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ABSTRACT

Yemen has updated its national malaria policies in 2009 to introduce histidine rich
protein 2 — based rapid diagnostic test (HRP2-RDT) as a method of diagnosis in
peripheral malaria-endemic areas, and to replace chloroquine (CQ) by artemisinin
combination therapy (ACT) for treating uncomplicated falciparum malaria infection.
The present study aimed to evaluate the HRP2-RDT and to assess the therapeutic
efficacy of artesunate + sulfadoxine/pyrimethamine (AS+SP) as afirst line treatment. A
total of 622 febrile individuals from two maaria-endemic areas in Tehama region,
Y emen (Hodeidah and Al-Mahwit governorates) were screened by CareStart™ malaria
HRP2-RDT and confirmed later by microscopy, followed by gene sequencing analysis
of Pfhrp2. Evaluation of AS+SP therapeutic efficacy was performed through in-vivo
evaluation of the clinical and parasitological response over 28 days of follow-up
according to standard protocols. Moreover, frequency of mutations associated with
drugs resistance was obtained for the pfdhfr, pfdhps, and pfK13 genes for AS + SP, as
well as pfcrt and pfmdrl genes for other antimalarials. A total of 188 (30.2%)
participants were found positive for P. falciparum by the RDT compared to 189
(30.4%) by microscopy. The sensitivity and specificity of the RDT were 90.5% and
96.1%, respectively. Eighty-six patients completed the AS+SP in-vivo study, with a cure
rate of 96.5% (94.2% PCR-uncorrected). However, the efficacy of gametocyte clearance
was poor, with gametocytes persisting throughout the study in some patients. All the
isolates sequenced had the pfk13 propeller domain wild-type allele, and mutations
associated with SP failure were observed only for pfdhfr, with the double mutation
(S108N+N51I) was reported in 65.4% of the isolates. Pfcrt gene showed wide
prevalence of mutations, with the predominance of pfcrt 76T CQ resistance (97.7%).
Mutated pfcrt haplotypes were highly prevalent (98.8%) with CVIET classic, old-world
African/Southeast Asian haplotype being the most predominant, and was mostly found
in the isolates from Khamis Bani Saad and AdDahi districts (93.1% and 88.9%
respectively). Interestingly, the SYMNT new-world South American haplotype was
exclusively detected in isolates from Bagjil districts of Hodeidah (9.3%). Mutations at
Y 184F of pfmdr1 were found at afixation level (100%) in all districts, while mutations
of codons 1034C and 86Y were only found in the isolates from AdDahi and Khamis
Bani Saad districts. In conclusion, CareStart™ Malaria HRP2-based RDT showed high
level of sensitivity and specificity in malaria-endemic areas in Yemen. Moreover,

AS+SP therapy remains effective for the treatment of uncomplicated falciparum malaria



with poor gametocidal activity. No polymorphism in pfkl3 was detected in all isolates
studied. Adding a single dose primaguine, which minimizes transmission potential, to
the current ACT drug policy is strongly recommended. The high prevalence of
mutations in pfcrt, 5 years after official cessation of CQ suggests a sustained CQ
pressure on P. falciparum isolates in the study area. Moreover, the low prevalence of
mutations in the pfmdr1 gene could be a good indicator of the high susceptibility of P.
falciparum isolates to antimalarials other than CQ. Therefore, a new strategy to ensure
the complete nationwide withdrawal of CQ from the private drug market is

recommended.



ABSTRAK

Negara Yaman telah merombak dasar nasiona malaria pada tahun 2009 dengan
menggunakan RTD berdasarkan histidine rich protein 2 (HRP2-RTD), selaku kaedah
diagnosis di kawasan periferi yang endemik malaria dan menggantikan Chloroquine
(CQ) dengan terapi kombinasi Artemisinin untuk rawatan infeksi malaria falsiparum
yang tiada komplikasi. Kagian masakini bertujuan menilai HRP2-RTD dan
keberkesanan terapeutik Artesunate + Sulfadoxine/Pyrimethamine (AS+SP) selaku
rawatan pilihan pertama. Sgumlah 622 individu yang febril daripada dua kawasan
malaria endemik di wilayah Tehana, Yeman (Pemerintah Hodeidah dan Al-Mahwit)
disaring dengan mengunakan teknik HRP2-RDT malaria CareStart™. Kemudian ini
disahkan dengan teknik mikroskopi, diikuti dengan analisis penurutan gen Pfhrp2.
Penilaian keberkesanan terapeutik AS+SP dilakukan melalui secara in-vivo bagi respon
parasitological dan klinikal sepanjang 28 hari yang diikuti mengikut protokol standard.
Tambahan, kekerapan mutasi yang berkaitan dengan ubat yang resistant diperolehi bagi
pfdhfr, pfdhps, dan gen pfK13 untuk AS+SP, dan juga gen pfcrt dan pfmdrl untuk
antimalarial lain. Sgumlah 188 (30.2%) peserta didapati positif bagi Plasmodium
falcifarum oleh RDT berbanding dengan 189 (30.4%) dengan mikroskopi. Peratusan
sensitiviti dan spesifisiti dengan kaedah RTD tersebut amat tinggi, masing-masing 90.5
dan 96.1%. Seramai 86 pesakit melengkapi kagian in-vivo AS+SP, dengan mencapai
kadar sembuh 96.5% (94.2% PCR tanpa pembetulan). Walau bagaimanapun, efikasi
pemulihan gametosit amat rendah, diiringi dengan pengekalan gametosit dalam
keseluruhan kajian dalam sesetengah pesakit. Kesemua pencilan yang diataturutkan
mengandungi “propeller” pfk13 domain allele tip liar. Mutas yang berkaitan dengan
kegagalan rawatan SP hanya kelihatan dengan pfdhrf. Bersama ini juga 65.4% di
laporkan bahawa mutasi berganda (S108N + N511) terdapat dari pencilan tersebut. Gen
pfcrt menunjukkan keprevalenan mutasi yang berleluasa bagi pfert 76T CQ resistant
(97.7%). Haplotip pfcrt termutasi teramat prevalen (98.8%) manakaa haplotip klasik
CVIET, iaitu dunia lama Afrika/Asia Tenggara ialah yang paling pradominan dan
sebahagian besarnya ialah dari pencilan daerah Khamis Bani Saad dan daerah Ad Dahi
(93.1% dan 88.8%). Lebih menarik, ialah haplotip SVMNT dunia baru Amerika Selatan
sepenuhnya dikesan dari pencilan berasal dari daerah Bgjil, Hodeidah (9.3%). Mutasi
pada Y 184F pfmdrl terdapat di paras yang telah ditetapkan (100%) di semua daerah,
manakala mutasi kodon 1034C dan 86Y hanya terdapat dari pencilan daerah AdDahi
dan Khamis Bani Saad. Jelaslah bahawa CareStart™ Malaria HRP2 yang berdasarkan
RDT menunjukkan paras kesensitifan dan kespefikan yang tinggi di dalam wilayah



endemik bagi malariadi Yaman. Malahan, terapi AS+SP masih berkesan untuk rawatan
malaria falsiparum tanpa komplikasi, tetapi kurang aktiviti gametosid. Polimorfisma
bagi pfk13 tidak dikesan dalam semua pencilan yang dikaji. Saranan yang kukuh kepada
dasar dadah antimalarial terkini ialah dengan tambahan dos tunggal Primaquine yang
akan menghasilkan potensi transmisi yang minimal. Keprevalenan pemmutasian pfcrt
yang tinggi, setelah lima tahun CQ terhenti secara rasmi, menunjukkan tekanan CQ
yang berterusan ke atas pencilan P. falciparum di kawasan kajian. Keprevalenan mutasi
yang rendah bagi gen pfmdrl menandakan kerentanan yang tinggi bagi pencilan P.
falciparum terhadap antimalarial selain dari CQ. Maka dengan ini, satu strategi baru
untuk menentukan penarikan CQ yang menyeluruh di peringkat nasional daripada
pasaran swasta disarankan.

Vi
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CHAPTER |I: GENERAL INTRODUCTION

1.1 BACKGROUND

Malariais one of the most common life-threatening diseases and one of the most severe
public health problems worldwide, particularly in sub-Saharan African countries which
are home to 88% of malaria cases and 90% of malaria deaths. Almost half of the world
population (3.2 billion) lives in areas at risk of malaria transmission in more than 90
countries and territories, and there were 214 million malaria cases and 438,000 malaria

deaths as estimated in 2014 (WHO, 2015a).

Plasmodium falciparum is the predominant malaria parasite species in Africa
and is responsible for most maaria-related deaths globaly. For maaria diagnosis,
microscopy is the gold standard technique based on the capacity of detecting low
parasitaemia and the distinguishing capability of the different species of maaria
parasites. However, variation among the microscopists; in addition to the problem of
unavailability of electricity, logistics and qualified workers particularly in rural and
remote areas are considered as disadvantages of microscopy method. Although its
performance is limited in detection of low parasite density and in distinguishing all
malaria parasite species, rapid diagnostic test (RDT) is found useful in areas with
microscopy shortage, providing a quick and acceptable results especialy in remote
endemic areas. Hence, malaria diagnosis has been improved with the introduction of
RDT, which has now become an indispensable tool especialy in areas where the
classical mode of identification, malaria microscopy, is not feasible (WHO, 2011b). In
addition, polymerase chain reaction (PCR) and gene sequencing are excellent
techniques for detecting different species of malaria parasites through amplifying target

gene sequences. Besides, these methods require sophisticated instrumentations that are



expensive and well-trained personnel, therefore they are commonly used in research

PUrpOSES.

With regards to drug resistance, P. falciparum is the leading cause of
antimalarial drug resistance as this species started to develop resistance to chloroquine
(CQ) in the 1950s in Southeast Asia, and this resistance later became widespread
elsewhere. Furthermore, the emergence of P. falciparum resistance to other
antimalarials such as mefloquine, amodiaquine and sulfadoxine-pyrimethamine has
necessitated a switch to new drugs to ensure maximum effectiveness and to prevent
further development of ongoing resistance. Also, the use of combination therapy rather
than monotherapies has been suggested for falciparum malaria case management and
malaria control. On the other hand, the World Health Organization (WHO) has adopted
a strategy to fight against malaria that mainly depends on early diagnosis and prompt
treatment (WHO, 1993). This strategy required updates on the diagnosis and therapeutic
platforms of malaria control. From the therapeutic perspective, artemisinin combination
therapy (ACT) has been adopted for uncomplicated falciparum malaria case
management and malaria control in all the countries of Africa and Asia. However, the
adoption of ACT in South America varies as there are some countries in the continent in

which CQ is still effective (WHO, 2014a).

Susceptibility of live malaria parasite to antimalarials is monitored by either in
vivo and/or in vitro assays. In vivo method of evaluation is achieved through monitoring
the parasitaemia in patient’s blood throughout a specific period of time after
administration of standard dose of the antimalarial. This method has an advantage of
enabling the linkage of assessment of the drug, the patient and the parasite together, but
potential confounders such as malabsorption and immunity status of the patients may
affect the in vivo test outcomes (WHO, 2009). The in vitro method for drug efficacy

evaluation is useful in assessment of more than one drug and for more than one parasite



strain at the same time through artificial cultivation of the parasite against different drug
concentration (WHO, 2001). However, the disadvantage of this test is the need of
specific instrumentation and a higher level of training. In addition, molecular markers of
drug resistance are another predicting tool for monitoring resistance to antimalarial
drugs through the detection of mutation along genes of interest utilizing fresh and even
archived blood samples. Different genes were reported having an association with low
parasite susceptibility to antimalarials such as P. falciparum chloroquine resistance
transporter (pfcrt) and multidrug resistance 1 (pfmdrl) genes for chloroquine,
amodiaquine and lumefantrine, and dihydrofolate reductase (pfdhfr) and
dihydropteroate synthase (pfdhps) genes for pyrimethamine and sulfadoxine resistance,

respectively.

Furthermore, the molecular marker of artemisinin resistance was recently
identified, and mutations in the Kelch 13 (K13)-propeller domain were shown to be
associated with delayed falciparum parasite clearance in vitro (Ariey, et al., 2014).
Analysis of the recently identified molecular marker for artemisinin resistance showed
that the C580Y mutation is most prevaent in parts of the Greater Mekong sub-region,
but other mutations in and near the K13-propeller domain region, such as in codons
Y493H, R539T, 1543T, were also found to be significantly associated with artemisinin
resistance (WHO, 2014b). Unlike Asian countries, African and South American
countries were found less affected by P. falciparum parasite resistance to artemisinin
derivatives, with less than 10% resistance to ACT was reported in Africa and South
America (WHO, 2015b). Moreover, k13 gene mutation was rare in Africa as a non-
synonymous propeller mutation A578S was the frequently reported mutation in some
African countries which is not related to the phenotypic artemisinin clearance (WHO,

2014b; Torrentino-Madamet et a., 2014; Huang et a., 2015; Kamau et al., 2015;).



Yemen is the only country in the Arabian Peninsula that is highly affected by
malaria with almost 60% of the population at risk, thereby creating a threat to the lives
of the populations and the malaria control programmes of neighbouring countries. Most
of the cases in Yemen originate in the northwest in the region of Tehama. However,
some other areas in the southwest, middle and east of the country are also at risk, with
P. falciparum being the most predominant species responsible for 99% of malaria cases
(WHO, 2015a). Y emen falciparum malaria isolates have exhibited a gradual increasein
the resistance to CQ since the first reported case of CQ-resistant P. falciparum in the
country by Mamser (1989). Indeed, in vivo resistance to CQ has continued to emergein
all the malarious sites of Yemen, reaching 42% in Bgjil districts of Hodeidah (western
Yemen) in 2002, 46.5% in Odein, Ibb governorate (Central part of Y emen) in 2003 and
57% in Al-Musaimeer, Lahj (Southern Yemen) in 2003 (NMCP, unpublished data).
Moreover, CQ resistance has later increased in Al-Musaimeer to 60.7% (Mubjer et al.,

2011).

In an attempt to combat this growing resistance, the government of Yemen’s
National Malaria Control Programme (NMCP) updated its national malaria treatment
policy in 2009 to include artesunate plus sulphadoxine-pyrimethamine (AS+SP) and
artemether plus lumefantrine (AL) as a combination first-line and second-line drug
treatment, respectively. In addition, a RDT based on histidine-rich protein 2 (HRP2) of
P. falciparum has been introduced in Yemen for diagnosing malaria in peripheral
malarious areas where there is a lack of personnel trained in malaria microscopy. The
first RDT product to be procured by the NM CP was the First Response hrp2-RDT (First
Response® Malaria Ag. P. falciparum, HRP2, Premier Med. Corp., India). This was
later replaced by the CareStart hrp2-RDT (CareStart™ Malaria HRP2, Cat. no. G0141,

Access Bio, Inc., USA) (NMCP, persona communication).



1.2 PROBLEM STATEMENT

From the academic side, several reports have been published over the last two decades
that have aimed to evaluate the susceptibility of Yemen falciparum malaria isolates in
vivo and/or in vitro to CQ, mefloquine, quinine, SP, or artemisinin (Alkadi et al., 2006;
Al-Kabsi et a., 2009; Al-Maktari & Bassiouny, 2003; Al-Shamahy et a., 2007). Others
have attempted to assess the effectiveness of CQ and SP from a molecular perspective
through detecting whether there is mutation in the pfcrt, pfmdrl, pfdhfr and pfdhps
genes of P. falciparum isolates from Yemen (Abdul-Ghani et a., 2014; Al-Hamidhi et
a., 2013; Al-Mekhlafi et a, 2011; Bamaga et a., 2015a; Bamaga et al., 2015b &

Mubjer et a., 2011).

From the government side, the NMCP conducted five in vivo studies from 2009
to 2010 during the implementation of its new combination drug policy, which al aimed
to evaluate the efficacy of AS+SP or AL against P. falciparum isolates from different
malarious sites in Hodeidah, Dhamar, Hajah and Ibb governorates (NMCP,
unpublished data). Both of these artemisinin drug combinations were shown to have
absolute effectiveness (100%) against the parasite. To the best of my knowledge, there
have been no published works on the therapeutic efficacy of ACT in relation to delayed
parasite clearance after the implementation of the ACT policy in Yemen in 2009. It
should be noted that a recently published in vivo study of these two artemisinin-based
combinations (AS+SP and AL) for falciparum malaria in Yemen (Adeel et a., 2015)
was not available when we designed the present study, initiated the research and
completed the data analysis. Nevertheless, neither the previously published studies nor
this new resource tried to link the field in vivo evaluation outcome regarding the
effectiveness of antimalarial drugs with the molecular existence of drug-related
mutations, so there is a significant gap in knowledge with respect to this issue.

Within this context, the present study aims mainly to evaluate the AS+SP first-



line treatment based on the WHO-recommended 28-day in vivo protocol and to
genetically analyse k13 and dhfr/dhps genes as molecular markers of resistance to AS
and SP antimalarial drugs, respectively. Maaria diagnosis in the study area, as in any
other rura areain Yemen, is achieved mainly by using the RDT, CareStart™ Malaria
HRP2, which has not yet been evaluated for its capacity to diagnose fal ciparum malaria
against Yemen isolates. The only study that has evaluated hrp2-RDT accuracy was
published in 2012 and it examined the use of the former First Response hrp2-RDT
product in a malaria outbreak in Hadramout governorate in the east of Yemen (Ghouth
et a., 2012). That study reported that sensitivity and specificity were 74% and 94%,
respectively. Thus, the present study is the first that aims to evaluate the performance of

the CareStart™ HRP2-based RDT currently in use.

1.3 OBJECTIVESOF THE STUDY

1.3.1 General objective

The present study aimed at evaluating the histidine rich protein 2 - based RDT (HRP2-
RDT) in diagnosing malaria and the efficacy of the current first-line antimalarial drug
treatment policy of artesunate plus sulfadoxine-pyrimethamine (AS+SP) against

falciparum malariain Y emen.

1.3.2 Specific objectives

i. To evaluate of the performance of HRP2-based RDT currently used for diagnosing
malariain periphera districtsin Y emen.
ii. To investigate the pfhrp2 genetic variation and evaluate its impact on RDT

performance in diagnosing malariain the study areas.



Vi.
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To evauate the therapeutic efficacy of the current treatment policy (AS+SP)
against uncomplicated falciparum malariain the study areas.

To investigate the presence of point mutations at P. falciparum Kelch 13 gene as a
molecular marker of artemisinin resistance among the studied isolates.

To investigate the presence and frequency of point mutations at 6 codons: 16, 50,
51, 59, 108 and 164 of P. falciparum dihydrofolate reductase (pfdhfr) gene and at
other 7 codons. 436, 437, 540, 581, 613, 640 and 645 of P. falciparum
dihydropteroate synthase (pfdhps) gene as molecular markers of the partner drug,
sulfadoxine-pyrimethamine among the studied isol ates.

To investigate the presence and frequency of single point polymorphisms (SNPs) in
P. falciparum chloroquine resistance transporter gene (pfcrt) at codons 72-76, 220,
271, 326, 356 and 371 (10 codons) and P. falciparum multidrug resistance 1 gene

(pfmdrl) at 86, 184, 1034, 1042 and 1246 (5 codons).

HYPOTHESES

Using HRP2-based RDT to diagnose malaria is acceptable and fulfill the
requirements for malaria diagnosis in peripheral malaria-endemic areas in Y emen
(high sensitivity and specificity).

The pfhrp2 gene is highly polymorphic among the P. falciparum isolates from
study areas which could have an impact on the performance of the RDT.

The P. falciparum isolates from the study areas show a low level of treatment
failureto AS+SP, mainly due to SP resistance.

The P. falciparum isolates from the study areas are of wild type for kelch 13 gene,
reflecting a high efficacy of artesunate in the AS+SP combination.

There is a moderate rate of mutation in the pfdhfr and pfdhps conferring resistance

to SP among the studied P. falciparum isolates.



vi. Thereisahigh rate of mutation in the pfcrt and pfmdr1 genes conferring high level
of resistance to CQ and other antimalarials among the studied P. falciparum

isolates.

15 SIGNIFICANCE OF THE STUDY

Due to the emergence of maaria parasites resistance to CQ as well as to other
antimalarial drugs in Yemen, the Ministry of Health and Population, Yemen has
endorsed the new malaria treatment policy in 2009, which involves the artesunate plus
sulfadoxine-pyrimethamine (AS + SP) as thefirst line, and artemether plus lumefantrine
(AL) as the second line treatment drug combination for treating uncomplicated
falciparum malaria in the country (WHO, 2013). Concurrently, the HRP2-based RDT
has been approved by the ministry to be used for malaria diagnosis by the National
Malaria Control Programme (NMCP) and other health facilities, particularly in
peripheral areas where the electricity as well as quality microscopy services are lacking
(WHO, 2011c). Hence, the findings of the present study will provide important
information about the performance of HRP2-based RDT in diagnosing malaria as well
as therapeutic efficacy of the new drugs in treating uncomplicated falciparum malariain
Yemen. Such information is essential for the malaria control efforts in the country.
Moreover, CQ and other antimalarial drugs are still available in Yemen, prescribed for
falciparum malaria in some private hedth facilities, and is aso used for self-
administration (Bashrahil et al., 2010; Ghouth, 2013). Hence, the findings of the present
study will provide important updates on the situation of antimalarial drug resistance in
this continuing drug pressure. Thiswould be useful in targeting interventions aimed at

reducing inappropriate drug use in the country.



1.6 ORGANIZATION OF THISTHESIS

This thesis consists of six chapters and the format is “Article Style Format”,

according to the University of Malaya guidelines for the preparation of research
reports dissertations and thesis (2015). According to this guideline, the main body of
a research thesis in the “article style format” should contain the following chapters:
“General Introduction”, “Literature Review”, “Article 17, “Article 2”, “Article 3” (or
more), and “Conclusion and Recommendation”. Hence, the present thesis consists of the
following chapters: -

Chapter 1 provides ageneral overview and the required justification for this study. The
objectives of the study, problem statement, hypothesis as well as the significance of the
study are stated in this chapter.

Chapter 2 provides extensive background information on previous studies and current
knowledge pertaining to malaria. This chapter provides basic knowledge about the
history, biology, epidemiology, diagnosis, treatment, prevention and control, and drug
resistance situation and eval uation.

Chapters 3-5 comprise of published articles listed at the end of the thesis (list of a
publications and presentations). These chapters are presented according to the
objectives of the study. The format of these chapters is according to the university
guidelines.

Chapter 3 describes the evaluation of PFHRP2-based RDT in diagnosing malaria as
well as the genetic variation of the pfhrp2 gene in Yemen and its impact on the
performance of the RDT. Thiswork was published in Parasites & Vectors.

Chapter 4 describes the in vivo therapeutic evauation of the AS+SP in treating
uncomplicated malaria among the study population in Y emen. This work was published

in Malaria Journal.



Chapter 5 presents findings about the molecular analysis of the related mutations in the
pfcrt and pfmdrl genes as molecular markers for the CQ and other antimalarial drugs
among the study population in Y emen. This work was published in PeerJ.

Chapter 6 presents the genera conclusion of this study and provides some

recommendations as well as the limitations during candidature.
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CHAPTER 2: LITERATURE REVIEW

21 MALARIA

2.1.1 Historical background

Malaria has occupied a great place in history throughout the millennia; victims have
included Neolithic cave-dwellers, Chinese dynasties and ancient Greeks, and without
any dispensation it has affected kings, princes and paupers. Ancient writings and
artefacts attest to malaria’s long reign; clay tablets from Mesopotamia from 2000 BC,
papyri from 1570 BC during the era of the Pharaohs, Hindu texts from the sixth century
BC and Chinese medica books, all have mentioned the periodic fever pattern which is
specificaly related to malaria infections. More recently, malaria has been detected in
samples from the skin, lung and other remains of Egyptian mummies dating from 3200
and 1304 BC, and it has been suggested that P. falciparum parasite was most likely the
cause of the death of the Egyptian Pharaoh, Tutankhamun (Miller et al., 1994a; Brier,
2004; Hawass et al., 2010; Nunn & Tapp, 2000).

In 270 BC, Nei Chin, the Chinese medical canon, which is considered the
history book of Chinese internal medicine, linked malaria’s tertian pattern (fever every
48 h) and quartan fever pattern (every 72 h) with the enlargement of the right side of the
abdomen (splenomegaly), which are both common disease indications. Nei Chin also
blamed the disease’s symptoms on three demons: one carrying a hammer and
responsible for headaches, another carrying a pail of water and causing chills and
sweating and the third carrying a stove and responsible for fever (Bruce-Chwatt, 1988).
Homer, an ancient Greek poet, mentioned malaria in The lliad (750 BC), and later
Hippocrates (450-370 BC) linked the appearance of the Dog Star Sirius in the summer

and autumn with malarial fever and misery (Sherman, 1998).
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It was later in eighteenth century in Italy that it acquired the name ‘malaria’, a
combination of two words ‘mal’ & ‘aria’, which literally means ‘bad air’ that was
particularly associated with the belief that the source of the disease was swampy,

marshy areas which emitted foul-smelling air.

2.1.2 Malariaparasite

The causative agents of malaria remained obscure for a long time as the disease was
thought to be restricted to low-lying humid plains near swamps. It was Charles Louis
Alphonse Laveran (1845-1922), a French army doctor during the Franco-Prussian War,
who noted the possibility of the occurrence of malariain temperate zones too, and that it
did not necessarily affect all tropical areas. Laveran was inspired by contemporary
scientific articles that attributed many infectious diseases to a biological causative agent
or ‘microbes’, which went against the prevailing belief that diseases were caused by
miasmas, evil vapours or swampy air (Jarcho, 1984).

Later, Laveran was transferred to Algeria on the North African coast, and took
with him his crude microscope. In 1888, he examined a blood specimen from a febrile
soldier. Interestingly, he discovered crescent-like bodies that were almost transparent
except for a small dot (malaria pigment). Laveran went on to examine a total of 192
febrile patients and reported the presence of these pigmented, crescent-shaped bodies in
148 of them (Laveran et al., 1982), thereby proving the existence of a protozoan parasite
that he later named Oscillaria malariae. Laveran presented this finding at the French
Academy of Medical Science in December 1880 (Cox, 2010). In addition, Laveran
found that quinine had the capability to remove this type of body from the blood.
Moreover, he reported four different forms of causative agent in human blood samples
that were later proved to be different stages of the malaria parasite’s life cycle in

humans. These stages are trophozoite, schizont, and male and femae gametocytes.
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Earlier, in 1890, the parasite names Plasmodium vivax and P. malariae were introduced
by the Italian investigators Giovanni Batista Grass and Raimondo Filetti. The name
Oscillaria malariae of the parasite causing tertian malaria named by Laveran was no
longer thought possible, and William Henry Welch, a US physician, renamed it in 1897
as Plasmodium falciparum. Later, in 1922, P. ovale was described by the British
parasitologist John William Watson Stephens. A fifth species was described in detail by
Robert Knowles and his assistant Birgy Mohan Das Gupta in 1932. Later in the same
year, John Alexander Sinton and his colleague, Mulligan HW, were the first to call this
parasite P. knowlesi in recognition of the efforts of Knowles (Sinton & Mulligan, 1933).

Camillo Golgi (1843-1926), the greatest neuroscientist and biologist of his era,
linked the onset of the tertian fever due to P. vivax and the quartan fever caused by P.
malariae infection with the rupture of blood schizonts and the release of merozoites. In
1906, Golgi was awarded the Nobel Prize for neuroscience, which was unrelated to his
work on malaria. One year later, Laveran was awarded the Nobel Prize for his discovery
of the unicellular protozoan parasite that causes malaria.

The role of the mosquito in transmitting malaria was recognized for the first
time by Ronad Ross (1857-1932), a surgeon-mgor of the British Indian Medical
Service. Ross spent more than one year studying the mosquito without obtaining any
definitive results. Then, in 1897, on 20 August, he identified a clear, round body in a
dotted-winged Anopheles mosquito that had previously been fed on malaria-infected
blood. The body was clear but contained some pigments. Ross called that day
‘Mosquito Day’. The following day, he examined another Anopheles mosquito that had
fed on the same day and from the same blood. On dissecting the mosqguito, he
discovered larger bodies with more malaria pigments inside them, which suggested the

presence of a parasitic growth inside the mosguito. He published his observations in the

13



British Medical Journal in December 1897, in a paper entitled, ‘On some peculiar
pigmented cells found in two mosguitoes fed on malarial blood’.

Ross continued his work by focusing on P. relictum parasites that mainly infect
sparrows and crows. He fed the mosquitoes on the blood of these infected birds and
discovered sporozoites in the salivary gland of the infected mosquitoes (Sherman,
1998). His findings were shared by his teacher and mentor Sir Patrick Manson at a
meeting of the British Medical Association at the University of Edinburgh in July 1898
(Harrison, 1978). Ross was awarded the Nobel Prize in 1902 for identifying the stages
of malaria parasites in mosquitoes.

The story of the malaria parasite is one of a great history of 114 years of
experimental research, scientific work and analysis that started in 1888 with the
discovery of a crescent-shaped pigmented body in the blood of a febrile soldier in
Algeria by a French army doctor using a crude microscope and since then the discovery
of DNA has progressed, thus far, to the publication of the first P. falciparum malaria

genome sequence in 2002 (Gardner et al., 2002).

2.1.3 Malariavector

There are around 3,500 types of mosquito grouped into 41 genera. Only the female
mosquito of the genus Anopheles contributes to the transmission of malaria. Out of
approximately 400 recognized Anopheles mosquito species, only 40 have a natural
capability of transmitting the malaria infection worldwide. The distribution of this
malaria vector greatly depends on regional topography and environmental conditions
(Macdonald, 1957; Balls et a., 2004; Minakawa et al., 2006).

In Yemen, 15 Anopheles species have been reported with An. arabiensis being
predominant in all areas of Yemen and representing more than 90% of the maaria

vector (NMCP, 2014; Al-Eryani et a., 2016). Moreover, it has been found that An.
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sargentii is the second most common vector species after An. arabiensis in the country.
In addition, An. culicifacies was reported as the principal vector in Socotra lsland and in
the coastal areas along the Arabian Sea, especially in Al-Mahra governorate in the
eastern part of Yemen. Both An. sargentii and An. fluviatilis were reported in areas of
higher atitude (500-1500 metres). Recently, An. algeriensis was reported for the first
time in Yemen and was found to represent 3% of the malaria vector population in the
southwest governorate, Taiz (Al-Eryani et al., 2016). Generaly, the NMCP of Yemen
classifies An. arabiensis and An. culicifacies as malaria vectors in areas with an altitude
below 600 metres, while An. arabiensis and An. sargentii are designated as vectors at
higher atitudes (NMCP, 2014). Data from two sentinel sites for the number of adult

Anopheles mosquitoesin Yemen is provided in Table 2.1.

