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SUMMARY The technical genesis and practice of 8-aminoquinoline therapy of la-
tent malaria offer singular scientific, clinical, and public health insights. The 8-amino-

quinolines brought revolutionary scientific discoveries, dogmatic practices, benign required an additional change, now reflected
neglect, and, finally, enduring promise against endemic malaria. The clinical use of in the Note Added after Publication on p. 59.

. . . . . The change to the article was made on
plasmochin—the first rationally synthesized blood schizontocide and the first game- 6 August 2019

tocytocide, tissue schizontocide, and hypnozoitocide of any kind—commenced in
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1926. Plasmochin became known to sometimes provoke fatal hemolytic crises. World
War |l delivered a newer 8-aminoquinoline, primaquine, and the discovery of
glucose-6-phosphate dehydrogenase (G6PD) deficiency as the basis of its hemolytic
toxicity came in 1956. Primaquine nonetheless became the sole therapeutic option
against latent malaria. After 40years of fitful development, in 2018 the U.S. Food
and Drug Administration registered the 8-aminoquinoline called tafenoquine for the
prevention of all malarias and the treatment of those that relapse. Tafenoquine also
cannot be used in G6PD-unknown or -deficient patients. The hemolytic toxicity of
the 8-aminoquinolines impedes their great potential, but this problem has not been
a research priority. This review explores the complex technical dimensions of the
history of 8-aminoquinolines. The therapeutic principles thus examined may be lev-
eraged in improved practice and in understanding the bright prospect of discovery
of newer drugs that cannot harm G6PD-deficient patients.

KEYWORDS 8-aminoquinolines, CYP2D6, G6PD deficiency, Plasmodium vivax,
hemolytic toxicity, latency, plasmochin, primaquine, tafenoquine, therapy

INTRODUCTION

atency in malaria may be described as the asymptomatic persistence of infection by

quiescent forms inherently not susceptible to therapies applied to treat the acute
attack. Among the human malarias routinely exhibiting latency—those caused by
Plasmodium vivax, Plasmodium ovale, and Plasmodium malariae—acute vivax malaria
dominates as a global cause of morbidity and mortality, occurring in tens of millions in
tropical and temperate Asia, Africa, and the Americas (1). The hepatic latency of
endemic P. vivax endows it with a great resilience against conventional methods of
malaria control (2). Primary and secondary acute attacks alike often provoke an inca-
pacitating febrile iliness that may progress to severe and life-threatening complications,
like severe anemia or thrombocytopenia, hemorrhage, acute respiratory distress, he-
patic or renal dysfunction, seizures or coma, multiple organ dysfunction, circulatory
collapse, and splenic rupture or infarct (3-6). Prompt diagnosis and effective blood
schizontocidal therapy arrest the acute attack, with nearly complete recovery occurring
within several days (7), but when treatment excludes a hypnozoitocidal therapy aimed
at the latent stages of P. vivax, recurrent clinical attacks called relapses occur in the
weeks, months, or several years following the primary attack.

Not all patients with acute P. vivax infection left untreated with a hypnozoitocide
will relapse, but most will relapse at least several times at rates and periods varying with
the geographic origin of infection (8, 9). Scientific understanding of this phenomenon
dates to 1901, when physician P. T. Manson reported his relapse in Britain 9 months
following quinine therapy of a mosquito-induced primary attack arranged by his
famous father, Sir Patrick Manson (10). A single infective inoculation of P. vivax may be
thought of as two biologically distinct infections: (i) a single sporozoite-borne primary
attack occurring within about a week or two of inoculation and (ii) one to five or more
hypnozoite-borne secondary attacks occurring later without further involvement of a
mosquito. This review considers the appropriate therapy of both types of infections
after the onset of the primary attack, with particular attention given to hypnozoitocidal
treatment against latency. The combined therapies are often called radical cure.

The century-long use of 8-aminoquinoline drugs against relapse provides essential
historical context and technical detail that underpin a practical understanding of this
complex class of therapeutics of enduring great importance in combating the problem
of the human malarias. In response to militarily consequential quinine shortages during
World War |, the German pharmaceutical company Bayer mobilized a groundbreaking
scientific effort to discover synthetic antimalarials. In 1926, it introduced an 8-amino-
quinoline, called plasmochin, for the treatment of acute malaria (11), unaware of the
impact of this drug on the delayed attacks of latent vivax malaria. Practitioners sought
to mitigate the immediately recognized dangerous hemolytic toxicity of plasmochin by
administering lower daily doses of it augmented with daily quinine (12), only then
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recognizing the remarkable ability of that combination to prevent delayed attacks.
Radical cure of vivax malaria employing a combination of complementary therapies,
blood schizontocidal and hypnozoitocidal, against acute and delayed attacks was thus
unwittingly invented. Nonetheless, the unsolved hemolytic toxicity problem greatly
impeded the clinical and public health utility of plasmochin.

The loss of the island of Java in the East Indies (modern Indonesia) to an occupying
enemy in early 1942 during World War Il denied the Allied powers access to the Dutch
colonial cinchona plantations that produced almost the entire world quinine supply
(13). The event forced the Americans, at war with Germany, to seize Bayer’s trove of
synthetic antimalarial intellectual property for dealing with a serious military malaria
problem (13). This initially meant using plasmochin combined with another Bayer drug,
a blood schizontocide called atabrine, for radical cure. However, in 1943 an unexpected
drug-drug interaction disqualified the combined therapy and the Allies became de-
fenseless against relapsing malaria (14). A war-spurred search for a newer 8-amino-
quinoline was thus hurriedly set into motion and was expediently focused solely on
that chemical class (15).

The animal model for relapsing human vivax malaria, rhesus macaques infected by
Plasmodium cynomolgi, was not available for the early preclinical screening of candi-
date 8-aminoquinolines (16). Winnowing of the many dozens of candidate compounds
was limited to those with activity against avian malarias lacking latency and toxicity
assessments in birds, rodents, dogs, and monkeys, without any understanding of
glucose-6-phosphate dehydrogenase (G6PD) deficiency as the key toxicity problem for
this class of compounds (17). Several dozen advanced to clinical development in trials
empowered by experimental mosquito-borne P. vivax sporozoite challenge of inmates
at two American prisons during the middle to late 1940s and early 1950s (18).
Understanding of the role of G6PD deficiency in hemolytic toxicity would come only in
1956, 4 years after the registration of primaquine with the U.S. Food and Drug
Administration (FDA). The early preclinical screening of the 8-aminoquinolines occurred
in systems unable to recognize or optimize either efficacy against hypnozoites or the
crucial hemolytic toxicity problem. The war-spurred development of primaquine for
soldiers by those systems delivered a drug seemingly suited to them, but it proved
deeply flawed for practical public health use in the impoverished rural tropics where
malaria is endemic (19).

Through the second half of the 20th century, the inadequacy of primaquine to an
endemic hypnozoite reservoir problem seemed to not register as a priority with the
communities of science, medicine, and public health. Until the 2018 introduction of a
new 8-aminoquinoline called tafenoquine, primaquine had been the sole therapeutic
option for dealing with that reservoir. These drugs invariably provoke acute hemolytic
anemia in patients having G6PD deficiency, the most common human genetic abnor-
mality, affecting about 8% of residents in countries where malaria is endemic (20). The
extent of harm depends on a complex array of defining factors: the drug and its dosing,
the G6PD variant involved, whether the individual is hemi-, homo-, or heterozygous for
the X-linked trait, the extent of lyonization among heterozygotes, and the health of the
patient at treatment (21). Providers unable to discriminate G6PD-normal from G6PD-
deficient patients must often choose between risking harm in the unseen G6PD-
deficient minority by prescribing primaquine or withholding it and inviting harm in all
by repeated clinical attacks and onward transmission. The prolonged 14 days of prim-
aquine dosing mitigates the potential for toxic harm but imposes adherence difficulties
and does not relieve the necessity of clinical monitoring. In practice, where most
malaria patients live—very often beyond the reach of clinical services capable of
reliably assessing the risk or onset of serious harm and performing rescue of those in
hemolytic crisis—few are or should be prescribed primaquine, and fewer still receive or
complete the full course (22).

Primaquine thus remains fraught with risk and uncertainty in clinical and public
health practice (23, 24). Likewise, the single dose of tafenoquine imposes the strict
requirement of ensuring >70% of normal G6PD activity (25). The very substantial threat
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FIG 1 Contemporary schematic representing the biology of Plasmodium vivax primary attack and relapses according to the
polymorphic intrinsic latency period hypothesis proposed by Lysenko et al. in 1977 (31). Tachysporozoites launch
immediate hepatic schizogony and then a single primary attack. Bradysporozoites develop to latent hypnozoites that later

awaken to hepatic schizogony and patent relapses according to intrinsic latency period phenotypes.

of the hypnozoite reservoir in endemic vivax malaria may be neutralized by the safe
and effective application of these 8-aminoquinolines, which are indeed highly effica-
cious against it (26-29). Safe access to this singularly complex, highly beneficial, and
quite dangerous class of drugs is deeply challenging where clinical care may be distant
and limited. Assurance of availability, along with good adherence and safety, requires
innovative technical, clinical, and public health solutions guided by appropriate evi-
dence and a clarity of understanding of the practical limitations imposed where most
malaria occurs.

Most of the core principles of 8-aminoquinoline therapeutics were accurately de-
scribed nearly a century ago, but some became forgotten or disregarded as untowardly
complex. This carries important repercussions today in the form of therapies not fully
optimized or adequate to broadly effective practice involving most malaria patients.
This review strives to consolidate varied lines of historic and contemporary evidence in
expressing 8-aminoquinoline therapeutic principles in the radical cure of the equally
complex latency of P. vivax. Those principles, in turn, identify specific gaps in under-
standing for research aimed at optimizing current practices involving available
8-aminoquinolines, along with the bright prospects for the discovery of much better
ones.

ESSENTIAL TECHNICAL BACKGROUND
Parasites and Infection

In the minutes following natural inoculation of infectious sporozoites into a human
by an anopheline mosquito, each parasite invades a single hepatocyte and commences
a development process (hepatic schizogony) in which it is destined to end about a
week or two later as a mature hepatic schizont containing thousands of merozoites
equipped to invade red blood cells (30). The erythrocytic asexual reproduction of
merozoites every 48 h (blood schizogony) provokes the typically daily febrile paroxysm
of an attack of acute malaria (a 72-h cycle in patients infected with P. malariae). In the
instance of P. vivax, but not Plasmodium falciparum, a distinct developmental process
leads to an intracellular hepatic form called a hypnozoite. Sporozoites that directly
develop into hepatic schizonts and initiate primary patency may be called tachysporo-
zoites, whereas bradysporozoites become hypnozoites with variable periods of latency
before activating to provoke delayed attacks called relapses (Fig. 1). Lysenko and
colleagues first posited (31) and tested (32) this hypothesis of intrinsic sporozoite
polymorphism and genetically defined discrete periods of hypnozoite dormancy in
1977.1n 2007, Chen et al. (33) put forth essentially the same “intrinsic clock” hypothesis
to explain the timing and singular genetic character of relapses in repatriated Australian
soldiers infected at Timor Leste.
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The time from hepatic invasion to the emergence of tachysporozoite-borne mero-
zoites into the bloodstream to cause the onset of illness in a primary attack is called
prepatency (or incubation period), which is about 8 to 16 days for vivax malaria.
Bradysporozoite-borne merozoites and consequent clinical attacks also derive from
hepatic schizogony but commence only after a highly variable period of latency: the
primary latency period represents the time between a primary tachysporozoite-borne
attack and a bradysporozoite-borne first relapse. The period between subsequent
relapses may be called the relapse interval. Primary latency varies anywhere from about
3 weeks to 3years, whereas the relapse interval is usually, but not uniformly, about
2 months. The discrete intrinsic latency period character of any given brood of brady-
sporozoites and their numbers defines emergent relapse behavior phenotypes. Extrin-
sic triggers of relapse may occur, but the regularity of relapse behaviors in both natural
and controlled environments points to intrinsic phenomena as being dominant. The
model of relapse mechanics by underlying parasite genetics of Lysenko et al. (31) is
considered here a best fit and most probable hypothesis underpinning distinct relapse
behavior phenotypes.

The existence of prepatent or latent forms in some tissue other than the blood had
been deduced and supposed by the 1900s, but implication of the liver as that tissue
came only in 1948 (34), and the identification of hypnozoites in that organ came in
1982 (35). These had been referred to with necessary ambiguity as “exoerythrocytic” or
“tissue” forms. Shannon’s 1946 review of the wartime U.S. government effort at
antimalarial drug discovery applied this ambiguous but wholly accurate terminology
and understanding of the P. vivax life cycle as it pertained to therapeutic objectives (15).
Today we refer to these collectively and accurately as hepatic forms, with either actively
developing prepatent schizonts or latent hypnozoites later yielding the same forms.

This review does not include consideration of the sparse evidence regarding pre-
sumptive antirelapse therapy (PART) for the other cause of relapsing human malaria, P.
ovale, but it does examine relevant data from the animal model for relapse in P. vivax,
rhesus macaques infected by P. cynomolgi. That model has been extensively used and
is of proven relevance to therapy of latent P. vivax in humans (36, 37). As for P. ovale,
recommendations for its therapy essentially mirror those for P. vivax, but with little
supporting evidence due to the relative rarity of it, despite a broad geographic range
through much of Africa, Asia, and Oceania where malaria is endemic (38, 39). The
infection occurs at an extremely low prevalence, being rarely detected in mass blood
surveys by microscopy, but it is often seen along with the similarly infrequent human
malaria parasite P. malariae when more sensitive molecular diagnostic methods are
applied (40, 41).

The Question of Latency in Plasmodium malariae

Although there is little doubt that P. malariae exhibits latency, sometimes for
decades, no biological evidence explains it, and hypnozoites are today presumed to not
be involved (42). However, the report of a board of experts on malaria chemotherapy
convened by the WHO in 1960 (43) expressed the following regarding 8-aminoquino-
lines: “The main value of these drugs derives from their ability to destroy the exoeryth-
rocytic forms of P. vivax and P. malariae, a property not common to any other chemical
group so far tested.” A standard search of the literature using PubMed yielded no
clinical trials of primaquine therapy against recurrent P. malariae, but numerous
examples of it being used in this manner were reported. Gilles and Hendrickse (44), for
example, described using primaquine for “radical cure” of P. malariae in their nephrotic
patients. The question of the biological character of this latency is particularly impor-
tant, given the association of chronic P. malariae infection with a threatening and
presumably autoimmune injury to the kidneys (45). A recent study linked infection by
P. malariae with a significant risk of morbidity due to anemia and of mortality compa-
rable to that from both P. falciparum and P. vivax infection among hospitalized patients
in Indonesia (46). Authoritative treatment advice for P. malariae today does not
mention primaquine therapy because its latent stages are supposed to be persisting
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FIG 2 Antimalarial drug classes (red lettering), preventive strategies (bold black), and the life cycle of the plasmodia.

asexual blood stages and therefore susceptible to blood schizontocidal therapy (42).
However, recurrent infections following what appears to be effective blood schizonto-
cidal therapy have been reported; in one case report (47) and others reviewed therein,
recurrent parasitemia differed genetically from that cleared 2 months earlier without a
likelihood of reinfection. In the absence of definitive evidence to the contrary, the
possibility of latent stages of P. malariae (in whatever form or tissue in which they may
occur) not being susceptible to effective blood schizontocides should be considered. If
broadly effective primaquine indeed terminates latency in this infection and narrowly
effective blood schizontocides do not, 8-aminoquinolines may serve a role in the
treatment and elimination of P. malariae.

Chemotherapy

8-Aminoquinolines have broad activity against asexual and sexual blood stages,
hepatic schizonts and hypnozoites, and sporogonic stages developing in the mosquito
host (sporontocidal activity; Fig. 2). This review focuses on the treatment of the
hypnozoites responsible for latency in P. vivax. The killing of these hepatic forms by
8-aminoquinolines combined with blood schizontocidal agents, like quinine or chloro-
quine for arresting the acute attack, has long been called radical cure, i.e., clearing of
all parasites regardless of stage or tissue. Technically, though not in practice, the same
term could be applied to acute P. falciparum infection treated with both blood
schizontocidal therapy and a single gametocytocidal dose (0.25 mg/kg of body weight)
of primaquine. Although the term is antiquated and somewhat ambiguous, radical cure
remains in common use to describe combined hypnozoitocidal and blood schizonto-
cidal therapy for latency with the relapsing malarias.

Another antiquated term, terminal prophylaxis, carries more ambiguity and creates
confusion. Travelers using a suppressive chemoprophylactic antimalarial (i.e., a blood
schizontocide) during exposure to infection must consume a curative regimen of
primaquine at the end of travel in order to prevent relapses by hypnozoite-bearing
species. This has been called terminal prophylaxis, and it is precisely the rationale for
primaquine therapy following a diagnosis of those malarias, i.e., prevention of relapses
in a patient presumed to harbor hypnozoites. No diagnostic technology reveals the
presence of hypnozoites, and any treatment against them— be it in a healthy traveler
or a patient with acute vivax malaria—is therefore presumptive. The term presumptive
antirelapse therapy (PART) simplifies and clarifies the terminology of therapeutic strat-
egies and tactics aimed at preventing relapse following either travel (posttravel PART)
or a diagnosis of vivax malaria (postpatency PART) (48).

The term schizontocidal requires qualification as hepatic or blood to avoid ambi-
guity. Blood schizontocides are sometimes referred to simply as schizontocides, but
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TABLE 1 Therapeutic/prophylactic indications and dosing of available 8-aminoquinolines in vivax and falciparum malarias

Therapeutic activity or dose

e e Primaquine Tafenoquine
type of activity P. vivax P. falciparum P. vivax P. falciparum
Blood
Schizontocidal Good activity but not No activity and not Good activity but not Good activity but not
prescribed prescribed prescribed prescribed
Gametocytocidal  Good activity but not 15-mg single adult dose Good activity but not Good activity but not
prescribed prescribed prescribed
Hepatic
Schizontocidal 30-mg single adult daily dose  30-mg single adult daily dose  Single weekly 200-mg adult  Single weekly 200-mg adult
as causal prophylaxis, off as causal prophylaxis, off dose as causal dose as causal
label label prophylaxis, labeled prophylaxis, labeled

Hypnozoitocidal ~ 210-420-mg total adult dose ~ No hypnozoite, not
over 7 days to 8 wk prescribed

Single 300-mg adult dose

No hypnozoite, not
prescribed

that broader class includes hepatic schizontocides, and the distinction is important in
practice. Hepatic schizontocides may sometimes also be blood schizontocidal and
hypnozoitocidal, e.g., primaquine against P. vivax, but the dose and regimen for each
activity are distinct and of varying clinical context and relevance (Table 1). Primaquine
is a proven blood schizontocide in vivax malaria (49, 50) but is weakly so and is not used
as such in practice. lts hepatic schizontocidal activity comes into play only when
prescribed as daily causal prophylaxis (51, 52), where a single 30-mg adult dose given
within 48 h of sporozoite inoculation but not later (53) suffices to prevent vivax or
falciparum malaria. The killing of formed hypnozoites, in contrast, requires a total dose
of 210 to 420 mg delivered over 7 days to 8 weeks (54).

Synonymous common names for drugs haunt the nomenclature of antimalarials.
Table 2 provides a useful guide to those. Priority in this review is given to the name
offered by the discoverers of any given compound, but with the necessary exception
of the 4-aminoquinoline compound discovered by Johann Andersag at Bayer's Elber-
feld laboratory in 1934, where it was named resochin. A decade later, the Americans at
war obtained this drug and put it forward through clinical development, naming it
chloroquine at registration in 1946 (55). Andersag’s resochin became so widely known
as chloroquine that putting forth any alternative now is impractical. Andersag’s col-
leagues at Elberfeld discovered and commercially distributed the 8-aminoquinoline
that they called beprochin and pamachin in development but later marketed as
plasmochin (13). That drug was widely used and reported on by precisely that name (or
plasmoquine) between 1927 and 1952, but the Americans developing primaquine later

TABLE 2 Synonymous common hames among quinoline antimalarials

Experimental

Drug Chemical class designation(s) Synonymous name(s)

Trade name(s)

Hypnozoitocides

Plasmochin 8-Aminoquinoline SN-971 Plasmoquine, beprochin, pamaquine,
pamaquin, praequine

Quinocide 8-Aminoquinoline SN-15333 Quinocid, chinocide

Plasmocid 8-Aminoquinoline SN-3115 Rhodaquine, plasmocide

Pentaquine 8-Aminoquinoline SN-13276s

Isopentaquine 8-Aminoquinoline SN-13274

Primaquine 8-Aminoquinoline SN-13272, WR2975

Tafenoquine 8-Aminoquinoline WR238605, SB-252263 Etaquine

Blood schizontocides

Atabrine 9-Aminoacridine SN-11437 Quinacrine, mepacrine, atebrin,
acrinamine

Chloroquine 4-Aminoquinoline SN-7618, WR1544 Resochin

Sontochin 4-Aminoquinoline SN-183 Sontoquine

Plasmochin, Gamefar, Quipenyl

Fourneau-710

Primax, Primal, Primacip, Malirid
Krintafel, Arakoda

Erion, Quinactine, Akrichin

Resochin, Aralen, Nivaquine
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referred to plasmochin most often as pamaquine. Plasmochin is central to the subject
of this review, and it is referred to by that name in acknowledgement of the discoverers
of it. The Bayer scientists also discovered and marketed an 9-aminoacridine (a structural
precursor of their 4-aminoquinolines) that they called atabrine but that others referred
to as mepacrine or quinacrine.

The historic literature considered here applied what may be considered an archaic
and sometimes imprecise expression of drug doses. Virtually all of the 8-amino-
quinoline literature before 1990 refers to adult daily doses with a presumption of
14 days’ duration rather than daily milligram-per-kilogram amounts; i.e., standard daily
doses of 90 mg plasmochin or 30 mg primaquine over a fixed 2-week period would
yield total doses of 1.25 g or 420 mg, respectively, or 21 mg/kg and 7 mg/kg, respec-
tively. In almost all instances, the daily dose administered referred to the base exclusive
of the weight of varied salts, with the notable exception of quinine therapy (doses often
included the weight of the common sulfate salt formulation). These conventions are
followed in this review inclusive of older literature, but only up to about 2000, when,
for example, 0.5 mg/kg for daily primaquine (for the 2-week standard) or a 7.0-mg/kg
total dose (regardless of the duration of dosing) became the preferred standard
expression of primaquine treatment.

Total Dose Effect

Wide arrays of dosing strategies appear in the histories of both plasmochin and
primaquine. Although each is rapidly eliminated and extensively metabolized, the
schedule and duration of administration of an effective total dose vary from days to
months. The familiar standard of a single daily dose over 2 weeks evolved with early
plasmochin use as a means of mitigating toxicity. The developers of primaquine later
followed that strategy with the same dosing regimen and intent and also developed a
less hazardous single weekly dosing regimen for 8 weeks. Schmidt and colleagues (56)
later demonstrated that prevention of relapse of P. cynomolgi infection in rhesus
macaques could be achieved with the same total dose of 8-aminoquinolines adminis-
tered once, divided daily over a wide range of days, or weekly over several months.
Those findings validated what Schmidt et al. (56) termed the “total dose effect”; i.e., the
schedule of administering 8-aminoquinoline hypnozoitocidal therapy had almost no
impact on efficacy, provided that the same efficacious total dose was delivered. The
specific injury that 8-aminoquinolines could inflict on hypnozoites, whatever that may
be, thus appears to be irreversible and cumulative in effect.

