with severe deficiency were
identified in this study. Although this is a limitation in terms of validation of the test, a previous
study carried out in the Solomon Islands with the WSTS8 test [25], enabled the identification of
severely G6PD deficient individuals, as well as a range of G6PD activities similar to the one
reported here. In order to fully assess the capacity of the test in various field settings, further
studies in various geographical locations where diverse G6PD genotypes are prevalent, would
be advantageous. A further key observation is the need for parallel haemoglobin determination,
emphasized in previous G6PD deficiency assessments [25,26,30,33]. This is likely to be of
general benefit both in assessing the interpretability of the test and also may indicate other
causes of anaemia and any required treatment. Overall, the WST8 test has a considerable
potential as a diagnostic tool prior to primaquine administration in malaria-endemic areas as a
point of care test and/or as a screening tool for assessing G6PD prevalence in large-scale
screening studies in areas contemplating primaquine deployment.
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Figure 3
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Figure 5
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4.3 Additional sub-analyses of trial GEPD data

4.3.1 Assessment of G6PD status

4.3.1.1 Assessment of G6PD phenotype by Fluorescent Spot Test

Figure 4-1 The fluorescent spot test. Labelled blood spots from trial participants fluoresce

under ultraviolet light after treatment with reagents.

The photograph shows a strip of filter paper with three labelled participant blood spots. In a darkened
box. The strip is lit with ultraviolet light. Fluorescence under ultraviolet light is detectable in the second
two blood spots, indicating normal G6PD enzyme level. The first blood spot remains dull, with no

fluorescence, indicating a negative result (G6PD deficiency).

A positive fluorescent spot test (normal fluorescence) was a criterion for trial eligibility. 19.1%
of the study participants with a normal spot test result had genotypic G6PD deficiency, with

detectable G202A and A376G mutations (G6PD A- variant) (262).

158



4.3.1.2 Assessment of G6PD genotype

In the study, all individuals with the 376 A->G mutation had the 202 G->A mutation. Wild type
individuals have 202G/376A in both X chromosomes. Individuals who carried both the
mutation and carried the wild type sequence were labelled as heterozygotes (all females).
Individuals who carried only the 202A/376G mutation were labelled as male hemizygotes or
female homozygotes. The genotyping methodology and the breakdown of G6PD genotype by

treatment arm are presented in a peer-reviewed manuscript (Section 4.1, ) (262).

G6PD G376A SNP

‘l’ = heterozygote
‘l’ =homo/

hemizygote

Figure 4-2 PCR-RFLP gel electrophoresis product for G6PD G376A SNP, courtesy of Dr Helmi

Pett, University of Helsinki

Briefly, DNA was extracted from Whatman filter papers and was amplified in reaction solution
containing primers for G6PD A- allele G376A primers, using BioTaqg DNA polymerase. Amplified products
were then digested with a restriction enzyme and analysed with gel electrophoresis (263, 264), with
results as shown. The red arrows correspond to fragments from samples reacting with heterozygote
primers and the blue arrows correspond to fragments from samples reacting with homo/ hemizygote

primers. The first and last lanes in each row represent the base pair scale.
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Higher baseline parasitaemias were found in female heterozygotes than in wild type or homo-
/ hemizygotes. Whilst there are hypotheses proposing that female heterozygotes are
protected from severe disease (discussed in Section 4.4), further interpretation cannot be
made with these results, as the study design and recruitment size were not planned for this

evaluation.

Haemoglobin nadirs that occurred earlier in follow up might have been attributed to the
haemolysis due to clinical malaria, combined with a lack of primaquine-induced haemolysis. A
delayed nadir in haemoglobin might be due to the added haematological insult of primaquine
dosing on day 2 of follow up in individuals who are susceptible to primaquine-induced
haemolysis. Table 4-1 shows the day of haemoglobin nadir after enrolment. The nadir was
earlier with increasing levels of G6PD deficiency, hemi/ homozygotes having earlier nadirs for
a given primaquine dose arm, except for those receiving high dose primaquine (0.75mg/kg). In
this group, the nadir was latest in those with GE6PD deficiency. None of these trends reached
significance; the numbers in these subgroups were small, and this sub-analysis was under-

powered.
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Table 4-1 Treatment day (after enrolment) of haemoglobin nadir by G6PD genotype across

treatment arms

Day of haemoglobin nadir after enrolment, by G6PD genotype

Wild type Heterozygote Hemi/homozygote

Treatment P P P
arm Mean SD value* | Mean SD value* | Mean SD value*
AL 5.3 6.6 -- 3.9 4.7 0.41 3.3 3.3 0.46
AL-PQ-

0.1 4.8 5.6 -- 2.8 2.5 0.14 2.3 0.5 0.25
AL-PQ-

0.4 5.7 6.4 -- 6.2 7.3 0.81 3.5 25 0.30
AL-PQ-

0.75 4.2 4.4 -- 5.9 4.3 0.19 6.3 3.8 0.36
All arms 5.0 5.8 -- 4.5 4.9 0.56 3.6 2.8 0.22

*All P values are for the difference from wild type

SD = standard deviation; AL = artemether-lumefantrine; PQ = primaquine

Only two people with a G6PD hemi-homozygote genotype had a maximal fall in haemoglobin

of over 2g/dL during follow up, one from the placebo group and one from the 0.75mg/kg
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primaquine group (table 4-2). This compared with 54 wild type and 17 heterozygote
individuals. There was only one female homozygote, so determination of trends in the risk of

haemolysis according to gender was not possible.

Table 4-2 G6PD status of individuals with a total fall in haemoglobin of >2g/dL during follow

up

Primaquine Wild type, n (%) | Heterozygote, n | Homozygote Total
dose (%)

Placebo 13 (24.07) 6 (35.29) 1 (50.00) 20
0.1 mg/kg 13 (24.07) |2 (11.76) 0 15
0.4 mg/kg 14 (25.93) 4  (23.53) 0 18
0.75 mg/kg 14 (25.93) 5 (29.41) 1 (50.00) 20
Total 54 17 2 73

4.3.1.3 Assessment of G6PD enzyme activity

The small total number of hemi-/ homozygotes limited the extent of meaningful sub-analysis
of G6PD enzyme activity according to genotype. The data are presented here to illustrate
trends, and generated hypotheses. Female heterozygotes had a broad range of enzyme
activity levels, as would be expected due to lyonisation, but the median was significantly
lower than wild type and homozygotes had uniformly less than 20% of normal male activity,
corresponding with the significant change in haemoglobin from baseline in these individuals
after higher doses of primaquine (262). Wild type individuals had a lower mean activity than

expected.
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Figure 4-3 shows the estimated G6PD enzyme activity, as a percentage of normal male activity
grouped in bins of 10% and coded by G6PD genotype; values on the X-axis indicate the lower

limit of these bins.

120+

1001

804

601

frequency

<10 10 20 30 40 50 60 70 80 90 100+
estimated G6PD enzyme function (%)

3 wildtype heterozygous Hl hemizygous/homozygous

Figure 4-3 Estimated G6PD enzyme activity at enrolment in relation to G6PD A- genotype

Histogram of quantitative G6PD enzyme activity level shows the frequency distribution according to

G6PD genotype.

The quantitative enzyme activity level at baseline (day 0), during clinical malaria infection, was
compared to enzyme activity on day 14, when malaria parasitaemia and malaria-attributable
fever was expected to have been cleared. This difference was found to be associated with
G6PD genotype (p=0.044). Hemi-/ homozygotes, had significantly lower G6PD enzyme activity
on day 14 compared to day O (Table 4-3, Figure 4-4). Wild type individuals had increased G6PD

activity at day 14 as expected.
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Table 4-3 Mean G6PD residual enzyme activity at enrolment and day 14, by G6PD genotype

On Day 0 (enrolment) On Day 14 Change
G6PD Genotype Total Mean P value for Total Mean P value for Change in P value for
observations activity, % difference from observations activity, % difference from activity, % difference from
(SD) wild type (SD) wild type (SD) Day 0
Wild type 354 40.1 (16.0) - 348 43.2 (16.7) - 2.4 (18.6) 0.020
Heterozygote 58 32.5(19.5) 0.001 59 31.8(12.3) <0.001 -1.7 (17.6) 0.45
Hemi/homozygote | 26 16.1 (13.1) <0.001 24 10.6 (3.5) <0.001 -5.7 (13.4) 0.048

*residual enzyme function is % G6PD enzyme activity of normal male
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Figure 4-4 Change in G6PD enzyme activity during follow up

The mean G6PD enzyme function, as a percentage of a G6PD-normal male standard activity, is shown
on day 0 (enrolment day) and day 14 after enrolment, stratified by G6PD genotype. G6PD enzyme
activity in heterozygotes and hemi-/homozygotes was significantly lower than in individuals genotyped
as wild type. This was the case at enrolment and on day 14. On day 14, G6PD enzyme activity had

significantly reduced from enrolment values in hemi-/homozygous individuals.

*denotes significant difference from wild type; ** denotes both significant difference from wild type and

significant reduction from Day 0

4.3.1.4  Definition of the optimal approaches for G6PD testing for the safe deployment of

primaquine for falciparum malaria elimination

In many regions of the world with overlapping Plasmodium falciparum and P. vivax malaria
endemicity, particularly, in South and Southeast Asia and the Pacific, the obstacles to

primaquine use have come under focus for both transmission-blocking (for Plasmodium
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falciparum) and relapse prevention (for P. vivax) properties. A stakeholder meeting was held
in Bangkok, Thailand in October 2012, to determine key research questions for the
development of malaria and G6PD testing strategies and technologies, and priorities for
product design for a range of use case scenarios and to determine relevant operational

research priorities (185) (Appendix D).

There was consensus that there was an incomplete appreciation of the relationship between
genotype and risk of haemolysis with primaquine dosing. The role of phenotypic testing both
at the point of care and for population screening remained unclear, largely due to issues of
test reliability, challenging logistical requirements of test kits, and lack of calibration to clinical
outcomes. Regulatory issues and cost effectiveness were, at the time, undetermined. There
was an incomplete picture of the range of genotypes prevalent in several malaria endemic
areas, deeming population surveys an important research priority. Much discussion was held
on the optimal enzyme function cut-off level for a test that would determine safe primaquine
administration in those at risk of haemolysis and also that would avoid withholding
primaquine administration (and the benefits of drug effect) in individuals who are not at risk.
There was still a lack of clarity as to what was the level of haemolytic risk associated with

single dose primaquine and whether G6PD testing would be required prior to treatment.

The meeting took place after this trial started, highlighting the lack of appropriate resources
for G6PD testing in the context of primaquine use at the point of trial design, and the trial was
part of the evidence base for the meeting. The aim of participation was to contribute to
pushing the agenda to define what would constitute safe deployment of primaquine as a

gametocytocide.

4.4  Discussion of G6PD sub-analyses
Much development has occurred in the evaluation of G6PD deficiency in relation to
primaquine deployment since this trial completed and these are discussed in Chapter 5
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(Discussion). In this section, there is a discussion of the sub-analyses conducted using the

G6PD data in the trial.

Genotypic analysis of trial participants’ blood samples showed that the fluorescent spot test
failed to identify mild G6PD deficiency. There are several reasons why this may have occurred.
First, it was predictable, given the low threshold for fluorescence (“normal” result) with the
standard spot test assay that was used for exclusion from recruitment. Second, as female
heterozygotes undergo lyonisation, their expression of the deficient gene is continuously
variable and unpredictable so a proportion of females would be expected to exhibit a normal
phenotype whilst carrying the deficient gene (182). Third, all of the participants had
symptomatic malaria infection. Individuals with clinical malaria are expected to have a degree
of haemolysis due to malaria infection, which drives their red blood cell population towards a
left shift, or reticulocytosis, producing young, “fit” red cells with higher average G6PD function
than the more aged red cell population in the non-haemolysing state. G6PD enzyme activity
data from prospective community cohort studies sampling uninfected individuals is likely to
be more reflective of baseline enzyme activity. Concomitant reticulocyte counts in this trial
would have confirmed these assumptions. In some individuals, reticulocytosis may have
occurred due to background co-morbidities associated with haemolytic anaemia that were
not excluded by the selection criteria, such as undiagnosed beta thalassaemia, or other
haemoglobinopathies, co-infections, drugs or auto-immune disease. Although a past medical
history was taken to exclude these potential confounders as causes of significant morbidity,
no diagnostic tests for these co-morbidities were performed at the point of screening or after

recruitment.