The susceptibility of Anopheles mosguitoes to insecticides has been monitored
by the NMCP for some years; seven sentinel sites were established in 2009 followed by
five additiona sites in 2010, bringing the total number to 12 sentinel sites covering
Socotra Island and other malaria-endemic areas within 17 districts in 10 governorates
(NMCP, 2014). An investigation of the susceptibility of An. arabiensis to the
organophosphate temephos was carried out in 2009 in al seven sentinel sites, the results
of which showed that the species was 100% susceptible to this insecticide. In addition,
the susceptibility of the species to other insecticides was investigated by the NMCP in
2010, and it was found that the species had very low levels of susceptibility to the
concentration of 0.05% of lambda-cyhalothrin, 0.05% deltamethrin, 4% DDT, 0.75%
permethrin and 0.1% of bendiocarb. The recent studies have reported that in the Wadi
Sukhmal sentingl site in the western central governorate, Thamar, the resistance of An.
arabiensis mosquitoes to lambda-cyhalothrin stands at 82.0% and for deltamethrin it is
90.5% and for DDT it is 92.0%; however, it is absolutely susceptible (100%) to

bendiocarb (NMCP, 2014). Moreover, the An. arabiensis vectors in the Zabid sentinel
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site in Hodeidah governorate in the west have been found to be resistant to lambda-

cyhalothrin (48.6%) and deltamethrin (86%) (NMCP, 2014).
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Table 2.1: Adult female Anopheles vector in Y emen: collected during different months
in 2012 from two sentinel sites *
(Methods of Collection: PKD? LT®, ET and Clay pot)

, April June September  Total
Anopheles species

N % N % n % N %

Anopheles arabiensis 137 628 18 771 748 856 1,070 80.3

Anopheles sergentii 68 312 27 11.3 118 135 213 16.0
Anopheles azaniae 1 05 18 75 5 06 24 18
Anopheles dthali 3 14 4 17 O 0 ¢ 0.5
Anopheles pretoriensis 2 09 1 04 1 01 4 0.3
Anopheles rhodesiens 0 0 1 04 O 0 1 0.1
Anopheles cinereus 0 0 0 0 1 01 1 0.1

Unidentified Anopheles 7 32 4 17 1 01 12 0.9

Total 218 164 240 180 874 656 1332 100

* Pre-intervention data from Wadi Sukhmal and Wusab As-Safel sentinel sites, Republic
of Yemen.

a PKD: pyrethrum knockdown

LT :lighttrap
CET :éelectrictrap
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2.1.4 Lifecycle of Plasmodia

2.1.4.1 Overview

The malaria parasite is a unicellular protozoan belonging to the phylum Apicomlexa,
the family Plasmodiidae and the genus Plasmodium. Around 250 species known can
cause malaria to many different vertebral hosts including primates, rodents, bats, birds,
lizards, carnivores, insectivores, and marsupials as well as humans. Generally, only four
species have the capability of causing malaria in humans. These are P. falciparum, P.
vivax, P. malariae and P. ovale. However, P. knowlesi has been reported to be the fifth
species that can infect human beings, and is transmitted to humans from long-tail and
pig-tail macagues in Southeast Asia (Jongwutiwes et al., 2004; Singh et a., 2004). This
simian malaria parasite was previously often misdiagnosed as a maariae quartan
malaria as it is morphologically smilar to P. malariae (Cox-Singh et a., 2008;
Jongwutiwes et a., 2004; Kantele & Jokiranta, 2011; Singh et al., 2004). Actudly, P.
knowlesi was identified earlier on as a zoonotic simian malaria in humans in the 1960s
when it was isolated from a febrile white man visiting Peninsular Malaysia (Chin et al.,
1965). However, P. knowlesi may not be the last to appear on the list as a sixth species
of malaria parasite, P. cynomolgi, was reported for the first time in 2014 in a malaria-
free area in Malaysia; it was isolated from a woman without any history of malaria or
even a history of travelling to a malaria-endemic area (Ta et a., 2014). Although P.
cynomolgi was found to be morphologicaly very similar to P. vivax and was
misdiagnosed as vivax maaria, the reported P. cynomolgi case was interestingly
microscopically misdiagnosed first as P. malariae/P. knowles infection. A polymerase
chain reaction (PCR) and sequencing assay is the only method to confirm the diagnosis
of P. cynomolgi infection (Ta et al., 2014). Based on genome sequencing analysis, both

P. knowlesi and P. cynomolgi were both found to be very similar to P. vivax, sharing
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many phenotypic, biological and genetic characteristics (Imwong et al., 2009;

Tachibanaet a., 2012).

2.1.4.2 Parasite’s lifecycle

The classical main mode of malaria transmission is through the bites of infected
Anopheles mosquito (vector) that has previously fed on malaria patient’s infected blood.
However, other routes of transmission less commonly occur include infection from an
infected blood transfusion, tissue transplantation and from an infected mother to her

fetus during pregnancy (congenital malaria).

The life cycle for al human-infecting malaria species is essentialy the same in
which the parasite undergoes a series of developmenta stages comprising an exogenous
sexual development inside certain species of Anopheles mosquitoes (sporogony) and an
endogenous asexual development (schizogony) in both liver and red blood cells of

human host [Figure 2.1].

For the classical mode of transmission, the infection starts when an infected
female Anopheles mosquito bites a healthy man and injects sporozoites with its saliva
through his skin; usually, 20-30 sporozoites are injected by a single bite which are
enough to initiate the infection (Satoskar, 2009). Within 30 minutes, all sporozoites
reach the parenchymal hepatocytes of the liver where they mature into liver schizonts
(exoerythrocytic schizogony cycle). Liver schizont contains thousands of merozoites
(2,000 to 40,000) based parasite species. The liver schizogony takes 5-7 days in which
the patient is completely asymptomatic. As the mature liver schizonts rupture,
merozoites are released into the blood stream and rapidly invade red blood cells
(erythrocytes). In the erythrocytes, the merozoites undergo several repeated asexual
developmental processes (erythrocytic schizogony cycle) forming erythrocytic schizont

containing a different number of merozoites (based on parasite species). The number of
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merozoites in the mature schizont is maximum in P. falciparum (up to 36) and P. vivax
(24 merozoites), while it is the least in P. malariae (6-8 merozoites). Once the
erythrocytic schizont ruptures, merozoites are released and continuously infecting other
red blood cells. The duration of this cycle is different from one species to another; it
takes 48 hours in P. vivax and P. ovale (tertian malaria), 72 hours in P. malariae
(quartan malaria), tertian and modified sub-tertian (36 hours) in P. falciparum and as
short as 24 hours in P. knowlesi or what is called quotidian malaria (Satoskar, 2009). In
P. vivax and P. ovalae, some of the sporozoites are kept dormant in the liver caled
hypnozoites which later reactivate in 1-2 years cause malaria relapse (Satoskar, 2009).
After afew erythrocytic generations, some of the released merozoites differentiated into
male and female gametocytes and wait in the patient’s blood for its specific Anopheles

mosquito vector.

When a female Anopheles mosguito bites malaria patient, it takes the
gametocytes along with blood meal. Within the mosquito’s gut, male and female
gametocytes undergo a series of developmental stages to form sporozoites (sporogony
cycle). Mde and female gametocytes mature into microgamete and macrogamete,
respectively. After fertilisation, a zygote is formed and developed into a mobile
ookinete stage which is impeded into the basement membrane of the mosquito midgut
and developed into an oocyst. The oocyst undergoes multiple multiplications process
resulting in a formation of thousands of spindle-shaped sporozoites, the infective stage
of humans. As oocyst bursts, sporozoites are liberated filling the abdominal cavity,
migrate and invade the salivary glands from which they can be injected into the
vertebral hosts. This process takes 10-18 days depending on Plasmodium species and on
the ambient temperature (Paaijmans et al., 2009). The mosquito remains infectious for

1-2 months (Liljander, 2010).
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Figure2.1: Life cycle of Plasmodium species
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2.1.5 Signsand symptoms of malaria

As the erythrocytic schizonts rupture, malaria antigens, pigments and malaria toxins are
released and trigger a series of pathological effects including the production of
cytokines, and particularly atumour necrosis factor (TNFd) that is complemented by the
action of other circulating endogenous pyrogens such as interleukins (IL-1 and IL-6).
As aresult, headache, fever, rigor and vomiting appear and the symptomatic phase of
infection (malaria paroxysm) begins (Miller et al., 1994b; Pasvol et al., 1995). The
clinical manifestations of malaria vary from mild symptoms to severe multi-organ
dysfunction and life-threatening conditions including cerebral malaria (encephal opathy),
pulmonary oedema and acute pulmonary distress, renal insufficiency and acute renal
failure, severe anaemia and metabolic acidosis (Satoskar, 2009). However,
asymptomatic infection is common in endemic areas in Africa and Asia (Dal-Bianco et

al., 2007; Starzengruber et al., 2014; Vafaet al., 2008).

2.1.6 Diagnosisof malaria

The effective management of any disease basically depends on accurate diagnosis.
Malaria microscopy has been the mainstay and the gold standard method for malaria
diagnosis. Identification of the asexual and sexual parasite stages in a Giemsa-stained
blood film has been the only way of diagnosing malaria infections for many decades.
However, for malaria microscopy to be effective there need to be an adequate amount of
suitable microscopes, a regular supply of materials including Giemsa stain and buffer
and enough well-trained personnels, requirements which may not be feasible to meet in
some malaria-endemic sites. In areas such as the rura areas of Yemen, a clinical
indication of malariawas found to be extremely helpful for physicians in diagnosing the

disease. However, a clinical indication has little specificity as malaria signs and
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symptoms are nonspecific except for the synchronised pattern of fever. Thus, a clinica
diagnosis of malaria may result in a hyperestimation of malaria cases. However, clinical
manifestations are very important in cases of severe malaria.

The RDT was later introduced to aid malaria diagnosis, and it shortly entered
into widespread use as an alternative indispensable tool for malaria case management,
control and elimination worldwide, especially in areas that lacked well-trained
microscopy personnel. Since 2010, WHO has recommended that all persons with
suspected malaria undergo an examination by either malaria microscopy or malaria
RDT before administration of any treatment (WHO, 2014a). In the WHO African
region, the effectiveness of malaria diagnosis greatly increased from 36% of suspected
cases of malaria in 2005 to 41% by 2010. In fact, this increase in the proportion of
malaria diagnoses in the WHO African region was due to the increase in RDT usage
and it continued to increase from 62% and 71% of suspected malaria cases in 2013 and
2014, respectively (WHO, 2014a, 20153).

Other techniques have been proposed for use in the diagnosis of a maaria
infection, including those that utilize an antigen or antibody, such as the enzyme-linked
immunosorbent assay (ELISA) and immunofluorescence assay (IF). More recently,
PCR has been introduced as an additional and advanced method of diagnosis. It utilizes
the genomic DNA of malaria and represents a substantial leap forward in maaria
diagnosis, but its use has so far been limited mainly to epidemiology and research

studies.

2.1.6.1 Rapid diagnostic test (RDT)
The main technical component of a global malaria control strategy is based largely on
the early diagnosis and prompt treatment of malaria cases in malaria-endemic areas.

This strategy is highly dependent on two main points: the precision of the diagnostic
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techniques used to confirm malaria cases and the relevance of antimalaria drugs
including their efficacy, safety, availability, affordability and the accessibility.

Although malaria microscopy is the gold standard in malaria diagnosis, it seems
that it is not feasible in periphera areas that have limited access to high-quality malaria
microscopy services, mostly due to a lack of well-qualified malaria microscopy
personnel. The RDT is therefore a powerful aternative tool for quickly establishing a
diagnosis of malariainfection in such areas.

An RDT for diagnosing maaria aims, as the name implies, to rapidly detect
malaria. It does this by detecting specific antigens in the person’s blood. The advantages
of using an RDT s that it can provide a correct diagnosis in places where malaria
microscopy is not feasible, and it does so in a very short time compared to microscopy.
However, an RDT for malaria does not have the ability to differentiate all the human
malaria species. Moreover, it has a limited capability of detecting low-density malaria
parasitaemia. Thus, the RDT cannot eliminate the need for malaria microscopy as the
latter is very important because it is used to distinguish the causative species.
Microscopy is also used to quantify the parasite count and to calculate the number of
parasitized RBCs, which are both very important prognostic indicators in malaria case
management.

Commercially, there are three types of RDT available in the market, which are
based on the type of malaria antigen they test for:

1. Histidine-rich protein 2 (HRP-2) is an abundant soluble, heat-stable protein that is
produced by both the sexual and asexua stages of only the P. falciparum parasite.
It is expressed on the cytoplasmic membrane of infected RBCs and it has been
shown to remain in a patient’s blood many days after initiation of treatment.

2. Lactate dehydrogenase (pLDH) is a soluble enzyme in the parasite glycolytic

pathway that is produced by the sexual and asexual stages of the live parasites and
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is released and contained inside the infected erythrocytes. Although LDH has been
found in all of the main four human malaria species, different isomers of LDH for
each of the four species exist. It is currently available mostly as a P. falciparum-
specific, P. vivax-specific or pan-Plasmodium-based RDT (pLDH).

3. Aldolase is another enzyme of the parasite glycolytic pathway expressed by the
blood stages of P. falciparum as well as other non-falciparum malaria parasites. It
has been found that monoclona antibodies against Plasmodium aldolase are pan-
specific in their reaction (p-aldolase) and they have been used for detecting all four
species of the malaria parasite targeting the pan-malarial antigen (PMA), and in a
combination with Pfhrp2 to differentiate Plasmodium falciparum from others

species in p-adolase/Pfhrp2 immunochromatographic test.

2.1.7. Treatment of malaria

The clinical form of malaria varies depending on the species and the severe form of
malaria is mainly due to P. falciparum. Due to low immunity, young children and
pregnant women as well as travellers from non-endemic areas are more likely to
contract the severe form of malaria. Thus, case management and the parasite elimination
from the blood consequently require more effort to maintain the physiological functions
of such patients and their need for tertiary healthcare services is greater. Similarly,
malariain areas with high and stable malaria transmission such as in Africa and Papua
New Guinea is almost completely due to P. falciparum, and therefore the population in
those areas is at high risk of getting severe malaria, and this is especially the case for
high-risk groups such as young children and pregnant women. In these areas, patients
must be given a high level of clinical care at a community level and there should be an

optimal referring capability to tertiary healthcare services when required. In contrast, in
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areas where vivax malaria is common, case management is quite simple, but more
importantly, species differentiation is strongly required.

Uncomplicated malaria requires only the use of a schizonticidal antimalarial
drug to clear parasitaemia from the patient’s blood. However, the emergence of resistant
strains of malaria parasites, mainly P. falciparum, makes the treatment and the selection
of the drugs more complicated. Currently, combination therapy with one of the
artemisinin derivatives is the cornerstone treatment strategy for treating uncomplicated
falciparum malaria worldwide. Specia attention needs to be given to selecting the
correct drug(s) for treating pregnant women especialy during the first trimester of
pregnancy. On the other hand, CQ is still the drug of choice for treating malaria
infections caused by P. malariae, P. ovale and the sensitive strains of P. vivax. Note that
primaguine is added as a radical treatment drug to clear the tissue stage in the liver
(hypnozoites) in the case of vivax and ovale malaria.

Complicated or severe malaria is always accompanied by one or more clinical
manifestations such as prostration, impaired consciousness, multiple convulsions,
circulatory collapse, bleeding, pulmonary oedema, jaundice and haemoglobinuria
However, laboratory investigations have often revealed hyperparasitaemia alongside a
range of pathological changes such as severe anaemia, marked hypoglycaemia, acidosis,
hyperlactataemia and renal insufficiency. Thus, the case management of severe maaria
should include the provision of supportive treatment in tandem with the anti-
parasitological drug(s). The treatment for severe malaria commonly starts with the
administration of parenteral quinine or artesunate. In addition, it is essential to monitor
the patient’s vital signs and give other adjunctive treatment where required, such as
antipyretic drugs for fever, intravenous or rectal diazepam or intramuscular paraldehyde
for convulsions, correcting hypoglycaemia, and giving fresh blood transfusion in case of

severe anaemia { haemoglobin < 5 g/dl or packed cell volume (PCV) < 15%}. It may
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also be necessary to monitor renal function and administer diuretics and perform
haemodiaysis, as well as give oxygen and maintain the airway of a patient. Details of
the malaria treatment policies of various countries within the WHO region are provided

in Table 2.2.

2.1.7.1 Malariatreatmentin Yemen

Chloroquine has been the drug of choice in Y emen for treating uncomplicated malaria,
including falciparum malaria infection, for the last few decades. However, the
emergence of CQ-resistant P. falciparum in Yemen prompted the adoption of ACT in
2009. The government introduced a new policy that provides for the use of AS+SP and
AL as afirst-line and second-line treatment, respectively, for uncomplicated fal ciparum
malaria infection. Under the new policy, severe malaria is treated with quinine and
artemether, while CQ has been retained as the drug of choice for treating vivax malaria

followed by primaguine (for 14 days) as a radical tissue-stage treatment (WHO, 2015b).
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Table2.2: Antimalarial treatment policy in the countries within the WHO-regions, (WHO, 2014a)

Falciparum malaria treatment

WHO region /Country Vivax malaria treatment

8¢

Uncomplicated Severe
African
Algeria - - CQ
Angola AL AS; QN -
Benin AL AS; ON -
Botswana AL ON -
Burkina Faso AL; AS+tAQ AS; ON -
Burundi AS+AQ AS; ON -
Cabo Verde AL ON -
Cameroon AS+AQ AS -
Central African Republic AL AS -
Chad AL; AS+tAQ AS -
Comoros AL ON -
Congo AS+AQ ON -
Cote d’lvoire AS+AQ ON -
Democratic Republic of the Congo AS+AQ AS -
Equatorial Guinea AS+AQ AS -
Eritrea AS+AQ ON AS+AQ+PQ
Ethiopia AL AS; AM; ON CQ
Gabon AS+AQ AS; AM; QN -
Gambia AL ON -
Ghana AL; AS+tAQ AS; AM; ON -
Guinea AS+AQ AS -
Guinea-Bissau AL AS; ON -
Kenya AL AS; AM; ON -
Liberia AS+AQ AS; AM; ON -
M adagascar AS+AQ ON -
Malawi AL AS; ON -
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Table 2.2, continued

Mali

Mauritania

Mayotte, France
Mozambique

Namibia

Niger

Nigeria

Rwanda

Sao Tome and Principe
Senegdl

SierralLeone

South Africa

South Sudan*

Swaziland

Togo

Uganda

United Republic of Tanzania
Mainland

Zanzibar

Zambia

Zimbabwe

Eastern Mediterranean
Afghanistan

Djibouti

Iran (Islamic Republic of)
Pakistan

Saudi Arabia

Somalia

Sudan

Yemen

AL; AS+AQ
AL; AS+AQ
AL

AL

AL

AL

AL; AS+AQ
AL

AS+AQ
AL; AS+AQ
AL; AS+AQ
AL; QN+CL; QN+D
AS+AQ

AL

AL; AS+AQ
AL

AL; AS+AQ

AS+SP+PQ

AL+PQ

AS+SP; AS+SP+PQ
AS+SP+PQ
AS+SP+PQ

AS+SP

AS+SP

AS+SP

ON
ON

QN; AS; QN+AS; AS+D; QN+D

AS

QN

AS; QN

AS; AM; ON
AS; QN

QN

AS; QN

AS;, AM; ON
QN

AM; AS; ON
AS

AS;, AM; ON
AS

AS

AS

AS; QN

AS; AM; ON
QN

AM; AS; ON
QN

AS; QN+D
AS; QN

AS;, AM; ON
AS; QN
AM; QN
AM; ON

:AL+PQ; CQ+PQ
AS+tAQ+PQ

CQ+PQ (8w)
CQ+PQ (14 d)
CQ+PQ (14d & 8w)
CQ+PQ (14d)
CQ+PQ (14d)

:AL+PQ (144d)
CQ+PQ (14d)
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Table 2.2, continued

European

Azerbaijan

Kyrgyzstan

Tajikistan

Turkey

Uzbekistan

Region of the Americas
Argentina

Belize

Bolivia (Plurinational State of)
Brazil

Colombia

CostaRica

Dominican Republic
Ecuador

El Salvador

French Guiana, France
Guatemala

Guyana

Haiti

Honduras

Mexico

Nicaragua

Panama

Paraguay

Peru

Suriname

Venezuela (Bolivarian Republic)
South-East Asia
Bangladesh

AS+SP

AL+PQ
CQ+PQ (1d)
AS+MQ+PQ
AL+PQ (1d); AS+MQ+PQ (1d)
AL

CQ+PQ (1d)
CQ+PQ (1d)
AL+PQ
CQ+PQ (1d)
AL

CQ+PQ (3d)
AL+PQ (1d)
CQ+PQ (1d)
CQ+PQ (1d)
CQ+PQ
CQ+PQ (1d)
AL+PQ (1d)
AL+PQ
AS+tMQ
AL+PQ
ASHMQ+PQ

AL

AS; ON

AL

:AL; ON
QN

AM+CL; AS+CL; QN+CL

AS+AL

QN

CQ; QN
QN

QN

AS; AL

QN

AM

QN

QN

AL

QN

QN

AS

AS, MQ
AS

AM; QN

AM; QN

CQ+PQ (14d)

CQ+PQ
CQ+PQ (14d)
CQ+PQ (7d)
CQ+PQ (7d)
CQ+PQ (14d)
CQ+PQ(7d); CQ+PQ (14d)
CQ+PQ (14d)
CQ+PQ (14d)
CQ+PQ (14d)
CQ+PQ
CQ+PQ (14d)
CQ+PQ (14d)
CQ+PQ (14d)
CQ+PQ (14d)
CQ+PQ
CQ+PQ (7d)
CQ+PQ(7d); CQ+PQ (14d)
CQ+PQ
CQ+PQ
CQ+PQ (14d)
CQ+PQ (14d)

CQ+PQ (14d)
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Table 2.2, continued

Bhutan AL AM; ON CQ+PQ (14d)
Democratic People’s Republic of Korea - - CQ+PQ (14d)
India AS+SP+PQ AM; AS; ON CQ+PQ (14d)
Indonesia AS+AQ; DHA-PP+PQ AM; AS; ON AS+AQ); DHA-PP+PQ(14d)
Myanmar AL; AM; AS+tMQ; DHA-PPQ; PQ AM; AS; ON CQ+PQ (14d)
Nepal AL+PQ AS; ON CQ+PQ (14d)
Sri Lanka AL+PQ AS CQ+PQ (14d)
Thailand AS+tMQ QON+D CQ+PQ (14d)
Timor-Leste AL AM; AS; ON CQ+PQ (14d)
Western Pacific

Cambodia AS+MQ; DHA-PPQ+PQ AM; AS; ON DHA-PPQ
China ART+NQ; ART-PPQ; AS+tAQ; DHA-PPQ AM; AS; PYR CQ+PQ(8d)
Lao People’s Democratic Republic AL AS+AL CQ+PQ (14d)
Malaysia AS+MQ ON+T CQ+PQ (14d)
Papua New Guinea AL AM; AS AL+PQ
Philippines AL+PQ QN+T; ON+D; QN+CL CQ+PQ (14d)
Republic of Korea - - CQ+PQ (144d)
Solomon Islands AL AL; AS AL+PQ(14d)
Vanuatu AL AS AL+PQ(14d)
Viet Nam DHA-PPQ AS; ON CQ+PQ (14d)
AL = Artemether-lumefantrine CQ = Chloroquine PQ = Primaquine

AM = Artemether D = Doxycycline PYR = Pyronaridine

AQ = Amodiaguine DHA = Dihydroartemisinin ON = Quinine

ART = Artemisinin MQ = Mefloguine SP = Sulfadoxine-pyrimethamine

AS = Artesunate NQ = Naphroquine T = Tetracycline

AT = Atovaquone PG = Proguanil D = day

CL = Clindamycin PPQ = Piperaguine W% =  week

* |n May 2013 South Sudan was reassigned to the WHO African Region.



2.1.8 Epidemiology of Malaria

The transmission of malaria is confined to geographical areas where the Anopheles
mosquito can flourish, and this depends greatly on the presence of afavourable climate,
especially with respect to temperature and humidity, in tropical and sub-tropical
regions. Malaria can be ether endemic or epidemic. Endemic transmission is
characterized by firm transmission over a long period of time while epidemic
transmission occurs when a sharp increase in the frequency of malaria transmission that
exceeds the normal inter-seasonal variation is reported (Kiszewski & Teklehaimanot,
2004). Moreover, transmission can be stable and continuous, i.e., it remains constant
over many years with or without seasonal variability, or it can be unstable with notable

fluctuations (Kiszewski & Teklehaimanot, 2004).

2.1.8.1 Classification of malaria endemicity

Malaria endemicity wasfirst classified during a malaria conference in Kampalain 1950;
and was based on spleen rate (degree of splenomegaly). The definition was later revised
to take into account the parasite rate (Metselaar & Van Thiel, 1959). Both methods are
applied to a specific age group, usualy children aged 2-9 years old to classify
malarious regions into four categories. An area is defined as hypoendemic if < 10% of
children have splenomegaly or if the malaria parasite is found in < 10% of children of
the same age group. A mesoendemic area such as Mali is characterized by 11-50% of
children having splenomegaly. A hyperendemic area such as Liberia and Ugandais an
area in which the spleen rate (splenomegaly) or parasite rate (presence of malaria
parasite) is found constantly in more than 50% of the children. Lastly, a holoendemic
area such as Nigeria, Senegal and Burkina Faso is an area with a constant more than
75% spleen rate or parasite rate in a specific age group, or more than 75% of parasite

rate in infants aged 5-11 months (Kiszewski & Teklehaimanot, 2004; RBM, 2002).
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2.1.8.2 Risk factorsof malaria
The risk factors for malaria transmission have been extensively studied. These factors
are either biological and are mainly related to humans, vectors or parasites, or they are
external factors that are related to the environment. The human-related factors include
age, housing conditions, occupation, human behavioura factors and malaria awvareness
among the general population. Generally, clinical malaria is more prevalent in children
under 5 years of age than in adults; lack of immunity makes children in this age group
more predisposed to the infection (Lusingu et al., 2004; Reyburn et a., 2005, Owusu-
Agyei et a., 2002). Moreover, pregnant women are more likely to contract the disease
than other adults, and interestingly, are more attractive to the An. arabiensis and An.
gambiae mosquito vectors (Himeidan et a., 2004; Ansell et al., 2002). The reason for
the increased chance of a predisposition to malaria during pregnancy is the increase in
body heat and the amount of volatile substances released from the skin of pregnant
women which attract mosquitoes (Lindsay et al., 2000) and the ateration in the immune
response (Okoko et a., 2003). The type of housing is aso an important risk factor;
houses made of bamboo in Southeast Asia and houses made of mud brick in Yemen
were found to be significantly associated with an increase in the incidence of malaria
(Arasu, 1992; Butraporn et al., 1986; Oemijati, 1992; Bamagaet a., 2014). Moreover, if
a house is located near water collections, such as a pond, river, stream or water dams,
this significantly increases the size of the Anopheles mosquito population as these water
bodies provide optima mosquito breeding sites, which consequently increases the
incidence of malaria (Trape et a., 1992; Ghebreyesus et al., 1999).

A person’s occupation is another key risk factor; gem-mining, ore-digging,
logging, agricultural and harvesting activities in Southeast Asia and fishing and farming
in Yemen were found to increase the likelihood of acquiring malaria due to prolonged

presence in aforest, farm or near water collections whereby workers are consequently

33



more exposed to vector bites (Sornmani et a., 1983; Butraporn et a., 1986;
Luxemburger et al., 1997; Meek, 1988; Verdrager, 1995; Bamaga et al., 2014).

On the other hand, increasing knowledge of malaria aetiology, mode of
transmission and methods of malaria prevention was found to be of high importance in
reducing malaria burden. Some protective measures were found to play a very important
role in reducing malaria infection as they decreased human-vector contact. These
measures include the use of a mosqguito bed-net while sleeping and the use of mosquito
repellents or insecticides in addition to the screening of house doors and windows. In
addition, use of prophylactic drugs by travellers during their time in high maaria-
endemic areas was also found to be very useful (Arasu, 1992; Fungladda et a., 1987;
WHO, 2015b). In the same context, delay in the prompt treatment of a malariainfection,
mainly the falciparum strain, was reported to be arisk factor that predisposes patients to
complicated or severe malaria. Notably, this delay is either due to difficulty in accessing
healthcare facilities or to the tendency of the population to treat themselves traditionally
(Arasu, 1992; Fungladda & Sornmani, 1986; Oemijati, 1992).

Population movement, especially to areas with less malaria endemicity, was
shown to be related to an increase in the prevalence of malaria (Singhanetra-Renard,
1986; 1993). Population displacement due to war or natural disasters also affects
prevalence; the movement of one million refugees of the Nagorno-Karabakh civil war in
Southeastern Azerbaijan resulted in a malaria outbreak that produced around 3,000
autochthonous cases in 1996, and almost 30,000 cases were detected in Tgjikistan the
following year (Sabatinelli et a., 2000). Moreover, amalaria epidemic of around 62,000
cases was reported in central Europe after the breakup of the Soviet Union (Sabatinelli
et a., 2000). On the other hand, travelling from malaria-free or non-endemic areas to

visit friends or for business can also result in severe and fatal malaria; reports from the
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UK have revealed that around 2,000 imported cases result in 5 to 16 deaths annually
(Swaleset a., 2007; Pinsent et a., 2014).

The characteristic features of the Anopheles mosquito differ from one vector to
another. Malaria vectors in Asia have been described as zoophilic, i.e., the mosquitoes
prefer to feed on animal blood. The presence of animal barriers such as cattle, sheep,
goats or buffalo was found useful in decreasing human exposure to mosguito bites
through mechanical competition (Bruce-Chwatt & Gockel, 1960; Yamamoto et al.,
2009; Do Manh et a., 2010). In contrast, presence of pigs was found to be significantly
associated with an increase in the mosguito population (Passon et al., 2004). In
contrast, in Yemen, the vectors are predominantly anthropophilic (Al-Eryani et al.,
2016). Another difference between vectors is the preference of the mosguito to rest
indoors or outdoors. Vectors in Yemen are described as having a strong endophilic
tendency (i.e. they prefer to rest indoors), a trait that resembles the African Anopheles
mosquito vector which is of great interest in using indoor residual spraying (IRS) in

malaria control (Al-Eryani et a., 2016).

