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Background. 'The Plasmodium falciparum dihydrofolate reductase (PfDHFR) inhibitors pyrimethamine and cycloguanil (the
active metabolite of proguanil) have important roles in malaria chemoprevention, but drug resistance challenges their efficacies.
A new compound, P218, was designed to overcome resistance, but drug-susceptibility data for P falciparum field isolates are limited.

Methods. We studied ex vivo PfDHFR inhibitor susceptibilities of 559 isolates from Tororo and Busia districts, Uganda, from
2016 to 2020, sequenced 383 isolates, and assessed associations between genotypes and drug-susceptibility phenotypes.

Results. Median half-maximal inhibitory concentrations (IC, s) were 42 100 nM for pyrimethamine, 1200 nM for cycloguanil,
13000 nM for proguanil, and 0.6 nM for P218. Among sequenced isolates, 3 PEDHFR mutations, 511 (100%), 59R (93.7%), and
108N (100%), were very common, as previously seen in Uganda, and another mutation, 164L (12.8%), had moderate prevalence.
Increasing numbers of mutations were associated with decreasing susceptibility to pyrimethamine, cycloguanil, and P218, but not
proguanil, which does not act directly against PFDHFR. Differences in P218 susceptibilities were modest, with median IC,_s of
1.4 nM for parasites with mixed genotype at position 164 and 5.7 nM for pure quadruple mutant (511/59R/108N/164L) parasites.

Conclusions.
against mutant parasites.
Keywords.

Resistance-mediating PFDHFR mutations were common in Ugandan isolates, but P218 retained excellent activity

malaria; Plasmodium falciparum; antifolate resistance; PEDHFR.

Mutations in Plasmodium falciparum dihydrofolate reductase
(PfDHFR) are common, and they compromise the antimal-
arial activities of inhibitors of this enzyme, notably pyrimeth-
amine, a component of sulfadoxine-pyrimethamine (SP), and
cycloguanil, the active metabolite of proguanil [1]. With cur-
rent levels of resistance, PEDHFR inhibitors are generally no
longer recommended for the treatment of malaria, but SP is
recommended by the World Health Organization and widely
used for chemoprevention in Africa, in particular as intermit-
tent preventive therapy in pregnancy and, with amodiaquine,
as seasonal malaria chemoprevention in children [2]. Proguanil
is used, in combination with atovaquone, for chemoprophy-
laxis in travelers to malarious areas [3]. In this context, a prom-
ising new approach is the design of PfDHFR inhibitors that

Received 2 July 2021; editorial decision 24 August 2021; accepted 27 August 2021; published
online August 30, 2021.

Presented in part: American Society of Tropical Medicine and Hygiene, November 2020,
Virtual Presentation; Women in Malaria Conference, March 2021, virtual presentation.

Correspondence: Philip J. Rosenthal, MD, Department of Medicine, University of California,
Box 0811, San Francisco, CA 94143 USA (philip.rosenthal@ucsf.edu).

The Journal of Infectious Diseases® 2022;225:696-704

© The Author(s) 2021. Published by Oxford University Press for the Infectious Diseases Society
of America. All rights reserved. For permissions, e-mail: journals.permissions@oup.com.
https://doi.org/10.1093/infdis/jiab435

circumvent resistance mediated by mutations in parasites now
circulating in Africa.

Plasmodium falciparum dihydrofolate reductase, which is
part of the bifunctional dihydrofolate reductase-thymidylate
synthase ([DHFR-TS] PF3D7_0417200) enzyme, converts
dihydrofolic acid to tetrahydrofolic acid, which is required
by enzymes necessary for deoxyribonucleic acid (DNA) syn-
thesis. Three PEDHFR mutations, 511, 59R, and 108N, are very
common in P falciparum across Africa [1] and mediate stepwise
increases in resistance to pyrimethamine and cycloguanil [4].
An additional mutation, 164L, mediates higher-level resistance
to pyrimethamine and cycloguanil [5, 6]. The PfDHFR 164L
mutation has been very uncommon in Africa [7], but modest
prevalence has been identified in some areas, including south-
western Uganda [8]. An increase in 164L mutation prevalence
in Uganda in recent years [9, 10] emphasizes the relevance of
the design of novel PfDHFR inhibitors that circumvent existing
resistance mechanisms.