The high degree of spread of enzyme activity data and the lower than expected activity in wild
type individuals may reflect unreliability of the assay. As sample and assay kit storage

conditions can affect the performance of the assay, efforts were made to control these
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factors, including cool storage provision in the field laboratory, transfer in a portable
refrigeration and freezer unit and installation of a back-up generator to enable continuous
power supply during occasional national power cuts. Despite this, there were some
inconsistencies in the cold chain. Therefore, these data were not presented as part of the peer
reviewed publication. Two findings, however, show some expected trends. First, the female
heterozygotes had a broad range of enzyme activity levels at the time of presentation with
uncomplicated malaria (although it was, predictably, significantly lower than those with wild-
type genotype), a finding which is expected due to lyonisation. Second, after recovery from
clinical malaria on day 14, those with most severe enzyme deficiency, the hemi- and
homozygotes, had significantly lower enzyme function levels than on day 0. This suggests that
an initial malaria-associated reticulocytosis had masked their intrinsic enzyme deficiency at
recruitment, and it explains why they had a normal spot test at recruitment such that they
met inclusion criteria. Repeat fluorescent spot testing on day 14 or 28 may have confirmed

this.

This raises an important consideration for future trial design and for the planning and
implementation of community interventions. Phenotypic point-of-care G6PD testing may yield
false negative (falsely normal) results in both female heterozygotes and in the context of
acute clinical malaria. A given individual may express variable levels of G6PD activity
depending on their physiological status at the time of sampling. Co-morbidity with other
infections or injury may also affect production of reticulocytes (129). It is crucial to consider
the immediate health status of participants when drawing inferences from G6PD analyses of

trial data.

For community-level interventions, for individuals with acute haemolysis of any cause, false
negatives are expected. If primaquine is to be administered with prior G6PD testing, as it is for

radical cure (relapse prevention) of Plasmodium vivax, then future research needs to focus
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not only on how to roll out G6PD testing for safe primaquine administration, but also on what
tests are relevant in a given population, and how to predict the risk of haemolysis at the point

of G6PD screening prior to primaquine administration.

As this trial data indicates, homo-/ hemizygotes and heterozygotes with falsely normal
phenotypic G6PD screening results had a greater fall in haemoglobin after primaquine
administration and this was dose-dependent. Although no individuals in the trial experienced
severe haemolysis, when primaquine is administered at community level, a greater diversity
of baseline haematological status and risk factors will be expected. The size of the risk in more
susceptible individuals must be considered when extrapolating the predicted safety of a given

dose of primaquine from clinical trial data.

In reality, both mass-testing for G6PD deficiency at the time of mass primaquine
interventions, and individual-level testing at community health posts for case-based
primaquine administration are expected to be logistically challenging and cost-efficiency is a
major consideration (175, 187, 265). Hence, research policy for primaquine as a
gametocytocide is targeted at determining a single low dose of primaquine that is predicted

to be safe even in G6PD deficient individuals.

In conclusion, the G6PD genotype analysis from this trial indicates that 19% of children with
uncomplicated malaria had a normal fluorescent spot test result (i.e., normal G6PD
phenotype) on the day they came to the health centre with fever, but they had a genotype
consistent with G6PD deficiency. The acute haemolysis of clinical malaria can mask their
underlying G6PD deficiency. Other factors, including X chromosome lyonisation in female
heterozygotes and co-morbidities that predispose to reticulocytosis may also have
contributed to the false-negative fluorescent spot test results. Individuals who were
misdiagnosed as having normal G6PD activity by phenotypic testing had a greater risk of

primaquine-induced haemolysis. The elevated mean G6PD enzyme activity waned after the
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transient reticulocytosis of acute malaria. For community primaquine interventions to be safe,
the implemented dose of primaquine must be safe in asymptomatic G6PD deficient people,
such as would be included in a mass drug administration or a mass screen and treat
intervention (targeting asymptomatically infected people), who are not protected by a
transient reticulocytosis at the time of dosing. Trials of reducing doses of primaquine in G6PD
deficient males with asymptomatic Plasmodium falciparum malaria were conducted in
Burkina Faso and the Gambia were designed following this trial, with contribution from this

thesis, and the results indicate that low-dose primaquine is safe in this population (251).
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5 Discussion

5.1 Statement of results

The World Health Organization recommends the addition of a single dose of primaquine to
standard antimalarial treatment (ACT) as a gametocytocide, with the aim to block Plasmodium
falciparum malaria transmission in the setting of malaria elimination programmes and as an
intervention to stop the spread of artemisinin resistance (112). Since the 1960s, a single dose
of 0.75mg/kg primaquine base has been recommended as a gametocytocide, but, historically,
dose-finding studies for primaquine’s efficacy for this indication have been marked by their
absence. A reliable dose threshold for primaquine’s safety was also lacking. Despite its
incorporation into malaria guidelines for decades, the extent of primaquine’s deployment was
limited most likely because of concerns over the risk of haemolysis in people with G6PD

deficiency.

This trial was designed in 2009, registered in 2010, and recruitment completed in 2012. It
sought to address the evidence gap by providing relevant data on efficacy and safety
outcomes in relation to primaquine dose for transmission-blocking. It was completed prior to
a 2012 revision of the WHO guidelines on single-dose primaquine use, and it was the sole

contemporary source of dose-finding data available at the time.

This first formal dose-finding trial tested the null hypothesis that non-inferiority of lower
doses of primaquine for gametocyte clearance could not be established, compared to a
reference dose of 0.75mg/kg; the dose that was recommended by the WHO at the start of the
trial. Primaquine was administered in addition to the standard antimalarial treatment,
artemether-lumefantrine, to 468 children in Jinja, Uganda with uncomplicated Plasmodium
falciparum malaria and they were followed up for 28 days. The primary endpoint for efficacy

was submicroscopic gametocyte clearance, and was measured by the mean duration of
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gametocyte carriage, using QT NASBA for molecular gametocyte detection and was assessed
for non-inferiority to the WHO reference dose. The primary safety endpoint, the mean
maximal decrease in haemoglobin concentration over 28 days of follow up, was assessed for

superiority to the placebo group who received artemether-lumefantrine alone (200).

The 0.75mg/kg dose reduced the mean duration of gametocyte carriage by 47%; it was 6.6
days (95% Cl 5.3-7.8 days) compared to 12.4 days (95% Cl 9.9-15.0 days; p<0.0001) in children
receiving ACT alone (256). The rate of gametocyte clearance in the 0.4mg/kg group (6.3 days;
95% Cl 5.1-7.5, p=0.74) was found to be non-inferior to the reference 0.75mg/kg dose, whilst
the interpretation for the 0.1mg/kg group outcome (8.0 days; 95% Cl 6.6-9.4, p<0.14) was
“not non-inferior”, or “inconclusive”. None of the safety outcomes differed significantly from

those in the ACT alone group.

Contemporaneously to the completion of this study, the WHO convened an expert review
group to assess the safety and effectiveness of single dose primaquine as a Plasmodium
falciparum gametocytocide. The expert panel reviewed historical studies and included this
trial as the only contemporary dose-finding data available. The outcome was a revision of the
recommended dose for transmission-blocking from the original 0.75mg/kg, recommended

since the 1960s, to 0.25mg/kg primaquine base (257).

The historical data comprised small, non-randomised, transmission studies of between one to
three individuals that pre-dated contemporary standards of research methodology (123).
These studies assessed primaquine’s transmission-blocking efficacy measured using mosquito
feeding experiments and included only 10 participants that received the recommended dose
of 0.25mg/kg or less (67). At the same time, primaquine’s safety was reviewed in an extensive
search of historical trials, largely non-randomised experiments on single individuals (110) or
small numbers that predate modern standards of assessment. Safety data was also collated

from post-implementation reports from mass drug administrations in the second half of the
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20" century in China, Russia and North Korea and from an analysis of all reported deaths due

to primaquine use.

At the time of study design, no clinical trials had been conducted to assess dose-finding for
primaquine as a gametocytocide. Through the publication of its protocol, results and through
data-sharing, this study has sparked a proliferation in research efforts to define and optimise

the role of single-dose primaquine for Plasmodium falciparum transmission-blocking.

5.1.1 Limitations of trial design

The trial incorporated only four dose arms and none of these included the 0.25mg/kg
primaquine base dose that the WHO selected for the revised guidelines. The 2012 WHO
Expert Review Group meeting was initiated after this trial was designed and trial recruitment
was almost complete. Given that there were only four dose intervals, statistical interpolation
of these results to propose the lowest non-inferior dose was not undertaken. Instead, the new
WHO-recommended 0.2gmg.kg dose was assessed by visual interpolation. The expectation
that it would lie on a trajectory between that of the 0.1mg/kg and 0.4mg/kg primaquine base
doses is illustrated in Figure 3-2 (Chapter 3). Following this trial, further clinical trials have

adopted the published trial protocol (200) and incorporated the 0.25mg/kg dose arm.

5.1.1.1  Can we translate drug efficacy into effectiveness?

The primary efficacy outcome, the time to gametocyte clearance, was estimated by a
mathematical model, using molecular quantification of gametocytes as an input. To use this
data to inform malaria elimination policy, we must consider how variation in gametocyte
clearance in an individual would translate to effectiveness at blocking malaria transmission at
the community/ population level. Namely, what is the impact of a given reduction in the
duration of submicroscopic gametocyte carriage in treated individuals upon the level of
malaria transmission in the community? This question about effectiveness, rather than

efficacy, has yet to be answered, despite the large number of clinical trials that are now
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complete, or underway to further investigate primaquine as a transmission-blocker. The
resources required to evaluate effectiveness at the level of malaria transmission in the
community, using outcome measures such as community parasite prevalence and
entomological inoculation rate (EIR), are expected to be considerable. In a large trial assessing
the effect on community level transmission of a different control intervention designed to
interrupt transmission (intermittent preventive treatment of school children with
dihydroartemisinin-piperaquine), for example, the importance of high population coverage

was acknowledged (266).

5.1.1.2  Are we really measuring transmission-blocking ?

The ideal efficacy outcome measure for transmission-blocking intervention trials has yet to be
defined, as is clear from the heterogeneity of trial methodologies (194). Mosquito feeding
assays may be considered to be the gold standard in representing the biological outcome of
infectivity to mosquitoes more accurately than gametocyte measurements (124, 199) but
their utility for dose-finding has been hampered by the poor reproducibility and logistical
complexity of these assays. Two approaches are used; skin feeding assays exhibit higher
sensitivity, i.e., higher mosquito infection rates (267), but are not acceptable to ethical
committees in many settings. Furthermore, they do not allow for quantification of the number
of gametocytes or analysis of the constituents of the blood meal. Hence, there is no possibility
for comparison of the infectiveness of different concentrations of gametocytes or evaluation
of the effect of any relevant inhibitory factors in the blood the mosquitoes are ingesting, only
in peripheral blood samples of the participant. Membrane feeding assays, by contrast, can be
standardised, controlling the quantity, maturity and source of the feeding mosquitoes and the
conditions and duration for their feed, but they are inherently variable both within and
between sites. The likelihood that a reared mosquito will feed and that the ingested

gametocytes will cause a mosquito infection is affected by the mosquito species and strain
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(268, 269) and by variable mosquito factors such as the microbial flora of the mosquito

midgut (270, 271) and probably by human immune responses to the parasite .

Delivering membrane feeding assays in the field is substantially more difficult than in optimal
laboratory conditions. Membrane feeding is labour intensive and large numbers of mosquito
feeds are required in order to maintain assay sensitivity. In Burkina Faso, a trial conducted in
asymptomatically infected children used a similar protocol, but included membrane feeding
assays to assess infectivity on days -1, 3, 7, 10 and 14 of follow up in a subset of individuals
(259). In only one child was mosquito infection demonstrable after treatment; in the
artemether-lumefantrine alone arm on day 7, the predetermined efficacy endpoint (259),
leaving no scope to assess the impact of variable-doses of primaquine on transmission post
treatment. In The Gambia, only two children infected mosquitoes 7 days after treatment; one
in the placebo arm and one in the 0.2mg/kg primaquine treatment arm, in the higher dose
primaquine arms (0.4 and 0.75mg/kg primaquine) there was no post-treatment transmission.
In Mali, infectivity on day 7 was detectable in the control arm, receiving dihydroartemisinin
piperaquine alone (3/13 individuals; 23%) and in two of the primaquine arms, 0.0625mg/kg
(1/15 individuals; 6.7%) and 0.5mg/kg (1/14 individuals; 7.1%), but not in the intermediate
doses (0.125mg/kg and 2.5mg.kg) (272). Analysis was limited to individuals who had a pre-
treatment mosquito infectivity measurement and at least one post-treatment mosquito
infectivity measurement. The membrane feeding assay was optimised after recruitment was
initiated and the primary endpoint focussed on feeding on day 2 rather than day 7. The

outcomes of membrane feeding on day 2 are discussed in section 6.3.1

Novel adaptations to the membrane feeding assay to allow higher throughput assays include
the introduction of a transgenic Plasmodium falciparum “reporter” parasite that expresses

luciferase, enabling detection of infected mosquitoes by luminescence readouts (273), but
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currently their application is in screening for candidate drug compounds in vitro, not for

clinical drug trials.

