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Background. Plasmodium vivax malaria requires a 2-week course of primaquine (PQ) for radical cure. Evidence suggests that
the hepatic isoenzyme cytochrome P450 2D6 (CYP2D6) is the key enzyme required to convert PQ into its active metabolite.

Methods. CYP2D6 genotypes and phenotypes of 550 service personnel were determined, and the pharmacokinetics (PK) of a
30-mg oral dose of PQ was measured in 45 volunteers. Blood and urine samples were collected, with PQ and metabolites were meas-
ured using ultraperformance liquid chromatography with mass spectrometry.

Results.  Seventy-six CYP2D6 genotypes were characterized for 530 service personnel. Of the 515 personnel for whom a single
phenotype was predicted, 58% had a normal metabolizer (NM) phenotype, 35% had an intermediate metabolizer (IM) phenotype,
5% had a poor metabolizer (PM) phenotype, and 2% had an ultrametabolizer phenotype. The median PQ area under the concen-
tration time curve from 0 to e was lower for the NM phenotype as compared to the IM or PM phenotypes. The novel 5,6-ortho-

quinone was detected in urine but not plasma from all personnel with the NM phenotype.

Conclusion.

The plasma PK profile suggests PQ metabolism is decreased in personnel with the IM or PM phenotypes as com-

pared to those with the NM phenotype. The finding of 5,6-ortho-quinone, the stable surrogate for the unstable 5-hydroxyprimaquine
metabolite, almost exclusively in personnel with the NM phenotype, compared with sporadic or no production in those with the IM
or PM phenotypes, provides further evidence for the role of CYP2D6 in radical cure.
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The World Health Organization (WHO) estimates there were
8 550 000 cases of Plasmodium vivax infection in 2016, with
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regional prevalence rates of 23%-64% [1]. P. vivax infection
is characterized by the presence of latent hypnozoites in the
liver, which can cause malaria relapses unless a 2-week course
(or, in individuals with glucose 6-phosphate dehydrogenase
[G6PD] deficiency, a once-weekly course for 8 weeks) of the
8-aminoquinoline primaquine (PQ) is given for radical cure
[2]. Tafenoquine, an 8-aminoquinoline recently approved by the
Food and Drug Administration, is not yet in widespread use.
Radical cure treatment failure is well described [3], and
potential contributing mechanisms were revealed when 2
malaria-naive volunteers experienced relapse following P. vivax
controlled human malaria infection despite receiving PQ at
30 mg per day for 14 days under directly observed therapy.
Investigations demonstrated that these 2 volunteers had genetic
polymorphisms in the hepatic isoenzyme cytochrome P450
2D6 (CYP2D6), which likely led to impaired metabolism of PQ
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[4]. If a search of the The Pharmacogene Variation Consortium
database (available at: https:www.pharmvar.org [formerly,
the Human CYP Allele Nomenclature Database]) lists known
CYP2D6 genotypes, and an activity score (AS-A) ranging be-
tween 0 and 1 can be assigned to each allele based on expected
enzyme activity. [5]. The additive diplotype score can then be
used to predict one of 4 different metabolism phenotypes: no
enzyme activity (the poor metabolizer [PM] phenotype), re-
duced/variable metabolism (the intermediate metabolizer [IM]
phenotype), normal metabolism (the normal metabolizer [NM]
phenotype), and accelerated metabolism (the ultrarapid metab-
olizer [UM] phenotype) [5-7].

By using recombinant CYP2D6, in vitro experiments have
been able to detect phenolic metabolites of PQ [8], and in
vivo studies in mice have confirmed CYP2D metabolism in
the PQ pathway by measuring metabolites such as 2-, 3-, and
4-hydroxyprimaquine and 5,6-ortho-quinone in the blood [9-
11]. Recently, a human PQ pharmacokinetic (PK) study detected
5,6-ortho-quinone in the urine, although the CYP2D6 genotype
of these 7 healthy adult volunteers was not determined [12].
Although the 5,6-ortho-quinone is not active itself, it is a stable
surrogate marker for the presence of 5-hydroxyprimaquine, the
unstable PQ metabolite generated through 2D6, which is be-
lieved to be necessary for radical cure through the generation
of oxidative stress from redox cycling [13]. Work over the past
60 years suggests this redox activity may also be the mechanism
behind the hemotoxicity of PQ, particularly in G6PD-deficient
individuals, who are less able to manage intraerythrocytic oxi-
dative stress [14-18].

