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1.1 DEFINITION AND EPIDEMOLOGY.

Malaria is a global disease thaffects half of the world population. It is caused by protazoa
parasitesof the genuPlasmodiunthat are tansmitted from human to human by the bite of female
Anopheles mosquitees During the human infection parasites invade erythrocytes, causing
symptams that vary from mild to severe disease. In ammune individuals, if not properly treated,
malaria can cause death. There dinee Plasmodiunmspecies that infect humang®. falciparum, P.
vivax, P. ovale, P. malariaadP. knowlesiAmong them, malaridue toP. falciparumpredominant

in the African continent, is the most deadly form, whitevivaxis the most widespreadspecies
outside the African continent (Fig. 1). This thesis focuseB.dalciparumand thus, most of the
information provided irthe introduction refers to this species.

During the last 15 years the incidence and mortality of malaria has considerably decreased, thanks
to control and elimination campaigns. However, there are still 91 countriés avigoing malaria
transmission Halfof the world population is at risk of being infected by the parasite. The disease is
spread around the tropical regions worldwide and in surrounding areas, such as the eastern
Mediterranean regionP. falciparums only found in tropical areas becauseg&netocytes require
10¢18 days at a temperature of >21°C to mate and mature into infectious sporozoites inside the
vector (Aly et al, 2009 This development timeline is only possible in hot, tropical conditiBns.
vivaxandP. ovalecan develop in mosquitoes at ambient temperatures as .6 °C. The abylit

of these parasites to propagate at subtropical temperatures and to reraaiquiescent formst

the hypnozoite state in the liver are likely ¢ontribute totheir ability to survive cold seasons, and

the broader global distributiorof these parasitegGething et al, 2011 In 2015, there were an
estimated 212 million cases of malaria and 429 000 de@tdO, 2016 Approximately 80% of
cases and 90% of deaths occurred in the African Reg@ngchildren under five years of age and
pregnant women the population at higher riskheintensity of transmissiondependson diverse
factorsrelated to the parasite,the vector, the human host, and the environment.In areaswith
markedseasonality(rainy and dry seasons)malariatransmissionpresentsa peakduring and just
afterthe rainyseasonAllthesefeaturesmakemalariacomplicatedo control. Furthermore, malaria

is strongly associated with poverty, with the highest mortality rates observed in countries with a
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low Gross National Income (GNI) per capita. Therefore, magaiaocial and economic problem,
which complicates even more control and elimination programmes

Malaria endemicity
B Countries endemic in 2015
Countries endemic in 2000

but no longer endemic in 2015
Countries not endemic in 2000
Not applicable

B P falciparum prevalent

B9 P vivax prevalent

Figurel. Map of malariaendemic areasBlue areas represent countries where malaria was enden2g15,
while yellow areas represent countries where malaria was endemic by 2000 but was elinfiys28d5.
Continwus lines denote P. falciparumprevalence and discontinuouses P. vivaxprevalence.Countries
O2RSR Wy2i{ LI AOFotSQ Ay (THSiguleshszid dad®Nibie Woadi
malaria report 2015Adapted fromPhilips et al., 2017
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1.2 MALARIA LIFE CYCLE

Malaria parasites are transmitted from human to human by the bite of infected female mosquitoes
of more than 3Qdifferent anopheline speciedAlternativeroutes of transmissionalthoughof less
significanceare transfusionof infected blood and vertical transmissionfrom infected mother to
foetus,i.e.congenitalmalaria.

TheP. falciparumlife cycle is divided in two phases: asexpiase which takes place in the human
host, and the sexual phase, that starts in the human hostisoompleted in the mosquita(Fig. 2).

The asexugpart of thecycle starts at the sporozoite stagBporozoitesre injectedthrough the
mosquito bite into the human blood. These forms reach the liver, where they enter hepasocyte
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starting a first exoerythrocytic multiplication phase. Thepatocytesburst after 67 daysreleasing
thousands of merozoites into the blood circulatiolm the case ofP. vivaxand P. ovale some
parasites stay in the liver in a dormant phastypnozoites, which will restart a nevloodinfection
weeks to months after the primary infection. The newly formed merozoigisinvadered blood
cells (RBAh the peripheral blood, starting then a secoptaseof asexual multiplicationi,e. the
erythrocytic cycle P. vivaxinvades young forms dRBG, reticulocytes while P. falciparumcan
invade RBS of all ageshefirst form of the parasiteafter invasionis known as ring, for its
morphology, and lasts around RO Later, theparasite will evolve tothe trophozoite stage,
characterizedby the accumulation of hemozoipigment which remains encapsulated within the
food vacuole In the last maturation step, pariss multiply their DNA content anevolve to
multinucleatedschizonts, formingip to 30independent merozoites. Afterward#he RBC bursts
releasinghewmerozoites into the blood circulation, which will invade ne®GFig. 2B)The process
of invasion iscomplex, with severainteractions of host RBC receptorwith parasite ligands
(Cowman et al, 20L6Weiss et al, 2016 It sarts with initial contact, followed by meroze
reorientation and apical attachment that leado the formation of a moving junction that
progresses until the merozoite is internaliz@feiss et al, 201,3Nright & Rayner, 2004 During
invasion,components released from the rhoptriesorganelles placed at the apical end of the
merozoite¢ are secreted into the RBC arghrticipate in the formation of the new parasitdhis
asexuakycle is continuously repeated in the humblood stream;n P. falciparumP. vivaxand P.
ovaleit lasts 48h, wheream P. malariaeparasitest lasts 72h and i®. knowlesonly 24h.

During the erythrocytic cycle some parasites differentiate into male and female gametocytes
(transmission stages of the parasite), starting the sexual phase. Mature gametocytes from the blood
circulationcanbe ingested by mosquitoduring a new bloodeed. Within the mosquito, the sexual
cycle will progress with the formation and fusion of a male afeimalegamete and the subsequent
zygote (2n). This is the only momenitensexual recombination takes place, allowing the exchange

of genetic material and thus, the generation of genetic diversitylasmodiunpopulatiors. Still in

the midgut, the zygote differentiates into a motile ookinete that moves through the midgut
epithelium of the mosquito host and forms an oocyst. The oocyslisgenerate thousands of
sporozoites that wilinvade the salivary glands abeé released into the human bloodstream during
another bite. This way, the parasite is transmitted from onéividualto another starting a new

cycle Fig.2).
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Figure2. Malaria life cycle(A) ThePlasmodiumspp. life cycleThe mosquito transmits the parasite in the
sporozoite stage to theumanhost duing a bloodfeed. Soorozoites invade liver cells, where they replicate
and transform into merozoites, which will be releasetb the bloodstream, where they invadeBCand
begin the asexuahtraerythrocytic cycleP.vivaxandP.ovalecan also enter a dormant state in the liver, the
hypnozoite. Merozoites released froRBGinvade othelRBGandcancontinue to replicateSome parasites
differentiate into male or female gametocytewhich will betaken up by the mosquito vector in another
blood meal. In the gut of the mosquitthe sexual part of the cycle continueBhenew formedmale and
female gametocytes fuse, forming a diploid zygote, which elongates into an ooKirresewill transform into
an oocyst, whichundergaescycles of replication and forssporozoites The new formed sporozoites travel
to the salivary glatisof the mosquito, ready to infect a new human host during the next bifesdl. Adapted
from Phillipset al., 2017(B) Thin blood films showingPlasmodiumfalciparum at different stagesof blood-
stagedevelopment. Rng stagesare observeduntil 20 h postinvasion Trophozoitesare presentuntil 34h
postinvasionand later schizontsdevelopup to 48h after invasion,when merozoitesare released Mature
differentiated male and female gametocytes are represented in the secondAidapted fromPhillipset al.,

2017.
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1.3 CLINICAL MANIFESTATIONSOEMALARIA.