5.1.1.3  What is the right gametocyte marker?

Pfs25 mRNA has been used in a range of settings to detect and quantify mature gametocytes
in field isolates (54, 63, 212, 274-276) . The molecular detection of gametocytes is up to ten
times more sensitive than microscopy, with a detection limit of at least one gametocyte per
microliter of blood (237, 277, 278). The precise mechanism of primaquine’s action is unknown
so the accuracy of any given mRNA marker in detecting the impact of primaquine, although it
is gametocyte specific, is undetermined. There is some suggestion that primaquine may act
earlier than Pfs25 mRNA is expressed. Recently, Pfs25 mRNA was found to be expressed
almost exclusively in female gametocytes (279), whilst an alternative gene, Pfs230p (also
Pf3D7/ PFMGET) mRNA appears to exhibit male-specificity (280, 281). Female gametocytes
predominate in acute malaria infection, comprising approximately 70% of the circulating
gametocyte population (124, 282), but the proportion of male gametocytes might relate more
directly to the likelihood of infectivity (283). Male gametocytes appear to be more sensitive to
certain antimalarial drugs than females (284), although this has not been determined clearly
for primaquine. A recent paper suggests that primaquine does not preferentially clear male
gametocytes (281). Amongst plasmodia species, the gametocyte sex ratio is found to vary
during the course of an infection and with the degree of anaemia, reticulocytosis, asexual

parasitaemia, and the density of gametocytes (282, 285, 286), reviewed in White 2014 (124).

5.1.1.4  What is the point of counting gametocytes?

The non-inferiority margin of 2.5 days revealed a dose-dependent effect that was reproduced
in two subsequent trials using a comparable protocol (259, 287), but how well does 2.5 days
of gametocyte carriage discriminate between effective doses to block transmission at

community level? In the thesis, even with the highest dose of primaquine, six out of 106
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children (5.7%) still carried gametocytes on day 14 after follow up. This figure was not
significantly different for all primaquine doses in the trial; 3 out of 103 children (2.3%) with
the non-inferior 0.4mg/kg dose (p=0.51), and 6 out of 103 children (5.8%) with 0.1mg/kg
primaquine base (p=0.72) had a gametocytaemia on day 14. This prolonged persistence of
gametocytaemia after primaquine in a subset of individuals has been noted subsequently
(259, 287). To put this into context: children with uncomplicated malaria are managed as
outpatients, so, the child treated with primaquine would return home from the clinic carrying
gametocytes that are available for ingestion by biting mosquitoes in their home community.
Whether these gametocytes are viable and of sufficient density to infect mosquitoes
successfully is a pivotal question. Molecular detection of gametocytes using pfs25 shows a
positive correlation with mosquito infectivity, but it is a weak and indirect trend (46, 124,
288). Mosquito feeding experiments suggest that primaquine renders gametocytes non-
infectious within 24 to 48 hours of treatment (67, 77, 124). Gametocytes that persist beyond
this timeframe may be non-viable, their duration in the circulation being determined by their
rate of clearance by the spleen rather than any continuing drug effect. Recent work highlights
that gametocyte density is independent of the transmission-blocking effect of primaquine in
the first 48 hours after treatment (289). Hence, although gametocyte clearance did effectively
discriminate between primaquine doses, and these dose-dependent trends have been
reproduced in subsequent trials (259, 287), these trials might underestimate the size of the
effect of primaquine on transmission blocking. Furthermore, the gametocyte prevalences post
primaquine administration were low. This has important policy implications; the threshold
dose for efficacy must be in line with the threshold dose for safety in G6PD deficient
individuals. Clearly, high quality informative safety trials are needed to establish an effective
dose range for primaquine deployment. Work towards this has been started with trials in

West Africa and Myanmar (251, 290).
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In interpreting the trial outcomes, we must take into account that a mathematical model was
used to estimate the actual day of gametocyte clearance (200, 258). Gametocyte prevalence,
assessed at a limited number of time points, was used to populate the model. The timescale
for gametocyte measurements was limited to 14 days to reduce the confounding potential of
reinfections, which would be expected to be more common thereafter (63, 258), but this also
limited accuracy in extrapolating individual clearance times. The model incorporates an
assumption to estimate the proportion of gametocytes that are released from sequestration.
This might be affected by the trial drugs. Currently, we have no established method for
assessing the sequestered gametocyte load nor how these gametocytes are affected by drug
treatment and how their infectivity is affected upon release into the circulation (108, 258,

291-293).

5.1.1.5 Does the trial setting matter?

The trial was conducted in a moderate malaria transmission setting; the annual
epidemiological inoculation rate in Walukuba was 3.8 in 2012 (294). How applicable the trial
data is to other transmission settings is worth exploring, considering that primaquine is a
candidate intervention in pre-elimination or elimination settings. Specifically, would the trial
safety and efficacy be preserved in other settings? Not all countries are comfortable
incorporating primaquine recommendations into their malaria elimination policies unless
there is local trial data in their setting (295). Gametocyte dynamics vary across
epidemiological settings (230) and marked differences have been observed in the duration of
gametocyte carriage after primaquine treatment in different geographical locations (258).
Pre-treatment patent gametocyte levels are identified as a significant predictor of
gametocytaemia after drug treatment (228) and broadly increase with transmission intensity
(37). Further factors may affect the response to treatment according to transmission setting;
the clonal complexity of parasites in any single infection increases with transmission intensity
(296). Clonality impacts the rate of gametocyte maturation and release during an infection

178



(297) and by implication, the prevalence of peripheral blood gametocytes at any measured
time point. Efficacy and safety will also be affected by variation in human immune responses
to gametocytes and vector factors between populations and the genetic variation in G6PD

alleles between populations.

The feasibility of conducting a primaquine trial in an elimination setting, i.e., an EIR of less
than one infective bite per person per year, is limited significantly by the low case incidence
rate. In Zanzibar, for example, there are less than 1000 microscopy-confirmed cases per year
(20). This is too few to enable completion of a well-powered clinical dose-finding trial both
cost-effectively and to a timeline that would be useful to assist policy-makers intending to
implement the WHO recommendations for primaquine use. For the purpose of dose-finding,
therefore, we decided that a moderate transmission setting in East Africa would enable timely
collection of relevant data. The choice to test primaquine in clinical cases and in individuals
with higher densities of gametocytes was made in order to produce data about efficacy in
individuals who are most likely to be the infectious (compared to individuals from elimination
settings). We do not yet have data on how variation in the transmission setting might affect

the trial outcomes.

5.1.1.6  Are we collecting relevant safety data?

Prior to this trial, no trials had been statistically powered to assess safety outcomes in
individuals treated with primaquine for transmission blocking. Safety was assessed by passive
pharmacovigilance of adverse events (298) or discrete haematological measurements in
participants (63, 216) without assessment of the likelihood that a difference could be

detectable between study arms.

The selection of an informative safety outcome is intuitive; given that primaquine induces
haemolysis, an accurate measurement of haemoglobin levels post treatment was paramount.

HemoCue®, a self-calibrating point of care test lends itself to the clinical trial setting. A recent
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meta-analysis indicated that haemoglobin values measured by HemoCue® in 3084 patients
diverged from gold standard laboratory assessment by 0.08 g/dL (95% Cl -1.3, 1.4 g/dL) (299)
and in children in the field, the correlation with gold standard was 98.7% (p<0.0001) (300).
Only one trial prior to this had established a curve for the predicted fall in haemoglobin post
single dose primaquine (63). In this study in Tanzanian children with clinical malaria, the
haemoglobin nadir in the primaquine-containing arm was on day 7 (5 days after primaquine
administration), whilst those who received ACT alone had a haemoglobin nadir on day 3.
Clearly, there is an expected haemolysis attributable to clinical malaria and ACT and the
additional impact of primaquine would be expected to depend on the severity of
presentation, co-morbidities, gender and the level of functional G6PD enzyme as well as the
dose of primaquine administered. In this thesis, we aimed to capture a range of dynamics of
the haemoglobin response post primaquine: maximal fall, nadir day, percentage fall. An
endpoint measuring haemoglobin at a single time point post treatment might not have
captured differences in haemoglobin between dose arms. The day of dosing impacts the
optimal scheduled days of haemoglobin measurement; if primaquine is given on day 0 rather
than day 2, haemoglobin should be recovering by day 7 (63). We captured specific endpoints
that would indicate severe haemolysis (requirement for blood transfusion, black urine) and
any child whose haemoglobin fell below 5g/dl. These had not been captured in primaquine
trials prior to this trial and have been incorporated into protocols subsequently. However, the
reliability of these clinical markers for detecting severe haemolysis has not been quantified in
a field context. Their detection depends on patient or parent reports and study clinician
assessments. The decision to transfuse a patient depends on an assessment of their clinical
status, not just on the level of haemoglobin. This is of particular importance when the level is

measured by a point-of-care device (299).

An important limitation of this trial is that, in excluding children who were phenotypically
G6PD deficient, the safety data cannot be used to predict the risk of haemolysis in children
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with G6PD deficiency. As this was the first dose-finding trial, the ethical logic was to first
assess the lowest efficacious dose of primaquine in a population at low risk of haemolytic side
effects. Subsequent to this, trials were planned to assess the safety of this low dose in G6PD

deficient populations(251).

5.2 The trial in context: updates since this trial (and trials in progress)

5.2.1 Primaquine dose-finding trials in Africa following this thesis

5.2.1.1  Assessment of gametocyte clearance

New trials that have assessed gametocyte outcomes after variable-dose primaquine have
assessed different outcomes, and in different age groups and clinical populations but, in
summary, have found the lowest efficacious dose of primaquine to be in the range of 0.2 to
0.4 mg/kg. In The Gambia, the primary endpoint of the fall in submicroscopic gametocyte
prevalence between day 0 and day 7 in asymptomatically infected children after
dihydroartemisinin-piperaquine was significantly greater for all three primaquine doses, 0.2
mg/kg, 0.4 mg/kg and 0.75 mg/kg (287). Gongalves et. al. compared submicroscopic
gametocyte prevalence after artemether-lumefantrine plus 0.25 mg/kg and 0.4 mg/kg
primaquine with artemether-lumefantrine alone in 360 Burkinabe children with asymptomatic
infection using superiority analysis (259). From day 7 onwards, for both primaquine doses,
submicroscopic gametocyte prevalence was significantly lower than the control arm with and
gametocyte clearance times were faster (7.7 days (6.3 —9.1) for 0.25 mg/kg, p value <0.001
for difference from control; 8.2 (6.7 — 9.6) for 0.4 mg/kg arm, p value <0.001). In Mali
submicroscopic gametocyte prevalence was significantly lower in the group receiving
0.5mg/kg primaquine base from day 7 onwards but gametocyte prevalence was not
significantly different to control throughout follow up for lower doses (0.065, 0.125 and 0.25
mg/kg) (272). This smaller trial (n=79) was, however, not powered to assess gametocyte
outcomes. All of these trials used superiority analysis to compare variable-dose primaquine to
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placebo. To determine the lowest dose with equal efficacy to the well-investigated 0.75 mg/kg
dose, non-inferiority analyses of these data would be informative, but would require larger

numbers of participants.