External environmental factors also play a major role in the parasite’s life cycle
inside the vector as well as the aquatic stage of its life cycle (Craig et a., 1999). The
developmental process (sporogony) is highly dependent on the ambient temperature.
The time needed from infection of mosguito by gametocytes to the release of
sporozoites is 9-11 days at 28°C, but a temperature below 16°C stops this devel opment
(Macdonald 1957, Bradley et a., 1987). Also, the vector feeding interval (gonotrophic
cycle) is shorter under a high temperature as a high temperature increases the blood
meal digestion rate which consequently results in more frequent vector bites. In
addition, rainfall was found to be the main cause of fluctuation in malaria transmission

in an area from the west coast of Africato Sudan (Kiszewski & Teklehaimanot, 2004).
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Similarly, amalaria outbreak in Colombia, which produced 3,822 malaria casesin 1999,

occurred after 2 months of torrential rainfall (Gonzal ez, 2000).

219 Prevention and Control

Many measures have been implemented to fight malaria at both the global and national
levels, targeting both infected people and mosquitoes. Although the cornerstone of a
malaria control programme is the early detection and prompt treatment of malaria cases,
other protective parameters have been shown to be of great importance. These include
indoor insecticide residual spraying, use of mosquito insecticide treated bed nets,

chemoprophylaxis and preventive treatment during pregnancy.

2.1.9.1 Indoor residual spraying (IRS)

The Anopheles mosquito genus consists of various species that exhibit particular
behaviours as regards their biting, resting and transmission activities. Indoor malaria
vectors tend to bite people and rest inside human dwellings, especialy those that are
traditionally made of mud bricks or bamboo. Indoor residua spraying (IRS) was
designed to target indoor mosquitoes by spraying insecticide onto the inner walls of
dwellings. This intervention aims to reduce the lifespan of female mosquitoes as this
stops them surviving long enough to transmit malaria parasites and to reduce human—
vector contact. Some insecticides have been found to be effective against Anopheles
mosquitoes, with DDT, lambda-cyhalothrin, deltamethrin, permethrin and bendiocarb
being the most suitable and highly recommended insecticides by the WHO (WHO,
2010a). Protection coverage with IRS has increased throughout the years.
Approximately 75 million people were probably protected by IRS in sub-Saharan Africa
in 2009 compared to 13 million in 2005 (WHO, 2010a). In 2014, aimost 116 million

people were globally protected by IRS, of whom 50 million were in Africa (WHO,
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2015a). However, it is aso important to mention that Anopheles vector mosquitoes have

devel oped resistance to some of the insecticides used in IRS.

2.1.9.2 Insecticide-treated bed nets (ITNS)

Mosquito bed nets help to protect people from mosquito bites, and this consequently
decreases the malaria transmission rate. The mechanical function of mosquito bed nets
has been improved to include chemical action by treating the nets with insecticide that
selectively kills the mosquitoes. Pyrethroids constitute the only class of insecticides
used in long-lasting insecticide-treated bed nets (ITNs). Although mosquitoes have
developed resistance to the insecticides used in IRS, there has been no reported failure
in the use of long-lasting insecticide-treated bed nets (LLITNS). In sub-Saharan Africa,
use of ITNs has resulted in a reduction in the incidence of malaria and a decrease in
malaria mortality by more than 50% (WHO, 2015a). The use of ITNs in sub-Saharan
Africa, defined as the dleeping of an individual under a mosquito net, has increased
gradually to 46% in 2014 and 55% in 2015 (68% for children < 5 years) as against only
2% in 2000 (WHO, 2015a). Although the use of ITNs has increased over the last 15

yearsin Africa, thetarget isto achieve universal 100% coverage.

2.1.9.3 Intermittent preventive treatment (1PT)

As pregnant women and children are more likely to get maaria, it is important to
prevent them from being infected in the first place. One way to do this is through
intermittent preventive treatment (IPT), which is basically achieved by giving
antimalarials during periods of high risk. Intermittent preventive treatment in pregnancy
(IPTp) involves the treatment of pregnant women with SP during the second and third
trimesters of pregnancy and is usually administered during antenatal clinic visits. It was
found that IPTp decreases the incidence of maternal anaemia, low birth weight and

perinatal mortality (WHO, 2015a). On the other hand, the IPT measure has aso been
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applied to infants (IPTi), which involves administration of SP at 2, 3 and 9 months of
age during visits to the childhood care and vaccination centres. The overall aim of the
various forms of IPT is to maintain an adequate therapeutic level during the period of

greatest risk as in seasonal malaria.

2.1.9.4 Malariavaccine
The reduction in the global malaria burden is due to the increasing usage of the above-
mentioned measures, especially the increase in the distribution coverage of mosquito
insecticide treated bed nets, IRS-based vector control and the introduction of artemisinin
derivatives in combination treatments. However, there is a pressing need for an
efficacious malaria vaccine to complement the malaria eimination tools. The
development of effective malaria vaccines has received a great dea of interest and made
major progress in the last 15 years. As malaria parasite infects man, human immune
system is stimulated which then induces immunity against specific stages of maaria
parasite. In addition, most of the malaria antigens are not expressed in every parasitic
stage. Thus, the immunity produced for a distinct parasite stage antigen does not protect
against clinical malaria. Therefore, the ideal malaria vaccine has to be able to produce
an immune response against all the different malaria antigens of the different malaria
parasite stages, which is a magjor chalenge (Taylor-Robinson, 2000). A few vaccines
have been designed which grouped into the following four principal categories:

a. Pre-erythrocytic stages vaccines (PEVS) aim either to €licit the neutralizing
antibodies to prevent sporozoites invading the liver or to induce cell-mediated
immunity to prevent the invading sporozoites from growing and maturing inside liver
cells (Girard et al., 2007). A commonly known PEV is RTS,S, which is based on the

circumsporozoite protein (CSP).

b. Blood stage vaccines (BSVs) target the asexual-blood stages of the parasite and

aims to prevent severe malaria disease but not the actual malariainfection; it aims at
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decreasing parasitaemia and consequently malaria morbidity and mortality (The
maERA, 2011). The leading candidate vaccines in this group are those based on
merozoite surface proteins (MSPs), especialy mspl and msp2. Protection due to
mspl immunization was first reported in 1981 in immunized rodents. The antibodies
against mspl were found to block the invasion of malaria parasites into the RBCs of
rodents. The protection works against reinvasion by erythrocytes through an
antibody-based blocking mechanism (Holder et al., 1999; Holder, 2009; Ling et al.,
1994; Woehlbier et a., 2006). Vaccines based on apical membrane antigenl (amal)
and glutamate-rich protein (glurp) were also studied under this prevention pathway
(Hermsen et a., 2007; Kocken et al., 2002). However, most of the parasite antigens
belonging to this group show a high degree of genetic variation and polymorphism,
which increases the challenges in developing effective malaria vaccines of this type

(Girard, et al., 2007).

c. Transmission blocking vaccines (TBVS) were designed to work against the
development of sporozoites in the Anopheles mosquito (Richard, 2001). The most
commonly used vaccines in this group are those based on the ookinete of P.
falciparum surface antigens Pfs25 and Pfs28 that were designed and developed by

National Institutes of Health (NIH) (Girard, et a., 2007).

d. Antitoxic vaccines (ATVS) protect against malaria toxins and importantly, prevent
the inflammatory reactions that can lead to complicated or severe malaria (Girard, et
al., 2007; Good et a., 2005; Schofield et al., 2002).

A pre-erythrocytic vaccine, RTS, S, was designed through a recombination of CSP from

the NF54 strain of P. falciparum clone 3D7 with awild-type Hepatitis B surface antigen

(HBsAg) (Olotu et a., 2011). Subsequently, the immunogenicity of the vaccine was

improved by using AS01 adjuvant and the candidate vaccine was therefore named RTS,

S/ASO1 (Casares et al., 2010; Rutgers et a., 1988). An RTS,S/ASOL vaccination
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requires the administration of three doses at 0, 1, and 2 months and a booster dose in
month 20. The results of phase 3 trials at 11 sites in seven sub-Saharan African
countries showed areduction of clinical malaria by 36-3% and severe maaria by 32-2%
in children. However, the reduction in the infant's group was lower at 25-9% and 17-3%
for clinical malaria and severe malaria, respectively (RTS,S Clinica Trials Partnership,

2015; Aaby et a., 2015).

2.2 MALARIA SITUATION

2.2.1 Global situation
Malariais a disease that occurs mainly in the poorest and most vulnerable countries of
Africa, Asia and South America. In 2015, 97 countries were experiencing ongoing
mal aria transmission, with Africa being the area shouldering the greatest malaria burden
especially among children below 5 years of age and pregnant women (WHO, 2015a).

The WHO has classified malarious countries and malaria-prone areas into six
regions based on their geographical location. These are the African, Eastern
Mediterranean, European, Southeast Asian, South American and Western Pacific
regions. Africa, the continent which is greatly hit by malaria and which has the highest
malaria morbidity and mortality, is further divided into three sub-regions. central
Africa, west Africa, and east Africa and areas of high malaria transmission in southern
Africa (WHO, 2015a). Of the 107 countries that experienced ongoing malaria
transmission in 2000, 57 countries had reduced their malaria cases by more than 75% by
2015 and a further 18 countries had reduced their malaria burden to 50-75%, while
some other countries reported zero indigenous cases for the first time in 2015.

Globally, around 3.2 billion people are at risk of being infected with malaria and
1.2 billion of these are at high risk (i.e. they have > 1 in 1,000 chance of getting

malaria). Based on the latest report by WHO, there were around 214 million cases in
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2015 compared to 262 million cases in 2000, which represents a decline of 18%. The
WHO African region accounted for 88% of the total reported malaria cases followed by
the WHO Southeast Asian (10%) and Eastern M editerranean (2%) regions.

Deaths due to malaria have aso falen globaly to 438,000 deaths in 2015
compared to 839,000 in 2000, which equates to a decline of 48%. The majority of
deaths (90%) occurred mainly in the WHO African region followed by the WHO
Southeast Asian (7%) and Eastern Mediterranean (2%) regions. Deaths among children
under 5 years of age also fell from 723,000 in 2000 to only 306,000 cases in 2015. The
decline in the number of deaths in 2015 was due to the reduction in the number of
deaths in Africa, which fell from 694,000 to 292,000. Thus, malaria became the fourth
biggest killer disease of children in sub-Saharan Africa responsible for only 10% of
total deaths after neonatal infections (37%), pneumonia (19%) and diarrhoea (18%).
Nevertheless, a child’s life has been taken by malaria every 2 minutes in sub-Saharan
Africa (WHO, 20153).

However, countries in Africa have made remarkable progress in implementing
effective prevention and treatment tools since 2000, which have reduced the mortality
rate by 66% among al ages, and by 71% among children below 5 years of age. These
impressive gains were made through preventing people from being exposed to malaria
vectors, more than half of the population in sub-Saharan Africa is now covered by
ITNs. Other tools included the wide expansion in malaria diagnosis testing mainly
through RDTSs, and the high accessibility to timely and effective antimalarials (WHO,
2015a). In the last 15 years (2001-2015), prevention and treatment measures have
resulted in 1.2 billion fewer malaria cases and 6.2 million fewer deaths compared to
2000. Similarly, interventions in sub-Saharan African countries resulted in decreasing
the malaria burden by 70% from 2001 compared to 2015, which is equivaent to

preventing 663 million people from acquiring the infection. This reduction is estimated
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to be due to the massive distribution of ITNs (69%), adoption of ACT (21%) and IRS
activity (10%).

Among the countries with ongoing malaria transmission in 2015, 33 countries
have achieved the target of having less than 1,000 confirmed malaria cases compared to
only 13 countries in 2000. Moreover, three countries (Algeria, El Salvador and
Mayotte) have reported fewer than 10 indigenous malaria cases. For the first time,
countries in the WHO European region reported zero indigenous malaria cases, thereby
achieving the target of declaring the elimination of malaria from the region by 2015. A
total of 16 countries from different WHO regions (Argentina, Armenia, Azerbaijan,
Costa Rica, lIrag, Georgia, Kyrgyzstan, Morocco, Oman, Paraguay, Sri Lanka,
Tajikistan, Turkey, Turkmenistan, the United Arab Emirates and Uzbekistan) have
succeeded in maintaining their status of being free of indigenous malaria (WHO,
2015a). However, the number of reported malaria cases is still only faling slowly in
some other countries in Africa. A total of 15 countries still accounted for 80% and 78%
of reported malaria cases and deaths, respectively in 2015. Globally, deaths due to
malaria were particularly high in sub-Saharan Africa, especially in Nigeria and
Democratic Republic of the Congo, representing more than 35% of deaths in 2015.
Thus, the challenge facing those involved in the global fight against maaria is to
permanently reduce the number of malaria cases and deaths in the most vulnerable
countries.

The WHO has come up with a new global technical strategy for the period
2016-2030 to move toward a malaria-free world in conjunction with the Roll Back
Malaria (RBM) partnership. The strategy was adopted in May 2015 the aim of which is
to continue to reduce the global malaria burden and death by malaria through three
consecutive steps. The first is to achieve universal accessibility to malaria prevention,

diagnosis and treatment, the second is to accelerate the efforts to eliminate malaria and
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attain a malaria-free environment and the third is to switch from a malaria surveillance
to acore intervention approach. It is expected that the first objective will result in a 40%
reduction of malaria morbidity and mortality by 2020, while the second and third
objectives aim to achieve a reduction of 75% and 90% by 2025 and 2030, respectively
(WHO, 2015¢).

Although the number of worldwide clinical malaria episodes is huge, the rates of
malaria morbidity and mortality were expected to be higher than those estimated by
WHO based on national records. A study that re-analysed the epidemiological,
geographical and demographical data from different malaria areas with different
transmission intensities has revealed a double increase in clinical falciparum malaria
cases, suggesting an underestimation in the clinical incidence of maaria in WHO
records (Snow et a., 2005). The study model suggested that there were 515 million
cases in 2002 and that 70% of those cases occurred in Africa and 25% in Southeast
Asian countries, whereas WHO estimated 273 million cases and mostly (90%) in Africa

(Snow et a., 2005).

2.2.2 Regional situation: WHO Eastern Mediterranean Region

The WHO Eastern Mediterranean region includes eight countries in which malaria
transmission is still ongoing. Among the whole population of these eight countries,
almost 279 million lives are at risk of being infected with malaria, 111 million of whom
live at high risk. The malaria transmission in the region differs as six of the eight
countries (Afghanistan, Djibouti, Pakistan, Somalia, Sudan and Yemen) are countries
with areas of high malaria transmission and they are consequently in a control phase in
WHQO’s global malaria programme. Saudi Arabia and Iran are in the elimination phase
and the malaria transmission in these two countries is limited; only 376 and 51 locally

acquired cases were reported in 2014 in Iran and Saudi Arabia, respectively. Maariais
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mostly due to P. falciparum in Djibouti, Saudi Arabia, Somalia, Sudan and Yemen,
whileit is predominantly dueto P. vivax in Afghanistan, Iran and Pakistan.

In contrast, six other countries have achieved remarkable success in eliminating
malaria, and they are now either in the phase of preventing reintroducing of malaria,
(Egypt, since 1998; Oman, since 2004; Syria, since 2005 and Irag, since 2011) or are
certified as malaria-free (United Arab Emirates in 2007 and Morocco in 2010). A few
cases have been reported from time to time: 22 cases were reported localy in avillage
20 km from Aswan in Egypt in 2014, a few outbreaks of malaria importation have
occurred in Oman reporting 984 imported cases since 2007 and 15 introduced cases in
2014, while Syriareported 21 P. falciparum imported cases in 2014.

According to WHO’s 2015 assessment, seven countries of the Eastern
Mediterranean region (Afghanistan, Irag, Iran, Morocco, Oman, Saudi Arabia and
Syria) succeeded in achieving a 75% reduction in malaria from 2000 to 2014. Actually,
it is difficult to estimate the real number of malaria cases in politically troubled
countries where there is instability, which currently refers mainly Irag, Syriaand Y emen
that are experiencing a civil war, population displacement and the destruction of
healthcare infrastructure, which very possibly exacerbates the malaria situation.

The confirmed malaria cases in the Eastern Mediterranean countries decreased
from two million in 2000 to 1.5 million in 2014, and 91% of the total number of cases
occurred in 2014 in just two countries which are Sudan (72%) and Pakistan (19%). The
number of deaths due to malaria has also fallen from 2166 cases in 2000 to 960 casesin
2014. Similarly, the majority of deaths were reported in Sudan (86%) and Pakistan
(6%).

The interventional measures against malariain the Eastern Mediterranean region
were basically based on the distribution of ITNs, the use of IRS and the provision of

antimalarials mainly in the form of ACTs. In a period of 3 years (2012-2014), the total



population of malaria endemic areas in Afghanistan was covered by ITNs, while in the
same period Y emen and Sudan were sufficiently covered by ITNs at 82% and 54% of
the population, respectively. However, Iran and Saudi Arabia confined the distribution
of mosquito bed nets to malaria foci only. National reports on the availability of
antimalarials noted that Iran and Saudi Arabia have sufficiently delivered ACTs and
other required antimalarials at the district level, while data from Afghanistan, Djibouti,
Pakistan, Somalia, Sudan and Y emen is still incomplete (WHO, 2015a).

From the treatment point of view, al the countries of the WHO Eastern
Mediterranean region have adopted and implemented ACTs as a first-line treatment.
Seven countries (Afghanistan, Iran, Pakistan, Saudi Arabia, Somalia, Sudan and
Yemen) have adopted AS+SP while Djibouti alone has adopted AL. The therapeutic
clinical trias in the region have assured the international community and the national
programmes of the high efficacy of AS+SP and AL except in Somalia and Sudan where
a high rate of treatment failure was reported for the AS+SP combination; Somalia
reported an alarming rate of AS+SP therapeutic failure (22.2%) in 2011, while Sudan
reported an increasing rate of resistance to AS+SP from 5.3% in 2005 to 9.4% in 2011.
In both Somalia and Sudan, the AS+SP therapeutic failure was found to be associated
with quadruple and quintuple mutations in the pfdhfr and pfdhps genes, indicating a
resistance of the P. falciparum isolates to the partner SP drug. Mutations in the pfdhfr

and pfdhps are still rare in Afghanistan and Pakistan.

2.2.3 Malariain Yemen

Y emen islocated in the Middle East on the southern tip of the Arabian Peninsula, and is
bordered to the west by the Red Sea and the Bab-el-Mandeb Strait which links the Red
Sea to the Indian Ocean (via the Gulf of Aden), and which is one of the most active and
strategic shipping lanes in the world. Yemen is bordered to the north by Saudi Arabia

and to the northeast by Oman. Y emen aso has maritime borders with Djibouti, Eritrea,
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and Somalia. The population is 26 million and live in an area of 555,000 sq km
including the islands of Perim at the southern end of the Red Sea and Socotra at the
entrance to the Gulf of Aden (MOHP, 2014) (Figure 2.2).

The climate varies according to elevation and topography but generally has two
main seasons, summer and winter. The highlands enjoy the very rainy weather in
summer (temperature of 21-25°C) receiving 520-760 mm rainfall every year, while in
winter it is cold and moderately dry and the temperature drops below 0°C. The climate
is hot in the coastal areas where temperatures range from 37-40°C and humidity isin
the region of 70-80%. The rain is irregular (130 mm) and often arrives in moderate to
heavy torrents. The western mountainous hinterlands in the governorates of 1bb (in the
centre) and Taiz (to the west) enjoy a mild rainy weather throughout the year with an
average of 1000-1500 mm rainfall per year. In contrast, the eastern part of the country,
notably Wadi Hadramout, is arid dessert and hot with a humidity ranging from 35% in
summer to 65% in winter.

Yemen, is the country in the Arabian Peninsula that is most affected and the
only country, along with Sudan, that has high malaria endemicity that threatens the
control programmes of neighbouring countries, and especially Saudi Arabia (Al-
Zanbagi, 2014). Malaria continues to be a major health problem in Yemen with almost
60% of the population at risk of contracting the infection. Around 25% of the
population reside in areas with high malaria transmission, 53% live in areas with low
malaria transmission and 22% live in maaria-free areas (WHO, 2015a). Pregnant
women as well as children under 5 years of age are the most affected groups, but all age
groups are at great risk in epidemic-prone areas (WHO, 2015a). Plasmodium fal ciparum
is the most dominant species and is responsible for 99% of malaria cases annually, with
An. arabiensis, An. sargentii, An. culicifacies and An. azaniae being the major mosquito

vectors (WHO, 2015a; Al-Eryani, 2016). The peak period for malaria transmission in
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the coastal areas including the islands is in winter (October to April), while the peak in
mountainous areas occurs in summer (May to September), most commonly after

rainfall.

2.24 Malariacontrol in Yemen, a story of success

Yemen, despite being the country with high malaria morbidity and mortality, has
achieved noteworthy countrywide success in reducing the malaria burden; malaria cases
have been reduced sevenfold since the late 1990s from nearly 1.4 million suspected
malaria cases in 1997 to 900,000 cases by 2000 and remarkably to amost 200,000 cases
in 2010 and 150,000 in 2013 (WHO, 2011a; WHO, 2013).

Another remarkable success story is that of Socotra Island, the main tourist
island with 90,000 inhabitants living in an area of 3,600 sq. km. The government
decided in 2002 to eliminate malaria from Socotra Island, and did so in just 3 years. The
main elements of the Socotra elimination campaign were based principaly on the
reduction of human contact with the vectors through the use of IRS, LLITNs, and a
larviciding biological control parameter through using larvivorous fish. Moreover,
emphasis was also placed on early and correct diagnosis followed by prompt and correct
treatment. All vector control staff, medical doctors and laboratory technicians and
health workers were included, well trained and intensively supervised. Surveillance was
strengthened to monitor the incidence of malaria, climatic changes, the occurrence of
any outbreak, and the vector density and bionomics. Community participation, health
education and intersectoral collaboration were promoted through strong political
commitment, technical support was provided by WHO and the Government of Oman, a
neighbouring country that successfully eliminated malaria in the 1990s (WHO, 20114).
As aresult of all these efforts, Socotra Island reported its last four indigenous locally

acquired malaria cases in 2005.
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Figure 2.2: Geographic location of Republic of Y emen (Source: Maphill Map website).
http://www.maphill.com/yemen/l ocation-maps/shaded-relief-map/
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23 ANTIMALARIAL DRUGS

Malaria chemotherapy is the most important cornerstone of malaria control efforts. An
antimalarial drug can be described as effective only if it has the ability to eliminate
malaria parasites and reduce malaria morbidity and mortality as well as to reduce the
risk of the emergence of resistance in the parasites to the antimalarials.

Despite the remarkable developments in the global pharmaceuticals industry, the
discovery of new antimaarias is till limited. Among the 1,393 entities registered
between 1975 and 1996, only four were antimalarias. artemether, atovaquone,
halofantrine and mefloquine (TDR, 2003). Therefore, the need to rationaize the

antimalarial treatment policiesis strongly recommended.

2.3.1. Typesof antimalarial drugs

There are different antimalarial drugs available for malaria treatment, which are

classified according to their antimalaria activity and/or chemical structure:

i. Classification according to antimalarial activity
Malaria parasites have a series of developmental stages in the human host which are
morphologically and phenotypically different from each other. Antimalaria drugs have
a selective action against different parasite stages:
Tissue schizonticidal drug acts on the primary tissue form of the plasmodia. The
tissue schizont grows within the liver, and its ruptures initiate the erythrocytic stage.
Using this type of drug in prophylaxis was found to stop further development of the
parasitesin vivo. The schizonticidal drug acts on the latent stage of the parasite in the
liver (hypnozoites) found in P. vivax and P. ovale infections to prevent relapse.
Primaquine is the most effective tissue schizonticide.
Blood schizonticidal drugs act on the blood forms of malaria parasites and thereby

terminate clinical attacks of the disease. This group of drugs includes CQ, quinine,
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mefloguine, halofantrine, pyrimethamine, sulfadoxine, sulphones, tetracycline etc.
and are considered the most important drugs in malaria chemotherapy.

Gametocida drugs are used to destroy the sexual forms of the parasite in the blood
and thereby prevent transmission of the infection to the mosquito. Chloroquine and
quinine have gametocidal activity against only P. vivax and P. malariae, while
primaguine has gametocidal activity against all plasmodiaincluding P. falciparum.
Sporontocidal drugs prevent the further development of young oocysts in the
mosquito and thus stop the transmission. Examples of these drugs are primaquine

and chloroguanide.

. Classification according to chemical structure

Arylaminoal cohols are a group comprising quinolones such as quinine and quinidine
(extracts from the bark of the cinchona tree), mefloquine, halofantrine and
lumefantrine.

4-aminoquinolines are represented by CQ and amodiaquine.

Folate synthesis inhibitors include type 1 antifolates such as sulphones and
sulphonamides that are a competitive inhibitor of dihydropteroate synthase enzyme
(DHPS), as well as type 2 antifolates such as the biguanides proguanil and
chlorproguanil, and aso diaminopyrimidine and pyrimethamine, that inhibit
dihydrofolate reductase enzyme (DHFR).

8-aminoquinolines include primagquine and tafenoquine (Etaquine, WR238,605).
Antimicrobials areantibiotics with antimalarial activity, such as tetracycline,
doxycycline, clindamycin, azithromycin and fluoroquinolones.

Peroxides consist of artemisinin (Qinghaosu) derivatives from the Chinese medicina
plant, Artemisia annua, and its semisynthetic anal ogues such as artemether, arteether,

artesunate and artelinic acid.
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Naphthoquinones are represented by Atovaguone (BW566C80).
Iron chelating agents include desferrioxamine B.
The following sub-sections describe the antimalarials that are most closely
related to the present study, namely CQ, quinine, pyrimethamine-sulphonamide,
artemisinin, and primaguine. The chemical structures of these antimalarial drugs are

shown in Figure 2.3.

2.3.1.1 Chloroquine (CQ)

Chloroquine is a synthetic 4-aminoquinoline which was first made in 1934 and which
by 1940 had already become an indispensable antimalarial agent because, in addition to
its ease of use and low cost of commercial synthesis, it showed excellent clinical
therapeutic efficacy and limited drug toxicity. Chloroguine is an erythrocytic
schizonticidal drug, i.e., it is active against the erythrocytic stages of malaria parasites;
it has no effects on the pre-erythrocytic, hypnozoite-liver or sexua (gametocytes) stages
of the malaria parasite.

As malaria parasites grow, they obtain essentia amino acids through the
degradation of the haemoglobin within the host RBCs, which occurs inside the acidic
digestive vacuole (PH 5) resulting in the generation of toxic soluble molecules called
haem [ferriprotoporphyrin IX, FP Fe (I1)]. The parasites detoxify the haem to a non-
toxic byproduct called haemozoin through haem crystallization. Chloroguine inhibits FP
crystallization by forming a highly toxic CQ complex with the haem (FP Fe (I1) and/or
hydroxyl complex with haematin (ferriprotoporphyrin IX, Fe (Il1) FP)), which is
derived from the parasite’s proteolysis mechanism acting on the host cells’
haemoglobin. The CQ-haem complex becomes incorporated into the dimer chains and
terminate chain extension, thereby blocking the sequestration of the haem, which then

leads to disruption of the function of the digestive vacuole membrane. The effectiveness
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of CQ has been shown to be dependent on the amount of drug accumulated inside the
digestive vacuole. Chloroquine is a diprotic weak base, and in its unprotonated form it
diffuses easily through the membrane of the parasitized RBCs and accumulates inside
the vacuole. When CQ is inside the vacuole, it becomes protonated and membrane

impermeable, then trapped in a high concentration inside the digestive vacuole.

2.3.1.2 Quinine

Quinine is acinchona alkaloid and is the oldest antimalarial; it was first extracted from
the bark of the cinchonatree in Peru in the 1600s. Although the cinchona tree originated
in and is locally grown in the Andean region of the South America, plantations of this
tree were established by Dutch and British colonialists in their Southeast Asian colonies
quickly after they became aware of its antimalaria therapeutic potential. Due to World
War 1, cinchona tree plantation was lost in Japan, so scientists there looked for
synthetic alternatives based on the chemica structure of quinine. Quinine has been
found to be highly effective against malaria and has been used widely as a rescue drug
treatment for treating severe malaria infections. The mechanism of its action is similar
to that of CQ. However, quinine was found to increase insulin secretion from the
pancreas which can lead to hyperinsulinemia and severe hypoglycaemia. Thus, it is
important to give quinine to patients via an intravenous dextrose drip and to periodically
monitor their glucose level. Cinchonism is another side-effect commonly associated
with quinine treatment, which includes tinnitus, temporary deafness to high frequencies
aswell as headache, nausea and pal pitations.

Other antimalarials were later synthesized based on the chemical structure of
quinine and therefore classified as quinine-derivative drugs. These include 4-
aminoquinoline CQ, as well as amodiaguine which is a side-chain analogue of CQ that
has been found to play an important role in treating CQ-resistant falciparum malaria.

Another quinine derivative is mefloguine, which is a 4-quinoline-methanol drug that is
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widely used in ACT in many malarious areas in Southeast Asia. Primaquineis classified
as an 8-aminoquinoline derivative of quinine. Lastly, quinidine, a dextro-diastereomer
of quinine, has a similar antimalarial activity to quinine but it was found to act quite
severely on the myocardium. Moreover, its therapeutic plasma level is close to a toxic
level. Thus, it is not favoured; however, it has been used to treat malaria only in cases of

emergency.

2.3.1.3 Pyrimethamine-Sulphonamide

Sulfadoxine and pyrimethamine are antifolate antimalarials. Folate derivatives are
intracellular compounds that are very important for the production of deoxythymidylate
(dTMP) in DNA biosynthesis. The inhibition of folate is the main strategy of antifolate
antimalarials such as sulphadoxine and pyrimethamine. The antifolate mechanism was
first proved in the 1940s with the discovery of triazine proguanil, which is transformed
into the active compound cycloguanil that acts as an inhibitor of the dihydrofolate
reductase enzyme (DHFR) of P. falciparum. Pyrimethamine is a derivative of 2,4-
diaminopyrimidine, and its schizonticidal activity is based on a structural similarity to
cycloguanil. Pyrimethamine activity was found to become synergized in combination
with sulfadoxine.