The association of CYP2D6 and relapse has proved harder to
confirm in areas of endemicity [19-24]. Two clinical trials found
an increased risk of relapse with an AS-A of <1.0 [20, 21], yet in
Australian soldiers contracting P. vivax while deployed, relapse
was not associated with activity score [22]. This latter study, as
well as 2 studies in Thailand [23, 24], found the NM pheno-
type in the majority of patients with relapse. In March 2019, the
pharmacogenomics guidelines for CYP2D6 interpretation were
adjusted [25], and as such, defining parameters for the CYP2D6
phenotype, PQ PK, and risk of relapse is very much a work in
progress. The aim of this study was to determine the CYP2D6
genotype and predicted phenotype in a cohort of US military
personnel, a group at imminent risk of contracting P. vivax or
requiring presumptive antirelapse therapy. This was followed by
a smaller nested PQ PK study, representing the first assessment
of the impact of CYP2D6 status on production of the suspected
active phenolic metabolites of PQ.

METHODS

Design

Volunteers were recruited from active duty populations sta-
tioned in the Washington, D. C., area through 2 clinical trial
centers (the Clinical Trial Center at Walter Reed Army Institute

of Research [WRAIR; Silver Spring, MD] and the Uniformed
Services University of the Health Sciences [USUHS; Bethesda,
MD]). Signed informed consent was obtained from all volun-
teers, and ethical approval for the study was obtained from the
WRAIR and USUHS institutional review boards. Part 1 of the
study (performed from February 2016 to November 2016) in-
volved collection of 1 blood specimen for CYP2D6 genotyping
from individuals who met the inclusion criteria of being an
active duty service member aged 18-60 years. In part 2, vo-
lunteers were enrolled on a rolling basis between March 2016
and June 2017 as genotyping results became available. See the
Supplementary Materials for inclusion/exclusion criteria and
screening procedures.

CYP2D6 Characterization

Genotyping was performed with the XTAG CYP2D6 kit, ver-
sion 3 (Luminex, Austin, TX), according to the manufacturer’s
instructions, at each variant position (*1, *2, *3, *4, *5, *6, *7,
*8, %9, *10, *11, *15, *17, *29, *35, and *41), and a diplotype
was assigned. If duplication of an allele was found, “(DUP)”
was added to the diplotype. If a full diplotype was not able to
be determined, the results were classified as “no calls” Subjects
were then categorized into one of four predicted pheno-
types using the AS-A Model and Clinical Pharmacogenomics
Implementation Consortium (CPIC) guidelines [5, 26, 27]. At
time of study execution, an AS-A of 0 was considered indicative
of a PM phenotype; 0.5, an IM phenotype; and 1.0, 1.5, and 2, an
NM phenotype. Goal enrollments for part 2 were 10 individuals
with the NM phenotype, 22 with the IM phenotype, and 22 with
the PM phenotype (Supplementary Materials). After the study
was completed, new CPIC guidelines were released, designating
an AS-A of 1.0 as indicative of an IM phenotype and the *10
allele as having a score of 0.25 [25], and the completed data set
was reanalyzed.

PK Analysis

The morning of the PK study, breakfast was provided, baseline
(ie, time 0) plasma and urine samples were collected, and the
volunteer was then administered 30 mg of PQ orally under di-
rect observation. Peripheral blood specimens (volume, 3 mL)
were collected in lithium heparin tubes at 1, 2, 4, 6, 8, 10, and
24 hours after dosing, and spot urine specimens were col-
lected 4, 10, and 24 hours after dosing. Plasma and urine levels
of PQ, carboxyprimaquine (cPQ), 2-hydroxyprimaquine,
3-hydroxyprimaquine, 4-hydroxyprimaquine, and 5,6-ortho-
quinone were measured using high-performance liquid
chromatography with mass spectrometry. All samples were
analyzed using a triple-quadrupole mass spectrometer
(Waters, Milford, MA). Chromatographic separations were
achieved using a Waters XTerra mass spectrometry C-18 an-
alytical column (length, 50 mm; internal diameter, 2.1 mm;
particle size, 3 pm), a Waters I class liquid chromatography
system with a flow rate of 0.40 mL/minute, and a 6-minute
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linear gradient of 5%-98% acetonitrile (0.1% formic acid).
Mass spectrometry conditions were optimized for each ana-
lyte. All samples were prepared for analysis by extraction with
2 volumes of acetonitrile containing internal standard (meflo-
quine) for each volume of sample. Mean plasma drug concen-
tration versus time curves were prepared. For determination
of PK parameters for PQ, cPQ, and the different phenolic me-
tabolites in plasma, a compartmental analysis was performed
using WinNonlin/Phoenix, version 6.4 (Pharsight, Mountain
View, CA; Supplementary Materials).

