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“Two roads diverged in a yellow wood,

And sorry | could not travel both

And be one traveler, long | stood

And looked down one as far as | could
To where it bent in the undergrowth;

Then took the other, as just as fair,

And having perhaps the better claim,
Because it was grassy and wanted wear;
Though as for that the passing there
Had worn them really about the same,

And both that morning equally lay

In leaves no step had trodden black.
Oh, | kept the first for another day!

Yet knowing how way leads on to way,
| doubted if | should ever come back.

| shall be telling this with a sigh
Somewhere ages and ages hence:
Two roads diverged in a wood, and |—
| took the one less traveled by,

And that has made all the difference.”

“The Road not Taken”
Robert Frost
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ABSTRACT

Malaria, a life-threatening febrile iliness, stands as one of the most prevalent infectious
diseases worldwide. The disease is caused by protozoan parasites belonging to the
Plasmodium genus, which are transmitted through the bite of an infected female
Anopheles mosquito. Malaria parasites have a complex life cycle shared between two
hosts, requiring transmission through distinct metabolic environments and establishment
in multiple niches. Even when developing within a single host, the environment is greatly
dynamic as parasites invade distinct cell types. As an obligate intracellular parasite,
Plasmodium relies on the host to supply the nutrients required to sustain such a highly
proliferative lifestyle. While an in-depth characterization of the mechanisms underlying
nutrient exploitation in the liver stage of infection has yet to be established, it is generally
accepted that in the symptomatic blood stage of infection, Plasmodium takes up most
nutrients through digestion of the host’s erythrocyte hemoglobin. However, since
hemoglobin does not contain all required nutrients, parasites face some challenges by
selecting to reside within mature but metabolically inactive erythrocytes. These include
some essential amino acids such as isoleucine, the sole amino acid that is absent in
erythrocytes, and methionine, the least represented, which must therefore be obtained

from the serum.

To elucidate how Plasmodium parasites respond to amino acid starvation, we monitored
the intra-erythrocytic growth of the parasite under isoleucine- or methionine-limiting
conditions. While Babbitt et al. first suggested a dormancy-like response of P. falciparum
to isoleucine deficiency, McLean and Jacobs-Lorena showed that parasites growing
under isoleucine-deprived conditions do not cease their cell cycles; rather, they cycle at
a slower rate, completing schizogony, and invading new erythrocytes. In this dissertation,
evidence is presented that supports a unified paradigm that reconciles the two opposing
viewpoints: while most parasites growing under AA-limiting conditions exhibit growth
arrest, as reported by Babbitt et al., some parasites successfully progress through the
cell cycle and complete schizogony, thereby developing mature schizonts. Under AA-
deficient circumstances, however, schizogony results in fewer offspring, with less
merozoites being produced per schizont. While the master regulator of growth, the TOR
complex, has not yet been identified in Plasmodium, the AA-starvation responsive
GCN2/elF2a signaling cascade is functionally conserved in the malaria parasite. Thus,
we next focused on whether this response was an active adaptive mechanism
orchestrated by the parasite to survive under amino acid scarcity. As previously observed
for isoleucine depletion, we have found that this signaling pair exhibits remarkable

3



specificity in detecting amino acid deficiency, with elK1 phosphorylating its downstream
effector elF2a in response to nutrient starvation during ring-stage development.
Additionally, we also revealed a role for elK2 in AA sensing, albeit only at later stages of
parasite development (schizont stage), disclosing a stage-specific and temporally
coordinated sensing network in the parasite. Notably, the kinome screening analysis
revealed that a third kinase, Nek4, is also involved in such an active response,
coordinating both development and replication rates under AA starvation. We further
extended our knowledge on the parasite’s response to AA withdrawal during liver stage
and gametocyte development, with a particular focus on methionine and its downstream
metabolite SAM - the chief methylation donor in virtually all living cells and the precursor
of polyamines and glutathione. By chemical, genetic and metabolomic approaches we
have observed that i) methionine metabolism lies at the heart of such high replication
rates achieved inside hepatocytes, with parasites totally depending on the host liver-
specific MAT enzyme (which converts methionine into SAM) and also that i) SAM levels
regulate investment into gametocyte production, by shifting the metabolic competition for
the SAM-derived methyl groups between distinct methyltransferases, ultimately resulting
in profound changes at gene expression level. In summary, this work establishes the
role of AA metabolism (particularly methionine and isoleucine) in parasite survival during
intra-erythrocytic development and, most importantly, the mechanisms underlying
parasite’s active adaptation to AA scarcity. This dissertation discloses hitherto that blood
stage parasites possess an efficient amino acid sensing pathway that coordinates
development and replication, allowing a suitable adaptation and ultimately, survival
under nutritional scarcity. Additionally, we have disentangled the relevance of methionine
metabolism for Plasmodium intra-hepatic development as well as for commitment to

sexual development.