This fact provides wide flexibility in dosing strategies often driven by consider-
ation of hemolytic toxicity in patients of unknown G6PD status. The developers of
primaquine variably considered the maximal tolerated daily dose of primaquine to
be 120 or 240 mg in primaquine-insensitive subjects but deemed a single 15-mg
daily dose to be relatively safe (albeit still hemolytic) in primaquine-sensitive
patients. At first unaware of G6PD deficiency and unable to screen against it, the
regimen of 15 mg daily for 14 days thus emerged as the recommended regimen and
was widely practiced and perceived as safe without sensitivity screening or clinical
monitoring. Decades would pass before realization of the lack of safety for any
regimen of 8-aminoquinoline hypnozoitocidal therapy without clinical monitoring
or G6PD screening. Likewise, leveraging the total dose effect in patients of known
G6PD-normal status to compress the duration of primaquine dosing in order to
improve effectiveness would also take the same decades: a recent trial of 7 versus
14 days for delivering a total dose of 7.0 mg/kg demonstrated the similar efficacies
of the shorter and longer regimens against relapse in G6PD-screened P. vivax-
infected patients (57, 342). G6PD-normal patients may safely consume relatively
very large single or daily doses of 8-aminoquinolines that are unacceptably dan-
gerous to G6PD-deficient patients.

Toxicity
The 8-aminoquinoline literature often refers to the well-known toxicities of the

October 2019 Volume 32 Issue 4 e00011-19

Clinical Microbiology Reviews

cmrasm.org 8


https://cmr.asm.org

8-Aminoquinolines for Latent Malaria

8-aminoquinolines but especially the specific problem of their hemolytic toxicity in
G6PD-deficient patients. It may be useful to conceptually separate that toxicity problem
from chemical toxicity in all humans without regard to G6PD status, i.e., neural, hepatic,
and hematologic toxicity in the broader sense (58). The screening of 8-aminoquinolines
during the 1920s and the 1940s included the winnowing of compounds exhibiting
conspicuous toxicity in birds, rats, dogs, and monkeys. These delivered compounds of
generally good tolerance and safety in most people but not in those hemolytically
sensitive to them by the inherited G6PD deficiency abnormality. All 8-aminoquinolines
evaluated have proven hemolytic toxicity in those patients; it appears to be a class-wide
defect of presumably variable degrees among them.

The terms toxicity or safety and tolerability applied to experimental 8-amino-
quinolines in the broader context were almost always exclusive of the special case of
hemolytic toxicity in G6PD-deficient subjects. When Clayman and colleagues compared
the “maximum tolerated daily [adult] dose” of primaquine versus plasmochin at 120 mg
and 63 mg, for example, they referred only to G6PD-normal subjects (59). The same
dose ranging in African-American G6PD-deficient subjects found that whereas the
hemolysis occurring with primaquine at 15 mg daily could be tolerated, that occurring
with primaquine at 30 mg daily could not (60). The minimum effective daily adult dose
of primaquine and plasmochin (administered for 14 days) against P. vivax, 22.5 mg and
90 mg, respectively (61), alone supported the assertion of relative safety in the broadest
sense, inclusive of the hemolytic sensitivity problem. In other words, greater safety
presumed lower hemolytic toxicity with the lower dosing of primaquine. Assumed
molar equity in hemolytic toxicity between the two compounds translated as thera-
peutic primaquine being less hemolytic than therapeutic plasmochin. However, the two
drugs were not compared directly with regard to relative hemolytic toxicity in sensitive
subjects of any G6PD deficiency variant. No evidence supports the presumption of
molar equity in hemolytic toxicity among the 8-aminoquinolines, and variable relative
hemolytic toxicities may well be clinically significant. This key characteristic of the
8-aminoquinolines— degrees of variation in relative hemolytic toxicity with molecular
character—remains an unknown of great practical and theoretical importance, as will
be explained and illustrated later in the context of the development of tafenoquine.

A constant feature of 8-aminoquinoline toxicity in both G6PD-normal and -deficient
patients is a usually mild and reversible methemoglobinemia at therapeutic dosing.
Some workers accurately refer to this as a phenomenon of hemotoxicity, but methe-
moglobinemia has not been causally linked with the more specific problem of hemo-
lytic toxicity. The direct involvement of methemoglobinemia in the drug-induced
destruction of red blood cells is not established, and at least some early workers
considered it to be a phenomenon unrelated to acute hemolytic anemia (60, 62).
8-Aminoquinolines also have known toxicity to formed elements of blood, like revers-
ible granulocytopenia (63). Thus, “hemotoxicity” should be considered a general feature
of broad toxicity not specific to or necessarily mechanistically linked to the very specific
problem of hemolytic toxicity.

The hemolytic toxicity problem of the 8-aminoquinolines defines almost every
feature of their use in practice in striving to mitigate the real risks thus engaged, and
yet the problem itself evades precise definition: the mechanism of hemolysis is not
known, and the degree of hemolytic toxicity is thus not predictable without direct
observation in sensitive human subjects or patients. Quantitative measurement of
hemolytic toxicity in anyone given an 8-aminoquinoline applies that crudest and most
impractical means possible: the extent of hemolysis (typically assessed by measures of
hemoglobin in whole blood) observed in exposed and vulnerable humans. Up to the
present day, no technology has permitted preclinical winnowing of 8-aminoquinolines
by relative hemolytic toxicity, though many investigators have tried (64-68). Recent
work with zebrafish or humanized mice having G6PD-deficient red blood cells repre-
sents the latest attempts to do so (69, 70). The first reliable assessment of the relative
(to primaquine) hemolytic toxicity of tafenoquine came from a phase 2a trial (71)
undertaken more than 25 years after its registration as an investigational new drug.
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Metabolism

The complex metabolism of the 8-aminoquinolines in at least several mammalian
systems has been studied over the decades (72-75). This review will not fully explore
that rich literature but instead focuses on aspects of it of apparent direct relevance to
therapy and toxicity. Among the many metabolic derivatives known, the 5-hydroxy-
lated species (with perhaps variable modifications to the 8-amino alkyl chain) emerge
as probably the most relevant (76, 77). These highly redox-reactive derivatives appear
to be generated by the 2D6 isozyme of cytochrome P-450 (CYP2D6), and their relatively
minute amounts and instability impose technical challenges in studying them (78-80).
The most widely studied metabolite, a carboxylated species of the parent drug (car-
boxyprimaquine) produced by reaction with monoamine oxidase, also happens to be
the most abundant, stable, slowly eliminated, and easily detected, but it is without
apparent therapeutic or toxic activity (81, 82).

In 2016, Marcsisin et al. (83) reviewed the large body of evidence pointing to the
involvement of CYP2D6 in generating the therapeutic and toxic metabolic derivatives
of primaquine. That evidence included the 2013 report of Bennett et al. (84) describing
the therapeutic failure of primaquine against relapse in 2 of 25 experimentally chal-
lenged subjects in the United States employing P. vivax-infected mosquitoes from
Thailand. Both subjects possessed impaired CYP2D6 genotypes, whereas most success-
fully treated subjects did not. In 2018, Baird et al. (85) examined the CYP2D6 genotypes
and dextromethorphan metabolism phenotypes of subjects in a case-control study
nested within a randomized trial of 177 subjects treated with directly observed high-
dose primaquine and blood schizontocidal partners for radical cure of acute vivax
malaria (27). These infections were acquired in eastern Indonesia, but diagnosis,
enrollment, treatment, and prolonged follow-up (12 months) occurred on the Indone-
sian island of Java, where reinfection was highly improbable. Recurrent infections in
these subjects represented nearly unambiguous evidence of relapse and, therefore,
therapeutic failure. The case-control study enrolled 21 of the 26 observed therapeutic
failures along with 36 controls randomly selected from among the 151 subjects not
relapsing and therefore eligible as such. Twenty of the 21 subjects experiencing relapse
but relatively few controls had impaired CYP2D6 metabolism (odds ratio [OR] = 18;
95% confidence interval [Cl] = 3 to 140). CYP2D6 appears to generate the primaquine
metabolite(s) responsible for killing hypnozoites.

Available evidence for plasmochin, primaquine, and tafenoquine in animals and
humans suggests that these are prodrugs metabolized to therapeutically active and
toxic derivatives, although the evidence for tafenoquine remains incomplete and un-
resolved (86-88). This exposes both of those features of these drugs to potentially
important impacts of pharmacogenetic and pharmacokinetic or pharmacodynamic
factors. Evidence reviewed below certainly implies the efficacy- and toxicity-defining
importance of each occurring in practice. Understanding the effects of 8-amino-
quinolines on the plasmodia and their human hosts first requires understanding how
that host and other therapies in them impact the metabolic processing of active and
toxic 8-aminoquinoline metabolites. No evidence firmly demonstrates those to be the
same derivatives, but some observations later reviewed here suggests that that may be
the case.

RELAPSE BIOLOGY AND CHEMOTHERAPY

Antimalarial drug classes have defined specific activities against a particular stage in
the complex development cycle of the plasmodia (Fig. 2). Most therapeutically applied
drugs belong to the blood schizontocidal class, aimed at arresting the acute attack of
malaria provoked by blood schizogony. Among the other classes— hypnozoitocidal,
hepatic schizontocidal, gametocytocidal, and sporontocidal—there are only the 8-amino-
quinolines available, and, remarkably, they each exert activity across those therapeutic
classes. Some of that activity may be narrowly poor, e.g., in the specific instance of
primaquine against asexual blood stages, particularly those of P. falciparum but much
less so those of P. vivax. Some blood schizontocides exert what is often a species- or
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stage-specific activity outside of their class, e.g., artemisinin against immature game-
tocytes of P. falciparum, chloroquine or quinine against mature gametocytes of P. vivax,
or atovaquone against tissue schizonts of P. falciparum but not P. vivax (89-91). In
general, however, the blood schizontocides are narrowly class specific, whereas
8-aminoquinolines exhibit activity across antimalarial classes. Except for the clinically
useful causal prophylactic (hepatic schizontocidal) and gametocytocidal activities of
8-aminoquinolines against all plasmodia, these drugs are optimized for and directed
against formed latent hypnozoites seeding the livers of patients infected by P. vivax or
P. ovale. Clinically speaking, the blood schizontocidal and sporontocidal class activities
of the 8-aminoquinolines are incidental and typically unimportant, although the former
may play a role in tafenoquine for chemoprophylaxis (see below).

Understanding the effects of any given chemotherapeutic agent on a plasmodial
infection thus requires careful consideration of the underlying biology. An anopheline
mosquito-borne infective inoculation may typically contain about a dozen sporozoites
(92-95). Ratios of the specific types of them tend to vary with the geographic origin of
the strain, with tachysporozoites dominating tropical strains and bradysporozoites
dominating those from temperate latitudes (96-98). Unless overwhelming numbers of
sporozoites of the North Korean strain of P. vivax are inoculated, for example, no
primary attack occurs (96). The ratio of brady- to tachysporozoites must be one in
hundreds or thousands in that strain. About 70% to 85% of Indian strains of P. vivax, in
contrast, will not relapse (99, 100), and those inocula must be dominated by relatively
high ratios of tachysporozoites. The relapse-prone tropical strains of P. vivax usually
include relatively balanced ratios of both types (101, 102), as hypothetically represented
in Fig. 1.

According to the original hypothesis of polymorphic sporozoites in vivax malaria
(31), each bradysporozoite-borne hypnozoite possesses a discrete intrinsic dormancy
period ranging from about 3 weeks to several years. Each relapse represents the
activation of coinoculated hypnozoites sharing that latency periodicity phenotype, or,
more typically, given the spare numbers involved, a discrete hypnozoite seems to
usually be involved (33), but not always (103). The timing, frequency, and numbers of
relapses occurring in patients (relapse behavior) are thus very likely defined by the ratio
of tachy- to bradysporozoites, the total numbers of them inoculated within a single
infectious bite, the discrete latency period phenotypes among them, and the number
of inoculations occurring within the span of any given latency period. Repeatedly
exposed patients may harbor multiple broods of hypnozoites yielding 30 or more
distinct relapses (104). One study estimated five to be the average number of hypno-
zoites harbored by P. vivax-infected subjects living in Thailand (105). Another study
estimated that only about 20% (i.e.,, 1 in 5) of cases of incident patent vivax malaria
observed in residents of Papua New Guinea, where malaria is endemic, were mosquito-
borne primary attacks (106).

This biology has important ramifications with regard to assessing the therapeutic
efficacy of 8-aminoquinolines against hypnozoites. A patient in an area of endemicity
with a recurrent parasitemia following radical cure may be experiencing therapeutic
failure of the blood schizontocide (a recrudescence), failure of the hypnozoitocide (a
relapse), or a new mosquito-borne primary attack (a reinfection). No available molecular
technology distinguishes a relapse from a reinfection, and renewed malaria attacks are
referred to with correct and necessary ambiguity as recurrences. Unless the subjects of
hypnozoitocidal trials are removed from areas where transmission is endemic, the
confounding of reinfection among recurrences will diminish estimations of efficacy.
Moreover, in terms of the clinical benefits delivered by hypnozoitocides, few trials have
assessed the multiplicity of relapses following inadequately treated or untreated infec-
tions. The clinical and public health benefits of PART with 8-aminoquinolines may thus
be substantially underestimated in conventional clinical trials of them. On the other
hand, if local P. vivax parasites tend to relapse late (>6 months) or relatively infre-
quently, as in India or the Korean Peninsula, the seemingly good efficacy of 8-amino-
quinolines may be an illusion revealed only with a relapse control arm (i.e., no
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hypnozoitocide) and prolonged follow-up (>6 months). In India, for example, the
inadequacy of a 5-day primaquine regimen (evaluated in uncontrolled trials and
practiced for decades) became apparent only after conducting trials of this appropriate
design (107-109).

There must be a very substantial hypnozoite reservoir standing in most communities
where malaria is endemic, streaming new attacks and onward transmission therein.
Models suggest that eliminating that reservoir would relatively quickly lead to the
arrest of transmission in areas of endemicity (110, 111), but that has not occurred
in most zones where malaria is endemic, despite a full century of access to 8-amino-
quinoline therapies having highly efficacious hypnozoite-killing activities. The hemo-
lytic properties of that class in G6PD-deficient patients, together with the long neglect
of P. vivax as a clinical and public health problem (112-115), largely explain the
conspicuously poor access to 8-aminoquinolines where they are most needed. The
solution to the problem of relapse, so intimately tied to also solving the problem of
8-aminoquinoline hemolytic toxicity, promises extraordinary gains against endemic
vivax malaria. The complex technical history that follows here aims to explain the failure
to fully exploit 8-aminoquinoline therapeutic potentials in coping with a hemolytic
toxicity problem that events of the past century demonstrate to be disabling (19, 116).

TECHNICAL HISTORY OF 8-AMINOQUINOLINES
Before Hypnozoitocides

In 1856, an audacious British teenager named William Henry Perkin birthed the
aniline dye industry when he stumbled upon purple mauveine dye in coal tar in an
academic effort aimed at synthesizing quinine in his laboratory at home (117). A
German silk merchant at Elberfeld, near Dusseldorf, Germany, Friedrich Bayer, and
textile dyer Friedrich Weskott formed Friedrich Bayer & Co. in 1863 to commercially
exploit the new anilines (118). Perkin's aniline compounds later enabled Paul Ehrlich’s
development of dyes for the precise differential staining of pathological specimens,
including fuchsine and methylene blue (119). Ehrlich reasoned that the observed
affinity of methylene blue for malaria parasites in fixed blood films could translate into
therapeutic activity in living systems, and in 1891, he and Guttman (120) reported the
curative effects of methylene blue in two patients with acute vivax malaria. Some
consider this report the birth of medicinal chemistry—validation of Ehrlich’s revolu-
tionary idea of bespoke chemical “magic bullets” against microbes and disease—but 3
decades would pass before serious follow-up efforts to synthesize optimized antima-
larial compounds could occur (Fig. 3A) (121, 122). Without animal models for toxicity or
malaria and necessarily sophisticated chemical synthesis methods, systematic chemical
experimentation optimizing safety and efficacy was not yet possible. Methylene blue
did nonetheless find limited use as malaria therapy where P. falciparum was considered
refractory to quinine, e.g., in Brazil up to 1910 (123). It was not until 1907 that Ehrlich
put forth the term “chemotherapy” for the treatment of illness with rationally derived
chemicals (13).

Between 1913 and 1923, Dutch industrialists managed to consolidate a global
monopoly on the production and sale of quinine by means of their privately owned and
managed Cinchona Bureau (124). This followed decades of deliberate and sophisticated
horticultural efforts by Franz Wilhelm Junghuhn during the 1800s in the East Indies
(modern Indonesia). His methods allowed the development of productive cinchona
plantations on the high volcanic ridges of western Java where uniquely high-yield bark
for quinine production were cultivated (125, 126). In part due to the loss of German
influence within that cartel and that nation suffering militarily consequential quinine
shortages near the end of World War |, the German pharmaceutical firm Bayer vitalized
efforts to develop synthetic antimalarials in this era (11).

Shortly after the enabling description of the studies of quinine therapy against
Plasmodium relictum in canaries by the Sergent brothers (127) in 1921, Bayer gathered
specifically skilled scientists at its Elberfeld laboratory of IG Farbenindustrie (Interessen
Gemeinshaft Farberwerke) with the intent of synthetic antimalarial drug discovery
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FIG 3 (A) The discoverers of aniline dyes and methylene blue therapy of malaria: on the left, audacious teenager William Henry Perkin (a
self-portrait in 1852, aged just 14 years, 4 years before he discovers mauvine in coal tars), and on the right, physician-scientist Paul Ehrlich
(in Berlin, 1910; by Alfred Krauth, courtesy of the Wellcome Collection), who cured acute vivax malaria in two patients in 1891. (B) Werner
Schulemann (top left, in 1924) and his colleagues August Wingler (top right, in 1934) and Fritz Schoenhoefer (bottom left, in 1939) at
Bayer’s Elberfeld facility synthesized plasmochin in 1925. (Bottom right) The Bayer company logo in ca. 1925. Photos courtesy of Bayer
AG, Corporate History & Archives, with permission. (C) (Top) Wilhelm Roehl and an unidentified colleague at the Bayer Elberfeld laboratory
dosing Javanese rice finches infected by Plasmodium relictum with experimental antimalarial compounds in 1926. Roehl identified
plasmochin to be 60 times more effective than quinine against that asexual blood-stage infection. (Bottom left) Portrait of Wilhelm Roehl
in the same year. These photos courtesy of Bayer AG, Corporate History & Archives, with permission. (Bottom right) John A. Sinton (in ca.
1938), the prodigious British military malariologist who defined radical cure of Plasmodium vivax in British soldiers in India with optimized
therapy with plasmochin combined with quinine and, later, atabrine (photo courtesy of the Wellcome Collection, London, United
Kingdom, with permission).

(Fig. 3B) (13, 122). By 1924, Wilhelm Roehl, who had worked on therapies for trypano-
somiasis in rodents under Ehrlich, mastered and standardized the P. relictum model in
Javanese rice finches (Padda oryzivora) for the industrial-scale screening of experimen-
tal compounds (128). Roehl and his colleagues undertook a revolutionary task: identify
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FIG 4 Methylene blue as the progenitor of modern synthetic 4- and 8-aminoquinoline antimalarial drugs
beginning in 1921 at the Bayer laboratory at Elberfeld near Dusseldorf, Germany, and continuing up to
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new compounds effective against avian malarias that may also be effective against

human malaria.

Those compounds derived from Ehrlich’s methylene blue but were derived with a
deliberate eye on the quinoline nucleus of quinine (13) (Fig. 4). At first employing
quinine as the lead molecule, Roehl’s efforts were punctuated by repeated failures to
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discover compounds of any potential clinical interest (13). Turning to methylene
blue—then the only other chemical having proven plasmodium-killing activity—he
quickly identified dozens of compounds of great potential. Other histories of this work
offer visual representations of the rational evolution of the structures of those com-
pounds (13, 122). Roehl’s screening included useful therapeutic indices measuring
blood schizontocidal therapeutic activity relative to toxicity, an innovative legacy of
Ehrlich’s (122). Importantly, however, his bird model, as with all other models involving
birds and their natural malarias, lacked latent exoerythrocytic forms comparable to
those responsible for the delayed attacks of vivax malaria (129). The discovery of
8-aminoquinolines involved no intent or ability to target latency in vivax malaria, but
a century later, no other class of compounds has been identified to be hypnozoitocidal.
As with the discovery of quinine centuries earlier, the discovery of hypnozoitocides was
wholly serendipitous.

The scientists providing Roehl with test compounds were Werner Schulemann, Fritz
Schoenhoefer, and August Wingler (Fig. 3B), also at Elberfeld. As they closed in on
8-aminoquinolines with the structure-activity relationships becoming clearer, they
narrowed these many prochin derivatives (A-prochin, B-prochin, C-prochin, etc.) in
Roehl’s model, finally adding a 6-methoxy after previously discovering its necessity for
activity in the quinoline ring of quinine (13). All effective 8-aminoquinoline antimalar-
ials, past and present, possess that 6-methoxy group (Fig. 4). In 1924, they synthesized
an 8-aminoquinoline that they called beprochin (the B-prochin from the series, which
they later called pamachin and finally marketed as plasmochin) and that proved to be
60 times more active than quinine against asexual blood stages of P. relictum in Roehl’s
finches (Fig. 3C) (130). Promising compounds from Elberfeld, like plasmochin in 1925,
were evaluated by Franz Sioli in dozens of patients given induced vivax malaria for
therapy of neurosyphilis at a psychiatric hospital nearby in Dusseldorf, Germany, and
then at a seaman’s hospital in Hamburg, Germany, seeing imported malaria patients
(11, 122). The complex stepwise means of molecular therapeutics discovery had been
effectively assembled at Bayer's Elberfeld facilities and accessible hospitals.

That extraordinary work heralded the dawn of molecular discovery in chemother-
apeutics. Analogs of quinine and methylene blue and the sophisticated synthetic
chemistry producing them, shrewdly coupled to Roehl’s malarious finches and then to
induced and imported malaria in human subjects, ultimately provided humanity with
chloroquine and primaquine, the mainstay antimalarials through the second half of the
20th century. Countless millions of lives have been spared from malaria alone in the
course of the past century by the groundbreaking basic science done at Elberfeld
between 1921 and 1939. Those achievements represented an event of signal impor-
tance to modern medicine that became overshadowed by a catastrophic global war
and are today often not accounted for or acknowledged.

The massive wartime antimalarial development effort in the United States that later
occurred (see below)—a multipartner public-private endeavor under precise bureau-
cratic control by empowered committees of that government—would be held up as
the model of discovery in modern biomedical research (13). In fact, however, the core
discoveries of 4- and 8-aminoquinolines had already been made by a small group of
scientists working in a single laboratory supported by a pharmaceutical firm working in
commercial isolation and motivation. The American effort would validate Bayer’s
resochin as chloroquine and improve its plasmochin as primaquine, but discoveries of
other classes of antimalarial compounds by the Americans (and the wartime develop-
ment of proguanil by the British) carried relatively minor lasting impacts. In 1955,
Schmidt and Coatney (131) (each played direct and important roles in the American
development efforts) expressed, “with the possible exception of the work associated
with the discovery of pyrimethamine, none of these efforts [from 1946 to 1954] was of
great weight nor did they produce results which now command attention either at the
practical or theoretical level.” Events of the 6 decades that followed largely vindicate
that early modest view of the American antimalarial discovery program. The 4- and
8-aminoquinolines discovered at Elberfeld stand today as singularly relevant and vitally
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TABLE 3 Known therapeutic properties of plasmochin in 1927

Plasmochin activity against: Gttt e

Type of activity Plasmodium vivax Plasmodium falciparum against either species
Blood schizontocidal Yes No Yes
Efficacy against Yes No delayed attacks No
delayed attacks
Gametocytocidal Yes Yes No
Suppressive prophylactic  Yes No Impractical
Causal prophylactic Yes Yes No

important in combating an onerous and stubborn malaria problem. The extraordinarily
novel development of plasmochin, atabrine, resochin, and sontochin at that laboratory
heralded a new and brighter scientific age in that struggle.

Plasmochin

The 1927 commercial debut of plasmochin was hailed as a scientific, medical, and
economic breakthrough. Its merits included effectively terminating acute vivax malaria
attacks, preventing those unexplained delayed attacks, killing otherwise refractory
gametocytes of P. falciparum, and possibly breaking the Dutch monopoly on expensive
quinine for the therapy of acute malaria (132, 133). In 1938, Field (132) expressed, “The
synthesis of plasmoquine [plasmochin] marked an important advance in malarial
chemotherapy, the most important advance, perhaps, since the discovery of cinchona
bark.” Table 3 summarizes what was immediately understood of the therapeutic
properties of plasmochin, explaining much of the contemporary enthusiasm for it. This
first rationally designed antimalarial indeed appeared to fully live up to Ehrlich’s
envisioned magic bullet. In 1927, Vad and Mohile in India exclaimed, “The days of
quinine are numbered” (134).