Exploration of the crystal structures of wild-type (WT)
and mutant PfDHFR and mutagenesis experiments iden-
tified specific mechanisms of resistance to pyrimethamine
and cycloguanil and enabled target-specific design of inhibi-
tors acting against both WT and mutant parasites [1, 11-13].
Among novel inhibitors recently under development is P218, a
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2,4-diaminopyrimidine [14, 15]. P218 has a flexible pyrimidine
side-chain, enabling the drug to anchor to the conserved D54
residue in both WT and mutant parasites, as well as a carbox-
ylate group forming hydrogen bonds with another conserved
residue, R122, leading to tighter inhibitor-enzyme binding
than for pyrimethamine [14, 16]. A 5-atom linker helps to pre-
vent interaction with residue 108, for which mutation to as-
paragine mediates resistance [16]. By residing almost entirely
in the dihydrofolate substrate pocket, P218 is less likely than
other inhibitors to be affected by small steric changes that re-
sult from amino acid substitutions, and it has been shown to
have potent activity against WT and mutant strains of P fal-
ciparum [14]. Unlike the case with other available inhibitors,
binding of P218 to PfDHFR is only minimally affected by the
164L mutation [16]. Favorable enzyme selectivity, good safety
and tolerability, and chemoprevention efficacy in initial trials
led to interest in P218 as a novel chemopreventive agent [14, 17,
18]. However, the relatively short half-life of P218 challenged
utility for chemoprevention, and recently this led to a pause in
development.

In addition to initial promising results showing activity
of P218 against P falciparum laboratory strains with various
PfDHFR mutations, it is of interest to determine its activity
against parasites of varied genotypes circulating in the field.
We therefore examined ex vivo susceptibilities to P218, the
PfDHEFR inhibitors pyrimethamine and cycloguanil, and the
cycloguanil prodrug proguanil of P falciparum isolates collected
from Tororo and Busia districts, Uganda, and explored associ-
ations between pfdhfr genotypes and drug-susceptibility pheno-
types for these isolates.

METHODS

Samples for Study

Subjects over 6 months of age presenting between July 2016 and
June 2020 at the outpatient clinics of Tororo District Hospital,
Tororo District or Masafu General Hospital, Busia District
with clinical suspicion for malaria and a positive Giemsa-
stained blood film for P falciparum and without signs of severe
disease were enrolled after informed consent, as previously
described [19]. Blood was collected in a heparinized tube be-
fore initiation of treatment with artemether-lumefantrine,
following national guidelines. The studies were approved by
the Makerere University Research and Ethics Committee, the
Uganda National Council for Science and Technology, and the
University of California, San Francisco Committee on Human
Research.

Ex Vivo Drug-Susceptibility Assays

Samples with parasitemias >0.3% were placed into culture
after removal of plasma and buffy coat. Aliquots of blood sam-
ples were stored on Whatman 3MM filter paper for molecular
analysis. Pyrimethamine, cycloguanil, proguanil, and P218 (all

provided by Medicines for Malaria Venture) were prepared as
50 mM (for pyrimethamine) and 10 mM (for all others) stock
solutions in dimethyl sulfoxide. Stock solutions were stored at
—20°C, and working solutions were freshly prepared within 24 h
of susceptibility tests and stored at 4°C.

