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POPULAR SCIENCE SUMMARY OF THE THESIS

Malaria: Infants Unravel The Secrets Of A Gruesome Parasite

Malaria has been in existence since 2700 BC, and every continent has had its fair share of
the misery it brings. Malaria was eliminated from the USA in 1951 and eradicated from
Australia in 1981. Nonethe$s malaria is still present in many countries, and childbeatow

five years of age continue to bear the brunt, year after year. Why is a preventable and
treatable disease, not yet globally eradicated?

Malaria is a complex disease caused by parasitésatbatransmitted from one human to
another by mosquitoes, leading to complicated and uncomplicated ilinesses. The continuous
exposure to malaria parasites has led to the natural selection of specific types of human genes
and metabolic functions that helpdividuals with descent from areas where malaria
transmission is still rife, to resist malaria. In addition, aftéectious mosquito bit
individuals can harbor malaria parasites with or without illfessymptomaticAs a result

of the lack of clinial signs and symptoms, individuals with asymptomatic infections are
usually unaware of their status and are unlikely to seek care or treatment for malaria.
ability for some individuals to harbor malaria parasites without any signs/illness has posed
lots of unresolved questions on how to globally eradicate malaria.

As climate and socieconomic states of countries are unequal, so is the playing field of
malaria transmission and eradication. In Africa, thousands of deaths due to malaria are
recorded yedy among children below five years of age, amidst several effortsther
preventor eradicate malaridDecades of forts madeto control and eliminatenalaria have

met with several challenges and, the search for an antmlgiebally eradicate malarigs

akin to searching for a needle in a haystack with an opaque lens. Although mostpieoe
currently used to protect from bites, and a sick persam lee cured of malaria with
medication, the mosquitoes have evolved new biting patterns and strategies to resist
insecticides Coupled with the complexity of identifying a fully effective malaria vaccine,
malaria parasites are continuoudigveloping mechasmsto enable them resist medicines.
Importantly, the basic knowledge that asymptomatic infection is a reservoir for continuous
malaria transmission is broadly affirmed, lmompared to symptomatic malarrarely are
advanced studies performed fordegpth understanding of the parasite dynamics at the
asymptomatic stage.

Children have the highestorbidity and mortalityfrom malaria. So, it would be extremely
beneficial tochildren if host, external or parasite factdarat canreduce the morbidity or
mortality are clearly understooth this thesis we performed ystematicin-depth analyses
among a cohort 0l264 infants frequently followed from birth until one year of age in
Kintampo, a high malaria transmission area in GhRolowing thesystemati analysesywe
foundthat although malaria occurrence is complex in highlariatransmission areasome
infants had only asymptomatic infectiongrom birth to twelve months of ageunlike
previously thoughtAdditionally, from birth until one year of agesome infants had only
symptomatic malarissome alsdhad both symptomatic malaria and asymptomatfection,
and the othershad no malaria parasite€omparing the infants whavere either parasite
negative othad only asgnptomatic infection to their counterpartgglwsymptomatic malaria
we found that the ability to remagither free of parasites or symptomationalariain the
first year of life begins with less exposure gbragnantmother to malaria parasites and the
infant living in a less poor home. Finally, we found both at home and at the hospital, malaria
parasites that were below the detection threshold of the conventr@iatia detection
method (microscopy), particularly asymptomatic infections in the fikshenths of life.Our
findings show undiagnosed asymptomatiection and symptomatic malaria in infants and



complexinfection patterns suggesting th@abtection against malarg@artly beginsfrom the
womb. We concludethat systematic and frequent sam@land analysis by molecular
methods are useful for identifyingthe complete infection profiles in infantsnd the
determinants of protection against malaria in the first year oMieerecommend furthen-
depthstudies ofthe impacts of malaria parssinfectionin infancy, to help improve control
and elimination strategies



ABSTRACT

Malaria causes the majority of deaths in children below five years of age, but asymptomatic
infections are more frequen understanding of the interplay of human and parasite factors
which predispose to symptomatic malaria has guid@ucal and prevente practices
including intermittent preventive treatment and bed net usage, to reduce the global malaria
burden.Yet, the asymptomatic state which potentially offers a window for understanding
protection againstsymptomatic malaria is rdye monitored. In-depth knowledge of how
individuals with parasites are protected against symptoms at one time but not anotiger time
neededn this thesisthe overall aim was to identify over time, the unique characteristics of
asymptomatic infections, for {depth uneérstanding of protection against symptomatic
malaria in the first year of life. Therefore, the host grafasitefactors influencing
susceptibility toPlasmodium falciparumasymptomatic infections or symptomatic malaria
were investigated amond.264 infants followed from birth to twelve months of age i
Kintampo, a high malaria transmission area of Ghématudy| we profiled the monthly

order of malaria parasite positivity detected by light microsaipscheduled hom@9231

visits) and unscheduled hosgli visits (5254 visits) and distinguished periods of
asymptomatic infection from symptomatic malaria. We discovered four main longitudinal
sequence patterns of infectisomeinfants had (i) only symptomaticinfections, somii)

only asymptomatic infections, (iii) both symptomatic and asymptomatic infedinand

some infants weregpasite negativéhroughout the first year of lifeThere was significant
variation in parasite densities and age at infection between the grfaanfents. In studyl,

we investigated the maternal, host genetic, demographic and parasite parameters which
predisposed the groups of infants to symptomatic malaria or asymptomatic infections.
Improved socieeconomic statugdequate antenatal calessexposure of motheto malaria

during pregnancy and improved nourishment of infantye associated witleducel
symptomatic malaria in the first year of life. In study, we used qPCR to study-depth the

extent of parasite positivity below the deteatlimit of light microscopy within the infection
patterns discovered in stutlyThe gPCR, rather than the microscopy, detected symptomatic
and asymptomatic infections frequently in the scheduled home and unscheduled hospital
visits, and particularly asynptomatic infections in the first six montioé life. By gPCR,
parasites undetected by microscopy were found in the four micrededipgd sequence
patterns of infection, and while some infants were still parasite negative, others remained
with either asygnptomatic infections only or alternating asymptomatic infections and
symptomatic malaria through the first year of life. The findispew many undiagnosed
infections andsuggestcomplexity of protection against symptomatic malaria thatighly
influenced by socieeconomic statusnd thatpartly begirs in utera We conclule that
frequent samplingand analysis by molecular methods werseful for identifyingthe
complete infection profileand the determinants of protection agagyshptomatianalariain

infants living in a high malaria transmission aréespite living in the same transmission
area, infants experiengaliversepatterns of symptomatic and asymptomaicfalciparum
infectiors the first year of life Further understanding of the underlying mechanisms for
asymptomatic infections willelpimprovemalariacontrol anceliminationstrategies
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1 INTRODUCTION

Malaria is a disease prevalent amarhgldrenin Africa 1. Globally, children accounted for
49% of deaths attributed to malaria in 2019, and 96% of these children lived in‘Afflua
proportion of child mortality from malaria lthough unacceptablés considered an
improvement over the proportions of previous years and de¢&dklaria among children
in Africa is caused predominantly B§lasmodium falciparumone of the five protozoan
parasite that caug humanmalaria . Plasmodium falciparunis transmitted byAnopheles

mosquitoesind is the most virulent of the fivealaria causingrotozoans.

Parasitedetectionparametershost factors (age, genetics,immunity, perceptions practices
and movement environmental factors (temperature, rainfaictor abundancdjumidity,
altitude) and the functionalties of health systems (structures for diagnosis and treatment or
capacity to implement interventionspmbine to enhance the establishmesgverity ard
spread oP. falciparummalaria®. The key interventions which have been used to reduce the
impact of malaria have includeghtimalarial chemotherapyndoor residual sprayindong
lasting insecticide treated bed n@ffN) use andthe destruction of breeding sités?®. A
malaria vaccine with 30% efficacy faverting severe malariamong childrenwho are
vaccinatedfrom five to seventeen months of age has receathy for the first timebeen
recommended by th&Vorld Health OrganizationfWHO) for inclusion into childhood

immunizationprogramme andwill compkementthe currentmalariacontrolinterventions 8.