Resumo

A malaria € uma doenca febril, potencialmente fatal, e uma das doengas infeciosas mais
prevalentes no mundo. E causada por parasitas protozoarios do género Plasmodium,
0s quais sao transmitidos aquando da picada de um mosquito Anopheles fémea
infetado. Os parasitas da malaria tém um ciclo de vida complexo, partilhado entre dois
hospedeiros distintos, o que implica a transmisséo através de ambientes metabdlicos
distintos bem como o estabelecimento em diferentes nichos. Contudo, mesmo quando
se desenvolve dentro de um Unico hospedeiro, 0 ambiente é bastante dinamico dado
que os parasitas invadem diferentes tipos de células. Sendo um parasita intracelular
obrigatério, o Plasmédio depende dos nutrientes do seu hospedeiro para sustentar as
suas elevadas taxas de multiplicacdo. Enquanto que durante a fase hepatica da infecao
0s mecanismos subjacentes a obtencdo de nutrientes a partir hospedeiro sdo ainda
desconhecidos, durante a fase sanguinea e sintomética da infecdo estd bem
estabelecido que o Plasmodium adquire a maioria dos nutrientes através da digestao da
hemoglobina presente nos eritrdcitos do hospedeiro. No entanto, por residir dentro de
eritrécitos maduros, mas metabolicamente inativos, os parasitas enfrentam alguns
desafios pois a hemoglobina ndo contém todos os nutrientes necessarios. Entre estes
destacam-se alguns aminoacidos essenciais como a isoleucina, que esté totalmente
ausente, ou a metionina, que esta muito pouco representada na hemoglobina, tendo por

isso que ser obtidos através do soro.

De modo a compreender como o Plasmodium responde a escassez de aminoacidos,
comegadmos por estudar o crescimento do parasita nos eritrécitos em condigbes
limitantes de isoleucina ou metionina. Dados previamente obtidos por Babbitt et al.,
suportam um modelo de dorméncia em P. falciparum em resposta a auséncia de
isoleucina. No entanto, McLean e Jacobs-Lorena revelaram que na auséncia de
isoleucina os parasitas ndo cessam o ciclo celular, progredindo a um ritmo mais lento.
Nao obstante, os parasitas conseguem completar com sucesso 0 processo de
esquizogonia, invadindo novos eritrécitos. Os resultados apresentados na presente
dissertacdo propdem um modelo que une estes dois pontos de vista divergentes:
enquanto a maioria dos parasitas cessa a sua progressdo pelo ciclo celular, alguns
conseguem completar o mesmo com sucesso, desenvolvendo esquizontes maduros
que contém merozoitos individualizados. No entanto, em condi¢des limitantes de
aminoacidos, o processo de esquizogonia gera menos descendéncia, com um menor

namero de merozoitos a ser produzido por esquizonte. Embora o regulador central do



crescimento celular - a proteina alvo da Rapamicina (mTOR, mechanistic target of
rapamycin em inglés) - nao tenha sido ainda identificado em Plasmodium, o par de
sinalizacdo GCN2/elF2a, o qual é ativado durante a deficiéncia de aminoacidos, esta
funcionalmente conservado no parasita. Assim, comegamos por testar se a resposta do
parasita a escassez de aminoacidos constituia um mecanismo adaptativo ativo para
sobreviver em condi¢des limitantes de recursos. Em concordancia com dados
previamente obtidos para a privacdo de isoleucina, verificamos que durante o estagio
de anel, a via de sinalizacao GCN2/elF2a exibe uma especificidade significativa para a
detecado dos niveis de aminoacidos, com a quinase elK1 a fosforilar elF2a em reposta
a caréncia de aminoacidos. Adicionalmente, observdmos que uma segunda quinase,
elK2, tem também um papel crucial na detecédo da escassez de aminoacidos, atuando
especificamente em estagios de desenvolvimento mais tardios (esquizonte). Estes
dados revelam, portanto, que no parasita da malaria, 0 mecanismo de detecdo e
resposta a limitacdo de aminoacidos é temporalmente regulado, sendo especifico de
cada estadio de desenvolvimento. Notavelmente, a analise do quinoma do parasita
demonstrou que esta resposta ativa € ainda coordenada por uma terceira quinase,
Nek4, a qual demonstramos pela primeira vez, ser um regulador central do crescimento
do parasita em condicobes de privagdo de aminoacidos — tanto a nivel do

desenvolvimento como da replicagéao.