Drug-susceptibility assays were performed as previously de-
scribed [19]. Drugs were serially diluted 3-fold in 96-well assay
plates in complete media (Roswell Park Memorial Institute
[RPMI] 1640 medium supplemented with 25 mM HEPES, 0.2%
NaHCO,, 0.1 mM hypoxanthine, 100 ug/mL gentamicin, and
0.5% AlbuMAX II; Invitrogen) before adding parasite culture to
reach a parasitemia of 0.2% and hematocrit of 2% in a volume
of 200 pL. Drug-free and parasite-free controls were included.
Plates were incubated for 72 hours in a humidified modular in-
cubator under 90% N, 5% CO,, and 5% O, at 37°C, and parasite
growth was then quantified based on SYBR Green fluorescence,
as previously described [19]. In brief, after the 72-hour incuba-
tion, plates were frozen at —80°C and thawed, and, after mixing,
100 pL from each well was transferred to a black 96-well plate
containing 100 pL/well SYBR Green lysis buffer (20 mM Tris
buffer, 5 mM EDTA, 0.008% saponin, 0.08% Triton X-100, and
0.2 uL/mL SYBR green I), plates were incubated for 1 hour in
the dark at room temperature, and fluorescence was measured
with a FLUOstar Omega plate reader ([BMG LabTech] 485-nm
excitation/530-nm emission). Laboratory control strains Dd2
and 3D7 (BEI Resources) were assessed monthly. Half-maximal
inhibitory concentrations (IC_s) were derived by plotting fluo-
rescence intensity against log drug concentration and fitting to
nonlinear curves using a 4-parameter Hill equation in Prism 8.4
(GraphPad Software), with modifications for graphs with lim-
ited curve fit or incomplete curves as previously described [19].
Well-to-well variability and signal-to-noise ratios were assessed
for each plate using the Z-factor test statistic: Z = 1-((3SD, .,
+38D_ . . .)/(signal . . )) [20]. Results with poor
curve fit (typically Z < 0.5) or obvious poor fit on visual inspec-

-signal

uninfected:
tion were discarded.

Sequencing of Ugandan Plasmodium falciparum Deoxyribonucleic Acid

DNA was extracted from dried blood spots using Chelex-100.
For dideoxy sequencing, pfdhfr was amplified by 2 nested
polymerase chain reactions (PCRs) using primers we de-
signed to specifically target pfdhfr-TS, PfDHFR_FI_RI_f
(ACTAGCCATTTTTGTATTCCCA) and PfDHFR_FI_RI_r
(CATATGACATGTATCT TTGTCATCATTC) for round 1, and
PfDHFR_F1_R2 f (CTCCTTTTTATGATGGAACAAGTC)
and PfDHFR_FI_R2 r (CATCGCTAACAGAAATAATTTG)
for round 2 for the upstream region, and Pf/DHFR_F2_RI_f
(GAGGTTCCGTTGTTTATCAAG) and PfDHFR_F2_RI_r
(CTTAACCGTTCAG GTAATTTTGTCATC) for round 1, and
PfDHFR_F2 R2_f (CAAATTATTTCTGTTAGCGATG) and
PfDHFR_F2 R2 r (CAATGGATATGGCTGCTTAATATTG)
for round 2 for the downstream region. The PCR products were
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purified with Ampure beads (Beckman Coulter) and sequenced
by standard dideoxy techniques. Sequences were analyzed with
CodonCodeAligner (CodonCode Corporation), with the 3D7
pfdhfr sequence as reference.

For a subset of samples, collected in 2016-2018, pfdhfr
sequences were determined using molecular inversion probe
(MIP) capture and deep sequencing [9, 21]. The MIP panel and
pfdhfr-specific probes were designed using MIPTools software
(v.0.19.12.13; https://github.com/bailey-lab/MIPTools) [9]. The
MIP capture, library preparation, and sequencing were per-
formed as previously described [9]. MIPTools was used to ana-
lyze raw sequencing data [9, 21]. Sequencing reads are available
in the National Center for Biotechnology Information (NCBI)
Sequence Read Archive (accession numbers PRJNA655702,
PRJNA660547, and MZ485499-MZ485781).