Sulfadoxine, a schizonticidal drug, is the most commonly used antimalaria of
the sulfa group, inhibiting the P. falciparum dihydropteroate synthetase enzyme
(DHPS). Structuraly, sulfadoxine is an analogue of para-amino benzoic acid (PABA)
and it acts competitively to block the formation of dihydrofolate from PABA. A
combination of folate inhibitors, pyrimethamine plus sulphadoxine, was found to be
effective in the treatment of CQ-resistant falciparum malaria infections as well as in
malaria prophylaxis for travellers. However, the sulphonamide component of this
combination is potentially dangerous especially for patients with known

hypersensitivity to sulphonamides, and patients may develop systemic vasculitis,
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Stevens-Johnson syndrome, or toxic epidermal necrolysis mostly with intramuscular
administration. Both pyrimethamine and sulphadoxine can cross the placenta and are
excreted in mother’s milk. Moreover, sulphonamides can displace bilirubin from plasma
protein binding sites and cause kernicterus in the foetus and neonates. Thus, its

combination useis strongly contraindicated in pregnancy and lactation.

2.3.1.4 Artemisinin

Artemisinin or Qinghaosu is the active component of the Chinese medicina herb
Artemisia annua (sweet wormwood), which has been used in China for treating fever
for more than 1,000 years. The active principa was first isolated in Chinain 1972 and
caled ginghaosu (essence of ginghao), and then later named artemisinin. It is a
sesquiterpene lactone with a distinctive 1,2,4 triaxone ring structure. Although the
triaxone backbone is remarkably varied among the drug group, al artemisinin
derivatives retain the characteristic endoperoxide in their structure, which is responsible
for the microbial activity of artemisinin and its derivatives.

Artemisinin is a powerful schizonticidal antimalarial which can destroy young
trophozoites as well as other blood stages of malaria parasites. Beside its powerful
antimalarial activity, artemisinin has many other advantages which make the drug of
great interest. It has wide therapeutic coverage against different parasite stages of al
malaria species including CQ-resistant P. falciparum strains. It is safe for treating
pregnant women and children and has no reported toxicity. However, artemisinin is an
expensive drug compared to other antimalarials. In addition, dihydroartemisinin, the
active metabolite of the artemisinin derivative, acts quickly to eliminate parasites with a
short half-life (4-6 h). This rapid action of the drug may explain why resistance to
artemisinin is slow to develop. In the same vein, malaria recrudescence is found to be
more common in artemisinin monotherapy, thus it is strongly recommended that it is

administered in combination with along-lasting antimalarial partner. Nowadays, ACT is
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the cornerstone principal of treatment policies in most malaria-endemic countries
worldwide for treating uncomplicated fal ciparum malariainfection.

Artemisinins have a unique chemical structure unlike that of any of the
previously known antimalarials and thus it is suggested that it has a different
mechanism of action accordingly. The mechanism of action of artemisinin is not fully
elucidated yet, but it has been hypothesized that its antimalaria activity is related to the
unique endoperoxide moiety group (Brossi et al., 1988; Krungkrai & Krungkrai, 2016).
It is well known that peroxides are a good source of reactive oxygen such as hydroxyl
radicals and superoxide, thus the idea arose that free radicas may play a role in the
principa action of artemisinin. Although the role of free oxygen radicals in artemisinin
action has been confirmed by many studies (Krungkrai and Y uthavong, 1987; Levander
et al., 1989; Meshnick et a., 1989; Senok et a., 1997), the way in which the
endoperoxide bridge breaks to release free radicals remains somewhat unclear. It has
been reported that artemisinin interacts with intra-parasitic heme-iron which, it has been
suggested, activates the transformation of artemisinin into toxic-free radicals inside the
parasite (Meshnick et a., 1991; Meshnick et a., 1996; Rosenthal & Meshnick, 1996).
When formed, the artemisinin-derived free radicals appear to damage specific

intracellular targets, possibly via akylation.

2.3.1.5 Primaquine

Primaquine is a quinine-related compound. It is an 8-aminoquinoline derivative
specifically used for eliminating the late tissue stage (hypnozoites) of P. vivax and P.
ovale that cause malaria relapse. Moreover, primaquine has been used in radical malaria
treatment to eliminate the sexual gametocyte stage to block malaria transmission.
However, use of primaquine in patients with a deficiency of glucose-6-phosphate
dehydrogenase (G6PD) can result in clinical disorders including severe haemolytic

anaemia, neonatal jaundice, and several cardiovascular diseases (Shekaaghe et al.,
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2010). Yet, recently, asingle and low dose of 0.25 mg/kg of primaquine has been found
to be effective for malaria transmission blockage and unlikely to cause any clinical
haemolytic complications in individuals with G6PD-deficiency (White et a., 2012;

White, 2013; WHO, 2015b).
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24 ANTIMALARIAL DRUG RESISTANCE

Preventing and curing malaria infection depends predominantly on the selective
administration of antimalaria drugs whose efficacy is continually threatened and eroded
by the emergence of drug-resistant parasites especially P. falciparum. That there was
resistance to the ‘magic drug’, CQ, was first suggested in 1957, and this was later
confirmed in the 1960s on the Thai—Cambodian border (Eyles et a., 1963; Montgomery
& Eyles, 1963; Young et a., 1963).

Resistance to antimalarial was defined by WHO early in 1967 as “the ability of a
parasite 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 the
tolerance of the subject” (WHO, 2010b, p. 9). Actually, this definition of resistance did
not consider the metabolism of the drug inside the patient. Later, the definition was
modified as a result of gaining a better understanding of the pharmacokinetics of
sulphonamide and other antimalarials to include the following text: “The form of the
drug active against the parasite must be able to gain access to the parasite or the
infected erythrocyte for the duration of the time necessary for its normal action”
(WHO, 2010b, p. 9).

Drug-resistant malaria parasite can cause treatment failure, but not all treatment
failure is in fact due to drug-resistant parasites. Many factors can contribute to the low
or delayed susceptibility of parasites to antimalarials, such as inadequate drug dosage,
incomplete duration of treatment regimen, poor quality of the used drug, drug
antagonists, poor drug absorption, and rapid elimination of the given drug through
diarrhoea and vomiting (White, 1999; White & Pongtavornpinyo, 2003). Just one of
these factors may contribute to the development of antimalarial drug failure, but
increasing the exposure of the parasites to a sub-optimal dose of a drug was found to

play the maor role in the parasites acquiring drug resistance (White &
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Pongtavornpinyo, 2003). Interestingly, total cessation of CQ and the stopping of its
pressure has resulted in the re-emergence of CQ-sensitive strains of P. falciparum
(Kublin et al., 2003; Toshihiro Mitaet al., 2003).

Four foci have been hypothesized for CQ resistance. The first was in Southeast
Asia along the Cambodian-Thal border, which was discovered early in 1957 and is
considered the first report of CQ resistance (Harinasuta et al., 1965). The second was on
the Colombian-Venezuelan border in South Americain 1960 (Moore & Lanier, 1961).
The third focal point of CQ resistance was found in Papua New Guinea in 1976
(Grimmond et al., 1976). After that, a fourth spot appeared in Africa, in Kenya and
Tanzania, in 1978 (Campbell et al., 1979; Fogh et a., 1979), which then extended to
Madagascar 2-3 years later and thence to Sudan, Uganda, Zambia and Malawi late in
1980s (Ekvall et al., 1998; Fogh et al., 1984; Onori, 1984; Overbosch, 1984; Slatter et
al., 1983).

Resistance to sulfadoxine/pyrimethamine was first reported in 1967 within the
same year of its introduction (Peters, 1987, Wernsdorfer & Payne, 1991). Moreover,
resistance to mefloquine was reported late in 1982, 5 years after its first usage (Nosten
et al., 1991). On the other hand, resistance to atovaquone did not develop until 1996
(Looareesuwan et al., 1996). Finally and more recently, resistance to artemisinin was
reported in Cambodian-Thai border in 2009, when a study revealed the existence of
30% resistance to artesunate monotherapy and 5% to artesunate-mefloquine
combination therapy (Dondorp et al., 2009). In Africa and South America, a low
treatment faillure of less than 10% has been reported for AL and an

artesunate+amodiaguine (AS+AQ) combination (WHO, 2015b).
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24.1 Delaying resistanceto new antimalarials

Southeast Asia has long been a hotspot for the emergence of parasite resistance to
antimalarial drugs which forced malaria-prone countries in Southeast Asia to switch
their first-line treatment to ACTs (Wongsrichanala et al., 2002).

Both Thailand and Cambodia started to change their antimalarial treatment
policies in 1995 and 2000, respectively, to include an ACT of artesunate plus
mefloguine (AS+MQ). A few years later, a low susceptibility of P. falciparum isolates
to the combination was again reported in the hotspot area of multidrug resistance, the
Thai—Cambodian border (Dondorp et a., 2010). Resistance to ACTs has continued to
emerge, and many reports have come out from different malarious areas in Asia. The
efficacy of ACTs is «ill high in Africa and South America. Nowadays, WHO,
investigators, national and international policy-makers and donors are working together
in an effort to eradicate malaria globally and to ensure that antimalarial drugs, especialy
ACTs, are effectivein areas hardly hit by malaria. It iswell known that the use of adrug
alone cannot achieve this aim; other strategies are required to enhance the effective life
of antimalarial drugs and to prevent resistance from emerging. Such strategies include
vector control, continuous monitoring of antimalarial drug efficacy, vaccine
development and the selection of effective drugs for treating, preventing, and blocking
the transmission of malaria, in addition to the supervision of private sector health

fecilities
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2.4.2 Monitoring antimalarial drug resistance

Three methods are commonly used for monitoring antimalarial drug efficacy and to
evaluate drug resistance. These are the in vivo test, the in vitro test and the detection of
molecular markers. A method of measuring the drug concentration and anaysing the
drug pharmacokinetic in the patient’s blood is added as another tool of monitoring the

antimalarial drug resistance (WHO, 2010b).

24.2.1 Invivo test

The spread of resistance to CQ and other antimalarial drugs has made alot of scientists
and interested experts to adopt a standard method to evaluate the in vivo response of
malaria parasites to such drugs. WHO formulated the first protocol for the in vivo test in
1964 (WHO, 2010b). The protocol was then revised in 1996, 2001 and 2009 to be used
worldwide and to make it relevant to the changes in the resistant parasites and to the
nature and pharmacokinetic of drugs and in accordance with malaria control
programmes. This protocol can be achieved easily through administering the drug orally
and then examining the patient’s blood periodically to measure the parasitological and
clinica outcome during the period of the study which commonly ranges from 14 days
(short protocol) to 28 days (long protocol). For drugs with alonger half-life elimination
such as mefloquine and piperaquine, a longer follow-up time of at least 42 days has
been recommended for better evaluation (Stepniewska et al., 2004). One of the most
important disadvantages of the in vivo test protocol is the overestimation of treatment
failure as it is difficult to distinguish treatment failure from new infections which may

occur during the long period of the follow-up (WHO, 2009).
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2.42.2 Invitrotest

Basicaly, thein vitro test is based on the cultivation of P. falciparum parasites (in vitro)
in an artificial media with different known concentrations of the antimalarial drug. The
result can be interpreted based on the number of parasites that grow into schizonts,
which reflects the magnitude of the response of the parasite to the examined drug
(Rieckmann et a., 1978). Unlike the in vivo test, this test is quantitative. Moreover,
multiple tests can be performed and several drugs can be examined simultaneously
using a single isolate. On the downside, this type of test requires more-expensive
equipment and reagents, and in addition, personnel need to receive high level of training

(WHO, 2010b).

2.42.3 Molecular markers

As a result of developments in the field of genetics, molecular tools have been
introduced in many fields including the monitoring of antimalarial drug efficacy.
Monitoring is performed through the detection of single nucleotide polymorphisms
(SNPs) or point mutations in a specific gene that either modify the drug target enzyme
or drug transporter (Vestergaard & Ringwald, 2007). Although molecular markers are
good predictive tools for assessing drug effectiveness, the results are till controversial
for most of the available markers.

Although molecular studies have had a clear and significant impact on
progressing understanding and knowledge in al fields, they still are insufficiently
advanced to evaluate the efficacy of some antimalarial drugs (WHO, 2010b). Molecular
markers are considered to be tools that can predict the efficacy of an antimalarial drug
which is helpful as they act as an early warning tool for monitoring the level of
resistance of currently used drugs. Moreover, they serve as an indicator for the re-
emergence of strains of the malaria parasite that are sensitive to drugs that were totally

withdraw years ago from some areas (Kublin et al., 2003). But only a few markers can
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prove the association with resistance to the selected drug. Data on the molecular
markers of resistance to some other antimalarials including artemisinins are still
controversial. Studies have reported an existence of wild strains of P. falciparum for a
selected marker with a delayed susceptibility to related antimalarials. Moreover,
molecular tools require high-tech laboratories with highly sophisticated and expensive
equipment as well as trained personnel, an infrastructure that is not attainable in many
countries with limited resources. Another disadvantage of the molecular marker method
is the lack of standardized protocols for sample collection, DNA extraction and PCR
amplification. The main molecular markers related to the present study are discussed

below.

a.  Plasmodium falciparum chloroquine resistance transporter (Pfcrt)
The pfcrt gene consisting of 13 exons, located near candidate gene 2 (cg2) on
chromosome 7 and it encodes a digestive vacuole transmembrane protein (transporter
protein). It comprises of a 424-amino acid of 48.6 kDa protein localized to the
boundaries of the digestive vacuole of P. falciparum (Fidock et a., 2000).

Single nucleotide polymorphisms (SNPs) in the Pfcrt gene have been found to
be widespread, and the association of these polymorphisms with P. falciparum
resistance to different antimalarial drugs has been a subject of interest in recent studies.
Nine SNPs in the Pfcrt gene have been found to have a significant linkage with CQ
resistance in P. falciparum. Those SNPs are (1) codon C72S of Pfcrt in which cysteine
is substituted by serine, (2) M74l in which isoleucine is replacing methionine at position
74, (3) substitution of glutamic acid or aspartic acid for asparagine at codon 75
(N75D/E), (4) threonine replacement of Lysine at 76 position (K76T), (5) substitution
of serine for danine at A220S, (6) glutamic acid replacement for glutamine at position
271 (Q271E), (7) serine replacement for asparagine at 326 (N326S), (8) threonine for

isoleucine at position 356 (1356T) and (9) substitution of arginine by isoleucine at
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codon 371 (R371l). They are all together capable of distinguishing CQ-resistant isolates
from sensitive ones, with Pfcrt K76T being the most important pfcrt gene mutation
which confers CQ resistance in the P. falciparum parasite (Djimdeé et a., 2001; Fidock,

et al., 2000).

b.  Plasmodium falciparum multidrug resistance 1 (Pfmdr1)

The pfmdrl gene is a member of the ATP-binding cassette (ABC) transporter super-
family and is located on chromosome 5. It is 4.2 kb in length and probably contains
only one exon and encodes a 162 kDa P-glycoprotein homolog (Pghl) which is
localized in the digestive vacuole membrane of the asexua stages of the P. falciparum
parasite and it has been suggested that it has a role in regulating the intracellular drug
concentration (Cowman et al., 1991). Structurally, pghl consists of two conserved
domains of six transmembrane parts connected with a linker region (Cowman et al.,
1991; Higgins, 1992; Wongsrichanalai, et a., 2002).

Sequence analysis of full-length Pfmdr1 has revealed five polymorphic residues
that appear to be dimorphic. The mutations of these codons have been found to be
associated with resistance to different antimalarial drugs. Mutation at one of the codon
nucleotides mostly results in the substitution of an amino acid with another one, causing
alteration of the protein. These include substitution of tyrosine for asparagine at position
86 (N86Y), phenylalanine for tyrosine at 184 codon (Y 184F), cysteine for serine at
1034 (S1034C), aspartic acid for asparagine at 1042 codon (N1042D) and replacement
of aspartic acid by tyrosine at position 1246 (D1246Y) (Foote et a., 1990; Wellems et
al., 1990). An association between Pfmdr 1 and CQ resistance has been reported
previously (Basco et a., 1995). However, many other studies have failed to prove this
association (Wilson et al., 1993; Adagu et al., 1995; Bhattacharya et a., 1997;
Chaiyaroj et al., 1999; Cojean et a., 2006). Moreover, mutation in the Pfmdr1 gene has

been reported as having an association with resistance to other antimalarial drugs
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including amodiaguine, mefloquine, halofantrine, quinine, lumefantrine and artemisinin
(Price et a., 1999; Reed et al., 2000; Sidhu et al., 2005; Holmgren et al., 2006; Alker et
al., 2007; Danquah et a., 2010; Sisowath et al., 2007; Nwakanma et al., 2008;

Malmberg et a., 2013; Cheruiyot et a., 2014; Gamo, 2014).

c. Plasmodium falciparum dihydrofolate reductase (Pfdhfr) and dihydropteroate
synthase (Pfdhps)

Resistance to antifolates and sulphonamides is conferred by point mutations at specific
codons in the gene coding for dihydrofolate reductase (DHFR) and dihydropteroate
synthase (DHPS) enzymes, resulting in decreased affinity of the enzyme with the drug
(Plowe et al., 1997). The risk of therapeutic failure when using pyrimethamine and
sulfadoxine was found to increase with an increasing number of mutations in the pfdhfr
and pfdhps gene, respectively. As an example, the odds ratio (OR) for triple mutations
at 108, 51 and 59 was 3.9 compared to 2.1 for the 108 single mutation (Picot et al.,
2009).

A single point mutation at S108N or multiple mutations with codons 50, 51, 59
and/or 164 of dhfr have been described as major keys to the resistance of P. falciparum
to pyrimethamine drug (Mita et a., 2009; Plowe et a., 1997). Mutations in the dhfr
gene occur in a stepwise fashion and a substitution of serine by asparagine at codon
S108N was identified as the first mutation to play an important role in conferring
resistance to pyrimethamine and increasing the 1Cso to pyrimethamine up to 50-fold
compared to the wild type (Sirawaraporn et a., 1997). Additional mutations to S108N
along the dhfr were found to synergistically increase pyrimethamine resistance; a
double mutations at N511 or C59R together with S108N has been found to result in a 2-
16 fold increase in resistance compared to the single S1I08N mutation (Foote et al.,

1990; Peterson et al., 1988).
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Likewise, an accumulation of mutations in the dhps gene was found to be
significantly associated with resistance to sulfadoxine (Triglia et a., 1997) with, more
importantly, significant mutations at S436A, A437G, K540E and A581G (Mita et al.,
2009). The OR for the Pfdhps A437G single mutation was 1.5, while it increased to 3.9
for the A437G+K540E double mutations (Picot et a., 2009).

Both the pfdhps and pfdhfr gene mutations were found to be very important in
conferring resistance to SP, with quintuple mutants of Pfdhfr (codons 51, 59 and 108)
plus Pfdhps (codons 437 and 540) being the mutations most significantly associated
with SP resistance. The overall OR for quintuple mutations was 5.2, as estimated by
Picot and others (2009).

Although mutations in the dhfr and dhps genes were found to be associated with
SP resistance, they were also found to be significantly linked to resistance to AS+SP

combination but not to AS monotherapy (Djimde et a., 2008).

d. Plasmodium falciparum kelch 13

Although some reports have been published on the delayed susceptibility of falciparum
malaria parasites to artemisinins in some areas particularly in Southeast Asia, ACTs
remain the most effective treatment and the only right choice for treating uncomplicated
falciparum malaria infections. The effectiveness of ACT depends highly on the
efficiency of the partner drug in the ACT. The reported resistance to artemisinins was
based on in vivo and in vitro assays which somehow was prone to variation. The best
indicator for monitoring artemisinin therapeutic failure is the in vivo test through
calculating the proportion of individuals who are parasitaemic from day 3 onward.
Genetic involvement in artemisinin resistance was not known until 2014 when
mutations in the kelch 13 (k13)-propeller domain in chromosome 13 of Cambodian P.
falciparum isolates were found to be strongly associated with artemisinin resistance in

vitro and in vivo (Ariey, et al., 2014). Analysis of the k13 gene of Cambodian isolates
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has shown that Y493H, R539T and C580Y mutations are associated with delayed
artemisinin susceptibility. The parasite clearance half-life in patients with mutated
alleles was found to be longer than that of the wild type (C580Y = 7.19 h, R539T = 6.64
h and Y493H = 6.28 h) compared to only 3.30 h for the wild alele. The clearance half-
life has been shown to vary among the mutations, with the C580Y being the longest
(Ariey, et d., 2014).

Currently, more than 50 SNPs within k13 propeller domain have been identified
as being associated with artemisinin resistance (Straimer et al., 2015; Tun et al., 2015;
Ashley et al., 2014; WHO, 2014b). The mutations C580Y and F4461 were found to be
the most prevalent mutations in Southeast Asia, particularly in Thailand, Cambodia and
Myanmar (Tun et a., 2015; Huang et a., 2015; Nyunt et a., 2015; Takala-Harrison et
al., 2015). The likelihood of k13 mutations spreading to sub-Saharan Africain a similar
way to CQ and SPis high (Dondorp et al., 2010). Many studies have reported numerous
non-synonymous k13 propeller polymorphisms circulating in Africa. However, none of
them was found to be associated with artemisinin resistance (Conrad et a., 2014;

Torrentino-Madamet et al., 2014; Kamau et a., 2015; Taylor et a., 2015).

2.4.3 Antimalarial drugresistancein Yemen

Malaria parasites, especially P. falciparum, show a high tendency to resist most
antimalarial drugs as a result of increasing the selective drug pressure. In Yemen, the
first CQ-resistant P. falciparum field isolates were reported by Mamser (1989) in a visit
to the Taiz and Hodeidah governorates. Later on, it was reported that the resistance of P.
falciparum parasites to CQ was gradually increasing (Berga, 1999). Since then, many
studies have been conducted in different parts of Y emen which have aimost all reported
the in vivo or/and in vitro resistance of P. falciparum to CQ. For instance, a study

conducted in Hodeidah from April 1998 to May 1999 reported resistance of 41% and
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43% in an in vivo and in vitro analysis, respectively (Al-Maktari et a., 2003). Al-
Shamahy and colleagues (2007) conducted another study in Hodeidah (Bgjil city) from
August 2002 to March 2003, which aimed to make an in vitro assessment of the
susceptibility of P. falciparum isolates to CQ, and they reported 47% resistance.
Moreover, CQ resistance was aso reported in 16.1% of isolates from Taiz governorate
based on a 7-day in vivo study (Alkadi et a., 2006). The last report in this respect was
an in vivo study conducted from October 2002 to January 2003 in Al-Musiemeer in Lahj
governorate, a malaria-endemic district in Southeast Y emen. Based on follow-up data,
only 39.3% of the participants had an adequate clinical and parasitological response
(ACPR), while the rest (60.7%) showed CQ treatment failure with 23% classified as
early treatment failure (ETF), 13.1% as late clinical failure, and 24.6% as late

parasitological failure (Mubjer et a., 2011).

The efficacy of CQ in Yemen was also examined through analysing the CQ-
resistant mutations, especialy the mutation at position 76 in the CQ resistance
transporter gene of P. falciparum (pfcrt). Several different studies all reported a high
prevalence of pfcrt 76 mutation in the different governorates of Y emen, reflecting alow
susceptibility of P. falciparum isolates to CQ. The prevalence of the mutated pfcrt 76T
marker of CQ resistance varies: it was 71.8% in isolates from the central highlands of
Rymah and Dhamar governorates and 90.5% in those from the coastal/foothill areas of
Taiz and Hodeidah in the west (Al-Mekhlafi et a., 2011); 98% in Al-Musiemeer in Lahj
(Mubjer et al., 2011), 85.2% for isolates from Hodeidah (Abdul-Ghani et al., 2013);
88%, 94.1% and 100% in Taiz, Hodeidah and Dhamar, respectively (Al-Hamidhi et al.,
2013); and 74% for isolates from Hadramout (Bamaga et al., 2015a). The studies on

antimalarial efficacy in Yemen are all described in Table 2.3 and Table 2.4.
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Table 2.3: Previous studies on monitoring antimalaria drug efficacy in Y emen

Study

Type

Result

Aded et al., 2015

- Eight in vivo studies

- Site: five different governorates

- Time 2009-2013

- Done by National Malaria Control
Programme (NMCP), Y emen.

Bamaga et al., 2015a
- Site: Hadramout
(Hajer & Al-Raydah-Qusyer districts)
- 735 screened people
- 138 P. falciparum samples
- Time: July 2011- May 2012

8invivo studies:

(The only published artemisinin in vivo study)
- 28-days protocol.

- Mspl, msp2 & glurp PCR-corrected

5 studies for AS+SP

- Al-Udayn, 2010

- Shares, 2010

- Tor-Bani-Qa’is, 2010
- Al-Qaflah, 2011

- Bgjil, 2013

3 studiesfor AL

- Bajil, 2009
- Jabal Al-Sharg, 2010
- Tor-Bani-Qa’is, 2013

Molecular study:
Pfcrt  : 76, 271, 326, 356 & 371
Pfmdr1: 86 & 1246

Total parasite clearancein day 3 in all 8 studies.

AS+SP:

- Over all AS+SP efficacy exceeded 98-100%

- Bgjil 2013: 1 LCF, 2 LPF, ACPR 97%, Corrected 2L CF, ACPR 98%.

- Tor-Bani-Qa’is 2010: 1 LCF, 1 LPF, ACPR 97.6%, Corrected ACPR 98%.
- Othersin Al-Udayn, Shares & Al-Qaflah were all 100% ACPR.

AL:

Cureratein al sites 98-100%.

- Jabal Al-Sharg 2013: 5 LCF, ACPR 94.3%, Corrected ACPR 100%.

- Tor-Bani-Qa’is 2010: 1 LCF, 1 LPF, ACPR 97.6%, Corrected ACPR 98%.
- Bgjil was 100% ACPR.

Pfcrt mutation:

- 76 = 74% (Haer 88%, Al Raydah-Qusayer 70.5%).
- 271 =58.7% (Haer 61.5%, Al Raydah-Qusayer 58%).
326 =54.3% (Hajer 65.4%, Al Raydah-Qusayer 51.8%).
356 = 0%

371 = 44.9% (Hajer 69.2%, Al Raydah-Qusayer 39.3%).
Pfmdr1 mutation

- 86 =16.7% (Hajer 30.8%, Al Raydah-Qusayer = 13.4%).
- 1246= 0%




0.

Bamaga et al., 2015b
- Site: Hadramout

(Hajer & Al-Raydah-Qusyer districts)

- 137 Pf samples
- Time: July 2011-May 2012)

Al- Hamidhi et al., 2013

- Site: Dhamar, Hodeidah & Taiz
- 108 Pf samples

- Time: Unknown

Molecular study:
Dhfr : 51, 59, 108 & 164
Dhps: 436, 437 & 540

Molecular study:

Pfert (72-76)

Pfmdr1 (86, 184, 1034, 1042 & 1246)
Pfdhfr (51, 59, 164 & 108)

Pfdhps (436, 437, 540 & 613)

Dhfr:

- 511  (84%)

- 59R (0.8%)

- 108N (84%)

- 164L  (0%)

Dhps:

- 436A  (0%)

- 437G (44.7%)

- 540E  (0%)

Hapl otypes:

- Dhfr: 1CNI = (82.8%)
- Pfdhfr—pfdhps:

- ICNI/SAK = (43%)
- ICNI/SGK = (39.3%)

Pfcrt:

- Pfcrt76T: 93% (100% Dhamar, 88% Taiz, 94% Hodeidah).
- CVIET=89% (100% Dhamar, 88% Taiz, 71% Hodeidah).
Pfmdr1.:

- 86Y: 20% (10% Dhamar, 29% Taiz, 5.9% Hodeidah).

- 184F 99% (97% Dhamar, 100% Taiz, 100% Hodeidah).

- 1034 & 1042= 70% (69% Dhamar, 71% Taiz, 71% Hodeidah).
- 1246 mutation: not detected.

NFCDD =57%

NFSND = 21%

YFCDD = 13%

YFSND = 8%

Pfdhfr:

- 511=54% (41% Dhamar, 65% Taiz, 35% Hodeidah).

- 108N=54% (41% Dhamar, 65% Taiz, 35% Hodeidah).

- 59R & 164L mutations NOT DETECTED.

NCSI = 46% (59% Dhamar, 36% Taiz, 65% Hodeidah).
ICNI = 54% (41% Dhamar, 65% Taiz, 35% Hodeidah).

- Pfdhps: No Mutation at all for 436, 437, 540 & 613.




T,

Abdul-Ghani et al., 2014

- Site: Hodeidah

- 90 Pf samples

- Time: November 2012 - January 2013

Abdul-Ghani et al., 2013

- Site: Hodeidah

- 90 Pf samples

- Time: Nov 2012-Jan 2013

Mubjer, et al., 2011.

- Site: Al-Musaimeer-Lahj

- Samples: 124 P. falciparum isolates
- Time: October 2002 - January 2003

Al-Mekhlafi et al., 2011
- Site: four governorates:
- Taiz
- Hodeidah
- Rymah
- Dhamar
- 511 screened individuals
- 81 Pf samples successfully amplified
- Time: June 2008 to March 2009

Molecular study:
Pfdhfr 51 & 108

Molecular study:
Pfcrt 76 only

- CQinvivo efficacy tria

- Molecular study:
- Pfert (72-76, 163, 220,271,326,371)
- Pfdhfr 59
- Pfdhps

Molecular study:
Pfert

Pfdhfr 108N = 61%

- Pfert T = 71/88 (80.7%)

- Pfert K= 13/88 (14.8%)

- Mixed= 4/88 (4.5%)

So overall Mutated Pfcrt 76T= 75/88 (85.2%)

In vivo:

- 14-days protocol, mspl& msp2 corrected.
- ACPR= 48 (39.3%)

TF=74 (60.7%):

- ELF: 28 (23%),

- LCF: 16 (13.1%),

- LPF: 30 (24.6%).

Molecular:

- Pfert 76T = 98%

- Pfert not associated with CQ efficacy.

- Isolates carried

CVIET-SES! for pfert (72-76,220,271,326,371)
No mutation reported for pfcrt S163R.
Dhfr C59R = 5%

Dhps: al Wild

Overall prevalence pfcrt 76T = 81.5%

- Wild Pfert K76 =18.5%
- Mixed Pfcrt K76T =10.3%
So Corrected Pfert 76T =93.8%
- Coastal/foothills areas =90.5%
- Highlands =71.8%
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Al-Shamahi et al., 2007

- Site: Hodeidah, Bgjil district

- 219 Pf Samples

- Time: August 2002-March 2003

Al-Kabsi et al., 2009
- Site: Hodeidah
- Time: March and May 2005

Al-Kadi et al., 2006
- Site: Taiz (Hethran & Al-Mafatch)
- 447 screened participant
- 83 enrolled cases
- 56 continued follow-up
- Time: unknown.