Statistical Analysis

Prism, version 8.0, was used for statistical analyses. Means,
standard deviations, medians, and ranges of PK parameters
were calculated for each of the 3 predicted phenotype groups
and compared using 1-way analysis of variance or the Kruskal-
Wallis test, with the Tukey post hoc test.

RESULTS

Demographic Characteristics

For part 1, of the 550 active duty volunteers enrolled, the mean
age was 30.2 years (median, 28 years; range, 18-59 years).
The racial/ethnic characteristics of the cohort are shown in
Supplementary Figure 1. Overall demographic patterns were
similar to percentages reported in 2014 by the US Department
of Defense (DoD) for the Armed Forces [28] and in 2016 by
the US Census Bureau [29] (Supplementary Table 1), although
female sex was reported for 32% of participants (n=176) in the
WRAIR study, compared with 15% in the DoD report.

CYP2D6 Genotype
Results for CYP2D6 genotyping were successful in 530 of 550
volunteers (96%), with 20 “no calls” Table 1 shows the allelic

haplotypes per race/ethnicity. There were 76 different CYP2D6
genotypes among the 530 volunteers, with the following 4 geno-
types having a prevalence of >5%: *1/*2 (13.2% of volunteers
[70]), *1/*1 (in 12.8% [68]), *1/*4 (in 8.5% [45]), and *1/*41
(in 5% [27]). The top 3 most frequent genotypes differed
slightly among the racial groupings (Supplementary Table 2; see
Supplementary Table 3 for all genotypes). The *10 allele, having
been reattributed a score of 0.25, was found in 10% of our co-
hort (53 volunteers); this was paired with most often with a
normal activity allele (in 28 volunteers [53%]), followed by a re-
duced activity allele (in 15 [28%]) and a null allele (in 10 [19%]).
A gene duplication DUP was present in 40 volunteers (7.5%),
among whom 19 different CYP2D6 genotypes were observed
(Supplementary Table 4). The ratio of male to female partici-
pants shifted to 50:50, and most reported African American/
black race/ethnicity (65%) [26].

CYP2D6 Phenotype

Of the 530 genotypes successfully identified, 515 had a single
predicted phenotypic designation, while 15 had gene duplica-
tions creating 2 possible AS-As, each predicting a different phe-
notype: the phenotype for 8 subjects could be NM or UM and
for 7 was NM or IM. Of the 515 single phenotypes, 300 (58%)
were NMs, 181 (35%) were IMs, 24 (5%) were PMs, and 10 (2%)
were UMs. Results of comparisons of the number of subjects
in each AS-A group and phenotype, using the former and
most recent CPIC guidelines, are shown in the Supplementary
Materials, and the percentage of phenotypes for each race/eth-
nicity is given in Figure 1.

PK Profiles and Parameters
Forty-five individuals were enrolled for the PK portion of the
study: 8 had the NM phenotype, 21 had the IM phenotype,

Table1. CYP2D6 Allelic Frequencies Among Volunteers, Overall and by Race/Ethnicity
Overall, No. Caucasian/ African American/  Asian Native American/ Hawaiian/Pacific Other Race/Eth- Hispanic/

Allele (%) (n = 530) White (n = 300) Black (n = 158) (n = 35) Alaska Native (n = 7) Islander (n =9)  nicity (n = 21) LatinX® (n = 94)

*1 396 (37.4) 241 (40.2%) 99 (31.3) 21 (30.0) 10 (71.4) 6 (33.3) 19 (45.2) 78 (41.5)

*2 180 (17.0) 102 (17.0) 62 (19.6) 6 (8.6) 2 (14.3) 0 8(19.0) 38(20.2)

“3 13 (1.2) 11 (1.8) 1(0.3) 0 0 0 1(2.4) 2(1.1)