Symptomatologyand severity of malariavary accordingto the level of immunity of the infected
individual. Immunity developsover repetitive exposureand is therefore dependenton age and
exposure Evenif immunity rarely provides complete protection, it does reduce the risk of
developingsevere diseaseby regulating parasite density and modulating the virulence of the
infection. Therefore individualswith acquiredimmunity are more proneto carrylow density and
asymptomatianfectionsdueto repetitive exposureto the parasiteandto developtoleranceto the
pathophysiologicgbrocesse®f the diseaseln the Africancontinent,dueto the hightransmission,
many people are continuouslyexposedto the parasite. Protection againstseveremalariais then
developedby five yearsof ageand most malariadeathsin this regionoccurin childrenbelow this
age.In contrast in areaswith lesstransmissionand low immunity, all age groupsare at risk of
developirg severemalaria.Thisprotectionis generallythoughtto disappeamithin afew monthsor
yearsof non-exposure meaninga risk for migrantsreturningto endemicareas,althoughthis has
never been definitely established(Colbourne,1955 Maegraith, 1989 Targett, 1984 Taylor &
Strickland 2000). While Jenningsand colleaguegJenningset al, 2006) found that severe disease
was as common among patients whavere assumed topresent protective immunity (due to
previous exposureps among malarianaive paients, Bouchaudet al. (Bouchaud et al2005
defended that African migrantsaking up longterm residencean Europe showed lessisceptibility
to falciparummalaria thanEuropeamatives.

1.3.1 ASYMPTOMATIC MALARIA

As mentioned above, repetitive exposure to the parasite leadietelopment of partial immunity.

The immune system of these individuals maintains parasites afilequim levels, avoiding the
development of severe malari®oolan et al, 2000 However, it has been observed that malaria
caused by P. falciparum can evolveatchronic infectionwhich carpersistfor months(Bousema

et al, 2014. Recently, it has been argued that persistent infections with malaria parasites are
frequently harmful to the individual, with serious health, developmental, and productivity
consequence$Chen et al, 2016Even if this kind of pagnts are more prone tearrylow density
parasitaemia, levels as high as 50,000 parasites per microliter have been reported in a study of
asymptomatic pregnant women (range: 5,400 parasites per microlitré¢Phiri et al, 201% This

way, asymptomatic patienteepresentan important reservoir for infecting mosquitos, leading to
continued transmissiomf the diseasegven dumg the low transmission seaspifhus, it is key to

find and to treat dymptomatic carrierson theone handthese patients require treatment for their
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intermittent, higher density symptomatic recurrencé3ouglas et al, 2038 on the other hand, it is

a public health strategyas it contributes to the eliminatiothe human reservoitand reduces
transmission.

1.3.2 UNCOMPLICATED MALARIA

The symptomatic phase of a malaria infection occurs only during the erythrocytic cycle. The
incubationperiodstartsfrom the momentthe parasiteisinoculatedinto the humanhostbythe bite
of a mosquitountil parasitedensitiesreachthe fever threshold,which variesbetween10-15 days
dependingon the levelof immunity of the host. Firstsymptoms suchasfever,headacheschillsand
vomiting, might be mild and not diseasespecific,makingthe clinicaldiagnosidessspecific.Feveris
often high, spikingup to 40° Cin childrenand non-immuneindividuals(White et al, 2008, and it
occursat periodic intervals (48h), coincidingwith the rupture of the RBCsFevercan also be
accompaniedy other symptoms suchasabdominalpain, diarrhoea,backpainand myalgia.lf not
treated, the infection can evolve into severe malaria, espedally in non-immune individuals
Pathophysiologyprocessesompriseon one handrupture of RBCswhich causediberation of toxic
compoundssuchasnitric oxide(NO), responsibldor feverandother symptoms Onthe other hand,
sequestratiorand cytoadherenceof infected RBCgontribute to the most severeforms of malaria.

1.3.3 SEVERE MALARIA

Severanalariais definedaspresenceof asexuaparasiteformsin the bloodstreamaccompaniedy
one or more of the following features impairedconsciousnesgqrostration,generalizedveakness,
multiple convulsions,shock, pulmonary oedema, significantbleeding, hematemess or melena,
severe anaemia, jaundice, renal impairment, acidosis, hypoglycaemiaand hyperparasitaemia
(>10%)YWHO,2015).

Untreatedseveremalariais fatal in the majority of casesput providedthe appropriatetreatment,
mortality decreasedo 12¢20% (Sharma& Dutta, 2011). One of the most fatal forms of severe
diseaseis cerebralmalaria,i.e. coma with presenceof P.falciparum parasites,and lack of other
causenf coma.lt is causedby the sequestrationof the parasitesin the cerebralvascularsystem,
impairing blood circulation and generatinga systemicinflammatory response,among other
symptoms(Clarket al, 1995 Clarket al, 1993 White et al, 1985). Thesequestrationof parasitesis
causedby two pathophysiologicprocessesknown as cythoadherenceand rosseting in which
parasites adhere to either the endothelium or to non-infected erythrocytes, respectively
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(MacPhersoret al, 1985 Maubertet al, 1997 ; Roweet al, 1995. These processewill be further
describedn the nextsections.

The factors that define the risk of severity of malariahave been reviewed by different authors
(Crawleyet al, 2010 Phillipset al, 2009 WHO,2015), and canbe summarizeasfollows:

1. PlasmodiunspecieqP.falciparumpresentsthe highestriskof severemalariafollowedby P.vivax
andP.knowles).

2. Genetic constitution and ethnicity. Some genetic factors are involved in susceptibility. For
instance, sickle cell trait (haemoglobinS (HbS),haemoglobinC (HbQ) and ovalocybsis protect
againstseveremalaria.Thisis due to selectionof polymorphismghat malariahasexertedon the
evolutionof the humangenomedueto the highincidence(Lopezet al, 2010, Piel,2016).

3. Malariaspecificimmunity. Asexplainedabove,in areasof stable and high malariatransmission,
immunity is acquired by continued exposure to infections. In areas of fluctuant malaria
transmissionpoth adultsandchildrenare at riskto developseveremalaria.

4. Immunocompromise@atients. Malariais a poverty-related disease In areaswhere malariais

endemic,population, especiallychildren, suffer of other pathologies,suchas bacterialinfections
(pneumonia,meningitis, etc.) or intestinal parasites.Theseconditions compromisethe immune
systemof the individual, makingthem more prone to developseveredisease A circumstanceof

considerablyhigherriskis HIV infection. It worsens the prognost€malaria,increasinghe risk of

severemalariaand death. At the sametime, malariamay resultin the worseningof clinical AIDS
(Bentwichet al, 2000).

1.3.4 MALARIA DURING PREGNMCY.

Malaria in pregnancypresentsa specific pathophysiology generatinga complicatedprognosis.
Parasitegyet sequestratedin the placenta,blockingfoetal blood circulation(Dormanet al, 2002

Suguita et al,2003. Womenlivingin hightransmissiorareasare partiallyprotectedagainsimalaria
diseaseput whenthey are pregnantthey are at a level of risk similarto non-immuneindividuals,
sinceantigenspresentedduring pregnancyare different than in the commonforms of the disease
(Goel et al, 2010. Partiallyprotective immunity againstplacental parasitesis acquired during
successivgregnanciesFor this reason pregnantwomen expectingtheir first child are the most
vulnerableones
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Malariain pregnancyhasadverseeffectsboth in the mother andin the foetus (Desaiet al, 2007). It
often leadsto abortions,still births, preterm births, intrauterine growth retardation and neonatal
deaths.Besidesthe infectioncanalsobe transmitted prenatalor perinatallyto the foetus,resulting
in congenitalmalaria.Survivingneonatesthat developthe diseasebecomesymptomaticafter 10¢
30 daysof life with fever, lethargy,poor feeding,pallor, jaundiceand hepatosplenomegalyJohn,
2016. However, congenital malaria is in most cases an asymptomatic infesmidneonates clear
the infection without developing symptoms.

1.4 MALARIA CONTROL ANDELIMINATION CONTEXT

Malaria is a preventable and treatable disease, provided the currently recommended interventions
are properly implemented. As the 2@entury began, large areas of Europe and North America were
still affected by malarigCarter & Mendis, 2002Regionamalariaeliminationcampaignsvere first
conductedin the late 1940s In 1955the World Health Organization(\WHQ launchedthe Global
MalariaEradicatiorprogrammeand by the early 1960smalariawaseliminatedfrom Europe North
America,the Caribbeanand parts of Asiaand SouthCentral America(Carter & Mendis, 2002).
However, elimination was not achievedin other regions, notably in Africa, and the malaria
elimination goal was abandonedin 1972 resulting in a rebound of the intensity of malaria
transmissiorin thoseareas After few decadesfrom 1990s, malariacontrolwas again implemented
with active campaignssuch as The Roll Back Malaria initiative (1998) and the Millennium
Development Goals (MDGs) (2000 was in 2007 when the goal of malaria elimination was
readopted withthe MalariaEradiation ResearcihgendalmalERAAIonso& Tanner2013. Thanks

to theseand other initiatives, in the last 20 years,malaria incidence and mortality have decreased
by 37% and 58%espectively In 2015, the United Nationastablished the Agenda for Sustainable
Developmentwhich includeghe goal to eliminate malariapidemicgUN, 2015.