Em paralelo, estudamos a resposta do parasita a escassez de aminoacidos durante a
fase hepética da infecdo bem como durante o desenvolvimento de gametécitos, as
formas sexuadas do parasita, com particular foco na metionina e na S-adenosilmetionina
(SAM) — o principal dador de grupos metilo em todas as células e também o precursor
de poliaminas e glutationo. Através de métodos quimicos e genéticos e de analise
metabolémica revelamos que i) o metabolismo da metionina é a chave para as elevadas
taxas de replicacdo alcancadas dentro dos hepatécitos — sendo o desenvolvimento do
parasita dependente da enzima hepatica do hospedeiro MAT (que converte metionina
em SAM); e ainda que ii) os niveis de SAM regulam a taxa de conversao do parasita em
formas sexuadas e transmissiveis, ao modularem a competicdo metabdlica entre
diferentes metiltransferases pelos grupos metilos derivados da SAM, o que resulta em

alteracoes profundas ao nivel da expressao génica.

Em suma, os nossos resultados demonstram a relevancia do metabolismo dos
aminoacidos (em particular a isoleucina e metionina) para a sobrevivéncia do parasita

durante a fase hepatica e sanguinea da infecdo, bem como para o desenvolvimento de

6



gametécitos. Os dados obtidos nesta dissertacéo permitem estabelecer a existéncia de
uma via de sinalizagcdo nao canonica no parasita da malaria, a qual permite detetar de
modo eficiente os niveis de aminoacidos. Tal é essencial para que o parasita regule as
suas taxas de replicacdo bem como o seu desenvolvimento (ciclo celular), assegurando
assim uma adaptacdo adequada e a sobrevivéncia em ambientes nutricionalmente

desfavoraveis.
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. Malaria: A Modern Arms Race Against an Old Foe

Malaria is an infectious disease caused by protozoan parasites of the genus Plasmodium
and transmitted through the bite of an infected Anopheles mosquito. Despite more than
a century since Laveran first identified Plasmodium spp. as the causative agent of
malaria [1] and Ross’s discovery of the female Anopheles mosquito as its vector [2,3],
malaria still remains a leading cause of morbidity and mortality worldwide [4]. In humans,
natural infections can be caused by six Plasmodium species: P. falciparum, P. knowlesi,
P. malariae, P. vivax, P. ovale curtisi and P. ovale wallikeri - the latter two being closely
related but genetically distinct [5]. Among these, P. falciparum and P. vivax account for
95% of all malaria infections and pose the greatest public health challenge [6]. While P.
falciparum is the most pathogenic spp., causing severe pathology and therefore the
highest mortality rates [7]; P. vivax presents a wider geographical distribution as it can
develop in Anopheles mosquitoes that inhabit more temperate regions and higher
altitudes [8-10]. Interestingly, P. vivax parasites can develop into hepatic cryptic forms
known as hypnozoites which lie dormant inside liver cells for extended periods of time.
These parasitic forms are potential reservoirs of infection and lead to disease recurrence
even after treatment of the initial symptomatic infection [8,11-13].

Malaria is an acute febrile illness whose symptoms emerge 7 to 15 days after the
infective mosquito bite in nonimmune individuals. The first symptoms to appear are fever,
headache, chills and vomiting, which are similar to other viral and bacterial infections
[14]. If not treated promptly, P. falciparum malaria can quickly progress to severe
pathology, often culminating in coma and death. Severe malaria is mainly observed in
children in endemic areas causing symptoms such as severe anemia, dyspnea,
metabolic acidosis and eventually cerebral malaria [15,16]. In endemic regions, partial
immunity develops over time, reducing the risk of severe disease, yet sterile immunity is

never achieved [16].

Malaria Through History

The earliest evidence of malaria can be traced back to ancient times based on its clinical
features such as recurrent periodic fever and splenomegaly [17,18]. The earliest records
were found in a Chinese document from 2700 BC, clay tablets in Mesopotamia from
2000 BC, Egyptian papyri from 1570 BC and also in Hindu texts as far back as the 6™
century BC [17,19-21]. Such historical records, however, require careful consideration,
but as we step into later centuries we begin to tread on firmer ground. Numerous other

ancient Chinese texts provided more convincing evidence, documenting not only fever-



