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Summary

The spread of drug resistant strains of malaria parasites has made prophylaxis
and (reatment of (he discase increasingly difficult. The resistance of
Plasmodium  falciparum to chloroquing and sulfadoxine-pyrimethamine
(Fansidar) has been reporled in various parts of Uganda.

A study was carried out in Tororo, Uganda, in order to investigate by
polymerase chain reaction/dot-blot hybridisation the association of mutations
in the DHEFR gene in Plasmodium falciparum parasite isolates with clinical and
parasitological treatment failure following sulfadoxine-pyrimethamine or a
combination of sulfadoxine-pyrimethamine and chloroquine treatment in
Uganda. The study was also done to determine if the number of mutations in
DHFR is correlated with the time to recrudescence following sulfadoxine-
pyrimcthamine and sulfadoxine-pyrimethamine plus chloroquine freatment.

In collaboration with the Ministry of Health, blood samples were collected on
filter paper on the first day of trcalmenﬁDay 0 (DO} and on any other day
symptoms developed after administering Fansidar alonc and a combination of
chlorogquine and Fansidar to children with uncomplicated malaria aged between
6 months and 5 years old who were followed up on days 1, 2, 3, 7, 14, 21 and 28.
Forty seven paired chloroquine plus Fansidar D0 and R (day of recrudescence)
patient DNA samples in the RI-R1I group, were genotyped at position 76 of the
Pfert locus. Following genotyping at the MSPI and MSP2 loci, 22 of these
patient samples showing evidence of recrudescence were genotyped at the 3
DHFR codons: 108, 51 and 59. For Pfert codon 76, all (100%) of the pre- and
post-treatment isolates possessed the Pfert T76 allele. Only 6 (13%) pre- and 3
(7%) posttrcatment isolates possessed both #fcr K76 and T76 allcles
simultaneously. No isolate possessed only ‘the Pfert K76 allele alone. For codon
108, of the 22 (pre-treatment) patient DNA samples successfully typed, all
(100%) had only thc DHFR Asnl08 allele. The same trend was observed in the
post-ireatment isolates. No isolate pre- /or post-treatment possessed the DHFR
Serl08 allele alone. No isolate pre~ for post-treatment possessed both DHFR

Ser108 and Asn 108 alleles simultaneously. At codon 51, there was a high
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prevalence {(96%) of the 51ile allele alone in the pre-treatment isolates and of the
511le allele alone in the post-treatment isolates (1006%). Na isolate both pre- and
post-treatment possessed the DHFR 51Asn allele alone. Only one pre-treatment
isolate possessed both DAEFR 51Asn and 511le alleles simultaneously. At codon
59 there was a low prevalence (14%) of the 59Arg allele alone in the pre-
treatment isolates and 38% of the isolates had the 59Arg allcle alone in the post-
treatment isolates. Seventeen (77%) patient samples possessed boih DHFR
S9Cys and 59Arg alleles present simultaneously in their pre-treatment isolates.
"This dropped to 38% in the post-treatment isolates. Only 2 (9%) patient samples
pre-treatment had onty the 59Cys allele while this increased to 24% in the post-
treatment isolates.

Ihirty three out of 48 paircd Fansidar D0 and R (day of recrudescence) patient
DNA samples in the RI-RITE group, showing evidence of recrudescence were
genotyped for the 3 DHFEFR codons 108, 51 and 59. For cadon 108, of the 33 (pre-
trealment) patient DNA samples successfully typed, all (100%) had only the
DHFR Asunl08 allele. Thirty samples, representing 100% of the successfully
typed posi-treatment isolates, had only the DHFR Asnl08 allele. No isolate pre-
ar post-treatment posse.v;sed the DHFR Se:ri()& allele alone. No patieht pre- or
posl-treatment  possessed both DHFR Serl08 and Asn 108 alleles
simultaneously. For codon 51, 100% of samples had only the DHFR 511le allclc
in the pre-treatment isolates and 85% had only the DAFR 51lle allele in the post-
treatment isolates. No patient pre-treatment possessed the DIEFR 51Asn allcle
alone. Only one patient isolate post-treatment possessed the DHITR 51 Asn ailele
alone. One patient pre- and posi-ircatment possessed both DHFR 51Asn and
51le alleles present simultaneously. At codon 39, there was a low prevalence
(18%) of the 59Arg allele alone in the pre-treatment isolates and a high
prevalence {77%) for 59Arg allelc alone in the post-treatment isolates. Nincteen
(58%) patient samples possessed both the DAFR 59Cys and 59Arg alicles
present simultaneously in their pre-treatment isolates. This dropped to 17% in the
post-treatment isolates. Only 8§ (24%) patient samples pre-treatment had only the

59Cys allele while this reduced to 7% in the post-treatment isolates. 4




In conclusion, the findings showed there was no correlation between the
presence of Pfcrt alleles encoding T76 and time to recrudescence following
freatment with a combination of chloroquine and Fansidar. There was no
correlation between the DHFR alleles encoding Asnl08 and/ or JleS1 and time
to recrudescence following treatment with chloroquine plus Fansidar as a
combination and also with Fansidar Ueatment alone. ‘There was however a
correlation between the presence of the DHFR double mutant allele Asn 108/
Arg 59, and a stronger correlation between the triple mutant allele Asn 108/ Ile
51/ Arg 59, and time to recrudescence following Fansidar treatment in Tororo,
Uganda. There was no correlation of theses alleles in the chloroquine plus

Tansidar treatment group.
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TIMING OF TREATMENT FAILURE AND MUTATIONS IN
PLASMODIUM FALCIPARUM DIHYDROFOLATE REDUCTASE IN
UGANDA

AIM: The aims of this thesis were

(i To investigate the association ol mutations in dihydrofolate reductase
(DHFR) with clinical and parasitological treatment faiture following
sulfadoxine—pyriméthamine (Fansidar-SP} or a combination of.SP and
chloroquine (CQ) treatment (SP/CQ) in Uganda.

(i)  To determine if the number of mutations in DHFR is cotrelated to the

time to recrudescence following SP and the combination SP/CQ.

1. INTRODUCTION:

Malaria is caused by parasites of the genus Plasmodium, protozoan parasites
of the blood. There are four species which affect man: P. falciparum, P. vivax,
P. malariae and P. ovale. The virulence ot P. jfalciparum, and its ability to
develop drug resistance, marks it out from other species of human malaria
parasite as one of the main threats to global imblic health. Worldwide there are
over 300-500 million new cases of malaria per year which are responsible for
1.5 to 2.7 million deaths annually, mainly in children below 5 years of age and
pregnant women in sub-Saharan Africa (WIIO Report, 2001}, In Uganda,
malaria is the principle cause of death in children under 5 years and is
responsible for 25% of all hospital admissions (Ministry of Health)
|hitp:/fwww.health.go.ug/malaria.htm]). However, in many ateas the
effectiveness of treatment and efforts to prevent falciparum malacia are being
limited by the development of drug resistant strains (Peters, 1998). Although
drug resistance is a major problem in other parts of the world, in Africa it is
distinguished by two main factors: a) the enormous scale of the disease (Snow
et al., 1999) and of anti-malarjal consumf;tion for ‘fever’ and b) the small

scale of the resources ranged against it.
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1.1 Definition of Antimalarial drng resistance

Antimalarial drug resistance has been defined as the “ability of a parasitc
strain to survive and/ or multiply despite the administration and absorption of
a drug given in doses equal to or higher than those usually recommended but
within tolerance of the subject” (WHO, 1973).

This definition was later changed in reference (o the drug in question by
indicating that the drug must “gain access to the parasite or the infected red
blood cell for the duration of the time necessary for its normal action” (Bruce-
Chwatt, 1986). This was interpreted by a majority of other researchers to refer
only to the persistence of parasites after antimalarial treatment other than
prophylaxis failure. The continued presence of parasitaemia atter antimalarial
treatment is an indicator for early warning of the occurrence of drug resistance
{Lobel et al., 19806).

1.2 Malaria trcatment failure

There are several factors that are able to contribute to malaria treatment failure
including the following: incorrect dosing, non-compliance with duration of
dosing regimen, poor drug quality, drug interactions, poor drug metabolism
and misdiagnosis. These factors at the same time may contribute to the
development and strength of true drug resistance by clevating the rate at which
the parasites are exposed to sub-optimal drug levels. Therefore, drug
resistance can cause treatment failure but not all treatment failure is a result of
drug resistance (Bloland, 2001).

Chloruquine (CQ) and the combination drug sulfadoxine-pysimethamine (SP)
are the commonest antimalarial drugs used in Uganda. Due to its reduced
efticacy, CQ is no longer used as the first-line antimalarial drug in Uganda and
in some other parts of Africa. SP was one of the most important second-line
drugs used in Uganda for the treatiment of CQ-resistant P. falciparum (Bloland

el al., 1993). However, there arc already anccdofal stories about SP resistance
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in several Upandan urban populations (Stasdke et «i., 2001, Kamya et af.,
2002, Legros ef al., 2002, Talisuna ef af., 2002). Recently, the drug policy in
Uganda was changed and now dictates that a combination of CQ and SP
(SP/CQ) be administered for treatment of uncomplicated P. falciparum
malaria (Communication from the Uganda Ministry of Health, Malaria
Control Program, 2001). Combination therapy has been suggested to confront
P. falciparum resislant malaria, but the suilable combination therapy for sub-
Saharan Africa is not yet clear. Since drug treatment is the only efficacious
control strategy used in Uganda, monitoring of levels of resistance is
important. Delaying the spread of SP and CQ resistance is a major public

health abjective of the Ugandan Malaria Control Programme.

1.3 Classification of in vivo resistance

Clinical drug resistance is defined according to the World Health Organisation
(WHO) classification of Early treatment failure (ETF), Late treatment failure
(LTF) and Adequate clinical response (ACR). If monitoring of parasitaemia is
performed, it is possibie to classify resistance on three levels, known as RI,
RII and RIIT resistance (WHQ, 1996; Bruce-Chwatt, 1986). The standard drug
efficacy test is performed by the monitoring of patients for 14 days following
treatment. In some circumstances {cspeeially in lower transmission areas) this
is cxtended to a 28-day test.

ETF is delined as a response to chemotherapy monitored from day 1 {o day 3
post-treatment. During this period, a patient with ETF will develop signs and
symptoms of severe malaria in the presence of parasitacmia, or will have a
fever and a parasitaemia on day 2 which is greater than the day 0 count, or will
have a fever on day 3 with a parasitaemia gi‘eatcr or equal to 25% of the day O
count.

LTT is defined as a response following trealment which does not quality for
classification as ETF, where the patient shows signs and symptoms of severe
malaria in the presence of parasitaemia, on any day from day 4 to day 14 (or to

day 28 for the extended test} or has a fever in the presence of parasitaemia on
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any day [roin day 4 to day 14 (or day 28) post-treatineni.

ACR is defined as the absence of parasitaecmia throughout the follow-up
period, with or without fever, or where there is no fever irrespective of the
presence of parasitaemia, where the patient response is not classified as ETF
or LTF.

Parasites can also be defined as sensilive or resislant at various levels by
monitoring parasitaemia during the follow-up period. Sensitive (S) parasites
are those that are cleared by the drug within 7 days of treatment, and which do
not reappear for the rest of the follow-up period. R resistant parasites arc
initially clearcd by drug trecatment within 7 days, but parasites later reappear as
a recrudescence before the end of the study follow-up period (day 14 or day
28). RII resistant parasites decrease initially but recrudescence occurs before
day 7. RIIl is a response with no decrease in parasitaemia; parasitaemia

continues to increase following treatment.

In the study reported in this thesis, the treatment response pattern has been
classified by both methods. Clinical response has been classificd as ETF, LTF,
or ACR, according to the standard WHO definitions. In addition, parasitaemia
has been monitored, allowing the parasitological outcome of treatment to be

assessed as S, RT or RII/RIIL

One explanation for the different types of resistant parasites observed is that
RI parasiles may be the result of a low proportion of resistant parasites in a
mixed infection. Drug treatment would kill the sensitive parasites, thereby
reducing the resistant parasitc population to a parasitaemia below that
detectable by microscopy and possibly below the threshold for symptematic
malaria. These resistant parasites would continue to grow in the presence of
the drug and cventually reach microscopically detectable parasitacmias (RT) or
the threshold for symptomatic mafaria to return (LTF), An alternative
explanation is that resisim}cc is not an 'all~0;—nothing’ response. Some parasites

could be highly resistant and their growth would be unaffected by the
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treatment; these would be classified as RHIT resistant. Other parasites could
show slightly lower resistance, such that their growth would be initially
inhibited by the drug, but as concentrations fall they would be able to grow
again: these would be RIL Iinally, R parasites could be resistant to the drug
at a lower level still, such that growth is inhibited until the drug concentration
drops further, although this level would still be able to prevent growth of
parasites sensitive to the drug. At present there are no studies supporting either

hypothesis; this thesis has attempted to address the latter hypothesis.

Figure 1
Graph showing parasilc resistance after treatment over a 28-day period
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There is some correlation between clinical and parasitological response, but
generally the rate of resistance/treatment failure is higher when measured by

parasitacmia than by clinical response,

Some in vive studies do not have a clear- cut definition ol SP clinical
resistance, which can complicate their interpretation and comparisons with
other data.

For example, Basco and co-workers (1998) considered ETF as RII, LTF as
early RT and late RI as recrudescence. Masimirembwa and colieagues (1999)
associated treatment failure with the presence of parasites on day 2 greater

than hall of the parasitaemia on day 0, and the presence of parasitaemia on day
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7 as recrudescence with the clearance of parasitaemia by day 7 defined as
sensitive.

In conclusion, the evidence presented in the studies discussed indicates that
the correlation between in vitro resistance and in vivo resistance of SP is still

not clear, and further studies are necessary.

There is also a problem of parasite clearance by acquired immunity especially
in more immune populations. This factor cannot be easily quantitated but can
be hypothesised to play an important role. Individual patients may have
different immunological capacitics (independent of resistant phenotype of the
parasites) to clear parasites. The level of acquired immunity is related to both
age (older children and adults have higher levels of acquired immunity) and
exposure (individuals living in areas of high endemicity have higher fevels of
acquired immunity than those of the same age living in areas of lower
endemicity) (Djimde es of., 2001, Omar e ¢f., 2001). The importance of
acquired immunity in the clearance of drug resistant parasites is demonstrated
by the results of a study carricd out in Mali. Sixty-six percent (66%) of adults
and older children treated with chloroquine were able to clear their
parasitacmia despite having parasitcs with the mutated form of Pfcrt76,
whereas only 32% of the younger children carrying the Pfert 70 mutant form
were able o clear their parasitacmia (Djimde er o, 2001). In another study
done in a holo-endemic area in Xenya where patients were treated with SP it
was observed that treatment success increased with age (Omar et al., 2000).
The ability to clear drug-resistant parasites increased with age, implying that
age-acquired immunity plays an important role in the clearance of chloroquine
resistant parasites. Studies with the rodent model P. chabaudi showed that
partially immune mice were able to clear drug resistant parasites more

cfficiently than naive mice (Cravo et ai., 2001).

1.4 Mechanisms of anfimalarial drug resistance
‘The way in which parasites can acquire resistance depends on the mechanism
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by which the drug kills them. This is an important factor in determining how

fast parasite resistance can accur.