Malaria eradication has faced several challengessasexhcerbatedy the complexity of the
multicellularP. falciparumhaving a complex cellular make up and thousanglyimorphic
genesto compementa complex life cyclghat is well adapted tthe host andvector. In the

host P. falciparumhas a capacity teither intermittently or persistently establish infections
that may or may not caug#theracute uncomplicatedr sever illness regardless of previous
exposuredue tothe inability of humans to achiewterile immunity tanfection or diseasé

10 Consequentlythe interventions deployed to eradicde falciparum have met with
challengesncluding antimalarial resistance, insecticide resistance, changes in biting patterns
of the vector,declining exposurammunity and associatedshifts in malaria burden from
younger to older children, less severe malaria anaemia but more cerebral majauag

childrenanda moderate efficacynalaria vaccine> 1+1°,



The capacity oP. falciparumto cause diseadbat canprogress tsevere symptoms akeath
within days of infection led toesearch that focused mainly on preventing disesses(eor
uncomplicatedfor decadeswhereasthe less devastatingsymptomatidnfection stée was

less studied®. Decades of efforts to prevent the spread of malarideob® adecline in the
incidence of morbidity/mortality and with it has emerged enhanced malaria parasite
detection methods and heightened interest to understand the parasite at the molectiar level
171618 spveral studiesisingthe more sensitive molecular methogtow thatchildren below

five years of agehe most vulnerable group to symptomatic majdead to have the moBt
falciparum infections that arefrequently below the detection limit of conventional light

microscopyt® 19172021

Asymptomaticinfectionand symptomatienalariain either high or low malaria transmission
areasare presentlyknown to bedetectablédy eithermicroscogy or molecular method%® 22,
Asymptomatic infectionfound in low, moderate and higmalaria transmission areas
outnumber symptomatic malaria, serving as a reservoir for continued transnifsgion
However, whereasasymptomatic infections in low transmission areas tend tbe
submicroscopicin high transmission areas thégnd tobe microscopic®®. While some
studies suggest that asymptomatic infections confer protection against symptomatic malaria,
others show it is a risk for symptomatic malaria andtlyetiuration of parasite carriage and
onset of symptomafter an asymptomatic infectioemain debatablé&*?’. Theseuncertain
reportsmay stem fromcritical gaps in theinderstanding of thparasitedynamics at both the
microscopic and submicroscopic levelghin different populations or risgroups Relevant
unanswereduestionscapable of providing answers to unravel the underlying virulen&e of
falciparum are numerousnd may includewhat rigorous definitionsrobust and practical
study methods ordesigns are most suited for assessing dsymptomatic statemong
different age groups the various transmissioareas what factors ormechanisms favour
parasite carriage over diseasevarious age groups or populatidisfants, pregnant women,
schootaged children or adultsjo what extent does submicroscopic infectiorierferewith
malaria eradication interventionshat is the time interval from infection to submicroscopic
detection and from submicroscopic detection to microscopic deteatjdmow will active
testing and treatent of malaria parasiteeffectively interrupt theparasite reservoiand
prevent continuaransmissionin-depth studies with repeated sampling (weekly or monthly)

in large cohortareoptimalto accurately provioshg answes tosome of these questions.



In Kintampo,a high malaria transmissioarea ofGhana, astudy was performed among 1855
children born between 2@and 2@1, to determinethe risk of symptomatic malaria for
infants born to mothers with placental malaria compared to their counterparts whose mothers
had no placental malar#&. Monthly blood sampling andhe collecion of other malaria
related parameters among pregnant womentheid infants were performel 2. The birth
cohort in Kintampo provided an opportunity tostudy indepth the patterns of parasite
infection andidentify differences in factors contributing toalariasusceptibility for better
understanding of protection against symptomatic malarex the first year of lifeln this
thesis additional studieswere performed firstlyto identify the patterns ofP. falciparum
asymptomatianfectionsand symptomatienalaria throughthe first year of life Secondly
host, maternal and parasfactorswere examined to understapcedispoal to the infection
patternsamong the infantg=inally,a more advanced molecular detection methodusas to
expand the parasite dynamiftg further understanishg of the extentof submicroscopid®.
falciparuminfections withinthe longitudinalsequenceatterns This thesids a collection of
the findingsfrom thesestudiesconducted among infantiwing in Kintampo,a high malaria

transmission area @hana



2 LITERATURE REVIEW

21 MALARIA

Malariais a vectotborne infectiouparasiticdiseasgprevalent in the tropical and subtropical
areasof the worldwhere temperaturehumidity, rainfall, altitude and agricultural practices
favor the survival and multiplication of the vectors and paradit€s!. Malaria vectors and
parasite®nce occurred widely in Western Europe and the UrStaetesof Americabutwere
eradicatedrom thesenationswith sociceconomic development areffective public health

measure$® 32

Globally, 229 million malaria casesand 4®000 deaths were estimatén 20191, Africa
accounted foB2% of the globaimalariacases and 94% of the deaths. Childoetow five

years of age accounted for 67% of all tilebal deaths due to malarfa Thus, malaria is
regarded a disease of vast public health conaerang children below five years of age,
living in Africa. In addition to the high mortality rate among young children, mdkeads to
increased health expenditure, days lost in workducation and decreased productivity due
to illnesses, loss of human capital, tourism and investments into infrastructural develbpment
33 Resources invested tglobally control or eliminate malaria are in billions of USD
annually, with additional annual requirement of 0.72 billion for global malaria research and
development®. In Ghana, the WHO recommendationto include seasonal malaria
chem@reventionamong young childrerinto the package gfreventive measures, begun in
2015, yetGhana is still considered a high malaria burdecmehtry andrecordedin routine
public health carene of thenighestestimatednalaria case.6 million) ard deaths 10000)

in 2019 44,

2.1.1 Malaria etiology and transmission

Malariaoriginated from anedievalltalianlanguagen 1740and, meaningbad aif, was also
termedagueor marsh fevedue to its association with swamps and marsh farfeiMalaria
is caused by protozoan parasites which belong to the d@aamodiumThe parasitesvere
discovered 120 years ago, althowghuman pathogen for over 50,000 yeargh historical
referenceso its exisencein China dating back t8700 BC3 36,

Nine Plasmodiumspecies are knowrio causemalaria in humans. ke documented
PlasmodiumspeciesP. falciparum, P. malariag P. ovale curtisi, P. ovale wallikeri and P.

vivax causehumanto human malaria transmissiér’. PlasmodiumknowlesiP. cynomolgi,


http://en.wikipedia.org/wiki/Middle_Ages
http://en.wikipedia.org/wiki/Italian_language
http://en.wikipedia.org/wiki/Miasma_theory_of_disease

P. simium and P. brasilianumcan be transmitted betwedmumars and norhumansand
transmissiorfrom a humanto anothewvia a mosquito is uncled? *°. Plasmodiunfalciparum
is widespread in Africa whil®. malariag P. ovale P. vivaxandP. knowlespredominate in
Asia 4%, Plasmodiumvivax is prevalent in both temperate and tropical zones, hiassthe

widest geographical rangeoweverP. falciparumis most virulent: 4% 42,

The transmissiornof malaria in endemic aredms been determined with different methods
including parasite prevalence among childreonfirmed malaria cases in a year per unit
population (annual parasit@écidence [API]) entomological inoculation rates (EIR) and
spleen rate$®. Based on the parasite prevalence rates for childhenintensity ofmalaria
transmissiorcan be described alBypo-endemic ( 0+10 %), meseendemic (>10+50 %),
hyperendenic (>50 + 75 %) or holeendemic (> 75 %)*. Based on API, mlaria
transmissiorcan also be described as stabl® ( falciparumAPI > 0.1 per 1000 people per
anum) or unstableP( falciparumAPI < 0.1 per 1000 people per anufn)in endemic areas
malaria transmission tends to be hidbring rainy seasonsyith many reportectlinical
(symptomatiy casesand microscopic parasitaemfa®, andlow in dry seasonsyith more
submicroscopic and persistemaisymptomaticinfections 2 thought to bridge parasite

continuity fromonerainy seasoto another® 25,

Based on the different tramgssion intensities, the WHO has stratified endemic areas into
control, preelimination,elimination,and malarigdree zones Presentlym Africa, Algeria ha
attained more than three consecutive yeargenb indigenous cases and thus certified by
WHO asmalariafree ! 247, Ghanais in the control phase of malagsadication™ 4. Malaria
transmission is mesendemic at the coast and south and ‘esidemic from the central to the
northern parts of Gharfa*®. The studies, Il andlll of this thesiglescribe irdepth varying

aspects of malariamonginfants livingin Kintampaq located in the central part Ghana?®.