induced spleen enlargement, but also the use of the antimalarial drug Qinghaosu for
malaria treatment [19]. Two other documents dating from 476 to 221 BC described how
mosquito bites caused malaria infection, which occurred particularly in late summer and
early autumn [22]. The early Greeks, including Homer around 850 BC, Empedocles of
Agrigentum in 550 BC, and Hippocrates later in 400 BC, were aware of the marked poor
health, fever, and enlarged spleens observed in individuals living near marshy places
[20,23]. The first detailed clinical description of malaria fell to the physician Hippocrates,
who described the malarial paroxysm. Paroxysms appear as the disease progresses and
consist of three distinct, but sequential stages characterized by chills, fever, and
sweating (when febrile episodes cease) [17,23]. However, the origin of the disease
remained elusive for centuries. The idea that malarial fever was caused by miasmas
rising from swamps persisted for over 2,500 years, a correlation recognized by the
Romans. The term malaria, as used today, derives from the Italian mal’aria, meaning
bad, evil or spoiled air [17,22]. Numerous synonyms have been used throughout history
to describe malaria including: mal’aria, ague, paludism, febris ardens, paludal fever,
marsh fever, seasonal fevers, fever of summer/fall (estivo-autumnal fever), autumnal
fever, intermittent fever, periodical fever, the quakes, the Bailiff of the Marshes, Lord
John’s fever and Old Johnny Axey [17,23]. “Malaria”, the finally settled word for the
disease, was stated for the first time by Francesco Puccinotti in his book “Storia delle

febbri intermittenti di Roma”in the first half of the 19" century [17].

The Discovery of Malaria Parasites

The discovery of bacteria in 1676 by Antoni van Leeuwenhoek and the development of
the germ theory of infection by Louis Pasteur and Robert Koch in 1878-1879, which
recognized microorganisms as the causative agents of infectious diseases, had

intensified the search for a bacterial cause of many diseases, including malaria [20].

The erythrocytic stage

By 1879 the miasma theory had been abandoned and two new theories of malaria
etiology had emerged, one advocating airborne transmission and inhalation [24] and the
other supporting waterborne transmission or ingestion [25]. The prevailing theory was
advanced by Tommasi-Crudeli and Klebs, who claimed to have identified the bacterium
Bacillus malariae in swampy waters, which caused febrile illness and enlarged spleens

in rabbits, mimicking a malaria infection [26]. This theory was refuted in 1880 by
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Alphonse Laveran, a French military doctor working in Algeria [1]. Aware of the presence
of a dark pigment in the spleens of malaria patients, Laveran searched for such a pigment
in fresh, unstained blood of patients during episodes of malaria fever, having observed
it first in leucocytes and later in erythrocytes. Deeper investigation allowed Laveran to
identify distinct forms of erythrocytic organisms, including: curved-shaped bodies
resembling a crescent, spherical motionless or moving pigment-containing bodies and
also pigmented bodies exuding flagella-like structures - all of which were proposed to

reside outside erythrocytes (Figure 1.1) [27-29].
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Figure 1.1- Malaria parasites drawn by Alphonse Laveran in 1880. Laveran’s illustration of the
distinct stages of malaria parasites as seen in fresh blood smears. Dark pigment is observed and
represented in most stages. The first fourth rows show the asexual blood stages. Exflagellating male
gametocytes, producing filamentous elements are shown in the fifth row. The lower sections represent
the sexual blood stages of parasite development. From [29].

Laveran proposed that these events would follow a chronological order, starting with
non-pigmented structures that grew and acquired pigment filling the corpuscle, which
then burst along with malaria-related fevers. Laveran quickly recognized that he had
found a parasitic protozoa which he named Oscillaria malariae [27]. However, when this
discovery was presented to the French Academy of Medical Sciences in December
1880, it was initially met with skepticism [20,30]. Only by 1884, Laveran was able to

convince the leading Italian malariologists including Bignami, Golgi and Marchiafava that



malaria was caused by a protozoan and not a bacterium [20,27]. The miasma theory was
abandoned, paving the way for contemporary germ theory. Laveran is regarded as the
father of protistological parasitology and was awarded the Nobel Prize in Medicine in
1907 [27,30]. Unbeknownst to Laveran, the Russian physiologist Vassily Danilewsky had
studied the blood of birds and reptiles and in 1885 discovered the three most common
types of intraerythrocytic parasites: Plasmodium, Haemoproteus, and Leucocytozoon
[20]. Thereafter, the quest for other malaria parasites in mammals, birds, and reptiles
had become more extensive. Dmitri Romanowsky's accidental discovery of the
methylene blue-eosin stain in 1891 contributed significantly to this endeavor [20,31].
This dye, which still serves as the basis for contemporary blood stains including
Leishman, Giemsa, and Wright stains, gained prominence in the early 20th century [20].
In 1890, owing to the work of Marchiafava, Bigmani and Golgi, malaria was discovered
to be spread by a unicellular parasite that invaded erythrocytes, grew in size, and gave
rise to daughter parasites that reinvaded erythrocytes [32]. Comprehensive monitoring
of the parasite's erythrocytic stages allowed for the distinction between tertian malaria,
which has a 48-hour periodicity, and quaternary malaria, which has a 72-hour periodicity
[20,29,32]. P. vivax and P. falciparum cause benign and malignant tertian malaria,
respectively, whereas P. malariae causes benign quartan malaria [33]. While doing
research in West Africa in 1920, John Stephens identified a fourth species, which he