5.2.1.2  Assessment of infectivity to mosquitoes

The adaptive trial design in Mali assessed the dose response to primaquine using the
standardised membrane feeding assay as an outcome measure (272). The research team
measured the reduction in post-treatment compared to pre-treatment mosquito infections in
samples from 81 male participants (aged 7 to 32 years) who had Plasmodium falciparum
gametocytes in their blood. No systematic process was employed to select participants for
screening and they were a heterogeneous group in terms of malaria presentation; overall, 7%
of participants had symptomatic uncomplicated malaria, ranging from zero in the control
group to 19% (n=3) in the lowest dose group (0.0625mg/kg primaquine base), the remainder
had asymptomatic infection. Participants were randomised to treatment with
dihydroartemisinin-piperaquine alone (control) or in combination with a primaquine dose of
0.0625 mg/kg, 0.125 mg/kg, 0.25 mg/kg, and 0.5 mg/kg. Mosquito feeding was conducted
prior to treatment on day 0, and also on day 1, day 2 and day 7. The primary efficacy endpoint
was the mean within-person change in infectivity to mosquitoes, measured by comparing
membrane feeding assay outcomes at baseline and on day 2. Significant reductions in day 2
infectivity were noted in the 0.25mg/kg and the 0.5mg/kg primaquine dose groups (92:6%
[95% CI 78:3—100]; p=0-0014 and 75-0% [45:7—100]; p=0-014, respectively) compared to the
control group (11:3% [-27-4 to 50-0]), but not for the lower dose groups of 0.0625mg/kg and
0.125mg/kg primaquine base. This supports the inference of the WHO primaquine expert
review group, proposing 0.25mg/kg primaquine base as the lowest efficacious dose to block

transmission of Plasmodium falciparum malaria (301).
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Table 5-1 Completed contemporary primaquine dose-finding trials

Location Author, Number of Age Malaria infection Primaquine doses | PRIMAQUINE Partner Gametocyte Infectivity studies | Safety
date participants status assessed administered ACT outcome
Gambia Okebe (287) | 694 Children Asymptomatic 0.2,0.4,0.75 Day 2 DP Day 7 vs day O Day 7 Unpowered. Mean
mg/kg prevalence change in Hb
Burkina Gongalves 360 Children Asymptomatic 0.25, 0.4 mg/kg Day 2 AL Prevalence and time DayO0, 3,7,10, Unpowered. Mean
Faso (259) to clearance 14* change in Hb
Mali Dicko (272) 81 Adults and Symptomatic (7%) and | 0.0625, 0.125, Day 0 DP Prevalence (and Day 1, 2 (primary | Unpowered. Mean
children asymptomatic 0.25, 0.5 mg/kg mosquito infectivity) | outcome), 71 change in Hb
Uganda Eziefula 468 Children Symptomatic 0.1,0.4,0.75 Day 2 AL Prevalence and time None Powered. Mean
(256) mg/kg to clearance change in Hb

*primaquine administered on day 2; Tprimaquine administered on day 0

DP = dihydroartemisinin-piperaquine; AL = artemether-lumefantrine
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5.2.1.3  Assessment of safety

Safety outcome measures have been more standardised across dose-finding trials (table 5-2),
and have mirrored the protocol used in this trial, assessing the mean within-person change in
haemoglobin over 28 days of follow up, using finger prick blood near-patient assessment
(HemoCue AB, Angelholm, Sweden). In trials in G6PD normal individuals, in asymptomatic
Burkinabe children (259), in asymptomatic Gambian children (287) and in variably
symptomatic Malian men and boys (272), the mean fall in haemoglobin was not significantly
different in primaquine-containing arms compared to the control arm receiving ACT alone.
None of these trials were specifically powered to assess safety outcomes and all of them
included asymptomatic individuals. The risk of adverse safety outcomes is of particular
pertinence in asymptomatic individuals receiving an antimalarial plus primaquine for the
purpose of blocking community transmission, rather than the benefit of individual clinical
cure. The fall in haemoglobin after ACT alone is expected to be smaller in the absence of
malaria-associated haemolysis. Therefore, larger sample sizes might be required to discern

any difference between treatment groups.

The recent dose-finding trials, for efficacy, in Africa have identified G6PD normal individuals,
using phenotypic testing to screen for G6PD deficiency (259, 272, 287). It is not logistically
practical to genotype individuals at the stage of screening for trial entry. Our finding, that
5.9% of phenotypically normal children were homozygous/hemizygous at the G6PD 202A
locus (i.e., G6PD deficient of A- variant) and 13.2% were female heterozygotes demonstrates
that these trial populations may include individuals at higher risk, unevenly distributed across
dose arms (262). Enzymatic phenotypic testing for G6PD deficiency at the start of treatment,
has reduced specificity compared with genotypic testing with regard to identifying those at
risk of haemolysis. We found significant reductions in haemoglobin from baseline in the

homozygous/hemizygous individuals (n=10) who received 0.4 mg/kg and in female
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heterozygotes (n=14) who received 0.75 mg/kg primaquine base. The low numbers in each

treatment group might explain the lack of trend of risk of haemolysis with dose.

Subsequent studies have assessed haemolytic risk in G6PD deficient populations. A study in
Mali assessed single dose primaquine safety in 25 adult males and 26 male children aged 5-17
all with phenotypic G6PD deficiency (using R&D fluorescent spot test) and without malaria
(microscopy negative) (302). Adults received doses of 0.4-0.5mg/kg primaquine base and
children were treated with 0.4mg/kg. The largest within person fall in haemoglobin after
primaquine was 23%, in an adult male who was one of the 40% of participants who had
submicroscopic parasitaemia at enrolment and 8% who developed symptomatic malaria
during follow up. The authors concluded that the upper bound of the therapeutic dose range

for primaquine should be 0.4mg/kg in Africa.

In Burkina Faso and The Gambia, G6PD deficient male participants with asymptomatic malaria
were treated with ACT alone or variable dose primaquine (0.25-0.4mg/kg) and post-treatment
change in haemoglobin was compared with G6PD normal participants (251). No participants
developed moderate or severe anaemia. The haemoglobin fall in G6PD deficient participants
was greater than that in G6PD normal participants in Burkina Faso. Although 35-40% of all
G6PD deficient participants across the two sites had a haemoglobin drop of >2.5g/dL, this was

not statistically different to the fall in GGPD normal participants.

In Tanzania, a mixed gender population excluding pregnant and lactating women was treated
for uncomplicated Plasmodium falciparum malaria with artemether-lumefantrine with and
without a single dose of 0.25mg/kg primaquine base (303). The participants were enrolled
regardless of G6PD status, but genotype analysis found a statistically significant greater day 0O-
7 fall in haemoglobin concentration in female G6PD heterozygotes compared to people with

wild-type genotype.
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All of these studies found a lack of severe haemolysis with primaquine doses of 0.5mg/kg base
and below in G6PD deficient individuals. These are clinical trials with defined study
populations. Primaquine is designed as an intervention for large unscreened populations. The
common definition of severe haemolysis in these studies is a relative fall in haemoglobin post
primaquine to >25% of baseline value. There is heterogeneity in these study populations in
terms of malaria status (symptomatic, asymptomatic or malaria-free) and age, but crucial
factors that affect baseline haemoglobin, such as co-morbidities, including HIV status, and
presence of haemoglobinopathy (such as sickle cell anaemia, thalassaemia or haemoglobin C)

are not considered in trial protocols or analysis strategies.

A more translatable evaluation was conducted in Thailand, forming the sub-analysis of a large
community mass drug administration intervention with dihydroartemisinin-piperaquine plus
single dose primaquine (0.25mg/kg base) (290). Bancone et. al. screened for eligibility to the
sub-analysis using G6PD phenotypic testing, then further assessed G6PD genotype and
guantitative enzyme function as we did. Of all those screened, four G6PD heterozygote
women were misclassified as normal phenotypically and had significant falls in haemoglobin
(either 25% fall from baseline or a reading less than 7g/dL) after primaquine treatment.
Overall, as found in the African studies, the relative fall in haemoglobin after primaquine was
greater in G6PD deficient individuals, by both phenotype and genotype, but there was no

significant clinical haemolysis in any of the participants.
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Table 5-2 Characteristics of safety trials of primaquine in Africa following this thesis

Location Study ID Number of Age Malaria infection Primaquine doses PRIMAQUINE Partner G6PD status Safety PK (Yes/
participants (yr) status assessed dosing ACT No)
Burkina Faso (251) NCT02174900 70 18 to Asymptomatic 0.25, 0.4 mg/kg Day 2 AL Normal and Hb change 28 Y
45 deficient males days
Kenya (281) NCT02259426 35/ arm Asymptomatic 0.25 to 0.6 mg/kg Day 2 DP Normal and Hb change 14 N
deficient days
Mali (302) NCT02535767 28 18 to Variable 0.4, 0.45,0.50 Day 0 DP Deficient males Hb change 28 Y
50 mg/kg days
Tanzania (303) NCT02090036 220 >1 Symptomatic 0.25 mg/kg Day 0 AL Normal and Hb change 28 N
deficient days
Swaziland, Senegal PROMPT (survey) * >1 Symptomatic 15 mg Day 0 AL, DP, AS Normal and Hb changeday0 | N
(304) +AQ deficient to day 7
Gabon, DRC and 16 NCT02453308 1680 0.5to | Symptomatic Not specified Day 0 DP, AL, MQ | Normal and Hb change 42 Y
Asian sites 65 deficient days
Senegal (305) PACTR201411 300 20 to symptomatic 0.25 mg/kg Day 0 ACT Normal and Hb changeday0 | N
000937373 50 deficient today7

* pharmacovigilance study

AL = artemether-lumefantrine; DP = dihydroartemisinin-piperaquine; AS = artesunate; AQ = amodiaquine; MQ = mefloquine
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5.2.2  Alternatives to primaquine

5.2.2.1  Existing drugs

The efficacy and safety data we have available for primaquine in Africa is from well-defined
low risk trial populations or from G6PD deficient individuals in a controlled environment. If we
cannot guarantee primaquine’s safety for general population roll out, where the risk in the
context of co-morbidities, pregnancy or postnatal status, and potential drug interactions is

undefined, should we opt for a safer alternative? If so, what drugs are available?

The thiazine dye, methylene blue was the first synthetic antimalarial compound (306). Itis an
inhibitor of the parasite glutathione reductase and, like the 4-aminoquinolones, prevents the
polymerization of haem into haemozoin. In vitro schizontocidal activity has been
demonstrated (307) and there is some evidence of synergy with the schizontocidal activity of
artemisinin derivatives. It also prevents the development of methaemoglobinaemia; by
converting iron from the ferric (Fe3*) to its ferrous state (Fe?*), it reduces oxidized
haemoglobin. Its use as an antimalarial was phased out after the introduction and
widespread use of chloroquine. Since then it has been used primarily as a treatment for
pathological levels of methaemoglobinaemia. It is not effective as monotherapy, but there is
renewed interest in its antimalarial properties as part of an ACT (308). Its gametocytocidal
properties have prompted its investigation as an alternative to primaquine as a drug for

malaria elimination.

Coulibaly et al compared gametocyte clearance after treatment of uncomplicated Plasmodium
falciparum malaria in Burkinabe children with artesunate-amodiaquine with and without the
addition of 15mg/kg (?base) methylene blue dispersible tablets (309). Gametocyte clearance

was measured by reciprocal time to positivity (TTP?) of submicroscopic gametocytaemia,
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measured by QT-NASBA. Despite the finding that a significantly higher proportion of children
had microscopic gametocytes at baseline in the artesunate-amodiaquine plus methylene blue
group (6.5% versus 1.0%, in the artesunate-amodiaquine group, p=0.04), by day 7, the TTP?
was significantly lower in the artesunate-amodiaquine plus methylene blue group than the
artesunate-amodiaquine alone group (0.037 [interquartile range 0.030-0.041] versus 0.045

[interquartile range 0.039-0.051], respectively, p<0.001).

Haemolytic toxicity is seen in individuals with G6PD deficiency (310). It can cause severe
anaphylactoid serotonin toxicity in patients on monoamine oxidase inhibitors or selective

serotonin reuptake inhibitors.