2.2 PLASMODIUM FALCIPARUM PATHOGENESIS

Natural P. falciparum infection in humans is established when an infectious female
Anophelesnosquito injects sporozoites into the bloatile feeding(Figure 1 xinfective
stag® *°. The sporozoites rapidly invade liver cells, multiplying asexually and developing
into merozoites within six and fifteen days. Studies show that althspglozoites and
merozoites are exposed extracellularly for short periods, protection atjaémstcan be

induced by antibodieS he sporozoite invasion of liver cells may be inhibited by antibodies



against the circumsporozoite protein and threcasaragingich parasi proteins’®. Once
in the liver, anti liverstage antigerl antibodies may inhibit parasite multiplication and

development®>®?,
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Figure 1.Diagram showinghe life cycle of Plasmodium falciparimmosquito and in humafCDC - DPDx -
malaria 2020.Freely available from:Malaria-cycle Centersof-DiseaseControkhttp-wwwdpdcdcgodpdx

DPDx isan open accessducational resource designed for health professionals and laboratory scientists

Nevertheless, some merozoites evade the immune response within the liver, rupture liv
cells and move into red blood cells (RBCs) to begin the erythrocytic cycle (Figudfe 1)
While moving to invade RBCs, merozoitdsplay surface or apical proteins, thean be
recognized by antibodie®. The P. falciparumsurface and apical proteins that have been
most described are the difent merozoite surface proteins (MSP1 MSP2 and MSP3), apical
membrane antigen 1, erythrocyte binding antigen, reticulduyiging protein homologue 5
and the ringnfected erythrocyte surface antigéh®® >4 These polymorphic antigens are
released by merozoites for attachminteceptors on the RBCreorientation, tighjunction
formation and internalizatigrduring the RBC invasiorfFigure 2)°2 >° % %7 The pasive
transfer of IgGpurified fromthesera of semimmune adults, to either children or adults, and
leading tothe clearance of their parasitaemia and fever demonstrated that antibodies can

destroy malaria parasites during the short extracellular erpaghen the merozoites are

6



moving to invade RBCs®%°, The mechanisms antibodies use to disrupt the invasion may
include opsonization for phagocytosis by monocytes, complement mediated lysis of

merozoitesenhanced activation of neutrophdlsinhibition of parasite growtf" 62,
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Figure 2. An illustration ofthe cellular structure o malaria nerozoite(left) and theinvasion ofhostRBC

(right) (Cowman et al.2017. 8). Reproduced with permission from Alan F. Cowman.

Inside of the RBCmerozoites matureinto trophozoites and further into schizonts within 48

72 hrs.Schizonts adhere teither endothelial cell{cytoadherence/sequestratiar)nearby
uninfected RBCs (rosetting) to prevent carriage along the blood stream for destruction by the
spleen®® %4 Sequestrationf infected RBC iRBC) to the vascular endothelium is mediated

by protrusionsdisplayedon the surfaceof the iRBC(knobs)and aided by timan adhesive
molecules CD-36, ICAM-1 and thrombospondirf®. The iRBC surface antigengvariant
surface antigensyrehighly polymorphic, enabling parasites to evade immune respehes

The P. falciparum erythrocyte membrane proteinid a major ligand for vascular adhesion
and sequestration of iIRB@ndit is the most significant antigen implicated in the severity of
symptomatic malarin children® >4 %6 The influence of ABO blood group type obsetting

have been observed, and although not widely studied to identify its significance in the
pathogenesis of severe malati@ O blood grouposettedess compared tthe other blood

group types’

Schizonts multiplywithin iIRBC, rupture and releaseew merozoites whichrapidly infect
uninfected RBCs to begin a nesvythrocyticstage cycleexponentially increasg parasite
numbers®. Raptured schizonts release new merozoites along with soluble antigens which
activate and regulate inflammatory cytokines responsible for the signs and sympitom
infection 8% 7054 71 Other merozoitesinreleasé from the iRBC differentiate into sexual

forms (male and female gametocytes). A mosquito ingests the male and female gametocytes



while sucking blood froman infected person and begins a new infection cycle (Figufé 1)
72

The severity of. falciparumpathogenesisangesfrom severe and complicated to mild and
uncomplicated to asymptomatic’® 4. The time between infection tmicroscopicparasite
detection is the prpatent phase d?. falciparuminfection and it lasts between five and ten
days, while the period between infection and the development of symptoms is termed the
incubation phase and lasts between six and fourteen @ayldren, pregnant womerand
immuno-compromised individualeaveweaker immune defense against diseasalariaand
thusare most vulnerable evereor symgomatic malarig . Neverthelesshie detection of
parasites or the development of symptoms is largely influenced by exposumeasites®,
human genetic§” '8, age’ 8% and immune responsés which could manifest as ardisease
immunity (protection against symptoms and risk of morbidity with a given parasite density);
antiparasite immunity (protection against high parasite densitiepyeanunition (protection
against new infections by maaining low level asymptomatic parasitaemf) 82 83
Notwithstanding naturally acquiredsterile immunity to symptomatic orasymptomaticP.

falciparuminfectionhas not yet been fourfd
2.2.1 Symptomatic malaria

The symptoms oP. falciparuminfection are observed during the erythrocytic stages of the
parasite life cycle (Figure 1). Neverthelegs infective stage (Figure 1) is important foe
complexity ofboththe parasite life cycle anthie subsequent immune responses that trigger
the range of mild or severpathological conditions. The mild symptoms Rf falciparum
infection occur in a synchronized pattern (every two dayR. mvaxandP. ovaleinfections

and every three days fér. malariag and may include chills, fever, body pain, cough and
gastrointestinal disturbances. Mild symptoms can rapidly progress vieresand life
threatening clinical symptoms including impaired consciousresgere malaria anemia,

respiratory distressyypoglycemia, acute renal failure, jaundice and cerebral mafdtid®.

Severe malaria is typical &f. falciparuminfection but rare with othePlasmodiunmspecies
infection. The sequestration Bf falciparumschizonts in lungs can reduce oxygen delivery

to thelung tissues, resulting in lactic acidosis (respiratory distré§shIso, sequestration

within the deep vasculature and subcutaneous tissues of the brain, heart, liver, kidney and the
placenta leads to microvasculatwbstructions and subsequent local inflammation, tissue
damage and organ failuf® 8. The protective effect ofed blood cell polymorphisms

(including HbAS) againstmild and severe clinical malaria but not afebrile (asymptomgtic)
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falciparum has been reporte@lthough theunderlying biochemicaimechanism involved is

not entirely understootf &7,

The gold standard diagnostifor confirming symptomatic malaria is light microscopy,
howeverRDTs are also widely used anthlaria cases can also be classified as stephec

presumed, so all malaria data sets are encouraged to includedrdetiaition®,
2.22 Asymptomatic infection

Asymptomatic infections had not been considered a major public health canearly, due
to the lack of clinical manifestationantil recently when efforts to eliminate malaria from
several countries intensified*. Consequentlya universally standard definitiordefinitive
diagnosis,immunamodulatory implications,managementpr treatment of asymptomatic

infections are yet to beell established.

Asymptomatidnfection withany ofthe fourhumanPlasmodiunspeciesan occuin a range

of endemic setting&>°* , howeverP. falciparumis most reported. The most widely used
criteria for diagnosing asymptomatic infection is tleectionof parasites in peripheral blood
with microscopyor molecular methodsan axillary temperature < 37.5°C and an absence of
malaria related symptonis* >, Asymptomatic infections are often undetected and untreated,
thereby forming a major source of gametocytes for local mosquito vectors and onward
transmissiorf 8. Infection may be patent (microscopic) or qudtent (submicroscopic) and

the mosguito infectivity from submicroscopic infections oiebrile individuals has been
shown to bdower compared to individuals with microscogicasymptomatidgnfections®®

% Thus,for mosquito infectivity, asymptomatic microscopic infections are regaxed of

betterquality andare more important markers fauantfying gametocytenfectivity 8% 94 %
98

A lot more discovaes about P. falciparumasymptomatic infectiongre emerging The
spontaneous clearance asymptomatiamicroscopicor submicroscopid®. falciparum has
been observet? ™. In addition,P. falciparum unlike the other specid®s a short incubation
period of less than two months °°. However, in a young male patient,merozoites,
schizonts, wphozoites and gametocytesuld be detectedy microscopy,four years
following a visit toan endemic aredn this patient, a impaired spleen function and sickle
cell disease were implicatéd the long incubation period tfie febrile malarigparasites®.
Nevertheless somgtudiesshow,with molecular methodghat sub patentasymptomatid®.