*4 133 (12.5) 86 (14.3) 34(10.8) 4(5.7) 0 2 (1.1) 7(16.7) 17 (9.0)

*5 45 (4.2) 20 (3.3) 16 (5.1) 3(4.3) 0 4(22.2) 2 (4.8) 9 (4.8

*6 8(0.8) 6 (1.0) 2(0.6) 0 0 0 0 0

*7 1(0.1) 1(0.2) 0 0 0 0 0 0

*9 19 (1.8) 18 (3.0) 1(0.3) 0 0 0 0 3(1.6)
*10 64 (6.0) 10 (1.7) 15 (4.7) 32 (471) 0 6 (33.3) 1(2.4) 10 (56.3)
*14 1(0.1) 0 0 1(1.4) 0 0 0 0
*17 55 (5.2) 4(0.7) 49 (15.5) 0 0 0 2(4.8) 5(2.7)
*29 26 (2.5) 1(0.2) 24 (76) 0 0 0 1(2.4) 3(1.6)
315 41 (3.9) 37 (6.2) 3(0.9) 0 1(7.1) 0 0 6(3.2)
*41 78 (7.4) 63 (10.5) 10 (3.2) 3(4.3) 1(71) 0 1(2.4) 17 (9.0)

Data are no. (%) of volunteers. The 20 volunteers with a “no call” result of the 2D6 genotyping assay are excluded. In the 40 volunteers with CYP2D6 gene duplication, only the 2 alleles

identified by the xTAG CYP2D6 kit, version 3, are used in the calculation.

?Some volunteers reported Hispanic/LatinX along with another race/ethnicity is included. This column shows the frequencies only for those who reported Hispanic/LatinX ethnicity.
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and 16 had the PM phenotype (Supplementary Figure 2).
One volunteer was later excluded from PK analysis since po-
tential inhibition of CYP2D6 by a concomitant medication
could not be ruled out (Supplementary Table 5). Plasma con-
centrations of PQ and carboxyprimaquine per phenotype are
shown in Figure 2A and 2B, with plasma PK parameters pre-
sented in Table 2A and 2B. All plasma PK parameters for the
NM group were statistically significantly less than those for
the PM group, except for the time to achievement of the max-
imum concentration (C_ ). Parameters for carboxyprimaquine
were more similar among the 3 phenotypes, although with a
lower C__for the NM phenotype. Urinary PK profiles of PQ
and carboxyprimaquine are shown in Figure 2C and 2D. The
urine PQ concentration followed the same pattern as plasma
PK, while urinary carboxyprimaquine concentrations were low
to undetectable for the entire 24-hour period, supporting fur-
ther biotransformation of this compound. We also plotted the
plasma PQ PK profiles according to AS-A (Figure 3); those with
AS-As of 2, 1.5, and 1 had similar profiles, while the 5 volun-
teers in the IM group with an AS-A of 0.25 (*10/null allele) had
a PK profile that was almost identical to that for the PM group
(Supplementary Table 5).

Other known PQ metabolites arising from the CYP2D6
pathway were also assessed in both plasma and urine
specimens. The major phenolic metabolite of interest,
5,6-ortho-quinone, was not found in plasma samples from

any volunteers; however, it was detected in urine speci-
mens from all volunteers with the NM phenotype, among
whom the time to C___was 4 hours but the range of C__
values was wide (47-762 ng/mL; Figures 4 and 5A and
5B). Fifteen of 20 volunteers with the IM phenotype pro-
duced 5,6-ortho-quinone; the C__range was much lower
than that for the NM group (25.2-232.2 ng/mL), and times
to C__ varied from 4 to 24 hours. 5,6-ortho-quinone was
detected in only 3 of 16 volunteers with the PM pheno-
type, with 2 testing positive at the 4-hour time point (29.6
and 48.4 ng/mL) and 1 testing positive at 3 time points
(C,.o 58.9 ng/mL). The other metabolites, 2-, 3-, and
4-hydroxyprimaquine, were also only detected in urine
specimens (Supplementary Figure 3). Most volunteers
produced 3-hydroxyprimaquine, only those with the IM
or PM phenotype produced 2-hydroxyprimaquine, and
4-hydroxyprimaquine was only seen in a few NMs. We
also did exploratory post hoc comparisons of plasma PK
parameters with respect to urine C___and comparisons of
plasma and urine PK parameters with respect to weight-
based PQ dose, which ranged from 0.26-0.57 mg/kg
(Supplementary Figures 4 and 5). There was not a strong
association for any of the parameters with 5,6-ortho-
quinone. The CYP2D6 status, demographic group, PQ
dose (in mg/kg), and PK parameters for all 45 volunteers
are shown in Supplementary Table 6.
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Figure 2. Pharmacokinetic profiles in plasma (A and C) and urine (Band D, dotted lines) specimens from volunteers with the normal metabolizer
(NM) phenotype (circles; n=8), the intermediate metabolizer (IM) phenotype (triangles; n = 20), and the poor metabolizer (PM) phenotype (squares;
n = 16) for primaquine (PQ; A and B) and carboxyprimagquine (cPQ; C and D) at scheduled time points after administration of 30 mg of PQ orally.
Data are median values.