Following primaquine’s introduction to malaria elimination strategies, methylene blue is being
investigated as an alternative to primaquine. In a registered trial, NCT02851108, Burkinabe
children aged 6 months to 5 years with any G6PD status and uncomplicated Plasmodium
falciparum malaria received fixed dose artesunate-amodiaquine with either 0.25 mg/kg
primaquine (n=50) on day 2 or 15 mg/kg methylene blue daily for three days. The primary
endpoint was the day 0 to day 7 haemoglobin change and secondary endpoints included
gametocyte prevalence and density assessed over 28 days. Compared to ACT alone,
submicroscopic gametocyte prevalence was noted to be reduced with methylene blue from
day 7 onwards in a previous trial but, significantly lower haemoglobin levels attributable to
methylene blue were found on day 2 and day 7 after treatment started and there was
significantly more vomiting in the methylene blue arm (309). A recent trial, in Mali compared
primaquine and methylene blue with partner antimalarial treatment (311). Efficacy, safety
and pharmacokinetics were evaluated in phenotypically GEPD normal males (aged 5-50 years)
with asymptomatic gametocyte carriage in four parallel treatment arms. Sulphadoxine-
pyrimethamine-amodiaquine was administered with and without 0.25 mg/kg primaquine on

day 0 and dihydroartemisinin-piperaquine was administered with and without 15 mg/kg
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methylene blue daily for three days. Transmission-blocking was assessed using gametocyte
measurements and infectivity studies at baseline, day 2 and day 7. The two test drugs were
given with different partner ACTs, which may have differing impacts on post-treatment
gametocyte prevalence (section 5.2.3). Infectivity to mosquitoes was reduced significantly in
the arms containing primaquine and methylene blue compared to their reference arms of
partner drug alone. The transmission-blocking effect (using membrane feeding outcomes) and
pharmacokinetics of primaquine versus methylene blue were explored further in an in vitro
study in Thailand, NCT01668433. In summary, methylene blue appears to have a similar
efficacy profile to primaquine. The haematological risk of methylene blue treatment also looks
similar to that with primaquine dosing of 0.25-0.5mg/kg; a significantly reduced haemoglobin
in the treatment arms but no severe haemolysis (309, 311). However, vomiting with
methylene blue carried a risk of non-completion of treatment and exclusion from enrolment.

This might make it a less attractive option for mass treatment.

Tafenoquine has been under evaluation for chemoprophylaxis for Plasmodium falciparum
malaria (312) and for anti-relapse therapy for Plasmodium vivax infection (313, 314), but not
for a transmission-blocking indication. The primaquine pro-drug bulaquine (synonyms:
elubaquine, aablaquine) cleared microscopic gametocytes more rapidly and left fewer viable
gametocytes compared with primaquine 0.75mg/kg base (215, 315). No trials are in the
public domain comparing the safety and efficacy of bulaquine with low-dose primaquine. In
particular, comparative mosquito infection efficacy data and safety data in G6PD deficient

individuals may be of value.

Ivermectin is used for the treatment of nematode infections and scabies (316) and for mass
drug administrations for the control and elimination of onchocerciasis (317, 318) and
lymphatic filariasis (319). It has been found in in vitro and veterinary studies (320, 321), and in

clinical studies (322, 323) to be lethal to anopheles mosquitoes (endectocidal) when ingested
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in sufficient concentrations in a human or animal blood meal and this property has led to
investigation of its potential as a tool for malaria elimination. For zoophilic Anopheline
vectors, treatment of livestock may be optimal and for anthropophilic vectors, treatment of
humans may have higher impact (324). Specific challenges include defining the endpoints to
assess the efficacy of ivermectin, defining the optimal dose of ivermectin in humans for safety
and efficacy to kill mosquitoes, delineating the strategy and dosing schedule in humans and
livestock for its administration (325). In recent years, a research agenda has been developed
to provide an informative evidence base (322) and a target product profile was generated by a
technical committee and presented to the WHO Malaria Policy Advisory Committee (MPAC) to

focus research and policy initiatives (326).

5.2.2.2 New drugs

Contemporary recommendations are that integral activity against sexual stages should be an
essential characteristic, a component of the “target product profile”, of all new antimalarial
drugs (107). This has been accompanied by a flourish of high throughput methods to screen
new candidate compounds for activity against gametocytes (108, 327-329). The development
of stage-specific assays, for example, to assess in vitro efficacy, can highlight drugs with
transmission-blocking effects as candidates for further development (108, 330, 331). Some

examples are highlighted below.

The monovalent ionophores, including salinomycin, monensin and nigericin, are being
repurposed from their established use in veterinary medicine (332, 333). They exhibit very low
ICso values for viability of mature gametocytes and ookinetes, as well as asexual stages,

meriting further downstream drug evaluation (334).

In vitro assessments indicate that the spirindolone drug KAE609 (formerly, NITD609)
significantly reduces early and late stage gametocyte counts and oocyst counts in standard

membrane feeding assays (335). More recently, the drug has undergone phase Il clinical trials

191



for both asexual and sexual stage efficacy against both Plasmodium falciparum and P. vivax
malaria (336). Parasite clearance times are rapid and there are indications of good tolerability,
nausea being the most common side effect. Participants were unselected for G6PD deficiency,

given that drug-induced haemolysis has not been observed.

The imidazolopiperazine KAF156 has undergone Phase | (337) and Phase Il trials (338). Slightly
longer parasite clearance times are observed and adverse events of a range of character were
seen in the majority of participants, the most common being sinus bradycardia, hypokalaemia,

hyperbilirubinaemia, anaemia and thrombocytopenia.

5.2.3 The choice of partner ACT for combination with primaquine

Until novel compounds are available, which ACT should best be combined with primaquine for
optimal effect on transmission? Following an ACT plus gametocytocidal drug intervention, a
gradual resurgence of gametocyte carriage is observed in an endemic setting (after
approximately 14 days following AL treatment) and is attributed to re-infection (63).
Subsequently, the risk that individuals will be infectious will gradually increases (summarised
in Bousema, 2011 (37)). An optimally-effective schizontocide should partner the
gametocytocidal drug intervention in order to prevent emerging gametocytaemia from
untreated asexual parasites. ACTs provide rapid and powerful asexual efficacy and have been
recommended for first-line use globally since 2005 (339), but their effectiveness is threatened
by the development of artemisinin resistance (22). Reduced asexual parasite clearance time
was associated with patent gametocytaemia (above the microscopic detection level) after
treatment in the TRAC study, that characterised and mapped artemisinin resistance across
Southeast Asia and in three African sites (340). At sites with longer parasite clearance times,
pre-treatment gametocytaemia was also more prevalent, suggesting a sustained effect at

population level.
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The choice of partnered drugs in an ACT is an integral determinant of its asexual efficacy (341)
and failing antimalarial drug regimens have been characterised by increased post-treatment
gametocytaemia (342) and the risk of onward transmission (66). A prospective study of 4116
children treated with four different ACT regimens for uncomplicated Plasmodium falciparum
malaria across 12 sites in sub-Saharan Africa found gametocyte prevalence to be significantly
higher in children after treatment with dihydroartemisinin-piperaquine or artesunate-
amodiaquine or chlorproguanil-dapsone-artesunate than those treated with artemether-

lumefantrine (343). The duration of gametocyte carriage was also shorter with AL.

A meta-analysis of 121 trials, including 48 840 patients confirmed these findings (48);
sulphadoxine-pyrimethamine-amodiaquine and dihydroartemisinin-piperaquine were
associated with an increased risk of development of patent gametocytaemia after treatment
compared to artemether-lumefantrine of artesunate-mefloquine. This powerful analysis
countered previous findings in showing no association of asexual parasite clearance times
with post-treatment gametocytaemia, implying the importance of both the initial treatment

efficacy and the post-treatment prophylaxis effect of the partner drug.

Will these differences in post-treatment gametocytaemia compromise primaquine’s impact
on transmission interruption enough to favour the selection of any given partner ACT?
Primaquine’s action against gametocytes is early and rapid and could be expected to negate
the effects of varying ACT combinations. In Myanmar, there was no difference in patent
gametocytaemia after treatment with six difference ACT regimens when 0.75mg/kg
primaquine was added. With low dose primaquine, the assessment of microscopic

gametocytaemia and transmission outcomes combined with different ACTs will be pertinent.
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5.3 Areas for future research/ unanswered questions

5.3.1 Primaquine pharmacokinetics and pharmacodynamics
An important component of safe, widespread roll-out of primaquine is an understanding of
the pharmacokinetics of the drug and its potential interactions with co-administered

medications.

The cytochrome P450 isoenzymes, particularly 2D6, 3A4 and 2C19, play an significant role in
primaquine metabolism, along with the monoamine oxidase enzymes (344, 345). Hence there
is potential for interaction with other drugs. Similar to the synergy found between primaquine
and chloroquine (346), increased plasma primaquine levels were found when it is co-
administered with dihydroartemisinin-piperaquine (347). Primaquine concentration is also

increased by co-administration with pyronaridine-artesunate (348).

In addition to CYP 2D6 enzyme activity, age and weight were found to affect primaquine
pharmacokinetics in a sister study to this thesis (349). Unfortunately, due to substandard
sample conditions in transit, all of the samples were thawed and, therefore, the novel
pharmacokinetic analysis that was planned for this thesis (350) (Appendix A: Trial protocol)

could not be conducted.

Primaquine is typically available in its racemic form. Recent work suggests that the different
enantiomers vary in their anti-parasitic efficacy and also in toxicity in terms of propensity to
cause methaemoglobinaemia and haemolysis (351). The different enantiomers are also
metabolised at different rates, which may affect the likelihood of formation of clinically-
significant metabolites (352). The properties of the primaquine enantiomers have been

further characterised by population pharmacokinetic modelling (353).

Whilst polymorphisms resulting in differential isoenzyme activity may be more important in

determining the outcome of longer course primaquine for P. vivax radical cure (354), these
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findings need some consideration for single low-dose primaquine interventions. Clearly, more
work is needed to establish any interactions between primaquine and commonly co-

administered drugs, including anti-retroviral drugs for HIV.

5.3.2 Haematological response in asymptomatic and unparasitised populations

Reportedly, millions of people have received primaquine without screening for G6PD
deficiency as part of large MDAs in the former USSR (355) , in China (87) and in US Army
malaria programmes during the war in Vietnam (202) and Korea (87). All reported deaths due
to primaquine have been associated with multiple doses (73). If single-dose primaquine is to
be distributed in population mass treatment initiatives that incorporate asymptomatically
infected or even uninfected individuals, a quantitative understanding of the risks is crucial.

Very limited data are available currently.

In an extensive review of the safety of primaquine, Recht, et al., (73) found that, in all records
of patients receiving any dose of primaquine (single or multiple), whether in case-based
treatment or mass drug administrations with published outcomes, the risk of death
attributable to primaquine treatment was 1 in 621 428. For single low-dose primaquine , the
risk of severity and death from haemolysis is expected to be low (290). Data are available from
small, focussed clinical trials assessing the risk of haemolysis in GEPD deficient individuals
(section 5.2.1.3 and 5.3.3), but these trials comprise a combination of symptomatic and
asymptomatic individuals in a defined study population. Few trials have included unselected

and untested individuals in a community.

5.3.3  Pharmacogenomic factors

The investigation of the haematological toxicity of primaquine in the 1950s led to the
discovery of G6PD deficiency and highlighted the importance of pharmacogenomics in
antimalarial therapeutics (95). The last few decades have seen increasing recognition of the

role of genetic factors in treatment failures and drug-attributable adverse events. This has
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driven research to increase our understanding of the molecular mechanism underlying
particular phenotypes. There is a niche for pharmacogenomic analysis to help inform cost-
effectiveness assessments and to help drive policy decisions (356). The Worldwide
Antimalarial Resistance Network (WWARN) are collating and analysing huge pharmacogenetic
datasets from clinical trials (see http://www.wwarn.org) to help define drug resistance and to
optimise drug dosing. Regional bodies such as the African Medicines Regulatory
Harmonization Initiative aim to facilitate processes to enable such data to impact policy and

health (357) .

5.33.1 G6PD variants

Limited data are available on the safety of low dose primaquine in the wide range of G6PD
deficient variants across the globe. Results are available from African studies assessing
haemolysis risk with a single dose of 0.25mg/kg primaquine in G6PD deficient individuals (251,
302). These clinical trials involve well-defined study populations, but, few large community
interventions have been conducted to assess primaquine safety in Africa, where the A- variant
is prevalent. In a cluster randomised mass drug administration trial of 1110 individuals in
Tanzania, given sulphadoxine-pyrimethamine plus artesunate plus primaquine (0.75mg/kg)
versus placebo (358), although day 7 haemoglobin fell most significantly in the G6PD A-
individuals, haemolysis was also seen in the wild type group and the most severe haemolytic
event was in a child with G6PD B genotype (101). This suggests that other pharmacogenetic
factors may be important, or that the single nucleotide polymorphisms used to identify the A,
B and A- G6PD variants may incompletely define the range of G6PD alleles in the African

population.