falciparum may persist for several months throughout the dry/low malaria transmission



seasong® 26 9 Shedding more light on the persistencdofalciparumare recent studies of
parasite RNA transcripts that have showed that regulated gene patterns and usage at different
stages of thé’lasnodium life cycle can enable adaptation of the parasite to low malaria

transmission periods- 101,

The persistence ofsgmptomatic infectionsire rarelystudied inlargeinfant cohorg 20 2% 26

102 103104 "Jeaving significant knowledge gapsthe possibility forasymptomatic infectioio

be an endpoint of immunityduring infancy It is widely documented that a large proportion
of individuals living in endemic areas harbor asymptomatic infections and thus remain
untreated, howeverhé mechanism used B¥. falciparumto balance antigen diversity and
escape from artibdiescontinuouslyfor long periods particularly in infantsjs still a major
question?® 1%, Continual exposure to parasitésas showegositive correlabn with high
asymptomatic prevalencé? 193 106 with individuals in low transmission areas hatbgr
moresub patent asymptomatic infectidh?3 8% The continuous exposuig also thoughto
lead toan exposureelatedacquiredmmunity that appear tsuppress infectiobut decline at
same ratdén non-carriersof parasitest®”1%, Theorieson the association of asymptomatic

infection withhigh antrinflammatory cytokinesuch as IE10 haveemerged 7+ 110 112,

The parasite genetic diversity in asymptomatic infections has been studied in different age
groups and ared® % 12 113 Also, the longitudinal patterns after treatment, in relation to
chronic/persistenP. falciparuminfection in individuals from six to sixty years of ad&s
showed that parasite clone diversity in asymptomatic or symptomatic malaria is extremely
heterologous owvetime °. The consensus is that younger children have higherber of
asymptomatic infections® 8. % and the number of clones in individuals that have
asymptomatic infection compared to those that are symptomatic are contradictory in studies
113 114 Nevertheless, amongndividuals with asymptomatic infections, novel parasite
genotypesarethought to be associated witfie occurrence of a new episode of symptomatic

malaria?® 199,

Asymptomatic infections are higher compared to symptomatic malaria in both low dnd hig
transmission areds, often withmore clones byhe end ofthe dry season (beginningf wet
season) and single clones persisting for several mofth's®. Further, asymptomatic
parasitemiAnfection occurring at the end of the dry seasappears tdower the risk of
symptomaticmalaria in the ensuing rainy seastfi 26 17 seeming beneficial to young
children,butwhen the parasitemia is cleawith antrmalarialbefore the rais, the benefit is

unaffected agisk of symptomaticmalaria does not increase'®®. Few studies show that
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significantly low platelet counts could be a marker of asymptomatic infection in children
below five years of age and who live in high transmission dféas®. In addition, anemia
has been reported to be significantly higher among individaal® to nineteen years of age)
with rapid diagnostic tesRDT) confirmed asymptomatic infections relativetibmse without

infection 12
2.2.3 Malaria in utero

Malaria pathogenesand its effectsnayextend tatheunborn fetussia the placent&. In the
uterus, the IRBCs cause placental malaria by bingiagasite molecule VAR2CSAo0
chondroitin sulfate A expressed on the placental syncytiotrophoblagte sequestration

with parasiteknobs to human CD36 in systemic microvasculattffe The diagnosis of
placental malaria may involve examination of placental blood to detect parasites or
histopathologic evaluation to detect hemozoin pigment and/or parasites.athatpiay be

either activey infected [detection ofmalaria parasites with (acute) or without (chronic)

hemozoif or previouslyinfected (detection of hemozoin pigment alorté}

Placental malaria leads to anaemia in pregnant mother, intrauterine growth retardation,
stillbirth, low birth weight that increases the risk of neonatal mortality , preterm delivery

of the baby! 4 124 125 126 gpydies show that placental malaria may impact the risk of
symptomatic malaria and asymptomatic infections in infancy, with increased risk of
symptomatic malaria in the infants of mothers who have placental malaria, however the
mechanisra leading symptont& malaria at one time and symptomatic infection at another
time is poorly understood® 2% 128, Compared with infants whose mothers were placental
malaria negative, first infections in infants were shown to occur at an older age for infants
born to malaria positive mothers in a study fr@ameroon?® but at younger age in a study
from Tanzania?’. Also, Bonneret al., (2005) showed that compared with infants born to
placental malaria negative mothers, those born to mothers with placental malaria had lower
antibody responses tmultiple malaria antigens and the difference was marked especially
afterfour months of age when maternal antibodies waReThe effect ofin uteroexposure

is thought to be the result @ inefficient transfer of maternofetal antibodies across the
placentaleadingto thedevelopment of immune tolerance in fetus, anbdsequentlya slow

immune response to parasite antigenisfiancy 3¢ 3%,
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2.3 MALARIA PREVENTION, DIAGNOSIS AND TREATMENT

2.3.1 Prevention of malaria

Malaria control and prevention involvggeventng of exposure to mosquito bites with
insecticide treated nets (ITNs)se of insecticide repellanesmdremoval of breeding sitg$o

control vector populations)and use of antimalarial drugs imase manageent or as
prophylaxis duringoregnancy IPTp) and amongnfants (PTi) X. Currently, the most cost
effective method of preventing malaria is by use of ITNs impregnated with pyretRroids
however, resistance @nophelesmosquitoes to the pyrethroids is widespréad? 33 To
complement these preventive strategies is the newly recommended RTS,S malaria vaccine for
incorporation into the routine expanded program fomimization in infantsRTS, Shas

been foundimmunogenic®** and provides partial protection, agour dosescould reduce

clinical incidence by 39% and severe malaria by 32% among chiligtmeenfive and

seventeemonthsof age®.
2.3.2 Diagnosisof malaria

The blood stages of malariagsentopportunity for diagnosis (Figure 1Y.he acurate
diagnosis of malaria ismportant for determining treatmentor for planning effective
preventive strategiesvhile misdiagnosis, due to lack of access to quality diagnostic tests or
skill, contributes tothe enormous burden of malarfd 2. Skilled support and clinical
judgement although required in the accurate diagnosis of mal#thaughoften expensive
andnot readily availablén malaria endemic area® 3. The clinical diagnosis of malaria in
young children include algorithms in the integrated management of childhood illnesses
(IMCI) that minimallytrained,or resoure poor health care providersan use todiagnose
malaria for children. However, IMCI algorithms have low specificity andaso prone to

misdiagnosig=.

Presently, therecommendedstandard forroutine malaria diagnosisis light microscoy

examination of blood films to deteBlasmodiunparasites on Giemsstained blood slide$

The two types of blood film used for the diagnosis of malareathethick and thin blood
films. While the thick blood filmallowsthe observation of the morphology of the R8&hin

blood film preserves the appearance of parasites and afmeies identificationLight

microscopy is easy to learn and establish in poorly resdulaboratories, howevéan the
absence of quality microscopes, reagemtsxperienced microscopists, diagnosignalaria
may not beoptimal