Despite its very useful and then unprecedented ability to kill P. falciparum game-
tocytes, plasmochin had almost no activity against asexual blood stages of that
infection (135). Plasmochin was thus advanced as primarily a blood schizontocidal
therapy for acute vivax malaria. Early investigators recognized the phenomenon of
delayed attacks being peculiar to vivax malaria and that these were somehow biolog-
ically distinct from primary attacks. They also understood that quinine had no effect on
delayed attacks and quickly realized that plasmochin did. Activity against primary
attacks, a given with either quinine or plasmochin in vivax malaria, yielded to efficacy
against delayed attacks as the therapeutic endpoint of greatest interest in striving to
optimize plasmochin for the therapy of vivax malaria.

In the earliest forays into practice, plasmochin earned a reputation as a drug capable
of provoking threatening and sometimes fatal side effects. Sinton and Bird (136) in 1928
noted 3 confirmed deaths due to plasmochin treatment after fewer than a thousand
treatments in humans. The authors noted that those deaths occurred despite the close
clinical monitoring that came with its tentative initial use. Plasmochin caused severe
anemia, jaundice, cyanosis, and methemoglobinemia, typically occurring in a minority
of non-Caucasian patients (less than 10%). In a 1927 report from the United Fruit
Company (in the United States), for example, Wilhelm Cordes in Cuba described the
treatment of 250 predominantly male African-Haitian patients given daily doses of
plasmochin ranging downward from 80 to 40 mg (with 1.8 g quinine daily): six of those
patients (four at the 80-mg dose) had serious adverse reactions consistent with acute
hemolytic anemia. Two of those ended in death within 48 h of the sudden onset of
symptoms; cyanosis, jaundice, and hematuria after the 4th or 5th dose (137). Brosius in
Panama reported 5 similar deaths with plasmochin therapy in a series of 385 treatments
(138). Investigators complained of the very sudden onset of serious complications after
several days of dosing, considering serious harm as having already been done by the
time of the delayed onset of complications. Plasmochin became rightly regarded as a
dangerous drug.
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A Sinton and Bird's 1928 experiments using plasmochin or plasmochin
combined with quinine against late attacks of Plasmodium vivax
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B Craige et al. 1947 experiments using plasmochin and
concurrent or consecutive quinine against late attacks of Plasmodium vivax
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C Berliner et al. 1948 experiments using plasmochin
with or without quinine against late attacks of Plasmodium vivax
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FIG 5 Studies of plasmochin monotherapy versus plasmochin combined with quinine. (A) Complex
dosing regimens of 100 mg plasmochin (orange boxes) or 100 mg plasmochin with 1.25 g coformulated
quinine (orange and blue boxes), as recommended by the manufacturer, with days of rest (white boxes)
or on consecutive days without rest (right), listing therapeutic outcomes among 63 patients thus treated
and followed for at least 2 months after the initiation of therapy (based on data from Sinton and Bird
[136]). (B) Based on data from Craige et al. (139), the impact of 15 to 63 mg daily plasmochin (for 14 days)
on delayed attacks when administered separately or concurrently with quinine (2 g daily for 8 days) in a
total of 38 subjects challenged with the Chesson strain of P. vivax and followed for about 1 year. (C) Based
on data from Berliner et al. (140), therapeutic outcomes when plasmochin (90 mg daily for 14 days) was
administered before or during quinine therapy (2 g daily for 8 days).

A dose of 100 mg plasmochin daily for 17 days had initially been recommended by
Bayer for monotherapy to terminate the acute attack, but that soon evolved to a
complex schedule imposing pauses that drew treatment out to about 40 days in
attempting to mitigate the serious danger of that regimen (Fig. 5A). In addition to
tablets containing 20 mg plasmochin for that indication, Bayer quickly introduced
tablets that it called “plasmochin compound” containing 10 mg plasmochin and
125 mg quinine sulfate, a formulation intended for daily dosing (10 tablets for an adult)
for up to 4 weeks (136). The combining of plasmochin with quinine also allowed good
efficacy against P. falciparum (135). The coformulated tablets delivered the same
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dangerously high daily dose of plasmochin, then viewed as minimally effective by
Bayer. Indeed, the minimally effective 14-day regimen of plasmochin against a New
Guinea strain of P. vivax was later proven to be 90 mg daily (139, 140).

The thin margin of efficacy versus toxicity in 8-aminoquinolines remains a constant
in their clinical use. Today it may be useful to understand the Bayer strategy under-
pinning the seemingly illogical strategic pivot with coformulated plasmochin-quinine,
i.e., striving to improve plasmochin safety without compromising on its dose. Toxicity
findings in uncontrolled trials led Bayer to believe that quinine mitigated the toxic
effects of plasmochin, cyanosis (due to methemoglobinemia) specifically (135, 138). The
pairing of plasmochin and quinine in the therapy of vivax malaria thus occurred not
with consideration of a strategy of lower less toxic dosing but as a deliberate and
ultimately failed strategy to mitigate the toxic effects of plasmochin by exploiting an
unknown interaction with quinine that seemed to do so. Ultimately, it would be the still
poorly understood or appreciated potentiation of 8-aminoquinoline therapeutic activ-
ity by partner blood schizontocides (lacking any direct activity against latency) that
would later prove defining in optimized practice with plasmochin.

Potentiating Effects of Blood Schizontocides on 8-Aminoquinoline Efficacy

In view of the data summarized in Fig. 5A, where 15 of 50 subjects not given quinine
but just 2 of 30 given the coformulated quinine-plasmochin tablets relapsed, Sinton
et al. (141) expressed, “The combination of quinine with plasmoquine [plasmochin]
seemed to be more effective in the production of both clinical and radical cures
[prevention of delayed attacks] of the disease than plasmoquine alone.” Those inves-
tigators understood that this presented an opportunity to mitigate plasmochin toxicity
by simply lowering the dose of it. They explained, “The results of the continuous course
of treatment with plasmoquine and quinine combined, made it seem probable that a
high percentage of radical cures might be obtained by continuous treatment with
smaller doses of plasmoquine, if combined with the same doses of quinine as before,
and at the same time the toxic manifestations might be reduced, if not entirely
abolished, by such treatment.” They also considered the possibility of quinine mitigat-
ing the toxic effects of plasmochin but found no compelling evidence of it. They instead
focused on the possibility of smaller less toxic doses by the observed potentiation of
efficacy with quinine coadministration.

In summarizing their experimental findings on this possibility, they concluded, “The
combination of quinine and plasmoquine is clearly indicated. It can be seen from our
results that when these two drugs are combined, a higher percentage of radical cures
is obtained by smaller doses than when either of the drugs is given separately in larger
doses.” The report from Sinton et al. (141) explicitly recommended against clinical use
of the coformulated plasmochin-quinine tablets as they delivered either too large of a
dose of plasmochin or too small of a dose of quinine. They also pointed to the great
economy of purchasing the drugs separately. The coformulated plasmochin-quinine
tablets thus fell out of favor as quickly as they had been introduced. Investigators
instead applied various lower doses of plasmochin coadministered with each generally
fixed minimal effective dose of quinine sulfate (1.2 to 2.0 g daily for 8 to 14 days).

Two decades later, during the late 1940s, the developers of primaquine would affirm
the findings of Sinton et al. (141) on the synergistic effects of quinine on plasmochin
efficacy (Fig. 5B and C). In an experiment designed to optimize plasmochin therapy as
the standard against which to compare newer 8-aminoquinolines, Craige et al. (139)
combined 15, 31, or 63 mg (daily for 14 days) plasmochin with fixed doses of quinine
(2 g daily for 8 days) administered consecutively or concurrently with plasmochin.
Relapse occurred in every subject at every consecutive dose (18/18) but only 12/20
subjects concurrently dosed. The highest dose was considered inadequate, so Berliner
et al. (140) applied plasmochin at 90 mg daily for 14 days and again compared the
consecutive versus concurrent dosing of quinine, with 2 of 5 and 0 of 9 subjects
relapsing, respectively. This study confirmed 90 mg plasmochin as the minimally effec-
tive dose and the necessary practice of concurrent quinine therapy. When Alving et al.
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A Edgcomb et al. 1950 experiments using primaquine
with or without quinine against late attacks of Plasmodium vivax
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FIG 6 Studies of primaquine monotherapy against delayed attacks of vivax malaria. (A) Relapse findings
(right) after daily dosing of primaquine and quinine, each administered alone or concurrently, as reported
by Edgcomb et al. (61). (B) Relapse findings after daily dosing of primaquine and quinine consecutively
(top) or currently (middle) or of primaquine with 1 g chloroquine administered over 24 h (bottom), as
reported by Alving et al. (143).

(142) treated 47 subjects with 60 mg daily (for 14 days) of the experimental 8-amino-
quinoline called pentaquine with concurrent quinine, 8 (17%) relapsed, whereas 3 of 5
(60%) subjects given the same therapy without concurrent quinine did so. Quinine
enhancement of plasmochin therapeutic activity against delayed attacks seemed to
also occur among other 8-aminoquinolines.

The developers of primaquine confirmed the phenomenon of hypnozoitocidal
synergy of it when combined with quinine. Edgcomb et al. (61) (Fig. 6A) evaluated
multiple daily doses of primaquine, settling on 22.5 mg daily for 14 days coadminis-
tered with 1.64 mg quinine on each of those days (no relapses occurred among 23
subjects) as being minimally effective. When the same dose was administered without
quinine, 4 of 5 subjects had recurrent attacks. Alving et al. (143) pointed to the
possibility of partner blood schizontocides in radical cure having “a potentiating effect
on the curative action of primaquine” but considered the available data inconclusive.
Their follow-up experiment (Fig. 6B) was designed explicitly to settle that question:
“The investigations reported in this communication were set up under rigidly controlled
experimental conditions in order to establish firmly whether quinine or chloroquine
potentiates the action of primaquine against the late tissue stages of vivax malaria”
(143).

The relatively simple experiment employed a New Guinea strain of P. vivax in 57
inmate volunteers challenged by the bites of anopheline mosquitos scored from 15 to
33 (on a scale of from 10 to 40) by sporozoite load. Upon patency, the subjects were
randomized to 3 treatment groups (n = 19 each), with all receiving 15 mg primaquine
daily for 14 days with 2 g quinine sulfate for 14 days administered consecutively prior
to the commencement of primaquine 2 days after the completion of quinine therapy
(group 1), quinine concurrently with primaquine therapy (group 2), or 1.0 g chloroquine
administered in two doses over 24 h (group 3). Subjects not relapsing were followed for
114 to 373 days, and relapses occurred between days 17 and 184 (median, 52 days),
with 15, 1, and 5 relapses occurring among the individuals in groups 1, 2, and 3,
respectively. Alving et al. (143) summarized their findings (Fig. 6B): “We consider the
results to indicate that both of these suppressive agents [quinine and chloroquine]
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potentiate the effect of primaquine against late fixed-tissue stages [hypnozoites] of
vivax malaria.”

This conclusion reflects that expressed by Phelps (144) in 1927: “I have reached the
conclusion that plasmochin in one course, without the addition of suitable doses of
quinine, is of little value in the treatment of any variety of malaria.” Sinton and
colleagues (141) had long before considered the phenomenon defining in optimized
plasmochin therapy, and Alving et al. (143) confirmed the same with primaquine
whether it was administered with quinine or chloroquine. In 2011, Dow et al. (145)
demonstrated that the addition of quinine, artemether-lumefantrine, or mefloquine to
the treatment of P. cynomolgi infections in rhesus macaques reduced the effective
hypnozoitocidal dose of tafenoquine 10-fold. Evidence drawn from at least four differ-
ent 8-aminoquinolines over nearly a century of experience points to the fact that some
blood schizontocidal drugs independently lacking any hypnozoitocidal activity power-
fully and consistently potentiate that activity by 8-aminoquinolines.

Schmidt explored a similar phenomenon with mirincamycin with primaquine
against P. cynomolgi hypnozoites over 30 years ago; the adjunct more than halved the
required curative dose (146). He expressed that “the current study serves to focus
attention on a somewhat novel approach to the development of more effective and
better-tolerated regimens for radical cure.” Myint et al. (147), reviewing the phenom-
enon in 2011, hypothesized complementary therapies for radical cure of lower toxici-
ties, summarizing with the following: “it may be possible to increase the therapeutic
index of primaquine, and ultimately tafenoquine, with the co-administration of other
clinical agents, and thus may optimize the treatment of malaria with 8-amino-
quinolines.” No other contemporary work has explored the extent to which other
compounds may potentiate 8-aminoquinoline activity against hypnozoites as a means
of reducing dose and toxicity. The original idea of Sinton et al. (141) expressed and
demonstrated nearly a century ago has yet to be explored, explained, or exploited.
Optimizing the potentiation of 8-aminoquinolines may offer a means of greatly miti-
gating the harmful and deeply constraining hemolytic toxicity of that class. The same
may be expressed concerning the observed effects of blood schizontocides on the
manifest hemotoxicity of 8-aminoquinolines.

Blood Schizontocide Impacts on 8-Aminoquinoline Toxicity

Early investigators noted that quinine seemed to mitigate the side effects of
plasmochin but did so anecdotally in a relatively few uncontrolled trials. MacPhail (148)
expressed in 1927, “There appears to be little doubt that plasmochin should be
administered in combination with quinine, which seems to diminish its toxic tenden-
cies.” Sinton and Bird (136) expressed more doubtful views on this question: “Although
the addition of quinine to plasmochin seems to have some effect in diminishing the
toxicity of this drug, it does not appear to be the very marked action which some work
would lead one to believe.” Severe plasmochin hemolytic toxicity, seemingly idiosyn-
cratic but linked to unrecognized G6PD deficiency, occurred with or without quinine
coadministration. Whatever mitigating effects that quinine may have exerted, these did
not significantly diminish the untoward effects or caution necessary with plasmochin
imposed by the specific hemolytic toxicity issue. Nonetheless, quinine and other blood
schizontocides exerted measurable impacts on the plasma levels and broader toxicities
of the 8-aminoquinolines, either exacerbating or mitigating them.

Plasmochin virtually disappears from plasma within 8 h of dosing, and according to
Zubrod et al. (149), this is not due to marked localization or excretion but is due to very
rapid metabolic conversion. Those investigators also described marked interindividual
variation in the means of the minimal (24 h postdosing) and maximal (3 h postdosing)
daily plasma concentrations of plasmochin without exposure to any other drug. Mean
maximal daily plasma concentrations with 60-mg doses varied between 54 and
2,924 pg/liter on the third day and 89 and 1,400 ug/liter on the sixth day, with the
lower and higher values representing the values for the same subjects on each day. This
interindividual variability in plasma levels appeared with all of the experimental
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TABLE 4 Atabrine exacerbates plasmochin-induced methemoglobinemia, whereas quinine
fails to impact plasmochin-induced methemoglobinemia

No. of Mean % SD (range) of %

Treatment subjects of MetHb? of MetHb
Plasmochin or plasmochin-atabrine®

30 mg 29 44 2.4 (0.7-10.0)

60 mg 13 8.9 4.5 (1.9-20.8)

90 mg 24 12.2 7.0 (0.9-28.7)

30 mg + atabrine (dose not specified) 6 12.2 4.6 (6.0-19.3)
Plasmochin-quinine©

31.5mg 12 4.4 3.7 (2.1-15.8)

63 mg 6 12.8 4.1 (7.2-21.4)

15mg + quinine 10 2.5 0.7 (1.3-3.6)

31.5mg + quinine 27 45 2.1 (1.7-9.2)

63 mg + quinine 76 10.7 49 (2.9-24.0)

aMetHb, methemoglobin.
bAdapted from reference 151 with permission of the American Society for Clinical Investigation.
“Based on data from Clayman et al. (59).

8-aminoquinolines evaluated (17) and may reflect the then unknown importance of
inherent variability in the catalytic activity of the cytochrome P-450 2D6 isozyme in the
metabolism of 8-aminoquinolines (79-81). In 1981, Carson et al. (17) pointed out the
seemingly paradoxical inverse relationship between the plasma levels of the parent
drug and therapeutic activity, perhaps explained by the extent of conversion of the
parent drug to the active metabolite(s). Other investigators declared that no correlation
existed between plasmochin plasma levels and therapeutic activity (140). The 8-
aminoquinolines appear to be prodrugs delivering metabolites with therapeutic and
toxic activities in a manner likely to be impacted by other therapies that could interfere
with the normal metabolism of them.

The Bayer blood schizontocide atabrine (quinacrine, mepacrine; Fig. 4), introduced
commercially in 1932, provoked 10-fold increases in plasma plasmochin levels (149,
150). Zubrod et al. (149) administered nine daily 30-mg plasmochin doses that showed
average plasma concentrations of about 40 ug/liter; the subsequent seven daily doses
included a subtherapeutic 30-mg atabrine dose, and plasma plasmochin concentra-
tions rose to about 450 pg/liter after 3 daily doses. Both drugs were then stopped, with
the rapid disappearance of plasma plasmochin. Atabrine is very slowly excreted (similar
to chloroquine), and when daily plasmochin alone was resumed after a 35-day pause,
the plasma concentrations of it again reached greatly elevated levels (250 to 350 wg/
liter). Even relatively very low levels of atabrine disturbed the normal metabolism of
plasmochin.

Earle et al. (151) compared the toxic effects of plasmochin given with or without
atabrine. Table 4 summarizes their findings with regard to the methemoglobinemia
induced by plasmochin. Whereas diminishing the dose of plasmochin from 90 mg daily
to 60 mg and 30 mg daily brought methemoglobin levels from 12.2% to 8.9% and 4.4%,
respectively, adding atabrine to the lowest plasmochin dose (30 mg) increased the
methemoglobin level to the same level achieved with the highest dose (90 mg), i.e.,
12%. In contrast, Clayman et al. (59) observed no impact of coadministered quinine on
the plasmochin-induced methemoglobinemia in the dozens of subjects evaluated
(Table 4), and quinine had no impact on plasmochin plasma levels. Regardless of the
dose or individual steady-state plasma plasmochin concentration, introduction of
atabrine into subjects after achieving that concentration provoked profound alteration
of it. Earle et al. (151) also measured the impact of atabrine on the well-known
plasmochin-induced granulocytopenia. Table 5 summarizes their findings, which tend
to reflect the same trends observed with methemoglobinemia in Table 4: a plasmochin
dose-dependent effect of decreasing neutrophil counts, with the lowest dose admin-
istered with atabrine approximating the effect of the highest plasmochin dose, i.e., 69%
versus 64% reductions in neutrophil counts.
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TABLE 5 Effect of atabrine on the neutrophil counts in the blood of subjects dosed with
plasmochin with or without atabrine?

Avg no. of neutrophils/ml

No. of Prior to After 14 days % decrease
Treatment subjects dosing of dosing in neutrophils
Plasmochin
30mg 11 4,650 2,890 38
60 mg 4 3,878 2,920 25
90 mg 12 4,762 1,714 64
30 mg plasmochin + atabrine 6 5,093 1,493 69

aAdapted from reference 151 with permission of the American Society for Clinical Investigation.

Although quinine did not impact the plasma levels or the methemoglobinemia of
plasmochin, it did exert those effects with other 8-aminoquinolines. In those instances,
however, quinine very significantly mitigated methemoglobinemia and other signs of
toxicity. In 1948, Craige et al. (152) administered 120-mg daily doses of pentaquine
alone or with quinine to 5 subjects each for 6 to 14 days: in addition to better efficacy
(0/5 versus 2/5 subjects relapsed), coadministration almost completely prevented
otherwise frequent and severe weakness or prostration and syncope or postural
hypotension. The mean level of methemoglobinemia in these groups was 5.6 g% and
11.3 g%, respectively. In 1950, Clayman et al. (59) similarly reported the mitigating
effects of quinine on methemoglobinemia and the impacts on the plasma levels of
primaquine administered as 120 mg daily for 14 days (Table 6). Whereas quinine
seemed to exacerbate the poor gastrointestinal tolerance of primaquine, it roughly
halved the methemoglobinemia and plasma levels of primaquine. Clayman et al. (59)
reported a series of experiments where daily doses of primaquine of between 15 and
120 mg were administered to G6PD-normal Caucasians either alone or with concurrent
quinine or methylene blue (Fig. 7) daily for 2 weeks, and the impact on primaquine-
induced methemoglobinemia was evaluated (the average for the last 5 days of dosing
was reported). Quinine or methylene blue more than halved the peak methemoglobin
level of 21% with 120 mg primaquine alone to 10% and 8%, respectively.

Although the relevance of methemoglobinemia to the hemolytic toxicity of the
8-aminoquinolines is unknown and perhaps doubtful (58, 60), the contrasted toxic
effects of atabrine on plasmochin (exacerbation), quinine on plasmochin (no effect),
and quinine on primaquine (mitigation) point to the fine chemical specificities and
consequences of interactions between blood schizontocides and 8-aminoquinolines
and the great diversity of blood schizontocides that interact with them. Proguanil, for
example, increased the plasma levels of the experimental 8-aminoquinoline called
pentaquine (17). Likewise, Lysenko (153) described the frequency of acute methemo-
globinemia occurring among patients receiving a daily dose of 23 mg of the Russian
8-aminoquinoline called quinocide as monotherapy (n = 70) or quinocide coadminis-
tered with bigumal (proguanil; n = 35), cycloquine (haloquine; n = 8), or chloridine
(pyrimethamine; n = 12) at 0.07%, 26%, 100%, and 100%, respectively. Although drugs
of diverse classes impact the methemoglobinemia and plasma pharmacokinetics of 8-

TABLE 6 Effect of 120 mg primaquine daily for 14 days administered without or with concurrent 1.64 g quinine on tolerability,
methemoglobinemia, and plasma primaquine levels?

Mean (range)

No. of Age Mean (range) % primaquine concn
Treatment subjects range (yr) Abdominal discomfort  Symptoms of MetHb? (mg/liter) in plasma
120 mg primaquine daily 5 21-43 Mild in 3, moderate in 2 Nausea in 1 20.2 (18.3-21.7) 210 (144-308)
for 14 days
120 mg daily primaquine 6 22-39 Mild in 2, moderate in 1, Nausea on 1, vomiting in 1, 10.0 (5.5-15.5) 99 (74-132)
concurrently with 1.64 mg quinine severe in 3 anorexia in 2

9Based on data from Edgcomb and colleagues (61).
bMetHb, methemoglobin.
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FIG 7 Effects of quinine (QN) and methylene blue (MB) coadministered with increasing daily doses of
primaquine (PQ) on methemoglobinemia in Caucasian subjects, showing the average value for the last
5 days of dosing. The figure is based on data from Clayman et al. (59).

aminoquinolines, the relevance of these effects to the specific problem of 8-amino-
quinoline hemolytic toxicities in G6PD-deficient patients was not specifically reported.
Incidentally, however, no known combination of available blood schizontocides and
8-aminoquinolines in practice has proven to be free of hemolytic effects.

In the specific instance of a methylene blue adjunct to radical cure possibly
impacting 8-aminoquinoline hemolytic toxicity, Alving and colleagues reported but did
not publish the outcome of a single-subject series of experiments examining this
possibility (154). After observing that methylene blue apparently potentiated the
hypnozoitocidal activity of pentaquine—0 of 3 subjects relapsed when receiving
methylene blue with pentaquine and quinine, whereas 4 of 10 subjects receiving the
same therapies without methylene blue relapsed—they examined its effect on pen-
taquine hemolytic toxicity in a sensitive subject. The report reads as follows: “a drug
which aids in the reduction of methemoglobin to hemoglobin may be useful in
preventing hemolytic anemia due to the presence of oxidants (? quinone imines) within
the red cells. This theory has been tested in one volunteer who developed severe acute
hemolytic anemia after several days treatment with 60 mgm. of pentaquine base and
two grams of quinine sulfate administered concurrently. This man again developed a
moderately severe acute hemolytic crisis later in the course of treatment with 30 mgm.
of pamaquin [plasmochin] base and two grams of quinine sulfate during the next
relapse. He has subsequently been treated with the concurrent administration of
60 mgm. pentaquine base, two grams of quinine sulfate and 0.5 g of methylene blue
hydrochloride for fourteen days without the development of intravascular hemolysis.
These studies suggest that the administration of methylene blue may be of value in the
prevention of acute intravascular hemolysis.”