Table 2. Plasma Pharmacokinetic Parameters for Primaquine (PQ) and Carboxyprimaquine (cPQ), by Metabolizer Phenotype

Poor Metabo-

Normal Metabolizer (n = 8) Intermediate Metabolizer (n = 20) lizer (n = 16) P
Compound, Pa-
rameter Mean + SD Median (Range) Mean + SD Median (Range) Mean + SD Median (Range) ANOVA K-W
PQ
Half-life, h 51+17° 4.9 (2.3-79)° 85+26 8.5 (4.8-14) 9.1+23 9.0 (5.1-13) 001 .0013
T oo N 25+ 13 2.0 (1.0-4.0) 2.4 +0.88 2.0 (1.0-4.0) 2.4+ 1.0 2.0 (1.0-4.0) 938  .996
C, o NG/ML 124 = 65 105 (63-266)° 161+ 47 150 (85-274) 219 + 92¢ 194 (116-410)  .006 .0099
AUC_, ng*h/mL 1166 + 571 950 (656-2385)° 1998 + 550 1809 (1000-2802) 2947 + 1585¢ 2378 (1255-6612) .001 .0008

CI/F, mL/h/kg 30 112 + 11 039° 31 811 (12 580-45 746)° 16 256 + 4991 16 584 (10 708-30 010) 12 732 + 5617 12 620 (4537-23 901) <.0001 .0008
cPQ

Half-life, h 44 + 27 48 (10-98) 5946  37(11-178) 48 + 32 44 (8-133) 546 824

T _.h 78£27 9 (4-10) 86+72 6 (1-24) 79+27 8 (2-10) 102 537

C,.. ng/mL 713 £ 191° 623 (535-1030)° 1014 £ 156 1023 (704-1429) 938 + 159 830 (633-1160)  .0004 .004

AUC_, ng*h/mL' 49492 « 29192 42 625 (10 222-95329) 93696+ 68 112 (22 990242 110) 70 763 + 33 119 68896 (25350- 09 183
62913 135 397)

CIF, mL/h/kg' 975 + 881° 705 (315-2935) 481309 440 (124-1305) 538 = 287 439(222-1183) .04  .183

Abbreviations: AUC_, area under the concentration time curve from 0 to o; Cl, clearance; C__, maximum concentration; F. bioavailability; T __, time to achievement of the maximum
concentration.

“By 1-way analysis of variance of means (ANOVA) or the Kruskal-Wallis test of medians (K-W), followed by the Tukey post hoc test.

X! X

PP < .05, for pairwise comparisons to volunteers with the intermediate or poor metabolizer phenotype.

°P < .05, for pairwise comparison to volunteers with the poor metabolizer phenotype.

9P < .05, for pairwise comparisons to volunteers with the normal or intermediate metabolizer phenotypes.

°P < .05, for pairwise comparison to volunteers with the intermediate metabolizer phenotype.

‘Data for the intermediate metabolizer group are for 19 volunteers because they could not be calculated for 1 volunteer.
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Figure 3. Pharmacokinetic profile of primaquine (PQ) in plasma specimens ac-

cording to activity score (AS-A). Data are median plasma PQ concentrations after
administration of 30 mg of PQ orally. Measurements were made at 0, 1, 2, 4, 6 8,
10 and 24 hours. Data are for 6 volunteers with an AS-A of 2 (solid circles), 2 with
an AS-A of 1.5 (open circles), 2 with an AS-A of 1.0 (solid black triangles), 12 with
an AS-A of 0.5 (triangles with a gray border), 5 with an AS-A of 0.25 (upside-down
triangles), and 16 with an AS-A of 0 (squares). Two volunteers with duplications
were not included.