12



Antigen detection immunahromatographic testsalso knownas rapid diagnostic tests
(RDTs), or dipsticks or antigerapture assajhave been developetlased on theP.
falciparum lactate dehydrogenasend histidinerich protein 2 enzymesto aid in the
diagnosis of malarid® 3. Relative to microscopy, RDTs acheaperfaster,and simpler,
and the WHO recommends RDTs for quick confirmation of malaria prior to treatment with
an antimalarial. Howevethe sensitivity for norfalciparummalaria is low and often leado
false negativdRDT tests Thethreshold ofRDT detection is in the range of 100 parasites/pl
of blood compared to 5 parasites/ul by thick film microscopy (under optimal conditfins)
and the persistence of antigens after parasitemiaclesred, often leads to false positive
RDT tests®®8 Other diagnostic tests based on polymerase chain reaction (PCRpwre
sensitive than microscopgr RDTSs, but are expensive, time consuming and requires
specialized laboratory and equipmeiihus PCRbased testsare not recommended for
routine malaria diagnosis in endemic arelst are useful for confirming the species
malaria parasitesind for research purposés®®® 140 |n malaria research, PCR is an
indispensable tool anldas beerextensivelyused todetermine polymorphisms in host genes
that predispose to malaridjstinguish betweereither vectas or parasitespecies,detect

parasitaemiaindetected blight microscopyandidentify variation between alleles of parasite

gene§' 141-145
2.3.3 Treatment of malaria

Malaria is curable, so appropriate treatment leads to complete recovery. Families of drugs
currently used to treat raia include those based on tAgemisinin derivatives4-aminc
quinoline ring structure (quinine derivativeahd the antifolates. For many years,he
qguinine derivative damino7-chloro-quinoline (chloroquinewas an effective antimalarial
againstP. falciparum 6. Presently, resistande chloroquine is wide spread and a reduced
sensitivity of P. falciparumto quinine and amodiaquine, due to the common quinoline
structure has been reportéff. The most significant antifolatéor treaing malaria is
sulphadoxine and pyrimethamirmbination (SP) and the WHO recommends SP for
intermittent preventive prophylactic treatment in pregnay (IPTp) andamong children
(IPTc) . The WHO recommends artemisinin combination therapy (ACT) aslifiest
treatment for uncomplicateR. falciparummalaria in areas experiencing resistance to the
other antimalarial$ 3¢, Unfortunately eports of resistance to both artemisinin (Kel®)

and SP have beesighted!*®1%? neverthelesdor lack of suitable alternativesrtesunate
amodiaquine is the first line antimalarial for the treatment of malaria while microscopy and

RDTs arerecommendedhethods for malaria diagnosisGhanal 13,
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A specific treatment regimen for asyraptatic infections is not available, nevertheless, the
WHO hasrecommendd seasonal malaria chemoprevent{&MC) that targets children from
3 to 59 monthsf age since 2012and SMC has been adopted by several countries to

complement the range of preventive measures in place

24 MALARIAIN INFANTS

Children below five years of age bear the brunt of malamnaking them an important
vulnerable groughat keyinterventionsoften target. Symptomatic ralariais rare among
infants below six months of age awdmmon among children above six months of age,
nevertheless, congenital and neonatal malaria have been observefharsdcan succumb to
severe malaria in the first year of Iff&153157158 Asymptomatic infections are common from
birth onwards anaan spontaneously clear without treatmeuting the first year of lifé®

156 Asymptomatic infectionsunlike symptomatic malaria, have not been studied much
among infantsand studies which solely focus on infafrtsm birth to twelve months of age
or between six and twelve montbsly are rare as the impacts of symptatic malariain
children under five years of ageof utmost priority’. Infants between six and twelve months
of age are often studied along with younger children aged below #mong children
studied from birth to twelve months of ageBurkina Faso, the overall incidence of malaria
increased from three to twelve monttdhereaghe prevalence of asymptomatic infections at
three, six and nine months of age weirailar 1°3, This study, like othestudes, usedfew
crosssectional sampling and studyspecific definition for asymptomatic infectipmnd
considering thathis is a highmalariatransmission aredhe studymay havemissed many
asymptomatic infection®2. Neverthelessthe consensus from epidemiological studies is that
the poor capacity of infants to control infectioleading to illnesss due to lowantibody
levels against malarijgnd multiclonal infections are a risk faymptomaticmalariaand

reflectthelow level acquired immunity against malart§ 14 159 160
2.41 Molecular epidemiology of Plasmodium falciparumin infants

The entire malaria parasitl.(falciparum3D7 strain) genome was fully sequenced in 2002
161 The sequence reveal@éd chromosomes aral22.8 Mb nuclear genome which codes for
approximately 5,300 gené%. Although some genes are conserved, others show considerable
polymorphisms which contribute to the virulenceRoffalciparumand its ability to evade

immune responses and drug pressure. These polymorphisms arigadmpenetic diversity
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of antigens'®?

and the clonal antigenic variation (egnspland msp2clone diversity and
allelic variantsy’ which havebeen studied to understaaithertheir distribution in different
transmission settings theirpotential to influencéhe susceptibility/severity oP. falciparum
malariain young children or adult$® ®> 163 |n infantsand young childrenfew studies in
high transmssion areas have detecteither different/transient infecting asymptomatic
parasite clones every 48 hours, or same cl@agsisting a few days or up to three weeks
before spontaneous clearanbeit sample sizes have been mostly small, leaving a lot of

unanswered questions regarding the molecular epidemiology of malaria in fif€At4,

Malaria marasite clone diversity is increasingly being shown to differ between asymptomatic
and symptomatic malar ' 1% Whether the clone diversity is importantto

transition/alterna between asymptomatic and symptomatic malaria is however unknown.

A study byApinjoh etal (2015) showed thdiirth in a rainy season and intake of two or more
doses of sulphadoxigyrimethamine (SP) by pregnant mothers, for intermittent preventive
treatment (IPTyendeed infants susceptible teymptomaticmalaria'?®. Regarding IPT with

SPin infants (IPTi-SP) parasite prevalence twelve months post intervention was similar in
placebo and intervention grouf. In addition, IPTiSP reduced parasitdone diversity in
intervention group, but protection against disease wasreedin its absence, thus reducing

the clone diversyt wasnot associated witlprotecton againstsymptomatianalariain infants

166 These observations raise further questions regarding the role that medication or

pregnancy play in the mbanism of symptomatic and asymptomatic infections in infancy.
2.4.2 Immuno-epidemiology ofPlasmodium falciparumin infants

Infants are the target population for future malaria vaccines, so it is important to understand
their immune processes, ander to produce formulations that provide optimal responses. The
high mortality and morbidity amag children below five years of age have beprimarily
attributedto an in-efficient immune systenandthe gradual acquisition of immunity that is
dependenbn a cumulative exposure to numerous parasite alleles and ctbhdgowever

there aremechanism protecting infants with a puative in-efficient immune systenfrom
symptomatic malarigand these mechanisrage not entirely understopdmidst tudies with

focus on neonates and infantst seekgreater insight into their susceptibility malaria?®
104, 114, 153 155, 158, 168.

In malaria endemic areas the acquisition of imityuto malaria begins from the uterus where

the developing fetus is exposed to transplacental antibodies (IgG) in the last trimester of

15



pregnancy'®®. Infants below six months of age typically have low parasite densities and can
spontaneously clear parasites without treatment, suggesting that they possess some
mechanisms for controlling and clearing parasitaemia, however the association of
transplacentahntibodies with protection againsgmptomationalaria in the early months of

life is unclear'®’ 168 170 Malaria-specific IgG present at birth (in maternal and/or cord blood)
has been shown to wane by sknine months of age, and appe&wsbe associated with
increased risk of parasite infectiobetween zero and six montbg age®® 11, However,

some studies have showed association between mspeawic IgG present at birth and
delayedime to a first infection or protection agairsstmptomatic malaria infants’2%4 In
another studyprotection against infection ithe first six months and association between
IgG2 subclass but not IgG1, IgG3 or Ig@sreported'”™. The conflicting resultsnay be

due tovariation betweemntigens studied, outcomessymptomatiénfection orsymptomatic
malarig of interestand parasite detection mettsodsed (microscopy or PCRh these

immuneepidemiological studies

Other factors have been proposed to account for the protection observed in infants below six
monthsof age These factors are thought to inhibit parasite multiplication,iacldde the
presence of fetal hemoglobin which in coopiera with passively acquired maternal 1gG
impair cytoadherence and restrict parasite multiplicatiért’’. Additionally, low levels of

dietary paminobenzoic acid (an external source of nutrient for parasite replicaten,
absence of which restricts parasite growth) in breast Hfilikmmune constituents such as
lactoferrin and secretorygh in breast milk i vitro study) ! and less preference of
anopheline mosquitoes for infants compared to adtifsmay account for the low

symptomatic malaria observed in infants below six months of age.