1.4.1 Chloroquine resistance

The mechanism of chloroquine action is not yet clear but the formation of a
complex with haem is thought to be important (Mungithin es «/., 1998). The
molecular basis of drug resistance to CQ is now partially understood, although
there is still some debate regarding the contribution of mutations in different
genes to resistance. Initial reports associated resistance with mutations in the
gene pfindrl (P. falciparum multidrug resistance gene 1) (Foote ef af., 1989).
Associations between pfindr! point mutations and iz vivo or in vitre CQ
resistance were inconsistent. An early study suggested that it was possible to
predict whether an isolale was resistant or sensitive to CQ by the presence of
defined mutations in pfmdrl (Foote er al., 1990). Studies that followed
established an association between the presence of a mutation at codon-86
(causing an amino acid substitution from asparagine in the wild type to
tyrosine in the mutant [orm) and in vitre CQ resistance, with sub- Saharan
isolates {Basco et al.,, 1995a, Adagu ef af., 1996). A similar association was
ot observed with culture- adapted Sudanese (Awad El Kariem et of., 1992)
and Thai isolates (Wilson et «f,, 1993). Other studies wvsing fresh clinical
isolates showed that the matant allele of pfindr! cncoding tyr-86 could be used
to predict in vive drug resistance fo CQ (Duraisingh et al., 1997). However,
extensive field studies (Wellems ef af., 1990, Bhattacharya ef ol., 1999, Adagu
et al., 1999, Price et al., 1999, McCutcheon ef al., 1999, Duraisingh e o,
2000, Pillai et al., 2001) produced conflicting results, casting doubts on a
direct causal association belween polymorphisms in pfindr! and CQ
resistance. Analyses of a genetic cross between CQ-sensitive and CQ-resistant
parasite clones demonstrated that pfmdr! mutations were not linked to the
resistance  phenotype (Wellems er al, 1990). Transfection studies that
followed showed that substitution of the mutant pfmdr! with the wild type

sequence in resistant parasites decreased chloroquine resistance from high to
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moderate levels (Reed er o, 2000), Therelfore, it appears that, although
mutations in pfimdr]/ may not be absolutely required for chloroquine
resistance, polymorphisms in this gene may play a role in modulating the
resistance phenotype (Wellems ¢f ¢l., 1991, Su ef al., 1997, Reed er af., 2000,
Dorsey et al., 2001).

[.inkage analyses of a genetic cross identified two loci, known as cg2
(candidate gene 2) and Pfert (P. falciparum  chloroquine resistance
transporter), implicated in chloroquine resistance (So ¢f al., 1997, Fidock ¢t
al., 2000b, Djimde er «f., 2001). Inheritance of a 36 kb segment of
chromosome 7 from the CQ resistant parent in the cross conferred resistance
in the progeny clones. DNA sequencing and searches for open reading frames
(ORF) encoding more than 100 amino acids within this segment identified
nine ORTs. Qf these, one ORF, denoted cg2, contained multiple and complex
polymorphisins associated with CQ resistance both in the progeny clones of
the genetic cross, and also in a group of isolates from Asia and Africa (Su et
al., 1997). However, larger scale field studies failed to demonsirate a clear
association between the complex polymorphisms within cg2 and CQ
resistance (Adagu ef af., 1999, Price ef al., 1999, Durand ez al., 1999, Basco et
al., 1999, McCutcheon ef al., 1999, McCutcheon et al., 2000, Pillai et al,
2001). Transfection-based studies confirmed that the ¢g2 gene was not the
gene responsible for CQ resistance (Fidock er al., 2000a). Extra analysis of the
initial 36 kb locus comprising the cg2 gene led to the discovery of a highly
interrupted gene, denoted Pfert. Polymorphisms in this gene were absolutely
associated with CQ resistance in vitro in forty known parasite lines (Fidock ef
al., 2000b). A mutation in codon 76, caﬁsing an amino acid change from
lysine (K) to threonine (T) was identified as the key mutation necessary for
resistance. Transformation of a CQ-sensitive P. falciparum clone using
plasmic constructs that expressed a Pfers sequence with the K76T codon
change produced a highly CQ resistant fine. However, the resistant parasites
ended up losing the transfected DNA and insiead acquired a novel mutation

encoding X761 in the chromosomal Pfert gene. The change in the sequence
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directly contributed to the change in CQ phenotype (Fidoclk ef /., 2000b).
There is therefore strong evidence that an amino acid change at position 76 in
Pfert is associated with CQ resistance in African and Asian P. falciparum
isolates. This is supported by field studies showing a strong link between the
presence of Pfere76 mutation and clinical CQ resistance {Djimde et /., 2001).
turther in vivo studies on field isolates have shown that the Pfers 76 mutation
is often also present in CQ-sensitive isolates (Pillai er «¢f., 2001, Mayor ef al.,
2001, Dorsey ef al., 2001, Kyosiimire et al., 2002, Chen et al., 2002). The
Pfert mutant allele is always present in CQ treatment failure samples. This
therefore suggests that the Pferf 76 mutation may be necessary but is not

always sufficient for CQ resistance in vivo.

[t has becn suggested that CQ resistance is a multigenic phenomencn,
involving changes to Pfert and other genes such as pfindrl (Reed ef al., 2000).
Support for this hypothesis is provided by field studies in which clinical
ircatment failure with CQ is sigrificantly associated with parasites with the
mutated forms of both Pfert 76 and pfindr] 86 (Babiker et al., 2001, Dorsey et
al., 2001, Mockeshaupt ef «/., 2001). In addition, the relatively long time
taken for CQ resistance to arise and spread could indicate that multiple

mutations are required.

1.4.2 Pyrimethamine resistance

Sulfadoxine-pyrimethamine (SP)}-(Fansidar) is a synergistic combination of
drugs that interact with two enzymes of the folate biosynthetic pathway.
Dihydrofolate reductase (DHFR) is the biochemical target of pyrimcthamine,
and also of cycloguanil, the biologically active metabolite of proguanil. In P,
Jalciparum, two genes involved in the pyrimidine biosynthetic pathway,
PDHFR and TS (thymidylate synthase) are Sontiguous and are expressed as a
bifunctional enzyme DHFR-TS (Bzik cf al., 1987). Pyrimethamine binds to
the parasitc DHFR with a high affinity, inhibiting enzyme activily, resulting in

the depletion of dTMP and the disruption of DNA synthesis (Hyde, 1990). The
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sclective activity of pyrimethamine has usually been attributed to higher
affinity of the drug for Plasmodium DHFR-TS than for human DHFR
(Hitchings, 1960; Ferone and Hitchings, 1969; Peterson et al., 1990, Foote f
al., 1990). Recent work has shed light on the differential specificity of the
drug for parasite and human DHFR. The DHFR-TS of both species binds its
cognale messenger RNA  (mRNA) and inhibits its own translation.
Pyrimethamine treatment removes the translational repression of the human
enzyme, and more DHFR is produced to partially overcome the drug barrier.
However, in Plasmodium DHFR-TS, mRNA binding is not coupled to enzyme
active sites. Therefore, antifolate treatment does not relieve translational
inhibition and the parasites do not have the ability to make fresh enzyme
(Zhang and Rathod, 2001).

Resistance ta pyrimethamine is linked to a point mutation in DHFR leading to
an aming acid substitution at codon 108 from serinc to asparaginc {Peterson ef
al., 1988, Peterson es al., 1990). Resistance to cyclognanil has been linked to
paired mutations in codon 16 (alanine Lo valine) and 108 (serine to threonine)
(Foote et al., 1990; Peterson ef ai., 1990). Other mutations at positions 51
(asparagine to isoleucine), 59 (cysteine to arginine) and 164 (isolcucine o
leucine) are associated with higher levels of pyrimethamine and cycloguanil
resistance (Foote et al., 1990, Peterson ef al., 1990},

Following the introduction of pyrimethamine monotherapy, resistance was
reported within a year (Maberti, 1960), most likely as a result of the simple
resistance mechanism. Pyrimethamine is now used only in synergistic
combinalions with sulfadoxine or other antifolates (Chulay ef al., 1984), so it
is not possible to correlate i vive pyrimethamine treatment fajlure with DAFR
genotype. However parasites taken from infected individuals can be tested for
their pyrimethamine susceptibility iz vitro. In these tests, resistance is denoted
by an [Cso value of > 100 nM (de Pécoulas ef al.,, 1996). Such studies reveal a
very strong link between mutations in DHFR and pyrimethamine and
cycloguanil resistance. For pyrimethamine, DHFR Asnl08 is almost

completely associated with resistance to pyrimethamine, and the presence of
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parasites encoding DHFR Serl08 alone is a good indicator of sensitivity i
vitro to pyrimethamine (e.g. de Pécoulas et al., 1996, Basco et al., 1995b,
Basco et al., 1996, Foote ef al., 1990, Hyde et al., 1990, Khan et al:, 1997,
Peterson et al, 1990, Reeder ¢f al., 1996 and Zindrou ef af., 1996). Geometric
mean 30% inhibitory concentration values (ICsp) were over 1000-fold higher
for parasites with DHFER Asn108 from African patienis compared to parasites
with DHFR Ser108 (ICso of 4050 oM for Asn 108 and 12.5 nM for Ser 108).

The central mutation implicated in pyrimethamine resistance is at position 108
{Cowman et al., 1988, Peterson et al., 1988, Zolg et al., 1990), a finding that
was confirmed by transfection studies (Wu er al., 1996). It is believed that
additional mutations in DHFR codons 51 and 59, combined with the Asn108
change, confer higher levels of resistance. Iinetic analysis of the A~
Saleiparum DHFR-TS enzyme after expression in Escherichia coli confirmed
the role of these mutations in the dilTerent Jevels of resistance. The inhibition
constant (K;) values for the double mutanis Asnl08/ArgS9 and Asni08/1le51
are 72 nM and 37 nM respectively, compared 1o 13 nM for the single mutated
allele encoding Asnl08 (Sirawaraporn et al., 1997). The inhibition constant
for parasites carrying the triple mutant Asnl08/ Ile51/ Arg59 was 120 nM
(Sirawaraporn et al., 1997) indicating a much higher level of resistance as

compared (o the single and double mutated alleles.

Transfection cxperiments have also been performed using DHIR as a
selectable marker that confers resistance to pyrimethamine (Wu ef al., 1990).
Pyrimethamine-sensitive parasites transformed with the DIIFR allele from
parasite Dd2 (triple mutant form of DHFR Asnl08/11e51/Arg59) yiclded drug-
resistant parasites with an 1Csg of 16 nM. Transformation with the DAFR gene
from parasite HB3 (single mutant form Asni08) yielded parasites with an ICsg
value of 1.0 nM. Investigating the effect of the additional mutation in DAHER
at codon 51 was also done by transfection of P. falciparum DHFR alleles into
veast (Woodcn ef al., 1997). This suggests that the double mutant form DIIFR
Asnl08/Te31 (pj~dhfi-Mikenga, a resistani construct) causes a further ten-fold
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increase in 1Cso compared to the single mutant form DHFR Asn108 (pf~dhfr-
Honduras, a resistant construct), which itself produces a ten-fold increase in
[Cse compared to the wild type form DIFR Serl08 (pfidhfi-D6, a sensitive

construct).

However it is difficult to predict what the cflcets of these mutations may be on
in vivo treatment failure. In vitro studies usually describe 1Cso values, which is
the lowest inhibitory concentration of the drug which kills 50% of the
parasitcs. "Lhis implies that 50% of the parasites remain viable. fr vivo this is

most likely to result in treatment failure.

1.4.3 Sulfadoxine resistance

Sulfadoxine, the other component of the combination drug SP, is also never
used as monotherapy for malaria. The information on the resistance
mechanisms to sulfadoxine alone has therefore been obtained from in vitro
work. The molecular target of sulfadoxine is the enzyme DHPS, a part of a
bifunctional protein with hydroxymethylpterin pyrophosphate. Sulfadoxine is
a structural homologue of 4-amino benzoic acid (PABA) the natural substrate
of DHPS (Brooks et al., 1994, Triglia and Cowman, 1994) and is a
competitive inhibitor of the enzyme. Mutations in the DHPS gene are found in
natural populations, and have been correlated with resistance to SP in vivo, for
example, mutations leading to amino acid changes at positions 437 (alanine to
glycine), 436 (serine to phenylalanine), 613 (alanine to serine), and 581
(alanine to glycine) (Triglia er af., 1997, Plowe et al, 1997, Wang ef ol.,
1997a).

Some studies have attempted 1o correlate in vitro sulfadoxine resistance and
DHPS mutations with isolates taken from the ficld and with laboratory lines,
but these have not been conclusive (Table 1: a, b, d, and f). In vitro assays for
sulfadoxine have been done under varying folate conditions (Wang et al.,

19970), and some parasite isolates are known to use host folate to antagonise
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sulfa drugs irrespective of their DHPS genotype (Milhous ef al., 1983,
Watkins e/ al., 1985). Sulfadoxine in vitre-drug testing is technically difficult
but can be done using culture medium depleted of folate and PABA that
antagonise sulfadoxine (Chulay ef wl., 1984, Watkins et af., 1985, Milhous et
al., 1985). Published data for ICso (50% Inhibitory concentration) values show
very large differences, varying from 10 nM (Milhous e af., 1985) 1o 150 oM
(Watkins et al., 1987), or from 1000 nM (Chulay ef al., 1984) to as high as 3
X 10° nM (Schapira et al., 1986) for sulfadoxine- scnsitive strains. Relatively
smal] ditferences in 1Cs are observed between parasites classified as resisiant
or sensitive to sulfadoxine.

A direct correlation between DHPS point mutations and iz vitre sulfadoxine
resistance was demonsirated using the progeny of a cross between the
sulfadoxine- sensitive parasite clone HB3 and the sulfadoxine-resistant clone
Dd2 (Wang et al., 1997b). Consistently reproducible results showing large
differences between the most scnsitive and most resistant progeny clones were
obtained as a result of using an improved drng assay in the absence of folate.
Differcnees in sulfadoxine responses of the individual progeny from the HB3-
Dd2 cross were monitored. Parcntal clone B3 with a 'wild type' (unmutated)
allele of DHPS had the lowest ICso value of 12.9 nM. Progeny clones
inheriting the DHPS allele from this parent had ICsp values in the same range,
The Dd2 parent clone carrying the three DHPS mutations 436 Phe/437
Gly/613 Ser showed the highest ICsq \ralll.lc of 12.8 X 10° nM, 1000-fold

higher, as did progeny clones inheriting the Dd2 allele,

Site dirccted mutagenesis studies involving alterations in the amino acids in-
the DHPS enzvme yiclded alleles with varying inhibition constants for
sulfadoxine (iriglia ez al., 1997). Eight plasinid constructs were made (hat
expressed the alleles of the functional P, falciparwm DHPS in Escherichia
coli. After purification, the inhibitory constant for sulfadoxine was measured
for the cight DHPS enzymes by a compelitive mechanism. The X; for

sulfadoxine for all the eight enzymes varicd significantly by up to 811-fold (3
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orders of magnitude). Enzyme DI10-C (with a sequence identical to 7.
Jaleiparum 3D7) present in sulfadoxine-sensitive isolates had the lowest X
value of 1.4 X 10* nM and W2 mef-C, which is present in highly sulfadoxine-

resistant isolates, had the highest K valucof 11.2 X 10* nM.

Another mechanism associated with folate uptake and utilisation is thought to
have an effect on the sulfadoxine resistance levels (Wang et al., 1999). Low
levels of folate in the culture medium can result in a reduction in the
susceptibility of the parasites to sulfadoxine (known as the folate effect).
Parasite clone _Dd2 had markedly lower ICsp values under low folate
conditions, whereas clone FIB3 showed little or no change in the ICsy values
observed compared with those obtained i normal medium. The difference
Letween the two clones was suggested to be due to anothet gene that strongly
influences resistance of a specific clone to sulfadoxine depending on the levels

of exogenous folate,

1.4.4 8P resistance

The association of mutations in both DIJFR and DHPS with resistance to SP
in malaria parasites has been investigated (Hyde et al., 1990, Brooks ef al.,
1994). Previous studies have analysed the correlation between in vitro
sulfadoxine resistance and DIIPS genotype separately from in vitro
pyrimethamine resistance and DHFR genotype. Generally, laboratory adapted
strains of P. falciparum have been used, although tield isolates have also been
studied occasionally. It is not clcar what role point mutations in the DJTFR and
DHPS genes play in in vive pyrimethamine and sulfadoxine resistance, as
these drugs are never used alone (Hyde, 1990, Wang et al., 1997a). Although
an in vitro SP susccptibility fest has been described, the ‘folate effect’
described above can complicate their interpretation, and most studies have
used samples from clinical SP treatment failure. The molecular criteria for in
vitro antifolate resistance have not been confirmed or correlated with in vivo

response of patients treated with SP (Rallén et al., 1999). Furthermore, the
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DIFR and DHPS allelic combinations that may be associated with SP

therapeutic failure are not yet clearly known.