Al-Maktari et al., 2003

- Site: Hodeidah

- 209 participants

- Time: (April 1998-May 1999)

In vitro evaluation of:
- Chloroquine (CQ),
- Méefloquine (MF),
- Quinine (QN) and
- Artemisinin (ART)

- SPinvitro & in vivo, PCR-uncorrected
- 28-days protocol.

- CQinvivo study, PCR-uncorrected
- 7-daysin vivo protocol.

CQiinvitro & in vivo, PCR-uncorrected
WHO 1973 in vitro protocol.
WHO 1997 in vivo protocol.

CQ-resistance =47%
MF-resistance =5.2%
ON-resistance = 0%
ART-resistance= 0%

- SP-invivo & invitro efficiency = 100%
- Total parasite clearance in vivo by day 3 onward

Overall CQ- resistance = 16.1%
In Hethran village =19.4%
In Al-Mafatch village = 10.0%

In vivo:

- COR =41.2%

- RI=38.4%, RII1=43%, RIl1=18.6%

- Zabid (45.3%), Azohrah (42.6), Bgjil (34.7) and Azaidiah (30.8).
In vitro:

CQR =43%

Increasing the resistance to CQ

Berga, 1999 CQ resistance

Mamser, 1989 First report of CQ-resistant P. falciparumin
- Site: Taiz & Hodiedah Y emen.

ACPR Adequate Clinical and Parasitological Response LPF

ELF . Early Treatment Failure TF

LCF . LateClinica Failure COR

Late Parasitological Failure RI Resistance Grade |
Treatment Failure RI1I Resistance Grade I
Chloroquine Resistance R I Resistance Grade I11



Table 2.4: Review on studies of monitoring antimalarial drug efficacy in Y emen: studies by National Malaria Control Program (NMCP), Y emen

| oationts ECF LCF LPF ACPR TTE  Corrected
Year Site Governorate  Drug/Protocol Enrolled

No. % No. % No. % No. % No. % %
2002-03  Mesemeer Lahaj CQ:14 daysin vivo 124 28 230 16 131 30 246 48 393 74 607 570
2002-03 Bl Hodeidzh CQ: 14 daysin vivo 106 11 111 6 61 25 253 57 576 42 424 420
2003 Odein Ibb CQ: 14 daysin vivo 106 15 149 2 20 30 297 54 535 47 465 465
2004  Harad Haija SP: 14 daysin vivo 12 0 00 0 00 O 00 102 100 0 00 0
2004  Odein Ibb SP: 28 daysin vivo 53 0O 00 0 00 0 00 51 100 0 00 0
2004  Mesemeer Laha SP: 28 daysin vivo 60 0O 00 0 00 3 50 5 90 3 50 50
2004-05 Mesemeer Laha AQ: 28 daysin vivo 61 0 00 11 180 16 262 34 557 27 443 440
2004  Odein Ibb STHAQ 2Bdaysin g 0O 00 0 00 10 185 44 8L5 10 185 140
2009-10  Bil Hodaida AL: 28 daysin vivo 80 0O 00 0 00 O 00 74 100 0 00 0
2010  Jabal Alsharg Dhamar AL: 28 daysin vivo 95 0O 00 0 00 2 22 8 978 2 22 0
2009-10  Tor Bani Qais Hajjah 3\?;’ S 2R0ain 95 0 00 1 12 1 12 8 976 2 24 0
2010  Shaia/Almagaba  Hajjah Gfg SP: 28 daysin 93 O 00 0O 00 O 00 8 100 0 00 0
2010  Odein Ibb Ny 57 28 daysin 85 0O 00 0 00 0 00 8 100 0 00 0

€L

ECF: early treatment failure, LCF: late clinical failure, LPF: |late parasitological failure, ACPR: adequate clinical & parasitological response, TTF: total treatment failure, AS + AQ:
artesunate + amodiaquine, AS + SP: artesunate + sulfadoxine/pyrimethamine, AQ: amodiaquine, AL: artemether + lumefantrine, Q: chloroquine, SP: sulfadoxine/pyrimethamine.



CHAPTER 3: GENETIC VARIATION OF PFHRP2 IN
PLASMODIUM FALCIPARUM ISOLATESFROM YEMEN AND
THE PERFORMANCE OF HRP2-BASED MALARIA RAPID

DIAGNOSTIC TEST

Wahib M. Atroosh, Hesham M. Al-Mekhlafi, Adel Al-Jasari, Hany Sady, Ahmed K.
Al-Delaimy, Nabil A. Nasr, Salwa Dawaki, Awatif M. Abdulsalam, Init Ithoi, Y ee-Ling
Lau, Mun-Yik Fong, Johari Surin. Genetic variation of pfhrp2 in Plasmodium
falciparum isolates from Yemen and the performance of hrp2-based malaria rapid

diagnostic test. Parasites & Vectors 2015; 8: 1-8.

3.1 INTRODUCTION AND LITERATURE REVIEW

Malaria is still a mgjor public health problem in Yemen, with amost 66% of the
population living in areas that suffer from stable malaria transmission (WHO, 2014a).
Plasmodium falciparum is the predominant species and was responsible for ailmost 99%
of malaria cases in Yemen during 2012, a large number of which consisted of drug-
resistant P. falciparum parasites (Al-Mekhlafi et a., 2011; Abdul-Ghani et 4.,
2014). Among 17 countries with malaria-endemic areas in the Middle East and Eurasia
region; Pakistan, Afghanistan and Yemen account for more than 99% of the 56,000
regional deaths due to malaria (RBM Partnership, 2008).

The national malaria control programme in Yemen (NMCP) has achieved
substantial success in controlling local cases of malaria, achieving a significant
reduction in the number of malaria cases, dropping from 900,000 cases in the early
2000s to around 150,000 cases by 2013 (WHO, 2014a). However, Yemen is still

classified among areas of high malaria transmission, making it the only country in the
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Arabian Peninsula and greater Middle Eastern region that is still plagued with malariato
the extent that residents still suffer from considerably high mortality and morbidity rates
(Al-Mekhlafi et al., 2011). Imported malaria cases are still reported in neighbouring
countries, threatening the malaria control and elimination programmes in the region. For
instance, 2,788 malaria cases were diagnosed in southern Saudi Arabia between 2011
and 2012, with about 97% of the cases having been identified as originating outside the
country, particularly from the Tehama region, a Yemen bordered area (Middle East

Health, 2013).

Early and accurate diagnosis of malaria, adong with prompt treatment, are
essential to reduce the burden of the disease worldwide. Rapid diagnostic tests (RDTS)
have been widely used for the diagnosis of malaria and become an indispensable tool
for malaria case-management, control and elimination worldwide, especially in rura
endemic areas without laboratory access (Murray & Bennett, 2009; WHO, 2011b).
Besides the affordability and shorter turnover time of RDT-based diagnosis, significant
reductions in the over-prescription of antimalarials have been reported when RDTs are
introduced in presumptive treatment settings, especially with the new policy of using
the expensive artemisinin-combination therapy (ACT) as the first line treatment for
uncomplicated falciparum malaria infection (Bastiaens et al. 2014). However, recent
studies revealed that the sensitivity of RDTs could be compromised due to genetic
polymorphism of the parasite PfTHRP2 antigen, particularly with regards to certain
amino acid repeat types, causing false-negative results when using the HRP2-based
RDT to diagnose P. falciparum malaria (Koita; 2012; Wurtz et al. 2013; Deme et a.
2014).

In Y emen, PIHRP2-based RDTs have been implemented by the NMCP in 20009,
and are being used exclusively for malaria active case detection (ACD) targeting only

falciparum malaria infections (WHO, 2011c). However, data on the genetic variation of
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the pfhrp2 are not available. Hence, the present study aims to investigate the genetic
variations of the pfhrp2 gene in malaria isolates from the Hodeidah and Al-Mahwit
governorates, Yemen (areas with high malaria endemicity) and the possible impact of
this variation on the efficacy of the currently used pfhrp2-based RDTs. The present
study is the first to provide data on the genetic variation of PFHRP2 in Yemen, and
therefore has the potential to impact on control strategies and efforts to eradicate

malariafrom Y emen and the Arabian Peninsula.

3.2 MATERIALSAND METHODS

3.21 Studyarea

An active case detection survey targeting individuals with fever suspected of having a
malaria infection was carried out in some malaria endemic districts of the Tehama
region in both the Hodeidah and Al-Mahwit governorates, Yemen. The survey was
carried out from March to May 2014, during the malaria transmission season. Districts
with high malaria endemicity; namely AdDahi, Al-Marawiah, and Bgjil from Hodeidah,
and Khamis Bani Saad from Al-Mahwit, were selected based on the national malaria

records of 2010-2013 provided by NMCP.

The Hodeidah governorate (14.79° N, 42.97° E) is located in the Tehama region
in the western part of Yemen, about 226 kilometers from Sana’a, the capital of Yemen.
It is a coastal arealocated along the Red Sea, covering atotal area of 117,145 km? with
a total population of 2.16 million (NIC, 2014). Al-Mahwit governorate (16.25° N,
44.717° E) is located between Hodeidah and Sana’a (about 111 km west of Sana’a),
covering a total area of 2,858 km? with a total population of 597,000 people (NIC,
2014). The climate of the selected districts is a combination of tropical monsoon with

occasional rains in the summer and dry weather in winter, with a mean rainfall of 200
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mm/year. The mean temperature is 37.5 °C in summer and 24 °C in winter, with
humidity ranging between 70% and 90%. Malaria is highly prevalent in Tehama region
with high transmission peaking between January and March each year. Figure 3.1 shows

the study areas and the distribution of malaria burden in Yemen in 2012.

77



8L

L. E 3. ]

Figure 3.1: A geographic map showing study area (Hodeidah and Al-Mahwit governorates) and the distribution of malariain Y emen
according to incidence in 2012




3.2.2 Plasmodium falciparum isolates

A total of 622 individuals with fever were recruited to this study and examined for
malaria. Finger prick blood samples were collected from participants and tested using
the RDT (CareStart™ Malaria HRP2, Cat no. G0141, Access Bio, Inc, USA), and for
preparing both thick and thin blood films. Filter paper blood spots were also collected
from each participant on 3MM Whatman® filter paper (Whatman International Ltd.,
Maidstone, England), and kept in clean, dry, well-sealed aluminum pouches with
desiccated silicon bags for molecular analysis. Blood films were stained with 5% of
buffer-diluted Giemsa stain for 30 minutes and were examined microscopically for the
presence of malaria parasites. All RDT tests were performed and interpreted by trained
and skilled laboratory personnel from the NMCP following the manufacturer’s
instructions. Briefly, one purple line in the control line position interpreted negative for
falciparum malaria and two purple lines at the test line position along with the control
line were to be defined as positive. In case the control line did not appear, the result was
considered invalid and the test was repeated.

For positive dlides, parasite species and stages were reported and parasitaemia
(parasite density) was determined by counting only the asexual stages against 300 white
blood cells (WBC) and then multiplied by 25; assuming the average of total WBC count
of individuals equal to 7500 cells per pL of blood. The level of parasitaemia was graded
as low (< 1000 parasites/uL of blood), moderate (1000 - 9999 parasites/lL of blood)
and severe (= 10,000 parasites/pL of blood). A double check for malaria microscopy
was performed by two senior malaria microscopists; slides were examined twice and the
average parasitemia per microlitre of blood was recorded for every microscopy positive
dlide. Genomic DNA was extracted from the filter paper blood spots and subjected to

pfhrp2 amplification using conventional single-run PCR.
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3.2.3 DNA extraction

One or two discs (6 mm diameter) of MM Whatman's filter paper blood spot (cut by
flamed-sterile punch) were used for DNA extraction using a Qiagen blood and tissue kit
(QIAGEN, DNeasy® Blood & Tissue Kit, Cat. no. 69506, Germany) according to the
manufacturer’s instruction. DNA was eluted using 50 pL of AE elution buffer (10 mM

Tris-Cl; 0.5 mM EDTA; pH 9.0), included in the kit, and kept at -20°C until used.

3.24 Evaluation of HRP2-RDT performance

A malaria-positive blood sample, with a known parasite density (8500 asexual stage/ul)
of P. falciparum mono-infection, was chosen to evaluate the CareStart™ Malaria
HRP2-RDT. The blood sample was aso checked to make sure there were no sexual
stage (gametocytes). Duplicate thick and thin blood films were prepared and stained
with Giemsa stain as previously mentioned, and then examined microscopicaly by two
senior malaria microscopists, the average of parasitaemia was recorded. The sample was
then diluted in aratio of 2:3 seria dilutions with healthy human O positive blood group.
A total of 12 serial dilutions (labelled 1-12) were prepared in duplicates and the results
of asexual-stage parasites density were recorded for each tube (Avilaet a., 2002). Each
tube dilution was then tested for PfHRP2-RDT according to manufacturer’s

instructions.

3.25 Molecular identification and pfhrp2 sequencing

All DNA from malaria positive samples were confirmed by PCR (Singh et al., 1999),
with P. falciparum samples then being considered for pfhrp2 molecular
characterization. Amplification of hrp2 was carried out in a single-run PCR using a
specifically designed oligonucleotide primer pair flanking the region of exon-2 of

pfhrp2 gene (Mariette et a. 2008). A 50 pL reaction mixture was made up containing
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10 pM of each forward (PFHRP2-F 5’-TGTGTAGCAAAAATGCAAAAGG-3’) and
reverse primers (PFHRP2-R 5 TTAATGGCGTAGGCAATGTG-3’), along with 20 pL
ExPrime Tag Premix ready-mix PCR reagent (Genet Bio, Korea) and 2 puL of the DNA
extract. The amplification thermal conditions were initiated with DNA denaturation at
95 °C for 5 minutes, followed by 40 cycles of 95 °C/ 30 sec, 57 °C/ 40 sec and 72 °C/
90 sec and a single extension step at 72 °C for 10 minutes. All PCR amplification
reactions were amplified using therma cycler (MyCycler- BioRad, Hercules, USA).
Genomic DNA of P. falciparum lines 3D7 (MRA-102G), Dd2 (MRA-150G) and HB3
(MRA-155G) provided by Maaria Research and Reference Reagent Resource Centre
(MR4), ATCC®, Manassas, VA, USA were used as positive and negative controls for
PCR amplification of HRP2 and HRP3. A 3D7 was used as a positive control for both
HRP2 and HRP3, and Dd2 (a laboratory line known to lack pfhrp2) and HB3 (a
laboratory line known to lack pfhrp3) were used as negative controls for HRP2 and

HRP3 respectively (Gamboa et al., 2010; Cheng et a., 2014).

The PCR products were then analysed using agarose-gel electrophoresis. Ten
microliters of each amplicon were loaded into a 1.5% agarose gel and run in a TAE
buffer (Tris acetate EDTA), stained with SYBR® safe DNA gel stain (Invitrogen, USA).

The fragments size was visualized under UV compared to 100 bp DNA ladder.

The amplicons were sent for purification and sequencing and each amplicon was
subjected to sequencing using the same forward and reverse primers as were used
during PCR amplification. Both forward and reverse sequences were aligned using
BioEdit Sequence Alignment Editor Software (version 7.1.9) and then trandated into
corresponding amino acids. Each sequence of amino acid repeats was identified and
given a code from Type 1 to Type 14 based on the motif being repeated (Baker et al.,

2005).
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3.2.6 Dataanalysis

The performance of RDT was calculated based on the following indicators: sensitivity,
specificity, positive predictive value (PPV) and negative predictive value (NPV) which
were calculated with their corresponding 95% confidence intervals (Cl) using Medcalc®
online calculator. Moreover, Kappa statistics were used to assess the agreement between
RDT and microscopy. This was calculated in IBM SPSS Statitics, version 18.0 (IBM
Corporation, NY, USA) by creating a 2 x 2 contingency table. A P-value of < 0.05 was

considered significant.

3.2.7 Ethical consideration

The protocol used in this study was approved by the Ethics Committee of the University
of Malaya Medical Centre, Malaysia (Ref. 974.19). The protocol was aso approved by
the Ministry of Health and Population, in conjunction with the National Malaria Control
Programme in Yemen (Appendix E). Written and signed or thumb-printed informed
consents were taken from adult participants and parents or guardians on behalf of their
children before starting the sample collection (Appendix C); these procedures were aso
approved by the ethics committees. RDT-positive participants were treated with
artemisinin combination therapy (artemisinin + sulfadoxine/pyrimethamine) according

to the national malaria treatment policy, Ministry of Health and Population, Y emen.

3.3 RESULTS

Of the 622 screened individuals, 188 (30.2%) were positive for malaria by the
CareSart™ Malaria HRP2-RDT. Of these 188 RDT-positive, only 171 (91.0%) were
confirmed microscopically by detecting either asexual or sexua stages or both. On the
other hand, 18 (2.9%) microscopy-positive individuals were found to be negative with

RDT. Similarly, 17 (2.7%) RDT-positive cases were found to be negative with
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microscopy. Based on microscopy, the detection rate was the highest in Khamis Bani
Saad (39.4%) followed by Bagjil (23.5%), while Al-Marawiah has the lowest (5.3%).
The level of asexual P. falciparum parasitaemia in positive cases ranged from 40 to
55,555 parasites/pl of blood with a geometric mean of 5,261 parasites/ul. High
parasitaemic individuals (parasite count = 10,000 parasites/pl of blood) represented
17.9%, while 41.9% and 40.2% of the maaria-positive individuals had moderate and
low parasitaemia respectively.

The overall sensitivity and specificity of the used CareStart™ malaria HRP2-
RDT was rated as 90.5% (95% CI = 85.4, 94.3) and 96.1% (95% CI = 93.8, 97.7),
respectively (Table 3.1). The PPV and NPV were 91.0% (95% CI = 85.9, 94.6) and
95.9% (95% CI = 93.5, 97.5), respectively. The agreement between the microscopy and

HRP2-RDT was statistically significant by Kappa (K = 0.867; P < 0.001).
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Table 3.1: The sensitivity and specificity of PFHRP2-based RDT against the reference
technique (microscopy) using samples collected from Hodeidah and Al-
Mahwit, Yemen (n = 622).

Micr oscopy
RDT

Negative Positive Total
Negative 416 18 434
Positive 17 171 188
Total 433 189 622

Sensitivity: true positive = 171/189 = 90.5%; false negative error rate = 18/189 = 9.5%. Specificity: true
negative = 416/433 = 96.1%; false positive error rate = 17/433 = 3.9%. PPV: 171/188 = 91.0%; NPV:
416/434 = 95.9%.
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In the same vein, HRP2-RDT was examined against serial dilutions of a blood
sample with known P. falciparum parasite density. The test revealed a high detection
rate of CareStart™ malaria HRP2-RDT for falciparum malariaisolates; 10 out of the 12
tubes with parasitaemia levels ranged from 8500 to 147 asexua stage/pl were found
positive (visible clear band), with a faint band appearing for tube no.11 (98
parasites/pl). The last tube, no. 12, with parasitaemia of 65 parasites/pl was found
negative by HRP2-RDT (Table 3.2 and Figure 3.2). With our Yemeni isolates, it was
found that performance of RDT increased with parasitaemia level, with the lowest
detection rate (44.4%) reported with parasitaemia levels of 1-100 parasites/ul while it
was = 97.0% with parasitaemia levels of > 1,000 parasites/pl. Although most of the
negative RDT results were found in samples with low parasitaemia, but negative RDT
results were also reported with two samples with moderate and high parasitaemia levels.

Overall, 180/189 cases were successfully amplified for pfhrp2 and yielded good
and quality sequences, and were therefore subjected to amino acid repeat type anaysis.
The sequence lengths of the isolates were found to vary, ranging from 477 bp to 879 bp
(giving proteins of 159-293 amino acids), with a sequence of 540 bp (180 amino acids)
being the most frequent genotype (43.9%). All isolates sequences were found to be
similar in that they started with either a single or multiple Type 1 (AHHAHHVAD), and
ended with a single Type 12 repeat (AHHAAAHHEAATH). Ovedl, Type 1
(AHHAHHVAD), Type 2 (AHHAHHAAD), Type 6 (AHHATD), Type 7 (AHHAAD),
Type 10 (AHHAAAHHATD) and Type 12 (AHHAAAHHEAATH) were found in all
sequenced isolates. On the other hand, type 9 (AAY) and Type 11 (AHN) were totally
absent in al isolates collected from both governorates.

Other amino acid repeat types were varied in their frequencies. Type 8
(AHHAAY), Type 5 (AHHAHHASD) and Type 4 (AHH) ranged between moderate

and low, with percentages of 49.4%, 47.2% and 15.6% respectively. Moreover, Type 13

85



(AHHASD) and Type 14 (AHHAHHATD) were rarely reported in the present study
(5.6% and 2.8%, respectively). Further, the mean numbers for 2 and 7 repeat typesin
pfhrp2 were the highest among the 12 types detected by this study (mean = 9.85 and
4.97, respectively). No association was found between HRP2 repeats and age, sex and
districts of participants as well as parasitaemia level. The frequency and mean number
of PFTHRP2 repeat types from P. falciparum isolates from Hodeidah and Al-Mahwit,

Y emen are shown in Table 3.3.

Interestingly, one isolate with low parasitaemia (184 parasites/ul) was found to
be positive by both CareStart™ malaria HRP2-RDT and microscopy but it was PCR-
negative for pfhrp2 gene. DNA of this isolate was processed for further PCR
confirmation using three PCR protocols that aimed at amplifying P. falciparum 18S
rRNA (Singh et al., 1999), pfhrp2 and pfhrp3 genes (Mariette et a., 2008). The DNA
was successfully amplified for 18S rRNA and pfhrp3 genes while it was confirmed

negative for pfhrp2 gene.
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Table 3.2: Evaluation of CareStart™ PfHRP2-based RDT against serial dilutions of P.

falciparum parasitaemia.

TubeNo. Blood Volume ?r:lljlrjne:r: Parasite Density RDT Result
' O+ Blood) (Parasites/uL)

0 Whole Blood 0 8500 Positive
1 200 pL of Tube No. O 100 pL 5666 Positive
2 200 pL of Tube No. 1 100 pL 3777 Positive
3 200 pL of Tube No. 2 100 pL 2518 Positive
4 200 pL of Tube No. 3 100 pL 1679 Positive
5 200 pL of Tube No. 4 100 pL 1119 Positive
6 200 pL of Tube No. 5 100 pL 746 Positive
7 200 pL of Tube No. 6 100 pL 497 Positive
8 200 pL of Tube No. 7 100 pL 331 Positive
9 200 pL of Tube No. 8 100 pL 221 Positive
10 200 pL of TubeNo. 9 100 pL 147 Positive
11 200 pL of TubeNo. 10 100 pL 98 Positive
12 200 pL of TubeNo. 11 100 pL 65 Negative
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Figure 3.2: Performance of CareStart™ malaria HRP2-RDT against seria dilutions of
parasite densities

A set of 12 CareSart™ malaria HRP2-RDT cartridges, were tested against serial dilutions of P.
falciparum parasite densities from 5666 parasites/pL (test cartridge No. 1) to 65 parasites/ul (test No. 12):
test cartridges 1-8 corresponded to 5666 to 331 parasites/uL showed clear positive results of purple band
a the test line (T) in addition to the control line (C). Tests 9-11 (parasitaemia 221-98 parasites/uL)
showed faint purple colored band at the test line that means parasite density below 98 showed negative
result as no band appeared at the test line.
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Table 3.3: Frequency of PfHRP-2 repeat types from P. falciparum isolates from
Hodeidah and Al-Mahwit, Y emen.

No. of repeats M ean* Frequency
Type Amino acidsrepeat

Min. M ax. n %
1 AHHAHHYVAD 1 5 3.01 180 100
2 AHHAHHAAD 6 18 9.85 180 100
3 AHHAHHAAY 0 2 1.23 177 98.3
4 AHH 0 2 0.19 28 15.6
5 AHHAHHASD 0 2 0.49 85 47.2
6 AHHATD 2 8 411 180 100
7 AHHAAD 3 10 4.97 180 100
8 AHHAAY 0 2 0.52 89 49.4
9 AAY 0 0 0.00 0 0
10 AHHAAAHHATD 1 2 125 180 100
11 AHN 0 0 0.00 0 0
12 AHHAAAHHEAATH 1 1 1.00 180 100
13 AHHASD 0 1 0.05 10 5.6
14 AHHAHHATD 0 1 0.03 5 2.8

* Average number of amino acid repeat types in the relevant isolates (n)
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34 DISCUSSION

Many rapid diagnostic tests (RDTs) are available to detect different malaria-specific
antigens. Most RDTs detect P. falciparum specific proteins; either histidine rich protein
2 (PfHRP2) or P. falciparum lactate dehydrogenase (PfLDH), while others can
recognize both P. falciparum-specific and pan-specific antigens aldolase (pALD) and
pan lactate dehydrogenase (pLDH) (WHO, 2011b). Previous studies have reported
genetic variation in PFTHRP2 (genetic deletions, frame shift mutations or alterations in
protein expression), which can affect the sensitivity of HRP2-based RDTs, while no
variability was observed for pALD or pLDH (Baker et a., 2010; Akinyi et al., 2013).
The HRP2 of P. falciparum is a 2-exons gene connected with an intron, located on
chromosome 7 (98671-99734 bp) (NCBI, 2015). The amino acid repeats of pfhrp2 have
been characterized into 14 types, based on amino acid motifs being repeated, with Type
2 and Type 7 having been described as possible epitopes targeted by the monoclonal
antibodies used to detect hrp2 (Wurtz 2013; Baker et a., 2005; Baker et al., 2010; Lee
et al., 2012).

The present study investigated the genetic variation of PFHRP2 among isolates
from Y emen, with a possible predicting effect on the performance of the PFHRP2-based
RDTs (CareStart® one-step HRP2 RDT; Access Bio Inc., New Jersey, USA) that are
used solely for active case detection (ACD) by the national malaria control programme
in Yemen (NMCP). A total of 180 isolates were successfully amplified and sequenced
for PFHRP2. The sequence lengths of the sequenced isolates varied from 477 to 879 bp
(giving proteins of 159 to 293 amino acids). The variations in the number of total amino
acids for pfhrp2 for the Yemeni isolates were found to be lower than the global
variation (187 to 306 amino acids), as reported for isolates from 19 countries in Africa,
South America, the Pacific region and Southeast Asia (Baker et a., 2005). On the other

hand, similar variations were reported in Madagascar (145 to 309 amino acids), while a
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higher number of variations (157 to 333 amino acids) were reported in isolates collected
from six different geographical areas in India (Mariette et a., 2008); Kumar et al.,
2012).

Overdl, 12 different amino acid repeat types were identified in Y emeni isolates
examined by the present study. Of these, six repeat types (types 1, 2, 6, 7, 10 and 12)
were found to be present in all isolates, while type 3 was found in 98.3 % of the isolates.
These findings are in agreement with isolates from different countries in Africa, Asia
and America (Baker et a., 2010). In India, six (types 1, 2, 3, 6, 7 and 11) out of 13
identified types of amino acid repeats were detected in all the examined P. falciparum
isolates (Kumar et al., 2012). On the other hand, only four types were found in over 98
% of the Senegalese isolates from Dakar (Wurtz et a., 2013; Deme et a., 2014). Our
study further showed that repeat types 9 (AAY) and 11 (AHN) were totally absent, a
result which has been previously reported in isolates obtained from Senegal, Mali,
Uganda and Madagascar (Wurtz et a., 2013; Deme et al., 2014; Mariette et al., 2008).

We found that all of the amplified isolates (100 %) started with a type 1 repeat
(AHHAHHVAD), with either asingle or multiple of 2 to 5 copies, before ending with a
single Type 12 repeat (AHHAAAHHEAATH). Many previous studies in Africa and
Asia showed that all pfhrp2 sequences begin with atype 1 repeat and concluded with a
type 12 repeat (Deme et d., 2014; Mariette et a., 2008; Baker et a., 2005; Kumar et al .,
2012). However, a previous study from Dakar, Senegal on 122 sequenced P. falciparum
isolates had detected three isolates for which pfhrp2 protein sequences did not begin
with a type 1 repeat, and only one isolate found in that study possessed a sequence
ending in atype 12 repeat (Wurtz et al., 2013).

The present study also showed that the existence of other repeat typesin Yemeni
isolates varied from moderate (types 8; 49.4 % and 5; 47.2 %) to low (type 4; 15.6 %).

Moreover, other types were found only rarely (types 13; 5.6 % and 14; 2.8 %). Our
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findings are consistent with a previous report on Senegalese P. falciparum isolates
(Wurtz et al., 2013). By contrast, repeat types 11 and 14 were not detected in isolates
from Senegal, Mai and Uganda, while type 4 repeats were detected in all of the isolates
(Deme et al., 2014). Furthermore, Ugandan isolates were found to be different in that
they all contained type 8 (100 %), and lacked type 5 repeats (Deme et a., 2014).
Moreover, the number of each motif and the total number of repeats within pfhrp2 vary
considerably between countries and within the same country (Mariette et al., 2008;
Baker et al., 2005). Yemeni isolates showed high to moderate numbers of the repeat
types 2, 7, 6 and 1 within pfhrp2 (means: 9.85, 4.97, 4.11 and 3.01, respectively) which
is higher than what it has been reported in Thailand, the Philippines, Madagascar, Papua
New Guinea and South America (Mariette et a., 2008; Baker et a., 2005; Rock et al.,
1987).

Our findings reveaed that the HRP2-based RDT possessed good sensitivity; a
low parasitaemia level of 184 asexua stages/ul was strongly detectable by RDT. On the
other hand, parasitaemia levels below 100 parasites pl were found either weakly
detectable (98 parasites/pl) or totally not detected (65 parasites/pl). These results
correspond to RDT results on the Yemeni isolates as we found that detection rate
increased with parasitaemia level. However, low detection rate (44.4 %) was reported
with samples of very low parasitaemia (i.e., < 100 parasites/ul), as well as two samples
(positive with microscopy and pfhrp2-PCR) with moderate and high parasitaemia were
found negative. These are in agreement with previous studies which revealed that most
of the RDT show excellent detection rates for P. falciparum at a parasitaemia greater
than 500 parasites/ul, with most of the variation reported at relatively low-level
parasitaemia (WHO, 2011a; Wurtz et al., 2013; Baker et a., 2010). Moreover, RDT
negative results were reported with samples of high-level parasitaemia (Playford &

Walker, 2002; Igbal et a., 2001). This variation could be attributed to either RDT
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device-related factors such as poor manufacture and deterioration of the device or
parasite-related factors such as the level of parasitaemia, variability in the target
epitopes of the parasite antigen, or quantity of parasite antigen produced by the parasite
or present in the peripheral blood, or malaria transmission season (WHO, 2011a; Baker
et a., 2005; Diarraet a., 2012).