A commonfeature of mostimmunc-epidemiologystudieshasbeenthe comparison between
individuals confirmed with symptomatic malaria (nemmune) and without (immune)
However, the presence of malaria parasites is key to defoatigsymptomatic malaria and
asymptomatic infection as emubints of immunity, but is rarely considered, and individuals
with asymptomatic infection can be considered eitherimonune or immune depending on
method of detection of parasitesThereby creating an exposure bias leading to
misclassificationsand contributing tofailure to fully understandnalariaimmune responses
181 Nevertheless, theverall consensus is that infafitave low levels of antibodies relative to
other young children (below five years$jgher levels of antmalaria antibodiess a marker

of exposureandincreass therisk of malaria compared with young children who have low or

no detectable antimalarial antibodié&17% 182183
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2.4.3 Submicroscopicinfection in infants

Light microscopy has been the mainstay of malaria parasite detection. However, with the
advent of PCR based techniques, it has become clear that light micrasciopyted in
detecting vernjow density malaria parasitesup patent osubmicrecopic infectionsyand
consequentlythe entire malaria parasite burdén practice, light microscopy has a parasite
detection limit of approximately +100 parasites/pl while PCR can detect as low as @D2
parasite/ul3" 84 and while microscopy is more specific, PCR is more sensitive at detecting
infections 18 186 Sybmicroscopicinfections have become critical to the eradication of
malaria, asthey have been shown to infect mosquitoes and contributai@rd malaria

transmissiorf® 187,

As light microscopycontinues to be the main tool usedfor the detection of symptomatic
malariain either routine practicer epidemiological srveys?, presently, thaise of PCR to
detectsubmicroscopic infections presentimith symptoms, during both routine practice and
epidemiological surveysire unpopulart 8, This is reflected in mst reports and field
surveys, yet submicroscopic infections can contribute to the maintenancealafia
transmissiort 8% %8 Nevertheless the continual userofcroscopyfor defining symptomatic
malaria partly stems from the fact that is uncleay in the absence of live microscopic
parasite detectiorthat other infectious agenf&xamplehelminths,bacteria and viruses) are

notthe cause ofevers and othesymptomste8 89,

Submicroscopic infections have been reported among infantowever, h the estimation
of submicroscopic infectionstuglies have focused on the distribution of submicroscopic
infection ineitherthe varying transmissiorsettingsor on gametocyte carriagather than on
specific populations such as infanf§ 2" % 18 Theefore, the dynamics of the
submicroscopidurdenin either asymptomatic infections sympbmatic malaria witin the

first year of lifeis not well characterized

The study of infants considerably overcome the challenge of distinguishing between
protectionagainst malaria that idue toeithera pastor a recent exposurémportantly, by
regular follow up over time andarying methodsof parasite detectionto minimize bias in-
depth characteristicsof asymptomaticinfections and symptomatianalarig beneficial to

malaria controlcan be identifiedmonginfantsliving in high malaria transmission areas
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3 AIM OF THESIS

The overall aim was to characterize over time, the asymptomatic and symptomatic infections
in infants and identify factors influencing susceptibility to malaria in a high transmission area

of Ghana, with the goal of understanding protection agaiafdria in the first year of life.

The specific aims were:

I. To examine the longitudinal sequence patterrPa@ismodium falciparum

infections in the first year of life within a birth cohort in Kintampo, Ghana.

Il . To compare host, demographic and mekfactors and parasite parameters
associated with being parasite negative or having asymptomatic infections

versus developing symptomatic malaria in the first yar of life.

Il . To determine the extent of submicroscopic falciparum infections in
microscopydefined longitudinal sequence patterns of infection in the first year

of life.
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4  MATERIALS AND METHODS

Detailed descriptions of the materials and methods have been provided in the constituent
articles and manuscripts appended. Brief overviews of the materials and methibes

studiesare described in this section.

4.1 STUDY POPULATION AND DESIGN OF THE B IRTH COHORT

Kintampo North Municipality (KNM) and Kintampo South District (KSD) are in the Bono
East Region of Ghana. The geographical location of KNM and KSD is presented in Figure 1
of studyl. Malaria is perennial in KNM and KSD and the incidence lbépisodes of malaria
parasitaemia was 1.3 cases/clyighr at the time of sample collection from 2008 to 2¢#10
46,143 Malaria transmission as determined by the EIR is,hidfile the most important vector

and parasites artnopheles gambiaandP. falciparumrespectively, in Kintampd38 143 19¢
192

4.1.1 Pregnant women

Vital registers collatedybthe Kintampo Health Demographic Surveillance System (hosted by
the Kintampo Health Research Centregrevused to identify pregnant women resident in
KNM and KSD. Pregnant women who expressed their desire be delivered of their baby and
stay in KNM and KSD until their child was a year old were enrolled into the birth cohort
study between 2008 and 201At the enrollment, trained and stationed community field
workers recorded the demographic, obstetrics, and socioeconomic characteristics of the
pregnant women, using standard questionnaires. The pregnant women were visited at home
monthly and encouraged to attesmtenatal care. At birth, the newborn was also enrolled into

the study and placental tissues were collected. A total of 1855 pregnant women were
delivered of infants that were successfully included in the birth cohort €tudy

4.1.2 Infants

The infants in the birth cohort study were followed to determine whether those born to
mothers with placental malaria had an increased risk of malaria, compared to their
counterparts wi were born to mothers without placental maldfiaA total of 1543 infants
completed théollow up (Figure 5). From birttuntil exit of the birth cohort study, each of the
infants were visited monthly at home to ascertain their health status and to collect finger prick

blood samples which were examinedetator presence or absence of malaria parasites by
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light microscoy. Infants found unwell during the home visits were presented by
mothers/caregivers at the study clinic for RDT testing and further management per the
guidelines of the health policy in Ghah. If the infant displayed any signs of illness in
between the monthly home visits, the mother/caregiver was encourageseatpthe infant

for evaluation at the study clinic either by their self or with assistance from the stationed
community field workers. At the study clinic, the infantere@managed per the guidelines of

the health policy in Ghanfa The monthly home visits were scheduled on working days only.
Symptomatic malaria wasatjnosedy light microscopy and managed based on the national
health policy.

Figure 3. The design of the Kintampo birth cohort study from 2008 to 2011. Of 1855 infants enrolled at birth,
1543 completed follow up and were considered in the follow up studies presented in this thesis. Abbreviation
PG is primigravidae and MG is multigravidadAsante et al., 201328)]. Open access rase by authors

permitted.

42 ETHICAL APPROVALS

The pregnant women gave informed consent for the information and savhphesnselves
and their infantd¢o be used in studids Il andlll. Studies|, 1l andlll, were granted ethical
approval by the Kintampo Health Research Cefi{i¢RC) Institutional Ethics Committeim
Ghanaand the Regional Ethics Board of StockhpBaweden
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43 STUDY PROCEDURES

The study procedures comprised field methdalkpratory and biostatistical methods. The
field activities involved thenonthlyfollow up visits scheduled at home or unscheduled visits
to the hospitaland the collection of blood sampl#sat were examined by light microscopy

in studyl. The host, dengraphic, maternal and parasite parameters collated from field and
laboratory procedures were examined in stlidyrhe samples from a subset of infants were

examined in detaivith moleculardetection methods in studly .
43.1 Parasitedetection by light microscopy among infants

Giemsa stained thick and thin slides were examined by light microscopy for the identification
of asexual and sexual stagesR¥dsmodiumspecies. Parasite densities were estimated per
microlitre of blood, assumg 8000 leukocytes per microliter of blood. The microscopy
reading was in duplicate for each samflbe blood slides were considered negative after

examination of 100 high power fields by the expert microscopists.

For mathematical precision, the geometriean parasite density rather than the average of
parasite density was estimated using the formula below. The estigatedetric mean
parasite density was rounded to a whole number and recorded as the parasite density of a

sample:
Q¥:Q

n = total number fomicroscopy positive readings of a sample; Xn = product of the total

number of parasite densities of a sample
4.3.2 Molecular approaches

During the monthly scheduled home and unscheduled hospital visits, finger rick('b0dpd
to 1ml) was drawn into EOTYA vacutainerblood collection tubesThe finger prick blood
(50ul) was spotted do filter paper samplesdried, and stored for subsequent-depth

analyses
4.3.2.1Real time polymerase chain reaction (QPCR)

A subset of infants was sampled fiordepth analysesubmicroscopic infection®ried blood

spot (DBS)filter paper samplem monthly series from birth to twelve months of age from
this subset of infantsn(= 79) were selected foparasite detection by qPCR methods.
Genomic DNA wasextracted from DBS with Qiagen DNA mini kits and according to the
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Multiplex gPCR assays were used to qualitatively idenBfyfalciparum P. ovale P.

malariae and P. vivax in the DBS samplesThe assay was performed in a final volume of

25pl and included species specific probes, prim&agjManmultiplex master mixand the

extracted DNA. Details of the reaction volumes andcthreditionsof thethermal cycling are

presengdin studylll.
4.3.2.2Determination of sickle cell and G6PD genotypes

The genotyping to determine the sickle cell ahd glucoses phosphate dehydrogenase

(G6PD deficiencystatus of the infants is outside the scope of this thesis. Nevertheless, the
results of the genotyping weracluded among the host factors assessestudy Il. So,

briefly, DNA was extracted from the DBS samples of the first 900 infants enrolled mto th

birth cohorf using 4LDJHQ '1$ PLQL NLWV DQG WKH PDQXIDFWXUH
DBS from filter papers. Polymerase chain reaction and restriction fragment length
polymorphisns based on previously described methedse adapted and used to identify

allelic variants of6PDand heamoglobi\/S/C genest** 1%,

4.3.3 Quality control

As part of the quality contraheasures, not more than Blcroscopyslides were examined

by a certified expert microscopist in a day and 10% of all slides wesrarained by other
expert microscopistshe slides were stored individually in slide cases during transportation
from the feld or in thelaboratory, to avoid artifact readings or cressntamination between
samples Slides were prepared in duplicatdhe standardtechniques and operating
procedures in the Setl©OwusuAgyei Medical Laboratory at KHRC were followed

throughout the microscopic analyses.

