Am. J. Trop. Med. Hyg., 90(5), 2014, pp. 840-845
doi:10.4269/ajtmh.13-0214
Copyright © 2014 by The American Society of Tropical Medicine and Hygiene

Molecular Analysis of Chloroquine and Sulfadoxine-Pyrimethamine Resistance-Associated
Alleles in Plasmodium falciparum Isolates from Nicaragua

Sankar Sridaran, Betzabe Rodriguez, Aida Mercedes Soto, Alexandre Macedo De Oliveira, and Venkatachalam Udhayakumar*

Malaria Branch, Division of Parasitic Diseases and Malaria, Center for Global Health, Centers for Disease Control and Prevention, Atlanta,
Georgia; Atlanta Research and Education Foundation, Decatur, Georgia; National Reference and Diagnosis Center, Ministry of Health,
Managua, Nicaragua; Pan American Health Organization, Managua, Nicaragua

Abstract.

Chloroquine (CQ) is used as a first-line therapy for the treatment of Plasmodium falciparum malaria

in Nicaragua. We investigated the prevalence of molecular markers associated with CQ and sulfadoxine-pyrimethamine
(SP) resistance in P. falciparum isolates obtained from the North Atlantic Autonomous Region of Nicaragua. Blood
spots for this study were made available from a CQ and SP drug efficacy trial conducted in 2005 and also from
a surveillance study performed in 2011. Polymorphisms in P. falciparum CQ resistance transporter, dihydrofolate
reductase, and dihydropteroate synthase gene loci that are associated with resistance to CQ, pyrimethamine, and
sulfadoxine, respectively, were detected by DNA sequencing. In the 2005 dataset, only 2 of 53 isolates had a CQ
resistance allele (CVIET), 2 of 52 had a pyrimethamine resistance allele, and 1 of 49 had a sulfadoxine resistance allele.
In the 2011 dataset, none of 45 isolates analyzed had CQ or SP resistance alleles.

INTRODUCTION

The incidence of malaria in the Americas increased steadily
after eradication efforts in the 1960s and then stabilized in the
1990s.! In 1998, more than 1.2 million cases of malaria were
reported in this region. However, this figure decreased to less
than 600,000 cases in 2008 after comprehensive control efforts
accelerated in 2005 in line with the Roll Back Malaria Global
Strategic Plan.> Meso-America is the northernmost sub-
region of malaria endemicity in the Americas, spanning the
contiguous landmass from Mexico through Panama. Plasmo-
dium vivax malaria is far more common than P. falciparum
malaria in this sub-region. Nonetheless, the parasite popula-
tion in this area is unique in that it is one of the last remaining
areas of endemic chloroquine (CQ)-sensitive P. falciparum.

The drug treatment policy for uncomplicated P. falciparum
malaria in most of Meso-America, including Nicaragua, is a
combination of CQ and primaquine as the first-line therapy,
and artesunate plus sulfadoxine-pyrimethamine (SP) or
artesunate plus mefloquine as second-line therapies. There is
currently no clinical evidence of treatment failure associated
with this treatment regimen for P. falciparum infections
acquired in Nicaragua. However, there have been epidemics
of P. falciparum malaria in Panama, east of the Panama
Canal, where molecular markers of resistance to CQ and SP
were detected.?

Polymorphisms in positions 72, 74, 75, and 76 of the
P. falciparum CQ resistance transporter (pfcrt) gene have
been associated with reduced parasite susceptibility to CQ.*
Therefore, pfcrt alleles are often described by their amino
acid sequence at positions 72-76. CVMNK is generally
regarded the wild-type pfcrt allele and is associated with CQ
sensitivity. The pfcrt K76T polymorphism is considered the
most critical change that confers CQ resistance and is often
a reliable indicator of CQ treatment failure, particularly in
low-transmission settings with non-immune populations.>®
Notably, it was the K76T polymorphism that was associated
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with treatment failure in Panama.® The pfcrt alleles SVMNT
and CVMNT are found in South America; SVMNT is the
most common.” The CVMET genotype is found in Colombia.
The CVIET genotype is common in Southeast Asia and
Africa and has been reported at low prevalences in parts of
South America.®