Regarding this extraordinary observation—the apparently complete abrogation of
8-aminoquinoline hemolytic toxicity in a demonstrably sensitive human subject by a
therapeutically potentiating methylene blue adjunct—no record of a follow-up inves-
tigation could be located. The development of primaquine (see below) would follow a
path to registration with the earnest belief that its hemolytic toxicity did not constitute
a serious, much less disqualifying, problem. Abrogating that toxicity would not have
registered as a development priority and apparently did not. A nearly 70-year history of

October 2019 Volume 32 Issue 4 e00011-19

Clinical Microbiology Reviews

cmr.asm.org 23


https://cmr.asm.org

Baird

extremely poor primaquine effectiveness almost wholly attributable to its hemolytic
toxicity would have to unfold before the significance of a means of detoxifying
hemolytic 8-aminoquinolines could rise to laboratory and clinical investigation of great
merit (see “Future Perspectives” below).

Collectively, the findings summarized here offer compelling evidence of specific
drug-drug interactions across most possible combinations of blood schizontocides with
8-aminoquinolines. Although the findings are not detailed here, modern studies affirm
that chloroquine, dihydroartemisinin-piperaquine, and pyronaridine-artesunate also
affect the pharmacokinetics of primaquine (155-158). The converse effect— 8-amino-
quinolines impacting blood schizontocide pharmacokinetics—has been consistently
negative with both older and modern blood schizontocides (155-157). Fasinu et al.
(159) examined the metabolic pathway-specific effects of chloroquine and quinine on
primaquine metabolism and suggested shifts favoring therapeutic activity with dimin-
ished toxicity. The marked interindividual variation in the plasma levels of 8-amino-
quinolines in the face of stable and consistent individual levels, taken with their rapid
extensive metabolism to therapeutically active and toxic forms, points to likely pertur-
bation of that metabolism by partner blood schizontocides as the most probable basis
of their sometimes profound impacts on 8-aminoquinoline therapeutics.

The modern view of blood schizontocides in radical cure tends to segregate them
from the hypnozoitocidal compartment as if they were independent and freely inter-
changeable partner therapies. Few authorities or experts, for example, express caution
over or regard for selection of the partner blood schizontocide for 8-aminoquinoline
radical cure, including the U.S. FDA in its 2018 label instructions for the uses of
tafenoquine for chemoprevention or radical cure (160, 161). This was not the case
nearly a century ago, when Sinton and colleagues (141) outlined quinine-optimized
plasmochin therapy and the principles of applying it.

Optimized Plasmochin Therapy

In 1930, Sinton (Fig. 3C) and colleagues lamented the highly variable and seemingly
haphazard dosing with plasmochin after its introduction, but they ultimately defined
what they considered an optimized standard of 40 mg plasmochin coadministered with
1.25 g quinine daily for 2 weeks (141). Their patients had been British soldiers infected
in India (162). American investigations applying Chesson strain P. vivax in American
inmate volunteers (effectively 100% of whom experienced relapse following heavy
experimental challenge with an isolate recovered from an American soldier infected in
New Guinea in 1944 [163]) showed that 63-mg daily uninterrupted dosing for 2 weeks
with concurrent daily quinine (also for 2 weeks) was inadequate (Fig. 5B) (139). Berliner
et al. (140) applied 90-mg plasmochin uninterrupted daily dosing with concurrent
quinine and achieved complete efficacy against Chesson strain P. vivax (Fig. 5Q).
Nonetheless, when later applied against Korean strains of P. vivax (after essential
correction for a relapse rate of 28%), just 27.5-mg daily dosing of plasmochin achieved
a cure rate of 97% (164). As would later prove true with primaquine, P. vivax suscep-
tibility to hypnozoitocidal therapies varies by the geographic origin of the strain, with
the Chesson and Korean P. vivax strains representing strains with the known extremes
of apparently naturally variable hypnozoite susceptibility to 8-aminoquinolines (165). It
may thus be apparent that optimized plasmochin therapy (administered for 14 days)
was indeed 40 mg daily for the Indian P. vivax strain, 90 mg for the New Guinea P. vivax
strain, and 30 mg for the Korean P. vivax strain, with all of these being in the key
efficacy-defining context of uninterrupted concurrent daily quinine therapy (>1.25g
base).

Sinton et al. (141) laid out the fundamental therapeutic principles of applying
quinine and plasmochin for achieving optimized safety, tolerability, and efficacy against
primary and delayed attacks of vivax malaria. Their eight points regarding clinical
practice with these drugs reflect the same for contemporary radical cure applying
primaquine or tafenoquine with quinine, chloroquine, or other blood schizontocidal
therapies: “1) Plasmochin and quinine in combination works better than either drug

October 2019 Volume 32 Issue 4 e00011-19

Clinical Microbiology Reviews

cmr.asm.org 24


https://cmr.asm.org

8-Aminoquinolines for Latent Malaria

alone for permanent cure of vivax malaria; 2) Plasmochin should not be used as
monotherapy but only in combination with quinine; 3) The dose of quinine must be
sufficient to terminate the acute attack; 4) Smaller doses of plasmochin administered
over a longer period of time [are] more safe and efficacious than giving larger doses
interrupted by pauses; 5) The maximal tolerated daily dose of plasmochin is less than
40 mg; 6) Smaller doses of plasmochin over longer periods [are] preferred over larger
doses over shorter periods; 7) Plasmochin therapy should be halted with onset of signs
of toxicity; 8) Plasmochin should not be administered to people with co-morbidities like
anemia or hepatic or renal dysfunction without compelling cause and very close clinical
monitoring.”

The related points 4 and 6 bear mention here as perhaps not reflecting currently
accepted therapeutic principles for 8-aminoquinolines. As will be detailed later for
primaquine, larger doses administered over shorter or longer interrupted periods, e.g.,
7 daily or 8 weekly doses, appear to offer advantages with regard to compliance or
safety, respectively, without apparent compromises in efficacy. Furthermore, unlike in
the time of Sinton and colleagues, the defining toxicity problem of G6PD deficiency is
today understood and thus clinically manageable by screening prior to administering
otherwise dangerously hemolytic 8-aminoquinoline dosing regimens.

Sinton et al. (141) offered a prescient synopsis of the toxicity problem with plas-
mochin of enduring relevance to PART with 8-aminoquinolines: “it does not seem
advisable that the drug should be issued for general use by the lay public, but that it
should be used only under medical supervision. It may be that smaller non-toxic doses
will require a longer period of treatment to effect a radical cure, but this would not be
of such importance if a dosage could be determined which would be safe for general
use, for one must remember that a large proportion of the population in many areas
of the tropics are not within reach of medical aid. The occurrence of many cases of
toxaemia among the lay public would tend to bring into disrepute what is undoubtedly
a very valuable drug in the treatment of certain forms of malaria.”

According to sources cited by Field (132) in 1938 attributed to the Malaria Com-
mission of the League of Nations Health Organization, plasmochin with quinine or
atabrine was not recommended for use outside of the hospital setting and was deemed
unsuitable for safe public health use (lay administration without medical supervision) at
doses required for the lasting cure of vivax malaria. Plasmochin thus never saw broad
use against endemic malaria; no balance between practicality (duration of dosing) and
safety (daily dose) was ever achieved. Field (132) remarked that the development of
plasmochin “was significant not so much because of the special merits of the drug itself
or because any sensational progress in malarial treatment can be recorded from its use
but because its synthesis was a pioneer step which led after half a century of stalemate
to a fresh advance in our knowledge of malarial chemotherapy and paved the way to
further developments in synthetic quinoline derivatives of a more important character.”
Plasmochin, he supposed, would be improved, but 80 years later we struggle with the
same problem of clinical and public health balance with modern 8-aminoquinolines.
The fact that most patients needing radical cure do not live “within the reach of medical
aid” remains as true and as great of an impediment to clinical and public health utility.

How we came to accept these dangerous treatments not safely accessible by most
malaria patients as suitable and then to become wholly reliant on them for killing
hypnozoites for nearly a century is a fraught question that is as difficult and complex
as it is important. Key to addressing that question is the historic and technical context
of antirelapse drug development during the 1940s aimed specifically at malaria as a
serious military problem.

War-Spurred 8-Aminoquinoline Research

The German suite of innovative synthetic antimalarials failed to commercially chal-
lenge the primacy of quinine for the therapy of acute malaria during the 1920s and
1930s. The toxicity of plasmochin and the unpleasant side effects of atabrine, along
with their relatively high cost, rendered them less competitive, albeit commercially
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viable (13), but Bayer had superior 4-aminoquinonline products coming: resochin
(chloroquine) and sontochin (a methylated and presumed less toxic derivative of
chloroquine) (Fig. 4). Walter Kikuth at Elberfeld had replaced Wilhelm Roehl, who died
prematurely in 1929. Kikuth set resochin aside in favor of sontochin after Sioli had tried
it in just four patients at the Dusseldorf asylum in 1936 (13, 55). Sontochin fared better
in Sioli's hands and awaited final clinical development by the Germans at the outset of
war in Europe in September 1939. The Allies liberating Tunis, Algeria, in 1943 captured
experimental sontochin tablets from Vichy French investigators. Thus alerted, American
authorities then put sontochin and resochin to clinical trials in the United States and in
1946 registered resochin for the treatment of acute falciparum or vivax malaria but then
dubbed it chloroquine (55, 166).

The American authorities effectively seized German Bayer's intellectual property
through its American corporate partner, Winthrop Pharmaceuticals in New York City.
There is almost no record of American antimalarial drug discovery work during the
1920s and 1930s. Tentative initial efforts were launched only in November 1939 after
the outbreak of war in Europe (13). The American wartime raid on Bayer's trove of
antimalarial properties derived from the Elberfeld laboratory during the prewar period
spared them the 2 decades of the revolutionary discovery work invested in those
molecules. Global war had provoked the Americans into urgent efforts of antimalarial
development unfettered by the legitimate Bayer patents held on plasmochin, atabrine,
resochin, and sontochin molecules already registered both in Germany and in the
United States by 1941.

World War Il for the Americans began only in December 1941 with the nearly
simultaneous Japanese attacks on their military facilities in Hawaii and the Philippines.
Just a few months later, in March 1942, Imperial Japan seized the Netherlands East
Indies (modern Indonesia) and the global supplies of quinine that it cultivated. The
Allied powers understood the threatening military strategic implications of that loss
and rallied vast fiscal and technical resources to meet that challenge, including the
expropriation of domestic stocks of quinine, plasmochin, and atabrine. Those proved
grossly inadequate to the need, and the authorities then commandeered pharmaceu-
tical factories for the emergency manufacture of plasmochin and atabrine (13, 167).

As events occurred, the Americans could not content themselves with the com-
mandeered stocks or emergency manufacturing of plasmochin and atabrine. An un-
anticipated interaction between these drugs, discovered only in 1942, seemed to
exacerbate an already serious toxicity problem with plasmochin (14). In early 1943, the
Surgeon General of the United States warned against the use of that combination for
radical cure (168). This blow left millions of soldiers exposed to the risk of repeated
debilitating attacks of vivax malaria, including after repatriation to the U.S. mainland,
which was on the verge of malaria elimination success. All of these factors motivated
the U.S. government to mount a deliberate effort to discover a safer means of radical
cure. In 1946, James A. Shannon (Fig. 8) (15)—who would go on to head and indelibly
shape the U.S. National Institutes of Health during the 1950s and 1960s—recalled the
situation like this: “The direction of the early clinical work (1942-1943) was conditioned
largely by the early loss to the United Nations [the Allies] of their normal sources of
supply of quinine and by the lack of an adequate stockpile. Those who were intimately
concerned with the malaria problem during the first year of the war will recall the
gravity of the situation. The worry which was incidental to the lack of an adequate
supply of quinine was enhanced by the preliminary reports from the field which carried
the suggestion that quinacrine [atabrine] was of little use in the suppression and
treatment of the malarias and that pamaquin [plasmochin] as then used had little value
in the cure of vivax malaria.”

The U.S. government body orchestrating the research response to the wartime
malaria threat was the Board for the Coordination of Malarial Studies, established in
early 1941 and seated at the National Academy of Sciences in Washington, DC (15, 55).
The people managing that enterprise focused solely on military medical imperatives. As
expressed by Shannon, head of clinical development on that board (15), “The primary
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FIG 8 Key figures in the development of primaquine from 1943 to 1952 included wartime antima-
larial development project leader James A. Shannon (top left, ca. 1968, from the U.S. NIH Almanac);
chemist Robert C. Elderfield (top right; in about 1970, with permission of The National Academies
Press), who first synthesized primaquine in 1945; physician Alf Alving (bottom left, in about 1968;
photo by L. J. Bruce-Chwatt, courtesy of the Wellcome Collection), who oversaw clinical trials of
many 8-aminoquinolines for the University of Chicago at Stateville Penitentiary, Joliet, IL; and
biologist Clay Huff (bottom right; in 1967, with permission of Elsevier [341]), who experimentally
challenged those human subjects at the Stateville Penitentiary facilities with P. vivax-infected
Anopheles stephensi mosquitoes.

purpose of the investigations has been, at all times, to satisfy the specific needs of the
armed services.” This emphasis would have profound and lasting implications insofar as
the therapeutic objective of radical cure is concerned and the problem of the hemolytic
toxicity of 8-aminoquinolines bound to it.

Wartime urgency led them to restrict the search for a safer and more effective
plasmochin to other 8-aminoquinolines, the only class of drugs (up to the present)
known to have activity against the delayed attacks of vivax malaria. According to
Carson et al. (17), several hundred 8-aminoquinolines were synthesized and screened
for therapeutic activity relative to quinine for the cure of blood-stage Plasmodium
gallinaceum in chickens and Plasmodium lophurae in ducks. The investigators under-
stood the inadequacy of these avian malaria models to vivax malaria, knowing that
those lacked the persistent tissue stages responsible for delayed attacks. They further
understood that this activity of plasmochin had been serendipitously discovered rather
than systematically selected and optimized in the quinine-plasmochin radical cure.
They carefully studied the data from the handful of plasmochin mimics or frank copies
by the French and Russians (e.g., praechin, plasmocid, rhodaquine, and a class of several
derived compounds called plasmocids [132, 169]), discouragingly noting that “pama-
quin [plasmochin] and many of its analogs possess seriously toxic effects when admin-
istered at a dosage well below that which is generally curative” (15). They nonetheless
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elected to conduct a systematic search of 8-aminoquinolines for a less toxic compound,
believing “that previous exploration of the 8-aminoquinolines was inadequate to be
certain that pamaquin is the best drug to be derived from that series” (15). The stage
was thus set for a discovery effort aimed at a superior drug for the killing of the
persistent tissue stage of P. vivax, and concern for the poorly understood but certain
dangerous toxicities of 8-aminoquinolines, primarily their hemotoxic and neurotoxic
properties, dominated that effort.

Preclinical Screening of 8-Aminoquinolines

As already explained, it may be helpful to conceptualize two distinct problems in
considering the toxicity of 8-aminoquinolines: (i) general toxicity to humans broadly
and (ii) the special case of hemolytic toxicity restricted to G6PD-deficient humans. Until
the 1950s, investigators would have no understanding of that inherited abnormality as
the dominating feature of plasmochin toxicity. They could not make the distinction
expressed above, considering hemolytic toxicity a seemingly idiosyncratic feature of a
broader hemotoxicity problem. Preclinical screening efforts of many dozens of
8-aminoquinolines in the mid-1940s were thus effectively limited to classical toxicity
and pharmacology studies in birds, rats, and dogs (16), none of which would predict
hemolytic toxicity in G6PD-deficient patients.

These investigations narrowed the field of hundreds of 8-aminoquinolines to just 85,
which were then screened for toxicity in rhesus monkeys (17). Among these, two
distinct toxicities emerged in accord with specific variation in the aliphatic side chain:
(i) severe, irreversible neurotoxicity highly selective for brain stem nuclei, especially lI,
IV, VI, and VIII (17, 170), and (ii) lethal overdoses involving multiple organ systems but
reversible at sublethal doses. Schmidt held up two 8-aminoquinolines as representative
of these two toxicity subclasses: SN-3115 and SN-971, plasmocid and plasmochin (Fig.
4), respectively (171). The French synthesized plasmocid (or rhodoquine) in 1931, and
it saw clinical use in French colonial territories (132). A number of related compounds
(in which the secondary or tertiary terminal amino group was separated from the
8-amino nitrogen by a chain of 2 or 3 methylene groups) were synthesized in Russia
(the plasmocids), but by 1952 they had settled on quinocide, differing from primaquine
by placement of the methyl group on the otherwise identical side chain (153) (Fig. 4).
Plasmochin and related compounds (by having a primary, secondary, or tertiary termi-
nal amino group separated from the 8-amino nitrogen by at least four methylenes)
constituted the focus of American clinical development efforts. The dangerously neu-
rotoxic plasmocid subclass of 8-aminoquinolines had been recognized and abandoned
in the American preclinical development effort. Notably, however, SN-191 and SN-1452
(Fig. 9) appear as exceptions to this rule; the additional methyl at the 8-amino in the
former may have been seen as mitigating, and the latter was evaluated for safety only
at one-half the tolerated dose in macaques, without apparently advancing to thera-
peutic trials in humans (142).

According to Carson et al. (17) in 1981, more than 50 8-aminoquinolines had been
tested in humans since 1944. Since that report predates the renewed clinical work
leading to tafenoquine registration (and that amounted to tafenoquine alone), they
presumably referred specifically to the U.S. Army experience with these drugs during
the 1940s and 1950s. Published records of that era show toxicity and efficacy findings
against P. vivax in humans for 23 8-aminoquinolines (18 are illustrated in Fig. 9). The
initial 1948 report of these compounds in clinical trials excluded primaquine and
SN-3883 [8-(4-aminobutyl)-6-methoxyquinoline] (Fig. 10) (142). All of these compounds
went to clinical trials in humans on the basis of standard safety assessments through an
ascending series of vertebrate animals ending with rhesus macaques.

Today it is uncertain how asexual blood-stage antimalarial activity measured in
infected ducks and chickens served in selecting the early 8-aminoquinoline candidates.
The accounting of Carson et al. (17) of that process seems rationally dismissive of the
therapeutic activity for 8-aminoquinolines against avian plasmodia lacking latency.
However, Jones et al. (172) described the selection of plasmochin and three experi-
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FIG 9 Experimental 8-aminoquinolines advanced to human trials in the late 1940s.

mental 8-aminoquinolines for clinical testing: “These four compounds were selected for
human testing because they had high antimalarial activity in avian infections and
because their toxicity was low and of the pamaquine type, which, in contradistinction
to the plasmacid [sic] type of toxicity, is reversible.” Blood schizontocidal activity against
the avian plasmodia apparently played some role, as it serendipitously did in the
discovery of plasmochin. Schmidt and Coatney (131) explained in 1955 that the use of
P. cynomolgi in rhesus macaques achieved validation only in 1948, then permitting
immediate, albeit limited, assessments among the most promising 8-aminoquinolines.
It was this late P. cynomolgi work that finally brought primaquine and SN-3883 to
compete with pentaquine and isopentaquine in clinical development (Fig. 10). The
preclinical screening effort up to 1948 may be judged in retrospect as inadequate to
the therapeutic problem of the 8-aminoquinolines; neither hypnozoitocidal activity nor
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FIG 10 The most active and least toxic 8-aminoquinolines: plasmochin, primaquine, pentaquine, iso-
pentaquine, and SN-3883.

specific hemolytic toxicity composing meaningful therapeutic indices could have been
derived.

The selected compounds nonetheless represented relative safety regarding broader
toxicity issues and were safely advanced to clinical trials. There is no record of any of
the hundreds of research subjects suffering irreversible harm attributable to exposure
to those dozens of compounds. The clinical research team headed by Alf Alving (Fig. 8)
in the Department of Medicine at the University of Chicago conducted the bulk of those
trials using the vigorously relapsing Chesson strain P. vivax, a colony of Anopheles
quadrimaculatus mosquitos managed by the laboratory of Clay Huff (Fig. 8) at the
University of Chicago, and inmate volunteers at the penitentiary in Joliet, IL (173).
Robert Coatney and colleagues at the U.S. National Institutes of Health conducted
similar human trials from March 1944 to November 1946 at the United States Peniten-
tiary at Atlanta, GA (174). Both groups would later experiment with an abundant supply
of new research subjects after 1950: American soldiers infected by P. vivax on the
Korean Peninsula at war, the findings for 3,531 of whom were described in just three
consecutive 1953 reports, with the chloroquine treatment-only relapse rate being 44%
(n=738) or 18% (n = 331) (131, 164, 175, 176). As the Germans had done at Elberfeld
2 decades earlier, the Americans assembled an essentially similar stepwise means of
antimalarial drug discovery and development but employed a vastly larger and more
complex web of partners (13).

Primaquine

Robert Elderfield (Fig. 8) at Columbia University first synthesized 8-(4-amino-1-
methyl butylamino)-6-methoxy quinoline in 1945 under a U.S. government wartime
contract. The efficient production of pure primaquine was made possible by Elderfield’s
innovation of the catalytic reductive condensation of 6-methoxy-8-aminoquinoline
with 1-diethylaminopentan-4-one (177, 178). The new compound was designated
SN-13272 by the Board for the Coordination of Malarial Studies and ultimately named
primaquine by Alving’s research group, which first put the drug into humans in 1948.
The name primaquine derived from its defining primary terminal amine of the aliphatic
side chain at the 8 position of the quinoline nucleus. SN-3883 proved as active as
primaquine against P. vivax Chesson relapse but showed a slightly higher incidence of
“annoying side actions” and was not further considered (179).

The scientific debut of primaquine may be considered the December 1950 paper of
Edgcomb et al. in the Journal of the National Malaria Society (61). Therein may be found
the culmination of a broader series of trials comparing primaquine to the standard of
care plasmochin and competing isopentaquine applied against Chesson strain P. vivax.
The report summarizes the controls for the challenge trials, 38 subjects treated with
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blood schizontocides only (quinine, atabrine, chlorguanide, and chloroquine), and all
experienced a relapse after those therapies. Table 3 in that report represents the
findings of primaquine dose-finding experiments in treating primary attacks of
sporozoite-induced infections by Chesson strain P. vivax also treated with 1.64g
quinine daily for 14 days (concurrent dosing with 14 days of daily primaquine). The
dose of 15 mg primaquine proved inadequate (4 of 5 subjects relapsed), and doses of
30mg or 60mg were completely efficacious (in 5 and 4 subjects, respectively).
Follow-up experiments employing the same quinine treatment and concurrent 22.5 mg
primaquine daily prevented a first relapse in all 23 subjects challenged.

The investigators also treated subjects with primaquine alone, administering ei-
ther 22.5 or 45 mg daily for 14 days in 5 subjects each; 4 of 5 and 1 of 5 relapsed,
respectively. The authors suggested that most of those relapses were probably recru-
descences on the weight of the relatively rapid recurrence of parasitemia (days 12 to 18
after the cessation of therapy). However, other studies with Chesson strain P. vivax
determined day 22 postpatency to be the median day of first relapse (180); the
recurrences after primaquine alone occurred on days 26 to 32 postpatency, well within
the normal range for relapse by P. vivax Chesson. The follow-up investigation by Alving
et al. (143) affirming the potentiation of primaquine activity against hypnozoites by
quinine or chloroquine, rather than simple recrudescence, has been described (Fig. 6B).
A clinical trial of primaquine reported in 2015 included an arm of consecutive prima-
quine 2 days after rapidly eliminated artesunate monotherapy of the acute attack (27).
Unlike the 1955 experiment of Alving et al. (143), where 15 mg daily was applied, the
recent trial applied 30 mg daily, and it resulted in good efficacy (92%). The relatively
poor efficacy of primaquine alone may be overcome by coadministered blood schi-
zontocide or an increased dose.