The filter papers were stored individually in a-kygked bag with desiccants, and in air
conditioned rooms at 18°C, to keep them dry and also to avoid fungal growth or degradation.
During the DM\ extraction, 70% ethanol was used to clean the punch after cutting the DBS
of each sampleThe gPCR included negative contrdi® identify contamination)and
samples wereduplicated. The gPCR was validated by an independent researcher. The sterile
technques and standard operating procedures at the Centre for Molecular Medicine,
Bioclinicum, Karolinska Institutet were followed throughout the DNA extraction and gPCR

processes.
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4.3.4 Defining parasite positivity and infection status

A microscopy orgPCR reading that was positive was further classifas having a
symptomatic malaria or an asymptomatic infectggatusbased oreither the presence of
clinical signs at sampling alinical sighs and symptom® malariamanifested by the infant

in previous 48 hours or subsequent sevEparasite detection
4.3.4.1 Symptomatic malaria

The definition of symptomatic malaria among infants was adapted from the WA
parasite positive microscopy reading together with a history of reported fever or elevated
temperature and illnesses/symptoms (vomiting, chills, fever, diarrhea, cough, difficulty
breathing, blood in urine or inability to suckle, drink or eat) withhia past 48 hours or
subsequent seven days of parasite deteettoeither the scheduled home or unscheduled
hospital visitwastermedsymptomatic malaria.

Also, infections detected by gPCR were classifeisymptomaticepisods if they were
accompaniedvith a history of reported fever or elevated temperature and illnesses/symptoms
(vomiting, chills, fever, diarrhea, cough, difficulty breathing, blood in urine or inability to
suckle, drink or eat) within the past 48 hours or subsequent seven days @ platesition at

either the scheduled home or unscheduled hospital visit.
4.3.4.2 Asymptomatic infection

A microscopyand/or qPCRpositive test in the monthly scheduled home visitdy, with
WHPSHUDWXUH U& DQG QHLWKHU UHSRUWHG IHYHU QF
subsequent seven days following parasite detection was defined as an asymptomatic

infection.
4.3.4.3 Submicroscopic infection

A microscopy negative test result with gPCR positive test result was termed a

submicroscopic infection.
435 Profiling the longitudinal sequence patterns oparasite positivity

The profiling commenced with the data from all 1855 infants in the birth cohort. The second
twin of all twins were excluded. Infants without microscopy records were also excluded. The
infants with either less than eight of combined scheduled home and unsetetokpital
follow up visits oronly P. ovaleor P. malariaeperthe microscopydetecion were excluded

from the profiling
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The longitudinal profiling wasbased on eighdr more follow upvisits within the first year

(12 months) of life The microscopy positiveand negativevisits werelabelled &cordingly.

The positive visits weréurther labelledper the presencar absence of symptatic malaria

or asymptomatic infectioaccording to the definitions ahfection statusdescribed above

Thus, each visit with a microscopy reading was either a symptomatic madaria
asymptomatic infection o parasite negativeisit. The infants were separated based on the
longitudinal segence patternof the follow up visits: (i) hfants who hadvisits whereby
symptonatic malariaonly was detectedvere termedthe ptR QO P S W R Ry L(IH 1

Infants who had any visit whereby the microscopy positive reading was symptomatic malaria

at one time and an asymptomatic infection at another time in no specific order were termed
nDOWHUQ D Wi Qnights] WHe Xh&d visits whereby the microscopysipaity was
DV\PSWRPDWLF LQIHFWLRQV -YOR SAHRIPD Wikd)DPatO RS SH LR Q (¢
had visits with the microscopyreadingbeing negative throughouE HUH WHUPHG unuSDU
negativefgroup

The infants with alternating infection patternrerdurtherprofiled to identify trends irfirst

infectionsthat wereeither symptomatic malaria or asymptomatic infections in this group.

The compliance rate during the monthly scheduled home wiste estimatedand the

characteristics of all visits and infant®re describedand they are presented in study
43.6 Determining predisposal to asequence pattern

To determine theisk of identifying with any of the longitudinal profile in the first year of

life, the groups describegbove were examined on the bases of exposure to malaria parasites
in two ways. Firstly, theonly-symptomatic and alternating groups were combined and
considered a single group that is susceptible to symptomatic malaria within the first year of
life. This susceptible group was then compared to the-asyynptomatic group who were
consideredpotentially immune to symptomatic malaria. Secondly, the thremigs within

which parasites were detected; namely the -sgiyjptomatic, the onkasymptomatic and
alternating groups, were considered a single group exposed to malaria parasites and
compared to thearasite negative group who were considered potentiaHgxposedto

malaria parasites through the first year of life.

The host exposure variables included in the risk analyses wereweight, gender,

congenital abnormalities transmission season at birth, G6PD status, sickle cell status, mid
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upper arm circurierence at first infectiorBed netuse by infant, residence of infant and SES

household of infant.

Maternal exposure variables included in determining predisposal to the infection patterns
were age of the mother, gravidity, parity, antenatal care (AN&Isyvtetanus immunizations,
IPTp, Sickle cell trait or disease (recorded on questionnaire), ITN use during pregnancy,
gestational age at delivery, place delivered and placental malaria.

Parasite parameters included in analyses were microscopy parasity de¢ either the first
infection, or below or above six months of age (StUdyinscheduled hospital visits before
the first infection, reported fever before the first infection, elevated temperature (> 37.5°C)
before the first infection, illnesbefore the first infection, antimalarial use by the infant
before the first infection, midpper arm circumference (MUAG an indicator of infant
nourishment) at the first infection (Study IlI) and monthly distribution of infections detected
by microscopy ogPCR (Study andllIl).

44 STATISTICAL ANALYSES

Statistical analyses were performed with Std#iware Yersion 14 STATA Corporation,
College Station, TX)Stata was also usddr log transformations ant produce box plots

studyl. Excel spreadsheets (MS Office 2016) were used to support graphical analyses and for
computing simple algorithms includintdpe display and format othe temporalinfection
patterng(Studylll), line, barand correlatiorgraphs(Studyll andlll) and time toadditional
microscopic infections (Study. The JMP software trial version (SAS) was used to generate
heat mapsshowing the temporality of infectionsf the four mainmicroscopy defined

infection patteng groups of infant§Studyl).

The KruskalWallis test was used to identify differences between the groups of infants, while
the Wilcoxon signed rank test was used for within group analyses gbarametric data
(Study I). To identify difference between independent variables between the groups of
infants, chi squared tests were perforn@@tlidyll). Univariate logistic regression to identify
significant predictors of malaria susceptibility was performed. Multivariable logistic
regression models to identify differences between and witleigroupsof infantswere also
performed(Study Il). Principal component analyses were used to generate socioeconomic
status(SES) of each infant(Study II). Survival analyses with Kaplaeier curves were
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performed to detect effect of G6PD and sickle cell polymismi within each microscopy

defined infection patter(Studyll).

Exposure variables included in the principal component analgsisect the SES patterns of
householdsvere household ownership of land, of crops/farm, of livestock (chicken, cows,
sheep, goats, cart), of vehicle (bicycle, motorcycle, tractor, cand of living items
(mattresses, dining table, radio, television, cooker, fridge, electric fan, phone, satellite,
computer),number of rooms and residents/sharing room, ownership of house,otype

roofing, type of floor and employment statgal@rygrade).