Polymorphisms in the P. falciparum dihydrofolate reduc-
tase (pfdhps) and P. falciparum dihydropteroate synthase
(pfdhfr) genes been associated with decreased parasite sensi-
tivity to sulfadoxine and pyrimethamine, respectively. The
S108N polymorphism in pfdhfr is sufficient to cause low-level
pyrimethamine resistance in vitro and in vivo.”~'' The pro-
gressive addition of polymorphisms, including C50R, N51I,
C59R, and I164L, in pfdhfr can yield higher levels of pyri-
methamine resistance.'''® Alleles consisting of multiple poly-
morphisms, such as the C50R, N51I, S108N type and the
C50R, NS51I, S108N, I164L type, have been identified in
Brazil, Peru, and Venezuela.'”"'® In pfdhps, polymorphisms,
including S436A/F, A437G, K540E, AS81G, and A613S/T,
have been shown to affect parasite susceptibility to sulfa-
doxine.' 2! All sulfadoxine resistance pfdhps alleles that have
been identified in the Americas have the A437G polymor-
phism alone or in combination with K540E and/or A581G.

At present, there have been few in vivo or in vitro studies
examining antimalarial resistance in Meso-America, these
studies involved areas of high transmission. Recent surveys
suggest that most of the P. falciparum malaria burden in
Meso-America is concentrated in parts of Honduras and the
North Atlantic Autonomous Region (NAAR) in Nicaragua.?
In 2004, Nicaragua reported 6,899 cases of malaria, of which
1,200 (17.4%) were caused by P. falciparum. Furthermore, the
regional Sistema Local de Atencion Integral en Salud reported
that 32% of all malaria cases and 50% of P. falciparum cases
in Nicaragua occurred in the NAAR. In 2011, a total of 925
confirmed cases of malaria, including 150 cases of P. falciparum
and mixed infections combined, were reported in Nicaragua.
In this study, we characterized molecular markers of resistance
for CQ and SP by using parasite isolates from a drug efficacy
trial conducted in NAAR during November 2005-February
2006 and also parasite samples available from a routine surveil-
lance study conducted in 2011 in the same region.
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METHODS

The 2005 drug efficacy trial was conducted in Siuna, Rosita,
and Bonanza municipalities of NAAR, Nicaragua, during
December 2005-February 2006 (Figure 1). Inclusion criteria
were being a patient > 6 months of age who had fever within
the previous 48 hours, smear-confirmed P. falciparum mono-
infection, and parasitemia < 100,000 asexual forms/uL. Patients
were also selected based on their willingness to attend follow-
up visits for 28 days and willingness to sign an informed consent
form. Exclusion criteria were pregnancy or lactation (preg-
nancy test was performed for women of child-bearing age);
signs of severe malaria, such as altered mental status or seizure
within 24 hours of presentation; or excessive nausea and
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vomiting. Patients were also excluded for underlying chronic
disease, alternative foci of infection or fever, or history of
hypersensitivity or intolerance to CQ or SP.

The sample size for this study was determined by assuming
a CQ and SP failure rate of 15% in a population of infinite
size, a power of 80%, and significance level of 5%. A target
sample size of 49 patients in each treatment arm of the
group was calculated based on these parameters. A total of
27,500 patients with symptoms compatible with malaria came
to the health facilities and participated in the 2005 drug effi-
cacy trial. Of those patients, 687 were positive for P. vivax
malaria and 147 were positive for P. falciparum malaria by
microscopy. Among P. falciparum—infected patients, 136 had
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TaBLE 1
Characteristics of study participants enrolled in the in vivo drug
efficacy study in the North Atlantic Autonomous Region,
Nicaragua 2005-2006*

Variable CQarm,n=30 SParm,n=28

Median age, years (range) 16 (8-23) 8 (6-12)

Males (%) 533 46.4

Fever at admission, 66.7 78.3
axillary temperature > 37.5°C (%)

Geometric mean parasite density at day 0, 3,336.2 6,183.2
(parasites/uL)
Mean time to clear parasitemia, days 2.8 2.6

*CQ = chloroquine; SP = sulfadoxine-pyrimethamine. No early or late treatment fail-
ures were observed. Parasitemias did not develop in any of the participants during the
follow-up period.

P. falciparum mono-infection. Of these patients, 58 met inclu-
sion criteria, were randomly assigned to a study arm, and
completed follow-up: 30 in the CQ arm and 28 in the SP
arm (Table 1).