Conuroversies have arisen between different studics showing cvidence for and
against mutations in DHFR and DHPS being implicated in SP resistance of P.
Jalciparum strains, and these will be described below. Studies dealing with the
determination of genetic changes as the basis of clinical resistance have been
carried out in West Africa (Plowe et al.,,1995; 1996). These studies have
conflirmed that the molecular diagnostic techniques used are appropriate for
epidemiological studies of resistance where it is not possible using standard in
vitro and in vivo methods for detecting resistance. They also show that
surveillance studies carried out at intervals to determine resistance levels in
different regions using these molecular assays may assist health officials in
changing antimalarial drug treatmeunt policies accordingly. Arguments have
been made for limiting the distribution and the use of specific antimalarial
drugs, but evidence that such an approach can slow down the spread of

resistance has been lacking (Price and Nosten, 2001).

Evidence for or against the role of DHFR and DHPS mutations in SP
resistance in vivo and in vitro

Scveral studies have been carried oul to investigate the role of mutations in
DHFR and DHPS in clinical SP resistance. Ficld tests carried out in Kenya
both in vivo and in vitro have suggested that pyrimethamine resistance alone
(associated with mutations in DHFR) is sulficient to cause SP failure
(Nguyen-Dinh ef af., 1982). This was supported by a study done in Tanzauia,
which showed evidence of in vive selection under SP drag pressure of
parasites with alleles cncoding the DHIFR Asparagine 108 mutant (Curtis e/
al., 1996). An in vivo study carried out in Mali showed that SP selected for
DITFR mutants rapidly, with Arginine 59 (55.0%) and Asparagine 108
(55.0%) being niore common in post-treatment isolates, supporting their role

in SP failure (Diourte et al., 1999). However, because there was a low level of

27

1L NSO,




in vive SP resistance in the study area, 11 was not possible to 1dent11y any
group of DHFR or DAPS mutations that wele predictive of ¢linical SP failure.
A study carried out in Cameroon showed that the triple DHFR mulant
encoding Asn 108/Arg 59/1le 51 was strongly associated with in vive
resistance to SP (Basco et al., 2000).

There is also evidence that mutations in both DHFR and DHPS are necessary
for in vive SP resistance. Studies carried out in West and East Aftrica, the
Middle East and Vietnam (Wang et al., 1997a, Schapira ef al., 1986) suggest
that DHFR 108 and DHPS 437 changes are necessary for SP treatment failure,
The study by Schapira also performed i vifro sulfadoxine tests on parasites
from SP-resistant cases and found that the i vitro results reflected the /n vivo
treatment faiture. A study carried out in Peru (Kublin et af., 1998) showed that
a collection of mutations in DHFR (Asn 158ﬂle 51/Leu 164) and DIIPS (Gly
437/Glu 510/Gly 581) was strongly associated with iz vive SP resistance. In
Vietnam, a combination of multiple DHFR antifolate resistance mutations
coupled with the 437 Glycine mutation in DHPS correlated best (72%) wilh i»
vivo resistance to SP (Masimirembwa et af., 1999). [n Kenya, a combination
of the triple DHFR mutant (Asn 108/Ile 51/ Arg 59) coupled with the DHPS
double mutant (Gly 437/Glu 540) was associated (55.2%) with in vive
resistance to SP (Nzila erf ¢f., 2000),

In other studies, however, mutations in DHFR and DFHPS were not
informative for predicling SP resistance. A study done in Colombia showed
that DHZFR allcles encoding Asn 108 were detected in 75% of clinical samples
with adequate clinical response {ACR) and in all the treatment failure samples,
rendering it inadequate for predicting SP trcatment failure (Ralién er of.,
1999). Studies carried out in Tanzania found no association between the
presence of mutations at different loci of the DHFR gene before treatment and

subsequent clinical SP resistance (Jelinek et af., 1997).

It has also been argued that DHPS mutations do not play a role in SP failure
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(Watkins et al., 1997). A study carried out in Mali found no significant
seleetion by SP for DFIPS mutations, including no significant selection against
the DHPS allele encoding Ala-436 (Diourte et «l., 1999). In Vietnam, only
two out of seven samples resistant to SP i vive were fully explained by the
known DHPS mutations as investigated by mutation-specific PCR
(Masimircmbwa et al., 1999). A study carfied out in Cameroon (o assess SP
efficacy showed there was no effect on clinical outcome by the DHPS
genotype (Basco ef al., 2000). From these studies and those listed in Tables 1
and 2, it is difficult to judge whether molecular changes in the DFHFR and/or
DHPS correlate with in vivo treatment failure with SP. Tables 1 and 2
summarise some of the studies performed ta investigate the association

between DHFR/DHPS mutations and SP resistance.
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Table 1

DHFR/DHPS mutations and SP resistance in vitro
The listed references provide evidence of a carrelation between
mutations in DHFR and DHPS and resistance Lo pyrimethamine and

suifadoxine respectively

Byidence supporting the role of Asn-108
and other DHFR mutant codons in
pyrimethamine in-vitro resistance

Evidence suppourting the role of Gly-437
and  aother DEPS wmutant codons in
sulfadoxine in-vitro resistance

1. Basco et al., 1996
Exp. Pacasitol, 82: 97-103

a. Basco et af., 1998a
Am. J. Trop. Med. Flyg. 58: 374-378

2. Basco et af., 1995
Mol. Biochem. Parasitol. 69: 135-138

b. Brooks et af., 1994
Eur, J, Biochem. 2:397-405

3. Foote ef ad., 1990
Proc. Natl. Acad. Sci. USA. 87: 3014-3017

¢. Reeder et al., 1996
A, J, Trop. Med, Hyg. 55: 209-213

4, Hyde et al., 1990
Pharmacol. Ther., 48:45-49

d. Triglia et al., 1994
Proc. Natl. Acad. Sci, USA 91: 7149-7153

5. Khan er af., 1997
Trans. R. Soc. Trop. Med. 11yg. 91: 456-
460

e, 'Iriglia ef ad., 1997
Proc. Natl. Acad. Sci. USA. 94: [3944-
13949

6. Nzila-Mounda ef af., 1998
Antimicrob. Agenis Chemother. 42: 164-
169

f. Wang er al., 1995
Mol. Biochem. Parasitol. 71: 115-125

7. Peterson et al., 1990
Proc. Natl. Acad. Sci. USA. 87: 3018-3022

g. Wang ef al., 19970
Mol, Microbiol, 23: 979-986

8. Reeder ¢f wl., 1996
Am. ). Irop. Med. Hyg. 55: 209-213

h. Triglia et al,, 1998
EMBO J. 17: 3807-38135

8, Zindrou et al., 1996
Exp. Parasitol. 84; 56-64

10. Zolg et al., 1989 .
Mol. Biochem. Parasitol. 36: 253-262

11, Cowman et af., 1998
Proc. Natl. Acad. Sci. USA. 85; 9109-
9113

12. Peterson et al., 1998
Proc. Natl. Acad. Sci. USA. 85: 9114~
9118

13. Basco et al., 1998b
Antimicrob. Agents Chemother. 42: 1811-
1814

14, Wilson ez af., 1993
Mol Biochem. Parasitol. 57: 151-160

15. Awad-El-Kariem e al., 1992
Trans. R. Soc. Trop. Med. Hyg. 52 (6):
565-568

30




N

€10 BIV/18S BIY/OPSSAT/LEY cI9 eIV /I8¢
A9y 188 10 €O BIY/IRS | BIV/OPS SAT/LEE (uooszurey)
BIV/OPC SAYLEY BIV/OCH BV e[V 10 A1D/9¢Y 80: usy 8T9-¥TY (T8 "SI PRJUL [
ANV 16 91/65 BIV/801 Usy 18§ 10 B[V 000T 1w 12 03SEY
uorRmw Aue 66 f1y aren)
6¢ SIy po Q0T USY M PAAIASqO pie Q/y-SLt 109 BAH "peN "doxL T Ty
TONR[OLIOY ON 801 USY | 6661 “J7 12 a1MNOI
ML o g ¢19 {(IewolA )
/185 AJD 10/pUe LEy A ANV LEY AID 801 1SV T1Z-€0T :T1 "$1I2BY "qoiotunuy *[ Juj
$91 WT/6S STv/1S AL/S0TUSY 666] “ID 13 CMQUIQIUISEIA
18SAID/07S MO 10/PUe LEY A1D (nisg)
ANy LEF A1D 801 USY 0£91-6T91 15E 180URT
$91 NT/16 9 PUE §0[ USY 8661 v 1o Uqn3]
(uooIBUIED))
483!
6S3IV/1G 9] PUE R0 USY LY A1D 80f USY | -L18[ :Zp IoyloweyD s)uesy "qoIorumury
. qg661 “p 19 0352y
0FS MID/LEY K1D) J0/pUE LEF AJD (eruezug])
ANy Lev 419 $01 USY | (089-8L9 06 "3AH PRI G011 20§ "W'SUBLE,
65 BIV/1S3II PUB 80 USY 9661 1737 SR
SHOHEINW S/ | SuopLInw ¥y Juq 018z Apnys
£159) SurdAjouas | 03 ULISISIX IS 03 ITLEISISAT pue
0] SUOIJENIQINOD PIPHAULLIVIIY | JO  UONRIIIOD | JS JO TOIIB[I.LL0)) sdeg

“A2anvadsal JS 01 30URISISI

pue §JL(7 J0/PUR ¥ E(T W SUOHEINIU Ud2mI¢ HOUR[ILIOD © 0 20USPIAD OPIA0I YOIy S0URIQJal PAISI] a4 ],
JDUBISISAT oad i1 J§ W pajeotjdut suonemilt §JHIALIHT

LA




1.5 Hypothesis:

The hypothesis being tested is that carly treatment failure is caused by
parasites with several mutations in DHFR, i.e. 3 higher lcvel of resistance, as
indicated by more mutated codons in DHFR, is predicted in parasitcs causing

carly treatment failure than in parasites causing late treatment failure.

Molecular technigues to monitor drug resislance are dependent on polymerasc
chain reaction (PCR)-based methods to amplify gencs associated with drug
resistance (Plowe ef @l., 1995), Mutation-specilic PCR techniques are able to
indicate the presecnce of parasites within & sample carrying alleles of the gene
under investigation which are associated with resistance ot sensitivity to the
drug. However the sensitivity and specificity of these techniques may be
compromised by the multiplicity of P. falciparum genotypes in natural
infections (Ranford-Cartwright et al, 2002). A PCR/dot-blot hybridisation
technique for detecting point mutations at residues 108, 51 and 59 of the P.
Jfalciparum DHER gene, which are associated with pyrimethamine resistance,
has recently been developed (Abdel-Muhsin ef g/, 2002). The technique
combines PCR amplification and hybridisation of amplificd products using
radiolabelled allele~-specific oligonucleotide probes. The dot-biot method was
as sensitive as the mutation-specific PCR technique, and was more specific in
a series of comparisons (Ranford-Cartwright ef of., 2002). Characterisation of
parasile genes was possible from samples with a parasitaemia as low as 100
parasites/ul of blood. It was also possible to identify a minority parasite
genotype down o 1% in a mixture. The dot-blot technique is more suited to
high throughput studies, because each dot-blot can contain PCR products from

over 90 samples.

In this study, mutation-specific PCR has been used to type alleles of Pt
codon 76, because the dot-blot method had not yet been developed for this
locus. The PCR/dot-blot hybridisation technique was applied to detect afleles

of DHFR associatcd with drug resistance in parasites with recrudescent
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infections. The patient samples were collected during an in vive drug efficacy

study ol SP and the combination of SP and CQ, carried out in Uganda.

The results from the typing were used to investigate if mutations in the DHER
gene in P. falciperum pre-treatment isolates are predictive of failure of SP/CQ
and SP treatment during follow-up. In addition, we investigated if thc number
of mutations in DHFR was correlated with time to recrudescence, i.e. does the
number of days to recrudescence correlate with more DHFR mulations in the

resistant parasites at the time the drug was given?




2. MATERIALS AND METHODS:

2.1. Study area and population

The study was carried out during the pertod December 2001-March 2002 in
Nagongera llealth Centre in Tororo district, Lastern Uganda, one of the
sentinel sites chosen by the Fast Africa Network for Monitoring Antimalarial
Treatment (EANMAT) and the Uganda National Malaria Control Programme
(UNMCP) for surveillance of antimalarial drug cfficacy. A clinical drug
efficacy trial was performed to compare the efficacy of SP and a combination
of Chioroquine and SP in symptomatic children with uncomplicated
Jalciparum malaria.

Tororo District lies at an altitude approximately between 1,097 m and 1,219 m
above sea level and has a population of approximately 400,000. It borders the
Republic of Kenya to the Rast, and has the Ugandan districts Mbale to the
North East, Iganga to the West, Busia to the South and Pallisa to the Notth.
T'ororo District has a bimodal rainfall patlern with peak rainfall during the
months of March to May and August to Septcmber and high temperatures
most of the year. The area is holo-endemic for malaria, regisiering an average
of 4500 malaria cases monthly (Epidemiological Surveillance Division,
Ugandan Ministry of Health). The parasite prevalence in children aged 2-9
years is 88% (lalisuna ef al., 2002). The main occupation of the population
(the Japadhola, the Banyole and the Iteso) in this rural region is subsistence

agriculture.

Children aged between 6 months and 5 yecars old were enrolled into a drug
efticacy trial according to the EANMAT ficld manuaj and the standard World
Health Organisation (WHO) protocel for areas of intense transmission (WHO
1996), but adapting the trial 0 a 28-day test and not the standard 14-day test.
Inclusion criteria were: uncomplicated malaria, with P, jfalciparum
monoinfection, axillary temperature > 37.5°C or history of fever in the past 24

hours, and an asexual parasitacmia between 2000 parasites per ul blood and
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100,000 parasites per pl of blood. The chikdren were recruited with informed
consent from their parents or guardians, treaied and followed up to day 28
after treatent. Active recrudescent case detection was initiated at the point of
enrolment into the study, when parents or guardians werc asked to return the
children afler treatment on appointmenf ie. day 3, 7, 14, 21 and 28,
irrespective of their clinical status at that time. Passive recrudescent case
detection was done at any time during follow-up. Any child who felt ill within
the 28 days after initial treatment was requested to return to the clinic for
resampling and retreaunent with an alternative drug where appropriate.
Children who presenfed with or subsequently developed severe malaria
symptoms or other causes of fever, those with severe malnutrition and those
with a history of allergic reactions to sulfa drugs were not recruited to the frial.
Children who did not complete the follow up, those who took antimalarial
drugs from other sources, and those who developed complications were not

considered in the analysis as per the protocol.

Ethical approval for the study was obtained from the Uganda Nationa! Council
of Science and Technology (UNCST) and the Institutional Review Board
(IRB) of the University of Glasgow, UK.