DISCUSSION

This study was an opportunity to assess whether 2D6
polymorphisms influence the production of oxidative me-
tabolites posited to be necessary for radical cure of P. vivax
infection and, thus, to better understand their potential

pharmacogenomic liability. The major CYP2D6 allelic frequen-
cies were similar to what has been reported with larger data
sets [30-32] (Supplementary Table 7). Finding gene duplica-
tions in 7.5% of our volunteers was somewhat unexpected, al-
though others have reported comparable percentages [32-34].
In our initial analysis of predicted phenotype, we used CPIC
criteria to classify an AS-A of 1.0 as an NM phenotype [5, 27,
28, 35]. Additionally, in a study by Bennett et al, one of 3 vo-
lunteers with a score of 0.5 experienced relapse, while none
of the 21 with scores of >1.0 did so [4]. There are alternative
pharmacogenomic interpretations of 2D6 activity; the Dutch
Pharmacogenetics Working Group classifies an AS-A of 1.0 as
an IM phenotype [35], and some have advocated for nomencla-
ture revisions, such as NM-slow (indicated by an AS-A of 1.0)
and NM-fast (indicated by an AS-A of 1.5-2) [36]. This year, a
CPIC consensus guideline was released, reclassifying an AS-A
of 1.0 as an IM phenotype, although by a narrow margin, 41%
to 38% [25]. Upon our reanalysis, the percentage of predicted
NM and IM phenotypes shifted dramatically, from 87% to
58% and from 7% to 35%, respectively. A recent meta-analysis
of genotype-to-phenotype interpretation reported almost the
same shift when grouping AS-As of 1.0 with the IM phenotype
[30].

Our range of PK parameters for a 30-mg oral dose of PQ in
healthy adults were similar to what has been published in the past
[37, 38], although these studies did not stratify PK parameters by
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Figure 4. Concentrations of 5,6-ortho-quinone in urine specimens collected 4, 10, and 24 hours after primaquine (PQ) dosing from volunteers with a normal metabolizer
(NM) phenotype and an activity score (AS-A) of 2 (dark circles) or 1.5 (open circles); from those with an intermediate metabolizer (IM) phenotype and an AS-A score of 1.0
(black triangles), 0.5 (light triangle with gray outline), or 0.25 (upside down triangles); and from those with a poor metabolizer (PM) phenotype (squares).
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Figure 5.  Pharmacokinetic profile of urinary 5,6-ortho-quinone 0, 4, 10, and 24 hours after primaquine (PQ) dosing, by CYP2D6 metabolizer phenotype. A, 5,6-ortho-quinone
levels in all volunteers with a normal metabolizer (NM) phenotype (n = 8). Those with an activity score (AS-A) of 2 are indicated by dotted lines and filled circles, and those
with an AS-A of 1.5 are indicated by solid lines and open circles. B, 5,6-ortho-quinone levels in volunteers from the intermediate metabolizer (IM) group in whom 5,6-ortho-
quinone was detected at >2 time points (n = 9). Two volunteers from the IM group with an AS-A of 1.0 are indicated by dotted black lines and stars. The 5 volunteers with
an AS-A of 0.5 are indicated by gray triangles (for those with a maximum concentration [C__ ] at 4 hours) or open triangles (for those with a C__ at 24 hours). Two volunteers
from the IM group had an AS-A of 0.25, of whom one had a C__ at 4 hours (open square) and the other had a C_ at 10 hours (open diamond). Not shown are data for 1 vol-
unteer with an IM phenotype who had 5,6-ortho-quinone detected only at 4 hours, data for 2 who had 5,6-ortho-quinone detected only at 10 hours, and data for 2 who had

5,6-ortho-quinone detected only at 24 hours. 5,6-ortho-quinone was not detected in 5 volunteers from the IM group.