named P. ovale, that resembled P. vivax and produced benign tertiary malaria [20].

The mosquito stage: unveiling parasite transmission

While Laveran's seminal work uncovered the causative agent of malaria, no malariologist
could explain how the parasite spread from one human to another. Evidence linking
mosquitoes to malaria had surfaced over the centuries, but it was not until 1883 that an
American physician, Albert King, had assembled the bulk of the evidence supporting the
mosquito-malaria doctrine [34]. The definitive proof that mosquitoes transmit malaria
parasites was provided by Ronald Ross who discovered that Culicine mosquitoes
transmit the avian malaria parasite Plasmodium relictum while working in India in 1897
[3,17,20,29]. By dissecting mosquitoes that had fed on malaria-infected birds, Ross
discovered that after ingestion of male and female gametocytes, parasites fertilize in the
gut and mature into spores, today referred to as oocysts. Oocysts grow in size and
develop rod-shaped structures that migrate to the mosquito's salivary glands
(sporozoites), where they reside until subsequent injection into a new host (Figure 1.2)

[3,35]. Aside from elucidating the whole life cycle of Plasmodium relictum, Ross

16



suggested that mosquitoes are also likely to transmit human malaria parasites. It was
only later in 1899, while working in Sierra Leone, that Ross was able to confirm his theory
by observing that Anopheles mosquitoes that fed on malaria patients also contained
parasites in their guts. The pioneering work of Ross, which earned him the 1902 Nobel
Prize in Physiology or Medicine, was instrumental in establishing mosquito-borne
malaria transmission [3,17]. Bignami and Grassi also observed that mosquitoes transmit
malaria while working near Rome and Sicily, where malaria was widespread. By feeding
local Anopheles claviger mosquitoes to P. vivax-infected patients, they could
subsequently transmit the infection to uninfected individuals via the bite of the same
mosquitoes [17,18,20,30]. Over the next two years, Bignami, Grassi, and Bastianelli
collected evidence that only female Anopheles mosquitoes could transmit the disease
and successfully characterized the full life cycle of three Plasmodium species: P. vivax,
P. falciparum, and P. malariae [17,18,20,36]. Such insights into malaria transmission
were key to controlling the disease by reducing exposure to infected mosquitoes, a

malaria prevention strategy still employed nowadays [18,20].

Figure 1.2 - Original drawing by Ronald Ross of a mosquito salivary gland. Ross pioneered the
discovery of Plasmodium sporozoites in the salivary glands of Anopheles mosquitoes in 1897. From
[35].



The enigmatic pre-erythrocytic stage

While the erythrocytic stage of parasite development has been widely investigated since
its discovery by Laveran, little was known about what happened following sporozoite
injection until a detectable blood infection emerged. It was only 50 years later that the
full life cycle of the parasite was revealed [37]. In the 1890s, Battista Grassi hypothesized
that the life cycle of Plasmodium must comprise an additional developmental stage in
cells other than erythrocytes, possibly white blood cells. One such hypothesis was based
on the morphological differences observed in the nuclei of sporozoites compared to
young trophozoites developing in erythrocytes [20]. However, Fritz Schaudinn, an
influential German scientist, disregarded Grassi’s theory in 1903 after he demonstrated
that P. vivax sporozoites directly invaded erythrocytes [20,29]. Such a phenomena is
now recognized among malariologists as the “Schaudinn's fallacy” due to the inability to
corroborate and reproduce these results [20]. By the late 1930s, it was widely recognized
that malaria parasites in birds undergo a phase of replication in various nucleated cells
before (and after) their appearance in the blood [20,38]. After the end of World War Il in
1945, research on malaria had intensified and two years later Henry Shortt and Cyril
Garnham showed that the development of P. cynomolgi parasites in the blood of infected
rhesus monkeys was preceded by a period of division in the liver [39]. Shortly thereafter,
Shortt and Garnham observed liver-stage parasite forms (known as exoerythrocytic
forms) of P. vivax and, later, P. falciparum and P. ovale in human volunteers [40-42]. It
took nearly 70 years to fully elucidate the life cycle of human malaria parasites [20], with
the final piece of the puzzle being the discovery of P. vivax hypnozoites in the liver by
Wojciech Krotoski in 1982. These parasite forms can remain dormant in liver cells for
days, months, or even years before resuming schizogony and causing a blood stage
infection [43,44].