Determination of GTP Cyclohydrolase | Gene Copy Number

Plasmodium falciparum GTP cyclohydrolase I (pfgchl) gene
copy numbers were determined using SYBR Green-based
quantitative PCR of extracted blood spot DNA. Assays were set
up in triplicate, with Dd2, D6, and V1/S laboratory strain DNA
as controls, and each isolate was tested in at least 3 independent
experiments. Amplification of pfgchl and the housekeeping
gene seryl-tRNA synthetase (PF3D7_0717700) was performed
as previously described, with the exceptions that a final primer

concentration of 1 pM and an ABI Prism 7500 real-time PCR
machine were used [22]. Relative copy numbers were deter-
mined by subtracting the computed tomography (CT) value for
the target gene from the CT for the housekeeping gene for each
primer pair and converting the ACT to 2",

Statistical Analysis

Correlations between susceptibilities to different drugs
were analyzed with the Spearman-rank test using Prism 8.4.
Associations between genotypes and drug susceptibilities were
analyzed with the Mann-Whitney U test using Prism 8.4. P <
.05 was considered statistically significant.

RESULTS

Varied Susceptibilities of Ugandan Isolates to PIDHFR Inhibitors

We studied ex vivo susceptibilities of 559 isolates from Tororo
and Busia districts, collected from 2016 to 2020, to pyrimeth-
amine and P218; 151 isolates, collected in 2018, were also
studied for susceptibilities to cycloguanil and proguanil. We
observed a range of susceptibilities to the tested compounds
(Figure 1A, Table 1). Susceptibilities to pyrimethamine (me-
dian IC, 42 100 nM) and cycloguanil (median IC, 1200 nM)
indicated high-level resistance. These results contrasted with
those for the 3D7 strain (Table 1), which has WT pfdhfr se-
quence, but were similar to those for the Dd2 strain, which has
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Figure 1.  Susceptibilities to tested inhibitors, correlations of susceptibilities, and genotypes of Ugandan isolates. (A) Ex vivo susceptibilities of Ugandan Plasmodium fal-

ciparum isolates. Each point represents an individual isolate. Horizontal bars show medians and interquartile ranges. Green and blue points show means for Dd2 and 3D7
strain parasites, respectively. (B) Heat map demonstrating correlations. Spearman’s coefficients (r) are indicated numerically and by the color scale. (C) Mutation frequencies.
Frequencies, including isolates with pure mutant (blue) and mixed wild-type/mutant (gray) genotypes, are shown. IC, , half-maximal inhibitory concentration.
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Table 1. Inhibitor Susceptibilities of Ugandan Plasmodium falciparum
Isolates and Laboratory Control Strains

Table 2. Inhibitor Susceptibilities of Ugandan Isolates With Different
Haplotypes

Ugandan Isolates Laboratory Strains

Median IC,, Range  3D7 (Median Dd2 (Median
Inhibitor N® IC,, (NM) (nM) IC., NM (n)) IC,,, nM (n))
Pyrimetha- 528 42 100 998-200 000 27 (40) 28900 (40)
mine
Cycloguanil 151 1200 450-7300 4.8 (9) 1400 (8)
Proguanil 141 13 000 190-61 000 1600 (8) 1700 (7)
P218 545 0.6 0.1-14 0.4 (38) 0.7 (39)

Abbreviations: ICED, half-maximal inhibitory concentrations.

“Total number of isolates tested.

3 PfDHFR mutations. Susceptibilities to proguanil, which does
not exert antimalarial effects via direct PfDHFR inhibition,
demonstrated a wide range; unlike the case for pyrimethamine
and cycloguanil, proguanil susceptibilities were similar be-
tween the 3D7 and Dd2 strains, which both had median IC, s
approximately 10-fold lower than those of tested Ugandan
isolates. Susceptibilities to P218 were consistently in the low
nanomolar range, with a median IC_ of 0.6 nM, and similar
results for 3D7 and Dd2. Evaluation of correlations between
susceptibilities to the tested compounds showed correlations
(r > 0.25) for results between pyrimethamine and cycloguanil,
proguanil, or P218 and between cycloguanil and P218 (Figure
1B). Our results indicate varied susceptibilities to pyrimetha-
mine, cycloguanil, and proguanil, but consistently potent sus-
ceptibility to P218 for Ugandan isolates.