Overal, the present study showed that the sensitivity and specificity of the used
HRP2-based RDT were high (90.5 % and 96.1 %, respectively). This was supported by
a very good level of agreement between the results of microscopy and RDT tests
(Kappa = 0.867). The sensitivity of PfHRP2-based RDT from other reports varied
worldwide, ranging from > 90 % (high) to 43.7 % (low) compared to the gold standard
microscopy and/or PCR (McMorrow et a., 2008, 2010; Bell et al., 2005; Tahar et al.,
2013; Fancony et al., 2013). Within the same context, a previous study conducted at the
eastern part of Yemen during a malaria outbreak aimed to evaluate the accuracy of
PfHRP2-based RDT among 25 falciparum malaria patients, revealed a sensitivity,
specificity and positive predictive vaue of 74 %, 94 % and 68 %, respectively when
compared to the microscopy (Ghouth et al., 2012). However, the small sample size used
in the above study, as well as the potential genetic variation in isolates from the eastern
part of Yemen collected during an outbreak when compared to the isolates in this study
from malaria endemic areas in western Y emen should be taken into consideration.

In the present study, one sample was found positive for falciparum malaria by
microscopy and HRP2-RDT while it was negative by PFTHRP2-PCR. The DNA quality
was confirmed by successful PCR amplification of both falciparum 18S rRNA and
pfhrp3 genes. Moreover, the HRP2 PCR protocol was tested against falciparum malaria
DNA samples with the same and lower parasite densities which all resulted in a
successful hrp2 gene amplification suggesting a Pfhrp2 gene deletion. Due to pfhrp3

and pfhrp2 genes structura homology, pfhrp3 can crossreact with HRP2-coated

93



antibodies in the RDT (Wellems & Howard, 1986), and this may explain the false
positive PFHRP2-RDT result by our study. On the other hand, pfhrp2 gene deletion was
reported worldwide and more extensively from South America. It was first reported
among Peruvian isolates; 41 % of the malaria-microscopically positive isolates have
been found negative by RDT, and failed to amplify the PFHRP2 gene by PCR (Gamboa
et a., 2010). Later, studies from Brazil and Peru (Akinyi et al., 2013; Houzé et a.,
2011; Maltha et a., 2012), Madli in Africa (Koita et a., 2012), and from India in Asia
have reported false negative RDT results due to a pfhrp2 gene deletion (Kumar et al.,

2012).
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CHAPTER 4: SUSTAINED EFFICACY OF ARTESUNATE-
SULFADOXINE-PYRIMETHAMINE AGAINST P. FALCIPARUM
INYEMEN AND A RENEWED CALL FOR AN ADJUNCT SINGLE

DOSE PRIMAQUINE TO CLEAR GAMETOCYTES

Wahib M. Atroosh, Hesham M. Al-Mekhlafi, Georges Snounou, Adel Al-Jasari, Hany
Sady, Nabil A. Nasr, Yee-Ling Lau, Johari Surin. Sustained efficacy of artesunate-
sulfadoxine-pyrimethamine against P. falciparum in Yemen and a renewed call for an

adjunct single dose primaquine to clear gametocytes. Malaria Journal 2016;15: 1-11.

4.1 INTRODUCTION AND LITERATURE REVIEW

The worldwide spread of Plasmodium falciparum resistance to anti-malaria drugs led
to the development of new strategies to treat malaria and extend the life of novel drugs.
Over the last decade, artemisinin-based combination therapy (ACT) has become the
cornerstone of malaria treatment policies (White, 2008; WHO, 2015a). This contributed
to the global decline in the number of malaria cases (18%) and mortality (48%) between
2000 and 2015 (WHO, 2015a). However, the emergence and spread in Southeast Asia
of P. falciparum lines with reduced susceptibility to artemisinin (Dondorp et al., 2010;
Miotto et a., 2013; WHO, 2014b) raises urgent concern. Mutations in the propeller
domain of the parasite’s Kelch 13 protein have recently been associated with the
delayed clearance that characterizes this resistant phenotype (Ariey et a., 2014). To
date, at least 54 single nucleotide polymorphisms (SNPs) have been identified within
this domain (WHO, 2014b; Straimer et a., 2015; Tun et al., 2015; Ashley et a., 2014),
with C580Y and F446I1 the most prevalent in Southeast Asia (Tun et a., 2015; Huang et

a., 2015; Nyunt et a., 2015; Takaa et a., 2015). Numerous novel mutations in the
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pfk13 propeller domain have been reported from African P. falciparum, but none was
associated with artemisinin resistance (Huang et a., 2015; Conrad et a., 2014,
Torrentino-Madamet et al., 2014; Kamau et a., 2015; Taylor et a., 2015).

In Yemen, malariais still a major life-threatening health problem for more than
60% of the population of nearly 25 million people, and in particular in the southwestern
corner of the country (WHO, 20144). The malaria cases are nearly al due to infection
by P. falciparum (99%), with Anopheles arabiensis, Anopheles sergentii and Anopheles
azaniae as the major insect vectors (WHO, 2014a; Al-Eryani et a., 2016). The countries
of the Arabian Peninsula are now considered to be malaria-free (Snow et al., 2013),
with two exceptions: Y emen where malariais still prevalent with high rates of mortality
and morbidity, and Saudi Arabia where the cases, principaly recorded in the
southwestern districts bordering Y emen are considered to be mainly imported from the
bordering Tehama region of Yemen and from Sudan (Al-Zanbagi, 2014; El Hassan et
al., 2015). The decline in chloroquine efficacy in Yemen (Al-Kabs et al., 2009; Al-
Maktari & Bassiouny, 2003; Al-Shamahy et al., 2007; Alkadi et al., 2006) prompted the
adoption in 2009 of artesunate in combination with sulfadoxine-pyrimethamine
(AS+SP) as the first-line treatment of uncomplicated P. falciparum infections, with a
combination of artemether with lumefantrine (AL) as a second-line treatment (WHO,
2013). Although clinical efficacy of AS+SP treatment in Yemen has not diminished
since its introduction (Al-Kabs et a., 2009; Aded et al., 2015), there are indications
from the few molecular surveys of P. falciparum populations in Y emen that whereas no
mutations associated with drug resistance has occurred for pfdhps, the prevalence of
such mutations in pfdhfr is increasing (Mubjer et al., 2011; Al-Hamidhi et a., 2013;
Abdul-Ghani et al., 2014; Bamaga et a., 2015b). Finally, it is known that SP does not

provide optimal clearance of gametocytes, even when combined with AS, prompting
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calls to include monitoring of the sexua stagesin drug efficacy studies (Abdul-Ghani et

a., 2015).

The present in vivo trial aimed to assess the clinical and parasitologica efficacy
of AS+SP treatment in an area of high endemicity close to the Saudi Arabian border,
and to investigate the polymorphisms in the pfk13 gene propeller domain, pfdhfr and
pfdhps genes of the P. falciparum parasites circulating in this area. Furthermore, the
impact of the AS+SP treatment on microscopic gametocytaemia was aso evaluated

throughout the follow-up period.

42 MATERIALSAND METHODS

4.2.1 Study areaand patients

An active case study among febrile individuals, suspected to have malariainfection, was
conducted from March to May 2014 in some maaria-endemic areas in two
governorates, Hodeidah and Al-Mahwit located in Tehama region, northwest of Yemen
(Figure 3.1). The Hodeidah governorate (14.79° N, 42.97° E) is a coastal area located
along the Red Sea in the western part of Yemen, about 226 km from Sana’a, the capital.
It is with a total area of 117,145 sg km and a total population of about two million
people (NIC, 2014). The Al-Mahwit governorate (16.25° N, 44.717° E) is located about
111 km west of Sana’a, with atotal area of 2,858 sq km and atotal population of about
600,000 people (NIC, 2014). In Tehama region, the climate is a combination of tropical
monsoon with a mean temperature of 37.5°C in summer and 24°C in winter. The mean
rainfal is 200 mm/year, occasionaly during the summer while the weather is dry in
winter. Malaria transmission occurs al year around, with a transmission peak from

January to March.
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Districts and villages with high malaria endemicity were selected for this study
based on the malaria incidence records for the year 2013 provided by the National
Malaria Control Programme (NMCP), Yemen. These included AdDahi and Bgjil
Digtricts in Hodeidah governorate, and Khamis Bani-Saad District in Al-Mahwit
governorate. According to the NMCP records for 2013 (Figure 3.1), Hodeidah had the
highest number of malaria cases (15,001 — 50,252 cases) followed by Sa’dah, Hajjah
and Al-Mahwit governorates (northwest Yemen). However, we could not collect
samples from Sa’dah and Hajjah governorates because of the state of civil war during
the proposed sampling period. The research team comprised of the Principle
Investigator, two medical laboratory experts and a physician who visited each study
area and established a station. The heads of the villages were informed about the
objectives and the proposed procedures in order to obtain their permission to initiate the
study. Afterwards, the village heads asked all residents to present themselves at the
station where they were informed of the aims and procedures of the study, and the
modalities of their participation. Those who voluntarily agreed to take part in the study
were assessed for eligibility. The team also enquired about any individuals who could
not attend because of illness or fever and these persons were visited at their home

settings. The population in the villages sampled had minimal travel histories.

A total of 622 febrile individuals were examined in ten villages. Halalah, Al-
Huamarah, Al-Meshaahra, Al-Rakib, Al-Rufae, Al-Sharjah, Deer Shareef, Kidf
Zumailah, Shat Haal, and Sirg in addition to the city of Bagjil. Of these, 86 P.

falciparum-positive patients were involved in the in vivo study.

98



4.2.2 Plasmodium falciparum isolates

A finger-prick blood sample was collected from each participant for rapid diagnostic
test (RDT) (CareStart™ Malaria HRP2, Cat. no. G0141, Access Bio, Inc, USA), for
preparing thick and thin blood smears, and to obtain blood spots on SMM Whatman®
filter paper (Whatman International Ltd, Maidstone, UK). The filter papers were left to
dry in air away from dust and kept in an aluminium foil pouch with desiccant silicon
bags at room temperature (25-27°C) until use. This sample obtained prior to the
administration of treatment (for those that had a confirmed malaria diagnosis) and was
considered to be the day 0 sample.

The blood smears were Giemsa-stained prior to microscopic examination for the
identification of parasite species and stages. The parasitaemia was determined using a
modified procedure for counting the asexual stages. Parasites were enumerated against
300 white blood cells (WBC) with a hand taly counter and the number was then
multiplied by 25 to obtain the number of parasites per pL of blood (assuming an
average of 7,500 WBC/uL blood). The parasitaemia was graded as low (<1,000
parasites/uL blood), moderate (1,000-9,999 parasites/uL blood), or severe (=10,000
parasites/uL blood). The presence of gametocytes was examined against 500 WBC;
though gametocytaemia was treated as qualitative variable in data analysis. Each
microscopy-positive slide and a selection of negative slides were examined by two

senior specialists and the average parasite count was considered.

4.2.3 Invivotest

All the patients who fulfilled the inclusion criteria, including age of six months and
above, axillary temperature of > 37.5 °C or history of fever within the last 72 h,
microscopically confirmed as uncomplicated P. falciparum mono-infection, and ability

to swallow ora medication were invited to participate in the in vivo trial (Appendix A &
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F). Details concerning the study, its benefits and any possible potential risks were fully
explained. Only those who willingly agreed to participate and gave informed written
and signed consents as well as declared their willingness to comply with the study
protocol for the duration of the study and to comply with the study visit schedule were
enrolled in the study (Appendix C). Patients who had signs of severe or complicated
falciparum malaria or had mixed infection with another Plasmodium species (P. vivax)
or had febrile conditions due to diseases other than malaria or had a history of adverse
effects due to any anti-malarial drug or any other medicines were excluded from the in
vivo study. Moreover, pregnant women and females with positive pregnancy test or
females who were unable to or unwilling to do a pregnancy test were also excluded.
Treatment efficacy was evaluated by monitoring the clinical and parasitological
parameters over a 28-day follow-up period from the day the first drug dose was
administered (day 0). The methods of treatment, schedule of follow-up and analysis of
outcomes were as per the WHO guidelines (WHO, 2009). The drug dosage was based
on body weight and, according to the national policy of malaria treatment. After
treatment administration, patients were observed for at least 30 min to make sure that
the medicine was not lost through vomiting or diarrhoea. If vomiting or diarrhoea
occurred within 30 min of treatment, a full treatment dose was repeated. Patients then
underwent regular clinical and parasitological assessment for another seven specific
days after the day of first dose (day 0): days 1, 2, 3, and 7 and then weekly on days 14,
21 and 28. Patients were advised to contact the Principal Investigator at any time during
the follow-up period if symptoms returned or in case of appearance of any one of these
danger signs. unable to drink or breastfeed (in case of children), severe vomiting,
presenting with convulsions, lethargic or unconscious, or difficult breathing, or
appearance of jaundice or black urine. Additiona clinical and parasitological

assessment were obtained in such cases. Patients who missed days 1 and 2 follow-up or
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subsequently missed one dose of the treatment were withdrawn from the study. After
day 3, patients who were lost to follow-up on day 7 but were present on days 6 or 8
(likewise days 13/15, days 20/22, days 27/29 for day 14, day 21 and day 28,
respectively), were still included in the study. However, absence from the follow-up
after day 3 for more than one day led to withdrawal from the study. Treatment outcomes
were classified as early treatment failure (ETF), late clinical failure (LCF), late
parasitological failure (LPF), or adequate clinical and parasitological response (ACPR),

according to the WHO guidelines (WHO, 2009). [Appendix G & K]

4.2.4 Treatment regimen

ACT in the form of AS+SP is the first-line treatment in Yemen for uncomplicated
falciparum malaria. AS+SP used in this study was provided by WHO through NMCP:
50 mg artesunate tablets in a strip of 12 tablets (Artesunate, Batch No. AS 120901,
Guilin Pharmaceutical Co Ltd, China) and sulfadoxine 500 mg/pyrimethamine 25 mg
tablets in a pack of 1,000 tablets (Batch No. SP IH0132, Micro Labs Ltd, The
Netherlands). The drug was administered at a daily dose of artesunate 4 mg per kg of
body weight (BW) for three successive days (days 0, 1 and 2) plus a single dose of
25/1.25 mg per kg BW of SP, respectively, on the first day (day 0). Additionaly,
NMCP provided the study with the second-line treatment AL should AS+SP therapeutic
failure occur, and parenteral quinine therapy for those who might vomit the treatment
twice and/or could not take the medication orally, for pregnant women during first
trimester, for patients with severe or complicated malaria and in case of AL therapeutic

failure (Appendix 1).
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4.2.5 DNA extraction

Two to three discs (6-mm diameter) of the blood spots dried on the filter paper were cut
using a flamed-sterile puncher, and were then used for DNA extraction using a Qiagen
blood and tissue kit (QIAGEN, DNeasy® Blood & Tissue Kit, Cat. no. 69506,
Germany) according to manufacturer’s instruction. DNA was eluted using 100 pL of the

elution buffer AE (10 mM Tris-Cl; 0.5 mM EDTA; pH 9.0) and kept at -20°C until use.

4.2.6 Species-specific PCR identification of malaria parasites

All malaria-positive samples from patients recruited to the in vivo study were subjected
to PCR confirmation, targeting the small sub-unit ribosomal RNA genes (Singh €t al.,
1999) prior to any further molecular analyses. Only samples that were positive for P.
falciparum were considered for molecular characterization of anti-malarial drug
resistance. Species other than P. falciparum were not detected in any of the admission

samples.

4.2.7 Mspl, msp2 and glurp genotyping
Recurrent cases were distinguished from new infections (PCR-correction) according to
the protocols described previously (Snounou & Beck, 1998; WHO, 2008) for the
amplification and analysis of selected polymorphic domains of the merozoite surface
protein-1 (mspl), merozoite surface protein-2 (msp2) and glutamate rich protein (glurp)
genes.

Amplification of the three markers was achieved using nested PCR (Snounou et
al., 1999). Amplicons were visualized in 2.5% of agarose gel stained with Sybr® safe
DNA ge stain (Invitrogen, USA) using UV documenting system (Bio-Rad, Hercules,

CA, USA). The dl€lic variants observed were then grouped into different size bins of
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25 bp for mspl and msp2, and of 50 bp for glurp. Details of primers sequences and PCR
conditions for amplifying mspl, msp2 and glurp arein Table 4.1.

For those cases where parasites were observed during the follow-up period,
mspl and msp2 allelic variants were compared between the samples obtained before and
after treatment (i.e. the base line day 0 sample, and the one collected at the recurrent
episode) by capillary electrophoresis in order to increase sensitivity and resolution.
Forward oligonucleotide primers of secondary PCR for mspl (M1-KF, M1-MF and M 1-
RF) and for msp2 (M2-FCF and ICF) were labelled with 6-FAM fluorescent dye.
Amplicons were analysed by the automated ABI 3730XL Genetic Analyzer and then
interpreted using GeneMapper® analysis software version 4.0 (Applied Biosystems,

USA).

4.2.8 Genemutation of molecular markersof anti-malarial drug resistance
Selected domains of the parasite genes associated with drug resistance were amplified
by conventional or nested PCR using genomic DNA purified from the P. falciparum
isolates, and the mutations identified following direct sequencing or through restriction
fragment length polymorphism (RFLP) analysis.

4.2.8.1 Pfkl13 propeller domain: A single run PCR using forward K13-F (5’-
GTTGGTGGAGCTATTTTTGAAACATCTAG-3’) and reverse KI13-R (5’-
GCCAAGCTGCCATTCATTTGTATC-3’) primers that were designed based on P.
falciparum 3D7 kelch gene (PF13_0238, Gene ID: 814205), flanking 1062 bp amplicon
that corresponds to nucleotides 1094-2127 (codons 364-709). The PCR products were
then visualized by 1% agarose gel stained with Sybr® safe DNA gel stain under UV,
then gel-purified, sequenced in both directions, and the resulting sequences aligned
using BioEdit Sequence Alignment Editor Software (version 7.1.9) and compared to P.

falciparum 3D7 Kelch 13 gene (Gene ID: 814205). All positions were evaluated for the
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presence of mutations. Details of the primers sequences and PCR conditions for
detecting mutations in K13 gene arein Table 4.2.

4.2.8.2 pfdhfr and pfdhps: Pfdhfr was analysed for mutations at six codons (A16V,
C50R, N51I, C59R, S108N, and 1164L) and pfdhps at seven codons (S436A/F, A437G,
K540E, A581G, A613T/S, 1640F, and H645P). Amplification of pfdhfr was achieved by
a modified nested PCR protocol (Tinto et al., 2007) followed by purification and

sequencing of the 700 bp amplicons instead of restriction enzymes (RE) digestion. The

primary reaction was performed using Ampl (5 TTTATATTTTCTCCTTTTTA-3’)
and Amp2 (5’- CATTTTATTATTCGTTTTCT-3’) oligonucleotides pair, and the
secondary amplification reaction using SP1 (5’- ATGATGGAACAAGTCTGCGAC-3’)
and SP2 (5°- ACATTTTATTATTCGTTTTC-3’) (Isozumi et al., 2015). The PCR
protocol for pfdhps amplification was slightly modified: the upstream primers for both
primary and secondary PCR were changed so as to yield a longer amplicon (1,005 bp).
PCR amplification was performed using PS1-F (5-
GAATTTTTATCCATTCCTCATG-3’) + 02 (5’-TTCCTCATGTAATTCATCTGA-3’)
and PSA-F (5’- GTATACAACACACAGATATAG-3’) + 02 primers pairs for the
primary and secondary amplification reactions, respectively (Tinto et al., 2007). All
PCR products were visualized in 1.5% agarose gels and the PCR products were
purified, sequenced and then aigned using BioEdit Sequence Alignment Editor
Software compared to dhfr (ID: 9221804) and dhps (ID: 2655294) genes sequences of

3D7 P. falciparum. (Table 4.2).
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4.29 Dataanalysis

Data were double entered into Microsoft Office Excel 2007 spreadsheets and cross-
checked for accuracy before being exported to IBM SPSS statistical package version 20
(IBM Corp, NY, USA) for data analysis. For descriptive analysis, frequency and
proportion were used to present the distribution categorical variables. All quantitative
variables were examined for normality by Shapiro-Wilk test before analysis. Statistical
associations between point mutations and explanatory variables, including age, gender,
sites, and parasitaemia, were assessed using the Chi-square test or Fisher’s Exact test
where applicable. Per-protocol and Kaplan-Meier survival analysis was used to evaluate
the treatment outcome and to plot the decline in gametocytaemic cases after treatment
among individuas who were gametocyte-positive at enrolment. Patients were
censored from the per-protocol analysis of treatment outcome if they were lost to
follow-up, identified with re-infection (after PCR-correction) or decided to withdraw
from the study, but they were considered in the Kaplan-Meier survival analysis until the

day of withdrawal. A P value of <0.05 was considered statistically significant.

4.2.10 Ethical statement

The study protocol was approved by the Medical Ethics Committee of the University of
Malaya Medical Centre, Kuala Lumpur (Ref. 974.19), and by the Ministry of Health
and the NMCP in Yemen (Appendix E). At the villages, the residents were informed
about the aims and procedures of the study. Moreover, the participants were also
informed that they could withdraw from the study at any point of time without citing
reasons for doing so. Afterwards, written and signed or thumb-printed informed
consents were taken from adult participant or from the parents on behaf of ther
children before enrolment, as approved by the mentioned Ethics Committees (A ppendix

C). The consent request form was trandated into Arabic language and was read entirely
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to the patients or their parents/guardians before they were asked to sign the document
(Appendix C). Furthermore, permission for pregnancy testing was sought from married
female participants aged 18 years and above. RDT-positive individuals were treated
according to the national malaria treatment policy, Ministry of Health and Population,
Y emen (as stated in Methods). Any patient who decided not to participate or to continue
in the in vivo study was also treated and followed-up until total clearance of

parasitaemia by day 28.
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Table 4.1: Oligonucleotide sequences and cycling conditions for genotyping P. falciparum mspl, msp2 and glurp genes

Gene-Family Primer name Primer sequence Thermal conditions
v MSP1 M1-OF 5’-CTAGAAGCTTTAGAAGATGCAGTATTG-3’ 1 cycle (95 °C/5 min, 58 °C/2
3 M1-OR 5 -CTTAAATAGTATTCTAATTCAAGTGGATCA-3’ min, 72 9C/2 min)
3 .
< MSP2 M2-OF 5-ATGAAGGTAATTAAAACATTGTCTATTATA-3’ anE: r?yglzeg ((:9/9‘; r‘;]fr/] i min, 58 °C/2
'U _ ’_ _Q7 H
3 M2-OR 5-CTTTGTTACCATCGGTACATTCTT-3 Extension g 729C/2 min
Glurp G-OF 5-TGAATTTGAAGATGTTCACACTGAAC-3’ Annedling & 58 °C/2min
G-OR 5'-GTGGAATTGCTTTTTCTTCAACACTAA-3’ Final extension at 72 °C/5 min
¢ MSP1-K 1 M1-KF FAM  /56-FAM/AAATGAAGAAGAAATTACTACAAAAGGTGC 1 cycle (95 °C/5 min, 61 °C/2
3 M1-KR 5'-GCTTGCATCAGCTGGAGGGCTTGCACCAGA-3’ min, 72 °C/2 min)
a2 25 cycles (94 °C/1 min, 61
8 MSPLMAD20 ML1-MF FAM  /56-FAM/AAATGAAGGAACAAGTGGAACAGCTGTTAC  ogyamin, 72 9C/2min)
< M1-MR 5'-ATCTGAAGGATTTGTACGTCTTGAATTACC-3’ Extension at 72 °C/2 min
S MSPI-RO33  MI-RF FAM  /56-FAM/TAAAGGATGGAGCAAATACTCAAGTTGTTG  Annedingat 61°C/ 2([“'” _
M1-RR 5'-CATCTGAAGGATTTGCAGCACCTGGAGATC-3’ Final extension at 72°C/5 min
M SP2-FC27 M2-FCF_FAM  /56-FAM/AATACTAAGAGTGTAGGTGCARATGCTCCA
M2-FCR 5 -TTTTATTTGGTGCATTGCCAGAACTTGAAC-3’
MSP2-1C M2-ICF_FAM  /56-FAM/AGAAGTATGGCAGAAAGTAAKCCTYCTACT
M2-ICR 5'-GATTGTAATTCGGGGGATTCAGTTTGTTCG-3’
Glurp G-NF 5'-TGTTCACACTGAACAATTAGATTTAGATCA-3’
G-OR 5-GTGGAATTGCTTTTTCTTCAACACTAA-3’

L0T

Mspl: merozoite surface protein 1, Msp2: merozoite surface protein 2, Glurp: glutamate rich protein.



Table 4.2: Oligonucleotide sequences and cycling conditions for genotyping P. falciparum k13, pfdhfr and pfdhps genes

Gene Primer Sequence Size(bp) Thermal conditions
Kelch 13 K13-F GTTGGTGGAGCTATTTTTGAAACATCTAG 1062 94 °C/5 min
K13-R GCCAAGCTGCCATTCATTTGTATC :gcfyd% (94°C/30 sec, 60 9C/90 sec, 72°C/%0
72°C/10 min
Pfdhfr Ampl [TTATATTTTCTCCTTTTTA 718 94 °C/5 min
Amp2 CATTTTATTATTCGTTTTCT ggc ;’yc'as (94 °C/30 sec, 49 °C/60 sec, 72 °C/60
72 °C/5 min
SP1 ATGATGGAACAAGTCTGCGAC 700 94 °C/5 min
Spo ACATTTTATTATTCGTTTTC §S5C§:ycle£ (94 °C/30 sec, 49 °C/60 sec, 72 °C/60
72 °C/5 min
Pfdhps PS1-F GAATTTTTATCCATTCCTCATG 1028 94 °C/5 min .
02 TTCCTCATGTAATTCATCTGA 22(; ;;ycl& (94 °C/60 sec, 56 °C/2 min, 72 °C/60
72 °C/5 min
PSA-F GTATACAACACACAGATATAG 1005 94 °C/5 min .
02 TTCCTCATGTAATTCATCTGA 5:(: ;;ycl& (94 °C/60 sec, 56 °C/2 min, 72 °C/60
72 °C/5 min

Pfdhfr: Plasmodium falciparum dihydrofol ate reductase, Pfdhps: Plasmodium fal ciparum dihydropteroate synthase, bp: base pare.
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43 RESULTS

Of the 622 individuals screened, 188 (30.2%) and 189 (30.4%) individuals were found
positive for malaria by using the CareStart™ HRP2-RDT and microscopy, respectively.
However, only 89 met the inclusion criteria and consented to be enrolled in the study.
All were given AS+SP and followed up for 28 days. Two patients were lost to follow-
up from day 14 onwards and one patient refused to continue from day 2, leaving 86
patients (40 males and 46 females; aged between eight months and 65 years, mean age
of 12.4 years) who were successfully followed up until day 28. Admission asexual
parasite levels varied from 561 to 55,555 and with mean parasitaemia of 8,199
parasites/pL blood. The general characteristics of the 86 participants are shown in Table
4.3.

Overdl, asexual parasite clearance was rapid as no patient was found
parasitaemic on days 3 and 7. By day 1, 51 patients (59.3%) were cleared of parasites
and only four (4.7%) patients still had microscopically detectable parasitaemia on day 2
which subsequently cleared on day 3. Asexua parasites with fever reappeared
(recrudescent/re-infection cases) on day 14 in two patients, on day 21 in another, and
finally on day 28 in two further patients (Table 4.4). Interestingly, these five patients
were from Khamis Bani-Saad District of Al-Mahweet governorate, from the following
villages: two from Deer Shareef, one from Al-Meshaahra, one from Shat Hajal, and one
from Al-Rufae. Table 4.6 shows the parasitological and clinical outcomes reported

among the patients treated with AS+SP.

After Kaplan-Meier analysis, therapeutic outcome of AS+SP was 94.2% (before
PCR-correction) with 81 cases showing adequate clinical and parasitological response
(Figure 4.1. a). After PCR-correction, three cases were classified as late clinical failure

(recrudescences) as the genotypes of the parasites from the pre-treatment samples (i.e.
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samples collected on day O before the first dose of treatment was administered) and
those on the day of parasite reappearance were similar. The remaining two cases were
classified as new infections (Table 4.4 & 4.5). Thus, the PCR-corrected cure rate
increased to 96.5% (Figure 4.1. b). All reported treatment failures were observed in the
age groups under the age of 15 (four below five years of age and one aged between five
to fifteen). Overall, the mean age of the five patients who were classified as LCF was
significantly lower than patients who were classified as ACPR (3.3 yearsvs. 12.9 years;
P = 0.006). Moreover, almost similar mean baseline parasitaemia was reported between

the LCF and the ACPR cases (8,375 vs. 8,188 parasites/uL; P = 0.612).
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Table 4.3: Genera characteristics of the participants at enrolment (n = 86)

Variable Fregquency %
Governorate

Hodeidah 28 32.6
Al-Mahwit 58 67.4
Gender

Male 40 46.5
Female 46 535
Agegroup (years)

<5 20 23.3
5-15 50 58.1
>15 16 18.6
History of fever 86 100.0
Weight (kg) 20.0 (17.5)° -
Haemoglobin level (g/dl) 10.2(1.9)¢ -
Parasitaemia group (asexual parasites/pL)

Parasitaemia on day 0 5247 (9648) P -
<999 13 151
1,000-9,999 50 58.1
> 10,000 23 26.7
Type of house

Wooden 44 51.2
Cement 27 314
Cement & wood 15 17.4
Sour ce of drinking water

Piped-water 22 25.6
Well 35 40.7
Stream/river 29 33.7
Having electricity supply 69 80.2
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Table 4.3, continued

Having vehicles

Don’t have

Motorcycle

Car/truck

Motorcycle & car

Having radio

Having TV

History of IRS (in thelast 12 months)
No

Yes

Don’t remember

Mosquito bed nets

Having bed nets

Using bed nets

Source of bed nets (government)

What do you do first when you have fever?
Go to clinic/hospital

self -treatment

Do nothing

72

35
30

59
21

45
28
45

47
18
21

83.7
10.5
4.7
1.2
40.7
34.9

68.6
24.4
7.0

52.3
32.6
100.0

54.7
20.9
24.4

IRS indoor residual spraying
@ Mean (SD)
b Median (interquartile range)
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Table 4.4: Parasitaemia clearance and re-appearance of the five recrudescent/re-infection cases

MSP1 MSP2
NSGEEER DAY GLURP OUTCOME
K1 MAD20 RO33 FC27 IC

0 180 - - 300 - 1000

25 Recrudescence
21 180 - - 300 - 1000
0 - - 150 450 - 900

85 New infection
14 200 - - 450 500 1000
0 180 - - - 500 1000

255 Recrudescence
28 180 - - - 500 1000
0 180 - 150 300 600 900

257 Recrudescence
14 180 - 150 300 600 900
0 230 200 - 350 - 900

383 New infection
28 - 230 - 280 - 900

MSP1: merozoite surface protein 1, MSP2: merozoite surface protein 2, GLURP: glutamate rich protein.