Blood smears were stained with 3% Giemsa for 30 minutes
at room temperature and analyzed by experienced techni-
cians. Parasite density was calculated per Pan American
Health Organization—-World Health Organization (PAHO-
WHO) criteria assuming 6,000 leukocytes/uL. Pre-treatment
blood spots were collected on day O by using Whatman
(Brentford, United Kingdom) number 3 filter paper, and were
dried and stored at —20°C until use for molecular analysis.
Although blood spots were collected from all 58 enrolled
patients on the day of enrollment, only 57 blood spots were
available for molecular analysis. We were unable to extract
DNA from four blood spots from Rosita, which left a maxi-
mum of 53 DNA isolates for analysis: 36 from Siuna and
17 from Rosita. No samples from Bonanza were available for
inclusion in this study. The staffs conducting the molecular
analysis of antimalarial resistance markers were blinded to
the results of the drug efficacy trial.

The treatment schedule for the CQ arm of the study was
25 mg/kg of body weight divided into daily doses over three
days: 10 mg/kg on day 1, 10 mg/kg on day 2, and 5 mg/kg on
day 3. Sulfadoxine-pyrimethamine was given to the patients
in the SP arm of the study at a single dose of 25 mg/kg of
sulfadoxine and 1.25 mg/kg of pyrimethamine. Supervised
treatment was administered to all patients, followed by clini-
cal and parasitologic evaluation on days 0, 2, 3, 7, 14, 21, and
28. Therapeutic response was determined by using definitions
described in the standard PAHO-WHO protocol.” Of the
58 patients that completed follow-up, all responded clinically
within 7 days of treatment and none showed development of
parasitemia through day 28 of the study, indicating 100% drug
efficacy in the CQ and SP arms.

The 2011 samples were collected as part of a national sur-
veillance to confirm malaria cases identified in the primary
health centers. The municipalities included in the study were
Siuna, Rosita, Waspan, Bonanza, and Prinzapolka (Figure 1).
Blood samples collected on Whatman number 3 filter paper
for molecular analysis before antimalarial treatment was
available. Forty-five samples confirmed to be P. falciparum
based on 18S ribosomal RNA gene polymerase chain reac-
tions (PCRs) were available in this study: 6 from Prinzapolka,
5 from Rosita, 18 from Siuna, 1 from Bonanza, and 15 from
Waspan. Both studies were approved by the Ethical Board of
Nicaraguan Ministry of Health and conducted according to
the guidelines of PAHO.?

For molecular analysis, DNA was extracted from filter paper
by using the QIAamp DNA Minikit (QIAGEN, Valencia,
CA). These isolates were then used to determine the genotype
of key codons implicated in CQ (pfcrt codons 72-76),
sulfadoxine (dhps codons 436, 437, 540, 581, and 613), and
pyrimethamine (dhfr codons 50, 51, 59, 108, and 164) resis-
tance. Described primers and methods were used for the ampli-
fication of pfert® and dhps® The dhfr gene fragment was
amplified using a nested-PCR approach. The first round of
PCR was carried out by using 5-TCCTTTTTATGATGGA
ACAAG-3 (F) and 5-AGTATATACATCGCTAACAGA-
3'(R) primers and the following cycling parameters: initial
denaturation at 94°C for 5 minutes, followed by 35 cycles
of denaturation at 95°C for 30 seconds, annealing at 50°C for
30 seconds, and extension at 68°C for 1 minute. This parameter
was followed by a final extension at 68°C for 5 minutes.
Secondary PCR was performed by using 5-TTTATGATG
GAACAAGTCTGC-3' (F) and 5- ACTCATTTTCATTTA
TTTCTGG-3 (R) primers. The cycling parameters for the
secondary reaction were the same as for primary reaction,
except that the annealing temperature was set at 52°C for
30 seconds and number of cycles was reduced to 30. Sequenc-
ing of all gene fragments was conducted for both strands with
their respective primers, following standard sequencing proto-
cols, on an ABI 3130x] Genetic Analyzer (Applied Biosystems,
Foster City, CA) and analyzed using DNA Star Lasergene
software as described.***>

RESULTS

Of the 2005 drug efficacy study samples, 53 DNA samples
were available for genetic analysis. All 53 samples were suc-
cessfully amplified for pfcrt, 52 for pfdhfr, and 49 for pfdhps.
All 45 isolates obtained from 2011 study collections were
successfully amplified for pfcrt, pfdhfr, and pfdhps. Alleles
were denoted by their amino acids in key positions for each
gene. For pfcrt, the allele is described by amino acid positions
72,73,74,75, and 76. For dhfr, the allele is described by amino
acid positions 50, 51, 59, 108, 164. For, dhps the allele is
described by amino acid positions 436, 437, 540, 581, and 613.