Despite the effort and the promising results achieved in the last decades, malaria continboes to
an important health problem for half of the world populatiofig.1). In areas of high transmission,
control interventions are focusseah reducing mortality and morbidityRegions that have already
reduced the burden of the disease are moving inteefptiminationstrategies,with the main aim

of reducingand ultimately blockg transmission by the detection and treatment of the human
reservoir {ncluding asymptomatic individuals). Countries withree consecutive years of zero
indigenous cases are caidered to have eliminated malar(@®/HO, 2017p
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Malaria control ancelimination strategies can be dividedarthree categories:

a. Vector control: environmental strategiehese strategies include larval control, open field

spraying and marsh drainingVhile these actionsave been very effective in European settings,
they are appropriate and advisablenly in a minority of the current malaria scenarios, where
mosquito breeding sites are few, fixed, and easy to identify, map and @kemtinamoorthi, 2011

b. Humartvector contact control These strategies aim to reduce the physical contact between the

mosquito and the human host by using mosquito nets, repellents and indoor residual spraying.
These tools are simpler to use and more effective than the environmental stratdgevever they

can be difficult to implement among the population. The ldasting insecticidal nets are among

the most effective strategies to control malaria nowadays: they have a 3 year recommended use
and reduce not only the contact but also the bardof female mosquito@Chanda et al, 2034 This

was one of the main tools used in recent elimination campa(Bhsatt et al, 201h

c.Diagnosesand treatment Prompt diagnosis and treatment is the main strategy for malaria control
with the aim to reduce mortality and morbidityn a malaria control context, intermittent preventive
treatment (IPT) is als;ecommended in high risk populations, such as infants (IPTi) and pregnant
women (IPTpjWHO, 2012WHO, 201k Both malaria diagnosis and treatment will be discussed in
more detail in the following section$n elimination contexts, the main objective is to detect all
parasite infections(human reservoir) regardless of symptoms, and to treat them in order to
eliminate residual transmissioiihus strategies based in the active detectiomécted individuals

or distribution of drugs to a target population regardless of infection statmasé drug
administrgion (MDA) in order to cure asymptomatic infections and to prevernfection during

the post-treatment period are the focus in eliminatioWHO, 2017p

1.5 MALARIA DIAGNOSIS

Sincethe implementationof artemisinincombinationtherapies(ACTs)o combatdrugresistancan
2003, WHO recommendsdiagnosisbased on parasitologicalconfirmation before treatment.
Treatingsuspectecdcasen the basisof symptomswithout parasitologi@l confirmationcontributes
to the appearanceof drug resistance,one of the main current threats for malaria elimination.
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Furthermore,identifying the Plasmodiumspeciescontributesto a more specifictreatment (e.g.
primaquine againstP.vivaxor P.ovalehypnozoites),and allowsto more accuratelymonitor the
burden of eachspeciesForthesereasonsthe interest on improvingmalariadiagnosistools has
raisedin recentyears.

Availablediagnostidools canbe classifiedas:

a.Lightmicroscopy(LM).It consistf the examinationof ablood smearandthe visualizatiorof the

parasitein the RBCIt isconsideredhe standarddiagnosigool, althoughdisadvantagescludelow
sensitivityto detect parasite densitieslower than 100 parasites/uLand the need of an expert
microscopisfor accuratediagnosigWongsrichanalaet al, 2007).

b. Rapiddiagnostictests (RDT).Thesetests are basedin the detection of parasite antigensor

antibodiesagainstthe parasitein peripheralblood. Theyare easyto use and relatively cheapto
implement. The disadvantageof these tools is again their limit of detection (around 100
parasitegul), not high enoughto detect the majority of asymptomaticinfections where low
parasitedensitiesarecommon(Bellet al,2006). Furthermore thesetoolsarenot ableto distinguish
pastfrom currentinfections.

c. Nucleicacidtests (NAT).Alsoknown as moleculartools, NATsdetect parasittDNAand RNAIn

peripheralblood, beingthe most sensitivemethod of diagnosticableto detect parasitaemia®f XKm
parasites/uLHowever moleculartechniquesare still expensiveand requiretechnologicafacilities
and highlytrained staff, whichis not commonin malariaendemicareas(Schneideet al, 2005).

In eliminationcontexts,the detectionof all infectionsis crucialasthe proportion of asymptomatic
infections(with low parasitedensities)increase. Therefore, highly sensitivediagnostictools, such
as molecularmethods,are neededto detect the humanreservoir.It hasalreadybeendescribed
that an important proportion of all asymptomaticinfectionscarry gametocytesand contribute to
infectiousnessfor long periods of time (since these individualsdo not seek treatment), thus
sustainingmalariatrasnmissionAlveset al, 2002 Lindbladeet al, 2013 (Fig.3). It hasbeenshown
that P.falciparumsubmicroscopienfectionscanaccountfor up to 30%of mosquitotransmissions
in countrieslike BurkinaFaso(Churchetret al, 2013 Ouedraogcet al, 2009 Ouedraogcet al, 2016),
while a recent study showed median gametocyte densities similar to those in symptomatic
individualsin Peru(RoviraVallbonaet al, 2017). Furthermore athird of all gametocytemigatients
of the latter studywere asymptomatiqhumanreservoirof infection).

Implementationof moleculartoolsis difficult or not be feasiblein highlyremote settings,andthus,
new affordable and easyto perform tools are neededin these areas.Currently,loop-mediated
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isothermalamplification(LAMB technologyprovidesthe most efficienttool in terms of sensitivity
manageabilitypbalance.It providessensitivitycomparableto other NATs suchasquantitative-PCR
(gPCR beingat the sametime mucheasierto use (SerraCasa%t al, 2017). Furthermose, a high-
sensitivityhistidine-rich protein 2 (PfHRPRbasedRDTis currentlyin the field-testingphase(Daset
al, 2017). Thisis a promisingtool for malariaeliminationstrategiesasit candetect submicroscopic
parasitaemiasThetest hasshownsofar a sensitivityof 84%in comparisonto 62%for other RDTS,
usinggPCRasthe referencestandardmethod,andit wasableto detectover50%o0f specimensvith
parasitedensitiesbetween0.1and1 p/uL

Recul |LLMEEscoRy | | ROT-Antigen [ Nuclaicaca | Figure3. Limit of detection of the

currently used diagnostic
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2.1 MALARIA TREATMENT.

Malariatreatment changegdependingon severity,parasitespeciesregionto be usedand purpose
of management.Treatmentagainstnon-complicatedmalariatypically consistsof a three-day oral

administrationregime (which canvary accordingto the treatment administered) ideally starting
within the first 24hafter the appearancef the first symptomgnormallyfever)for agoodprognosis.
Themainaim of the therapyisto ensurethe clearanceof parasitesrom the blood of the patientin

order to preventcomplicationghat mightleadto longterm physicaldamageor evento death. At

the sametime, rapid treatment of malariaalsofunctionsasa public health strategy it stopsthe

generation of new gametocytesand thus reducestransmissionof the parasite being itself a
control/elimination strategy.

During the last century, different drugs have been used againstmalaria (Table1). Thesedrugs
presentdifferent mechanism®f actionand someof them act at different points of the parasitelife
cycle most of them act on the asexualform of schizonts,but other drugs have their target in
different stages suchasprimaquine,whichkills hypnozoitegformed by P.vivaxand P.ovale) and
gametocytes. Sincethe implementation of artemisinin (ART)based therapiesin 2001, WHO
recommendghe administrationof drugcombinationtreatments,usingpartnerdrugswith different
mechanismof action and half-live in order to combatthe developmentof drug resistance Drug
combinationsconsistsof a fast-acting (ARTderivative)and a long-actingdrug (WHO,2015) (Table
2).

Treatment strategies include:

1 Treatment of uncomplicated malari&very country has its own treatment policies depending on

the species prevalence and the context of drug resistance. The main recommesgiatks by
the WHO areartemisininbased combination therapiesACE). There are arrently 5 ACTs

recommended againg®. falciparunmalaria. The choice should be based on the results of
therapeutic efficacy studies against local strainB offalciparunm(Table 2). In the case of pregnant
women, the antimalarial medicines considered safethe first trimester of pregnancy are
quinine, chloroquine (CQ), clindamycin and proguanil.