Among the field of 21 8-aminoquinolines evaluated against the plasmochin stan-
dard in clinical trials, primaquine emerged as superior. In the 1950 report (61), Edgcomb
et al. assessed the chemotherapeutic indices (the ratio of the largest tolerated dose
divided by the smallest dose capable of preventing “nearly all” relapses) of pamaquine
(1.0), isopentaquine (2.5), and primaquine (10), with the estimated doses for 100% cure
of Chesson strain P. vivax being 90 to 120 mg, 90 mg, and 22.5 mg, respectively. The
maximum tolerated doses for these compounds (in subjects not sensitive to them)
were considered to be 90 mg, 120 mg, and 240 mg, respectively. In this light, the
primary objective of the mission to discover a therapy less toxic and more effective than
plasmochin for delayed attacks of vivax malaria succeeded spectacularly. In April 1954,
Alving addressed an audience at the Walter Reed Army Medical Center: “we had in
primaquine a much more effective drug for Caucasians. . . . Unfortunately, in 10% of
Negroes or dark-skinned races a serious hemolytic defect occurred. . . . This was
important because about 10% of our troops in Korea were Negroes” (181).

According to Beutler in 1959 (62), Alving and his colleagues dosed 1,852 Caucasians
and 141 African-Americans with 8-aminoquinolines, with just 4 and 14 proving hemo-
lytically sensitive, respectively (OR = 51, 95% Cl = 17 to 160, P < 0.0001). The relatively
good tolerability and safety of primaquine were thus affirmed in many hundreds of
normal subjects but apparently in no more than 18 sensitive subjects. The later military
experience with primaquine during the Korean War occurred without knowledge of
G6PD deficiency or the ability to discern who may or may not be sensitive, other than
understanding that “dark-skinned races” were somehow more prone to hemolytic
sensitivity to 8-aminoquinolines. Screening for primaquine sensitivity amounted to
dosing and monitoring for the onset of acute hemolytic anemia.

Garrison et al. (182) described supervised treatment with 15 mg daily primaquine for
14 days administered to a total of 864 soldiers repatriated from the Korean Peninsula
and suffering late attacks of vivax malaria at military bases in the United States during
the summer of 1951. They described no serious adverse reactions and characterized the
therapy as “well tolerated.” Soon thereafter a published trial of posttravel PART was
undertaken aboard two troop ships repatriating American soldiers from the Korean
Peninsula during September 1951 (183). The trial involved 3,536 soldiers, 426 of whom
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were African-Americans. During the approximately 2-week voyage from Sasebo, Japan,
to Seattle, WA, USA, soldiers were randomized to 15 mg primaquine daily (n = 2,060) or
a placebo of primaquine (n = 1,476), and those passengers seeking medical attention
were evaluated. According to the investigators, “There was no detectable evidence of
toxicity among the 2,060 officers and men who received primaquine.”

Archambeault (184) described the mass primaquine treatment (15 mg daily for
14 days) of 415,340 healthy American soldiers also being repatriated from duties on the
Korean Peninsula between August 1952 and December 1953. The report provides
details regarding the compulsory supervised treatment regimen. His retrospective
analysis of shipboard medical records is also reported but largely focused on the
successful prevention of late malaria attacks, with slight mention of side effects. The
earlier shipboard trial (183) is cited as the evidence of safety and tolerability allowing
the operational mass therapy applied. He assessed his own evidence of safety and
tolerability succinctly: “There were surprisingly few toxic reactions. . . . in two men
methemoglobinemia developed and in one man hemolytic anemia developed. There
were a few reports of mild to moderate dusky cyanosis that did not require discontin-
uance of primaquine therapy” (184). If one accepts “few” as mentioned here as
approximately 10, the incidence of recorded toxic events in these operations would
have been 1 in 50,000 treatments.

If, as Alving (181) described, about 1% of troops in Korea were G6PD deficient, at
least several thousand would have been among Archambeault’s assessed population
(184). Hemolytic anemia invariably occurs with administration of 15 mg daily to African-
Americans with even moderate G6PD deficiency variants (see “G6PD Deficiency” be-
low); there is no record of a closely monitored research subject known to be G6PD
deficient not experiencing acute hemolytic anemia following exposure to daily prim-
aquine at any therapeutic dose. The implicit near absence of hemolytic reactions
among Archambeault’s (184) likely thousands of G6PD-deficient soldiers thus seems
improbable, although presumably none constituted a clinical emergency.

The armed forces medical people seemed satisfied that the shipboard trials and
operations demonstrated that primaquine could be safely administered without testing
for sensitivity or clinical supervision. Alving (181) put it like this on 28 April 1954 in a
lecture presented to the Course on Recent Advances in Medicine and Surgery at the
Army Medical Service Graduate School, Walter Reed Army Medical Center, in Washing-
ton, DC: “It also gives us a great deal of reassurance to know that even though
primaquine potentially can produce hemolytic anemia, the hemolytic anemia which
may occur after 15 mg is apt to be mild.” The U.S. Army researchers and their academic
partners thus considered the hemolytic toxicity problem to be safely manageable
without clinical supervision. The broader medical and public health communities in the
1950s and 1960s adopted primaquine therapy as such based almost entirely on what
amounted to evidence of safety, tolerability, and efficacy derived from the unique U.S.
Army experience with the drug. That experience was in exceedingly small numbers of
closely observed G6PD-deficient American prisoner volunteers (all of whom hemolyzed
with daily primaquine exposure) or far larger numbers of inadequately observed
soldiers in the Korean War (in almost none of whom were hemolytic events recorded).

In a retrospective view over 60 years later inclusive of wide and important diversity
in G6PD deficiency genotypes and primaquine sensitivity phenotypes, the American
military experience and perspective on primaquine toxicity now appears to be overly
simplistic and optimistic. As with plasmochin, primaquine would never see broad
effective use beyond the sphere of clinical supervision for precisely the same reason: an
earned reputation as a sometimes dangerous drug (see “G6PD Deficiency” below). Two
decades after the registration of primaquine, the U.S. Army decided to try improving it.

Tafenoquine

A 1948 report from Pullman et al. (185) details a clinical trial of a peculiar amino-
quinoline, SN-10275, having 1-phenyl and 3-methoxypyridine, along with 6,8-chloro,
substitutions. It suffered toxic intolerance and poor therapeutic efficacy, but its ex-
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tremely slow excretion (plasma half-life, approximately 24 days) and effective prophy-
lactic suppression of parasitemia fired the imaginations of the investigators. They
closed their report with, “However, further investigation of constitutionally related
compounds is indicated because a non-toxic drug which retained the antimalarial
activity of SN10275 and remained in the body for long periods of time, would have
great value in the chronic suppression of malaria.” In 1979, a slowly eliminated
5-phenoxy 8-aminoquinoline called WR238605 (and, much later, tafenoquine) was first
synthesized (186) and advanced to clinical development in 1991 (187). Although
developed in a program aimed at improved hypnozoitocidal therapy, its promise as
a chemoprophylactic agent weighed heavily on its advancement. In 2018, exactly
70 years after Pullman et al. (185) expressed the vision of it for chemoprophylaxis,
tafenoquine was registered with the U.S. FDA for the separate indications of prevention
of all malarias and the treatment of those that relapse (160, 161). Examining the genesis
of tafenoquine and its development pathway provides relevant insights regarding a
modern vision of the versatile 8-aminoquinolines for a global malaria problem and the
fettered issue of their hemolytic toxicity.

The 1981 report by Davidson et al. (188) details the U.S. Army effort during the late
1960s and through the 1970s to discover and develop an improved hypnozoitocidal
8-aminoquinoline in response to the military operational problems encountered with
primaquine against relapse in several million American soldiers deployed to Vietham
during that era. Unsupervised primaquine therapy in repatriated soldiers too often
failed to prevent relapse (189, 190), as did the chemoprophylactic regimen of chloro-
quine combined with primaquine in a single weekly tablet (300 mg and 45 mg, respec-
tively, called the “CP pill”) developed by Alving and colleagues in the early 1960s (191,
192). Davidson et al. (188) expressed, “The toxicity of primaquine limits its clinical
usefulness in both prophylactic and therapeutic applications.” The U.S. Army recog-
nized the key problem with its primaquine product long before the inheritors of it in
the broader communities of science, medicine, and public health. As it had done with
Bayer’s plasmochin, the U.S. Army set about the search for a less toxic and more easily
administered primaquine.

The U.S. Army program developing tafenoquine occurred in the Division of Exper-
imental Therapeutics, Walter Reed Army Institute of Research (ET-WRAIR), in Building
500 of the Walter Reed Army Medical Center Annex at Forest Glen, MD. During the early
1980s, this laboratory stood virtually alone as a site of active antimalarial drug discovery
and development. In this era, a nadir of awareness of and research on malaria as a
global health problem stood as a consequence of both the great gains and eventual
collapse of the Global Malaria Eradication Program in 1969. The more important
consequence, a global resurgence of malaria morbidity and mortality, was already well
under way and would soon greatly worsen, but it was not yet broadly recognized or
acknowledged (193). Chloroquine-resistant P. falciparum was known as a serious threat
in those years, and most of the efforts at ET-WRAIR focused on developing new blood
schizontocides, like halofantrine and mefloquine, to replace that failing drug (194). The
development of a safer and more effective radical cure of vivax malaria was a project
of peripheral importance, and it moved slowly with relatively few resources.

That program screened approximately 4,000 compounds first for causal prophylactic
(hepatic schizontocidal) activity in the rodent Plasmodium yoelii or Plasmodium berghei
models and later for hypnozoitocidal activity against P. cynomolgi in rhesus macaques
(37, 188). Over 700 compounds representing 10 chemical classes exhibited causal
prophylactic activity in the rodent models, with most of them being 8-aminoquinolines.
Further, among those chemically diverse hundreds of causally active compounds, only
the 6- and 8-aminoquinolines also exhibited hypnozoitocidal activity. The 6-amino-
quinolines were uniformly less active than primaquine against P. cynomolgi hypnozo-
ites, while among the 8-aminoquinolines the compound WR225448 (a trifluoromethyl-
phenoxy compound identical to tafenoquine but lacking its 2-methoxy group) was
about 5 times more potent than primaquine as a hypnozoitocide. This also proved true
for other 4-methyl-5-phenoxy-8-aminoquinolines (WR233195, WR233078, WR232584,
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FIG 11 The 8-aminoquinolines exhibiting >4-fold greater therapeutic activity relative to primaquine against relapse of P. cynomolgi
in macaques up to 1981, where WR225448 emerged as the most active, being 4.8-fold more active than the other 5-phenoxy
derivatives. WR225448 would later compete with WR242511 (10-fold more active) and WR238605 (tafenoquine, 7-fold more active) for

selection as the sole candidate for clinical development.

and WR232956; Fig. 11). Tafenoquine (WR238605) later proved more active than
WR225448 against relapse of P. cynomolgi (showing 7-fold greater activity than prim-
aquine) (188). In contrast to the limited preclinical therapeutic screening systems
that resulted in both plasmochin and then primaquine (from a broad field of
8-aminoquinoline clinical development candidates that had been assessed against
blood stages of avian malarias), tafenoquine had been optimized for hypnozoitocidal
therapeutic efficacy in preclinical assessments heavily leveraging the model of rhesus
macaque infected by P. cynomolgi. It would later enter into clinical development
without competing compounds.

The U.S. Army’s awareness of the 8-aminoquinoline hemolytic toxicity problem and
its G6PD deficiency basis did not necessarily equip it to effectively deal with it in
preclinical screening. By 1981, the greatly narrowed pool of candidate compounds all
had good preclinical toxicity and efficacy profiles, but no technology could yet predict
the relative order and degree of hemolytic toxicity in G6PD-deficient patients among
them. In that year, the author took a junior technical position (as a graduate student)
at ET-WRAIR. There, under the supervision of David Davidson, Jr., and Joan Decker-
Jackson, he strived to develop an in vitro means of measuring relative hemolytic toxicity
among 8-aminoquinolines (66, 67, 195, 196). The author left that post in 1984 without
having achieved that technical objective and with a lasting impression of having been
the sole meager resource committed to it before or after his tenure in that era.

Screening for hemotoxicity in animals did occur, and a study from ET-WRAIR in 1988
reported methemoglobinemia in beagles with tafenoquine and its closest preclinical
peers at that late date, WR225448 and WR242511 (Fig. 11) (197). WR242511 stood alone
as a 5-arlyoxy derivative among 5-phenoxy peers in late preclinical development. The
5-aryloxy series, first reported in 1982 (198), offered WR242511 as having conspicuously
superior blood and hepatic schizontocidal as well as hypnozoitocidal activities relative
to primaquine, other 5-aryloxy derivatives (199), and the 5-phenoxy derivatives (200).
However, the peak methemoglobinemia levels in beagles were 2.7-, 4.0-, or 7.6-fold
higher for tafenoquine, WR225448, and WR242511, respectively, than the level induced
by primaquine in the same model (197). Despite having 10- and 18-fold greater
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hypnozoitocidal and causal prophylactic activities than primaquine against P. cyno-
molgi in rhesus macaques (201) and ex vivo hepatocytes (202), WR242511 was dropped
from the development effort. The greater propensity of WR242511 to generate met-
hemoglobin than primaquine (in beagles) appears to have disqualified WR242511 on
the dubious surmise of greater potential for hemolytic toxicity. Another factor, how-
ever, could have also played a role; i.e., this compound lacked the long elimination
half-life of the 5-phenoxy candidates (about 24 h in macaques [203] versus several
weeks) and would have lost appeal as an agent of chemoprophylaxis against P.
falciparum, a dominating U.S. Army interest relatively late in the 8-aminoquinoline
program (204).

The seemingly potent generation of methemoglobin by WR242511 led to its tran-
sition to another U.S. Army group developing therapies for cyanide poisoning. It was
evaluated in rhesus macaques, where it generated almost no methemoglobin (205).
Sublethal and lethal toxicity with WR242511 occurred at daily doses of 7 mg/kg (still
without methemoglobinemia), but the effective dose against relapse of P. cynomolgi in
the same animal was just 0.1 mg/kg (versus 0.316 mg/kg for tafenoquine) daily for
7 days (199, 201). The rejection of therapeutically powerful WR242511 from the U.S.
Army antimalarial development program, presumably on the basis of high methemo-
globinemia in dogs, may have been unfounded. That specific hemotoxicity metric (and
animal model) was not validated as a correlate of hemolytic toxicity and, in any event,
later proved irrelevant in treated macaques.

The lack of understanding of the mechanism by which 8-aminoquinolines destroy
G6PD-deficient erythrocytes disallowed a robust in vitro screening system by which to
rationally select a least hemolytic 8-aminoquinoline. Preclinical optimizing of therapeu-
tic activity with minimal hemolytic toxicity, i.e., a therapeutic index of relevance to that
specific toxicity problem, was not achieved. The hemolytic toxicity of WR242511 or any
other candidate 8-aminoquinoline relative to that of primaquine could not have been
known. Perhaps more than any other 8-aminoquinoline in the later U.S. Army preclinical
screening program, WR242511 exemplifies the promise of clinical hypnozoitocidal
efficacy, with possible hemolytic safety left effectively unexamined.

In the late 1980s, tafenoquine advanced as the lone candidate for clinical develop-
ment without certainty regarding its hemolytic toxicity relative to primaquine or any
other 8-aminoquinoline. The Investigational New Drug (IND) application to the U.S. FDA
was filed for tafenoquine in 1991, and the first trials in humans commenced in 1992
(187). Although the U.S. Army developed tafenoquine expressly for the purpose of
replacing primaquine in PART, it had recognized 5- to 15-fold greater activity against
blood-stage asexual P. falciparum than primaquine, and the idea of using it as a very
slowly eliminated chemoprophylactic soon dominated interest and effort. Clinical trials
in the late 1990s and early 2000s of weekly tafenoquine for prophylaxis—along with
trials of 1- to 3-dose radical cure—were undertaken by the U.S. Army and its Glaxo-
SmithKline (GSK; UK) drug development partners. These trials uniformly showed good
safety, tolerability, and efficacy in nonpregnant G6PD-normal adult subjects (206-215).

Nonetheless, the U.S. Army in that era indefinitely paused its development of
tafenoquine for prophylaxis. This was in part due to an unexpected but mild and
reversible vortex keratopathy among most subjects taking 200 mg tafenoquine weekly
for 6 months, later shown to be inconsequential (216). More importantly, the Fifth
Amendment to the Declaration of Helsinki during this period played a pivotal role in
discouraging the development of tafenoquine for chemoprophylaxis: ethical dilemmas
had been identified for clinical trials of chemoprophylactics in heavily exposed semi-
immune subjects unlikely to benefit from chemoprophylaxis (217). The essential use of
placebo (or relapse) controls in vulnerable nonimmune subjects also carried both
ethical and practical barriers to trials of chemoprophylaxis. The perceived need for at
least one additional phase 3 pivotal trial of tafenoquine for chemoprophylaxis—which
could not be executed—swayed the U.S. Army to pause on that indication.

Faced with loss of the drug for any indication, in 2006 the U.S. Army/GSK steering
committee on tafenoquine chose to finally pursue the less challenging development of
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it for radical cure of vivax malaria. They approached the Medicines for Malaria Venture
in Geneva, Switzerland, with a proposal to do so. In 2008, those public and private
partners signed a formal agreement to develop tafenoquine for that indication. At that
early stage, the developers reasonably coupled their experimental hypnozoitocide to
the chloroquine standard-of-care blood schizontocide for the radical cure of acute vivax
malaria. That strategic decision was not made in view of an optimized potentiation of
tafenoquine against hypnozoites or mitigated toxicity but in view of optimized regu-
latory ease of approval relative to pairing it with an artemisinin combined therapy. The
developers reasonably presumed the envisioned drug label would be for a single pair
of partner drugs for radical cure, i.e., chloroquine and tafenoquine. The already wide-
spread and acknowledged problem of chloroquine-resistant P. vivax could await
postregistration trials paired with other blood schizontocides. No other partner blood
schizontocides with possible activity-potentiating or toxicity-mitigating effects would
be evaluated with tafenoquine along its clinical development pathway to registration.

Unlike primaquine, the pivotal phase 3 clinical trials of tafenoquine as a hypnozo-
itocide did not occur in naturally infected soldiers or experimentally challenged vol-
unteers but in residents of areas of endemicity (218-220). This imposed the necessity
of accepting the confounding of posttreatment recurrences by reinfection during a
minimal 6 months of follow-up. The temporal mingling of relapses following the
possible therapeutic failure of tafenoquine with reinfections could not be sorted by any
known technology. Therefore, estimates of the efficacy of tafenoquine against relapse
by P. vivax necessarily include recurrences due to reinfection and may not be directly
compared with the much higher and more accurate estimates of primaquine efficacy
derived from subjects isolated from the risk of reinfection.

The proportion of patients not having a recurrence after therapy with chloroquine
combined with tafenoquine (300-mg single adult dose), primaquine (0.25 mg/kg daily
for 14 days), or no hypnozoitocide was 89%, 77%, and 38%, respectively, in one trial
(217) and 62%, 70%, and 28%, respectively, in another (219). In a third trial lacking a
placebo control (220), 67% and 73% taking tafenoquine or primaquine, respectively
(each with chloroquine), remained recurrence free after 6 months. The proportions of
posttherapy recurrences due to reinfections rather than treatment failures in these trials
cannot be known. There is as yet no unambiguous estimate of the efficacy of single
adult dose of 300 mg tafenoquine (combined with a defining blood schizontocide)
against relapse. In 2019, such a trial with dihydroartemisinin-piperaquine and tafeno-
quine radical cure without confounding by reinfection is in progress in Indonesia.

The current availability of tafenoquine for a labeled indication of chemoprophylaxis
merits explanation here. In about 2010, the U.S. Army Medical Material Development
Activity revisited its earlier decision putting a hold on the development of tafenoquine
for a prophylactic indication. It compiled the available data and contracted a pharma-
ceutical consulting firm to assess the status of the data accumulated over the past
20 years for the development of tafenoquine for chemoprophylaxis. The firm advised
that the data in hand were no more or less complete than the data that had been
presented to the U.S. FDA by GSK in the chemoprophylaxis dossier for atovaquone-
proguanil (Malarone), which 10 years earlier resulted in approval. With that advice and
effectively salvaging a trial in Kenya that had been shelved with flawed on-site
diagnostic microscopy (a solved problem of false positives) (221), the U.S. Army
undertook several small trials and launched a single large safety trial focused on
ophthalmologic toxicity in 600 healthy volunteers (216). In 2013, GSK formally ex-
pressed to the U.S. Army its decision to not develop tafenoquine for a chemoprophy-
laxis indication. The U.S. Army then accepted proposals from several pharmaceutical
firms for registering tafenoquine for chemoprophylaxis in the United States, and 60
Degrees Pharmaceutical LLC was selected as a U.S. Department of Defense commercial
partner for that enterprise. In 2018, that firm successfully registered tafenoquine,
labeled as Arakoda, with the U.S. FDA with the sole indication of chemoprophylaxis
against malaria (160).
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For reasons already discussed, tafenoquine proceeded through this protracted and
complex clinical development path without competing 8-aminoquinolines or partner
blood schizontocides and without specific knowledge of its hemolytic toxicity relative
to primaquine. The first meaningful assessment of that toxicity came only in 2017 with
the report by Rueangweerayut and colleagues (71) in Thailand. Those authors con-
cluded that a single 300-mg dose of tafenoquine was approximately as hemolytic as
14 days of 15 mg primaquine daily (210 mg) in otherwise healthy women heterozygous
for the moderate (WHO class lll) Mahidol variant of G6PD deficiency (and having
between a 40% and a 60% of normal enzymatic activity phenotype). Some 30 years
after needing this specific knowledge—when the U.S. Army faced having to select a
single molecule from among several promising 8-aminoquinolines for advancement to
clinical development—tafenoquine was finally determined to be as hemolytic as
primaquine.

Tafenoquine greatly exceeds the original chemoprophylactic vision of it expressed
by Pullman et al. (185) in 1948. It is safe and well-tolerated in nonpregnant G6PD-
normal adult subjects, exerts efficacious blood and hepatic schizontocidal activities
over a greatly prolonged presence in plasma, and has shown good efficacy as weekly
chemoprophylaxis against all malarias or as a single-dose hypnozoitocidal therapy
against relapsing malarias. GSK successfully registered tafenoquine as Krintafel with the
U.S. FDA for the indication of the radical cure of vivax malaria in 2018 (161). Tafeno-
quine is a very significant and hard-won advance in malaria chemotherapeutics. It may
well transform the practice of travel medicine against malaria, both as weekly causal
prophylaxis and as single-dose PART, posttravel or -patency (222), and yet, this time, the
U.S. Army failed its expressed objective of discovering a less toxic primaquine.

The problem of 8-aminoquinoline hemolytic toxicity in G6PD-deficient patients
remains the impediment to public health utility first imposed on plasmochin and then
primaquine. Tafenoquine, however, comes with greatly improved and rapidly improv-
ing G6PD diagnostics for managing the problem (see “Clinical and Public Health
Implications” below). The greatest advantage of tafenoquine in therapy—broad cov-
erage of all stages of parasites and the very slow elimination of a single dose—also
imposes its greatest safety concern: there is no clinical retreat with the onset of
hemolytic anemia. Patients having a confirmed G6PD status of <70% of normal must
not receive this treatment (160, 161). Accidental dosing of patients successfully
screened as G6PD deficient occurs (208), so access to rescue transfusion and hemodi-
alysis services may prove necessary with clinical use if tafenoquine in hemizygotes or
homozygotes incites a threatening hemolytic anemia. Precisely as Sinton and col-
leagues (141) expressed almost a century ago for plasmochin, any serious harm done
by tafenoquine “would tend to bring into disrepute what is undoubtedly a very
valuable drug in the treatment of certain forms of malaria.” Tafenoquine is certainly
very valuable, but it is also potentially quite dangerous. This is, concisely, the lasting
legacy and unsolved dilemma of the extraordinary 8-aminoquinolines.