CYP2D6 status. Although the number of subjects in our study
was small, we saw a decrease in half-lives, C__values, and areas
under the concentration time curve from 0 to e (AUC_) across
the phenotype groups, with the highest values in the NM group
and the lowest in the PM group, similar to what was modeled
by Gongalves et al [39] and what was seen by Bennett et al [4]
(Supplementary Table 8). There was little change in PK param-
eters or profiles among the NM, IM, and PM groups regardless
of whether prior or new CPIC guidelines for an AS-A of 1.0 were
applied (data not shown); however, only 2 volunteers (both with
an AS-S score of 1.0) were assigned a new phenotype on the basis
of the new guidelines. Although there were only 2 such volun-
teers, neither had a PK profile that clearly fell into the IM or EM
category. The median AUC_ for an AS-A of 1 (950 hours*ng/
mL) was not significantly different than that for AS-As of 1.5
and 2 combined (1163 hours*ng/mL; P = .99, by the ¢ test). In
contrast, the median AUC_ was 1794 hours*ng/mL among those
with an AS-A of 0.5 and 2726 hr*ng/mL among volunteers with
an AS-A of 0.25 (Supplementary Table 5). The 2 volunteers with
an AS-A of 1.0 also had higher concentrations of the urinary
5,6-ortho-quinone metabolite at 4 hours, compared with all
others with an IM phenotype (AS-A range, 0.25-0.5). There can
be large variation within phenotypes [34, 40, 41], and this may
be especially pertinent for those associated with an AS-A of 1.0
[5]. Future PK studies enrolling larger numbers of volunteers in
each AS-A group, rather than by phenotypic group, may help
better define the interplay of CYP2D6 and PQ metabolism.
5,6-ortho-quinone is a stable surrogate compound that
can be measured in lieu of the unstable PQ metabolite
5-hydroxyprimaquine, which is thought be involved in redox
cycling and could therefore be responsible for the hepatic

activity of PQ, as well as the hemolytic toxicity [9-18]. The
distinctive finding of 5,6-ortho-quinone in all volunteers with
the NM phenotype and the notable reduced level or absence
of 5,6-ortho-quinone in the IM and PM groups provides ad-
ditional support that radical cure is accomplished through
the 2D6 pathway. The large variability in the 5,6-ortho-
quinone C___in the NM group may be due to a small sample
size (ie, data from too few time points) or to host differences
in urinary excretion; we did not detect any associations with
sex, race/ethnicity, AS-A, PQ dose (in mg/kg), or PQ PK
parameters. The highest 5,6-ortho-quinone levels in urine
specimens for all volunteers with the NM phenotype were de-
tected at 4 hours, whereas the C___varied among volunteers
in the IM group with detectable 5,6-ortho-quinone. This may
suggest that the primary pharmacodynamic effects from PQ
metabolites are driven by an early burst (C__ ) of redox active
species, rather than by overall exposure. Studies in areas of
endemicity may be able to identify whether there is a ther-
apeutic level of 5,6-ortho-quinone excretion that reflects
hypnozoite clearance in the liver or whether detection of the
compound is sufficient evidence.

Carboxyprimaquine, which is produced through the monoa-
mine oxidase pathway [13] and not thought to have antimalarial
activity, had a lower C__and AUC_ in the NM group, per-
haps reflecting its increased metabolism through the CYP2D6
pathway. Levels of the 2-, 3- and 4-hydroxyprimaquine metab-
olites and 5,6-ortho-quinone were not appreciable in plasma
specimens, unlike past murine studies at WRAIR [10], although
levels were similar to those from a recent PK study in 7 healthy
volunteers in the United States [12]. The inherent instability of
the compounds, loss during processing and freezing, or location
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in other compartments (eg, erythrocytes and tissues) represent
possible explanations.

In the study by Bennett et al, the total and daily doses of PQ
seemed to influence radical cure outcome: of two volunteers
with same genotype (¥4/*41, an IM phenotype), only 1 experi-
enced relapse [4]. Our study had 4 *4/*41 volunteers, of whom
1 had an AUC_ between that of the IM and PM groups and
received a lower PQ dose (0.29 mg/kg) and, thus, could be at
possible risk for relapse. This volunteer had urinary 5,6-ortho-
quinone detected at 10 and 24 hours, but we do not know
whether this would translate into efficacy. It was intriguing to
see the PQ dose-dependent increase in the 5,6-ortho-quinone
C,,., among volunteers with the IM phenotype (Supplementary
Figure 5F), supporting the use of higher PQ doses in such vo-
lunteers. However, at PQ doses greater than approximately
0.5 mg/kg, the association was lost, and this observation does
not reflect data from the 5 volunteers from the IM group who
had no detectable 5,6-ortho-quinone. Supplementary Figure
5F also shows that 4 of 5 subjects with the *10/null diplotype
(AS-A, 0.25) produced 5,6-ortho-quinone, despite this group
having a plasma PQ PK profile similar to that of the PM group.
While this is encouraging for P. vivax—-endemic areas such as
Southeast Asia, where the frequency of the *10 allele com-
monly approaches 50% [42, 43], prospective studies need to
be conducted to delineate metabolic parameters in those who
carry the *10 allele and the relationship of these parameters
to radical cure. These field studies may also be able to assess
any associations of 5,6-ortho-quinone production with a risk
of acute hemolytic anemia in G6PD-deficient patients and/or
P. falciparum gametocyte clearance.