Pfdhfr Genotypes of Ugandan Isolates

Mutations in PfDHFR are associated with malaria treatment
failure for sulfadoxine-pyrimethamine [4, 23]. To determine
whether mutations in PDHFR were associated with decreased
ex vivo susceptibility to the tested inhibitors in Ugandan P falcip-
arum isolates, we sequenced pfdhfr from 383 isolates with varied
susceptibilities to the tested compounds. Of these isolates, 383
carried the 511 (100% pure mutant) and 108N (99.5% pure mu-
tant, 0.5% mixed WT/mutant) mutations, and 359 (93.7%) had
an additional 59R mutation either as a pure mutant (286, 79.7%)
or in a mixed genotype (73, 20.3%) (Figure 1C, Table 2). The
high prevalence of this triple mutant genotype was consistent
with results from prior studies of Ugandan isolates [9, 10]. More
importantly, 12.8% of isolates also harbored an additional muta-
tion, 164L, which was previously much less common in eastern
Uganda [10, 24], and has been linked to high-level resistance
to pyrimethamine [4]. Two isolates harbored the 51I, 108N,
and 164L mutations, but lacked the 59R mutation. Additional
PfDHFR mutations (V8G, A16V, C60W, K117N, T229K) were
found uncommonly, none in more than 2 of the 383 studied
isolates. Overall, most isolates had double (511, 108N) or triple
(511, 108N, 59R) PfDHFR mutations, and 12.3% carried the
quadruple (511, 108N, 59R, 164L) mutation (Table 2).

Median IC,, (nM (n))

PfDHFR Haplotypes®

571/108N 22 30200 (22)

571/108N/59R 312 41800 (292)
511/108N/59R/164L 47 101700 (39) 2100 (19) 9200 (17) 2.6 (44)
511/108N/59R/164L . 35 53900 (29) 1500 (16) 7400 (14) 1.4 (33)
511/108N/59R/164L 12 129500 (100 4700(3) 17800 (3) 5.7 (10)

pure
571/108N/164L 2 32200(2) - - 1.9 (2)

N® Pyrimethamine Cycloguanil Proguanil ~ P218

700 (4) 24500 (3) 0.9(22)
1200 (117) 14 000 (111) 0.6 (301)

“Isolates with mixed and pure mutant haplotypes except where separated, as indicated
with subscript, into mixed (164L ) or pure mutant (164L_ ) at codon 164.

pure

PTotal number of isolates with each haplotype.

Decreased Susceptibility of Ugandan Isolates to PfDHFR Inhibitors
Associated With Mutations in PDHFR

Double, triple, and quadruple mutant pfdhfr genotypes have
been associated with decreased susceptibility to pyrimeth-
amine and cycloguanil [1, 25]. To examine associations in
Ugandan isolates, we compared susceptibilities of parasites
with different pfdhfr genotypes. For pyrimethamine and
cycloguanil, susceptibility decreased with increasing num-
bers of PfDHFR mutations (Figure 2A, Table 2). For pro-
guanil, no association was seen between genotypes and
drug susceptibility. For P218, as noted above, all parasites
were highly susceptible, but quadruple mutants had signif-
icantly lower susceptibilities than double or triple mutants.
Compared with isolates with WT sequence at codon 164,
those pure mutants at this codon had ~2.5-fold decreased
susceptibility to pyrimethamine, ~5-fold decreased suscepti-
bility to cycloguanil, and ~10-fold decreased susceptibility to
P218; for all comparisons, quadruple mutant parasites with
mixed I164L genotypes had intermediate drug susceptibilities
(Figure 2B, Table 2). Of note, the 2 isolates that had a triple
mutant genotype without the 59R mutation (511/108N/164L
haplotype) had similar susceptibilities to pyrimethamine as
the double and triple mutants without the 164L mutation,
and similar susceptibilities to P218 as the mixed quadruple
mutant (Table 2).