Most (96.2%, 51 of 53), of the total isolates examined in the
2005 sample set had the wild-type, CQ-sensitive pfcrt allele
CVMNK (Table 2). A similar proportion (96.2%, 50 of 52)

TABLE 2

Resistance allele frequencies in the in vivo drug efficacy study in the
North Atlantic Autonomous Region, Nicaragua, 2005-2006*

Municipality
Siuna, Rosita, Total,
Gene (key positions) Alleles no. (%) no. (%) no. (%)
pfert CVMNK{} 35(97.2) 16(94.1) 51(96.2)
(72,73, 74,75, 76) CVIET 128) 1(59) 2(3.98)
Total 36 17 53
pdhfr CNCSI¥  33(94.3) 17 (100) 50 (96.2)
(50,51, 59,108,164)  CNCNI 1(2.85) 0(0) 1(1.9)
CIRNI 1(2.85) 0(0) 1(1.9)
Total 35 17 52
pdhps SAKAAT 35(97.2) 13 (100) 48 (97.9)
(436, 437,540, 581,613) SGKAA  1(28) 0(0) 1(2.1)
Total 36 13 49

* Alleles are described by amino acids in key positions for each gene. Amino acid changes
indicating polymorphism are underlined. pfert = Plasmodium falciparum chloroquine resis-
tance transporter; pdhfr = P. falciparum dihydrofolate reductase; pdhps = P. falciparum
dihydropteroate synthase.

fDenotes wild-type allele.
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TABLE 3
Summary of parasite isolate genotypes containing resistance-
associated alleles in the in vivo drug efficacy study in the North
Atlantic Autonomous Region, Nicaragua 2005-2006*

Allele
Isolate Location pfert pdhfr pdhps
Wild type CVMNK CNCSI SAKAA
Isolate 1 Rosita CVIET CNCSI SAKAA
Isolate 2 Siuna CVIET CIRNI SGKAA
Isolate 3 Siuna CVMNK CNCNI SAKAA

* Alleles described by amino acids in key positions for each gene as in Table 2. Amino acid
changes indicating polymorphism are underlined. pfert = Plasmodium falciparum chloro-
quine resistance transporter; pdhfr = P. falciparum dihydrofolate reductase; pdhps =
P. falciparum dihydropteroate synthase.

had the wild-type dhfr allele CNCSI and 97.9% (48 of 49) of
the isolates examined had the wild-type dhps allele SAKAA.
One isolate with the CQ resistance pfcrt allele CVIET was
detected in Siuna. This isolate also had the N511, C59R, and
S108N polymorphisms in dhfr and the A437G polymorphism
in dhps. One isolate that had a single SI08N polymorphism in
dhfr was also found in Siuna. However, this isolate had the
wild-type pfcrt and dhps alleles (Table 3). The second isolate
with a CQ resistance pfcrt allele found in Rosita was also
CVIET. However, this isolate had the wild-type dhfr and dhps
alleles. No SP resistance dhfr or dhps alleles were found in
Rosita. All three of the patients with drug-resistant parasite
genotypes noted above were enrolled in the CQ arm of the
drug efficacy trial and were all successfully treated with CQ.
In the 2011 surveillance study dataset, all 45 isolates from all
locations examined had wild-type pfcrt, pfdhfr, and pfdhps
gene loci.

DISCUSSION

Therapeutic efficacy of CQ and SP in Nicaragua was
assessed in 2005-2006 as part of a drug efficacy trial; the results
were reported to PAHO and WHO.*? In this study, we ana-
lyzed samples collected from this drug trial and a 2011 surveil-
lance study to determine if there is any evidence for the
presence of CQ- or SP-resistance alleles circulating in this
region of Nicaragua. This effort is part of the Amazon Network
for Monitoring Antimalarial Drug Resistance that is partially
supported by the Amazon Malaria Initiative of the United
States Agency for International Development. As the preva-
lence of P. falciparum malaria has decreased to low levels in
Central America, this network has adopted molecular surveil-
lance as a complementary approach for detecting early signs of
emergence of drug-resistant parasites. However, it is well rec-
ognized that WHO-recommended in vivo drug efficacy trials
are critical for policy changes. Our results indicate that wild-
type CQ-sensitive pfcrt, pyrimethamine-sensitive pfdhfr, and
sulfadoxine-sensitive pfdhps alleles are highly prevalent in the
samples we tested. The 2005 drug efficacy trial showed only
three parasite isolates containing resistance alleles, all of which
were isolated from patients in the CQ arm of the study and
who were successfully treated with CQ with no signs of thera-
peutic resistance. The 2011 surveillance study showed only
wild-type alleles for all parasite isolates examined. These
observations are consistent with reports of continued CQ and
SP efficacy in Nicaragua and current national drug policy for
treatment of P. falciparum malaria.