Malaria Paroxysms & Severe Disease

Hemolysis of infected red blood cells (iRBCs) during Plasmodium development is
associated with the onset of malaria disease. The first symptom to appear and the
hallmark of malaria is fever. The fever begins irregularly but eventually becomes periodic
as the parasites synchronize after a few rounds of replication [45]. Depending on the
Plasmodium spp., fever can occur every 48 hours (P. falciparum, P. ovale and P. vivax)
or every 72 hours (P. malariae) [46]. The classic malaria paroxysms occur as the disease
progresses, with episodes of the disease alternating with asymptomatic periods

[14,47,48]. Malaria paroxysms consist of three stages: a cold stage, a heat stage, and a
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sweating stage and are often followed by non-specific symptoms such as chills,
headache, fatigue, vomiting, diarrhea and impaired consciousness which, if left
untreated, can lead to severe pathology [14,23,46-50]. Most cases of malaria are
uncomplicated, with less than 1-2% of those infected developing and succumbing to
severe disease, resulting in over 400,000 fatalities each year [4]. Severe pathology
occurs mostly in non-immune P. falciparum-infected patients and children under the age
of five, the latter accounting for 60% of cases [16,47,51]. Severe malaria is multi-
syndromic, affecting the central nervous system (cerebral malaria), the pulmonary
system (shortness of breath) and also the hematopoietic system (severe anemia) [51—
54]. Such syndromes can arise singly or in combination and if not treated immediately,
multiple organ failure occurs, leading to significantly high mortality rates [55]. In addition
to children, pregnant women are also at greater risk of developing severe malaria, with
an increased risk of maternal mortality, miscarriage, and low birth weight, as well as
associated risks of neonatal death [16]. Severe malaria is particularly common in young
children residing in areas of high transmission, such as endemic areas, as adults develop
partial immunity over years of repeated exposure to the parasite [16,56,57]. While partial
immunity shields against serious disease, it does not protect against chronic, mild, or
secondary infections [58,59]. As a result, older children and adults in endemic areas
often have asymptomatic parasitemia, or the presence of parasites in the blood without
clinical manifestations [56,59,60]. On the other hand, in places with low transmission,

immunity to malaria develops slowly, and malaria affects people of all ages [61].

The Road to Resistance: Antimalarials with History

The discovery of quinine was a significant milestone in the history of malaria prevention
and treatment. Quinine was first isolated in 1820 by Pelletier and Caventou from the bark
of the cinchona tree native to South America [18,62]. Cinchona was first used by Jesuit
missionaries in Peru in the 17th century to treat fevers, then imported to Europe and later
spread around the globe. For almost 300 years, quinine was the only compound
available to treat malaria [18,62,63]. The antimalarial properties of quinine derive from
its quinoline moiety, which targets blood stage parasites by blocking the formation of an
inert crystal known as the malarial pigment, or hemozoin, in the parasite's digestive
vacuole. This is a critical step in the detoxification of free heme produced during the
digestion of host hemoglobin [64—66]. However, a thorough understanding of its mode

of action is still lacking. Interestingly, the anti-plasmodial quinine moiety is present in a



variety of later synthesized analogues, including chloroquine and primaquine [66—69].
Chloroquine (CQ) is a quinoline analogue that was discovered during World War Il as
part of a collaborative research program in which thousands of compounds were
synthesized and tested for their antimalarial activity [18,62,66]. However, towards the
end of the war it turned out that the same compound (then under the name Resochin)
was being studied by German researchers in Bayer laboratories, but was rejected due
to its toxic to birds and therefore considered too dangerous for practical use in humans
[18,31,70]. The drug was withheld by Bayer for more than a decade, an incident known
as the “Resochin error”. Meanwhile, German researcher Johann “Hans” Andersag
tweaked the drug to reduce its toxicity. Resochin was rediscovered in the following years
and renamed CQ in 1945 by EK Marshall [31]. Despite its enormous importance, the
mechanism of action of CQ, as a first-line treatment for malaria, is still a matter of debate.
CQ accumulates thousands of times in the digestive vacuole and, like quinine, binds to