2.2. Sample collection, treatment and foliow-up

Cne hundred eighty one (181) children were recruited to the trial. A finger-
prick blood samplc was taken at admission to the trial. Thin and thick smears
were prepared and stained with Giemsa's stain for the assessment of
parasitaemia on the first day of treatment (known as D0) and on each day of
suibscquent visits. A finger-prick sample of bloed from each study subject was
also taken onto filter paper (3MM Whaﬂnan) for later molecular studics
{polymerase chain reaction (PCR) analysis) at cach sampling point. The ftlter
papers were air dried at room temperature and placed into individual self-

sealing plastic bags and stored at room {cmperature.
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The recruited children were followed up on days 1, 2, 3, 7, 14, 21 and 28,
and/or on any day that they developed symptoms. On entry to the trial,
children were treated with either a combination of CQ {150mg base) and SP
(500mg S + 25mg P), or with SP alone (500mg S + 25mg P), administered
orally under the direct supervision of a study nurse. The two trials were done
simultaneously. The first recruited child was assigned to the SP/CQ trecatment
group and the second child to the SP treatment group. That same order was
followed for all the other recruited children. For CQ, the drug was givén over
3 days. The total CQ given was calculated according to body weight at 25mg
CQ per kg body weight of the child. This was divided into three doses of 10
mg/kg on day 0 and day 1, and 5 mg/kg on day 2). The drugs were all quality
assured. Beginning on day 3, follow up was stopped after confirming the
presence of malaria parasites in the blood (>25% of DO parasite count) of a
child. This was termed as a recrudcscent sample to await confirmation by
PCR. At this point the child was treated with an alternative drng as advised by
the freating clinician, and took no further part in the study beyond the

treatment failure sampling at that time,

2.3, Definition of outcomes

Clinical outcome was defined as described earlier according to the WHO
classification of adequate clinical rcsponse (ACR), early treatment failure
(ETF), and late treatment failure (ILTF) (WHO, 199G). Parasitological
response was defined using the standard sensitive (S), resistance level L (R},
resistance level TT (RI1), and resistance level 111 (RIII) classification system

(Bruce-Chwatt, 1986).

2.4, Slide examination
Thin films were fixed with methanol and both thin and thick films were

stained with 10% Giemsa's stain for 30 minutes. The number of asexual
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P. fulciparm parasites per 200 white blood cclis (WBC) was counted under
100 times (high power) magnification oil immersion fields. The number of
parasites was multiplied by 40 to calculate the parasite density per microlitre
of blood. This assumes a WBC count of 8000/ul (WILO, 1991). Where less
than 10 parasites per 200 WBC were found, the count was continued to 500
WBC and the parasitc count determined correspondingly. A sample was
declarcd negative after examining 200 thick film fields without observing any

asexual parasites.

2.3. DNA extraction, PCR amplification and produet analysis

Extraction and purification of parasite DNA from blood samples on filter
paper was performed using the Chelex-100 method as described (Plowe et ai.,
1995). All of the blood from a single spot was used aud the final volume of
DNA solution obtained was approximately 200ul. Fxtracted DNA was used
immediately or stored at -80°C for later PCR amplification of DNA,

2.5.1. Genotyping at the Pfext locus

Mutations in P, falciparum chloroquine resistance transporter gene (Pfeei),
specifically those causing an amino acid substitution from lysine to threoninc
at position 76 (K76T), were detected by mutation-specitic polymerase chain
reaction (MS-PCR) (Djimde ¢f «f, 2001). In the first round PCR,
oligonucleotide primer pairs TCRP1 (5’-CCG TTA ATA ATA AAT ACA
CGC AG-3") and TCRP2 (5’-CGG ATG TTA CAA AAC TAT AGT TAC C-
3%y were included in a single reaction. Five microlitres of genomic DNA was
used as template in the primary reaction. The reaction took place in a total
volume of 25 i containing 20 mM Tris-Cl pH 8.4, 50 mM KCl, 2.5 mM
MgCla, 200 uM of each dNTP (dGTP, dA'TP, dTTP, dCTP), primers at a final
concentration of 0.1 uM each and 0.625 units of Tag DNA polymerase (Roche
Diagnostics, Mannheim, Germany). The aroplification program for Pfers was

as follows: denaturation for 30 seconds at 94°C, annealing for 30 seconds at
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56°C, extension for 1 minute at 60°C. Forty-five cycies were performed for
the primary reaction. The last extension was carried out for 3 minutes at 60°C.
Ten microlitres of primary PCR product were mixed with 1-2 pl of 10X
loading dye (0.25% bromophenol blue, 0.25% xylene cyanol, 25% ficoll {type
400) in water) and analysed by agarose gel electrophoresis on a 1.5% agarose
gel stained with ethidium bromide (0.8 pg /mi) in Tris-acetate-EDTA buffer.
A primary PCR product present as a strong DNA band on the agarose gel was
diluted 1:100 with DNase and RNase-free water {(ICN Biomedicals, inc.,
Irvine, CA, USA) before use as tcmplate in the nested reaction. A primary
PCR product present as a faint band following ¢lectrophoresis was diluted
1:10 before use. A PCR product with no band visible on the gel was used
undiluted in the ncsted PCR.

The PCR product generated from the primary reaction was used as template in
the nested PCR. Two separate reaction mixes were preparcd, one containing
primers specific to the wild type allele encoding Pfert Lys76, and the other to
the mutant form encoding Pfert Thr76. The primers used were TCRP4w (5°-
GTT CIT TTA GCA AAA ATC T-3%) for the wild type allele or TCRP4m
(5°-GTT CTT TTA GCA AAA ATT G-3") for the mutant allele. Each specific
primer was paired with the comman primer TCRP3 (5’-TGA CGA GCG TTA
TAG AG-3’). One microlitre of the neat or 1l of the diluted primary PCR
product was used as template in the nested PCR reaction. The reaction was
performed in a tolal volume of 25l containing 20mM Tris-Cl pH 8.4, 5¢ mM
KCI, 1.5 mM MgCl,, 200 uM of each ANTP (dGTP, dATP, dTTP, dCTP),
primers at a finat concentration of I uM each and 0.625 units of Tagq DNA
polymerase. The amplification program for Pfert76 was as follows:
denaturation for 30 seconds at 94°C, annealing for 30 seconds at 47°C,
extension for 1 minute at 64°C. Fiftcen cycles were performed for the nested
reaction. Twenty microlitres of the nested PCR product weye mixed with 1-2
ul of 10X loading dye (0.25% bromophenol blue, 0.25% xylene ¢yanol, 25%

ficoll (type 400} in water) and analysed by agarose gel electrophoresis on a
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1.8% agarose gel stained with ethidium bromide (0.8 pg/ml) in Tris-acetate-
EDTA buffer. For each day 0 (D0) sample, the two amplification reactions
(specific amplification of the wild type and mutant alleles of Pferr) were run
side-by-side on the agarose gel. The same was done for the day of

recrudescence (R) PCR products as shown in Figure 2.

Figure 2:
A schematic to indicate loading of gels for Pfert analysis

Day 0 R

Lane 1 shows PCR product band after amplification of DNA with Pfert wild
type primer

Lane 2 shows PCR product band after amplification of DNA with Pfcrt mutant
primer

DNA was visualised by ultraviolet transillumination and the band sizes
determined by comparison with a standard size 100-base pair DNA ladder
(Roche Diagnostics, Mannheim, Germany). P. falciparum DNA clones 3D7
and FCB-1 were included in each run as controls for the wild type and mutant

alleles, respectively.

2.5.2. Distinguishing recrudescent from new P. falciparum infections

To distinguish genuine recrudescence of resistant parasites from the
appearance of parasites arising from reinfection during the follow-up period,
day 0 (pre-treatment) and the day of recrudescence—R (post-treatment) isolates
were genotyped at two highly polymorphic gene loci, merozoite surface
protein-1 (MSPI) and merozoite surface protein-2 (MSP2), as described

(Ranford-Cartwright et al., 1993).
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2.5.2.1. Genotyping at the MSP1 locus

In a primary PCR, oligonﬁcleotide primer ﬁairs 01 (5°-CAC ATG AAA GTIT
ATC AAG AAC TTG TC-3%) and 02 (5°-GTA CGT CTA ATT CAT TTG
CAC G-3’), corresponding to the conserved sequence on either side of the
repetitive region of MSP/ (block 2), were included in a single reaction, Using
the PCR product gencrated from the primary reaction as template, the
polymorphic repetitive region of block 2 of MSPJ7 was amplified in a ncsted
PCR. Specilic primers N1 (5’-GCA GTA TTG ACA GGT TAT GG-37) and
N2 (5°-GAT TGA AAG GTA TTT GAC-37) were used.

Amplifications were performed using a PTC-100™ PCR System (MJ
Rescarch, Inc., Waltham, MA, USA). In the primary and nested MSP{ PCR
amplification, the reaction took place in total volume of 25 ! containing 10
mM Tris-[ICl pH 8.3, 50 mM KCI, 1.5 ITIII\'I MgCly, 75 uM of each dNTP
(dGTP, dATP, dTTP, dCTP), primers at 4 final concentration of 0.1 uM each
and 0.5 units of Tag DNA Polymerase (Roche Diagnostics, Mannheim,
Germany). Five microlitres of parasite DNA was used as template in the
primary reaction, and 2 pl of the primary PCR product was used as template in
the nested PCR reaction. The amplification program for MSPI was identical
for both reactions: denaturation for 25 seconds at 94°C, annealing for 35
seconds at S0°C, extension for 2 minutes 30 seconds at 68°C. Thirty cycles
were performed for both primary and nested reactions. The final cxiension was
carried ouf for 8 minutes at 68°C. ‘fen microlitres (or 15 ul for nested PCR
product) of primary PCR product were mixed with a 1-2 pl of 10X loading
dye and analysed by agarose gel electrophoresis on a 1.5% (or 2.0% for nested
PCR products) agarose gel stained with ethidium bromide (0.8 pg/ml) in Tris-
acetate-LDTA buffer. Bach day ¢ (ID0) isolate was run alongside its day of
recrudescence (R) isolate. DNA was visualised by ultraviolet transillumination
and band sizes determined by comparison with a standard 100-base pair DNA

ladder.
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2.5.2.2. Genotyping at the MSP2 locus

Oligonucleotide primer pairs S2 (5’-GAG GGA TGT TGC TGC TCC ACA
G-3") and S3 (5°-GAA GGT AA'l' TAA AAC ATT GTC-3’) corresponding to
the conscrved sequence surrounding the central repetitive and polymorphic
regions of MSP2 were included in a single reaction. Using the PCR product
generated from the primary reaction as template, the polymorphic repetitive
regions of block 2 and 3 of MSP2 were amplified by a nested PCR, In this
case, specific primers S1 (53°-GAG TAT AAG GAG AAG TAT G-3°) and S4
(57-CTA GAA CCA TGC ATA TGT CC-3°) were used, Amplilications were
performed using a PTC-100™ PCR System. Tn the primary and nested ASP2
PCR amplification, the reaction took place in a total volume of 25 pl
containing 10 mM Tris-HCI pH 8.3, 50 mM KCI, 1.5 mM MgClz, 75 M of
cach ANTP (dGTP, dATP, dTTP, dCTP), primers at 4 final concentration of
0.1 uM each and 0.5 units of Tagq DNA Polymerase. Five microlitres of
parasite DNA was used as template in the'primary reaction, and 2 p] of the
primary PCR product was used as templaté in the nested PCR reaction. The
amplification program for MSP2 was as follows: denaturation for 25 seconds
al 94°C, annealing for 60 seconds at 42°C (or 60 seconds at 50°C with nested
reaction), extension for 2 minutes at 65°C (or 60 seconds at 70°C with nested
reaction). Thirty cycles were performed for both primary and nested reactions.
The final exicnsion was carried out for 8 minutes at 65°C (or 8§ minutes at
70°C in the nested reaction). Ten microlitres (or 15 ul for nested PCR product)
of primary PCR product were mixed with a 1-2 ul of 10X loading dye and
analysed by agarose gel clectrophoresis on a 1.5% (or 2.0% for nested PCR
producls) agarose gel stained with ethidium bromide in Tris-acetate-EDTA
buffer. Each day 0 (D0} isolate was run alongside its day of recrudescence (R}
isolate. DNA. was visualised by ultraviolef transillumination and band sizes
determined by comparison with a standard 100-base pair DNA ladder. Three

categorics of recrudescent infections were identified: (i) genuine recrudescent
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infections, (ii) infeclions with evidence of recrndescent and also of new

infections and (iii) entircly ncw infections.

2.6, Polymcrase chain reaction and dot-blot at the DHFR locus
Oligonucleotide primer pairs AMP1 (5°-TU'T ATA TTT TCT CCT TTT TA-
3 and AMP2 (5°-CA’T'I'T'T ATT ATT CGT TT'I' C1-3") were incloded in a
single outer PCR reaction. Using the PCR product generated from the primary
reaction as template, a nested PCR was then carried out using primers based
on conserved sequences, so that the PCR product would include codons 108,
51 and 59 in DHFR. SP] '(5’—ATG ATG G;\A CAA GTC TGC GAC-3") and
SP2 (5’-ACA TTT TAT TAT TCG 'I'l'Y '1'C-3”) were the nested primers used
(Plowe et al., 1995). Control amplifications, using DNA from P. falciparum
parasite clones known to contain the possible different alieles at positions 108,
ST and 59 of DHFR, were used to ensure specificity and sensitivity of the
technique (Table 3).

2.6.1. AMPI/AMP2 PCR amplification

Amplifications were performed using a PTC-200"™ PCR System (M]J
Research, Inc., Waltham, MA, USA). 1 the primary PCR amplification, the
reaction took place in a total volume of 20 _‘p.l containing 10 mM Tris-HCI pH
8.3, 50 mM KCI, 1.5 mM .MgClz, 200 1M of each dNTP (dGTP, dATP, dTTP,
dCTT), primers at a final concentration of 0.1 pM each and 1 unit of Tag DNA
Polymerase. Five microlitres of parasite DNA was used as template in the
primary reaction, Two microlilres of DNA extracted from in vitro cultures of
P folciparum clones 3D7 and Dd2, which have DHFR encoding Asn and llc
respectively at position §1, Cys and Arg respectively at position 39, and Ser
and Asn respectively at position 108, were used as the major positive controls
(Table 3). P. falciparum clones HB3 and V1/S were used as alternative
controls. P. falciparum clone T9-94 which has DHFR encoding Thr at position

108 was not used because the mutant form encoding DHEFR Thr108 is rare in
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Africa {Plowe ef al., 1997, Nzila-Mounda et «l., 1998).

Tablc 3

Positive and negative control parasite clones for the DAHFR locus

YTy
Parasite Codon 108 Codon 51 Codon 59 |
Clone [ "ger (W) Asn(M) | The(M) | Asn(W) [ Tle (M) Cys (W) [ Arg (M)
D7 positive negative negative positive negalive positive negative
Dd2 negative positive negative negative pasilive negutive | positive
HB3 nepative positive negative “1'34(-)-§1ti\'c negative positive negative
VIS negative negative negative negative positive ncg'ati\'»'u positive

W= wild type, M= mulant

Controls labelled in bold were the major ones used for the experiments.

The amplification program for AMPI/AMP2 PCR was as follows:
denaturation for 30 seconds at 92°C, annealing for 45 seconds at 45°C,
extension for 45 seconds at 72°C for forty tive cycles. The last extension was

carried out for 3 minutes at 72°C.

2.6.2. SP1/S§P2 PCR amplification

In the nested PCR amplification, the reaction took place in total volume ol 30
ul containing 10 mM Tris-HCI pH 8.3, 50 mM KCI, 1.5 mM MgCl,, 200 pM
of each ANTP (dGTP, dATP, dTTP, dCTP), primers at a final concentration ol
1 uM each and 1 unit of Taq DNA Polymerasc. Two microlitres of the
primary PCR product was used as templali: in the nested PCR reaction. The
amplification program for SP1/SP2 PCR was as follows: denaturation for 30
seconds at 92°C, annealing for 30 scconds at 45°C, extension for 30 seconds at
72°C for thirty cycles. The last extension was carried out for 3 minutes at
72°C. Five microlitres of nested PCR product were mixed with a 1-2 ul of
10X loading dye and analysed by agarose gel electrophoresis on a 1.5%

agarose gel stained with ethidium bromide (0.8 pg/ml) in 1X Tris-acetate-
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EDTA buffer. DNA was visualised by ultraviolet transillumination and the
expected nested PCR product band size of 700 base pair was conlirmed by

comparison with a standard 100-base pair DNA molecular weight ladder.