These data corroborate impacts of PEFDHFR mutations on
susceptibility to PfDHFR inhibitors [4] and demonstrate that
these mutations impact also on susceptibility to P218, albeit
with only modest decreases in susceptibility in quadruple mu-
tant parasites.

Pfgchl Copy Number Was Not Associated With Drug Susceptibility or
Specific Genotypes in Ugandan Isolates

Parasites carrying mutations in PEDHFR have a fitness dis-
advantage [26, 27]. To counteract this disadvantage, the
parasite appears in some settings to increase copy number
of the GTP cyclohydrolase I (pfgchl; PF3D7_1224000) gene,
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presumably to increase expression of the first enzyme in the
folate synthesis pathway and thereby maximize flux through
the pathway [22, 26, 28, 29]. Of 51 Ugandan isolates evalu-
ated, one, a pure quadruple mutant, harbored 2 copies of
pfgchl; this isolate had unremarkable susceptibilities to py-
rimethamine and P218 (Figure 3). Control parasites had ex-
pected pfgchl copy numbers (D6, WT PfDHEFR, 1 copy; Dd2,
triple mutant PfDHEFR, 2 copies; and V1/S, quadruple mu-
tant PIDHER, 4 copies). Although our analysis was limited
by the scarcity of isolates with increased pfgchl copy number,
the single isolate with 2 copies of pfgchI did not demonstrate
IC, s remarkably different from those of the single copy iso-
lates for pyrimethamine or P218.

DISCUSSION

Point mutations in PfDHFR have been linked to P falciparum
resistance to PFDHFR inhibitors [1]. To understand the impacts

of PIDHFR polymorphisms in P falciparum circulating in
Uganda on activities of PDHFR inhibitors, we tested ex vivo
susceptibilities to 4 compounds, pyrimethamine, cycloguanil,
its prodrug proguanil, and the new inhibitor P218, and assessed
associations between these susceptibilities and pfdhfr genotypes.
We identified markedly decreased susceptibilities, compared
with the 3D7 reference strain, to pyrimethamine, cycloguanil,
and proguanil. In contrast, susceptibilities to P218 showed only
modest differences between the reference strain and Ugandan
isolates. More importantly, although parasites with quadruple
PfDHFR mutations were significantly less susceptible to P218
than parasites with fewer mutations, even these parasites were
susceptible at low nanomolar concentrations. Thus, P218 was
highly active against all tested P falciparum genotypes circu-
lating in Uganda.

Consistent with other recent reports [9, 10], the majority of
the samples from Eastern Uganda were PEDHFR triple mutant
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Figure 3.  Pfgchl copy numbers, inhibitor susceptibilities, and genotypes of Ugandan isolates. Each point represents a single isolate, and shapes indicate the genotype at
codon 164: circles represent wild-type ([WT] 1164), triangles represent mixed WT/mutant (1164L), and asterisks represent pure mutant (164L) parasites. IC,, half-maximal

inhibitory concentration.
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parasites (511/108N/59R), and the prevalence of quadruple mu-
tant (511/108N/59R/164L) parasites was approximately 13%.
Considering that the prevalences of key mutations in PfDHPS,
the target of sulfadoxine, were also high in recently studied
Ugandan isolates [9, 10], these results have important policy
implications. Antifolates are no longer recommended for the
treatment of malaria, but the standard of care across Africa re-
mains intermittent preventive therapy during pregnancy (IPTp)
with SP. However, with high prevalence of PAEDHFR mutations,
the antimalarial protective efficacy of IPTp with SP is low [30,
31], and additional mutations are selected by use of SP [32]. In
West Africa, where IPT with SP is recommended in children in
Sierra Leone and monthly seasonal malaria chemoprevention
with SP plus amodiaquine is widely used, the prevalence of key
PfDHFR/PfDHPS mutations is lower than in East Africa, but
increasing prevalence may similarly threaten the protective
efficacies of SP-based regimens [33].