toxic heme and prevents it from polymerizing into hemozoin (Figure 1.3) [67,71,72].
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Figure 1.3 - Overview of the effect of antimalarials on Plasmodium falciparum. The breakdown
of hemoglobin in the digestive vacuole (DV, grey) produces protonated basic amino acids and the toxic
ferriprotoporphyrin IX (heme) which is detoxified by polymerization to hemozoin (Hz). Chloroquine (CQ)
kills parasites by blocking the formation of Hz. This can be circumvented, nonetheless, by parasites
carrying mutant versions of CRT, a transmembrane protein capable of transporting CQ outside of the
DV. Artemisinin (Art), on the other hand, is activated (Art*) by heme, causing damage to many
organelles including the nucleus and mitochondria. Adapted from [73].
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CQ became the cornerstone of the WHO Global Eradication Program for the treatment
and prevention of malaria in 1955 [74,75]. However, the massive and indiscriminate use
of this drug led to ineffective dosing and the emergence of parasite-resistant strains
[68,72,76—78]. Drug resistance was first observed in Southeast Asia and South America
in the 1960s, but quickly spread to all malaria-endemic areas [76,78,79]. The critical
determinant for CQ resistance was later identified as the P. falciparum CQ resistance
transporter (PfCRT), a transmembrane protein of the digestive vacuole involved in CQ
secretion [77,80].

Primaquine (PQ) is an 8-aminoquinoline developed by the US Army in the 1950's and
an estimated 200 million people have been administered PQ since then [81-83]. The
first mass use of PQ occurred during the Korean War when over 250,000 US soldiers
received a 14-day radical regimen to eliminate long-latency P. vivax infections [81,84].
Noteworthy, PQ is the only clinically available drug that targets P. vivax and P. ovale
hypnozoites in the liver [83,85-87]. PQ has also shown potent activity against blood- and
liver-stage P. falciparum parasites [55,66,88,89]. Despite its overall potency, PQ has a
short plasma half-life (approximately 6 h) due to oxidative deamination to
carboxyprimaquine [66,90]. This results in high blood toxicity and an increased risk of
hemolytic anemia, particularly in patients carrying the glucose 6-phosphate
dehydrogenase deficiency (G6PD) - an X-linked trait with a prevalence of 5-20% in
malaria endemic regions [81,91,92]. Recent evidence has uncovered another drawback
of PQ: a mutation in the cytochrome P-450 2D6 enzyme, which seriously impairs drug

metabolism and prevents its anti-relapse activity [8,93].

Artemisinin (ART) was discovered in the 1970s during the Chinese “Cultural Revolution”
and derives from a plant called Artemisia annua, also known as Quinghaosu [18,94]. The
discovery of ART is credited to Tu Youyou, who led the research group that successfully
extracted and crystallized its main antimalarial component, Qinghaosu (nowadays
known as Artemisinin) in 1972 [95]. Such a landmark discovery earned Professor Tu
Youyou the 2015 Nobel Prize in Physiology or Medicine [96]. ART is currently one of the
most effective antimalarials with a rapid onset of action and no major side effects. It
shows potent nanomolar activity against multidrug-resistant strains of P. falciparum and
also broad stage specificity for different stages of the parasite life cycle, including asexual
blood stages [95] but also gametocytes (sexual stages) [97]. However, it has low
solubility in water and oil, incomplete absorption and rapid elimination with a half-life of

2 to 5 hours [66,94,97—-102]. This prompted the search for the synthesis of derivatives,



including dihydro-artemisinin (DHA), the water-soluble artesunate, and the lipophilic alkyl
ether artemether that exhibit enhanced pharmacological properties and improved
antimalarial activity [18,66,103]. Nowadays, ART-based combination therapies (ACTs)
are the cornerstone of antimalarial treatment in order to overcome the short half-lives of
circulating ART and ART derivatives [4,104]. ACTs consist of a potent, short-acting ART
derivative co-administered with one or more longer-acting partner drugs with
independent modes of action. The effectiveness of ACT is determined by the drug
working together with the ART derivative and for artesunate-mefloquine, artemether-
lumefantrine and dihydroartemisinin-piperaquine it exceeds 95% [100,103,105-107].
However, ART resistance has been described clinically [108—110] as well as for three of
its partner drugs [111-113]. Genome-wide analysis of artemisinin-resistant P. falciparum
strains revealed that the propeller domain of the Kelch13 gene is the most promising
molecular marker for resistance to ART and ART derivatives [109,114]. Dozens of
different kelch13 point mutations have been reported in P. falciparum around the world,
with the first ART resistance outbreak identified in western Cambodia [115], which

quickly spread to Southeast Asia (Figure 1.4) [116].
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Figure 1.4 - Proportion of patients and distribution of Plasmodium clearance time with ART
treatment in Southeast Asia. Artemisinin resistance was defined by a parasite clearance half-time
greater than 5 hours, with some parasite isolates having kelch13 polymorphisms. Adapted from [29].