In Southeast Asia, compared to Africa, the diversity of genotypes is high, as is the range of
residual enzyme function that the variants encode (191, 359). A large study of Targeted

Malaria Elimination in a population on the Myanmar-Thailand border assessed the safety of
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three monthly rounds of MDA containing dihydroartemisinin-piperaquine and a single dose of
0.25mg/kg primaquine (290). The frequency G6PD deficiency was 13.7% using phenotypic
testing and residual enzyme function ranged from 3.9% of normal (Canton variant) to 73% of
normal (Mahidol and Viangchan variants), with considerable variability seen within the
Mabhidol variant (290). The fractional fall in haemoglobin after treatment was significantly
greater in G6PD deficient individuals after the first and second doses of primaquine and,
unlike people with normal genotype, they did not see a total rise in haemoglobin over the
three months of follow up. There were, however, no recorded episodes of symptomatic or
clinically significant haemolysis, leading to the conclusion that low dose primaquine can be

administered safely without prior G6PD testing.

The greatest unpredictability is in female G6PD heterozygotes, whose residual enzyme
function may be highly variable (360). Effective prior testing at the point of care for G6PD
status, particularly in this group, is challenging, because phenotypic tests may be normal.
Further work correlating haemolytic risk with G6PD genotype, including exploration of new

mutations using sequencing, and gender will be valuable.

5.3.3.2  Qytochrome P450 (cyp) variants

The isoenzyme cytochrome P450 2D6 is highly polymorphic with allelic variants exhibiting a
broad range in levels of enzyme activity. In common with a significant proportion of drugs
available on the market (361), it has an essential role in the hepatic metabolism of primaquine
(345). In 2013, Bennet reported two failures of primaquine treatment for radical cure of P.
vivax in two individuals in a malaria challenge experiment (362). They were found to have low
CYP2D6 enzyme activity. Subsequent work demonstrated failure of primaquine as a causal
prophylaxis in CYP2D6 knockout mice exposed to Plasmodium berghei infection (363), leading
to concern that primaquine should be used with caution for primary prophylaxis in some

human populations (364). CYP2D6 variants have been categorised into four different
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phenotypes: poor, intermediate, extensive, and ultra-rapid metabolisers (365) . Potentially,
identification of populations with a high frequency of poor metabolisers could highlight
people at risk of drug failure. Ultra-high metabolisers might theoretically be at a higher risk of
adverse events (344). However, thus far, it appears that the proportion of individuals with the
extremes of enzyme functionality is relatively small (366) and although there is geographical
variation in the distribution of genotypes, the diversity is higher within populations than
between populations (366). At this stage, there is no obvious lead as to how to direct policy
decisions in a given population. Whether there are settings where genotypic or phenotypic
testing for CYP2D6 variation, for which a range of methods have been identified (367) will be
cost-effective has yet to be determined. Testing requires large volumes of blood and high
costs in terms of time, expertise and equipment. Furthermore, although CYP2D6-meditated
metabolism is important for action against the hepatic stages of Plasmodia spp., there is some
evidence that it may be unnecessary for action against the asexual and the sexual erythrocytic
stages (368). By contrast, CYP2C8, CYP2C9 and CYP3A5 activity appeared to correlate with P.
vivax gametocyte clearance in 164 individuals in the Brazilian Amazon (369) after treatment
with chloroquine and primaquine(369). Clearly, more pharmacogenomics work is needed in

target populations for primaquine treatment.

Drug interactions mediated by CYP2D6 activity should also be considered, such as primaquine-
chloroquine potentiation and the effect of other CYP p450 isoenzymes on the metabolism of
ACTs (370). Pyronaridine, a relatively new antimalarial, is a potent inhibitor of CYP2D6, and

increases the plasma concentration of primaquine (348).

247 out of 468 samples from the trial in this thesis were genotyped successfully for CYP2D6
(371, 372). The percentage of poor metabolisers and ultra-rapid metabolisers was 2%. 25% of
the children were extensive metabolisers. For those who received the 0.4mg/kg primaquine

dose, day 7 gametocyte prevalence was 7% (2/28) in children who were either extensive or
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ultra rapid metabolisers, compared to 38% in the intermediate metabolisers and 100% (1/1) in
the poor metaboliser (P=0.009). The unequal distribution of samples across treatment groups
prevented further conclusive analysis. CYP2D6 activity data from this trial and subsequent
primaquine trials in Burkina Faso, Mali, Kenya and The Gambia were pooled in a recent
analysis (372). CYP2D6 data from these trials were incomplete, but suggested that poor and
intermediate CYP2D6 metabolisers were more likely to have persisting gametocytes after ACT-

primaquine treatment, whilst safety (haemoglobin concentration) was not affected.

The challenge is to decide what should be the policy implications for the size of the effect
these polymorphisms have on primaquine safety and efficacy. Whilst these polymorphisms
might be more relevant in determining outcomes of Plasmodium vivax anti-relapse treatment
(373), currently, there is little suggestion that their effect should be taken into account in
policy for Plasmodium falciparum gametocyte clearance treatment, given that the effect is

comparatively limited.

5.3.3.3  Methaemoglobinaemia

Methaemoglobinaemia is an expected side effect of primaquine treatment (219). The
oxidising action of primaquine increases production of methaemoglobin until drug levels fall
and the NADH-dependent reducing system compensates and levels normalise (90).
Methaemoglobin is seldom measured in primaquine safety evaluations, because after
primaquine treatment, levels are typically sub-clinical (89). Levels increase in proportion with
the dose of primaquine, but, even at a high dose of 1.14mg/kg daily for 14 day vivax relapse

prevention, no treatment interventions were needed in a Colombian trial (374).

As the proportion of methaemoglobin in the blood increases, cyanosis is detectable, causing

pale, grey or blue coloured skin, lips, and nail beds. Symptoms develop when methaemoglobin
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levels are over 30%: light-headedness, headache, tachycardia, fatigue, dyspnoea, and

lethargy. Very high levels, over 50-60%, may be life-threatening (90).

A cluster of congenital and acquired conditions can increase the propensity to
methaemoglobinaemia. Congenital causes, such as methaemoglobin reductase deficiency
(Cytochrome b5 reductase deficiency) may cause a raised baseline methaemoglobin or
individuals may be asymptomatic unless exposed to an oxidising trigger (such as primaquine)
(375). Acquired methaemoglobinaemia is precipitated only after ingestion of trigger
compounds and may result from partial enzyme deficiency. Case reports have identified
individuals with documented or likely enzyme deficiencies who have suffered clinical
methaemoglobinaemia after antimalarial treatment (376, 377) . Future pharmacogenomic
studies might elucidate the extent to which these polymorphisms contribute to primaquine-

related adverse events.

5.3.4  The risk of primaquine in pregnancy and lactation

The G6PD status of the foetus cannot be determined routinely and therefore haemolytic or
other risks due to primaquine treatment in pregnancy cannot be excluded. In accordance with
the WHO guidelines and drug labelling, women who are pregnant have been excluded from
population interventions and treatment with primaquine (33, 247). No clinical trials have
assessed the efficacy or safety of single-dose primaquine for transmission-blocking in
pregnant or lactating women. A missed abortion in a woman in Switzerland in 2002 was
reported as potentially caused by the drugs she was treated with; primaquine and
artemether-lumefantrine for malaria and ciprofloxacin, for a bacterial infection (73). Malaria
infection itself increases the risk of stillbirth (378) and it increases the risk of miscarriage

independently of antimalarial treatment (379).

A recent evaluation of primaquine pharmacokinetics in lactating women suggests that very

limited amounts of primaquine are secreted in breastmilk and that the plasma concentrations
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of primaquine in breastfed infants are too low to pose any risk of haemolysis (380). Plasma
levels in women and infants were assessed during 14-day treatment for radical cure of P. vivax
(primaquine base 0.5mg/kg/ day). The authors recommend that primaquine should not be

withheld in breastfeeding women.

Pregnant or lactating women are likely to represent a significant proportion of the infectious
reservoir for malaria transmission (381, 382) and the cost of their exclusion from community
interventions must be considered, both in terms of operational feasibility and the

effectiveness of the intervention.

5.3.5 HIV, malnutrition and other at risk populations

Primaquine administration in people who have both G6PD deficiency and an elevated baseline
risk for anaemia would be expected to carry a higher likelihood of harm. Examples include HIV
infection, helminth infection, malnutrition and chronic disease; conditions that are prevalent
in malaria-endemic countries (383-386). HIV co-infection is known to increase the parasite
density and severity of malaria and increase the risk of anaemia (387). In addition, the risk of
drug-drug interactions from ongoing treatment, e.g. with anti-retroviral drugs for HIV, may
increase the chance of adverse outcome. Co-morbidities are typically an exclusion criterion in
clinical trials designed to assess the safety of low dose primaquine in African and Asian
populations with G6PD deficiency (e.g., ClinicalTrials.gov trial identifiers: NCT02535767 in
Mali, NCT02434952 in Cambodia, NCT02259426 in Kenya). Upon population deployment,
however, it is in these vulnerable subgroups that the risk of primaquine treatment needs to be
considered carefully. More research is needed to assess the likely impact of population

interventions that would include these groups.
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5.3.6  Endemicity: does the transmission setting matter?

Human-generated immune responses against molecular components of the gametocyte may
affect the likelihood that the gametocyte develops to maturity, the rate of its clearance from
the bloodstream and the success of its infectiousness to mosquitoes when ingested in a blood
meal. They may also influence the likelihood of fertilisation and sporogony within the
mosquito (388-390), (reviewed in (391)). These properties place them as candidate molecules
for transmission-blocking vaccines (388). Their presence is correlated with reduced

transmission in mosquito membrane feeding studies (392, 393).

There is some evidence that the expression of anti-gametocyte antibodies is increased during
the transmission season (394) and correlates with exposure to gametocytes (395). Therefore,
the prevalence of anti-gametocyte immune responses may vary depending on extent of prior
exposure to the parasite and with transmission intensity. The transmission-blocking effect of
primaquine in trials, such as this one, conducted in a non-elimination setting may differ to one
involving participants from an area of lower transmission intensity if different levels of anti-
gametocyte immunity affect drug efficacy. In line with evaluations of transmission-blocking
vaccines (51) the impact of the level of anti-gametocyte antibodies on likelihood of
transmission with and without primaquine deserves consideration. Human anti-gametocyte
antibodies have been shown to reduce transmission in mosquito feeding assays, but the effect
is complex (393). It is unlikely that it would have a significant effect on the efficacy of

primaquine.

5.3.7 Application: is there a role for primaquine in mass drug administrations?

As a tool for malaria elimination, primaquine is recommended to reduce transmission at
population level. The outstanding question is how should the drug best be deployed? Current
guidelines recommend adding primaquine to treatment of clinical cases of malaria, i.e., case-

based treatment. There is much debate over the potential impact of this strategy compared to
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mass drug administration campaigns designed to interrupt community-level transmission over
a defined time period. Mass drug administration involves administration of antimalarials at
the same time to all members of a given population regardless of age and sex and malaria
infection status. High coverage is a crucial determinant of the impact of an MDA (84, 396) and
this requires community buy-in of acceptability, safety and efficacy of the intervention and
efficient systems for implementation and monitoring; all of which are logistically challenging

(397-401).

In the last half century, several mass drug administrations have included primaquine or
another 8-aminoquinoline as a gametocytocide, but they form a highly heterogeneous group
of interventions, leaving little consensus data with which to predict the effect on community-
level transmission, the optimal strategy for implementation or the safety implications when
primaquine use is scaled up. Almost exclusively, they comprise baseline and end-line surveys
of parasite prevalence (396, 401), rather than integrally testing a hypothesis, incorporating a
control arm or randomisation strategy. There is great variation in the drug regimen
administered, in the choice of schizontocidal drug, the dosing regimen, the number of rounds
of MDA, the malaria species targeted, the simultaneous deployment of vector control
interventions and the selection and handling of individuals who were excluded from the
intervention (e.g. children, pregnant women and people with G6PD deficiency) (396, 401,
402). A small number of interventions are in low and moderate transmission settings, where
elimination efforts will be focussed (see public health section). Conclusions on efficacy or
effectiveness of MDA depend on how and at what time interval after the intervention it is
assessed, since the reduction of transmission after MDA is expected to be transient, with an

ultimate return to pre-intervention levels (84).