2.6.3. Preparation of det-blot

For each sample that gave a positive resylt by nested PCR, 20 pl of PCR
product was denawred with EDTA and NaOH to a final concentration of
10mM EDTA and 0.4 M NaOH, and incubaled for 10 minutes at 100°C. Each
denatured PCR product was (hen neutralized with an equal volume of 2 M
ammeonium acetate, pH 7 and bloited in duplicatc onto a Genescreen nylon
membrane (New England Nueclcar, Houndslow, United Kingdom) using a dot-
blotting apparatus (Bio-Rad, ITemel Hempstead, United Kingdom) according
to the manufacturer’s instructions. ITalf of the denatured PCR product
(equivalent to 10 pl of PCR product) was placed in each of two wells of the
dot-blotter, The duplicates were placed in different parts of the blot. Foilowing
transfer of the DNA, the membrane was rinsed in 2 X SSC (0.15 M sodium
chloride, 15 mM Trisodium citrate) for 1 minute, denatured in 0.4 M. NaOH
for 1 minute and finally neutalized in a mixture of 1 M Tris-HCl and 1.5 M
NaCl, pH § for 30 seconds. The blotted PCR products were fixed on the
membrane by exposure to uliraviolet light in a UV cross-linker (Stratalinker,
Stratagene, Amsterdam, The Netherlands) according to the manufacturer’s

instructions.

2.6.4. Oligonucleotide probe labelling and hybridisation

I order to deteet the DHEFR alleles associated with changes at amino acid
positions 108, 51 and 59 by the dot-blot hybridisation technique, specific
probes were designed and labeled with [v-P]-ATP (Abdel-Muhsin et al,
2002). The sequences of the probes and the specific hybridisation conditions
are given in Table 4. 'The DHFR Thrl08 probe was not used because of the
same reason given above.

Ten picomoles (pmol) of each probe were labelled using a single Ready-To-
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Go polynucleotide kinase reaction mix (Amersham Pharmacia Biotech Inc,
Little Challont, United Kingdom) containing 10 units of T4 polynucleotide
kinase, 50 mM Tris-HCI, {(pH 7.6), 10 mM MgCh, 5 mM DTT, 0.1 mM
spermidine, 0.1 mM EDTA (pH 8.0), 0.2 uM ATP and stabilizers in a total
volume of 50 pl, to which 0.37 MBq (10 uCi) of [y="2I'}-ATP was added. Each
prabe was incubated with the labelling mixture at 37°C for 30 minutes and the
unincorporated [y~2P]-ATP was removed using Microspin G-25 columns
(Amersham Pharmacia Biotech, United Kingdom) according to the
manufaciurer's instructions. Labelled probe was stored at -20°C until required.
The nylon blot was prehybridised with hyBridisation buffer {5 X SSPE (0.15
M NaCl, 10 mM sodium phosphate, 1 mM EDTA), 5 X Denhardt’s reagent,
0.5% sodium dodecyl sulphate (SDS), .02 mg/ml of sanicated salmon sperm
DNA] using 0.25-0.125 ml of hybridisation solution per cm® of membrane.
The membrane and buffer were incubated in a hybridisation oven with
rotisserie {with agitation) (Grant Boekel HIR 12, Cambridge, England) for >
30 minutes at a temperature specific for each probe used (Table 4). The
labelled and puritied oligonucleotide probe was added to the hybridisation
buffer (I1pl probe for every 1ml of the hybridisation buffer) and the blot
hybridised overnight at a temperature specific for the probe used (Table 4).
T'he blot was washed once with 2 X SSC for 20 minutes and twice for {0
minutes in 1 X SSC/ 0.1% SDS or .5 X SSC/ 0.1% SDS, at the temperatie
specific for each probe (Table 4).
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Table 4
Oligonucleotide probes for the detection of DHFR alleles of P. falciparum at
positions 108, 51 and 59 and their dot-blot hybridisation conditions.

Probe Sequence (shown 5' {o 3% Hybridisation  Stringent washes

temperatire

DHFR-108

Asn-specific AACAAACTGGGAAAACATTCCAA 34.5°C [1TXS8C/0.1%SDS] 1Omin x2

{mutant)

Ser-specilic AACAAGCTGCGAAAGCATTCCAA 50°C [1XSSC/0.1%SDS) 0inin x2

{wild Lype)
DITFR-51

lle-specific ATCGGAAATGTATITCCCTAGAT 50°C [0.SXSSCA.1%SDS10min x2

{mutant)

Asn-specific  ATGGAAATGTAATTCCCTAGAT: 50°C [0.5XS8C/0.1%SDS]10min x2

(wild type)
DHFR-59

Arg-specilic  GAAATATTTTCGTGCAGTTAC 52°C [0.5X85C/0.1%SDS]10min x2

{inutant)

Cys-specific . GAAATATTTTITGTGCAGTTAC 50°C (0.5XSSC/0. 1%SDS]10min x2

{wild type)

The blot was wrapped in clingwrap and taped into an autoradiography cassette
complete with intensifying screens. Location markers (Glogos I markers,
Stratagene, Amsterdam, The Netherlands) werc used to allow accurate
positioning of the autoradiograph and blot. Each blot was exposed to Kodalk
MXB X-ray film overnighit at —70°C after which the X-ray film was developed
using an automatic developer

(X-OGRAPH Imaging system compact X 4). The probe was stripped from the
blot with two washes in 0.1 M NaOH for |5 minutes each at room
temperature. The blot was then rinsed briefly in § X SSC, air-dried, and then

re-hybridised with other probes or kept at room temperatare untit required.
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Fach blot was hybridised with each of the probes shown in Table 4.

The blots werce scored based on the specificity of the controls. Experimental
samples and controls were dot-blotted in duplicate to reinforce the correct
scoring. Blots that had autoradiograph results with controls showing non-
specific hybridisation were given an extra stringent wash to ensure specificity.
If this was not suceessful in removing the non-specific hybridisation, then the

hybridisation and washing steps were re-optimised.

2.7. Statistical analysis methods
The results obtained were analysed using the Fisher’s Exact statistical test.
The R X C package {downloadable free softwarc)

[http://bloweb.usu.cdu/mpmbios]) for the analysis of contingency tables

(Mark P. Miller, 1997) was used for Fisher’s Bxact statistical test instead of
the chi-squared test because most of the numbers were small (less than 5 in the
expected groups). The results were analysed to determine if}

{a)  therc was an association between the presence of the mutation and
treatment failure due to SP and a cothbination of CQ and SP.

(b}  there was an association between the number of mutations and time to
recrudescence following unsuccessful treatment with SP and a
combination of CQ and SP.

The Chi-squared test was used to analyse il there was an association between
age and clearance of parasites with £fert T76 mutation following frcatment

with CQ and SP,
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3. RESULTS AND DATA ANALYSIS:
3.1. SP/CQ efficacy trial
3.1.1. Drug efficacy results

OFf 106 paticnts recruited and treated with @ combination of SP and CQ, 53
were judged to have adequate ¢linical response or parasites which were
sensitive o the drug (S). Treatiment failed in 48 patients, and the remaining 5
patients were excluded at day 14 because they developed complications or
changed (reatment (suppliéd elsewhere) duri:ng the course of follow-up.

(i) Monitoring the response to treatment by measuring parasitaemia, 52% of
patients had sensitive parasites, 40% had parasites exhibiting an RI response,
6% an RIT response and 2% an RITI response. This indicated a drug failure ratc
of 48% (Table 3).

(ii) Mcasuring treatment outcome using clinical signs and symploms, 92% of
patients were judged to have an adequate clinical response, 2% an early
treatment failure and 6% a late treatment failure. Int this case, the total

treatment failure rate was 8% (Table 6).

Table 5

: , 1 . pa
SP/CQ drug resistance rate among evaluable cases of uncomplicated P. falciparim
malaria in Tororo. Qutcome of treatment was cvaluated by parasitological
examination.

SP/CQ

Parasitological Age 6- 59months
Qutcome n oy
Sensitive 33 (52.5)

RI 40 (39.6)

RIL 6 (5.9

RTI 2 (2.0)

Total 101 (100)
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Table 6

SP/CQ clinical outcomes among evaluable cases of uncomplicated 2. falciparum
malaria in Torora.

SP/ICQ
Therapeutic Apge 6~ S9months
Efficacy 0 (%)
ACR 93 (92.1)
LTF 6 (5.9)
ETF 2 2.0)
Total 101 (100}

ACR~— adequate clinical response, I.TF= late treatment failure, LT[= early

treatment failure

3.1.2. Genotyping results af MSP1 and MSP2 loci

Amplification of DNA from 47 pairs of isolates (day 0 and R) for the

recrudescent or treatment failure group (RI-RIII) was performed for the MSP7

and MSP2 loci. One RIII isolate was lost. The sample pairs were classified as
follows, based on the combined results from both loci typed:

(&) If all PCR products in the day 0 sample wete also present in the R sample
and there were no additional fragments for both loci, this was considered a
genuine recrudescence with all initial parasites recrudescing (all resistant)
(Figure 3a).

(b) If PCR products in the day 0 sample were all completely different to those
in the R sample this was considered evidence of reinfection during follow-
up {Figure 3b).

(c) If all PCR products in the day 0 sample were present in the R sample but
the R sample also had new PCR products this was considered a ‘mixed’
result in the R sample with mixtures of drug resistant and new parasites
(Figure 3c¢).

(d) If the day 0 sample had some PCR praducts not jn the R sample but the R
sample had PCR products that were all present in the day 0, this was
considercd a recrudescence but with mixtures of resistant and sensitive

parasites in the day 0 sample (Figure 3d).
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Figure 3. Representation of gels of MSPI PCR products. Each box represents
a gel. Lane 1 on each gel shows PCR products obtained after amplification of
the MSPI locus of the day 0 DNA sample and lane 2 shows PCR products
obtained after amplification of MSPI locus of the day of recrudescence (R)
DNA sample. (a)-(d) represent different possible scenarios, where (a) and (d)
are genuine recrudescences, (b) represents a reinfection and (c) a combination
of recrudescence and reinfection. Results for MSP2 PCR products were
similarly classified.

(a) (b) () (d)

1 2 1 2 1 2 1 2

Of the 47 pairs of isolates analysed, 10 (21%) had genuine recrudescent
parasites as classified in Figure 3(a) and 3(d), none were entirely new
infections, as shown in Figure 3(b), and 36 (77%) had both recrudescence and
re-infections in the R sample as classified in Figure 3(c). One pair of isolates

did not amplify for both loci (Table 7).

Table 7

Classification of MSPI and MSP2 PCR results for the responses in 47 children
under the SP/CQ treatment group, in which the success of the drug treatment
was measured by examination of parasitaemia.

Parasitological SP/CQ

Outcome n Rec. New Both Unknown
RI 40 9 0 30 ]

RII 6 0 0 6 0
RIII 1 ] 0 0 0
Total 47 10 0 36 1

n refers to number of children examined.
Rec. refers to genuine recrudescence as classified in Figure 3(a) and (d).
New refers to entirely new infection as classified in Figure 3(b).
Both refers to recrudescence plus re-infection as classified in Figure 3(c).
Unknown refers to the excluded samples that either did not amplify at one
locus but did amplify at another locus or did not amplify at both loci.

50




3.1.3. Genotyping at the Pfert 76 locus

DNA from 47 pairs of isolates for the clinical treatment failures or from
parasites classified as RI to RIII was amplified at the Pfers locus to identify the
allcles at codon 76 of Pfert. One isclate in the RIIL class went missing, hence a
total of 47 pairs (R1-R111} were analysed instead of 48 pairs as indicated in
Table 5. DNA from 53 pre-treatment isolates from the patients who responded
adequately 1o the drug was also subjected to PCR analysis.

OF the 53 patients whosc parasitaemia cleared totally less than 7 days
following SP/CQ treatment, 41 (77%) of their pre-ireatment isolates were
found to have parasites with the Pferr T76 (mutant) only, and none were found
with the wild type allele only i.e. Pfert K76 (0%). The remaining 12 patients
had parasites with both T76 and K76 alleles simujtaneously (Table §).

Table 8

Pfert allele prevalence in samples obtained from patients before SP/CQ (reatment
and patients with recurrent infection. M— mutaot allele (176), W= wild type allele

(K76)
SP/CQ
No. observed / total no. of samples (%)
Before Treatment | Before Treatment ] After Trealment

Allele at Pfert 76 (S) (RI-RILL) (RI-RIIT)
Pfert 176 pure {M) 41/53 (77.4) 39/47 (83.0) 42/47 (89.4)
Plert K76/T76 (W/M) 12/53 (22.6) /47 (12.8) 3/47 (6.4)
Pfert T76 Total 33/53 (100y | 45/47(95.7) 45/47 (95.7)
Pfert K76 pure (W) 0 ¢ 0
Pfort K76 Total 12/53 (22.6) 6/47 (12.8) 3/47 (6.4)
Did not amplify 0 . 2M47@&.3) 2/47 (4.3)

Of the 47 patients who did not clear their parasites within 7 days following
SP/CQ treatment, 39 (83%) had pure Pfert T76 in their pre-reatment sample.
This increased to 42 (89%) in the samples taken at reorudescence. Six patients
(13%) had parasites present simultaneously with the T76 and with the K76
allele in the pre-treatment samples, and this reduced to 3 (6%) in the samples
taken at recrudescence. No samples pre-treatment and/or post-treatment

contained only parasites with the Pfcre K76 allele (Table 8). DNA cxtracted
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from two of the pre-weatment samples and from two samples taken at

recrudescence did not amplify.

Following genotyping at the MSP/ and MSP2 loci, only ten of the 47 patients
with apparent resistant parasites were found to have genuine recrudescences,
with the remaining samples revealing the presence of some novel parasites in
the R sample, indicating that these patients had mixtures of recrudescence and
reinfection. The Pferi76 alleles found in the ten genuine recrudescence only

samples were as shown in ‘l'able 9.

Table ¢

Pfert allele prevalence in samples obtained from patients before SP/CQ treatment
and patients with genuine recrudescence infection only. M=muiant allele (T76),
W=wild type allele (K76). |

SP/CQ
No. observed / total no. of samples (Yo}
Allele at Pfert 76 Before treatment (120) Afler treatment (R)

{RI-RIIT) (RI-RIII)
Pfert T76 pure (M) 710 (70) 7710 (70)
Prert K76/T76 (W/M) 2/10 (20) 2710 (20)
Pfert T76 Total 9/10 (90) 9/10 (90)
Flert K76 pure (W) 0 0
Pfert K76 Total 2/10 (20} 2/10 (20)
Did not amplify 1/10 (10) 1/10 (10)

Seven paticnts (70%) had pure Pferr T76 in their pre-treatment isolates and
seven (70%) had pure Pfcrt T76 in the recrudescent isolates. One (10%)
patient had both the ‘176 and K76 alleles present simultaneously in both the
pre-treatment sample and in the sample taken at recrudescence. No samples

pre-treatment and/or post-treatment were found with Pfert K76 allele alone.

3.0.4. Statistical Analysis of resulls
The data from the 45 successfully typed treatment failure samples (Table §)
were analysed using Tisher’s Exact statistical (est to see if there was an

association between the presence of the Pfort T76 allele in thegq




pretreatment samples and {reatment outcome measured by parasitaemia (Table
10). No correlation could be seen (Fisher’s Exact P= 0.287). Excluding the
samples with a mixture of K76 and T76, there was also no correlation
(Fisher’'s Exact P= 1.000). When mixtures were grouped with the mutant class,
there was also no correlation (Fisher’s Exact P~ 1.000}. The data were also
analysed with respect to time to recrudescence. In this case the samples were
divided into groups based on the time post-treatment at which recrudescent
parasites appeared. The data were then analysed using a T'isher’s Exact test to
see if there was an association between the presence of the PforiI'76 allele in
the pretreatment samples and time to recrudescence {Yable 11}, Samples with
a mixture or mutant and wild type alleles were not included as mutants but
were analysed separately under the mixed (176/K76) allele group. The results
of the analysis (P= 0.114) indicated that there was no significant effect of the

presence of the mutant allele Pfere1'76 on time to recrudescence.