Table 4.5: Genotyping data for the five patients with renewed clinical activity during
follow-up (using capillary electrophoresis fragment anaysis).

Case Number  Sample File Name Marker  Size(bp)
25/K1-0 1st BASE 241189 K1-25 O.fsa FAM-1  185.64
25/K1-21 1st BASE 241190 K1-25 21.fsa FAM-1  185.72
255/K1-0 1st BASE 241191 K1-255 O.fsa FAM-1 185.82
255/K1-28 1st BASE 241192 K1-255 28.fsa FAM-1 185.83
257/K1-0 1st BASE 241193 K1-257 O.fsa FAM-1 185.59
257/K1-14 1st BASE 241194 K1-257 14.fsa FAM-1 185.54

257/RO33-0  1st BASE 241197 RO33-257 Ofsa FAM-2  151.16
257/RO33-14  1st BASE 241198 RO33-257_14fsa FAM-2  151.22
25/FC27-0 1st BASE 241205 FC27-25 Ofsa ~ FAM-3 3246
25/FC27-21  1st_ BASE 241206 FC27-25 21fsa FAM-3 3246
257/[FC27-0  1st_ BASE 241207 FC27-257 Ofsa FAM-3 32452

257/[FC27-14  1st_ BASE_ 241208 FC27-257 14fsa FAM-3  324.52

255/IC-0 1st BASE 241213 1C-255 0.fsa FAM-4  ~555
255/IC-28 1st BASE 241214 1C-255_28.fsa FAM-4  ~555
257/1C-0 1st BASE 241215 1C-257_0.fsa FAM-5 ~650
257/1C-14 1st BASE 241216 1C-257_14.fsa FAM-5 ~650
CONTROL 1 1st BASE 1 Control.fsa FAM 200.00

CONTROL 2  1st BASE_1 Control.fsa FAM 300.00
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Table 4.6: Summary of parasitological and clinical outcomes among patients treated
with AS + SP after 28 days of follow-up

Without PCR correction PCR-corrected
Classification

Number  Proportion (95% CI) Number Proportion (95% CI)

EFT 0 0(0) 0 0(0)

LCT 5 5.8 (0.019, 0.130) 3 3.5 (0.007, 0.099)
LPF 0 0(0) 0 0(0)

ACPR 81 94.2 (0.870, 0.981) 83 96.5 (0.901, 0.993)

Tota analysis 86

WTH 1
LFU 2
Tota 89

Cl Confidence interval, ACPR Adequate clinical and parasitological response, ETF Early treatment
failure, LCF Late clinical failure, LPF Late parasitological failure, LFU Loss to follow-up, WTH
Withdrawn.
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Figure 4.1. a: Kaplan-Meier curves showing treatment success cumulative
proportion for the population under study for AS + SP up to day 28 of
follow-up (PCR-uncorrected).
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Figure 4.1. b: Kaplan-Meier curves showing treatment success cumulative
proportion for the population under study for AS + SP up to day 28 of
follow-up (PCR-corrected).
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4.3.1 Molecular markersof drugresistance

4.3.1.1 Pfkl3-propeller: Sequences were obtained from al 86 (100%) isolates
collected in this study. None of the study isolates analysed for mutations of the pfkK13
propeller domain (including the three recrudescent isolates) carried any mutations at the
39 codons previously published to be associated with artemisinin resistance (Ariey et

al., 2014; Huang et al., 2015; Isozumi et al., 2015).

4.3.1.2 Pfdhfr and pfdhps: For pfdhfr gene, sequences were obtained from 81 (94.2%)
of the study isolates. Double mutations at SI08N and N51I were observed in 53 isolates
(65.4%), and all the other codons (16, 50, 59, and 164) were found to be wild type.
Thus, the ACICNI pfdhfr haplotype was predominant (65.4%) over the wild-type
ACNCSI haplotype. For pfdhps, sequences were obtained from 76 isolates (88.4%), and
no mutations were observed for codons 436, 437, 540, 581, and 613, though mutations
were in two other codons. 640 (n=6) and 645 (n=4). The distribution of the pfdhfr
double-mutated haplotype frequency was found significantly associated with the
districts and sites from which the participants were recruited: in 87.5 and 80.4% of those
from Ad-Dahee and Khamis Bani-Saad, respectively, while patients from Bgjil districts
harboured parasites that were mostly wild type (5.9% with mutated haplotypes).
Parasites obtained from patients from the villages of Al-Humarah (AdDahi) and Shat
Haja (Khamis Bani-Saad) all carried the double mutation. No association was reported
between the frequency of pfdhfr mutations and other variables such as sex and age,

admission parasite density, or gametocytaemia.
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4.3.2 Gametocytaemia

Gametocytes were observed in 69 of the 189 persons found infected with P. falciparum
during the initial survey, and a similar proportion of the patients recruited (35/86) were
also gametocytaemic at the initiation of AS+SP treatment. Most of these patients still
harboured gametocytes by day 7 post-treatment, and 14% were still gametocytaemic at

the end of thetrail follow-up period (Figure 4.2).
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Figure 4.2: Kaplan-Meier curves showing time to disappearance of microscopic
gametocytaemia in gametocytaemic individuals at enrolment and following AS+SP
treatment (n = 35)
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4.4 DISCUSSION

ACT is now the recommended first-line treatment in nearly all the malaria-endemic
countries of the world (all Caribbean and Central American countries, except Panama,
still rely on chloroquine + primaquine). High levels of resistance to SP have generally
precluded the selection of SP as the ACT companion drug, and the AS+SP combination
has been uniquely adopted in countries of WHQO’s Eastern Mediterranean Region
(except for Djibouti) and India where it is supplemented by primaquine, but it is
administered alone in Azerbaijan, Somalia, Sudan, and Y emen. Increased frequencies of
mutations associated with SP failure have been recorded in Sudan (Gadalla et al., 2013),
and in particular in Somalia where unacceptable levels of treatment failure (22%) were

recorded in one area (Warsame et ., 2015).

The study presented here indicates that the efficacy of AS+SP treatment is till
high in Yemen (>95%), which concords with the only other in vivo efficacy trial that
was recently conducted in the same country (Aded et al., 2015). In both studies, asexual
parasitaemia was cleared by day 3 post-treatment, and only a few PCR-confirmed cases
of true recrudescence were observed. In neither study were drug levels in those where
treatment failed measured, and drug absorption or metabolism as a basis for failure
could not be formally excluded. It is noteworthy that the three true recrudescences
detected in the current study originated from the district with the highest percentage of
malaria infection in surveyed residents (Khamis Bani-Saad district in Al-Mahwit
governorate) and where al the isolates had the pfdhfr double mutation. Given high cure
rate and the absence of resistance-associated mutations in the pfdhps gene and the rarity
of triple mutations in the pfdhfr gene in Yemen (Bamaga et a., 2015b), a
recommendation to abandon SP as the partner drug is not warranted in Yemen.
Nonetheless, constant monitoring of AS+SP efficacy should be a priority, not least

because SP tablets are available in pharmacies as well as ordinary stores in rural areas,
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where they are kept a home and used for self-medication, a practice that could
contribute to a rapid emergence of SP resistance. Previous studies revealed that CQ,
quinine and SP are the most available anti-malaria drugs in private drug stores in
Yemen. They are prescribed for uncomplicated falciparum malaria, and when it is
financially possible they are used for self-administration, particularly in rural areas

(Ghouth, 2013; Bashrahil et a., 2010).

In neighbouring and other Eastern Mediterranean countries, a similar profile of
pfdhfr and pfdhps mutations has been reported in the Jazan region in southwest Saudi
Arabia that shares borders with our study area (Bin Dgem et a., 2012), and in
Afghanistan where the pfdhfr double mutation (C59R, S108N) predominates (Awab et
al., 2013). Despite the high frequency of mutations in both pfdhfr and pfdhps genes
reported in Pakistan, the triple pfdhfr mutant was not observed, though 52% (88/170) of
the isolates studied harboured the pfdhps A437G mutation with the double mutated
(C59R+S108N) pfdhfr (Khattak et a., 2013). Studies from south-eastern Iran showed an
initial steady reduction in the prevalence of pfdhfr + pfdhps triple mutations (pfdhfr
C59R+S108N and pfdhps A437G) during 2008-2010 following the adoption of AS+SP
in 2007 (Afsharpad et al., 2012), but a significant increase in their prevalence was later
reported in the same area during 2012-2014 (Rouhani et al., 2015). Ultimately, SP
remains a suitable partner drug to AS for the treatment of uncomplicated falciparum
malaria, and regular monitoring for the increase in resistance-associated mutations is

warranted.

This first investigation of the pfkl3 propeller domain in P. falciparum from
Yemen indicated that the parasites are still free of the mutations associated with
artemisinin resistance in Asia. This might be due to the relatively short exposure of the
parasites to artemisinin as well as the use of SP as the partner drug. Indeed, although

ACT was introduced in 2009, its distribution at district level was gradual and its
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widespread use is slowed by continuing availability and prescription of chloroquine in
both urban and rural areas (Bamaga et a., 2014; Ghouth, 2013; Bashrahil et a., 2010).
Nonetheless, the potentia for rapid selection and spread of mutants should not be

underestimated and pfk13 should be regularly monitored in Y emen.

In the context of sustainable malaria control, the use of SP for treatment suffers
from a major disadvantage, namely a poor efficacy in eliminating the sexua stages.
Thus, when SP was assessed in in vivo trials alone or in combination with artemisinins,
the rapid clearance of asexual parasites was not observed for the gametocytes that often
persisted for many days, sometimes throughout the follow-up period, in the circulation
and remained infectious to mosquitoes. It is likely that the prevalence of post-treatment
gametocytaemia was underestimated when microscopy alone was used to detect the
gametocytes. Indeed, numerous studies showed that molecularly detectable sub-
microscopic gametocytes are common following treatment and could be sufficient to
sustain transmission (Babiker et al., 1999; Bousema et al., 2006; Drakeley et a., 2006;
Mens et a., 2008; Okell et a., 2009; Karl et a., 2011). In Y emen, thisis exacerbated by
a delay in seeking treatment (Al-Taiar et a., 2009), probably due to limited financia
resources. In the current study, approximately half of the persons surveyed admitted that
they self-medicated or did not seek treatment when fever developed (Table 4.3), and
this is reflected in the high proportion of screened patients (69/189, 36.5%) that were
gametocytaemic at the time of admission. A pattern similar to the one observed in this
study was obtained for the sexual stages in the other in vivo trial of AS+SP efficacy
conducted in Yemen (Aded et al., 2015). Given that artemisinin has limited activity
against mature gametocytes (Targett et al., 2001; Bousema & Drakeley, 2011), the use
of AS+SP in Yemen might provide a selective advantage for the transmission of SP-

resistant parasites (Sutherland et al., 2002; White et al., 2012).
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The data presented here reinforce the suggestion that the fate of the sexual stages
should be considered as an additional factor to measure in standardized protocols of in
vivo anti-malaria efficacy studies when the objectives of the malaria control program
also aim to reduce transmission (Abdul-Ghani et a., 2015). Furthermore, it will be now
judicious to recommend the addition of primaquine to the standard AS+SP first-line
treatment in Somalia, Sudan and Yemen. Concerns over primaguine dose-dependent
haemolytic effects in persons with glucose-6-phosphate dehydrogenase deficiency
(G6PD) (Shekaaghe et al., 2010) are adlayed by recent WHO guidelines that indicate
that a single primaquine dose (0.25 mg base/kg) concomitantly administered on the first
day of ACT treatment, is both effective in blocking transmission and unlikely to cause
serious toxicity in individuals with any of the G6PD-deficiency variants, obviating the
need for systematic and onerous G6PD testing (White et al., 2012; White, 2013; WHO,

2015D).
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CHAPTER 5: DIFFERENT PATTERNS OF PFCRT AND PFMDR1
POLYMORPHISM IN PLASMODIUM FALCIPARUM ISOLATES

FROM TEHAMA REGION, YEMEN

Wahib M. Atroosh, Hesham M. Al-Mekhlafi, Adel Al-Jasari, Salwa S. Dawaki, Fatin
N. Elyana, Mona A. Al-Areeqgi, Hany Sady, Nabil A. Nasr, Awatif M. Abdulsalam,
Lahvanya R. Subramaniam, Meram Azzani, Init Ithoi, Yee Ling Lau and Johari Surin.
Different patterns of pfcrt and pfmdr1 polymorphism in Plasmodium fal ciparum isolates

from Tehama region, Y emen. Peer Journal 2016; 4: e2191

5.1 INTRODUCTION AND LITERATURE REVIEW

Chloroquine (CQ), a safe and cheap antimalarial, has been the drug of choice for
treating uncomplicated falciparum malaria over the past few decades. However, its
effectiveness has been greatly hampered by the emergence of resistant Plasmodium
falciparum strains that emerged along the Thai-Cambodian border early in 1957 and
then spread to other foci in Asia, and also to South America, Papua New Guinea, and
Africa (Moore & Lanier, 1961; Harinasuta et a., 1965; Grimmond et a., 1976;
Campbdll et a., 1979; Fogh et a., 1979). The emergence and spread of P. falciparum
strains that are resistant to CQ and other antimalarials has necessitated a switch to new
drugs to ensure maximum effectiveness and prevent the development of ongoing
parasite resistance. It has been suggested that a combination therapy rather than
monotherapies is highly efficient for falciparum malaria case management and malaria

control.
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Currently, artemisinin combination therapy (ACT) is the cornerstone of malaria
treatment policies and control worldwide (Nosten & White, 2007; White, 2008; WHO,
20154). Interestingly, the replacement of CQ with an ACT in areas where falciparum
isolates were CQ-resistant resulted in the re-emergence of CQ-sensitive strains a few
years after the cessation of CQ use (Liu et al., 1995; Kublin et al., 2002; Kublin et al.,

2003; Mitaet al., 2004).

Chloroquine resistance is determined by the major point mutation at codon 76 of
the P. falciparum CQ resistance transporter (pfcrt) gene, through the substitution of
lysine amino acid (K) by threonine (T) (Fidock et a., 2000), which is highly correlated
with increased clinical CQ tolerance and treatment failure (Djimdé et al., 2001,
Wellems & Plowe, 2001; Wongsrichanalai et al., 2002; White, 2004). However, the
accumulation of mutations along the pfcrt gene, especialy at codons A220S, Q271E,
N326S, I356T, and R371, in addition to the leader pfcrt K76T point mutation was found
significantly associated with CQ resistance (Djimdé et al., 2001). Also, point mutations
in the P. falciparum multidrug resistance 1 (pfmdrl) gene have been reported to
modulate sensitivity and resistance to multiple antimalarials (Basco et al., 1995; Reed et

al., 2000; Sisowath et & ., 2005).

In Yemen, malariais still amajor public health problem that threatens more than
60% of the population, with P. falciparum causing 99% of the malaria cases (WHO,
20154). The emergence in Yemen of parasite resistance to CQ as well as to other
antimalarials prompted the adoption of ACT in 2009, which includes artesunate plus
sulfadoxine-pyrimethamine (AS + SP) and artemether plus lumefantrine (AL) as the
first line and second line treatment, respectively, for uncomplicated falciparum maaria

infections. However, CQ was retained as the drug of choice for vivax maaria.
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Some in vivo and in vitro studies have been conducted in different malaria-
endemic districts of Yemen in order to evaluate the efficacy of CQ against P.
falciparum isolates. These studies found that CQ resistance varied from 16.1% in the
Taiz governorate (Alkadi et a., 2006) to more than 40% in the Lahj (Mubjer et al.,
2011) and Hodeidah governorates (Al-Maktari et al., 2003; Al-Shamahy et al., 2007).
However, despite these reports and the introduction of a new malaria treatment policy,
CQ continues to be available in drug markets and private drug storesin Y emen. It is still
prescribed for falciparum malaria in some private health facilities, and is also used by
individuals for self-administration, especially in remote malarious areas (Bashrahil et

al., 2010; Ghouth, 2013).

Some molecular studies have reported a high prevalence of pfcrt 76T mutations
(ranging from 88% to 100%) in different districts of Yemen (Al-Mekhlafi et a., 2011;
Mubjer et a., 2011; Abdul-Ghani et al., 2013; Al-Hamidhi et a., 2013). Nevertheless,
thereis still a paucity of information about the full genetic profile of pfcrt and pfmdrlin
the country. Yet, such genetic markers are useful tools for monitoring parasite
susceptibility to various antimalarials. In addition, they help researchers to monitor
changes in parasite genotypes after a change in treatment policy. Therefore, the present
study aimed to investigate the susceptibility of P. falciparum to CQ (and some other
antimalarials) 5 years after the adoption of an ACT by conducting a molecular analysis
of the related mutations in the pfcrt and pfmdrl genes in isolates from the Tehama
region in northwestern Yemen. Furthermore, because there is a diverse market
for antimalarialsin this region, improving our knowledge about drug pressure would be

useful in targeting interventions aimed at reducing inappropriate drug use in the region.
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5.2 MATERIALSAND METHODS

5.2.1 Study area and subjects

An active case survey that targeted individuals with fever (as a group suspected to have
malaria) was conducted from March to May 2014 in two malaria-endemic districts of
the Hodeidah governorate and one in the Al-Mahwit governorate in the Tehama region
in northwestern Y emen (Figure 3.1). The Hodeidah governorate (14.79° N, 42.97° E) is
located about 226 kilometres from Sana’a, the capital of Yemen. Hodeidah is a coasta
area along the Red Sea with a total area of 117,145 km? and a total population of 2.16
million (NIC, 2014). The Al-Mahwit governorate (16.25° N, 44.717° E) is located
between Hodeidah and Sana’a (about 111 km west of Sana’a), covers a total area of
2,858 km?, and has a total population of 597,000 (NIC, 2014). The climate in the
Tehama region is a combination of tropical monsoons with occasional rain in summer
and dry weather in winter with a mean rainfall of 200 mm/year. The mean temperature
is37.5 °C in summer and 24 °C in winter with humidity ranging between 70% and 90%.
Malaria transmission is perennial, but there is a high malaria transmission peak from

January to March. Transmission is known to be more prevalent in Hodei dah.

Villages in the districts with the highest malaria endemicity in the region were
chosen based on the nationa malaria records for the period 2010-2013 that were
provided by the National Malaria Control Programme (NMCP), Y emen. Based on these
records, samples were collected from 10 villages in the AdDahi and Bgjil districts in
Hodeidah and the Khamis Bani Saad district in Al-Mahwit. The villages in question
were Halaah, Al-Huamarah, Al-Meshaahra, Al-Rakib, Al-Rufae, Al-Sharjah, Deer
Shareef, Kidf Zumailah, Shat Hajal, and Sirgj. Samples were aso collected from the

city of Bajil.
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The present study employed an in vivo efficacy tria that was designed to
investigate the effectiveness of the AS + SP therapy in treating uncomplicated malaria
and that used the World Health Organization (WHO) 28-day follow-up protocol.
Initialy, 622 individuals with fever in the 11mentioned sites were examined. From this
number, 86 individuals with falciparum malaria monoinfection, who voluntarily agreed
to take part in the in vivo study, were recruited based on the inclusion criteria in the
WHO guidelines (WHO, 2009). All 86 were considered for the investigation of different
molecular markers related to resistance to antimalaria drugs, including the pfcrt and

pfmdr 1 genes.

5.2.2 Plasmodium falciparum isolates

A finger-prick blood sample was collected from each participant for use in the RDT test
(CareStart™ Malaria HRP2-RDT) and for preparing thick and thin blood films and a
filter paper blood spot. Blood films were stained with 5% of buffer-diluted Giemsa stain
for 30 minutes and examined microscopically for malaria parasites. Filter papers were
left to dry in air away from dust and then kept in an aluminium pouch together with

desiccated silicon bags until used.

Parasite species and stages were recorded and parasitaemia (parasite density)
was determined by counting only the asexual stages against 300 white blood cells
(WBCs) and then multiplying by 25, assuming the average of the total WBC count of
the individuals was equal to 7500 cells per pl of blood (Billo et al., 2013). The level of
parasitaemia was graded as low (<1000 parasites/puL of blood), moderate (1000-9999

parasites/pL of blood), or severe (=10,000 parasites/uL of blood).
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5.2.3 DNA extraction

Two to three discs (6 mm diameter) of 3MM Whatman’s filter paper blood spots (cut by
a flamed-sterile puncher) were used for DNA extraction, which was performed using a
Qiagen blood and tissue kit (QIAGEN, DNeasy® Blood & Tissue Kit, Cat. no. 69506,
Germany) according to the manufacturer’s instructions. The DNA was eluted using 100
puL of AE (10 mM Tris-Cl; 0.5 mM EDTA; pH 9.0) elution buffer (included in the kit)

and kept at -20 °C until used.

5.2.4 Detection of gene mutationsin pfcrt and pfmdrl

All extracted DNA samples of P. falciparum were subjected to mutation analysis using
polymerase chain reaction (PCR) amplification followed by restricted fragment length
polymorphism (RFLP) to investigate the mutations in CQ resistance transporter (pfcrt)

and multidrug resistancel (pfmdr1) genes.

Amplification of pfcrt was performed using the protocol designed by Djimde et
al. (2001) with the aim of detecting mutations at codons 72-76, 220, 271, 326, 356, and
371 of the pfcrt gene and at codons 86 and 1246 of the pfmdrl gene. The other codon
mutations of pfmdrl (184, 1034, and 1042) were analysed using the PCR-RFLP
protocol in Duraisingh et a. (2000). However, the PCR amplification and restriction
enzyme (RE) digestion in the protocol was modified for codon 184 by designing a
forward primer MDR184-F (5°- ATAATAATCCTGGATCTAAATTAAGA-3’) to
replace A4 to amplify an amplicon of 155 bp instead of 560 bp and by using Swal
endonuclease which cuts once into 123 bp and 32 bp for the mutated allele but not the

wild.

Restriction enzyme digestion was done in 20 puL of reaction mixture that

consisted of 6-8 UL of PCR product, 1X of the specific buffer (included in the RE kit),
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and 1 unit of the specific RE (New England Biolabs Inc., UK), then was incubated for
15-60 minutes (based on the RE) according to the manufacturer’s instructions, and then
visualised in 2.5%-4.0% of TAE buffered agarose gel (based on the size of the cleaves)
stained with Sybr® safe DNA gel stain (Invitrogen, USA) using a Bio-Rad Molecular
Imager Gel Doc XR System (Bio-Rad, Hercules, CA, USA). Oligonucleotide primers

and restriction enzymes for detecting mutations in pfcrt and pfmdr1 arein Table 5.1.

Genomic DNA of P. falciparum strains 3D7 (MRA-102G) and HB3 (MRA-
155G) were used as positive controls for the wild types of pfcrt and pfmdrl, while the
Dd2 strain (MRA-150G) was used as positive control for the mutated types. All the
strains were provided by the Malaria Research and Reference Reagents Resources

Center (MR4, ATCCW, Manassas VA, USA).

5.2.5 Ethical consideration

The study protocol was approved by the Medical Ethics Committee of the University of
Malaya Medical Centre, Kuala Lumpur (Ref. 974.19), and by the Ministry of Health
and Population, in conjunction with the National Malaria Control Programme in Y emen

(Appendix E).
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TET

Table5.1: Detection of point mutation of Pfcrt and Pfmdr1 genes using PCR-RFLP

Gene PCR Codon  Primer Sequence Size Thermal conditions RE Target Cleavessize
(bp) (bp)
Primary 72,74, 76-A GCGCGCGCATGGCTCACGTTTAGGTGGAG 206  94°C/5min
75& 76 25 cycles:
76-B GGGCCCGGCGGATGTTACAAAACTATAGTTACC (94 9C/30 sec, 50 °C/90 sec, 65 °C/90
Secondary 72 72MS-F1 TTTATATTTTAAGTATTATTTATTTAAGTGGA 93 (’;ZCZC 1 il Fokl wild 55+ 38
76D2-R CAAAACTATAGTTACCAATTTTG
74& 75  TASMSF TAAGTATTATTTATTTAAGTGTATGTGTCAT 84 74:Nlalll  Wild 53+31
75: BspHI _ (If 75 Wild)
76D2-R CAAAACTATAGTTACCAATTTTG 74 Wild
76 76D1 TGTGCTCATGTGTTTAAACTT 145 Apol wild 98 +43
76D2 CAAAACTATAGTTACCAATTTTG
Primary 200s CRT-2A CCCAAGAATAAACATGCGAAAC 706 As above
CRT-2B ACAATTATCTCGGAGCAGTT
Secondary 220 CRT220-a  TATTTATTTATTTATATATTTTGTTTTCTTGCGATTAAGG 154  Asabove Bgll wild 110 + 40
g CRT220-b  ACAATTATCTCGGAGCAGTT
271 CRT271-a  GGCACATTTCATTTTATTTTATTTTTTCTTTCCTAATTAAT 124 Xmnl Mutant 50
GAATACGTT
CRT271-b GGCTATGGTATCCTTTTTCC
Primary 300s CRT3A CCTTGGCATTGTTTTCCT 533
CRT3B CCAAAGTTACGAAATCTAATAATCTTGG
Secondary 326 CRT326-a  CCTTTTTATTCTTACATAGCTGGTTATTGAATTATCAC 68 Msel Wild 24
CRT326-b  TGGCATTGTTTTCCTTCT
356 CRT356-a  ATATATATGGCTAAGAATTTAAAGTAATAAGCAGTTGCT 100 AlwNI Mutant 40
CRT356-b  AATTATCGACAAATTTTCTACC
371 CRT371-a  TATTATTTTTACTTTTTAATTTTATAGGGTGATGTCTTAA 80 Aflll Wild 40
CRT371-b  AAGTTACGAAATCTAATAATCTTGGTTC




Continued, Table 5.1.

Primary

Secondary

Primary

Secondary

Primary

Pfmdrl

Secondary

Primary

Secondary

86

1246

184

1034

1042

MDR-A
MDR-B
MDR-D1
MDR-D2
1246-A
1246-B
1246-D1
1246-D2
Al

A3

A2
MDR184-F
o1

02
1034-F
1042-R

GCGCGCGTTGAACAAAAAGAGTACCGCTG
GGGCCCTCGTACCAATTCCTGAACTCAC
TTTACCGTTTAAATGTTTACCTGC
CCATCTTGATAAAAAACACTTCTT
GGGGGATGACAAATTTTCAAGATTA
GGGGGACTAACACGTTTAACATCTT
AATGTAAATGAATTTTCAAACC
CATCTTCTCTTCCAAATTTGATA
TGTTGAAAGATGGGTAAAGAGCAGAAAGAG
TACTTTCTTATTACATATGACACCACAAACA
GTCAAACGTGCATTTTTTATTAATGACCATTTA
GATAATAATCCTGGATCTAAATTAAGA
AGAAGATTATTTCTGTAATTTGATACAAAAAGC
ATGATTCGATAAATTCATCTATAGCAGCAA
AGAATTATTGTAAATGCAGCTTTATGGGGACTC
AATGGATAATATTTCTCAAATGATAACTTAGCA

450

291

295

202

657

155

877

233

As above

As above

As above

As above

94°C /5 min

25 cycles:

(94 °C/30 sec, 45 °C/60 sec, 72 °C/60
sec)

72 °C/5 min

As above

As above

AflII

Bglll

Ddel
Asel

Mutant

wild

Mutant

wild
wild

126+165

111+ 90

123+ 32

Wild:

2 sitescutll4 +
56

Mutant:

1site 172 + 59

PCR: polymerase chain reaction, RFLP: restriction enzyme length polymorphism, RE: restriction enzyme, CRT: chloroquine resistance transporter,
MDR: multidrug resistance, bp: base pair.
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53 RESULTS

A total of 86 malaria-positive individuals participated in the present study; 40 (46.5%)
were males and 46 (53.5%) were females. The ages of participants ranged from 8
months to 65 years, with a mean age of 12.4 years. The age group of 5-15 years
represented 58.1% of the study participants. Asexua parasite density (parasitaemia)

varied from 561 to 55,555 parasites/uL, with amean parasitaemia of 8,199 parasites/pL.

The pfcrt gene mutations were screened as molecular markers of CQ, and
possibly of other antimalarials such as amodiaquine and lumefantrine. All isolates were
successfully amplified (100%). Mutation at pfcrt 76T was found at a virtual fixation
level in amost al districts (97.7%), followed by 88.4% for position 75E. The
prevalence of mutations at other codons of pfcrt was found to vary from moderate asin
codons 741 (79.1%), 220S (69.8%), 271E (69.8%) and 371l (53.5%) to low as in 326S
(36%) and 72S (10.5%). None of the isolates considered in the present study carried the

mutated type at codon 356 of pfcrt (Table 5.2.)

Eight haplotypes of pfcrt 72-76 amino acids were found to be present in the
study area. The CVIET classical, old-world African/Southeast Asian haplotype was the
most prevalent among all pfcrt haplotypes (77.9%), followed by SYVMNT (9.3%) and
CVMET (7%). Only one isolate (1.2%) was found to carry each of the other mutated
haplotypes, namely CVMEK, CVINT, SYMET and CVMNT, as well as the CVMNK

wild haplotype.