Treatment of severe malarignjectable or rectal artesunate is administrated for at least 24h until

the patient can tolerate oral administration, which consisf the normal ACT regime. In severe
cases, hospitalization and palliative treatment is regularly required.
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Tablel. Artemisininbased combination therapies deployed for clinical ug@dapted fromBlasco et
al., 2017

Artemisinin Non-artemisinin ~ Abbreviation Brandname Geographiase

derivative compound

Artemeter Lumefantrine AL Riamet / Most widely used ACIh

Coartem Africa

Artesunate Amodiaquine ASAQ Winthrop Used mostly in western
Africa

Dihydroartemisinin  Piperaquine DHA PPQ Artekin Firstline in several
Southeast Asian countries

Artesunate Mefloquine ASMQ Artequin Preceded DHARPQ in
Southeast Asia

Artesunate Sulfadoxine ASSP NA Used in Inéh and some

Pyrimethamine Eastern African countries
Artesunate Pyronaridine PA Pyramax Currently being registered it

both Africa and Asia

I Treatment against gametocyte stages to reduce transmissolow transmission areas, a
single dose of 0.25 mg/kg of primaquine is administered (in addition to the normal ACT

treatment) to patients withP. falciparumto reduce gametocytes carriage. Pregnant
women, infants aged <6 months and breastfeeding womea excluded from this
intervention. Althoughglucose6-phosphate dehydrogenase (G6RIZ¥icient individuals

are at risk of haemolysis when exposed to primaquine, studies have shown that the dose
used for gametocyte elimination is safe and no Géleficieny test is neededqRecht et

al, 2014 WHO, 201k

1M Intermittent Preventive Treatmentin a malaria controtontext, intermittent treatment

regimens are followed in different risk populatio@HO, 2017t

o Pregnant women(IPTp) intermittent preventive treatment with sulfadoxine

pyrimethamine [PTFSP)is givento all pregnant women imegionswith moderate

to high malaria transmission in Afrieaad some other areas such as Papua New
Guinea The combinatiorsPshould be providd as early as possible in the second
trimester, each dose given at least one month apart, with a minimum of 3 doses
during each pregnancy. This strategy is followed eveareas where resistance to
SP has been reported.
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o Children(IPTi) in areas of moderat¢o-high malaria transmission in st8aharan
Africa infants bellow 12 months of age receive a complete treatment of SP
(regardless of symptomar infection statug usualy at the time of vaccinations.
WHO recommends to follow this regime in areas that have less than 50%
prevalence opfdhps540 mutation inP. falciparum responsiblefor resistance to
sulfadoxine.

0 Seasonal malaria chemoprevention (SM&g¢hool children irmreas with highly

seasonal malaria transmission receive once a modtiring the transmission
season a full course of an antimalarial treatment. The objective is to prevent
malaria by maintaining therapeutic drug concentrations in the blood throughout
the period of greatest malarial risk. WHO recommends IPT with SP + amodiaquine
in the Sahel sulbegion of subSaharan Africa, wher. falciparums sensitive to

both antimalarial medicines.

1 Asymptomatic patients In an elimination context, active campaigrie detect

asymptomatic infections are conducted in order detect andtreat all infections. All
individuals found positive fdPlasmodiunare treated usually with AGTaccording to the
policy of each country) in order to prevent the formation of gametesyand maintenance
of malaria transmission.

1 Prophylaxis in travellers and némmune returning migrantsDependingon the malaria

risk in the areato be visited, international travellersmay also need to take preventive
medication(chemoprophylaxisprior to, during,anduponreturn from their travel. Thisis
alsorecommendedfor migrantsthat have been away from malariaendemicareasfor
longer than a year, who might have lost their immunity. The recommendeddrugsfor
chemoprophylaxisire atovaquone/pragyuanil,doxycyclingdDOXYand mefloguine.

2.2 DRUG RESISTANCE

Drug resistance is defined as the ability of a parasite strain to survive atwimultiply
despite the good absorption of a medicine given in doses equal to or higher than those usually
recommendedWHO, 2016a Despite the progress aahied in the last decades in reducing

the burden of malaria, a looming threat to malaria control is the emergence of parasites that
are resistant to currently used antimalarial medicin@e. date drug resistance has been
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describedfor almost all drugshat are in use or that were used in the past to fight malaria
(Table 1 and Fig. 4)

The earliesanectodicareports of resistance to an antimalarial agent are those for quinine in
1844 (Elliotson, 184% A century later, resistance to proguanil was observed qunst year
after its introduction in 1947 in peninsular Mala (Peters, 198, thus it stopped being
administered.However,drug resistancestarted to be considered as a real threaith the
appearance of resistance t€Qin the late 1950s(Fig 4 and Table ), which started
independently in theGreater Mekong sulbegion and in South Ameri¢&a et al, 2000CQ
resistantP. falciparunparasitesentered Africa in the late 1970s and began to spread rapidly,
causing a significd increase in morbidity and mortalitgTrape et al, 1998 SPwas then
implemented as alternative treément (1967) but the firstparasites resistant to this regime
were reported the same yegPeters, 1987Wernsdorfer & Payne, 1991Similarly,other
antimalarials developed resistance rapidsistance to mefloquine was first reported in
1982, five years after it had been introduce@Nosten et al, 199) whereasresisaince to
atovaquone developed in 1996, tlsame year the drug was introducédooareesuwan et al,
1996).

To combat resistant parasite8RTderivatives were developed and first used in Vietrnzamly
1990s(Fig 4). This actionmplied a pronounced decrease in malaria mortality rates in the
region (Schuftan, 200D Nowadays, as mentioned above, ACTs are the first line treatment
against uncomplicated malariasrecommended by WHQVHO, 2016 However, n 2008

the first reports of delayed parasite clearanice the ARTderivatives came from Cambodia
(Dondorp et al, 2009WHO, 201D (Fig 4). Since thendelayed parasite cleancefor ART
derivatives has been reportad five countriesof the GreaterMekongsubregion:Cambodia,
Laot S 2 LIbesereaticRepublic, Myanmar, Thailandand Vietnam. Several studies have
confirmed that this phenomenon has emerged independently in different locations
(Andersoret al, 2017 Imwonget al, 2017 MalariaGEN2016 Menardet al, 2016 Miotto et

al, 2015 Phyoet al, 2016 TakalaHarrisonet al, 2015). Since resistance t6Qand SPall first
emerged in the Greater Mekong suegion and then spread to Africa and other regions, the
biggest fear is that the same pattern could be repeated WMRT delayed clearance
Consequently,the Malaria Policy Advisory Committee (WHO) launched specificART
resistance containment plans Septembe2014 One of the main pointsf these planssthe
goalto eliminateP.falciparummalariain this areaby 2030,asa strategyto decrease the risk
that resistat phenotypes reach Africa. HoweverART resistance couldalso appear
independentlyin Africa as it happened in Greater Mekoagion
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For many years there was controgg in declaring ART resistanc&he parasite clearance
rate can be quantified as the time required to reduce thegsite biomass by twold, which

for sensitive parasites is typicallg3 h. Parasitesresponsiblefor treatment failure to ART
were showingclearancerates of>5h (White et al, 2015 Mathematical modelling predicted
that ART resistance wathe result of ring stages becoming refractory trug action
(Saralamba et al, 20).1This prediction was consistentttviresults fromin vitro WY NJstsgd

A dzNIDA O t  oknaidwhierth@ autherg observed that parasites at ring stage survived
after a 6h pulse exposure to dihydroartemisinin by cell cycle arrest and resumed growth upon
drug withdrawal. Exposed mature stages were though susceptible to the(@itkgowski et

al, 2013. From 2013single nucleotide polymorphisn($NR) in the PF3D7_1343700 kelch
propeller domain K13 were identified as ART resistant markdgAriey et al, 201AWitkowski

et al, 2013. However, most of the stues investigating delayed parasite clearance after ACTs
treatment in Africa did nofind association with K13 mutatior{éshley et al, 20LMenard &
Dondorp, 2017Menard et al, 2016Taylor et al, 2013VHO, 200}. In Africanon-synonymous
K13mutations are still rare, highly diverseand with no associationwith ARTresistance A
recentreport of a migrantworker with a P.falciparumK213variantinfection from wegern
Africawith delayedparasiteclearance following ACT treatment has again raised the glaum

et al, 2017 MalariaGEN, 20t6Menard et al, 2016 Recently, two K13 mutations that have
been relatedto ARFresistance (R539T and P574L) haeen described ifChinain patients
coming from Angola and Equatorial Guinea, although these patients did not present
treatment failure(Yang et al, 2097