Table {0

Prevalence of Pfert alleles in the pretreatment samples and response to SP/CQ,
in which the suceess of the drug treatment was measured by cxamination of
parasitaemia. M=mutant allele, W=wild type allcle.

Allele at Pfert Sensitive RI-RIH Total
codon 76 (Pre-treatment) | (Pre-ireatment) (n)
T My | 41 | 39 80
K76 (W) 0 0 0
K76/T76 (W/M) 12 6 18
Total 53 ' 45 98

TFisher’s xact P= (0.287.




Table 11

Prevalence of Pfert76 alleles in the pre<treatment samples within different

time-to-recrudescence groups for patients treated unsuccessfully with SP/CQ
(RI-RIII).

Time Intervals | K76 allele T76 allele : T76/ K76 | Total
(days) (Mutant) (Wild type) | Mixed) | {n)
DQ-D7 2 0 0 2
D§-D14 5 0 0 5
D15-D21 15 0 Q 15
D22-D28 17 0. 6 23
Total (n) 39 0 G 45

Fisher’s Exact P=0.114

The results (Table 8) show that all the children with the infection who cleared
their parasites and those who did not clear mutant parasites were found to
carry the Pfere 76 mutation following SP/CQ (reatment, Statistical analysis
shows no association between the presence of Pfers 76 mutation and treatment
outcome measured by parasitaemia ('able 10). Host factors such as immunity
are thought to contribute to clearance of parasites resistant to CQ (Djimde ef
al., 2003, Diimde et al., 2001, Omar et af., 2001). Therefore age was used here
as an indicator to estimate the level of antiparasite immunity. The. results
obtained for each individual were grouped according to age and analyscd
using the Chi squared test for the association between age and clearance of
resistant parasites. When children of all ages were considered, children
infecled with parasites carrying the Pfer(T76 mutation who cleared their
parasites following SP/CQ treatment were not significantly different in age
from those who did not clear mutant parasites (X*=4.17, P=0.124) (Table 12).
When children under ane year old (6-12 months) were excluded from the
analysis, because they were thought to be more likely to have maternal
antibodies to the parasite, there was a significant association between

clearance of resistant parasites and age (X*=4.09, P=0.043) (Table 13).
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Table 12

Individuals catrying paraéitcs with the Pfcﬂ T76 mutation in all agdgroups
who did not clear and those who cleared the infection following SP/CQ

lreatmeril.
Age group Did not clear
(months) infection Clecarcd inlection| Tolal (n)
6-12 14 15 29
13-24 19 14 .33
25-49 12 24 36
Total (n) 45 53 98

X?=4.17, P= 0.124

Table 13

Individuals carrying parasites with the Pfery T76 mutation in older age groups

who did not clear and those who cleared the infection,

Age group Did not clear
(months) infection Cleared infection| Total (1)
1323 19 14 33
25-49 12 24 36
Total {n) | 31 38 69

X2=4.09, P=0.043

3.1.5. PCR/dot-blot hybridisation at the DIIFR locus

The 47 isolates from the RI-RILI group were typed at the MSP/ locus to
determine if they were genuinely recrudescent. By this method 22/47 isolates
were classified as recrudescent and 22 iwere classified as having hoth
recrudescent parasites and reinfections. Three did not amplify. The 22 isolates
showing apparent recrudescence by MSP! were PCR/dot-blot hybridised at
the DHIR locus to identify alleles at codons 108, 51 and 59 (Table 15). The
remmaining 25 isolates classified as having both recrudescent parasites and
reinfections including those that did not amplify by PCR were intentionally
not hybridised by PCR/dot-blot because one of the main aims of the work
involved identifying drug resistant and sensitive alleles from isolates
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classified as genuinely recrudescent. After the dot-blot hybridisation analysis
had been carried out, it was discovered that 12 of the original 36 isolates were
in fact not genuinely recrudescent. Subsequent analysis by typing at the MSP2
locus revealed the presence of additional novel parasites in the R sample,
indicating that thesc patients represented mixtures of recrudescence and
reinfection. To take this into account, the statistical analyses were done on the
tota! blotted samples (n = 22) and scparately on the genuine recrudescents only
(n=10).
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3.1.6. DHFR codon 108

Of the 22 paticnt DNA samples analysed by PCR/dot-blot hybridisation, all
(100%) were typed as having pure DHFR Asn 108 (mutant form) in their pre-
trcatment isolates, and 21 (representing 100% of the samples successfully
typed) had pure Asn 108 in the samples taken at recrudescence (Table 15).
One isolate from the post- treatment isolates (an RIII responsc) failed to
amplify by SPI1/SP2 P'CR, and therefore il was not included on the dot-blot.
No samples pre-treatment and post-treatment were found with the allele
encoding DHFR Ser 108 (wild type) alone and no samples were found with
both alleles encoding Ser 108 and Asn 108 in the pre-treatment and/or post
treatment isolates. In summary, all the isclates possessed the allele encoding
Asn 108 alone, regardless of time taken to recrudescence. Therefore there is
no correlation between the presence of alleles encoding Asn 108 and time to
recrudescence following SP/CQ treatment (Table 16).

Equally, for the 10 genuine recrudescent subset of samples, all the day 0 and R
samples had the allele encoding Asn 108, (Table 14), and there was no

correlation with the time to recrudescence (Fisher's Exact P= 1.000).

Table 16

Prevalence of DHFR108 alleles in the pre-treatment samples within different
time to recrudescence groups for patients treated unsuccessfully with SP/CQ.

[Time Intervals |  Asn 108 Ser 108 108 Asn+ 108 Total (n}
(days) {Mutant) {(wild type) Ser (Mixed)
DO0-D7 1 0 0
D8-D14 1 0 0
D15-D2] 7 ¢ 0

' D22-D28 13 0 0 13
Total (n) 22 0 0 22

Fisher's Exact, P= 1.000
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3.1.7. DHFR codon 51

Twenty one (95.5%) patients out of 22 had only parasites with the allele
encoding DHFR 51 Ile {mutant form) in their pre-treatment samples. Nineteen
of these had only parasiles with the allele encoding DIIFR 51 lle in their
recrudescent samples, representing 100% of those successfully typed, as 2
isolateg taken at recrudescence (RI) were nggative by PCR. One patient, who
had an RII responsc, had a mixivre of the alleles encoding 51 Asn (wild type)
and 31 Tle present in their pre-treatment sample but DNA from their post
reatment sample failed to amplify. No samples pre- and post-treatment werc
found to possess only parasites with the allele encoding 51 Asn.

In summary, all the isolates except one possessed the allele encoding mutant
form (51 li¢) alonc, regardicss of time taken to recrudescence. There was no
correlation between the presence of alleles encoding 51 Ile and time to
recrudescence following SP/CQ treatment (Table 17). For the subsct of these
samples showing genuine recrudescence with MSP7 and MSP2 typing, nine
out of ten had ouly alleles encoding 51 Ile, and there was no correlation
between the presence of 31 Tle and the timg to recrudescence (Fisher’s exact
I’=0.108).

Table 17

Prevalence of DIIFR 51 alleles in the 22 pre-treatment samplcs within

different time o recrudescence groups for patients treated unsuceesstully with

SP/CQ.
Time Intervals 51 Asn 511l 5l +51Asn | Total
(days) (Wild type alone) | (Mutant alone) (Mixed) {n)
ST 5 A g 1 1
D8-D14 0 l 0 1
D15-D2} 0 7 0 7
D22-D28 ¢ 13 0 13
Total (n) 0 21 1 22

Fisher’s Exact P= 0.093




3.1.8. DHER codon 59

Three patients out of 22 had only parasites with the allele encoding DHFR 59
Arg (mutant form) in their pre-treatment isolates (Table 18). Two of these
patients had the allele encoding DHFR 59 Arg in their post- treatment isolates;
the remaining patical had both alleles 59 Arg and 59 Cys (wild type) present
in their post-treatment isolate. Overall § post-treatment isolatcs had only
parasites with the allele encoding DHFER 59 Arg; six of these had both alleles
encoding DHER 59 Arg and DHEFR 59 Cys in their pre-treatment isolates,
indicating selection for the DHFR 59 Arg allele following unsuccessful
treatiment with the SP/CQ combination. Seventeen {77.3%]) patients had both
the DHER 59 Cys and DHER 59 Arg allcfcs present simultaneously in their
pre-freatment isolates. Two (9.1%) pre-treatment isolates and 5 (22.7%)
isolates at recrudescence had only parasites with the allele encoding DHI'R 59
Cys. One isolate taken at recrudescence (RIIT) failed to amplify by SP1/SP2
PCR.

The results of DAHFR 59 typing of the subset of 10 genuine recrudescent

samples are shown in Table 19,

Table 18

Prevalence of DHFR 59 alleles in the 22 pre-treatment samples within
different time to recrudescence groups for the patients freated unsuccessfilly
with SP/CQ. : :

Time Intervals | 59Cys (Wild | 59Arg (Mutant | 59Cys + 59Arg Total
(days) type alone) alonc) (Mixed) n)
DO-D7 0 0 1 J

D8-D14 0 ¢ 1 1

D15-D21 1 1 5 7
D22-D28 1 2 10 13
Total (n) 2 3 ! 17 22

Fisher's Exact P=[.000 treating mixtures as a separate group

Fisher's Exact P=1.000 grouping mixtures with mutant group
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Table 19

Prevalence of DHFR 39 alleles in the 10 genuinely recrudescent samples
within different time to recrudescence groups for the paticnts treated

unsuccessfully with SP/CQ.

Time Intervals | 59Cys (Wild | 59Arg (Mutant | 59Cys + 59Arg " Total
(days) typc alone) alonc) {Mixed) (n)
DO-D7 0 0 1 i
D8-D14 0 0 0 0
D15-D21 1 0 3 5
D22-D28 0 1 3 4
Tatal (n) 1 1 8 10

Fisher's Exact P=1.000 treating mixtures as a separate group
Fisher's Exact P=1.000 grouping mixtures with mutant group

Fisher's Exact tests were used to see if parasites in the 22 sample set carrying
the double mutant forms DHFR108 Asn/51Tle and DAHFRIO8 Asn/59Arg were

found at diffcrent frequencies in the pre-treatment samples of patients who had

early rather than late recrudescences (Table 20). No significant differences

were observed. The same analysis was carried out looking at the triple mutant
form (DHFR108Asn/5311c/59Arg) (Table 21) with no significant diflerence

observed,
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Table 20

Prevalence of double mutant haplotypes of DHFRI08/51 and DHFR108/59 in
the 22 pre-treatment samples within different time-to-recrudescence groups for

patients treated nnsuccessfully with SP/CQ.

Time “Pure double Other Pure double Other | Total
Intervals mutant form alleles mutant form alleles (n)
(days) (108Asn/ 511le) ' (108Asn/ 59Arg)

D0-D7 Q 1 0 ] 1
D8-D141 1 0 0 I_ 1 1
bisball o - ‘ -

"DQ_Z-'"DQSHZ O 5 5 i 3
Total (n) | 21 | 3 19 22

Fisher's Exact P=0.088 (108Asn/ 51Ile); P=1.000 (108Asn/ 59Arg).

Table 21

Prevalence of triple mutant haplotype of DHFRI08/51/59 in the 22 pre-
treatment samples within different time to recrudescence groups for patients
treated unsuccessfully with SP/CQ.

Time Pure triple mutation | Other alleles Total
Intervals ' (108Asn/511le/59Arg) :_ (n)
(days) |

DO-D7 0 1 |
D8-D14 0 1 1
D15-D21 l 5 6
D22-D28 2 10 12
Total (n) 3 17 20

Fisher’s Exact P=1,000

Considering the subset of 10 samples {genuine recrudescents), there was no
significant difference in the frequency of the donble mutant forms in early
rather than late treatment failure groups (DHFR108Asn/511le:P=0.106; or

DHFR108Asn/59Arg: P=0.508) (Table 22).
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Table 22

Prevalence of double mutant haplotypes of DHFR108/51 and DHFR108/59 in
the pro-treatment samples within different time-to-recrudescence groups for
the subsct of 10 patients treated unsuccessfully with SP/CQ.

Time ' Puwedouble | Other | Total Pure double Other | Total
Intervals | mutant form | alleles | (n) mutant form allcles (n)
(days) (108Asn/ 511ie) (108Asn/ 59Arg) :
D0-D7 0 11 1 0 1 !
D8-D14 0 0 0 0 e 0|

] DI15-D21 | 5 0 5 0 5 5

| D22-D28 4 0 4 1 3 4
Tota] (n) 9 1 10 1 9 10

Tisher's Exact P= 0.106 (108Asn/ 511le); P= 0.308 (108Asn/ 59Arg)

Table 23

Prevalence of triple mutant haplotype of DHFR108/51/59 in the pre-treatment
samples within different timc to recrudescence groups for the subset of 10
patients treated unsuccessfully with SP/CQ.

Time Intervals | Pure triple mutation | Other | Tolal
(days) (108Asn/511le/S9Arg) | alleles | (n)
D0-D7 0 1 1
D8-D14 0 0 0
DIs-D21 0 5 5
D22-1728 | 1 3 4
Total (n) 1 9 10

Ll%her’s Exact P= 0,504

3.2. 8P efficacy trial

3.2.1, Drug efficacy results

Out of 88 patients recruited and treated with SP alone, 31 were judged to have
an adequate clinical response (ACR), or to have been infected with parasites

which were sensitive to the drug. Treatment failed in 49 patients. Three
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patients wege excluded at day 14 because of changing treatment, 2 were lost to
follow-up at day 14 and 3 were lost to follow-up between day 14 and 28.

(i) Monitoring response to treatment outcome measured by parasitaemia, 39%
of the patients had sensitive parasites, 53% had parasites exhibiting an R1
response, 1% an R1I response and 8% an RIII response. This indicated a drug
failure rate of 62% (T'able 24).

(ii) Measuring treatment outcome using clinical signs and symptoms, 91% of
the patients were judged to have an adequate clinical response, 6% an early
treatment failure and 1% a late treatment failure. The total treatment failure

rate, as measured by clinical symptoms and signs alone, was 7% (Table 25).

Table 24

8P drug resistance rate among evaluable cases of uncomplicated P. falciparum malaria
in Tororo. 'I'reatment outcome was evaluated by parasitological examination.

Sp
Parasitological Age 6- 59months
Outcome n (%)
Sensitive 31 (38.8)
RI 42 (52.5)
RIL ] (1.3)
RIIL 6 (7.5)
Total 80 (100)

Table 25

SP clinical outcome among cvaluable cases of uncomplicated P. falciparum
malaria in Tororo

Sp
Therapeutic Age 6- 59months
Efficacy n (%)
ACR 73 (91.3)
LTF 1 (1.3)
ETF 6 (7.5)
Total 80 (100)

ACR= adequate clinical response, LTF=late weatment failure, CTF= early
treatment failure
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3.2.2. Genotyping resulis at the MSP1 and MSP2 loci

Amplification of DNA from 48 pairs of isolates (day 0 and R) for the
recrudescent or treatment failure group (RI-RII) was performed for the A4SP/
and MSP2 loci. The sample pairs were classified in the same way as for the
SP/CQ trial. One sample under the RI class went missing therefore a total of

48 pairs were analysed and not 49 as indicated in Table 24.

Of the 48 pairs of isolates analysed, 13 (27%) had genuine recrudescent
parasites, three (6%) were entirely new infections and 32 (67%) were mixtures
of some recrudescence but alse with evidence of reinfection in the R sample
(Table 26).