The vital role of the hemolytic toxicity of the 8-aminoquinolines in G6PD-deficient
patients and the intractable neglect of it over many decades (19) emerge as being of
clear core importance in dealing with this class of drugs. That neglect was neither
irrational nor irresponsible but was driven by both an inability to predict hemolytic
toxicity in preclinical screening and a technical misunderstanding of the character and
complexity of the problem and its practical consequences for patients lacking adequate
access to minimally sufficient clinical services. A technical exploration of that misun-
derstanding serves the important purpose of rationally addressing it because humanity
remains in need of a hypnozoitocide that cannot seriously harm G6PD-deficient pa-
tients. The potential for 8-aminoquinolines to meet that need, as evidenced by this
technical history of the preclinical development of tafenoquine, has yet to be deliber-
ately explored. Exploiting optimized efficacy and minimized and mitigated toxicity by
rationally selected compounds and partner drugs may be informed by a clarity of
understanding of the cellular and molecular mechanics of those effects enabling
rational and effective preclinical screening (see “Future Perspectives” below).
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FIG 12 The photomicrograph illustrates Heinz bodies (the dark blue bodies) within red blood cells
stained with crystal violet. The thin smear slide derived from a suspension of red blood cells prepared
from a sample of venous blood taken from a G6PD-deficient Karen woman living in Thailand incubated
for 1 h with acetyl-phenylhydrazine. Germana Bancone at the Shoklo Malaria Research Unit at Mae Sot,
Thailand, provided the image, and it is published here with her permission.

G6PD DEFICIENCY
Biochemistry and Genetics

G6PD catalyzes the conversion of glucose-6-phosphate to 6-phospho-glucono-8-
lactone in the rate-limiting reaction of the hexose monophosphate shunt (or pentose
phosphate pathway). Nicotinamide phosphate (NADP*) cofactor is reduced in the
reaction to NADPH, the source electrons for the reduction of glutathione (GSH) (glu-
tathione disulfide [GSSG] — 2GSH) via glutathione reductase and the reduction of
methemoglobin to hemoglobin by methemoglobin reductase. G6PD activity maintains
a healthy reducing erythrocyte cytosol. When G6PD activity is impaired, the erythrocyte
is labile to creation of an oxidizing cytosol by introduced oxidants. That equilibrium
favors oxidized species of specific compounds introduced into this system, and in
sufficient quantity, these yield the Heinz bodies associated with clinical hemolytic crisis
(Fig. 12). Heinz bodies are irregular aggregates of degraded hemoglobin and its heme
moiety in oxidatively distressed red blood cells, but their formation is quite specific to
chemical poisons like phenylhydrazine or primaquine (223). The simple oxidant sodium
nitrite, for example, does not induce Heinz bodies or hemolytic anemia, even when fatal
poisoning occurs (224).

G6PD deficiency is the most common and diverse inherited disorder of humans,
affecting about 400 million people at a prevalence of about 8% in nations where
malaria is endemic (225). The gene expressing G6PD occurs on the X chromosome, and
people may thus be either G6PD normal, hemizygous (males only), homozygous
(females only), or heterozygous (females only) (Table 7). Over 20,000 base pairs along
13 exons compose the gene, and the many dozens of known single nucleotide
polymorphisms associated with specific variants of G6PD deficiency occur all along the
length of the gene. Variants may be typed by classes according to WHO criteria based
upon the severity of impairment of enzymatic activity and clinical consequences;
classes | to V range from severe and potentially dangerous to mild and relatively
inconsequential (226). The most common variants are classes Il and Ill, separated by a
residual G6PD activity threshold of less than and greater than 10%, respectively.
Historically, these have been represented by the Mediterranean variant and the African
A— variant, respectively, and primaquine sensitivity phenotypes of severe and moder-
ate sensitivity, respectively. Although the residual enzymatic activity of defective
enzyme dominates as a clinically relevant and intuitively simple phenotype, other more
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TABLE 7 Summary of G6PD status, genotype, enzymatic activity phenotype, primaquine
safety threshold at a percentage of normal activity and value of qualitative screening for
G6PD deficiency

G6PD activity Primaquine safety

G6PD status X alleles? phenotype (%) threshold (%) Qualitative screening
Normal male XY >80 >70 Safely included
Normal female XX >80 >70 Safely included
Hemizygous male X*Y <20 None Safely excluded
Homozygous female  X*X* <20 None Safely excluded
Heterozygous female XX* 0-100 >70 Dangerously included

at 30-70% of normal

aX, wild-type (normal) G6PD gene; X*, mutant (deficient) G6PD gene.

complex factors, like the stability of the active G6PD enzyme dimer, may also be
relevant (227).

The X-linked character of G6PD deficiency imposes sex as a core determinant of its
expression and consequent vulnerability to hemolytic agents. Variation in hemolytic
sensitivity among hemizygous males and homozygous females must be wholly attrib-
utable to the variable degrees of impairment to G6PD enzyme function, i.e., variant-
specific determinants of residual enzymatic activity. The highly variable vulnerability of
heterozygous females, on the other hand, is dominated by the degree to which the
lone abnormal X chromosome is inactivated relative to the normal X chromosome.
Mary Lyon hypothesized a random inactivation event during early embryonic devel-
opment where one of the two X chromosomes in each cell becomes permanently
inactive (228). The progeny cells of each retain the inactive chromosome, resulting in
females having a fixed ratio of G6PD-normal or -deficient cells, i.e., lyonization and
mosaicism for the trait in red blood cell populations randomly ranging from 0% to
100% normal or deficient. Population surveys of the G6PD activity phenotype often find
females dominating the 30% to 80% of normal activity range (229-231). The term
“intermediate” G6PD deficiency thus refers to these heterozygotes rather than the
residual enzyme activity phenotypes per se, with these tending to be dichotomized as
wholly normal (>70% of normal) or deficient (<30% of normal) among hemizygous
males and homozygous females.

None of these fundamentally important characteristics of G6PD deficiency were
understood during the clinical development of primaquine during late 1940s and early
1950s. So-called primaquine sensitivity mirrored the already known and characterized
sensitivity to plasmochin in a minority of non-Caucasian males and, more rarely,
Caucasians or females (232, 233). That lack of understanding bears directly on the
question of how primaquine came to be seen as a suitable solution to the problem of
hypnozoitocidal therapy throughout the latter half of the 20th century.

Discovery

Before the U.S. Army undertook its development of 8-aminoquinolines against
delayed attacks of vivax malaria in 1944, idiosyncratic allergic reactions, like those of
black water fever in patients consuming quinine against malaria, were suspected but
not confirmed. The little evidence available tended to argue against that hypothesis;
e.g., blood autoagglutinins inconsistently appeared in patients in a postplasmochin
hemolytic crisis (151). Also, patterns of risk by race and sex—non-Caucasian males
seemed predisposed—were noted but cautiously weighed in light of the risk of the
need of plasmochin therapy; i.e., non-Caucasian males were more often exposed to
malaria and the necessity of therapy. In 1959, Beutler (62) listed the racial incidence of
8-aminoquinoline-induced hemolytic anemia among 30,590 people exposed to those
therapies: 1,314 were races other than Caucasian (predominantly Asian and African),
with 86 (6.6%) suffering hemolytic anemia; 29,276 Caucasians were exposed, with 47
(0.16%) suffering hemolytic events (OR = 44, 95% Cl = 30 to 62, P < 0.0001). Among
people needing and receiving 8-aminoquinoline therapies, those of non-European
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races were certainly somehow predisposed, and this was understood to point to an
inherited abnormality.

The discovery of an inherited defect in glucose metabolism as the primary lesion in
primaquine-sensitive subjects during the early to mid-1950s—an unprecedented and
wholly unexpected finding at that time— derived from a remarkable series of experi-
ments comparing human subjects of the primaquine-sensitive phenotype to those of
the primaquine-insensitive phenotype identified in the development of that drug. The
work was conducted on the same prisoner volunteers at the Illinois State Penitentiary
in Joliet used by the primaquine development team at the U.S. Army Medical Research
Unit embedded within that prison and largely staffed and operated by the University
of Chicago (13).

The discoverers of G6PD deficiency first confirmed that plasmochin-sensitive sub-
jects were also sensitive to primaquine (60). Then they isolated that defect to the red
blood cells of affected persons, leveraging the technology of >'Cr labeling introduced
in 1950 (234). In brief, they transfused erythrocytes of sensitive subjects into insensitive
recipients treated with primaquine and observed the destruction of the infused eryth-
rocytes. Conversely, insensitive erythrocytes transfused into sensitive subjects dosed
with primaquine appeared to be unaffected (235). Further work demonstrated that
older erythrocytes were the most sensitive to destruction (236). At about the same time,
work describing the appearance of Heinz bodies in sensitive but not insensitive
erythrocytes incubated with phenylhydrazine provided a means to identify sensitive
subjects in the laboratory and to assess the phenomenon in vitro (237). Sulfhydryl-
interfering poisons like arsenite caused insensitive erythrocytes treated with phenyl-
hydrazine to produce Heinz bodies as if the erythrocytes were from a sensitive subject
(238), bringing focus to the glutathione reservoir of erythrocytes in the search for the
primary metabolic lesion. When Carson et al. (239) in 1956 reported that hemolysates
from sensitive subjects deprived of NADPH could not reduce glutathione, despite
added glucose-6-phosphate, impaired G6PD enzyme activity had finally been impli-
cated as the underlying cause of hemolytic sensitivity to 8-aminoquinolines.

8-Aminoquinoline-Induced Hemolytic Anemia

In 1959, Beutler (62) characterized the primaquine-induced hemolytic anemia in
G6PD-deficient patients broadly, having yet no notion of the enormous diversity of the
disorder or the key clinical and public health implications embedded therein. His
experience up to that point had been with a very few African-American subjects, most
of them otherwise healthy men. In 2008, Beutler (240) recalled, “In the 1950s it was not
generally appreciated that many different mutations could strike a gene. Thus, it was
initially assumed that G6PD deficiency was a single disorder.” This is crucially important
context today in reading Beutler's 1959 description of the clinical course of the
primaquine-induced hemolytic reaction. Emphasis had been given to the relatively mild
and self-limiting nature of hemolysis observed in his research subjects: “Finally, the
peripheral blood picture returns entirely to normal and patient is entirely asymptomatic
in spite of continued administration of primaquine” (62). The first description of
clinically relevant G6PD deficiency variability came only in that year, from subjects of
Mediterranean descent in direct comparison to those having the African A— variant
(241). Subsequent clinical studies through the 1960s affirmed the relatively extreme
primaquine sensitivity of those with Mediterranean G6PD deficiency compared to those
with African A— G6PD deficiency; i.e., it was neither mild nor self-limiting in character
and appeared potentially threatening to life. In 1970, Zalusky (242) expressed this
regarding the Mediterranean variant: “Because even the young red cells have little
enzyme activity, hemolysis may continue unabated in the presence of the incitant and
may lead to death if blood transfusion is not given early.”

Consideration of the clinical course and consequences of 8-aminoquinoline poison-
ing of G6PD-deficient patients thus requires acknowledging those two phenotypes
(represented by two discrete genotypes) and the certain possibility of many other
primaquine sensitivity phenotypes among the many dozens of other specific genotypes
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COMPARATIVE HAEMOLYTIC ACTION OF PRIMAQUINE AND QUINOCIDE
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Both drugs were administered in daily doses of 30 mg base for 14 days.

FIG 13 The acute hemolytic anemias induced by closely related 8-aminoquinolines in a single healthy
volunteer having the African A— variant of G6PD deficiency exhibiting different degrees of hemolytic
toxicity. From Alving et al. (246), reproduced with permission of the Bulletin of the World Health
Organization.

(225). No work has systematically surveyed the variants for the primaquine sensitivity
phenotype, but the presumptive marker of that phenotype—the percentage of normal
G6PD enzymatic activity—is often measured and reported. Indeed, the WHO classifi-
cation scheme for G6PD variants (226) depends on that phenotype. The rationale for
separation of severe class Il from moderate class Il at the 10% of normal activity
threshold was in part dependent on the primaquine sensitivity phenotypes in Medi-
terranean and African A— variants, i.e., severe versus mild. Nonetheless, no broader
correlation has been validated, and some severe hemolytic events occur in patients
having a supposedly moderate sensitivity phenotype or a seemingly inadequate ex-
posure to primaquine (243-245). Such deviation from expectation perhaps reflects the
broader biochemical (227) and clinical complexity of the abnormality and event (21) to
include a likely exacerbation of oxidative liability by the recent acute malaria context of
the therapy in practice. Infections may induce a hemolytic crisis in G6PD-deficient
patients without the involvement of hemolytic drugs.

G6PD-deficient patients are sensitive to a variety of drugs and chemicals, and the
relative hemolytic toxicity among those varies a great deal (62). Few drugs exceed
the 8-aminoquinoline archetype primaquine in terms of both the clinically signifi-
cant hemolytic potential and the numbers of people potentially exposed to harm by
indicated therapeutic use (20). Important distinctions in the degree of hemolytic
toxicity in G6PD-deficient patients of the same variant may also occur among
8-aminoquinolines, but direct examination of this has been exceedingly rare. In
1960, Alving et al. (246) compared equal daily doses (30 mg base) of primaquine to
the 8-aminoquinoline called quinocide (Fig. 4 and 13) in the same African A—
subject: quinocide provoked a more rapid, deeper, and more prolonged hemolytic
event than primaquine, and mole for mole (each drug has the same molecular
weight), quinocide appeared to be substantially more hemolytic than primaquine.
The relatively slight molecular distinction between primaquine and quinocide
(placement of the methyl group on the aliphatic side chain) produced a clinically
significant distinction in hemolytic toxicity. Structure-hemolytic toxicity relation-
ships of the 8-aminoquinolines almost certainly exist but have not been explored or
even crudely characterized. We cannot now know if only slightly hemolytic or,
indeed, nonhemolytic 8-aminoquinolines exist.
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More recently, Rueangweerayut et al. (71) showed that a single dose of 200 mg of
tafenoquine caused less hemolysis than a total dose of 210 mg primaquine (adminis-
tered over 14 days) to otherwise healthy heterozygous female volunteers with the
Mabhidol variant of G6PD deficiency. Although this means of quantifying hemolytic
potential may be considered relatively crude and prone to many potential confounders,
it is nonetheless direct. Gram for gram, primaquine may be slightly more hemolytic
than tafenoquine. On the other hand, mole for mole—tafenoquine is nearly twice the
molecular weight of primaquine (464 versus 259 g/mol)—primaquine would appear to
be less hemolytic; i.e.,, 210 mg primaquine contains nearly twice as many molecules as
200 mg of tafenoquine.

The hemolysis provoked by 8-aminoquinolines may thus be appreciated as being
profoundly dependent upon the drug administered, its dose and dosing schedule, its
metabolism to hemolytic derivatives, the G6PD variant and the alleles involved (hemi-,
homo-, or heterozygous), the specific degree of lyonization of the trait in heterozy-
gotes, and the health of the patient at exposure to the hemolytic agent. This wide
diversity of important determinants imposes limitations and specificity of the condition
regarding the character of 8-aminoquinoline hemolytic toxicities in vulnerable patients.
Nonetheless, cautious, appropriately controlled experimental consideration of the
event offers a key understanding of the underlying lesion and its dominating deter-
minants.

Mechanism of Hemolytic Toxicity

The extensive literature exploring the molecular and cellular basis of 8-amino-
quinoline hemolytic toxicity broadly points to the conspicuous oxidative lability of
G6PD-deficient red blood cells. The seminal work using arsenite sulfhydryl poisoning of
glutathione, mimicking G6PD-deficient red blood cells, and most of what followed
affirmed the lost reducing capacity as the core lesion of hemolytic sensitivity. Many
workers concluded that primaquine-induced hemolytic toxicity must therefore be a
consequence of a broad oxidative degradation of the red blood cell cytosol, typically
pointing to the peroxides and superoxide generated by redox cycling of highly reactive
primaquine derivatives (76, 77, 247-251). Those compounds are thus seen as agents
generating oxidizing moieties, principally, hydrogen peroxide, that poison G6PD-
deficient red blood cells in the manner of, for example, the oxidant poison sodium
nitrite. While both primaquine and nitrite certainly introduce an oxidizing stress and
methemoglobinemia (252, 253), even fatal acute nitrite poisoning with overwhelming
methemoglobinemia is not accompanied by a hemolytic crisis or the Heinz bodies
invariably occurring with primaquine poisoning (254). Simple oxidative degradation
seems to be an inadequate explanation for how primaquine destroys G6PD-deficient
red blood cells. The drug itself rather than the products of its redox cycling must be the
agent of red blood cell destruction. This view has long been held by some workers (65,
196, 223, 255), but no direct evidence yet affirms either hypothesis.

The hallmark of some chemically induced acute hemolytic anemias is the Heinz
body, first identified in 1928 in connection with plasmochin toxicity (62). The poisons
inducing Heinz bodies tend to be relatively reactive redox compounds, and among
those, the resonating aromatic compounds tended to be the most hemolytic (223).
Further, such compounds may be converted by oxygen to quinone-like substances
(quinhydrone and hydroquinone analogs) to oxidize ferrous heme or globin sulfhydryls
(223). In vitro, reversible methemoglobin formation precedes the irreversible formation
of brown and green pigments that go on to form micellar aggregates of up to 2 to
3 wm presumed to be Heinz bodies (255). It is likely that these reactions, and not the
superoxide and peroxides that they generate, explain their specific Heinz body hemo-
lytic character, as Jandl and colleagues hypothesized nearly 60 years ago (223). Itano
and colleagues (256-259) later established that the ability of phenylhydrazine analogs
to induce Heinz body hemolytic anemias in rats correlated with their ability to act as
ligands to ferrihemoglobin in forming an irreversible ferrihemochrome. The phenyl
moiety of those poisons covalently bonded to the porphyrin ring in that ferrihemo-
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FIG 14 Hypothesized metabolism of 8-aminoquinolines, as represented by primaquine, to 5-hydroxylated species. In a G6PD-normal
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cytosol, the highly reactive primaquine quinonimine species dominates and forms irreversible hemochromes that precipitate as Heinz
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chrome. That specific molecular event was responsible for the Heinz body formation
that ultimately destroys erythrocytes.

Figure 14 illustrates the irreversible CYP2D6-catalyzed generation of the primaquine
metabolite 5-hyrdoxyprimaquine, followed by the reversible redox reactions to the
primaquine semiquinonimine radical and primaquine quinonimine. Hypothetically, the
latter compound would dominate a redox equilibrium deprived of reducing equiva-
lents and thus generate irreversible ferrihemochromes, leading to Heinz body forma-
tion. Indeed, synthetic 5-hydroxyprimaquine in glutathione-depleted rats caused Heinz
body hemolytic anemia (260). An oxidizing red blood cell cytosol depleted of reduced
glutathione readily occurs in G6PD-deficient patients (261); an equilibrium favoring
dominance of the 5-hydroxylated primaquine quinonimine derivative may thus occur.
That species may react as the arylhydrazine ligand of Itano and colleagues (256-259)
with ferrihemoglobin to form an irreversible ferrihemochrome. Thus, destabilized he-
moglobin denatures and aggregates as Heinz bodies (223, 259, 261). This hypothesis
accords with the chemical character of known highly redox-reactive 8-aminoquinoline
metabolites and the physiochemical fate and consequences of them in G6PD-deficient
patients. These compounds appear to directly provoke Heinz bodies and the acute
hemolytic anemia that follows their appearance. The hypothesized irreversible accu-
mulation of ferrihemochromes with relatively small daily doses of primaquine metab-
olized to redox-reactive 5-hydroxyl derivatives in an oxidative equilibrium state that
favors toxic quinonimine species accords with the sudden onset of hemolytic crisis after
at least several days.
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No current consensus around appropriate evidence affirms the molecular events
leading to acute hemolytic anemia, beyond impaired G6PD function being the primary
lesion (83). Many factors help explain that gap in understanding. The highly reactive
and labile derivatives of primaquine that likely cause hemolytic toxicity have been
exceedingly difficult to study, for example, but the dominant factor may be the failure
to assign a high priority to answering the question. This may be appreciated by the
long technical history of development of the 8-aminoquinoline antimalarials, where the
hemolytic toxicity of candidate 8-aminoquiniolines relative to plasmochin or prima-
quine was not assessed and the lead of the complete abrogation of pentaquine-
induced hemolysis by methylene blue adjunct was not followed.

The distinct possibility of a regimen of 8-aminoquinoline therapy that cannot
cause harm in G6PD-deficient patients—with or without rationally selected activity-
enhancing/toxicity-mitigating partner blood schizontocides or detoxifying adjuncts—
has yet to be purposefully pursued in research aimed specifically at that bright
prospect. The enabling preclinical optimizing of hemolytic toxicity and possibly miti-
gating adjuncts will likely require near certainty regarding the cellular and molecular
events culminating in Heinz body formation, specific knowledge that would open
multiple avenues of promising investigation (see “Future Perspectives” below).

Mild and Self-Limiting Primaquine Sensitivity

Though “mild and self-limiting” is often expressed to describe the character of
hypnozoitocidal primaquine-induced hemolytic anemia in G6PD-deficient patients of
the African A— variant, that terminology may misrepresent what typically occurs in
practice. In most instances of this event during the era of plasmochin therapy and the
later development of primaquine, the sudden onset of clinical signs of hemolysis would
have prompted the cessation of therapy, typically after the third to fifth dose. Instances
of G6PD-deficient patients completing the prescribed 14-day regimen must have been
rare, and almost none were reported from practice. The extent of harm possible in large
numbers of acutely ill G6PD-deficient patients has not been directly assessed in
randomized controlled trials or by rigorous pharmacovigilance of practice. Available
reported evidence suggests a very low frequency of serious harm (262), much like
Archambeault’s nearly half million shipboard American soldiers (184). Nonetheless, the
absence of evidence of harm should not be construed as evidence of the absence of
harm. Confidence in safety, especially for a drug of demonstrated toxicity in patients
invariably sensitive to it, requires direct evidence gathered in randomized controlled
trials or rigorous pharmacovigilance systems specifically designed to gather that evi-
dence.

Experimental full dosing of primaquine under close clinical observation occurred in
a series of experiments reported by Alving et al. (246) involving daily dosing with 15 or
30 mg daily for 14 days, 30 mg daily for 120 days, or a weekly dose of 45 mg for 8 weeks.
Each of these treatments involved what appears to have been the same three otherwise
healthy African-American men having the A— variant of G6PD deficiency, with months
of pauses between the experiments. The top panel of Fig. 15 illustrates the course of
hemolysis, toleration, and recovery, all occurring despite uninterrupted daily 30-mg
primaquine dosing for 120 days. The initial 30% drop in hematocrit (with the onset of
hemoglobinuria on day 3 and a hematocrit nadir at about day 10 of dosing) returned
to normal after about 28 days. Days 8 to 28 saw a sharp rise in peripheral reticulocytes,
and then from days 28 to 120 of dosing, an essentially normal peripheral blood picture
was seen. The damage done by primaquine had indeed been clinically inconsequential
and self-limiting in those three healthy African-American men under close observation.