Thereare some hypothese®r the lack of impact of K13 mutations in Africa. First, the greater
degree of acquired immunity might help coalrdrugresistant infections. Second, the
incidence of polyclonal infections would select against eegistant parasites if they
presented a fitness cost. Last, there is a great prevalence of asymptomatic infections that are
not exposed to drug presire These reasons could also explaihy almost every known
drugresistance event has started in the Asian region and not in Afleaerthelessthe
potential spread of ART resistant parasites from Asia to Africa corgitude a concern,
aggravated by tb fact that mosquitevector differences between Asia and Africa would not

be an impediment for dissemination of mutated K13 alleles of Asian origin across (&frica
Laurent et al, 201b

The rapid increase ithe lastyears in the prevalence of mutant K13 stram#siahas resulted

in parasites being exposed to the ACT partmrugs almost as monotherapy agents.
Subsequently to this increased selection pressuhere is a selection of parasites that
present resistance to both drugs, threatening the aim of these combination therapies. It is
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the case ofresistance to the combinationrgesunatemefloquine (WHO, 2013 Since 2008
this combinationhas beenreplaced by dihydroartemisinipiperaquine DHAPPQ in
Cambodia. Nonetheless, resistance to the partner drug PPQ has now emerged and
spreading quickly in the countamaratunga et al, 201®uru et al, 201p The partner drugs

of other combinationssuch as amodiaquindiave encountered only partial resistance in
certain regionsandthere is as yet little evidence of higdrade resistance to lumefantrine
probablybecause it has been ad only in combination therapylfo date no resistance has
beenreported to pyronaridingBlasco et al, 2007

Consideringhat drugresistancds the mainthreat to control and eliminate malaria,a better
understandingof the molecularmechanismainderlyingparasiteresistanceand discoveryof
new antimalarial drug candidatesis of vital importance. The non-profit organization
Medicines for Malaria Venture (MMV) and their collaborators play a key role in the
achievemenbf this objective. Nowadaystheyareworkingwith apipelineof 400antimalarial
drug candidates (Spangenberg et al, 2013.
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Figure4. History of the introduction of the principial antimalarials and of the first emergence of
resistance in the field.Single bars refer to monotherapies; doubland triplebars denote
combination therapies. Colors refer to the chemical classes to which the antimalarials belong.
Abbreviations indicate ASSP: artesunate + sulfadoxynepyrimethamine; AL: artemeter +
lumefantrine; PA: artesunate + pyronaridine; DARQ: dihydroarteisinin + piperaquineASMQ:
artesunate + mefloquine; ASAQ: artesunate + amodiaquitapted fromBlasco et al., 2017
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2.3 MECHANISMS OBPRUG RESISTANCE

To date, differentmolecularmechanisms have been described as responsible for treatment
failure to several antimalarial compounds. SNPs or major genetic rearrangements allow the
parasite to survive to the action of the druDrug resistance can develop through several
mechanisms, idading changes in drug permeabilityansportor efflux drug conversion to
another form that becomes ineffective, increased expression of the drug target, or changes
in the enzyme target that decrease the binding affinity of the inhibffarooq & Mahajan,
2004). An important approach to fight drug resistance is to understand the molecular
mechanisms responsible for it. Bellow | describe the main mechanisms described for
antimalarial compounds that arer thave been in use (Fig).

Parastophorous Figure 5. Molecular targets and mechanisms c

vacuole

resistance for major antimalarial druggrequently
targeted biological pathways include hem
detoxification in the digestive vacuole, folate ar
pyrimidine biosynthesis in the cytosol, and electr

V““°‘°X./’§§:—’ o transport in the mitochondrion. Star symbol on Af
o | -Sa- represents ART derivatives from metabolism;kpi
m"”*ld L[ S g1 circles represent point mutauions. Adapted fro
‘ -' Pyimidna rij u%m Blasco et al., 2017
Foite 4 A4 (O8] Apicoptast ART: artemisinin; AQ: amodiaquin:
Y SR ATQ: atovaquone; CLD: clindamyc
) G CQ: chloroquine; DOX: doxycyclin
LMF: lumefantrine; MFQ: mefloquine
PPQ: piperaquine; PND: pyronaridin
PYR: pyrimethamine; QN: quinine

SDX: sulfadoxyne.

Resistance to hemébinding agents

Haemoglobin represents amportant moleculefor malaria parasitesonthe one handit isa
source of amino acids for protein synthesis the other it constitutea toxic burderbecause

of the degralation products that ee derivedfrom its metabolismThus, nultiple drugs used

in first-line antimalarial treatments have haemoglobin catabolism as aqwmarget,such as

CQ amodiaquine, mefloquine and lumefantrindUM) Resistance to this kind of
antimalarials,especiallyto CQ has been reported in the pasBolymorphisms irthe P.
falciparum CQ resistance transporter pfcrt) and the multidrug resistance transporter
(pfmdrl) gene, which are membrane proteins from the digestive vacuole, are the main
determinants of resistance to herdanding drugs.
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The massive use @Qduring the first decades of the past century selected for mutafott
alleles.Mutations inthis gene(embracing from four to nine point mutations), mediate CQ
resistance through active, Hdependent drug efflux out of the digestive vacudlehane et

al, 2008 Petersen et al, 205 Somepfcrt variants also mediate resistance to the active
metabolite ofamodiaquine monodesethylamodiaquingGabryszewski et 820164 Sa et al,
2009. After CQ use was abandoned due to the resistance that parasites were presenting, the
resistant genotype was reverted, indicating thatrt mutations have a fitnessost for the
parasite(TakalaHarrison & Laufer, 20)5This was confirmed im vitro experiments, where
pfcrt-mutant parasites showed reduced growth rates when compared to -tyiee lines
(Gabryszewski et al, 2016bewis et al, 20L4Petersen et al, 2015

The ABC transportePfMDR1 is another key mediator of parasite susceptibility to multiple
antimalarialgVeiga et al, 2016pfmdrlover-expressionincreased copy humber sequence
variants constitute a major determinant of parasite resistance to mefloquine and also reduce
susceptibility to lumefantringSidhu et al, 2008Uhlemann et al, 2007 At the same time,
distinct pfmdrl haplotypes can modulate the efficacy of several antimalarials. For example,
the N86Y mutation contributes tpartial resistance to monodesethydmodiaquineand can
augment the level of CQ resistance imparted by mutant P{@BRWaz et al, 2009

Resistance to antifolates

Other drug resistance mechanisms imply changes in a metaioolie. Antifolates, such as
sulfadoxine and pyrimethaminanterfere with folate synthesisPyrimethamine binds to
dihydrofolate reductase (DHFR) enzyme and sulfadoxine to dihydropteroate synthase (DHPS)
and, thereby, the two SP components inhibit tRe falciparun life cycleby avoiding folate
synthesigLe Bras & Durand, 20Dp3However, acquisition of multiple Ssi& DHPS anBHFR
preventthe binding and confer resistance teulfadoxine and pyrimethamineespectively
(Anderson & Roper, 2005

Resistance to atovaquorgoroguanil

Atovaquonegproguanil Malarong is a fixeedose antimalarial cofmination that is prescribed
as a prophylactic agent fdravellersto malariaendemic areas. Atovaquonproguanilwas
also used recently as part of a plan to contain ART resistance in the Greater Mekong
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subregion; however, its suitability as a secdma therapy has been debated because of the
ease with which atovaquone resistance ariflesoareesuwan et al, 199Maude et al, 2014
Saunders et al, 205

Atovaquoneinhibits the mitochondrial electron transport chain through inhibition of the
malarial cytochrane bcl complexBirth et al, 2014 By this mechanism prevents the
synthesis ofpyrimidinesby the enzyme dihydroorotate dehydrogenase (DHODWhHen
proguanil is combined with atovaquong significantly increases éhability ofthe latter to
collapse the mitochondrial membrane potent(®aidya, 2012 However, none of these drugs
are effective separately asxmalarials A single point mutation in the cytochrome b subunit
(CYTDb) of the bcl complex can confer resistancatéwaguone which happensat high
frequency In addition,proguanil is metabolized into cycloguamlhich is a potent inhibitor
of the DHR enzyme in the folatpathway. Thus, parasites presenting either mutations at
CYTb or at DHFR are not sensitive toatls@aguone;proguanilcombination, since the action
of both drugs is necessafgr having a therapeutieffect (Krudsood et al, 200Kuhn et al,
2005 Vaidya, 201p

Resistance tAART.