Table 26
Classification of MSP7 and MSP2 PCR results for the responses in 48 children

under the SP treatment group, in which the success of the drug treatment was
measured by cxamination of parasitacmia.

Parasitological Characterisation of recrudescent infection
Qutcome n Rec New Both  Unknown
RI 41 8 3 30 0
RII | 0 0 1 0
RIIE 6 5 0 1 0
Total 48 13 3 32 0

n refers to number of children examined,

Rec. refers to recrudescence as classified in Fig 3 (a) and (d).

New reters to entirely new infection as classified in Fig 3 (b).

Both refers to recrudescence plus re-infection as classified in Fig 3 (c).
Unknown refers to excluded samples that did not amplify.

3.2.3. PCR/Dot-blot hybridisation at the DIIFR lpcuy

The 48 isolates from the RI-RIIL group were typed al the MSPI locus to
detcrmine if they were genuinely recrudescent. By this method 33/48 isolates
were classificd as recrudescent and eight (16.7%) were classified as having
both recrudescence and reinfections. Six (12.5%) isolates were classified as
reinfcetions. DNA from one isolate did not amplify. The 33 isolates showing

apparent recrudescence by MSP! were PCR/dot-blot hybridised at '[1106_5




DHFR locus to identify allcles at codons 108, 51 and 59 (Table 27). The
remaining 15 isolates classified as having both recrudescent and reinfections,
only reinfections and those that failed to amplify by PCR were intentionally
not hiybridised by dot-blot PCR for the same reason as stated for the SP/CQ
drug trial. Afier the dot-blot hybridisation analysis had been cartied out, it was
discovered that 20 of the original 33 isolates were in [act not genuinely
rectudescent, Subsequent analysis by typing at the 3MSP2 locus revealed the
presence of novel parasites in the R sample, indicating that thesc paticnts
hadmixtures of recrudescence and reinfection. Having taken this into account,
the statistical analyses were done on the total blotted samples (n= 33) and

separately on the genuine recrudescents only (n=13),
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3.2.4. DHFR codon 108

Of the patient isolates analysed by PCR /dot-blot hybridisation, all 33 (100%)
had DHFR alleles encoding pure Asn 108 (mutant form) in their pre-treatment
isolates, and 30 {representing 100% of the samples successfully typed) had
DHFR alleles encoding pure Asn 108 in the samples taken at recrudescence
(Table 27). No samples pre-treatment and post-treatment had DHFR alleles
cncoding Ser 108 (wild type) alone, and no samples were found with both
alleles encoding Ser 108 and Asn 108 alleles in the pre-treatment and/or post-
treatment isolates (Table 27). DNA from three isolates from the post-treatment
group (two RI & one RIII responses) failed to amplify by SP1/SP2 PCR, and
thercfore they were not included on the dot-blot. All the isolates possessed the
allele encoding Asn 108 alone regardless of time taken to recrudescence.
Therefore there is no correlation between the presence of DJJFR alleles
encoding Asn 108 and time to recrudescence following SP treatment

(Table 29).

Equally for the 13 genuinely recrudescent subset of samples, all day 0 and R
samples had DHFR alleles encoding Asn 108 (Table 28), and again there was

no correlation with time to recrudescence (Fisher’'s Exact P= 1.000).

Tablc 29

Prevalence of DHFR 108 alleles in the pre-treatment samples within different
time-to-recrudescence groups for patients treated unsuccessfully with SP.

Time Intervals | Asn 108 Ser 108 108 Asn + 108 Ser Total
(days) (Mutant) | (Wild type) (Mixed) (n)
D0-D7 5 0 0 s
D8-D14 T 0 0 0
D15-D21 13 0 0 13
D22-D28 13 0 0 ERERE
Total (n} 33 0 0 33

Fisher's Exact P= 1.000.

68




3.2.5. DHIR codon 51

Twenty seven patients out of 33 had only parasites encoding DIFR 5ille
(mutant form) in their pre-treatment samples. This represents 100% of thosc
successfully typed, as six isolates (RI) were negative by PCR. Twenty three
(85%) of these had only parasites with DHFR encoding 51lle in their
recrudescent samples, Ong patient, who had an RI response, had parasites
encoding both 51Asn (wild type) and 51lle present simultaneously in the
sample taken at recrudescence. No patient bad boih alieles present in the pre-
treatment isolates. One patient, who had an RI response, had only parasites
encoding DEHFR 51 Asn present in the sample taken at recrudescence. None of
the isolates pre-trcatment contained parasites encoding DHFR 51Asn (Table
27). Eight isolates (two RIII and six RI) taken at recrudescence were negative
by PCR. In summary, all the DO isolates possessed only parasiies with the
mutant form (DHFR 51ile) regardicss of time taken to recrudescence. There
was no correlation between the presence of alleles encoding DHFR 511lc and
time to recrudescence following SP trecatment (Table 30).

For the subset of 13 samples showing only genuine recrudescence patierns, all
(100%) had parasites encoding DIIFR Sllle in the DO sample and therefore
there was no correlation between the presence of DHFR Sllle and time to

recrudescence.

Table 30

Prevalence of DHFR 51 alleles in the pre-treatment samples within differeat
time-to-recrudescence groups for patients treated unsuccessfully with SP.

I .
Fisher’s Exact P=1.000
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“Time Intervals 51 Asn 511le 51 Asn+ 51 Ile | Total
(days) (Wild type alone) | (Mutant alone) (Mixed) @)
'DO0-D7 0 5 0 5
D8-D14 0 0 0 0
D15-D21 0 10 0 10
D22-D28 0 12 0 12
Total (n) 0 27 0 27




3.2.6. DHFR codon 59

Six patients out of the 33 had only parasites with the DHFR allele encoding
59Arg {(mutant form) in their pre-treatment isolates. All six of these patients
had parasites encoding DIIFR 59Arg only in their post-treaiment isolates. Out
of the 33 patients, 19 (58%) had a mixture of parasites encoding DHFR 59Cys
and DHFR 59Arg in the DO samples; in the recrudescent samples, three (10%)
remained mixed, two lost the parasites encoding DHFR 59Arg and became
DHFR 59Cys only, and the remainder (12} lost the parasites cncoding DHIR
59Cys and became DHFR 59Arg only, indicating selection of parasites
encoding the mutant form at DHFR 59 following unsuccessiul treatment with
SP. Eight (24%) patients had parasites encoding DIIFR 59Cys only at DO but
at recrudescence five of these samples became DHFR 59Arg only. The other
two (7%) samples had a mixture of parasites encoding DHFR 59Cys and
DHFR 59Arg at rccrudescence (Table 27). Three (9%) isolates taken at
recrudescence {one RIII and two RI) failed to amplity by SP1/SP2 PCR.

When the samples with mixed (wild type and mutant) forms of DHFR 59 were
included in the mutant class {Table 31), there was no association between the
allele present and time to rccrudescence. When the mixed class was treated as
a separate group (Table 32), there was an association between the allele

present and time to recrudescence (P= 0.021).
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Table 31
Prevalence of DHFR 59 alleles in the 33 pre-trcatment samples within
different-time-to recrudescence groups for the patients treated unsuccessfully
with SP.

‘lime Intervals 59 Cys 59.Cys/Arg Total
(days) (Wild type alone) | (Mutant/ Mixed) (m)
D0-D7 0 5 5]
D8-D14 0 0 0
D15-D21 4 N 13
D28 7 I R
Total (1) : 3 3 ;
Flisher’s Exact P= 0.486 grouping mixtures with mutant group {
Table 32
Prevalence of DIHFR 39 alleles in the 33 pre-trcatment samples within F

ditferent time to recrudescence groups for the patients treated unsuccessfully
with SP.

Time Intervals 59 Arg - 59Cys | 59Cys/Arg | Total
{days) Mutant) (Mild type) (Mixed) (n)
DO-D7 4 0 i .3

D§-D14 0 0 0 0
D15-D21 1 4 8 13
D22-D28 1 4 10 15
Total {n) 6 8 19 | 33

Fisher’s xact P= 0.021 treating mixtures as a separate group

For the subset of 13 samples that were genuine recrudescents, analysing the
DHFR 59 pretreatment results (Table 33) by Fisher’s Exact test indicated no
association between the presence of the allele in the pretreatment sample and
time to recrudescence if the mixtures (wild type and mutant forms of DHFR
59) were grouped with the mutant class. A slight association was observed if

mixtures were treated as a separate group (P=0.055) but this was not quite

significant at the 5% levcl.
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Table 33

Prevalence of DAFR 59 alleles in the 13 genuinely recrudescent samples
within different time-to-recrudescence groups for the patients treated
unsuccessfully with SP.

Pre-trcatment " Post-treatment

Time 59Cys | 59 Arg | 59 Cys 59Cys | 59 Arg | 59 Cys
Intervals | (wildtype | (mutant | + 59Arg Total (wildtype | (mutant | + 50Arg Total

(days) alone) alone)  (mixed) ® alone) alone) | (mixed) ®

D(-D7 0 4 | 5 0 4 0 4
p8-D14 | 0 0 0 0 0 0 0 0
D135-D21 1 1 2 4 0 3 1 4
D22-1328 1] @ 4 4 0 4 0 4
Tatal (n) i 5 7 13 3 ;' 1l 1 12

Fisher’s Bxact P=0,055 treating mixtures as a separate group '

Fisher’s Exact P=0.631 grouping mixturcs with mutant group

Fisher’s Exact tests were used to analyse if parasites in the 33 sample set
carrying the double mutant (108Asn/511le or 108Asn/59Arg) were found at
different Irequencies in the pre-treatment samples of patients who had early
rather than late rccrudescence (Table 34)., There was no significant etiect
observed for DHFR 108Asn/511le. The P value (0.0016) was highly
significant for DHFR 108Ast/59Arg indicating a correlation between the
presence of the double mutation and time to recrudescence, i.e. parasites with
the double mutation recrudesced significantly earlier than those without.

The same analysis was carried out for the tripte mutant (108Asn/51ie/59Arg).
A highly significant effcet was observed (P= 0.0009) (Table 35).
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Table 34

Prevalence of double mutant haplotypes of DHFRI08/51 and DHFR108/59 in
the 33 pre-treatment samples within different time-to-recrudescence groups for
patients treated unsuccessfully with SP.

Time Pure double Other Total | Purc double Other | Total
Intervals | mutant form alleles (n) | mutant form alleles | (r)
(days) (108Asn/ 511le) (108Asn/ 59Arg)

Do-D7 | 5 0 5 4 1 5
' D3-D14 0 0 0 0 1 o 0
D15-D21 5] 0 1 T 2 13
D22-D28 | i 0 11 1 14 15 |
Total (n) 27 0 27 6 27 33

Fisher's Exact P 1.000 (108Asn/ 511le); P= 0.0016 (108Asn/ 59Arg)

Table 35

Prevalence of triple mutant haplotype of DJIFR108/31/59 in the 33 pre-
treatment samples within different time-to-recrudescence groups for patients
treated unsuccessfully with SP.

Time Intervals Ture triple mutation r Other Total
(days) (108Asn/511e/59Arg) alleles (n)
D0-D7 4 i 5

D8-D14 o 0 0 0
D15-D21 0 . 10 0
D22-D28 T T 12
Total (n) 5 22 27

Fisher’s Exact P= 0.0009

The Fisher's Exact tcst was used to analyse the subset of 13 samples that were
genuinely recrudescent only. Parasites camying the double mutant
(108Asn/511le) were not found at different frequencics in the pre-treatment
samples of patients who had early rather than late recrudescence (P=1.000)
(Table 36). Parasites carrying the double mutant form DHFR108Asn/39Arg

were found at significantly higher frequencies in early rather than late
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recrudescences  (P=0.0479), Parasites with the triple mutation .
(DHFR108Asn/511le/59Arg) were also significantly more frequent in early
rather than lale recrudescences (P= 0.028) in the 13 sample subset (Table 37).

Tabie 36

Prevalence of double mutant haplotypes ot DHFR108/51 and DHFR108/59 in
the pre-treatment samples within differenl time-to-recrudescence groups for
the subset of 13 patients treated unsuccessfully with SP.

Time Pure double Other | Total | Pure double Other | Total
Intervals | mutant form alleles | (n) mutant form alicles | (n)
(days) (108Asn/ 511le) (108Asn/ 59Arg)
N0-D7 5 0 5 4 1 5
D3-D14 0 0 0 0 0 0
D15-D21 3 0 3 | 3 4
D22-D28 4 0 4 0 4 4
Total (n) 12 0 12 5 8 13

Fisher’s Exact P=1.000 (108Asn/ §17le); P= 0.048 (108Asn/ 59Arg)

Table 37

Prevalence of triple mutant haplotype of DHFR108/51/59 in the pre-treatment
samples within different time to recrudescence groups for the subset of 13
patients treated unsuccessfully with SP.

Time Intervals Pure triple mutation Other Total
(days) (108Asn/5 11le/59Arg) alleles ()
DO-D7 4 1 5
I D8-DI4 0 ' 0 0
D15-D21 0 3 3
D22-D28 o 4 4
Total (n) 4 & 12

Fisher’s Exact P= 0.028




Figure 4. Dot-blot of PCR products of P. falciparum pre-/ post-treatment
isolates from patients treated with SP and SP/CQ hybridised with the DHFR
59 Arg-specific oligonucleotide probe in the upper and Cys-specific probe in
the lower panels.

Positions A1 - A3 in both panels contain P. falciparum clones 3D7, HB3 &
Dd2 respectively. Positions A4 - A5 in both panels contain negative controls
(water). Positions A6- C3 in both panels contain patients falciparum isolates
(sample numbers: 41 (R), 117 (D0), 119 (R), 121 (R), 124 (R), 137 (R), 158
(R), 177 (R), 201 (R), 230 (R), 254 (R), 73 (DO0), 73 (R), 82 (R), 97 (D0), 156
(D0), 206 (R), 228 (D0) and 228 (R)- see Appendix 1). Below is a schematic

showing the results for each spot.

Figure 5. Representation of the dot-blot of hybridised PCR products. Each
spot is a hybridised PCR product for a specific probe.

1 2 3 5 65k i 8 9 <105 11- 12
~r 000000000000
900000000000
o X X

O .a hybridised PCR product showing a positive signal for the Cys- probe.

@ - ahybridised PCR product showing a positive signal for the Arg- probe.
@ - a hybridised PCR product showing a positive signal for both the Cys and

Arg- probes.
Q - a hybridised PCR product showing no signal for both the Cys and Arg

probes. 75



4, DISCUSSION:

Several studies associating mutations in DHFR, DHPS and Pfcri genes with
treatment outcome following treatment of patients with SP and CQ
respectively have been done. However, no study has been done to see whether
there is an association between the number of mutations in the pyrimethamine
resistance gene (DHFR) and the time to recrudescence or treatment failure
following treatment with SP and the comBination SP/CQ. Qur work has

therefore been the first to address this issue.

The work presented here has considered whether the number of mutations
found in the parasite gene P/DHFR has an effect on the level of i vivo
resistance, as measured by time to recrudescence of parasites or symptoms of
malaria. The hypothesis was that parasites with two or three altered amino
acids at the known key sites in this gene would have increased resistance to
the drug, and would grow faster in the presence of therapeutic drug levels than
parasites with only one altered amino acid. The children studicd werc taking
part in two antimalarial drug efficacy trials, one ol SP* and one of SP plus CQ,
the latter being the first line treatment for uncomplicated malaria in Uganda
since 2001 (Communication from the Ministry of Health, Malaria Controt

Programme).