Not determining a urinary metabolic ratio with a 2D6 probe
drug limited our ability to definitively assign a metabolizer
phenotype to our volunteers, and a recent study in Indonesia
found that 17 of 18 P, vivax relapses had a log metabolic ratio of
dextromethorphan of —1.0 or greater [21]. The XTAG assay we
used detects single-nucleotide polymorphisms or deletions for
only 16 alleles; thus, in our study, the proportion with the de-
fault genotype *1 allele may have been overestimated, with rare
genotypes missed. We observed 1 volunteer in the NM group
who had a *1/*1 genotype but an AUC_and C
similar to those in the PM group. Paradoxically, the amount of

. Values more
5,6-ortho-quinone produced by this volunteer was the third
highest of all volunteers in the NM group. The explanation may
lie within the large variation that may be seen within pheno-
types, even if a 2D6 probe drug is used to determine pheno-
type [34, 41]. Contemporary investigations are unveiling the
complex influences of single-nucleotide polymorphism enhan-
cers, transcription factors, and microRNA on the 2D6 metab-
olism phenotype [41, 44]. Whole-genome sequencing (WGS)
could be of benefit; however, sequencing of the 2D6 gene is
complicated by copy number, high G-C content, and pseudo-
genes (CYP2D7 and CYP2D8) [45]. This level of complexity

will preclude WGS in many laboratories, particularly those in
malaria-endemic areas.

The importance of CYP2DG6 status is important not only for
PQ, but also for other 2D6-metabolized medications, such as
codeine, selective serotonin reuptake inhibitors (SSRIs), bupro-
pion for smoking cessation, and many antihypertensive agents.
The impact of polypharmacy was recently demonstrated in a
study by Avula et al, in which mice that were coadministered
SSRIs and PQ died of malaria, owing to inhibition of 2D6 by
the SSRI [12]. Baird et al estimated the percentage of popula-
tions in malaria-endemic countries refractory to PQ treatment
due to CYP2D6, G6PD deficiency, age <6 months, pregnancy,
and lactation to be 38.8% [46]. All US active duty personnel
are tested for G6PD deficiency at induction, with an estimated
prevalence rate of 4.1%-4.3% [47, 48]. This prevalence, com-
bined with the 5% prevalence of the PM phenotype detected in
our study, suggests that PQ could not be effective in almost 10%
of service personnel. Moreover, the limitations of PQ therapy
due to CYP2D6 polymorphisms will likely exceed 5%, since
some commonly used medications can render the NM pheno-
type as a functional PM phenotype, and additionally, some indi-
viduals with the IM phenotype will not respond to PQ therapy
[4, 19]. Knowing a soldier’s predicted phenotype could aid in
more-tailored prescription of PQ, reduce questions of compli-
ance, and better prepare combatant command leaders and med-
ical providers for potential episodes of PQ treatment failure due
to host pharmacogenomic characteristics.

We now have an initial PQ PK study demonstrating dif-
ferential production of 5,6-ortho-quinone, a surrogate for
the presumed active metabolite 5-hydroxyprimaquine, in in-
dividuals with the NM phenotype. Tafenoquine, which also
originated through DoD-sponsored studies, has recently been
approved for use by the Food and Drug Administration but,
as an 8-aminquinoline, may require the same 2D6 metabo-
lism pathway [49]. WRAIR has a dedicated program to de-
velop new drugs for radical cure of P. vivax, including other
8-aminoquinolines not subject to 2D6 metabolism. The results
from these collective studies will inform not only the DoD,
but also clinicians and public health policymakers worldwide,
hopefully resulting in improved tools to ensure eventual elim-
ination of P. vivax.
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