As mentioned above, ifferent studies from wholegenome sequenceanalysis of ART
resistant parasites to molecular epidemiological studies;e arrived to the conclusiaihat
the K13proteinisa mainmediator of ART resistanc@riey et al, 2014Straimer et al, 2016
ART resistance iassociatedwith slow parasite clearance.h& function of K13 and the
mechanisms by which its mutations can protect ring stag#isemain unclear.

Some hypothesisafend that ARFesistant rings have the capacity to regulate the cellular
stress response to ARDogovski et al, 20330k et al, 201% Other hypotheses ardased

on the idea that he target of ARTis P. falciparum phosphatidylinositef3-kinase (PfPI3K),
which is the binding partner of wild type K{8bengue et al, 2016 PI3K product is P13
phosphate (PI3P), which is involved in membrane biogenesisiaimhfeventshoth essential

for parasite growth. Some authors hageggested that mutant K13 fails to interact with
PfPI3Klue to the action of ARTeading to increasés activity andproducing high basal levels
of PI3P. Theseigh PI3P levelsompensate for the action oART allowing the parasite to
survive(Bhattacharjee et al, 2032
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Resistance to ACT partner drugs

As previously mentionedecauseof the increased prevalence of KIB8utant parasites with

a delayed parasite clearance phenotyparasites have beeaxposedto stronger selectie
pressureof partner drugs in ACAs a resultparasites presenting multiplpfmdrl copies,a
frequent mutation in Asian parasites thabnfers mefloquine resistance, showed resistance
to the artesunatemefloquine combination(Lim et al, 2009

The artesunatemefloquine combination was then replaced fdbHAPPQin Cambodia
However, resistance tahis combinationhas already emerged and is spreading quickly
(Amaratunga et al, 201®uru et al, 2Q5; Saunders et al, 20)4Resistance to PPQ has been
associated with amplificationfahe PfHasmepsir2 and 3 genes in genomavide association
studies (Amato et al, 2017 Witkowski et al, 201} Plasmepsin genes encode aspartic
proteases that act as hemoglobinases. One hypotHesithe resistance mechanism is that
plasmepsin amplification results in faster rates of Hb digegi@éitkowski et al, 201); which
counteract the ability of PPQ to inhibit Hb catabolism and heme detoxificgbonu et al,
2015. At the same timein vitro evidence(Dhingra et al, 201)7and mutations observed in
Cambodian PPgesistant isolates have suggested that PfCRT might act as a determinant of
PPQ resistancas well

Another important ACT iartemeter-lumefantrine. Even ifpfmdrlincreased copy number
has been related to reduce steptibility to lumefantrine in irvitro and exvivoexperiments
(Sidhu et al, 2006Uhlemann et al, 2007 dinical resistance to lumefantrine has been
reported only once and has not been confirm@lucinski et al, 20)5despie its massive
clinical use.
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P. falciparums an obligated intracellular parasite. The inside of the erythrocyte provides a
relatively stable environment compared with the settingsere freeliving unicellular
organisms reside. However, the parasite needs to adapt to fluctuant conditions among the
different human hosts, such as nutrients concentration, presence of drugs, presence and
magnitude of febrile episodes or the immune resge(Mackinnon & Marsh, 20)0Malaria
parasites, like the rest of the living organisms, have their own strategies to adapt to these
environmental changes, among which epigenetic regulation has an important position.

3.1 ADAPTATION TO CHANGESN THE ENVIRONMENT

In order to facechanges in the environment, living organisms have different strategies to
adapt. These strategies differ in the time required for adaptation, from direct response to
years of accumulation of single mutations, and in their stability, varying from rapid
reversibility to permanence through many generations. According to these features and their
molecular basis they can be classified in three different categories, as described below:

a. Genetic_mutations Spontaneous mutations in the DNA typically occur duriing

replication of genetic material. Some of the new nucleotide combinations may confer a
functional advantage, being selected and transmitted to the next generations. This way,
organisms evolve and adapt to the environment. This mechanism is irreveasilslow,
happening at a frequency of £6 10° per replication in unicellular organisniBopp et al,
2013 Lynch et al, 2008&axer et al, 2015ung et al, 200)2Generally, to confer a phenotypic
advantage a series of independent mutations must happen and be select®d fdlsiparum

a dear example of adaptation through mutations is the development of drug resistance.
Spontaneous changes in the genome sequence lead to mechanisms capable of fighting the
action of the drug, such as expulsing the drug from their place of actiamamgesn the
enzyme targetFor instancemutations atPfcrtconfer to the parasite the ability to efflux CQ
from the intracellular digestive vacuole, the site of drug action.

b. Epigenetic variationEpigenetic changes are defined as inheritable differencewdssi

cells or organisms that have the same DNA sequence. Differing from genetic changes, this
inheritable mechanism does not affect the primary DNA sequence, but the active or repressed
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state of the genes. IR. falciparunepigenetic changes are determinatithe chromatin level;
histone modifications alter the accessibility of chromatin to be transcribed, defining the genes
that will be expressed and the ones that will be silenced. This mechanism of adaptation is fast;
transitions between the active and peessed states have been described to happen at a
frequency of 16-102 per replication(Grewal et al, 1998Jablonka & Lamb, 199%hon &

Friis, 1997Zordan et al, 2006 and it is responsible for adaptations to fluctuating conditions.

In P. falcparum, the active or repressed state of the genes that participate in epigenetic
variation switches stochastically at a low rate before any challenge ofCortes et al, 2007
Roberts et al, 1993 Epigenetic variation in gopulation of genetically identical parasites
imply translation of the same genome into alternative transcriptortied result in diverse
phenotypes. This diversity increases the plasticity of parasite populations and favours their
survival and adaptationThese adaptive strategies, based on the stochastic generation of
phenotypic diversity, are commonly referred tolaet-hedging This way, emong a population

of genetically identical parasites, those presenting the best combination of active and
repressed genes will survive in the conditions of a given environment. Selected parasites will
transmit the same expression pattern to the next geniena of the asexual cycle, functioning

as a way of dynamic natural selection under fluctuating charfges 6) The fact that this
survival approach is not related to DNA rearrangements makes it a rapid and reversible
mechanism of adaptation. The most diad example of genes involved in Hetdging arevar
andclag3genes, which will be further described in the next secti@srtes & Deitsch, 20).7

Environmental

pressure @
‘ @ ‘ 7

Figure6. Schematic of adaptation via betedging strategyParasites of the same genetic background

use their genes differently, displaying a variety of phenotypes. Big circles represent parasites
presenting different phenotypic characteristics (distinguished by colours). This phenotypic condition
is determined bythe combination of active and repressed sates of the genes (green arrows and red
crosses at inner small circles, respectively). Parasites presenting the combination that confers the best
fithess under a given environment will survive and therefore becsete (blue parasites in the
example), transmitting their expression pattern to the next generation by epigenetic memory and
adapting to the environment. Adapted froRoviraGraells et al., 2012
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c. Directed Transcriptional Responsé&his mechanism consssof facing changes in the

environment by an activéranscriptional response. When organisms sense certain external
conditions, a signalling cascade starts resulting in a change in the transcriptional state of
specific genes that mediate adaptation to thew condition Differing from the other two
mechanisms, this one supposes a transient and thushmegitable state.Even if this is a
common mechanism in severatganismsincluding bacteria, yeast, and higher eukaryotes,
evidence suggests tha®. falcparum may have a limited capacity to generate directed
transcriptionalresponsedor rapid adaptation(Ganesan et al, 200&e Roch et al, 2008
although this remains controversi@Deitsch et al, 2007 Recently, a study identified a key
parasite nutrientsensing mechanism that is critical for modulating parasite replication
(MancioSilva et al, 2027 The authors showed thaPlasmodium spphave an intrinsic
capacity to respond to a nutriesgoor environment by reducing their multiplication rates,
which appears to be regulated by KIN, a putative serine/threonine kinase. Additionally,
another study linked the reduction of the hederived lipidysophosphatidylcholine (LysoPC),
which drives the l@synthesis of an essential parasiteembrane component, with induction

of the formation of gametocyte@Brancucci et aR017). These results provide the first clear
examples of a direct transcriptional responsePinfalciparum Besides, unpublished results
from our lab indicate that exposure of parasites to heat shock also induces a direct
transcriptional response (TintBont et al., unpublished).