Alving et al. (246) rationally explained these findings on the basis of the marked age
dependency of G6PD activity in erythrocytes originally described by Beutler et al. (236)
in 1954. They reasoned that tolerance of primaquine derived from the clearance of
vulnerable older erythrocytes (the initial hemolytic event) and replacement by
primaquine-insensitive reticulocytes. Multiple lines of evidence later affirmed that
deduction (Fig. 15) (263). G6PD variant A— reticulocytes exhibit nearly normal G6PD
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FIG 15 Primaquine-induced hemolytic crises expressed as percent of hematocrit in patients having the African A— or Mediterranean
variant of G6PD deficiency, based on data from Alving et al. (246) (top) and Pannacciulli et al. (271) (bottom). In the patient with the
African A— variant, there is tolerance to continued primaquine exposure as the vulnerable older red blood cells destroyed by drug
are replaced by more G6PD-robust and drug-tolerant reticulocytes and younger normocytes and dosing is extended to 120 days
without a hemolytic event. In the patient with the Mediterranean variant, hemolysis deepens with each primaquine exposure, and
after the 7th dose, dosing must cease due to danger to the patient (red X). The resumption of dosing 2 weeks later renews the
hemolytic crisis, again with the clinical necessity of cessation of therapy. There is no acquired tolerance to primaquine exposure in the
patient with the Mediterranean variant.

activity levels, but as those erythrocytes age, the slope of enzymatic activity declines
more steeply and deeply than that for G6PD-normal red blood cells. Continuous
primaquine dosing would maintain a relatively young erythrocyte population by
destroying those aging as they become oxidatively labile and vulnerable to destruction.
Indeed, pausing primaquine dosing for a few weeks—permitting A— erythrocytes to
normally age—incites another hemolytic event (236).

These findings offered reassurance regarding the clinical use of primaquine without
close supervision; i.e., there appeared to be little potential for serious harm even with
extraordinarily prolonged high daily dosing. Other studies in populations in areas
where malaria is endemic in that era seemed to support the notion of a relatively
harmless toxicity problem (264-266). In 1960, an expert group convened by WHO
expressed (43), “The group devoted special attention to the side effects of 8-amino-
quinolines (primaquine and quinocide) because these may cause an acute intravascular
hemolysis in certain primaquine-sensitive individuals, particularly among the dark-
skinned peoples of the world. There is ample evidence that when given at recom-
mended dosage, 8-aminoquinolines seldom give rise to symptoms of toxicity.” Such
was the sanguine view of the primaquine toxicity problem in that era.

A retrospective critical review of the problem that today includes known key
determinants of hemolytic toxicity provides context informing less optimism and much
greater caution. The population-based studies in the Americas and temperate Asia, for
example, occurred among indigenous people who either did not carry G6PD deficiency
or in whom it was exceedingly rare (267-269). Moreover, the population-based inter-
ventions were not designed to demonstrate safety in a randomized fashion, although
active surveillance for adverse events was often performed (266). Many of the appar-
ently safe mass primaquine administration campaigns were carried out by historically
authoritarian governments (e.g., those of the Soviet Union and the Democratic People’s
Republic of Korea [266]) socially given to being perhaps overly inclined to consider the
greater good over harm to a few. There may well be populations where the unre-
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strained administration of daily primaquine therapy poses relatively very little danger,
e.g., on the Korean Peninsula (269), but in other populations, evidence and reason point
to an unacceptable risk of significant harm in doing so (20).

Mild and self-limiting primaquine-induced hemolysis may be considered demon-
strated by firm clinical evidence but derived from exceedingly small numbers of closely
observed healthy subjects or very large numbers of subjects in inadequately observed
or at-risk populations. The likely importance of those constraints may perhaps be
evident with the confirmed report of fatal primaquine poisoning of a Brazilian man with
primaquine therapy for vivax malaria (30 mg daily for 7 days) having the so-called mild
African A— G6PD deficiency variant (243). Mild and self-limiting primaquine sensitivity
did not occur in that instance, and no current understanding of the phenomenon may
explain the fatal hemolytic event discovered only at postmortem examination of a
patient that had been presumed to have not survived acute P. vivax malaria.

Severe Primaquine Sensitivity

The 1959 report of Marks and Gross (241) identified G6PD-deficient subjects of
European descent to exhibit far lower levels of residual enzymatic activity than those of
African descent. Whereas 500 G6PD-normal subjects had a mean activity of 16.1 U/g
hemoglobin, that of 59 G6PD-deficient black males was 2.7 U/g hemoglobin (17% of
normal) and that among 22 white males was 0.4 U/g hemoglobin (2.5% of normal).
Moreover, they observed nearly normal G6PD activity levels in reticulocytes among
deficient black subjects but not in those among deficient white subjects. Bonsignore
et al. observed uniformly very low G6PD activity levels among red blood cells from
Sardinian subjects of all ages with a history of hemolytic sensitivity to fava beans
(favism) (270). Even the reticulocytes of G6PD-deficient Europeans appeared to be
potentially vulnerable to destruction by introduced oxidants.

In their 1965 investigation, Pannacciulli et al. (271) expressed, “In mutant Negroes
the self-limited course of the drug-induced hemolytic crisis is linked to a relative
insensitivity to the drug of the younger red cells which have higher levels of G6PD
activity. It seems therefore predictable that in mutant Caucasian males, whose younger
red blood cells are almost completely devoid of G6PD activity, the course of the
hemolytic crisis may have a somewhat different pattern.” They go on to describe daily
primaquine (30 mg) challenge experiments in a G6PD-deficient Sardinian male (Medi-
terranean variant). In each instance of challenge, a severe hemolytic crisis (approxi-
mately 50% hemolysis) occurred, necessitating cession of dosing on the 7th day
(Fig. 15, bottom). This investigation demonstrated reticulocytes in the subject to be as
vulnerable to hemolysis as older red blood cells, in stark contrast to the well-established
tolerance of primaquine dosing in African subjects. Pannacciulli et al. (271) summarized:
“From our experiments it is evident that mutant Sardinian males may develop ex-
tremely severe hemolytic crises. We received the impression that a continuous admin-
istration of primaquine to our patient would have induced a severe anemia, leading to
a poor prognosis.” Salvidio et al. (272) pointed to the absence of dangerous favism
among blacks, along with differing mechanisms of damaged red blood cell removal
(i.e., intravascular alone versus that along with extravascular processes among Sardin-
ians). The graphs of Piomelli et al. (263) from that era clearly illustrated the primaquine
sensitivity phenotype distinction with regard to relative G6PD activity levels across ages
of red blood cells (Fig. 16).

The careful laboratory and clinical work on extreme primaquine sensitivity by the
Italians was also reported by others (273, 274). Moreover, reports from the field
appeared to verify the extreme sensitivity of some to primaquine therapy. In 1968,
Abeyaratne and Halpe (275) in Sri Lanka reported four deaths among 21 children
admitted to hospital in states of hemolytic crisis attributed to undocumented expo-
sures to primaquine. In 1970, Aung-Than-Batu et al. (276) in Burma (Myanmar) reported
34 to 48% hemolysis in G6PD-deficient patients exposed to daily 15-mg primaquine
dosing. Chareonlarp et al. (277) in 1972 examined the effect of a single 45-mg dose of
primaquine (having little impact on African A— subjects [246]) in seven Thai subjects of
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FIG 16 Data illustrating the centrifugal gradient separation of erythrocytes by age (C.D.F. is the cumulative distribution function)
among G6PD-normal, African A— variant, and Mediterranean variant donors (A, B, and C, respectively). The extent to which G6PD
activity declines with the age of the red blood cells in the same gradient and from the same donors is also shown (G, H, and |,
respectively). G6PD activity in normal donors (G) decreases slightly with age, whereas in African A— variant donors (H), young red cells
exhibit almost normal G6PD activity, but it declines more sharply with age. Mediterranean variant donor red blood cells (1) have very
low levels of activity among the youngest reticulocytes and undetectable activity among older cells. Reproduced from Piomelli et al.
(263) with permission of the Journal of Clinical Investigation.

the Mahidol G6PD— variant: 3 patients experienced >15% hemolysis, 2 experienced
greater than 5%, and 2 had no hemolytic reaction. In 1976, Chan et al. (278) described
severe enzyme deficiency phenotypes among three Chinese G6PD deficiency variants
(Canton, B— Chinese, and Hong Kong-Pokfulam). In his 1981 review of the clinical
problems associated with primaquine, Clyde (58) expressed, “In variant A— individuals,
a standard course of primaquine may elicit a moderate and self-limiting anemia due to
the hemolysis of older erythrocytes. In variant B— [Mediterranean] and relative Asian
variant individuals, even young erythrocytes are deficient in G6PD and their hemolysis
results in progressive hemoglobinemia and hemoglobinuria with fatal outcome unless
blood is transfused promptly.” Direct evidence and clinical experience informed that
assessment, and no further evidence or experience invalidates it. Primaquine is an
unguestionably dangerous drug capable of lethal poisoning when used as indicated in
some G6PD-deficient patients.

The most physiologically and clinically relevant lesion in extreme sensitivity to
primaquine (and presumably other compounds) appears to be low residual G6PD
activity in reticulocytes and younger normocytes. In such patients, hematological
recovery in the face of continued daily primaquine dosing would not occur but instead
hemolysis would progressively deepen and threaten severe hemolytic anemia. Con-
versely, sufficient G6PD activity in young erythrocytes predicts recovery and tolerance
of continued primaquine exposure. Recent work by Bancone and colleagues (279)
demonstrated nearly normal G6PD activity levels among reticulocytes of G6PD-
deficient heterozygous Thai women of the class Ill Mahidol variant. This infers an ability
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for hematologic recovery despite full daily primaquine dosing, as indeed occurred in
patients with that variant (71) and in those with the class Il Viangchan variant in a
recent trial in Cambodia with eight weekly doses of 45 mg primaquine (280).

The classification of extreme vulnerability to potentially lethal 8-aminoquinoline
exposures may hinge upon the reticulocyte G6PD activity phenotype. Except for the
African A—, Mahidol, and Mediterranean variants, that phenotype is almost wholly
unknown among the dozens of relatively common variants. No work has established a
correlation between the residual G6PD activity of reticulocytes and that of whole blood.
Although that correlation may be reasonably presumed (Fig. 16), variability in the
residual G6PD activity of reticulocytes or their specific vulnerability to particular com-
pounds could occur among the enzymatic variants and be of fundamental clinical
importance.

CLINICAL AND PUBLIC HEALTH IMPLICATIONS
Persistent Notion of Safe Primaquine

The 1960 WHO view of harmless primaquine expressed above derived from an
expectation of homogeneity in G6PD deficiency and a broad application of an incom-
plete American understanding and experience. By 1980, although direct evidence by
then informed both greater heterogeneity and deeper vulnerability, as detailed above,
the WHO view became only slightly tempered: “Primaquine administration in light-
skinned subjects with G6PD deficiency may result in a greater degree of hemolysis than
in dark-skinned subjects” (281). The same source details three phases of primaquine-
induced hemolysis for both African A— and Mediterranean variants explicitly and
expressed the third phase in either variant as “an equilibrium phase when, in spite of
drug administration, no further hemolysis takes place but there is a shortened survival
of erythrocytes and compensation through increased erythropoiesis. The prognosis of
this condition is good.” This guidance did not acknowledge the already known inability
of patients having severe G6PD variants to compensate and recover with continued
drug administration.

More decades would pass before WHO and other authorities would acknowledge
that primaquine toxicity in patients with G6PD deficiency is not always “mild and
self-limiting” but instead is sometimes severe and potentially progresses to life-
threatening complications. In a 2010 publication (282), WHO warned, “In patients with
the African variant of G6PD deficiency, the standard course of primaquine generally
produces a benign mild and self-limiting anemia. In the Mediterranean and Asian
variants, hemolysis may be much more severe.” Finally, in 2014, WHO (283) firmly
warned, “Thus, the classification of variants of G6PD deficiency as ‘mild’ and ‘severe’ for
the purpose of guiding clinical decisions should be abandoned. Daily primaquine
hypnozoitocidal therapy (0.5mg/kg daily for 14days) induces potentially life-
threatening AHA [acute hemolytic anemia] in patients with all of the known G6PD
variants, including the A— variant.”

Among people at risk of infection by P. vivax, Asians dominate in both numbers and
the risk of carrying relatively severely impaired G6PD enzymatic activity phenotypes.
The Mediterranean variant dominates not only that basin but all of Arabia, Persia,
Afghanistan, Pakistan, and western India. East of the center of the Indian subcontinent,
a great profusion of variant diversity appears, with most of the variants being WHO
class Il (20). The hemolytic toxicity of primaquine or tafenoquine—as concluded for
plasmochin nearly 90 years ago (132, 141)—prohibits use in people of unknown G6PD
status lacking access to clinical services (2). Absent an ability to decisively segregate
G6PD-normal from -deficient patients or to notice and rescue those accidentally dosed,
the 8-aminoquinolines are simply too dangerous for “public health” use, i.e., too
dangerous to be prescribed by paramedics at the periphery of care and beyond the
practical reach of clinical monitoring and hemolytic crisis rescue by transfusion or
hemodialysis.

The American experience with G6PD deficiency and primaquine through the 1950s
unwittingly trivialized a serious problem, and a half century passed before the error was
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understood, acknowledged, and addressed. Even today the legacy of “mild and self-
limiting” hemolytic toxicity in G6PD-deficient patients lingers with a reluctance to
accept the threat imposed by the 8-aminoquinolines or the necessity of addressing it
scientifically or clinically. A recent survey of primaquine treatment policies revealed that
many nations do not express a need for G6PD screening or even caution regarding its
use (284). The perceived or imagined good safety and tolerability of primaquine—as in
Archambeault’s nearly one-half million soldiers at sea (184)—apparently stands firm in
the face of the limited but compelling direct scientific and clinical evidence to the
contrary summarized here.

The stubborn reluctance to reject the hopeful but inapt 1960 view of prima-
quine—as a drug well suited to application without clinical supervision— has probably
carried heavy consequences, direct and indirect alike. Directly, patients have suffered
serious or fatal hemolytic events with primaquine therapy, in turn leading to rational
fear of the drug and a great reluctance to use it. Untreated patients then go on to suffer
repeated clinical attacks, some ending in serious illness and death. Indirectly, misplaced
satisfaction with primaquine as a solution to the relapse problem stymied research
aimed at improving the safety of this drug, either by replacing it with a nonhemolytic
therapy or making it more safe with simple and affordable G6PD screening. Finally, in
the instance of the development of tafenoquine, the neglect of hemolytic toxicity as a
problem to be measured and ranked among preclinical compounds may have dis-
missed 8-aminoquinolines with good activity and relatively low hemolytic toxicity, but
we cannot know because this was not examined. Rational preclinical ranking of
8-aminoquinoline toxicity required an understanding of the precise mechanism of
hemolytic toxicity that has never been realized, largely because inadequate priority has
been assigned to doing so. No technological barrier separates us from that key
knowledge, but the perception of it as unimportant does.

Current practice against latency in vivax and ovale malarias—and against infection
by all malarias in the instance of chemoprophylaxis—must cope with the danger of
8-aminoquinoline hemolytic toxicity. Primaquine and tafenoquine may indeed be
nearly completely safe with acknowledgment of and adherence to the complex and
stringent principles of clinical use summarized below.

Safety of 8-Aminoquinolines in G6PD-Unknown Patients

The unsupervised administration of 8-aminoquinolines as hypnozoitocidal therapy
to patients of unknown G6PD status presents a wide range of possible consequences.
That encounter may safely relieve the patient from multiple attacks of relapsing malaria,
cause a moderate and transient acute hemolytic anemia with the same benefit, or end
in severe complications or death shortly after the sudden onset of a severe hemolytic
crisis. G6PD deficiency and its many genetic variants and forms of expression dominate
as a determinant of those outcomes. The great diversity of G6PD deficiency includes
variants of relatively extreme and lesser sensitivity to 8-aminoquinolines, perhaps
defined by the residual enzymatic activity of reticulocytes. However, the ratio of those
phenotypes among them is largely unexplored and unknown. No reliable evidence
affirms the harmlessness of these drugs when administered daily at therapeutic doses
in any G6PD-deficient patient (probably excepting female heterozygotes having >70%
of normal enzymatic activity in whole blood). In virtually all of them thus exposed,
acute hemolytic anemia invariably occurs to degrees varying with the 8-amino-
quinoline applied, the dosing regimen, the G6PD variant involved, the alleles present
(hemi-, homo-, or heterozygous), and the extent of lyonization of the mutant chromo-
some among heterozygotes. The clinical consequences of that hemolytic event also
depend on the condition of the patient at onset to include those related to acute
malaria or other infectious processes, as well as possible exposure to dietary risk, like
fava beans. Accessibility to clinical services for rescue from hemolytic crisis ultimately
defines those consequences to the patient.

The complexity of this assessment of risks—inclusive of fatal complications—
precludes the simplicity of advice that would safely guide unsupervised daily therapy in
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TABLE 8 Summary of standard and emergent G6PD diagnostic technologies that may improve access to 8-aminoquinoline therapies

Parameter Quantitative approaches Qualitative approaches

Device or test Laboratory spectrophotometer  Handheld portable device  Fluorescent spot test ~ Fluorochrome reduction test
Setting of use Laboratory Point of care Laboratory Point of care

Temp of use (°C) <25 <35 <35 <40

Intended user Laboratorian Paramedic Laboratorian Paramedic

Cold chain supplies Yes No Yes No

Specialized equipment Yes Yes Yes No

Sensitivity for detection
of normal activity of:

<30% Nearly perfect Nearly perfect Nearly perfect Nearly perfect
>30% Nearly perfect Nearly perfect Very poor Very poor
Suitable for female testing  Yes Yes No No
Cost Very high High High Low

patients of unknown G6PD status. As Field (132) explained of plasmochin in 1938, currently
available 8-aminoquinolines are not suited to use beyond the sphere of access to clinical
services. Then, as now, firm evidence of the possible severity of consequences and the great
complexity of the determinants of those reasonably imposes that limitation. A possible
exception may be populations where G6PD deficiency is exceedingly rare or absent, as in
most purely Native Americans or some northern Asia populations.

At least several million patients are diagnosed with acute vivax malaria in clinical
settings each year. The proper treatment of that infection in eligible patients must
include an 8-aminoquinoline against latency and, therefore, absent ascertainment of
G6PD-normal status in that patient, compulsory clinical monitoring over the several
days following initiation of daily primaquine therapy (2, 7, 285). Clinical guidelines for
that monitoring have not been optimized or validated, but reason may guide providers
managing these patients, i.e., by following treatment guidelines from WHO (285) or by
recognizing the often sudden and conspicuous signs of onset of acute hemolytic
anemia: shortness of breath, cyanosis, or hematuria, in particular. Presentation of these
should prompt hospitalization and assessment for transfusion or hemodialysis. Absent
any signs the day following the 3rd or 4th dose of primaquine, patients may reasonably
be released from monitoring to complete that regimen. Exposure to nonthreatening
doses of primaquine as a means to trigger a mild but readily detectable hemolytic
event as a means of identifying vulnerable patients without G6PD screening would
require clinical optimization and validation in resource-limited settings.

Safety of 8-Aminoquinolines in Patients Screened for G6PD Status

Ascertaining G6PD status in a patient may be accomplished by the quantitative or
qualitative approaches summarized in Table 8 and recommended by WHO (286). The
quantitative approach relies on the spectrophotometric determination of the conversion of
NADP* to NADPH by G6PD reaction with glucose-6-phosphate in sample hemolysate and
is then calculated as the number of units of G6PD activity per gram of hemoglobin. This
assay requires a properly equipped, cold chain-supplied laboratory having staff certified to
be competent in conducting this relatively sophisticated measurement. Many referral
hospitals in areas where malaria is endemic, much less the health care facilities at the
periphery of reach of these services, lack this capacity (287). The vast majority of malaria
patients do not have access to standard quantitative G6PD testing.

The standard qualitative option to ascertaining G6PD status has been the fluores-
cent spot test (FST), developed by Beutler and Mitchell in the 1960s (288). The FST
works much like the quantitative assay, except that NADPH brightly fluoresces under
UV light, whereas NADP* does not. The G6PD-catalyzed conversion of NADP* to
NADPH may be thus visualized. This test nonetheless requires specialized laboratory
gear and skills, along with a cold chain, and it is relatively expensive at about $5/test
for a completely used kit of 50 tests. This testing is as unavailable as quantitative
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assessments in most areas where malaria is endemic. Since about 2010, at least
several commercial biotechnology companies have taken up the challenge of
developing G6PD testing kits suited to use at the point of care at the periphery of
health care services in the rural tropics where malaria is endemic (287). These
technologies include both quantitative and qualitative platforms, and the distinc-
tion matters, in the context of the intended use as devices informing a decision to
proceed or withhold 8-aminoquinoline therapy.

Among male hemizygotes and female homozygotes of all but a few rare genotypes,
G6PD activity is uniformly less than 30% of normal and the hemolysis is usually in
excess of 20% of the baseline hemoglobin levels with exposure to 3 to 5 daily
0.25-mg/kg primaquine doses. As pointed out by the early plasmochin workers man-
aging such patients, hemolysis tended to be an all-or-none phenomenon. The excep-
tional state of mild hemolysis may be limited to the relatively few females having <70%
of normal erythrocytes but >30%. This is due to the genetics of the X-linked inheritance
of G6PD deficiency and the G6PD mosaicism of female red blood cell populations
already explained above. While the specific variant matters, the overriding determinant
of the extent of hemolysis in heterozygous females correlates to the extent to which
the involved mutant gene remains actively expressing the impaired G6PD enzyme (21).
A female having >30% deficient erythrocytes may be considered at risk of a threat-
ening hemolytic crisis, whereas those having >70% normal erythrocytes may not,
although that threshold has not been rigorously validated. The measurement of the
percentage of normal G6PD activity effectively captures both variant and mosaic
variables; i.e, >70% of normal G6PD activity indicates relative safety, whereas below
that threshold there is a risk of clinically consequential hemolysis presumed to be
inversely proportional to the measurement.

The sex distinction in G6PD deficiency thus carries important diagnostic consider-
ations when the assessment is made qualitatively rather than quantitatively. Qualitative
G6PD screening offers distinct advantages over quantitative assessment: it is less
expensive, does not require expensive and delicate laboratory equipment or a high
degree of technical expertise in the operator, and may be adaptable to point-of-care or
bedside assessment. The principal weakness in qualitative tests is the insensitivity for
individuals with G6PD deficiency phenotypes of >30% and <70% of normal activity
(289, 290), almost all of whom will be female heterozygotes (283, 286). In other words,
females of this phenotype will often qualitatively screen as normal and be cleared
for treatment with 8-aminoquinolines. Qualitative screening offers very nearly 100%
sensitivity and specificity for male hemizygotes, female homozygotes, and female
heterozygotes having <30% of normal activity (291-295), but the normal readout for
any given female may not be accepted as ensuring 8-aminoquinoline safety (283). This
problem explains the necessity of clinical monitoring of all females thus cleared for
primaquine therapy and of quantitative testing in connection with single-dose tafeno-
quine for radical cure. Several point-of-care quantitative G6PD screening devices have
recently been developed and may offer many G6PD-normal malaria patients safe access
to any 8-aminoquinoline hypnozoitocidal therapy (295).

Safety of 8-Aminoquinolines in G6PD-Deficient Patients

Despite the persistent view of unsupervised primaquine in patients of unknown
G6PD status as safe, no known daily dose of any 8-aminoquinoline in a patient of any
variant of G6PD deficiency is free of a hemolytic response. The key question is the
margin of safety at any given dose and dosing interval; i.e., can the hemolytic reaction
be tempered to be within the bounds of clinical safety? In 1960, Alving and colleagues
(246) described that a single weekly dose of 45 mg primaquine for 8 weeks in G6PD-
deficient African-American volunteers caused insignificant hemolytic anemia and pro-
vided good efficacy against relapse of the Chesson P. vivax strain. Despite that trial
being performed with very small numbers of volunteers (who may or may not have
been negative for the Duffy factor), the WHO in that era adopted this regimen as
recommended therapy for G6PD-deficient patients diagnosed with P. vivax malaria, and
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it still appears in those treatment guidelines (285). However, reports of unsafe hemo-
lytic reactions in class Il variants of G6PD deficiency administered this regimen have
appeared over the ensuing decades. As early as 1981, Clyde (58) warned against it in
Asian variants, despite evidence of moderate hemolysis and tolerability of the regimen
in Thai patients with the class Il Mahidol variant of G6PD deficiency (277).