Mutations in PEDHER are likely acquired stepwise and lead
to a steady decrease in susceptibility [26, 34]. As expected,
our results showed that the established PfDHFR inhibitors
pyrimethamine and cycloguanil had limited activity against
mutant Ugandan P falciparum isolates, with activity lowest
against quadruple mutant parasites. Proguanil, which does not
directly inhibit PEDHFR, but acts as a prodrug for cycloguanil,
also showed poor activity against Ugandan isolates, although
activity was not associated with the number of PEFDHFR mu-
tations, and the basis for resistance to proguanil is unknown.
In light of the limited abilities of existing PEDHFR/PfDHPS
inhibitors to treat or prevent malaria when multiple target
mutations are present, it is encouraging that P218, a next-
generation PfDHFR inhibitor, offered potent activity against
mutant parasites.

Mutations in PfDHFR lead to structural changes in the
protein, a prerequisite for decreased inhibitor binding [11].
The S108N mutation reduces binding affinity for pyrimetha-
mine and cycloguanil, and the N51I and I164L substitutions
additively decrease binding of the inhibitors by changing the
conformation of the enzyme [12, 35]. P218 was designed to
overcome resistance by including a flexible pyrimidine side-
chain and a carboxylate group to form hydrogen bonds with
the conserved D54 and R122 residues, respectively [14, 16].
Mutations at position D54 have not been observed in field
isolates; mutagenesis experiments showed that mutation to
any other amino acid reduced enzyme activity [36]. The 59R
mutation favors formation of another stable bond with P218
[14, 16]. Thus, P218 was highly active against Ugandan double
and triple mutant parasites. The binding of P218 is addition-
ally stabilized by a hydrogen bond to residue 1164, which is
slightly weakened in the 164L mutant [16], consistent with
the slight decrease in P218 susceptibility seen for Ugandan
quadruple mutant isolates. However, unlike pyrimethamine,
P218 binds primarily inside the dihydrofolate substrate pocket

[14], leading to decreased impact of mutations on P218 sen-
sitivity. The target-based design of P218, with a flexible side
chain enabling inhibition of parasites with wild-type or mu-
tant PFDHFR, has been extensively described and illustrated
by Yuthavong et al [14] and recently reviewed [37]. Despite
drug development complexities, the favorable drug qualities,
antimalarial potency, and chemopreventive efficacy of P218
warrant further structure-based design of optimized PfDHFR
inhibitors. In this regard, recent studies have focused on a hy-
brid inhibitor with dual binding to PEFDHFR mutant and WT
parasites and a fragment-based approach that identified 3 new
chemotypes that target the PEDHFR active site [38, 39].

To overcome fitness costs associated with PfDHFR muta-
tions, P falciparum can increase expression of the first enzyme
of the folate pathway, PfGCHI [22, 26-29]. Previous studies
in Southeast Asia found an association between presence of
the PfDHFR 164L mutation and pfgchl amplification [29, 40].
Whole-genome analysis revealed high prevalence of pfgchl pro-
moter amplification but not gene amplification in East African
P falciparum samples [41]. We identified pfgchl gene amplifi-
cation in 1 Ugandan isolate but no clear association between
pfgchI amplification and pfdhfr genotype or decreased inhibitor
susceptibility. At present, the relevance of pfgchl or promoter
amplification in Ugandan P falciparum is unknown.

CONCLUSIONS

Our study provided comprehensive data on susceptibilities to
PfDHER inhibitors, genotypes of P falciparum currently cir-
culating in Uganda, and associations between these pheno-
types and genotypes. We noted generally poor activities of
pyrimethamine and cycloguanil consistent with, as seen pre-
viously [9], very high prevalence of triple mutant parasites,
and increasing prevalence of quadruple mutant parasites in
eastern Uganda. However, it is reassuring that susceptibilities
to P218 remained excellent, with the modest decreases in sus-
ceptibility seen with quadruple mutant parasites very unlikely
to have clinical consequences. Thus, our data suggest caution
regarding continued use of SP for malaria chemoprevention
but confidence that novel PEDHEFR inhibitors can circumvent
resistance mechanisms present in parasites now circulating
in Africa.
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