Reviews of primaquine-containing MDA interventions have discovered no reports of deaths,

prolonged hospitalisations or blood transfusions (73, 396, 401), yet many programmes and
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studies lack safety assessments relevant to the risk of haemolysis with G6PD deficiency or
systematic prospective pharmacovigilance methodology. Two successive WHO Evidence
Review Groups have concluded that clear evidence is lacking for any benefit of the addition of
single low dose primaquine to MDA regimens (402, 403). Further studies will address the
incorporation into MDA of alternative transmission-blocking agents, such as ivermectin or

methylene blue (404).

Kaneko reported the complete absence of microscopic parasite detection in a population on
Vanuatu island in following 9 weekly administrations of chloroquine, pyrimethamine-
sulfadoxine, and primaquine (0.75mg/kg) (405). Song and colleagues conducted a MDA in
3653 individuals in rural Cambodia, administering low dose primaquine (9mg adult dose,
approximately 0.15mg/kg) with artemisinin-piperaquine (406). The ACT was given at baseline,
with primaquine, then the primaquine dose was repeated every 10 days for six months,
regardless of G6PD status. ACT treatment was repeated if the village parasite rate was >10%.
There was a dramatic reduction in, but not elimination of, microscopic parasitaemia over the
three-year study period. There was no comparator arm without primaquine. The safety
analysis of the three-monthly rounds of MDA with dihydroartemisinin-piperaquine and a
single dose of 0.25mg/kg primaquine (on day 1) given in an MDA in Thailand (290) are
reviewed in section 6.3.3.1. There was no comparator arm without primaquine
administration. Subsequent southeast Asian primaquine-ACT containing mass drug
administrations have demonstrated early reduction in parasite rates with three consecutive
monthly rounds in Myanmar (407), and three annual rounds in Laos (408). Although
primaquine was well-tolerated, the population parasite rate rose after discontinuation. An
Indonesian MDA showed no impact on malaria transmission of two to three rounds of
primaquine and dihydroartemisinin-piperaquine treatment (409). In the low transmission-
setting of Zanzibar, a two-round primaquine-containing MDA had no effect on PCR-detected
parasite rate (410). In contrast, in the high transmission setting of Comoros, a high-intensity

204



MDA consisting of 3-monthly artemisinin-piperaquine with or without low-dose primaquine
over a year, with 85-93% coverage, reduced malaria cases and malaria-attributable deaths
(411). The effect on parasite rates was only reported in children, being reduced for up to 18

months post MDA.

Since mass treatment exposes community members who may be uninfected to potential drug
toxicity, and the risk of emergent drug resistance, treating only those people who harbour
malaria parasites may appear preferable. The cost-efficiency of pre-treatment screening for
infection (mass screen and treat [MSAT] or focussed screen and treat [FSAT]) depends on
optimised methods for the detection of infections and for implementation of testing.
Screening with rapid diagnostic tests (RDTs) is found to miss low density infections (412-416) .
Options include the use of more costly high-throughput PCR techniques (417) or opting for

presumptive treatment with no screening.

An ambitious cluster randomised trial compared the impact on population parasite prevalence
of focussed screening and treatment (FSAT or fMDA) with more standard MDA compared with
no mass treatment and found no benefit from screening (with RDTs) prior to treatment (418).
The ACT used was dihydroartemisinin-piperaquine and primaquine was not given. A clear
benefit of MDA was offset by a parallel reduction in parasite prevalence and malaria incidence
in the control arms, attributed to improved access to treatment and vector control during the
study period. Further studies have found a limited impact of mass screening prior to
treatment (413, 419, 420) and it was advised against in the recommendations of the WHO

Evidence Review Group meeting (403).

It is clear that we need to understand how MDA can best be incorporated into long-term
elimination strategies alongside other control interventions in order to sustain a lasting

impact on transmission (25, 402). Current, evidence suggests that MDA antimalarial drugs
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should have a long half-life and be different to the national first-line antimalarial treatment, to

minimise risks of the development of drug resistance.

More work is needed to assess the relative contribution of primaquine (or other
gametocytocidal/ transmission-blockers) versus ACT (or other schizontocide); to explore at
what level of transmission and in what populations MDA is likely to have the highest impact;
to determine how safety can be optimised and monitored; and to explore the relative effect
of ACT drug efficacy, in the context of emerging artemisinin-resistant parasites. Table 5-3
highlights the settings where the WHO Evidence Review Group proposes that MDA should be

considered for Plasmodium falciparum control (402) (Table 5-3).
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Table 5-3 Settings in which mass drug administration should be considered for control of

Plasmodium falciparum malaria, as advised by the WHO Evidence Review Group, 2019 (402)

Settings where mass drug administration may contribute to the control of Plasmodium

falciparum malaria

Low transmission areas approaching elimination with good access to treatment,
minimal risk of re-introduction of infection and implementation of vector control and

surveillance.

Endemic island communities with limited risk of re-introduction of parasites, with

implementation of effective treatment, vector control and surveillance

For short term reduction in transmission in areas of moderate to high transmission, but

evidence is lacking that this accelerates progression towards elimination

To reduce the spread of multi-drug resistant malaria (in the Greater Mekong sub-
region), but with recognition that effective antimalarial options for MDA are limited

due to widespread multidrug resistance

As a time-limited intervention, to reduce morbidity and mortality where a health

system is overwhelmed, such as, for epidemic control, and in complex emergencies

5.3.8 Dosing regimens for low-dose primaquine: single dose, multiple doses and seasonal
dosing

The optimal timing of gametocytocidal interventions during the course of treating an infection

has not yet been investigated. Given that ACT incompletely clears gametocytes (421), and

considering the timescale of further emergence of gametocytaemia post ACT (WWARN

gametocyte), how and with what treatment regimen can we get the greatest gains by using
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primaquine to clear mature gametocytes? For optimal safety, dose-finding studies have
administered primaquine on day 2, to avoid dosing during the haemolysis of acute malaria
infection (63, 256, 259, 287), but day 0 administration retains high transmission-blocking
efficacy (206, 422) and is operationally desirable, requiring no further interface with health

services or reliance on compliance.

An open-label trial in 250 G6PD normal aged Tanzanian children aged 3 to 17 years with
uncomplicated malaria will compare submicroscopic gametocytaemia and haemoglobin levels

post dosing on day 0 versus day 2. 0.75mg/kg primaquine (NCT01906788).

Any residual asexual parasites after ACT therapy can potentially enable the development of
mature gametocytes, leading to proposals that, for optimal impact, primaquine treatment
should be repeated 2 weeks after ACT treatment (423). Where the efficacy of ACTs is reduced,
with emerging artemisinin resistance, this may be a more important consideration, but

operational practicality is likely to be challenging.

5.3.9 Modelling the effect of primaquine

Mathematical modelling provides a tool to predict the impact of health interventions. In the
context of transmission-blocking, the lack of data on the community level impact of
primaquine treatment leaves a niche for models to help guide policy. Models synthesise
paradigms, using existing data as an input, to run simulations. The layering of different
simulations can incorporate considerations of differing malaria epidemiology and differing
intervention strategies (25, 424, 425), drug resistance and pharmacokinetics (426, 427) ,
parasite and vector biology (424, 428), health systems, treatment seeking behaviour and
health economics (429) to increase the relevance to a given real-life setting (430, 431) . Where
data are lacking, the models use assumptions and they often incorporate significant degrees
of uncertainty; it is crucial that these limitations are considered carefully when using models

to design interventions.
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There is a consensus across modelling groups that the additional impact of primaquine, added
to ACT interventions, will be small (432). The prediction is that ACT itself has such a large
effect on transmission interruption, when administered at high coverage in a population, that
ongoing transmission after a mass treatment intervention will be attributed mostly to
individuals who did not participate and were untreated (432). The impact depends on
whether ACTs are used for case based treatment, for presumptive treatment, or mass drug
administration (25) Hence, although infectiousness after ACTs is well-demonstrated in
individuals (37, 62-66), this is predicted to have only an incremental effect on ongoing
transmission compared to reducing the asexual parasite burden by administering ACTs widely
in the population (228, 426, 433). However, how primaquine’s action is calculated in the
models may affect the interpretation of their outputs. For example, data from gametocyte
measurements underestimates the rapidity of primaquine’s action compared to mosquito
feeding assays (124). Furthermore, in the light of emerging artemisinin resistance, modelling
suggests an important role for primaquine in preventing transmission of resistant parasites

(425).

According to the models, two factors have a strong influence on the predicted impact of
adding primaquine to ACT; the strategy for administration (to clinical cases versus to
asymptomatic individuals) and the transmission intensity (434). Models evaluate primaquine
interventions in two broad categories; primaquine administered to clinical malaria cases (25,
424, 435) and primaquine administered in mass treatment initiatives, i.e. to a defined
population, regardless of symptomatology (402). Whereas most models incorporate addition
of primaquine to treatment for clinical cases (436), there is some evidence that in mass drug
administrations, primaquine can have a modest impact especially when combined with a drug

with a long prophylactic effect, such as dihydroartemisinin-piperaquine (426, 434) .
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Perhaps the most important factor determining the impact of primaquine is the duration of
individual infectiousness. Conceptually, if individuals remain infectious for a short period, then
primaquine may have more impact, but if the duration of infection is long, then primaquine is
less likely to have any additional impact to a long-acting ACT. Certainly, in mass drug
administrations, evidence indicates that ACTs with a long half-life are desirable for optimal
effect (402). Findings that the choice of non-artemisinin partner drug affects the risk of post-
treatment gametocytaemia (48) and by implication, the duration of infectiousness, make
scrutiny of model parameters important. Primaquine may have a role in reducing post-

treatment infectiousness with some ACT combinations more than others.

The consensus among modellers convening at a WHO expert review group in September 2015
was that available data predicts that incorporation of primaquine into MDA will have limited
additional impact on transmission (432). However, subsequent to this, a role for primaquine
as a transmission-blocker has been proposed in both case management and MDA in low
transmission settings and in combination with an ACT with long-lasting prophylactic effect in

high transmission settings (434).

5.3.10 Predicting and analysing the cost-benefit of low-dose primaquine

Cost-benefit analysis involves assessing the relative monetary costs of deploying an
intervention, including the effects of any harms incurred and the costs to avert those harms,
compared with the monetary benefits accrued from deploying the intervention, which may
include the effects of prevented low productivity and deaths measured as disability-adjusted
life-years (DALYs). A possible consideration prior to large scale intervention deployment, this
has not been undertaken in depth for primaquine as a gametocytocide (197). The cost of
excluding high-risk G6PD deficient individuals by prior testing needs to be considered. This has
been explored for primaquine for radical cure of Plasmodium vivax infections (187, 437) and

for the use of primaquine as a prophylactic agent (438). For Plasmodium falciparum
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transmission-blocking, reliable prior testing for G6PD status in the individual healthcare
setting in case-based treatment and in the field at population level for mass treatment
initiatives would involve significant infrastructural costs to avert what appears to be a
relatively small risk of significant haemolysis (Section 5.2.1.3). Identifying and excluding other
high-risk groups, including pregnant women could be expected to have cost implications for
both the delivery of the intervention and the benefit at population level. The accurate
diagnosis, quantification and reliable recording of primaquine-induced haemolysis would be
an essential component of a costed intervention and although tools have been proposed
(304), effective systems for this pharmacovigilance have not yet been established. Although
the cost of generic primaquine is small, accurate dispensing of the proposed low, single dose
for transmission-blocking will involve the use of safely-prepared solutions as in this study or of
new formulations of the drug, which might be expected come at an increased cost. It is hoped

that these costs will not be prohibitive.

5.4 Public health application

5.4.1 What this trial addresses in the context of what is needed. Are we ready to use

primaquine?