Among al 10 types of codon mutation in pfcrt, sextuple mutations (i.e.,
mutations at six codons) had the highest presence among the isolates (33.7%), followed

by quadruple mutations (four codons) with 23.3%, quintuple (five codons) with 14.4%,
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septuple (seven codons) with 12.2%, and triple (three codons) with 8.1%. The frequency

of double and single mutations was very low; 3.5% and 1.2%, respectively.

As regards to the results of the mutation analysis of the pfmdrl gene, P.
falciparum field isolates from the Tehama region showed at least a single point
mutation in the pfmdr1 gene (Table 5.3). Mutation at position 184 of pfmdrl was found
a the fixation level (100%), together with a low prevalence of mutation for codons
1034 and 86 of pfmdr1 of 20.9% and 16.3%, respectively. No mutation was detected for

codons 1042 and 1246.

The NFSND single-mutated haplotype of phenyl alanine amino acid at position
184 was predominant (64%), followed by NFCND (19.8%), and YFSND (15.1%), with
an overall presence of 34.9% for al double-mutated haplotypes. The YFCND triple-
mutated haplotype was found in only one isolate (1.2%) carrying the mutated amino

acids tyrosine (codon 86), phenyl alanine (184), and cysteine (1034).

Interestingly, falciparum malaria in the study area, which consisted of districts
known to have the highest malaria endemicity in the country, showed unexpected
variation in pfcrt and pfmdrl gene mutations. Isolates from the AdDahi district in
Hodeidah and the Khamis Bani Saad district in Al-Mahwit were almost similar in terms
of carrying the majority of mutated alleles for most of the codons, and consequently
carrying the mutated haplotypes. In contrast, the malaria isolates from the Bgjil district
in Hodeidah were found to be mostly of the wild type and consequently carried less

mutated haplotypes.

Isolates from the study area showed a high prevalence of CQ resistant
hapl otypes, with a predominance of CVIET classical old-world African/Southeast Asian
haplotypes in the Khamis Bani Saad district of Al-Mahwit (93.1%) and the AdDahi

district in Hodeidah (88.9%) compared to only 26.3% for isolates from the Bgjil district
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of Hodeidah. In the same context, mutation at the pfcrt 72 codon was only reported in
isolates from the Bajil district (47.4%), whereas it was totally absent from the other two
districts. Accordingly, the SYMNT haplotype was found exclusively in 42.1% of

isolates from Bgjil (Table 5.2).
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Table 5.2: Frequency distribution of pfcrt mutations and haplotypes for P. falciparum
Isolates from different districts of Tehama, Y emen

Marker AdDahi Bajil Khamis Bani Saad Total
n % n % N % n %
Crt wild 9 100 10 52.6 58 100 77 89.5
72 mutated 0 0 9 474 O 0 9 10.5
Crt wild 1 111 14 73.7 3 5.2 18 209
74 mutated 8 889 5 26.3 55 94.8 68 79.1
Crt wild 0 0 8 42.1 2 3.4 10 11.6
75 mutated 9 100 11 579 56 96.6 76 88.4
Crt  wild 0 0 0 0 2 34 2 2.3
76 mutated 9 100 19 100 56 96.6 84 97.7
Crt wild 4 44 4 211 18 31 26 30.2
220 mutated 5 55.6 15 789 40 69 60 69.8
Crt wild 0 0 18 94.7 8 13.8 26 30.2
271  mutated 9 100 1 5.3 50 86.2 60 69.8
Crt wild 5 556 2 10.5 438 82.8 55 64
326 mutated 4 44 17 89.5 10 17.2 31 36
Crt wild 3 333 18 94.7 19 32.8 40 46.5
371 mutated 6 66.7 1 5.3 39 67.2 46 535
g CVIET 8 889 5 26.3 54 93.1 67 77.9
£ SUMNT 0 0 8 421 0 0 8 93
§- CVMET 1 111 5 26.3 0 0 6 7
CVINT 0 0 0 0 1 12 1 12
CVMEK O 0 0 0 1 12 1 12
CVMNK O 0 0 0 1 12 1 12
CVMNT O 0 0 0 1 12 1 12
SYVMET O 0 1 12 0 0 1 12
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Similarly, mutations at pfmdrl showed a geographic variation in terms of
pfmdr 1 allele and haplotype frequencies. That is to say, in addition to the fixation level
of mutation at pfmdr1 184, mutations at 86 and 1034 of pfmdr1 were found only in the
AdDahi and Khamis Bani Saad districts, whereas they were not present in isolates from
the Bgjil district. The triple-mutated haplotype of 86, 1084 and 1034 (YFCND) was

found in one isolate from Khamis Bani Saad. (Table 5.3)
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Table 5.3: Frequency distribution of pfmdrl mutations and haplotypes for P.
falciparum isolates from different districts of Tehama, Yemen

AdDahi Bajil KhamisBani Saad Total
Marker
n % n % n % n %
Mdrl  wild 5 556 19 100 48 82.8 72 837
86
mutated 4 444 0 0 10 17.2 14 163
Mdrl  wild 8 89 19 100 41 70.7 68  79.1
1034
mutated 1 111 O 0 17 29.3 18 209
g NESND 4 444 19 100 32 55.2 55 64
>
—% NECND 1 111 O 0 16 27.6 17 198
I
YESND 4 444 0 0 9 15.5 13 151
YECND 0 O 0 0 1 1.7 1 1.2
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54 DISCUSSION

The present study provides information on the pfcrt and pfmdrl genetic profile of P.
falciparum isolates from the districts with the highest malaria endemicity in the Tehama
region of Yemen. The isolates were found to mostly carry mutated alleles, especially for
pfcrt codons 741, 75E, 76T, 220S, 271E, and 371l, while no mutations were detected at
codon 356 of pfcrt. This is consistent with a previous study conducted in Y emen that
reported a high prevalence of mutated alleles for codons 741 and 75E (89%) and 76T
(93%) (Al-Hamidhi et a., 2013). The present study found that the overall prevalence of
pfcrt 76 T was 74%-100%, which is similar to the figure previously reported for isolates
from other parts of Yemen (Al-Mekhl&fi et a., 2011; Mubjer et a., 2011; Bamagaet al.,

20158).

The high level of mutation at position 76 of pfcrt (96.6%-100%) appears to
indicate that, 5 years on from changing the malaria treatment policy to one that is ACT
based and the official cessation of CQ used for P. falciparum, the re-emergence of a
CQ-sensitive strain of P. falciparum has not yet occurred in the study area. One possible
explanation for the virtual fixation of the pfcrt 76 mutation in the study area could be
the continued availability of CQ. It is still being prescribed to falciparum malaria
patients in Y emen particularly in private health facilities and is also being used as a self-
administered treatment (Bashrahil et al., 2010; Ghouth, 2013; Bamaga et a., 2014).
Moreover, CQ has not yet been totally withdrawn from governmental drug stores asit is

still the drug of choice for treating vivax malariainfections.

The findings of the present study support those of previous research conducted
elsewhere in Yemen that have reported 79%-100% mutated alleles for pfcrt 76T (Al-
Mekhlafi et a., 2011; Mubjer et a., 2011; Abdul-Ghani et a., 2013; Al-Hamidhi et a.,

2013). The finding in previous studies such as these that there was a decrease in the
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prevalence of the pfcrt 76T mutated allele and a re-emergence of CQ-sensitive strains
some years after abandoning CQ was controversial, particularly as many studies in
Africa documented an increase in the re-emergence of the wild type of pfcrt 76 after
complete CQ withdrawal (Laufer et a., 2006; Mohammed et a., 2013; Mbogo et al.,
2014; Mekonnen et a., 2014). In contrast, South American isolates of P. falciparum
have been reported to retain their mutated types despite the cessation of CQ use (Vieira
et a., 2004; Griffing et a., 2010; Adhin et al., 2013). Similarly, studies conducted in
Ethiopia have found a fixation of pfcrt 76T mutations after cessation of CQ use for

more than adecade (Mulaet al., 2011; Golassa et ., 2014).

The results of the present study also revealed that the CVIET classica old-
world, African/ Southeast Asian mutated hapl otype was predominant (77.9%) among all
pfcrt haplotypes in the study area and that seven other haplotypes were also present,
including 9.3% (eight cases) of the SYMNT new-world South American mutated
haplotype (only in the Bgjil district) and 7.0% (six cases) of CVMET. Thisfindingisin
agreement with the only two other available studies based in Yemen that attempted to
examine the mutations along the pfcrt gene (Al-Hamidhi et al., 2013; Mubjer et al.,
2011). For instance, CVIET was reported for the mgjority of the isolates from different
parts of Yemen (Dhamar 100%, Taiz 88%, and Hodeidah 70.6%), with a presence of
only 4% of the SYMNT haplotype in isolates from the Hodeidah governorate (Al-
Hamidhi et al., 2013). Similarly, CVIET was the only haplotype reported for isolates
from the Al-Musaimeer malaria-endemic district in Lahj governorate (Mubjer et a.,

2011).

Interestingly, the present study found the SVMNT haplotype exclusively in
42.1% of isolates from the Bagjil district in Hodeidah. This finding might be due to a
‘parasite response’ to a particular drug pressure other than CQ. However, data on the

use of a unique antimalaria in this particular area were not available, so it is not
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possible to relate the occurrence of the SYMNT haplotype to the increased use of any of
the antimalarials. A previous study conducted in Tanzania reported the unusual
existence of the SVMNT haplotype in Africa and attributed the finding, without
supporting evidence, to the increased drug pressure of amodiaquine (AQ) use in the area

under study (Alifrangis et al., 2006).

Moreover, malaria transmission in the Bgjil district, an area with the SVMNT
haplotype, was found to be lower than that in the AdDahi and Khamis Bani Saad
districts. Thisisin line with the study on Tanzania, which reported a higher existence of
the SYMNT mutated haplotype in areas with low malaria transmission than in areas
with high transmission (Alifrangis et al., 2006). As mentioned above, it has been
suggested that the SYMNT haplotype occurs as a response to the intense pressure of
AQ, and P. falciparum isolates with SVMNT are supposedly less susceptible to AQ
monotherapy and combination therapy. Interestingly, the NMCP in Yemen conducted
six in vivo clinical trials for CQ and AQ drug efficacy from 2002 to 2004; four studies
looked at CQ efficacy and found that there was 30%-57% treatment failure, while two
studies monitored the efficacy of AQ monotherapy and artesunate-amodiaquine (AST-
AQ) combination therapy and found 44.3% and 18.5% treatment failure rate,

respectively (unpublished data).

The existence of SYMNT in Bgjil rather than in the other two districts raises an
interesting question about the source of the evolution of this CQ resistant haplotype in
the country. Typically, SVMNT is associated with new-world South American or Papua
New Guinea isolates, and importation of this haplotype from South America or Papua
New Guinea, or even from the Philippines or India in Asia, was logically unaccepted
based on the population characteristics of the study area. Hence, the apparent
independent evolution of SYMNT in Bagjil isolates will need further study to confirm

the finding presented herein. However, the results of a study conducted in Papua New
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Guinea suggest that there is a recombination of de novo point mutation that transforms
the old-world classical African CVIET haplotype into a new-world South American

SVMNT one (Mehlotraet a., 2001).

As regards to the pfmdrl gene, the present study found that mutations varied
among the isolates from the three districts, from fixation (100%) for 184F to 20.9% for
1034C and 16.3% for 86Y, while no mutation was detected for the 1042 and 1246
codons. These results are consistent with those of a previous study in Hodeidah that
reported a high prevalence (99%) of 184F and arelatively low existence (20%) of the
86Y mutated allele (Al-Hamidhi et al., 2013). Likewise, a recent study conducted in
Hadramout in the southeastern part of Yemen, which has low malaria transmission,
reported a low frequency (16.7%) of pfmdrl 86 mutated allele (Bamaga et al., 2015a).
However, a high prevalence (70%) for mutations of 1034C and 1042D has been

reported for the Taiz, Dhamar, and Hodeidah governorates (Al-Hamidhi et al., 2013).

It has been found that polymorphism in the pfmdr1 geneis related to an increase
in parasite tolerance/resistance to some antimalarials (Gamo, 2014). Nevertheless, the
findings regarding the association of mutations in the pfmdr1 codons with antimalarial
drug resistance are mixed. For instance, 86Y has been linked to CQ resistance, while
mutations at positions 184, 1034, 1042, and 1246 were found to be mostly related to
resistance to AQ, mefloquine, halofantrine, and quinine (Reed et a., 2000; Danquah et
al., 2010; Gamo, 2014). Moreover, the occurrence of pfmdrl N86 and 184F has been
found to increase with the use of lumefantrine (Sisowath et al., 2007; Nwakanma et al.,
2008; Mamberg et a., 2013). In the same vein, another study reported an increase of
pfmdr1 N86 and 184F, together with the wild aleles of D1246, and concluded that this
was linked to the extensive and prolonged use of AQ in combination with artesunate
(Froberg et a., 2012). In other studies, P. falciparum isolates carrying pfmdrl

hapl otypes of mutated 86Y and Y 184 wild alleles were found to be associated with the
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usage of CQ or AQ, which continued to change over time with changes in the
antimalarials used. For instance, mutated 86Y and Y184 wild alleles changed to a
hapl otype carrying wild N86 and 184F mutated alleles years after the implementation of
ACT, and the selection of parasites to one of artemisinin’s derivatives (Humphreys et
al., 2007; Dlamini et a., 2010; Mungthin et al., 2010; Thomsen et al., 2011). Overall,
the findings of the present study provide a broad view on the polymorphism of pfcrt and
pfmdr 1 genes in areas with the highest level of maarial transmission in Yemen, 5 years
after official cessation of CQ.

The present study showed no significant association of mutationsin the pfcrt and
pfmdr 1 codons with the AS+SP reported outcomes. This could be explained by the very
high rate of 76T mutated alleles, the high efficacy of the ACT drug (with the very small
number of treatment failure), and the low frequency of point mutations reported for the
pfdhfr and pfdhps genes in the isolates studied (these findings were not reported in the
published article). It has been suggested that polymorphism pfmdrl gene at codons 86,
184, and 1246 could serve as markers of changes in parasite susceptibility to other
drugs, including ACT combinations (Humphreys et al., 2007; ). A recent study has
reported a possible association between the capacity of P. falciparum to develop
resistance to ACT in vitro based on the mutations in Pfmdr1, however, the in-vivo assay

of the study did not detect any polymorphisms for the Pfk13 gene (Njokah et al., 2016).
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSION

Malaria is one of the most important parasitic diseases and health problem worldwide,
and most of the victims reside in sub-Saharan Africa. Half of the world’s population is
at risk of malaria with more than 200 million cases and half a million deaths reported
annualy (WHO, 2015a). Malaria transmission occurs in around 90 countries and these
are located mostly in Africa, Asia and South America. Children below 5 years and
pregnant women are the two most affected groups. The disease is caused by a
unicellular protozoan parasite belonging to the genus Plasmodium that requires afemale
Anopheles mosquito to continue its life cycle. Several species of the Plasmodium
parasite are responsible for producing malariain mammals, reptiles and birds. Five main
species have been identified as causing malaria in humans. P. falciparum, P. vivax, P.
malariae, P. ovale and P. knowlesi. In addition, P. cynomolgi was recently reported as a
causative human malaria parasite in Southeast Asia (Ta et d., 2014). However, of these
species, P. falciparum is the most important in terms of its capability to produce the
more severe form of the disease, cause a high mortality rate and develop resistance to

different antimalarials.

Yemen is the only country in the Arabian Peninsula with a high rate of malaria
transmission, and this threatens the malaria control efforts of neighbouring countries.
Plasmodium falciparum is responsible for 99% of malaria cases in Yemen with a few
scattered cases of vivax and malariae malariainfection.

Up to the 2000s, malaria diagnosis in Yemen was achieved only by maaria
microscopy. Also, the infrastructure for malaria diagnosis was optimal only in principal

cities and there was high variation in the outcomes of microscopy. Moreover, peripheral
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areas where malaria is endemic had the lowest level of microscopy performance due to
either alack of well-trained personnel, irregular supply of logistics, lack of eectricity or
a combination thereof. Therefore, the NMCP of Yemen started using a RDT in 2009 as
an aternative tool for malaria diagnosis in remote endemic areas. It also updated its
malaria treatment policy the same year to substitute CQ with ACT as a response to the
increase in and spread of CQ-resistant strains of P. falciparum. However, the RDT and
ACT have not been evauated enough since their year of implementation (2009).
Therefore, the present study aimed to evaluate both by focusing on two parameters;
malaria diagnosis and malaria treatment. It isimportant to mention that this study is also
the first that attempts to use molecular analysis for evaluating both the performance of
the hrp2-based RDT and the efficacy of ACT in Y emen through the genetic analysis of
Pfhrp2 and P. falciparum kelch13 genes, respectively.

The CareSart™ one-step HRP2-based RDT showed high sensitivity and
specificity in detecting malaria parasites from isolates collected specifically from
endemic areas in the Hodeidah and Al-Mahwait governorates of Tehama region. The
CareStart™ one-step HRP2-based RDT showed high performance especially for those
cases with parasitaemia of >100 parasites/plL. The findings reveal that the high genetic
variation of the pfhrp2 has no impact on the performance of the hrp2-based RDT. The
findings of the present study provide insights into the genetic diversity of pfhrp2 in P.
falciparum isolates from Y emen, revealing a high pfhrp2 polymorphism.

The data from the present in-vivo study indicates that AS+SP is still efficacious
for the treatment of uncomplicated falciparum malaria with a cure rate of 96.5% (PCR
corrected). Molecular analysis of the genes related to SP resistance shows an existence
of double mutant pfdhfr genotypes that were found in 65.4% of the isolates while almost
no mutation was reported in the pfdhps gene. Pfk13 gene related to AS resistance for the

Yemen isolates was found all to be of wild type as no mutation detected along the

145



amplified k13 gene of P. falciparum isolates. This data shows the high effectiveness of
artemisinin against P. falciparum isolates from Yemen with a consideration of
increasing the chance of resistance to the ACT combination therapy in the future due to
increasing in the mutations in pfdhfr for SP partner drug resistance.

Although the drug combination (AS+SP) was found to be highly effective in
eliminating the asexua forms of the parasite and in curing the clinical symptoms of
malaria, it showed poor efficacy against the sexua stages of the parasite
(gametocytaemia). The persistence of gametocytes in patients’ blood throughout the
follow-up period (28 days) is a maor problem in terms of continued malaria
transmission. Furthermore, the persistence of post-treatment gametocytaemiain Y emen
might provide a selective advantage for the transmission of parasites that are resistant to
SP and that will later become resistant to artemisinin.

The present study also aimed to provide a genetic profile of pfcrt and pfmdrl as
molecular markers of the P. falciparum parasite’s resistance to antimalarials, especially
CQ. The high prevalence of pfcrt mutations and mutated haplotypes suggests a high CQ
resistance in P. falciparum isolates. This reflects the continuation of CQ pressure in the
study area due to the availability of CQ in many of the private pharmacies and

drugstores where it is usually sold to the population when requested.
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6.2 RECOMMENDATIONS

The present study aimed to evaluate the government’s new policies of rapid malaria
diagnosis using the CareStart hrp2-based RDT and malaria treatment using AS+SP
combination therapy in the peripheral endemic areas of Yemen. The following are the
most important recommendations by the present study: -

1. A population-based national study that includes other endemic areas throughout
Y emen is strongly recommended in order to genetically analyse the P. falciparum
isolates based on the pfhrp2 gene. Such study should be undertaken to accurately
determine the magnitude of the false negative results among the maaria
population in Yemen (parasites that cannot be detected employing the currently
used pfhrp2-based RDT) either because of the low parasitaemia or due to partial
or total hrp2 gene deletion.

2. The increase in the mutations in pfdhfr among P. falciparum Yemen isolates
reguires continuous monitoring via in vivo, in vitro and molecular examination of
SP efficacy not only the Tehama region, but also other malaria-endemic areas.
This is because SP resistance, if it occurs, will hamper the future efficacy of
artemisinin in Y emen and the whole region.

3. Persistent gametocytaemia after AS+SP treatment suggests that primaquine
should aso be administered in order to reduce malaria transmission in a
sustainable way. Thisis al the more important in Y emen, where disruption of the
health infrastructure and displacement of the population due to the current
political situation are likely to lead to an exacerbation of malaria and to threaten
the surrounding countries in the Arabian Peninsula.

4. The high prevalence of mutations in the pfcrt gene, especialy pfcrt 76T, reflects a
high CQ resistance in P. falciparum isolates in the study area and suggests that

there is continuous use of CQ in the treatment of malaria. It is therefore
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recommended that the availability of CQ in private hospitas, clinics, and
drugstores should be controlled to ensure its complete withdrawal. Moreover,
treatment of vivax malaria using CQ should only be available in governmental

health facilities to prevent the random, uncontrolled use of CQ.

6.3 LIMITATIONSOF THE STUDY

The present study was conducted from March to May 2014 in areas with high rates of
malaria transmission and poverty in the Hodeidah and Al-Mahwait governorates of
Tehama region, Yemen. The study was designed to investigate AS+SP efficacy through
paralel in vivo and in vitro assays. However, Yemen at that time was in the throes of a
political crisis and experiencing growing instability, which later led to a civil war in
some areas of the country including parts of Tehama, and at the time of writing this
crisis is gtill ongoing. During our research, electricity in the city of Bgjil, where a
laboratory is available in the Bgjil Maaria Unit, was rarely available for more than 4 to
5 hours per day, and when it was available the supply was intermittent and irregular.
Sometimes when it came on, it did not last for more than 1 hour at best. Another
problem encountered during our study was the lack of access to aregular supply of fuel
for the transportation required for visiting patients for follow-up and to generate
electricity for our tests, an issue that was especialy important to address in the hot
climate of Y emen. Sometimes we bought fuel from the black market at a cost that was
three times higher than its normal price, but even using this option there was no red
guarantee of a continuous supply of fuel. Thus, the study was limited in terms of the
comprehensiveness of our in vivo evauation of AS+SP, which we eventually had to

abandon along with our in vitro assessment due to the above-mentioned conditions.
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Abstract

Background: The genetic variation in the Plasmodium falciparum histidine-rich protein 2 (pfhrp2) gene that may
compromise the use of pfhrp2-based rapid diagnostic tests (RDTs) for the diagnosis of malaria was assessed in
P. falciparum isolates from Yemen.

Methods: This study was conducted in Hodeidah and Al-Mahwit governorates, Yemen. A total of 622 individuals
with fever were examined for malaria by CareStart™ malaria HRP2-RDT and Giemsa-stained thin and thick blood
films. The Pfthrp2 gene was amplified and sequenced from 180 isolates, and subjected to amino acid repeat types
analysis.

Results: A total of 188 (30.2 %) participants were found positive for P. falciparum by the RDT. Overall, 12 different
amino acid repeat types were identified in Yemeni isolates. Six repeat types were detected in all the isolates (100 %)
namely types 1, 2,6, 7, 10 and 12 while types 9 and 11 were not detected in any of the isolates. Moreover, the
sensitivity and specificity of the used PfHRP2-based RDTs were high (90.5 % and 96.1 %, respectively).

Conclusion: The present study provides data on the genetic variation within the pfhrp2 gene, and its potential
impact on the PfHRP2-based RDTs commonly used in Yemen. CareStart™ Malaria HRP2-based RDT showed high
sensitivity and specificity in endemic areas of Yemen.

Keywords: Malaria, Plasmodium falciparum, Rapid diagnostic test, Plasmodium falciparum histidine-rich protein 2,

Yemen

Background

Malaria is still a major public health problem in Yemen,
with almost 66 % of the population living in areas that
suffer from stable malaria transmission [1]. Plasmodium
falciparum is the predominant species and was respon-
sible for almost 99 % of malaria cases in Yemen during
2012, a large number of which consisted of drug-resistant
P. falciparum parasites [2, 3]. Among 17 countries with
malaria-endemic areas in the Middle East and Eurasia
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region; Pakistan, Afghanistan and Yemen account for
more than 99 % of the 56,000 regional deaths due to
malaria [4].

The national malaria control programme in Yemen
(NMCP) has achieved substantial success in controlling
local cases of malaria, achieving a significant reduction
in the number of malaria cases, dropping from 900,000
cases in the early 2000s to around 150,000 cases by 2013
[1]. However, Yemen is still classified among areas of
high malaria transmission, making it the only country in
the Arabian Peninsula and greater Middle Eastern region
that is still plagued with malaria to the extent that resi-
dents still suffer from considerably high mortality and
morbidity rates [2]. Imported malaria cases are still
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Abstract

Background: In Yemen, artesunate plus sulfadoxine-pyrimethamine (AS + SP) has been used as first-line treatment
for uncomplicated falciparum malaria, which accounts for about 99 % of malaria cases. There is evidence that resist-
ance to SP is increasing, with potential negative impact on efficacy, and in particular on curbing transmission. This
study aims: (a) to evaluate the therapeutic efficacy of AS + SP treatment for uncomplicated falciparum malaria in
Yemen; (b) to investigate the frequency of mutations in Plasmodium falciparum genes associated with resistance to AS
(Kelch 13 propeller domain, pfK13) and SP (dihydrofolate reductase, pfdhfr, and dihydropteroate synthase, pfdhps); and
() to assess the adequacy of this ACT to clear gametocytes.

Methods: A 28-day in vivo evaluation of the clinical and parasitological response to three-day course of AS + SP was
carried out in two areas of high endemicity (Hodeidah and Al-Mahwit provinces, Tehama region) in Yemen according
to standard WHO protocol 2009. Clinical and parasitological indices were monitored over a 28-day follow-up, and the
outcome was PCR-corrected. The frequencies of mutations in the pfdhfr, pfdhps, and pfK13 genes were obtained by
sequencing following amplification.

Results: Eighty-six patients completed the study, with a cure rate of 96.5 % (94.2 % PCR-uncorrected). Whereas four
(4.7 %) patients still showed parasitaemia on day 2 post-treatment, all were found negative for asexual malaria stages
on days 3 and 7. The efficacy of gametocyte clearance was poor (14.5,42.5 and 86.0 % on days 7, 14 and 28, respec-
tively), with gametocytes persisting throughout the study in some patients. All the isolates sequenced had the pfk13
propeller domain wild-type allele, and mutations associated with SP failure were observed only for pfdhfr with the
double mutation (ST08N + N511) found in 65.4 % of the isolates sequenced.

Conclusion: InYemen, AS 4 SP therapy remains effective for the treatment of uncomplicated falciparum malaria.
Mutations were not detected in pfk13 or pfdhps, though double mutations were observed for pfdhfr. The observed
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ABSTRACT

Introduction. Despite the efforts of the malaria control programme, malaria morbidity
is still a common health problem in Yemen, with 60% of the population at risk.
Plasmodium falciparum is responsible for 99% of malaria cases. The emergence
in Yemen of parasite resistance to chloroquine (CQ) prompted the adoption of
artemisinin combination therapy (ACT) in 2009, which involves the use of artesunate
plus sulphadoxine-pyrimethamine (AS + SP). However, CQ was retained as the drug
of choice for vivax malaria. To assess the impact of the change in the malaria treatment
policy five years after its introduction, the present study investigated the mutations in
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Accepted 8 June 2016 the CQ resistance transporter (pfcrt) and multidrug resistance 1 (pfmdrl) genes.

Published 12 July 2016 Method. A molecular investigation of 10 codons of pfert (72-76, 220, 271, 326, 356,
Corresponding authors and 371) and five codons of pfindrl (86, 184, 1034, 1042, and 1246) was conducted on
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halmekhlafi@yahoo.com falciparum monoinfection were investigated for the presence of mutations related to

CQ and other antimalarials using a PCR-RFLP assay.

Results. There was a wide prevalence of pfcrt gene mutations with the pfert 76T
o _ CQ resistance marker being predominant (97.7%). The prevalence of other pfcrt
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Rapid dlagnostic tests (RDTs) have been widely used for malaria diagnosis and become an indispensabile
tool for malania case-management, control and elimination worldwide, especially in rural endemic areas
without or with low lsboratery capacity. In 2009, Yemen has introduced histidine rich protein 2 (HRP2)-
based ROT to the malaria diagnosis platform for diagnosing falciparum malaria infections, Data an RDT
evaluation and genetic variation of the pffrp2 is not available yet. Hence, the present study aims to
investigate both RDT diagnostic performance and the genetic variation of the pfhrp2 gene in falciparum
malaria isolates from high endemic areas, Yemen and its possible impact on the efficacy of the currently
used pffrp2-based ROTs. A senal dilution of Flssmodium falciparum isolate with known parasite density
of asexual forms was examined using CareStari™ Malaria HRP2-based RDT, Moreover, blood samples
from 622 individuals were examined using both ROT and microscopy, Sensitivity, specificity, positive
predictive values were calculated, Additionally, 180 of Plasmodium falciparum isolates from Tehama
regions, Yemen were successfully amplified and sequenced for Pfhrp2 gene. Gene sequences were
analyzed and its association with the detection capability of ROT was examined. The results showed
high detection activity of the currently used HRP2-based RDT (CareStarf™) an Yemen isolates: sensitivity
and specificity ware found high; 80.48% and 96 07%, respectively. Yemen isolates also exhibit a high
pfhrp2 genetic variation which has no association with the performance of HRP2-based ROT.
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APPENDIX A

FLOW CHART OF STUDY METHODOLOGY

Cross sectional survey
Fever cases/Fever history in last 72 hours
(Age 6 months & above)

Thick and thin blood films «——— | CareStar® HRP2-BASED RDT

l\b All confirmed falciparum mono infections
* Malaria microscopy,
* Calculation parasitaemia. M

Administration of AS + SP HRP2 gene analysisfor all cases.
(Threedosesof AS: 4 mg/BW inday 0,1 & 2+
Single dose of SP: 25 mg S/1.25mg P) in day 0

¢ * Written Consent (Patient/Guardian.
* | nterview-Questionnaire.

* 2 Governorate, 4 districts, 11 sites
» 622 screened individuals

Criteria of inclusion & exclus 89 cases were enrolled to 28-daysin vivo study
MiEelorinelieen & SEleen ’ Follow-up at day 1,2, 3,7, 14,21 & 28 * Blood samples wer e continuously
¢ collected during follow-up days.

* Calculate parasitaemia.

-1 Molecular evaluation I——

Successful Treatment Treatment Failure
Kelch 13 Pfdhfr (6 codons) Pfdhps (7 codons) Pfcrt (10 codons) Pfmdr1 (5 codons)
Murtation along the 16, 50, 51, 59, 436, 437, 540, 581, 72-76, 220, 271, 86, 184, 1034,

whole amplified gene 107 & 164 613, 640 & 645 326, 325 & 371 1042 & 1246