3.2 EPIGENETIC REGULATIOM P.FALCIPARUM

Apart from the already weltudied immune evasion process involving variantly expressed
genes regulated at the epigenetic level, suctvaisgenes, recent findings have revealed an
assorted range of roles for epigenetics in malaria parasite biology: lipid metabolism, protein
folding, eythrocyte remodelling, or transcriptional regulation, among others. Epigenetic
variation is involved not only in immune evasion but also in functional variation.

Epigenetic regulation iR. falciparumnvolves changes at the chromatin levett affecting

the primary DNA structure, and determining the active or repressed state of the gbh&s

is wrapped into nucleosomes in form of chromatin, which can be more or less condensed.
When chromatin structure is in a condensed state (heterochromatin), it ssdesessible to
transcription complexes, silencing gene expression. On the contrary, in those regions where
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Nucleosomes are formed by protein subunits called histones,clwhindergo post
translational modifications that determine the chromatin state. The most common
modifications are acetylation or methylation atthe amiloS N¥ Ay I £ adF Af aé¢ 27F
H4 (Cortes & Deitsch, 20).7

3.2.1 OLONALLY VARIANT EXPESSION

There is a third type othromatin, known as facultative heterochromatin or bistable
chromatin, for which the expressed or silenced state varies among different cells within a
population. Some regions of the genome can be found as either euchromatin or facultative
heterochromatin,determining an active or repressed state of the genes, respectively. This
state will be transmitted to the next generations, through a process known as epigenetic
memory. Even if heritable, the state of the chromatin is not permanent. Silenced genes can
revertto an active state and vice versa. This process deterndloeslly variant expression,

a property that is present in some gene families. This property impliegtti@idual parasites

of the same genetic background and at the same stage of the life cycle use these genes
differently. This way, parasites present different combinations of repressed or active genes
among a population of identical parasites conferringrm a variety of phenotypes.

The epigenetic regulation of different clonally variant genes shares certain characteristics. The
histone mark H3K9me3 determines the silent st@@eowley et al, 201 Howitt et al, 2009

Jiang et al, 20%3(Kafsack et al, 2014.opezRubio et al, 200;1.opezRubio et al, 2000 This

mark is recognized by heterochromatin protein 1 (HP1) that begins the chromatin
condensation process, preventing the transcription of the géfleeck et al, 20Q%Perez
Toledo et al, 2000 Replacement of H3K9me3 by H3K9ac triggers a transcriptional switch,
activating the expression of the gerf€rowley et al, 2011l opezRubio et al, 200/ The
activating or silencing histone marks are maintained throughout the rest of the asexual cycle,
even at points when the affected genes are normally inaditg. 7)
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Figure7. Model for the regulation of variant expressioand stagespecific expression of clonally
variant genesGreen marks represent permissive histone modifications, such as H3K9ac, whereas red
marks represent repressive histone modifications, such as H3K9me3. The permissive or repressive
chromatin conform#éon is maintained along the full asexual cycle, even at points when the genes are
normally inactive (in this illustrated example at ring/trophozoite stage). At the stage when the gene
can be transcribed, a staggecific transcription factor (TF) triggeh® activation of the gene when
permissive histone marks are preseAtapted fromCrowley et al.2011

3.2.2 MUTUALLY EXCLUSIVE BBRESSION

Some of the genes that present clonally variant expression belong to families that in addition
present mutually exclusive expression. This property denotes that only one of the members
of a multigenic family will be expressed at a time. The molecular nmesing that allow the
coordination among the members of the family presenting this property are not completely
understood. Of note, for activation of one gene the simultaneous silencing of the previously
active member of the family is required. To dateyotwo families presenting mutually
exclusive expression have been describef.ifalciparumvarandclag3genes. This property

is related to bethedging in the case of immune evasiwargenes): by limiting the expression

of genes of the same family attime in a single parasite, parasites are more likely to escape
the immune system, since they are not showing the whole possible repertoire.
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3.3 PROCESSES REGULATED AHE EPIGENETIC LEFL IN MALARIA PARASTES
3.3.1 ANTIGENIC VARIATION AID VIRULENCE

The best known example alonally variant expressiors represented by thevar family,
formed by around 60 genes that encode tRefalciparunErythrocyte Membrane Protett
(PfEMP1). These proteins are displayed on the membrane of infected erythrocytes and are
responsible for immune evasion (Fig.\8tgenes also present mutually exclusive expression:
among the 60 genes that form this famdply one of them is expressed at a time. Parasites
presenting the best pattern of expression in a particular host to escape the attack of the
immune system will transmit their expression pattern to the next generation.

PfEMP1 proteins also play a role ytaadherence and rosetting mechanisms, which are
involved in the development of the pathophysiology and virulence of ma(Miter et al,

20032). All variants of PfEMP1 include a single transmembrane doraatha hypervariable
region that binds to endothelial surface receptors. By this mechanism, erythrocytes infected
with mature parasites sequester in the host tissues avoiding the passage through the spleen,
which would eliminate erythrocytes infected withature parasites. The polymorphisms that
PfEMPL1 presents result in different binding specificities. Depending orattparalogue that

is expressed, parasites will use alternative host endothelial surface ligands for adhesion,
resulting in erythrocytes sempstering at different host tissue@dlontgomery et al, 200§
Deperding on the tissue that is affected, the severity of the disease will vary. For instance,
parasites presenting A group PfEMP1, which mediate the binding of infected erythrocytes to
endothelial protein C receptor (EPCR) and intercellular adhesion mole¢l@AM1) in the
brain, will be responsible for causing cerebral malaria pathol@grnabeu et al, 2016
Bernabeu & Smith, 201 7Gillrie et al, 2016Wassme & Grau, 201Y Those expressing
VAR2CSA will adhere to the placenta in pregnant women, being responsible for pregnancy
associated malari@-ried & Duffy, 19965alanti et al, 2003 Therefore, PfEMP1 are the best
characterized virulence factor &f falciparum(Smith, 2014Wassmer et al, 2015

There are other examples i falciparunof large, multicopy gene families likely involved in
antigenic variation: therif/stevorPfme2tm (approximately 200 copies) antthe surfins
(approximately 10 copiegdlel Portillo et al, 2001Kyes et al, 199%amYellowe et al, 2004
Weber, 1988Winter et al, 200% In other plasmodial species, multigene families have been
described, such agr genes inP. vivax(del Portillo et al, 200and kir genes inP. knowlesi
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(Janssen et al, 20p4These families are all thought to be regulated by epigenetic mechanisms
and they all share the characteristic of expressing a limited subset of the members at a time.

3.3.2 ERYTHROCYTE INVASION

Erythrocyte invasion by merozoites is a complex process that involves several steps and
different host receptors and parasite ligands (Fig. 8). EBA and PFRH are important parasite
encoded proteins involved in this proce3fiese small gene families, fourcafive members
respectively, present clonally variant expression. They encode adhesins that are released
from the rhoptries and micronemes during parasite invasion and interact with-host
erythrocyte receptors to mediate merozoite reorientatiand apicalattachment. However,

with the exception ofPfrh5 the members of these families appear to be functionally
redundant and thus nomssentialDuraisingh et al, 20Q3/aier et al, 2003Reed et al, 2000
Stubbs et al, 20Q8/Nright & Rayner, 2004Indeed, merozoites can use alternative pathways

for invasion, involving different sets of ligands and erythreagceptorgStubbs et al, 2005

The function of clonally variant expression in these genes is not completely understood.
Nonetheless, it is generally accepted that changes in the regulation of these genes induce
phenotypic variation, wlih could confer an advantage to the parasite in the process of
invasion(Cortes, 2008Duraisingh et al, 20Q3Vright & Rayner, 2004 Additionally, it has

been suggested #t ebaand pfrh variant expression, together with genetic polymorphisms,
may have a role in evasion of the host immune syst€ortes, 2008Wright & Rayner, 2004

(Fig. 8).

MSPDBL2 is also located at thergroite surface and it may play a role in the initial steps of
invasion mspdbl2 member of smaknsp-3-like family, shows clonally variant expression and,
interestingly, it appears to be silenced in most of the parasites, being active in only small
subpopulations (around 1%AmambuaNgwa et al, 2012 The phenotypic significance of the
alternative transcriptional states ahspdbl2remain unknown.