Measured confounders (placental malaria, residence, SES, ITN usage and antimalaria usage)
were adjusted where applicablestimates with gralues < 0.05 were considered statistically

significant.
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5 RESULTS
51 STUDY |

Symptomatic malaria and asymptomatic infections are rarely studied to undetiséand
longitudinal patternsof susceptibility or immunitywithin the first year of life,although
studies show frequent carriage of asymptomatic infections and vulnerabiigyrjotomatic
malaria in infay °>1%, To determineghe longitudinapatterns of susceptibility or immunity
in the first year of lifethe longitudinal sequence patternsya€roscopy definedymptomatic
malaria, asymptomatic infeons, and parasite negatitests identified in monthly scheduled
home and unscheduled hospital visitere examinedvithin a birth cohort in Kintampo,

Ghana

The microscopy testesult for 1674 infants followed up both the monthly scheduled home
(19231 visits)and unscheduled hospital vis{&254 visits) were either positive or negative

The microscopy positive visits were further classified as asymptomatic infections or
symptomatic malaria(Figure 6A and B. The cumulative incidence oP. falciparum
infections showed frequent asymptomatic infections and lower parasite densities from birth to
five months of age. The frequency of both asymptomatic infections and symptomatic malaria

together withthe parasite densities increased from six to twehemtins of age.

There were 1264 infants with eight or more of both monthly scheduled home and
unscheduled hospital visits that were parasite negative (M¥giis) or positive (2044sisits),

and these were included in the longitudinal profiling of asymptiomafections and
symptomatic malariaAfter the profiling, four main infection patternsvere discovered
among thel264 infantsof which 459 (36%) had parasite negative visits throughout all visits.
Among the remaining infants with microscopositive tests, 444 (35%) had only
symptomatic malaria pattern, 274 (22%) had the alternating infection parttei87 (7%) had

only-asymptomatic infection pattern (Figure 6C).

A comparison of the groupsf infants showed that the alternating group r&gnificantly
highe mean number of infection@.03 infection/child)and lowe age of firstvisit where
microscopy wagpositive (5 months; IQR: &) or lower median age of infectionséven
months; IQR: 610). However, the onksymptomatic group had signifiedy higher median
parasite density either frommrth to five months of age or from seven to twelve months of
age, compared to the other groups of infaiitee onlyasymptomatic group had the lowest

median parasite density from birth to twelve months ef(@g< 0.001).
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A. Scheduled/home B. Unscheduled/clinic

C. Microscopy positive and negative tests by the infection pati@ong805infants

Figure 4. The visits where microscopy tests weparasite positive and negatiwveere further defined as
asymptomatic infection or symptomatic malaria vigitsoth of the scheduled home visits and unscheduled
hospital visits (A and B). Theemporalityof microscopy test resuhowspositivity was frequent from five to

twelve monthsf agewithin the three infection patterrjéBotweet al., 2@0. (72)]. Open access usgplicable

The infants with alternating infection patteshowed extensive heterogene{87 different
sequences)in the alternation of symptomatic malaria argdymptomatic infections
Nevertheless, the mean number of asymptomatic infectias significantly lower (1.86

asymptomatic infectiorshild) compared to the mean number of symptomatic maladd (2.
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symptomatic malaria/child). The most common alternatiaguence pattern begun with
asymptomatic infectior{46%; 125/274) followed by symptomatic malarid&rom birth to
twelve months of age, the maximumumber of intermittent alternating asymptomatic
infection and symptomatic malan@as ten, while the most fj@entalternationswerethree
alternatingasymptomatic infection and symptomatic malaria, in no specific qf2&¥o;
68/274)

52 STUDY Il

The infection patterns of the four groups of infants were compared, with a goal to understand
naturally acquired immunity to symptomatic malarighe host, demographjanaternal and
parasite parameters associated with being parasite negative or having asymptomatic

infections versus developing symptomatic malaria in the fast gf life is presentetiere

Overall, the infants of the parasite negative grangal relatively more desirable or beneficial
host and maternakharacteristicsCompared to their counterparigfants of the parasite
negative grouphad significantly higher residency in urbareas,lived in least poor
householdswere mostly born in a health facility, had mothers s placental malaria,

highest ANC attendance and highest IPTp doses.

7KH FKDUDFWHULVWLFV RI -Wa&faditew&gative LaRoRIyxaywhptbh&iX S V |
were similar except for ANC visitstetanus immunizations (higher among the parasite
negative group), residence in rural areasipared to urbaand ITN use overdlh rural areas
during pregnancy (higher among osdgymptomatic group).

Among parasite posie visits, the onlyasymptomatic and alternating groups were similar
regarding parasite parameters such as hospital visits, reported fever, elevated temperature and
illnesses before the first microscopy detected infection and MUAC at first infection.

Among infants with parasite positive visitsthose of the onlyasymptomatic group were
significantly healthier compatieto their counterparts in thethergroups. Relatively, fewer
infants of the onlyasymptomatic group had repedifever, elevatedemperature, oitinesses
before the firstmicroscopy infectionand higher MUAC at first infectiomompared to the
only-symptomatic groupOnly 3% of the infants of the orgsymptomatic group were given
an antimalarial before the first microscopic infent compared to 23% in the alternating

group and 63% in the onlgymptomatic groupMothers of infants in the ordlgsymptomatic
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group were more compliant to ANC attendance and had less placental malaria compared to

the other groups.

Groups susceptible withersymptomatianalariaonly or asymptomatiénfectiors only were
formed to perform analyses in relation to malaria parasite exposusdthacanti-disease or
antiparasite immunity. Soin the first analysesto identify determinants of antlisease
immunity, the onlysymptomatic and alternating groups were considered a single group that
is susceptible to symptomatic malaria within the first year ofdifd compared to the only
asymptomatic groupconsidered potentially immune to symptomatic malafiae parasite
parameters studied before the first infection were significantly lower in othlg-
asymptomatic groupompared to the susceptible grotyaternal and household parameters
studied were sigficantly beneficial for the only-asymptomaticcompared to the susceptible
group. The infants who lived in most poor households w@88s lesslikely to have only
asymptomatic infectionghrough the first year of life, ashe odds of having only
asymptomatic infections were reduced for infants who were most(pdjsted ORO0.21,
95% CI 0.090.46; p < 0.001)Chronic placentamalaria was absent among mothers of the
only-asymptomatic groumnd ITN use during pregnangyedsposed infantdy 62%, to
having only asymptomatic infectiotisroughthe first year of fie, as the odds of having only
asymptomatic infectiomcreasedor infants whose mothers used an ITN during pregnancy
(adjusted OR1.62, 95% CI 1.0®.58; p = 0.04%

In the ®condanalyses to identifthe determinants of anparasite immunity the only
symptomatic,the alternatingand the onlyasymptomaticgroups were considered a single
group exposed to malaria parasites and compared to the parasite negativeogiidered
potentially unexposed to malaria parasites through the first year of llifeéhis analyss,
infants in the parasite negative group had significantly higher residencban areas, lived

in higher SES households, had more primigravid methleigher IPTp doses and higher
births in a health facility compared to their counterparts who were exposed to malaria

parasites.

The likelihood of haing only-symptomatic malarighrough the first year of lifevasreduced
by 23% (adjusted ORO0.77, 95% CI 0.620.96; p = 0.019)and was doubledfor infants
having an alternatinginfection patterncompared to the infantsith the only-asymptomatic
infection patterr{adjusted OR2.21, 95% CIL.802.72; p < 0.001)

Living in a low SES householdgnificantly predisposednfants(in parasite positive groups

to having malaria parasf#e Residency in urban areas reduced the odds of haang
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alternatingasymptomatic infection and symptomatic maldya76% (p = 0.022)educedhe
odds of having only asymptomatic infection by 81% (p = 0.193),raddcedthe odds of

having only symptomatic malaria by 95% (p = 0.731) compared with residency in rural areas.

Increasing MUAC(per centimeterand ANC visits reduced the likelihood baving only
symptomatic malaria infection pattern in the first year of. lAtso, increasing MUAC ger
centimeter) decreased the likelihootl having an alternating asymptomatic infection and

symptomatic malaria in the first year of life.

Increasing ag®f mother per year) increasedhe likelihood of havingeither alternating
asymptomatic infection and symptomatic malananly asymptomatic i