4.1. Clinical and Parasitological outcome

Treatment of children with a combination of SP/CQ was clinically effective
with an adequate clinical response rate of 92%. At the level of parasitc
cleatance rates, SP/CQ was less effective with only 53% of the children
clearing their parasitacmia. Roughly 70% of the children had evidence of new
infections with parasites during the follow-up period, accompanied by the
persistence of parasites from the initial infection. Although the study was
carried out in an area of high transmission, tﬁis may not indicate a high level
of re-infection during the follow-up period. Only one sample was taken at
admission, and theretore parasites that were sequestered, or in the liver stages,

at the time of sampling could have been missed. Therapeutic blood levels of
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CQ persist for 6-10 days (White, 1998) aud those of SP following the usual
dose persist for 15-52 days (Watkins and Masobo, 1993). Synergistic activity
between sulfadoxine and pyrimethamine is fost after approximately 15 days
and after this period, parasites respond only to pyrimethamine (Watkins and
Masobo, 1993). Based on this, carly recrudescences are therefore likely to he
of drug resistant parasites as both drugs (SP/CQ) will still be at therapeutic
levels; however shortly after 10 days for CQ and 15 days for SP,
recrudescences could be of parasites with lower levels of resistance to CQ and
pyrimethamine. Very late recrudescences could be of parasites sensitive to SP
but probably resistant to pyrimethamine. 1t is also likely that the novel
parasites appearing in carly recrudescences will be resistant to SP, whereas

those appearing later on could be sensitive to SP.

The clinical outcome following treatment with SP was very simifar to that of
the SP/CQ arm of the study. Adequate clinical response following treatment
with SP was slightly lower than that following treatment with SP/CQ (91%
ACR); and parasite clearance rates were also lower, with parasitaemia cleared
in only 39% of ihe children treated with SP, compared to 53% with SP/CQ

although this was not statistically significant (Fisher’s Exact P= (1.3).

The level of overall recrudescence in the two drug treatment regimes was
similar. In the SP/CQ arm of the study, there was no evidence of total parasite
clearance followed by re-infection during the .follow~up period. By contrast in
the SP arm of the study, three children were typed with totally novel parasites
that were prescnt in the recrudescent sample but not in the initial sample,
indicating the clearance of the original parasitaemia by the drug, but re-
infection during the follow-up period. These three children were recrudescent
at 16, 21 and 28 days post-treatment. Since the synergistic activity between
sulfadoxine and pyrimethamine lasts for approximately 15 days after which
the reappearing parasites respond only to pyrimethamine, then the reinfecting
parasites in the first child are most probably resistant to SP. The reinfecting

parasitcs in the other two children could have been SP-sensitive but most
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probably pyrimethamine resistant. Although this difference between the two
drug regimens may be due to chance alone, it is possible that the CQ remains
at levels suppressive for sensitive parasites for 1-2 months {(Krishna and
White, 1996) which is much longer than for the synergistic effect of SP at 15
days {Watkins and Masobo, 1993) and therefore this could prevent the growth
of reinfecting, drug-sensitive parasites. In the SP arm of the study once the
levels of SP had dropped to sub-therapeutic levels, this then could allow
reinfecting parasites to grow in treated children. In the SP/CQ arm, such

parasites could have encountered therapeutic levels of both CQ and SP.

4.2. Mutations in pfcrt76 and resistance to SP/CQ

The pre- and post- treatment samples from those in whom SP/CQ treatment
failed to clear parasitaemia were genotyped at the Pfert76 locus. All (100%) of
the pre~ and the post-treatment samples possessed parasiles with the mutant
allele PferiT76, which confers resistance to CQ in vitro. No infections in
either the pre- or post-treatment samples were found to contain only wild Lype
parasites. Of the post-treatment samples, 89% were infections with parasites
carrying the mutant Pferf76 allele only, the remainder (6%) being multiple-
clone infections of parasites carrying both mutant (176} and wild type (K76)
Pfere alleles. This was surprising, as it might have been cxpected that CQ
would kill parasites carrying the K76 allele in multiple clone infections, but
this was apparenily not the case. One possible explanation for this could be
poot drug absorption and/or fast metabolism of CQ in these children. It js also
possible some clinical resistance to CQ could be the result of mutations in
genes other than Pfert,

Typing of the pre-treatment samples of individvals in whom SP/CQ was
successful in clearing parasitacmia showed that PferiT76 is also present in
100% in samples (23% of these being multiple clone infections where the K76
is also present) (Table 8). The PferfT76 allele therefore appears to be at very
high prevalencc in this region of Uganda. Despite this, treatment failure rates
with CQ alone (the previous first line drug in Uganda until 2001, when it was
replaccd by SP/CQ) were cstimated at 30 % (Ministry of Health)
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[http:/Awww.health.go.ug/malaria.htm]). Tt is obvious that in this area, the
Pfert76 mutation is not predictive of CQ treatment failure, and it is likely that
mutations in other genes, such as pfindri (Babiker et al., 2001, Dorsey et al,,
2001, Mockenhaupt ef al., 2001) are nccessary for clinical treatment failure.
Iost factors such as immunity may also contributc to clearance of parasites
resistant to CQ. The level of anfiparasite immunity is difficult to measure, but
age can be used as an indicator (Djimde ez al., 2003, Djimde et al., 2001,
Omar et al., 2001). There was no significant difference in age between
children infected with parasites carrying the Pferf76 mutation wha cleared
their parasites following SP/CQ treatment and thosc whe did not clear mutant
parasites (P=0,124) when children of all ages were considerced. Excluding
children under onc year old (6-12 months) from the analysis, a significant
association was observed between clearance of resistant parasites and age

(P =0.043). Children in the age group 25-4% months are more likely to clear
resistant parasites than younger children {6-12 months). However, it was
observed that children aged 6-12 months old are better at clearing resistant
parasites than children aged 13-24 months old though this was not statistically
significant. This could be because younger children still retain some anti-
parasitc protective immunity from maternal antibodies. The maternal
antibadies could have waned in children aged 13-24 months old and they have
not had time to develop a significant and effective anti-parasite immunity
themselves. Since malaria transmission in the study area is holoendemic,
children were highly exposed. 'This could account for the increased rate of
clearance of resistant parasites in the older age group {(25-49 months old) due

to age acquired immunity.

There appeared to be no correlation between the presence of parasites carrying
the mutated form of Fferi76 and trealment failure with SP/CQ in this
population. Overall for the data from this dfug irealment regimen, it would
appear that the presence of the PferfT76 mutation had no influence on
treatment failure with the drug combination SP/CQ, It is likely that the SP

component of the drug combination is responsible for treatment outcome or

79

R SRt T



http://www.health.go.ug/malaria.htm

success. In support of this hypothesis prior to the introduction of SP/CQ as the
first line drug, CQ treatment failure rates were in excess of 30 % (Talisuna ef
al., 2002), whereas the combination drug gave ar adequate clinical response
rate of 92 %.

4.3. The role of mutations in DHFR in resistance te SP and SP/CQ
Mutations in DFEFR are clearly linked to resistance to pyrimethamine and to
SP. The key mutation at position 108 (serine to asparagine) was present in all
patients in whom treatment was unsuccessiul, both pre- and post-treatment
with SP/CQ and SI' alone. None of the patiénts had parasites with the wild
type allele DHFR1088er.

Samples from patients in whom SP/CQ was successful in clearing infection
have not been typed, but typing of other Ugandan samples from Tororo, Apac,
and Kyenjojo suggests that the DHFR108Asn is at or close to fixation (= 90%)}
it this population (Unpublished data). Therce was obviousty no correlation
with time to treatment failure and the presence of different alleles at DFIFR
108 in the pre-treatment sample, since all pretrcatment parasites carried the
108Asn-encoding allele. The same trend was observed with both pre- and

post-treatment samples from SP arm trecatment failures.

Two other mutations in DHFR in codons 51 and 59 have been linked to SP
resistance.

For codon 51, thc majority of parasites typed had the mutant form encoding
51Ile. Infections with purely the mutant form of codon 51 (S1lle) were found
in over 95% of both pre- and post-treatment samples from patients in whom
SP/CQ failed to clear parasitaemia, and in over 80% of pre- and post-treatment
samples from patients in whom SP alone failed to clear parasitaemia. Mixtures
of wild type (51Asn) and mutant (511le) parasites were found in two samples,
one pre-treatment isolate in the SP/CQ arm, and one post-treatment isolate in
the SP arm. A pure wild type infection was found in onc patient with SP post-
treatment failurc. Because the majority of infections carried only the mutant

allele, there was statistically no significant association between the presence of
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different pre-treatment DHFR 51 alleles and the time to recrudescence or
treatment failore in cither SP/CQ or SP- treated paticnts.

For codon 59, the frequencies of wild type (59Cys) and mutant (59Arg) alleles
were more cvenly balanced: the majority of pre-treatment samples from
SP/CQ and SP treatment failures had a mixture of wild type and mutant
alleles, (17/22 and 19/33 respectively). Infections with only the wild typc
allele or only the mutant allele were found in a small number of pretreatment
paticnts in both drug treatment regimes.

There was evidence for selection of parasites carrying the mutant genotype
DHFR59Arg following treatment with SP/CQ. Of the 17 patients with both
parasites with wild type (59Cys) and mutant (59Arg) alleles prior to treatiment,
half of them (8/17) had only parasites with the mutant allele at recrudescence,
with the remainder unchanged as mixtures. The increase in prevalence of pure
infections of DHFR59Arg, and decrease in mixed infections of wild type and
mutant alleles was statistically significant (P=0.033). Further support for
selection of parasites carrying DEFR59Arg was obtained in the SP arm of the
study. Nincteen out of 33 patients bad mixtures of wild type (59Cys) and
mutant (59Arg) parasites prior to treatment, and 12 of these had only parasites
with the mutant allefe encoding 59Arg at recrudescence. It is also noteworthy
that five of eight samples with apparently only parasites carrying DHFR59Cys
at admission were found with parasites cartying only DHIR59Arg at
recrudescence. These samples appearcd to be genuninely recrudescent by AMSP1
and MSP2 genotyping. One explanation for this is that parasites carrying
539Arg were present in the patient at admission, but were either at too low a
parasitaemia to detect, or were not in periphery at time of sampling. Selection
following SP treatment favored 59Arg parasites, so that their number
increased to detectable levels by the time of clinical or parasitological

treatment failure.
Analysis of time to recrudescence showed that patients with parasites carrying
pure DHFR39Arg in the DO sample rccrudesced significantly earlier than

those with a mixture of DIFR 59Cys + 59Arg or those with pure
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DHFR59Cys, This was true only for the SP arm of the study; it was not
observed with the SP/CQ arm of the study, possibly because of the low

numbers of parasites recrudescing early (< 14 days) in the latter arm.

It has been reparted that combinations of mutations in DHER are associated
with SP treatment failure in vivo. Patients carrying infections with pure
108Asn/51Tle did not suffer recrudescence of parasitaemia significantly carlicr
than those with mixtures of wild type and mutant parasitcs following treatment
with SP/CQ or with SP alone. However, the low P value of 0.088 may indicate
a possible assaciation which could be investigated further with a larger sample
size, although in this case the trend was for patients with the double mutant
108Asn/511le to suffer recrudescences later than patients with parasites with

other combinations.

Patients carrying infections of purc DHFR108Asn/59Arg double mutant
parasites had significantly earlier recrudescences following SP treatment than
those with other alleles (P=0.0016). There was no significant difference in the
patients treated with SP/CQ, possibly because very few patients in this drug
treatment arm had carly treatment failure (recrudescence betore day 14 post
treatment).  Patients carrying infections of pure ftriple mutant
(DIIFR108Asn/511le/59Arg) recrudesced significantly earlier than patients
with other infections in the SP drug treatment arm (P=0.0009), but not in the
SP/CQ treated patients (P=1.000), for the same reasons discussed above. For
the SP-true recrudescent subset, even with the low numbers, there was still an

association with the triple mutant and early recrudescence.

4.4, Conclusions

The aim of this study was to tackle the question 'why do some patients
progress to treatment failure much eardicr than others?' by investigating if the
number of mutations in the pyrimethamine resistance gene DHFR had any

influence on how fast a patient progressed to ireatment failure.
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It is thought that mutations accumulate in DHFR, starting with changes to
codon 108, and that cach additional codon change increascs the level of
resistance (Peterson et al., 1990). This study has attempted to investigate the
role of double and triple mutant forms of DHFR in clinical treatment failure.
The results show that parasite infections of pure double mutant
(DHFRI108Asn/59Arg) are associated with significantly earlier recrudescence
following treatment with SP. Infections with parasites carrying the triple
mutani {orin alone (DHFR108Asn/51 e/59A1g) are even more significantly

associated with early treatment failure.

The research presented here provides the first evidence that the number of
mutations present in DHFR has a significant effect on the type of treatment
failure (early vs. late, or RII/RIII vs RI) following SP chemotherapy. This has
been previously assumed to be the case, but had not been formally
demonstrated, although the association between any treatment failure and
mutations in DHFR is well known, Mutations in DHPS have also been shown
1o be implicated in resistance to SP in vive in several places (Triglia et al.,
1997, Plowe et al., 1997, Wang et al., 1997a). There is alsc an observation
that the emergence of DHPS mutations on a background of pre-existing DHFR
mutations coincided with the development of increased SP resistance. (Roper
et al., 2003, Mberu er af., 2000, Nzila er af., 2000, Curlis et af., 1998, Plowe ef
al., 1997). Due tfo financial constraints, this study did not investigate the
association between mutations in DHPS and clinical treatment failure
following treatment with SP. It is therefore not possible to tell whether the
observed treatment outcomes bascd on the presence of the double or triple
mutant in DHFR are independent/ or dependent on mutations in LDHPS.
Therefore, future studies using larger sample sizes and including DI7PS
genotyping should be undertaken in order to investigate the effect of DHPS
mutations on clinical treatment failure in paticnis possessing double or triple

mutations in DHFR.
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The timing of recrudescence or treatment failure could also be due to diffcrent
proportions of drug-resistant and -sensifive parasiics in the initial infection,
The different types of recrudescence seen could be the result of within-host
parasite population changes, or may reffcet diflerences in the level of
resistance. RI (late) recrudescenee could be a result of infection with weakly
resistant parasites, which are affected by the drug so that they replicate more
slowly, or only a proportion of them survive. An RIII recrudescence could be
due ta highly resistant parasites which are unaffected by drug treatment.
Alternatively, RI recrudescence could reflect an initial infection with both
drug-sensitive and drug-resistant parasites, where the drug-resistance parasites
represent the minority of the parasites present. After treatment with the drug,
only the resistant parasites in the Rl infection would survive, the overall
parasitaemia would be markedly reduced, and it would take more time for the
parasitaemia to reach detectable levels and/or the threshold for recurrence of
clinical symptoms, A patient suffering a rapid RIII recrudescence could have
an infection where all or the majority of parasites ate resistant to the drug used
for treatment. Infections with a majority of resistant parasites might be
expected to recrudesce sooner than those where the majority of parasites are
not resistant, and are killed by the drug. This has not been investigated in this
study, but will form the basis of future work using techniques such as in sifz
PCR (Ranford-Cartwright and Walliker, 1999} and quantitative PCR (Bell and
Ranford-Cartwright, 2002).

Additional findings of this work are that the drug combination SP/CQ had a
lower treatment failure rate and a higher parasite clearance rate than SP alone
in the population studied. This was unexpecicd given the high trcatment
failure rates previously observed using CQ as monotherapy, and the high
prevalence (100%) of the Pfert mutation linked to CQ treatment failure in
these patients. The most probable explanation of this finding is that there are
mutations in other genes, which are associated with CQ resistance in this area.

Mutations in such genes would need to be coupled with mutations in DHFR
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for resistance to the combination of both drugs, and where this is not the casc

the SP/CQ drug combination will be relatively more effective than SP alone.

The findings as discussed above, will help in laying strategies that will lead to
the delay of the spreading of antimalarial drug resistance in Uganda. The i
Ministry of Health in conjunction with the Malaria Control Programme will be :

able to use this information to adequalely modify the national drug policy or

distribute the available resources properly in order to preserve their efficacy. ‘
These findings will eventually help in the designing ol an affordable and .
cffective therapy for the treatment of malaria not only in Uganda but also in

the rest of sub-Saharan Aftica.
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