5.4.1.1  Where and how should primaquine be used optimally?

At the individual level, we have clear evidence for the efficacy of primaquine in reducing
gametocyte carriage and blocking transmission to mosquitoes. Recent trials have further
defined its safety profile (Section 5.2.1.3). The gap in evidence is in the translational aspects of
primaquine’s deployment. In what epidemiological settings would primaquine-containing
interventions have the greatest impact? What is the optimal strategy for deployment; mass
drug administrations, case-based treatment or a combination thereof? New research agendas
will now focus on determining what sections of the population and what types of infection
(symptomatic or asymptomatic) maintain transmission of Plasmodium falciparum malaria.
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There is an important dichotomy focusing on the importance of treating the reservoir of
asymptomatic infections. The proportion of submicroscopic and asymptomatic infections
increases inversely with malaria transmission intensity, being highest in low endemic settings
(415). In high endemic areas, asymptomatic infections predominate in individuals who have
had most exposure to infections (30), typically, adults, who may be less easy than children to
access in community outreach initiatives. One premise, in recognition of the burden of low
density infections across the range of transmission settings, their adverse clinical
consequences (439), the challenges of detecting them (412, 414, 419, 440), and their
contribution to ongoing transmission (415), is that the greatest gains will come from
population-wide mass-treatment interventions. The counter argument is that, despite their
frequency, the actual contribution of low-density infections to ongoing transmission is small
compared to that of patent, symptomatic infections and that targeting symptomatic
infections, with optimised case-based treatment, even in the absence of a gametocytocidal
drug, will reduce population transmission most efficiently (434). An advantage to this
approach is logistical; as transmission intensity falls, clinical cases are more easily detected if
adequate surveillance is in place, and strengthened health systems allow for prompt
treatment. This may be particularly efficient when malaria transmission has reduced recently
(441). The malaria elimination in Sri Lanka is a case in point. The successful elimination
campaign was based largely on enhancing the standard of care of clinical cases and a focus on
maintaining the supply chain of ACTs and rapid diagnostic tests (442). If primaquine is to be
deployed, notwithstanding the inherent safety issues of its use, any success depends on
treating the reservoir of infections that sustains transmission most efficiently in the
population. Identifying the source and dynamics of ongoing transmission in any given

population is therefore a priority for on-going research for malaria elimination.
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5.4.1.2  Pharmacovigilance: How can we ensure safety when primaquine is rolled out?

Clinical trial evidence and extensive literature reviews suggest that low dose primaquine is
safe, even in G6PD deficient individuals, but outside of the well-defined trial population,
prediction of the risk to vulnerable members of the population is challenging (Section 5.3).
Most studies reporting primaquine’s safety in risk groups include a cut-off defining severe
haemolysis as a fall in haemoglobin of >2.5g/dL or >25% fall from baseline value. In a large
community roll-out of primaquine, how acceptable would this definition be in people who are
anaemic at baseline due to co-morbidity? How acceptable would this risk be compared with
other largely accepted risks, such as that of sulfadoxine-pyrimethamine-induced Stevens-
Johnsons syndrome or toxic epidermal necrolysis? Large, historical mass drug administrations
have reported are remarkable in the absence of reports of adverse events, haemolytic or
otherwise associated with primaquine use (73, 401), but crucially, descriptions of surveillance
systems for safety are limited. For a large roll-out of primaquine, tailor made
pharmacovigilance would be essential. This would require large-scale health worker training,
and provision for community-based G6PD screening, monitoring systems to detect severe
haemolysis and platforms for data collection to monitor adverse events, potential drug
interactions and safety in pregnancy and co-morbid conditions (443). The Primaquine Roll Out
Monitoring Pharmacovigilance Tool (304) is being piloted in Swaziland in parallel with the
implementation of policy to treat all clinical cases of malaria with ACT plus low dose
primaquine. Safe deployment will require infrastructure to enable follow up and testing of
haemoglobin and G6PD function in those at risk and access to safe and timely blood
transfusion. This brings into question the cost-effectiveness of such an intervention; analyses
that will need to be done to enable the process of policy development. A safer alternative to
primaquine is clearly desirable although, as yet, none such exists. Pharmacovigilance
infrastructure will be important for the range of transmission-blocking interventions under

current evaluation, including tafenoquine and methylene blue.
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5.4.1.3 Therapeutic dose range

At the country-level implementation, accurate primaquine dosing is a challenge. The need to
titrate each dose to weight and the lack of incremental tablet sizes or a paediatric formulation
mean that delivery of the drug in elimination interventions and in health clinics will require

tailored equipment and training.

A therapeutic dose range for single dose primaquine for transmission blocking represents the
lowest efficacious and the highest safe dose. More data from safety trials and a WWARN
analysis is in process, of pooled data from primaquine trials will define this further (198).
Accurate dosing by weight is feasible in a clinical trial setting, but is costly and highly
challenging at a programmatic level. Age-based dosing is preferable, but must be designed to
avoid over- or under-dosing children at the peripheries of each category. Hypothetical dose
bands have been generated from modelling potential therapeutic ranges (260). A model
incorporating pharmacological, pharmacokinetic and anthropometric data proposes four age
bands for Cambodian children (444). A five age-band model has been developed for children
in sub-Saharan Africa (445). Ideally, the dosing age-bands for primaquine will align with those
for partner ACTs so that health workers can more easily assign as number of tablets for a
given child’s age. Currently, the smallest available tablet size is 7.5mg and the case is being
put forward to manufacturers for production of smaller dose per tablet for children; the ideal

tablet size being informed by dose modelling (250, 446).

5.4.1.4  Drug availability/ licencing
In the series of meetings of the Single Low-dose Primaquine Working Group, country
representatives shared that they were encountering significant difficulty with the

procurement of primaquine (443).

Drugs that are rolled out at scale by international procurement agencies must carry a high

standard of globally-recognised regulatory approval (447, 448) typically requiring that they
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have attained WHO pre-qualification. The process of WHO pre-qualification scrutinises
thoroughly both the product, in terms of its safety, efficacy and quality, and the manufacturer,
in terms of their ability to assure the quality of the product and ensure that this is maintained
between batches (449). If WHO pre-qualification has not yet been attained, Stringent
Regulatory Authority approval may be accepted instead. A SRA is a drug regulatory authority
defined by the WHO as either: “a member of the International Conference on Harmonisation
of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH) (as
specified on www.ich.org); or an ICH observer, being the European Free Trade Association
(EFTA), as represented by Swissmedic and Health Canada (as may be updated from time to
time); or a regulatory authority associated with an ICH member through a legally-binding,
mutual recognition agreement including Australia, Iceland, Liechtenstein and Norway” (page

147 of (449)).

For the off-label indication of transmission-blocking, primaquine phosphate is neither WHO
pre-qualified nor is it approved by an SRA. Since it is a generic drug, and its use is already
endorsed by the WHO, it is unlikely that manufacturers of primaquine will seek a label-claim
for the transmission-blocking indication (199). Therefore, the evidence base for primaquine
for transmission-blocking will come from non-commercial investigators, such as was the case
in this thesis. As has happened with precedents such as the programmatic use of ivermectin
and albendazole for helminth infections, it looks likely that collaboration between the WHO
and partners such as the Medicines for Malaria Venture and manufacturers will enable WHO

approval for the off-label use of primaquine for transmission-blocking (443).

A recent survey found that, globally, only two manufacturers produce SRA-approved
primaquine phosphate (Sanofi in Canada and Remedica in Cyprus), for the indication of radical
cure of vivax (260). This mismatch between licensed indication and the need for high quality

supply has meant that primaquine procurement is a logistical roadblock for countries
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intending to put the current WHO guidelines on the use of primaquine for transmission-

blocking into policy and practice (260, 446).

The Single Low-dose Primaquine Working Group (Section 3.3.4.1) created a platform to bring
together stakeholders from procurers, the WHO and manufacturers such that agreements are

now being forged to facilitate procurement for this indication (443).

5.4.1.5 Countries using it already

Prior to this trial, of the African countries targeting malaria elimination, none had
incorporated primaquine use as a gametocytocide into national guidelines. In Ethiopia,
primaquine was used with chloroquine for both P. vivax and Plasmodium falciparum malaria
for 25 years until 1990, when its use was discontinued (199). Primaquine use as a
gametocytocide alongside antimalarial therapy was adopted mainly in countries in South-East
Asia and South America. These are regions where P. vivax and Plasmodium falciparum malaria
co-exist, so there was established use of primaquine for vivax anti-relapse treatment as well.
There was likely to have been a mismatch, however, between guideline-recommended use
and actual use, particularly in Asia, because of safety concerns with G6PD deficiency (175). A
limited number of mass drug administrations had incorporated primaquine with the aim to

eliminate malaria (73, 83, 406, 411, 450, 451) .

Now that a lower dose has been authorised by the WHO, its use is more widespread. The
World Malaria Report 2016 identified 31 countries that include low-dose primaquine in first
line therapy of confirmed uncomplicated Plasmodium falciparum malaria in national
guidelines (20), these are principally in South America, South-East Asian and Eastern
Mediterranean regions. In 2017, this figure rose to 54 malaria-endemic countries (1). In 2015,

African countries that expressed an intention to incorporate single low-dose primaquine into
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policy included Ethiopia, Senegal, Zambia, Swaziland and Zanzibar (260). Since then, 14 African
countries, largely those on the threshold of malaria elimination or pre-elimination, have

adopted single low-dose primaquine into policy (1).

Primaquine as a Plasmodium falciparum transmission-blocker has been firmly incorporated

into global policy and into implementation strategies for malaria elimination (452).
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6 Conclusions

6.1 Global malaria control status: global targets and the role of primaquine

In the period 2010 to 2015, the global estimated number of malaria cases fell by 14% to total
212 million. There were 429 000 deaths, 92% of which were in Africa and 70% were in children
aged under 5 years. Since 2015, the WHO Malaria Global Technical Strategy is to eliminate
malaria from 35 endemic countries by 2030, and from 10 by 2020 (13). Single low-dose
primaquine is now recommended as a component of the toolkit for countries and
programmes targeting malaria elimination, and it has been incorporated into first-line
treatment in 31 countries and its use is now recorded as an indicator of malaria policy

adoption (20).

Although single low-dose primaquine is recommended widely, its case-based use is estimated

to be more limited in regions with higher prevalence and severity of G6PD deficiency (175).

6.2 Contribution to knowledge

This trial contributed the first randomised and controlled dose-finding data for single dose
primaquine for gametocyte clearance since the drug was developed in the 1960s (194). The
trial was novel in being powered for both efficacy and safety outcomes. The original
0.75mg/kg dose was perceived as carrying an unacceptable risk of haemolysis in G6PD
deficiency and the identification of a lower safe dose was key to enabling more widespread
use. This opened the door to a new research agenda. The work incorporated trial design
elements to evaluate transmission-blocking, rather than asexual efficacy and to assess safety
in G6PD deficiency which have been adopted by subsequent investigators, and the field has

expanded substantially to generate a battery of research to inform policy.
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6.3 Limitations of the trial in the context of its application to diverse
epidemiological settings
Due to resource limitations, the thesis did not incorporate mosquito feeding assays to assess
the infectiousness of individuals to mosquitoes after primaquine treatment. Mosquito feeding
studies demonstrate a more rapid action of primaquine than that determined using
gametocyte clearance as an outcome (289). Primaquine efficacy was retained at lower doses
when determined using membrane feeding assays compared to using gametocyte clearance
as an outcome (256, 272). The use of the gene pfs25 as a molecular marker to detect
gametocytes might mean that the efficacy of lower doses was underestimated. This is because
the gene is detected in both viable and non-viable gametocytes. Hence, gametocytes
rendered non-viable by primaquine, but not yet cleared by the spleen may have been
detected in blood samples post treatment. The trial was carried out in an area with a level of
malaria transmission above that at which elimination intervention might be initiated and the

role that immune factors play in gametocyte clearance might differ across settings.

6.4 Policy recommendations and areas for future research

Coinciding with the use of this trial as a pre-read for the WHO Expert Review Group on The
Safety and Effectiveness of Single Dose Primaquine as a Plasmodium falciparum
gametocytocide, recommendations on the use of low dose primaquine were incorporated
into WHO guidelines, setting in motion its adoption into policy globally.

However, despite clear evidence for its efficacy against gametocytes, this thesis highlights that
several questions still remain to determine the best strategy for primaquine’s use for optimal
impact and safety. Furthermore, policy makers are experiencing substantial roadblocks in

pursuit of its implementation.
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Priorities include an exploration of primaquine’s effectiveness for reducing community-level
transmission, and investigation of the most high-impact and cost-effective strategy for its use,
specifically as case-based treatment versus mass treatment. We need to further define
primaquine’s safety and operational studies are needed to embed strategies for safety
surveillance that incorporates the most vulnerable members of a population. Epidemiological
work aimed at clearly determining which individuals or groups sustain malaria transmission in
endemic communities will determine where the parasite is most efficiently targeted with

single low-dose primaquine.
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