Limitations must be highlighted for these results to be
viewed in the appropriate context. First, the sampling struc-
tures in the 2005 drug efficacy trial and the 2011 surveillance
study were designed to assess therapeutic efficacy of antima-
larial drugs and prevalence of malaria, respectively, in NAAR.
Therefore, our results cannot be generalized to represent
population-based prevalence of drug resistance polymorphisms
in Nicaragua as a whole. Second, the DNA isolates were
derived from blood spots; thus, in vitro assessments of CQ
susceptibility were not feasible. Third, microsatellite analysis
was not pursued because the low number of resistance alleles
sampled herein would not permit a meaningful assessment
of selection.

In the current study, we identified two isolates from the
2005 drug efficacy trial that had the pfcrt allele CVIET. One
of these isolates also had the triple mutant pfdhfr allele
CIRNI and single mutant pfdhps allele SGKAA. The CVIET
pfert allele is common in Southeast Asia and Africa.?’
Although the CVIET allele is not common in South America,
rare occurrence has been reported in Brazil,® Venezuela,”!?
and recently in Haiti.?’ The study reporting CVIET alleles in
Brazil found that the haplotypes for these isolates did not
cluster spatially with isolates that had other pfcrt alleles, sug-
gesting that they were recently introduced from abroad.”® A
study conducted during 2008-2009 in Honduras showed no
drug resistance pfcrt alleles in parasite isolates derived from
local infections.”® Drug resistance pfert and dhfr alleles were
identified in another study conducted in Honduras; however,
it was determined that the infections harboring these resis-
tance alleles were acquired in the Pacific and in West
Africa.®! It cannot be confirmed if the parasite isolates con-
taining the pfert CVIET, pfdhfr CIRNI allele, and pfdhps
SGKAA alleles in this study were derived from imported
cases of malaria.

Malaria transmission in Nicaragua has changed dramati-
cally in recent years. The total number of malaria cases
reported in Nicaragua decreased from 6,617 cases in 2005 to
236 cases in 2012." Because most of the P. falciparum malaria
burden in Nicaragua occurs along the coast and the border
with Honduras, control efforts focused in this region could
help further reduce the P. falciparum malaria burden in
Nicaragua. With such low levels of transmission, most of the
Nicaraguan population will lack immunity to Plasmodium
infection, making the region more prone to malaria epidemics
after introduction of drug-resistant parasites, similar to what
was seen in Panama in 2003.> Therefore, if reports of CQ or
SP therapeutic resistance or failure emerge, they must be
addressed rapidly and aggressively to avoid selection and
spread of highly resistant parasite pocket populations as
described in other settings.*

Molecular surveillance continues to be a valuable tool for
monitoring the emergence and spread of drug-resistant para-
site isolates worldwide. However, the utility of these markers
in correlating with in vivo antimalarial resistance varies on the
basis of many factors, including local malaria transmission
and immunity. Low transmission and absence of in vivo anti-
malarial resistance in Nicaragua mean that genotype resis-
tance and genotype failure indices cannot be validated in this
setting, as has been validated in other regions such as Mali.*
Given the progress that Nicaragua has made towards malaria
elimination in many parts of the country and the low number
of P. falciparum cases in the country, a directed molecular
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surveillance approach in areas such as NAAR and rest of the
country with malaria transmission will be useful, as has been
proposed for a molecular surveillance network in Mali.*?
Nicaragua is an active partner in the Amazon Network for
Monitoring Antimalarial Drug Resistance along with the col-
laboration of PAHO, and continued partnership in this net-
work will enhance surveillance efforts to monitor emergence
of CQ- and SP-resistant parasites in this region. A targeted
and responsive molecular surveillance infrastructure can
strengthen the overall malaria control program in areas at risk
for epidemics by promptly determining if parasites harboring
resistance alleles are being introduced or are circulating in the
population. Nonetheless, parts of Nicaragua are prone to
malaria epidemics. Therefore, ongoing monitoring of thera-
peutic efficacy with standardized methods and rigorous quality
controls will remain as an important component of the overall
strategy for making evidence-based policy considerations.
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