A trial of 19 patients with acute P. vivax malaria and the class Il Viangchan variant
of G6PD deficiency in western Cambodia evaluated the safety of the single 45-mg adult
weekly dose for 8 weeks (280). All patients hemolyzed steeply after the first dose, and
one required transfusion (but that patient had been treated with hemolytic ciprofloxa-
cin prior to his diagnosis of malaria). These patients nonetheless completed their eight
weekly doses without further evidence of significant hemolysis. That trial offers some
evidence of apparent tolerability following a hemolytic single-dose exposure to 45 mg
primaquine in individuals with the Viangchan variant, as occurs in individuals with the
Mabhidol and African A— variants but not those with the Mediterranean variant. The
reticulocytes and younger normocytes of African A—, Mahidol, and Viangchan variants
thus appear to be insensitive to primaquine-induced hemolytic anemia relative to those
of Mediterranean and probably other variants.

The most relevant fact to consider in light of these observations is the conspicuously
inadequate understanding of clinically relevant hemolytic responses to primaquine or
tafenoquine among G6PD variants. We cannot confidently predict the likelihood of
survival without access to transfusion or hemodialysis in most G6PD-deficient patients.
A survey of residual G6PD activity among the reticulocytes of the many dozens of
common variants may provide useful guidance regarding relatively safe (i.e., survivable)
administration of any daily regimen of primaquine. Specific knowledge of variants
having reticulocyte G6PD activities in the ranges of those of the African A—, Mahidol,
or Viangchan variants versus those in the far lower range of the Mediterranean variant
would perhaps inform vulnerability to exposures to 8-aminoquinolines likely to result
in serious harm unless treatment is promptly halted or the patient is rescued by
transfusion or hemodialysis intervention.

8-Aminoquinolines in Chemoprevention

During the development and optimization of plasmochin, primaquine, and tafeno-
quine, investigators recognized and sought to exploit the cross-stage therapeutic
properties of 8-aminoquinolines by applying regimens that prevent primary infection,
latency, and onward transmission. Chemoprevention strategies have always been in
development play, and practices for each have indeed emerged (53, 222, 296-298).
Hepatic schizontocidal activity (against the early postinvasion forms of tachy- and
bradysporozoites alike) and gametocytocidal activity offer great clinical and public
health advantages against malaria that have historically been constrained by the
hemolytic toxicity problem. Only recent work with relatively low-dose primaquine (a
15-mg versus 45-mg single adult dose gametocytocidal therapy in falciparum malaria)
demonstrated safety and efficacy in G6PD-deficient patients (299); this application may
be the first of impacts for chemoprevention by 8-aminoquinolines.

Chemoprevention in people temporarily exposed to a significant risk of plasmodial
infections by the causal (hepatic schizontocidal) activity of 8-aminoquinolines remains
hindered by the relatively higher and hemolytically toxic (in G6PD-deficient patients)
exposures required. Travel medicine recommendations and practices have always
shown an almost exclusive preference for suppressive blood schizontocides, despite
the tremendous advantages of causal prophylaxis, principally by being well suited to
short-notice or short-duration exposures and effectively preventing latency of relapsing
malarias and attacks months following travel (222). The imposed necessity of G6PD
screening, along with the requirement for both daily dosing and off-label use in the
case of primaquine, seems to have sufficed as an obstacle to broad application in
chemoprophylaxis for travelers. The labeled use of tafenoquine as weekly causal
chemoprophylaxis against malaria solves all but the G6PD vulnerability problem.
Whether the travel medicine community now confronts the G6PD problem by exploit-

October 2019 Volume 32 Issue 4 e00011-19

Clinical Microbiology Reviews

cmr.asm.org 52


https://cmr.asm.org

8-Aminoquinolines for Latent Malaria

ing the rapidly improving diagnostics for that enzymopathy remains to be seen in the
regularly updated authoritative recommendations for chemoprevention practice.

The broader communities of science, medicine, and public health engaging the
malaria problem must also consider chemoprevention beyond the conventional travel
medicine sphere of tourists and soldiers visiting areas of endemicity. Chemopreventive
strategies for specific residents of areas of endemicity either seasonally or physiologi-
cally vulnerable to threatening attacks of acute malaria have been exhaustively opti-
mized and validated for P. falciparum in sub-Saharan Africa, where malaria is holoen-
demic (300-303). The cross-species and -stage activities of the 8-aminoquinolines may
also offer chemopreventive strategies and practices with positive impacts wherever
malaria occurs, in particular, where elimination of local transmission is nearly or
completely achieved (304, 305).

Therapeutic Principles of 8-Aminoquinolines

The 8-aminoquinolines provide an enormous therapeutic benefit when safely pre-
scribed and taken, i.e., freedom from multiple recurrent attacks of acute malaria, with
each carrying a risk of a missed or late diagnosis and progression to serious compli-
cated illness. Achieving this essential therapeutic objective with a class of drugs capable
of serious harm imposes a necessary complexity of clinical use.

The largely accurate therapeutic principles laid out by Sinton and colleagues in 1930
for plasmochin and quinine (141) may be usefully refined and somewhat expanded for
contemporary relevance to the clinical and public health enterprise of killing hypno-
zoites: (i) most 8-aminoquinolines appear to be prodrugs metabolized to therapeuti-
cally active and toxic derivatives by CYP2D6; (ii) the therapeutic activity of 8-amino-
quinolines against hypnozoites is often potentiated by partner blood schizontocides in
radical cure, and the efficacy of such must be in the defining context of the pair; (iii) the
hemotoxicity of 8-aminoquinolines may be exacerbated or mitigated by partner blood
schizontocides in radical cure, and the safety of such must be in the defining context
of the pair; (iv) the total dose of 8-aminoquinolines defines efficacy whether they are
administered at once or over days, weeks, or several months, giving great flexibility in
terms of striving to balance efficacy, safety, and practicality; (v) the potential for
hemolytic harm caused by 8-aminoquinolines in G6PD-deficient patients depends on
the drug and its dosing, the health of the patient at dosing, the specific G6PD variant
and alleles involved, and the extent of lyonization in heterozygous females, in which
harm ranges anywhere from clinically inconsequential to severe and mortal; (vi) qual-
itative screening for G6PD deficiency safely excludes from primaquine therapeutic
exposure hemizygous males, homozygous females, and female heterozygotes having
<30% of normal enzymatic activity, but it dangerously includes female heterozygotes
having >30% and <70% of normal activity; (vii) quantitative screening for G6PD
deficiency safely excludes all potentially G6PD-vulnerable patients at a presumed
threshold of >70% of normal activity; and (viii) primaquine hypnozoitocidal therapy
may not be safely administered to patients of unknown G6PD status without clinical
monitoring, and tafenoquine cannot be safely administered without ascertaining >70%
of normal enzymatic activity.

Considerations of safety in potentially G6PD-deficient patients impose great com-
plexity and difficulty in clinical use and severely impede public health applications
distant from clinical services. A far greater simplicity of guidance and accessibility in
practice than these essential points express may drive the vision of an 8-amino-
quinoline therapy that cannot harm G6PD-deficient patients. That is the enduring
promise of these compounds endowed by development histories that have left that
bright prospect largely unexplored.

FUTURE PERSPECTIVES
Prioritized Research Agenda

Consideration of the complexity imposed in past and current safe practice with
8-aminoquinolines, as detailed above, explains their limited impacts over the past
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century. The most important barrier to achieving the very substantial potential benefits
of 8-aminoquinolines remains the unsolved problem of dangerous hemolytic toxicity in
G6PD-deficient residents of areas of endemicity. G6PD screening technologies, as
helpful as those may be in a clinical sense today, have yet to prove practical in the
public health applications of chemotherapies involving very large populations widely
dispersed across isolated rural expanses. Research to improve G6PD diagnostics is
certainly important and offers the immediate health dividends that would come with
improved safe access, but it is perhaps secondary to the longer-term agenda aimed at
8-aminoquinoline therapies having hemolytic safety profiles that obviate their need.
The most important understanding to be drawn from this review of a century of
8-aminoquinoline research and practice is recognition of the hemolytic toxicity prob-
lem as unexplored scientific ground of real promise in a technological sense. The
cellular and molecular events culminating in the 8-aminoquinoline-induced acute
hemolytic anemia are very specific avenues of scientific exploration conceivably delin-
eating a pathway to therapies that cannot harm G6PD-deficient patients. That endeavor
requires a prioritization borne of a refusal to accept a therapeutic status quo that
imposes either unequivocally dangerous exposure to 8-aminoquinolines, the elaborate
means of applying them safely, or simply withholding therapy and allowing relapses.

Development of 8-Aminoquinolines for Public Health Application

In terms of the technical historic development of hemolytic 8-aminoquinolines
reviewed here, the forgotten core therapeutic principle of Sinton et al. (141) looms
large: optimized efficacy and safety in view of partner drugs that impact those
characteristics of the hypnozoitocide. In 1930, Sinton et al. (141) envisioned of plas-
mochin a combination of radical cure where “the toxic manifestations might be
reduced, if not entirely abolished, by such treatment.” Partner therapies to 8-amino-
quinolines often profoundly impact both therapeutic activity and toxicity, but these
effects have been only opportunistically observed in limited numbers of clinical trials
rather than systematically examined for the purpose of optimized therapeutics. That
exploration probably first requires in vitro systems that capture these effects, and
technologies are today rapidly evolving to suitability to that purpose.

The rhesus macaque infected by P. cynomolgi remains an extraordinarily useful
animal model for antirelapse therapies (306). It will no doubt serve a vital role in late
preclinical development of any hypnozoitocidal therapy. However, even just exploring
the unknown synergistic character of currently used partner blood schizontocides of
primaquine or tafenoquine at recommended doses would greatly benefit from a less
costly and laborious bench approach. More importantly, the range of that exploration
should extend much further, as there remain nearly limitless possible combinations
of compounds for radical cure. These would include already discovered 8-amino-
quinolines of known good therapeutic activity and broad safety (like SN-3883 or
WR242511), dozens of likely partner blood schizontocides or other potentiating com-
pounds, and possibly detoxifying adjuncts. Optimizing hypnozoitocidal therapies for
hemolytic safety across these key variables would likely require high-throughput in vitro
systems effectively capturing both the hypnozoite-killing and G6PD-deficient
erythrocyte-destroying properties of the appropriately metabolized combinations of
drugs assessed.

Tremendous progress in systems that may offer that screening capacity has very
recently been made, and such systems provide a means of quantifying the synergy of
8-aminoquinolines by any given partner therapy (Table 9) (101, 102, 307-315). Hepatic
cellular systems supporting the infection and development of schizonts and hypnozo-
ites may bring the apparently essential involvement of cytochrome P-450 metabolism
of the agents under evaluation. If that system exhibits the known synergism of
primaquine by quinine in killing hypnozoites, for example, it may also capture these
effects more broadly in the practical chemotherapeutic sense. The greatest possible
synergism would logically provide the lowest possible exposure to any given hemolytic
hypnozoitocide, a rule of Sinton et al. (141). The theoretical features of that technical
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TABLE 9 Summary of emergent technologies applicable to research aimed at improving 8-aminoquinoline safety and efficacy®

Technology Platform Capacity Primary limitation Reference(s)
In vitro hypnozoite development  384-well high- Hypnozoitocidal efficacy of  Live P. vivax sporozoites, along 102, 306-310
in primary human throughput system metabolized 8AQs and with confirmed hepatic CYP2D6
hepatocytes potentiation by partner phenotype, required
drugs
In vivo hypnozoite development Living humanized mice  Hypnozoitocidal efficacy of =~ Cost of the test animal, along with ~ 311-313
in humanized murine livers metabolized 8AQs and confirmed hepatic CYP2D6
potentiation by partner phenotype required
drugs
In vitro metabolism of Recombinant CYP2D6 Hemolytic toxicity Access to 8AQs other than 101, 314, 315
primaquine to active systems, high assessment and ranking primaquine and tafenoquine
derivatives throughput of 8AQs
In vivo or in vitro metabolism of Ultra-HPLC quadrupole Identifying relevant Cost of instrumentation 80, 316
primaquine to active time of flight mass metabolites
metabolites spectroscopy
In vivo G6PD toxicity of 8AQs Living humanized mice ~ Hemolytic toxicity across Cost of the test animal, along with 69, 70
or zebra fish 8AQs and variants of confirmed hepatic CYP2D6
G6PD deficiency phenotype

a8AQ, 8-aminoquinoline; HPLC, high-performance liquid chromatography.

terrain—where partner therapies in radical cure provide greater or lesser synergies of
specific 8-aminoquinolines of variable hemolytic potential—may offer maximally opti-
mized combined therapies for radical cure at a minimized dose and hemolytic toxicity.

Key to that exploratory enterprise is the conspicuously necessary and wholly un-
done task of ranking 8-aminoquinolines for potential hemolytic toxicity in G6PD-
deficient patients. If CYP2D6 indeed generates the hemolytically toxic metabolites of
the 8-aminoquinolines, then in vitro systems that quantify that toxicity may be com-
posed with relative ease. Progress in such systems has been made with the availability
of recombinant cytochrome P-450s (Table 9) (316-319), but none have yet validated an
in vitro correlate of 8-aminoquinoline hemolytic toxicity in G6PD-deficient erythrocytes.
The hypothetical mechanism of hemolytic toxicity presented in Fig. 14 points to readily
quantifiable ferrihemochromes or Heinz bodies as a testable correlate. The number of
moles of any given 8-aminoquinoline yielding a fixed quantity of ferrihemochromes or
Heinz bodies may well predict the relative or potential hemolytic toxicity in G6PD-
deficient patients. That validated correlate, taken together with optimally synergized
8-aminoquinoline killing of hypnozoites in vitro, would finally offer preclinical thera-
peutic indices of relevance to the primary toxicity problem of these compounds.

A validated in vitro hemolytic toxicity system may also enable a third and somewhat
detached approach to the development of nonhemolytic 8-aminoquinolines: detoxify-
ing adjuncts. As already explained, a daily 500-mg adjunct of methylene blue report-
edly prevented the acute hemolytic anemia induced by pentaquine/quinine radical
cure in a sensitive subject (154). That observation may seem counterintuitive because
methylene blue and some other phenothiazine class dyes seem to provoke acute
hemolytic anemia in G6PD-deficient patients (320-323). However, as McDonagh et al.
(324) pointed out in their 2013 systematic review of methylene blue therapeutics, “It is
therefore difficult to pinpoint whether methylene blue is the cause of hemolysis in
G6PD-deficient individuals being treated for acquired methemoglobinemia, rather than
the precursor agent [inciting methylene blue therapyl.” Large-scale trials of adjunctive
methylene blue therapy for acute falciparum malaria in hundreds of G6PD-deficient
and -normal African children or dozens of otherwise healthy G6PD-deficient African
adults reported clinically insignificant reductions of hemoglobin in these patients or
subjects (325-327). At least in patients with the African A— variant, methylene blue
therapy does not incite acute hemolytic anemia.

The highly diverse phenothiazine derivatives, like the methylene blue archetype, are
particularly amenable to systematic structural optimization of tremendously varied
physiological effects (328). High-throughput optimization of 8-aminoquinoline hemo-
lytic activity-detoxifying effects may occur in a validated in vitro model for that toxicity
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in human red blood cells. Discovery of a safe and well-tolerated detoxifying compound
that may be coadministered with an otherwise hemolytic 8-aminoquinoline without
negatively impacting its therapeutic activity is both conceivable and technologically
feasible to test. That discovery effort, perhaps beginning at the same point of
8-aminoquinoline discovery a century ago, i.e., with methylene blue and its derivatives,
may be considered a great irony. As with Ehrlich’s two vivax malaria patients in 1891
pointing to a methylene blue lead therapeutic compound at Elberfeld decades later
(120), the protection of Alving's lone pentaquine-sensitive subject by methylene blue
in 1949 (154) today suggests a similarly promising and identical lead molecule.

The availability of an envisioned nonhemolytic 8-aminoquinoline could involve a
decade or more of discovery effort boldly undertaken despite the competing vision of
endemic malaria being driven to elimination in the Americas and the Asia-Pacific—
where P. vivax dominates as an endemic problem—within the same period (329-331).
In the meantime, and perhaps well beyond 2030, we have only primaquine and
tafenoquine and the clinical necessity of coping with their potential for harm in
G6PD-deficient patients, where simple, practical, and affordable G6PD diagnostics must
play an essential role.

Development of G6PD Screening Technologies Enabling Access

The WHO and partners have defined a product development profile for the ideal
G6PD diagnostic device (282, 286). In brief, it must offer superior sensitivity (>95%) and
specificity (negative predictive value, >95%), simplicity of use by a lay operator, and an
easily understood output (i.e., therapy go or no-go), it must not require a cold chain or
power supply (except for simple batteries), it must be operable at ambient tempera-
tures up to 40°C, and it must cost less than $2.00 per test. The intent is to safely put
8-aminoquinolines in the hands of providers at the periphery of malaria diagnosis and
treatment services, which are often distant from clinics and hospitals. If that technology
is indeed realized and validated as safe and effective, the G6PD-normal majority of
patients infected by P. vivax and P. ovale (and perhaps P. malariae) may enjoy the
benefit of unfettered safe access to therapies curing the latency of these parasites. That
demonstration is by no means trivial, nor is it a complete solution to 8-aminoquinoline
toxicity, but it is nonetheless a necessary undertaking essential to expanding safe
access to 8-aminoquinolines in the near term.

Managing Relapse Risk without 8-Aminoquinolines

Complete success in G6PD screening technology would not wholly solve the
problem of access to hypnozoitocidal therapy. Approximately 90 million pregnant
women in the Asia-Pacific alone live at risk of vivax malaria (332). Neither they nor their
young infants (<6 months of age), along with approximately 300 million G6PD-
deficient patients and perhaps as many as 35% of Asians who are CYP2D6 impaired
(333), may receive or benefit from 8-aminoquinoline therapies. There is a compelling
need for optimizing and validating alternative means of suppressing or terminating the
latency of the relapsing malarias that do not involve these drugs (116, 332, 333). The
extensively studied intermittent presumptive treatment regimens for P. falciparum in
vulnerable African populations (300-302) may be exemplary but not translatable to the
problem of relapse in vulnerable patients untreatable with 8-aminoquinolines. The
relatively extreme vulnerability of pregnant women and their fetuses and young infants
to acute vivax malaria in particular (334-340) emphasizes an urgency of need to
prevent it by validated antirelapse presumptive therapeutic or chemopreventive op-
tions.

Essential Research Questions

This review of a century of 8-aminoquinoline discovery and practice brings to light
12 essential research questions posed here in summary: (i) what explains the potenti-
ation of 8-aminoquinoline activity against hypnozoites by compounds having no
known activity against those forms, and can the hemolytic toxicity of 8-amino-
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quinolines be mitigated by optimized drug coadministration that potentiates thera-
peutic activity to an extent allowing safe dosing of patients without regard to G6PD
status; (ii) what composes in vivo or ex vivo systems that capture the known therapeutic
potentiation and toxicity-mitigating impacts of other compounds upon the 8-amino-
quinolines; (i) what is the range and order of hemolytic toxicity among 8-amino-
quinolines, with particular attention to compounds of known good hypnozoitocidal
activity, such as WR242511, or those already evaluated in humans, like isopentaquine
or SN-3883; (iv) does a methylene blue adjunct abrogate the hemolytic toxicity of
8-aminoquinolines in G6PD-deficient erythrocytes, and can that effect be clinically
optimized using it or other phenothiazine derivatives; (v) does relatively high residual
G6PD activity among reticulocytes reliably predict tolerable hemolytic sensitivity to
8-aminoquinolines, and is that phenotype reliably predicted at some whole-blood
G6PD activity threshold; (vi) what commonly occurring G6PD variants exhibit African
A—/Mahidol-like residual G6PD activity levels in reticulocytes compared to the activity
levels in reticulocytes of the Mediterranean variant; (vii) can a simple and affordable
point-of-care diagnostic reliably distinguish patients who may not safely receive
8-aminoquinolines from those who may; (viii) can relapse be distinguished from
reinfection or recrudescence and thus permit assessment of both the therapeutic
efficacy of 8-aminoquinolines and fundamentally important epidemiological features of
the hypnozoite reservoir in populations living in areas where malaria is endemic; (ix)
does severe G6PD deficiency in reticulocytes completely protect against the P. vivax
parasites infecting only those or younger erythroid cells and thereby prevent the need
for dangerous exposure to 8-aminoquinoline therapy; (x) are the CYP2D6-derived
reactive metabolites responsible for therapeutic activity the same as those responsible
for hemolytic toxicity; (xi) how is the risk of relapse in patients either ineligible to
receive 8-aminoquinolines (pregnant women, infants) or unable to benefit from them
(CYP2D6-null metabolizers) managed; and (xii) does 8-aminoquinoline therapy termi-
nate latency in P. malariae malaria?

CONCLUSIONS

The discovery of the 8-aminoquinolines a century ago realized Paul Ehrlich’s vision
of molecular chemotherapy. Drugs of this unique class remain powerful and versatile
therapies against malaria but have the conspicuous liability of dangerous hemolytic
toxicity in G6PD-deficient patients. Providers must cope with the complex and rigorous
therapeutic principles guiding safe and effective 8-aminoquinoline treatment practices
summarized herein. People lacking access to the laboratory and clinical services
essential to applying those principles cannot safely obtain the great clinical and public
health benefits from the prevention of often multiple attacks of acute malaria, each
carrying substantial risks of poor outcomes and onward transmission. The relative
invisibility of malaria patients typically residing beyond the reach of clinical services,
along with the long-marginalized relapsing species of plasmodia infecting them, largely
explains why that problem has gone unsolved. In their respective histories, plasmochin,
primaquine, and tafenoquine share successive origins in the exigency of malaria in
warfare. Soldiers at war dominated hypnozoitocidal development imperatives, and the
hemolytic toxicity of 8-aminoquinolines did not register as the very serious problem of
safe access that it is for most malaria patients.

The scientific question of the molecular basis of hemolytic toxicity remains unan-
swered, not for a lack of technological ability but for a want of adequate priority
assigned to this problem. The historic illusion of primaquine as a practically harmless
8-aminoquinoline stymied scientific progress, leaving the hemolytic toxicity of
8-aminoquinolines to languish as an acknowledged but unimportant problem. The
abandoned lead of methylene blue detoxification of pentaquine in 1949 and the
advancement of tafenoquine through preclinical development without knowledge of
its relative hemolytic toxicity speak most directly to that perspective. Only in the past
decade has significant progress been made in easing the difficulty of safe access to
8-aminoquinolines and has been almost exclusively within the specific realm of G6PD
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diagnostics suited for use in the malarious rural tropics, and private biotechnological
firms rather than research laboratories have undertaken those efforts. The key evidence
of the CYP2D6 isozyme as the likely generator of a hypnozoite-killing metabolite(s)
came only serendipitously from treatment failures in clinical trials. The complexity and
difficulty of P. vivax chemotherapeutics, along with the misplaced confidence in that
parasite being a relatively benign infection safely and effectively treated with available
drugs, deeply discouraged research aimed at improved therapies for over 70 years.

The slow incidental progress of many decades in understanding 8-aminoquinoline
therapeutics, coupled with the very substantial and rapid recent advancement of basic
research tools of P. vivax biology, may today be leveraged in the rationally feasible
technological enterprise of discovering 8-aminoquinoline therapies that cannot harm
G6PD-deficient patients. Knowledge of the relative hemolytic toxicities of 8-amino-
quinolines and their respective therapeutic activities with maximized potentiating and
toxicity-mitigating partner drugs may conceivably deliver that success. As Sinton and
others expressed nearly a century ago, 8-aminoquinoline hypnozoitocides act most
effectively in concert with other drugs that also impact their toxicities. Certain knowl-
edge of the molecular events leading to the destruction of both hypnozoites and
G6PD-deficient erythrocytes may rationally guide the discovery of 8-aminoquinolines
genuinely harmless to G6PD-deficient patients. We possess the technologies to obtain
that knowledge; we need only assign sufficiently high priority to having and using it.
The rational exploration of 8-aminoquinoline therapeutics has yet to occur. Success in
doing so may at last unleash the enormous potential of this singularly powerful class
of drugs against a tenacious and insidiously harmful latent malaria foe.
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Note Added after Publication

In the originally published version of this article, Fig. 2 included a typographical error,
which has been corrected in the present version (i.e., in the top left corner, “Casual
prophylaxis” has been changed to “Causal prophylaxis”).
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