3.3.3 SEXUAL CONVERSION

Recently, sexual conversion has been described as an important biological process that is
regulated at the epigenetic levehp2-g has been identified as the gene that trigger
gametocyte commitment. This gene is silenced at the epigenetic level by default; parasites
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that stochastically switch the transcriptional state of the gene will generate the transmissible
stage of the parasit@Kafsack et al, 20)4Fig. 8).

Interestingly, it has also been observed that not only stochastic transitions but also
environmental factors can trigger the formation of gametocy@suema & Drakeley, 2031

This observation provides one of the first exampleB.ifalciparunof a direct transcriptional
response as a survival strategy; upon changes in the host environment, such as reduction of
nutrients, parasites would guarantee thsurvival of the population by formation of
gametocytes. This has been observe irfialciparumn vitro cultures where differentiation

can be induced by depletion of nutrients in the culture me@eancucci et al, 201 Dyer &

Day, 200QWilliams, 1999 Furthermore, a recent study has linked the depletiorLg$oPC
with ap2-g activation inducing the formation of gametocytéBrancucci et al, 2037This is

one of the first clear evidences of a direct response regulating gene transcriptin in
falciparum

3.3.4 INFECTED ERYTHROCYTEERMEABILITY.

Clonally variant expression ofag3genes €lag3.1andclag3.2 participatesn the adaptation

of the parasite to varying concentrations of nutrients and other solutes, such as toxic
compounds, in the host plasma (Fig. 8). At the same time, it has also been suggested that
clonally variant expression glag3genes may play a rola antigenic variation and immune
evasion, sinceclag3 genes are exposed at the membrane of the infected erythrocyte
(Nguitragool et al, 20D)1clag3genes are the focus of this thesis, and they will be described

in detail in the next chapter of this introduction.
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Figure8. Schematic of the different biological processesHAnfalciparumregulated at the epigenetic

level dong the life cycle.Upon the trophozoite stage, several multigene families participate in
antigenic variation and modification of the erythrocyte. From late rings (at around 20h after invasion),
CLAGS3 proteins participate in RBC membrane permeabilitthéouptake of nutrients and other
compounds. Last, the parasite can use alternative invasion pathways, depending on the expressed
proteins, to ivade a new erythrocyte. During this repetitive asexual cycle, some parasites will
differentiate into gametocyts by the activation of ARP@. Adapted fronCortés and Deitsch 2017
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4.1 RHOPH1/CLAG.

The RhopH complexwvhich was identified in proteomic studies of invasive merozoites
(Campbell et al, 1984Holder et al, 198}, isinitially localized at the rhoptries,e. specialized
organelles athe apical end of thenerozoites(Fig.9). Thishigh-molecular weight compleis
formed by hree proteins- RhopH1, RhopH2, and Rhoptj8vhich aresynthesized in mature
schizonts and secreted, along with other rhoptry contents, into the erythrocyte targeted for
invasion.Each othe three proteinsis conserved in all plasmodial spexend none of them
have significant homology to proteins from other genera; except for a domain shared with
RON2, an invasion ligand alsoalized athoptries(Anantharaman et al, 20QKaneko, 2007
Richard et al, 2010

Dense
granule

Figure 9. Schematic of aP. falciparum
merozoite with its key orgaelles labeled.
RhopH proteins are packaged into tw
rhoptries (yellow), and are released amor
other contents into the new invadec
erythrocyte. Adapted fromGupta et al.,
2015

Microneme

Exoneme

Membrane
whorl

While RhopH2 and RhopH3 are encoded by single genes, Rhaptitbaedby theclaggene
family (Kaneko et al, 2001 The frst claggene to be desribed wasclag9(PF3D7_0935800)
Barnes and colleagues described a deletoant at the chromosome that was associated
with loss of erythrocyteytoadherence to melanoma cell§he authorsnappeda candidate
gene withinthe locus responsibléor the loss of thisapacity(Barnes et al, 1994and they
named it as clag9 (cytoadherence link asexual gene). Further genome sequencing and
assembly identified 4 extra paralogues of this gen®.ifalciparumclag? clag3.1 clag3.2

and clag8 (PF3D7_0220800, PF3D7_0302500, PF3D7_0302200 and PF3D7_0831600,
respectively)named acording to thei location in the chromosomes. AW years later, mass
spectrometryanalysisof the RhopH complex determined that tlaéag genes encodehe
RhopH1 protein, being thethesignatedas Rhophl/CLA®aneko et al, 2001

In P.falciparum all clag genes have 9 exorend arelocalized at the subtelomeric regisn
within 150 ko of the chromosome endFig.10). Phylogenetic analysis of laborateaglapted
parasitelines from different continentand different plasmodia speciesvealed that theclag
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gene family was split into two distinct groups early in the plasmodial lin@&geeko et al,
2005 Nguitragool et al, 20L1Sharma et al, 2003 The first group has a single member in
each species.g.clag9in P. falciparumTheexpansion of thesecond group is quite variable,
beingP. falciparunthe speciesvith more paralogsclag? clag3.] clag3.2 andclag8(Kaneko

et al, 2005. The gnes from this group preseritypervariabledomains, located som800
residues from the N terminus of the protefhiiko et al, 2008(Fig.10).

- — e Ep—  -Ems-meme— Bons grey boxes
g2 chgs rhoptz Introns blackline
mEHEp— )~ ) ——  Predictedtransmembranedomains  red
a1 g ropit Hypervariabledomains blue

Figure10. Schematic of the gene structures for the five members of ttlag family, rhoph2 and
rhoph3in P. falciparum.Exons are showasgrey boxes while introns are represented by black lines.
Red sections represent coding sequenpesdicted toencode for a transmembrane domaiGupta

et al, 2019. Blue fragments iclag2 clag3.1 clag3.2andclag8representthe hypervariableregion of
each gendlriko et al, 2008 Scale bar represents 1000base pakdapted fromGupta et al. 2015

While clag9is themostdistantly relatedmember of theclagfamily, clag3.1and clag3.2are
the most similalgenes sharing95%o0f sequencadentity (Fig.11A). clag3.1andclag3.2are
neighbour genes localized at chromosome 3, in a region between 110 and Idihkthe
chromosome endn the left subtelomeric region, and are separated by only 129kb avar-
pseudagenelocated between thenfFig. 1B)(Bowman et al, 1999tto et al, 201). Because
of their subtelomericlocalizationand similarity there are frequent recombination events,
which contribute to sequence diversigmong straingFreitasJunior et al, 2000iriko et al,
2008. The most variable domain iolag3 located at the C terminus of the protesnd
containingaround 120nucleotides(Alexandre et al, 20X INguitragool et al, 2001 will be
referred to as thehypervariable region (HVR) (Fig. D). Besides, chromosomevel
recombination carderive toreduction to a singlelag3gene(Chung et al, 20Q7riko et al,
2008, suchthat someparasite isolategarry asingleclag3gene instead of two paralogues
(Fig. 1) This recombinant gene carries the promoteratfig3.2and the ZUTR otlag3.1
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Figurell. clag family phylogenetic analysis andlag3 structure. (A) Bayesian phylogeny cELAG
protein sequences Phylogenetic analysis was conducted using sequefroes laboratory lines
representing Africa, South America, aS@utheast AsiaBranch lengthgepresentthe expected
number of substitutions per site (scale bars without shading); asterisks indicate a posterior probability
(0.95. Coloured circles represent the mean pairwise diversity of protein sequerittetheir diameter
reflecting the nuner of amino aid substitutions pesite (gray circle scale baLAG3 subtree is
expanded, showing that the two paralogs also segregate into discrete clades with high confidence
(posterior probability 1.0). CLAG3.1 sequences are represented by red branches and Gi/AGR.2
branches. Laboratory lines used for the analysis are specified in each bfalagiied fromSharma

etal., 2013(B) Schematic of thelag3 loci, with the var-pseudogene PF3D7 030230ar p9 between

the two clag3 genes.(Q Schematic of theproposed model ofrecombinantclag3 generation
Recombination betweertlag3.1andclag3.2of the same chromosomgenerate a singlelag3gene,
carrying the promoter o€lag3.2l y R ({UKFSotlag®.1 Adapted fromliriko et al., 2008

4.2 clag3 EXPRESSION DYNAMICS

clag3genes are expresseid mature schizonts, together with other members of tbhkag
family and the other two components of the RhopH compleiophl and rhoph2.
Transcriptionof all these genesbegins at the migrophozoite stagg30-34h after invasion)
and peaks during the mature schizont stage-4462 after invasionBozdech et al, 2003
Kaneko et al, 2005 As mentioned in the previous sectiordag3 genes presentlonally