Surprisingly, mutations associated with ART resistance have been rare in Africa, but
recent evidence suggests that resistance has emerged in Rwanda, Uganda and also
Eritrea [117-119]. Artemisinin-based triple combination therapies (TACTs) have been
used to address the recent high failure rates of ACTs and to combat antimalarial drug
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resistance, particularly in the Greater Mekong Subregion (GMS) of Southeast Asia,
which historically is the origin of antimalarial drug resistance [120]. TACTs combine
artemisinin with two currently available partner drugs and offer one of the last remaining
safe and effective treatments for P. falciparum malaria. Such triple combinations are now
standard for the treatment of other infectious diseases such as tuberculosis and HIV
infections [121,122]. When combined with a single partner drug, all recommended ACTs
have shown reduced efficacy in some GMS countries. Compared to ACTs, triple
combinations could maintain the efficacy of partner drugs for longer periods and delay
or prevent the emergence of resistance. Two such TACTs were recently evaluated for
safety, tolerability, and efficacy in the recent Tracking Resistance to Artemisinin
Collaboration Il (TRACII) study (Figure 1.5) [120]. TACTs have proven highly effective in
some areas of Cambodia, Vietham, and Thailand — regions of the world where most
conventional ACTs are no longer effective. These are therefore an effective option for
treating multidrug-resistant malaria or in areas where ART or partner drug resistance has
not yet emerged, to delay the emergence and spread of malaria drug resistance
[115,120]. Because these therapies use existing, affordable, and already approved

antimalarial drugs, they may be made widely available in a near future.
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Figure 1.5 — Map of Southeast Asia and an insert of Africa showing the location of the Tracking
Resistance to Artemisinin Collaboration (TRAC) Il study. This is an open-label, randomized trial in
1100 patients with uncomplicated falciparum malaria conducted in 18 sites in 8 countries, namely
Cambodia, Thailand, Myanmar, India, Laos, Vietham, Bangladesh and Democratic Republic of the
Congo. From [123].



The Economic, Social and Health Challenge

Malaria is a curable and preventable disease, yet it is still endemic in the tropical and
subtropical regions of the world, posing a significant burden on numerous low and low-
middle income countries [124—126]. In 2010, 251 million cases of malaria were reported
globally, according to the World Malaria Report [127]. An estimate that had dropped
dramatically to 227 million reported cases by 2018, illustrating the tremendous efforts
undertaken to eliminate this disease over the last decade [128]. Globally, however, the
decline in malaria cases had stalled in 2019, with an estimated 227 million cases in the
85 malaria-endemic countries [129]. Notably, the number of malaria cases increased to
241 million cases in 2020 during the COVID-19 pandemic, an increase of 14 million
cases compared to the previous year [4]. The COVID-19 pandemic has put additional
strain on healthcare systems worldwide, particularly in countries with fragile medical
management systems such as sub-Saharan Africa. Such disruptions led to the
suspension of key malaria control strategies during the pandemic, including reduced
access to effective antimalarial drugs and a halt to all insecticide-treated net campaigns,
ultimately resulting in a significant increase in malaria-related deaths (Figure 1.6)
[130,131]. Despite the uncertainties in the 2020 estimates, arising from the challenges
of reliably measuring COVID-19-associated disruptions, the data show that the number
of reported malaria cases in 2020 was comparable to that recorded in 2000 in 108
malaria-endemic countries, suggesting a setback in the malaria eradication program [4].
The largest increase in case numbers in 2020 occurred in the African Region of the World
Health Organization (WHO), which was home to 95% of all malaria cases and 96% of all
related deaths [4,129]. From 2000 to 2015, malaria deaths declined steadily from
896 000 to 562 000 and in 2019 to 558 000. Nevertheless, malaria deaths increased by
12% in 2020 to an estimated 627 000. Amongst these, 69 000 malaria deaths were
attributable to healthcare disruptions during the COVID-19 pandemic [4,129].

Malaria cases climbed again between 2020 and 2021, but at a slower rate than in the
previous year. According to the World Malaria Report 2022, the global tally of malaria
cases reached 247 million in 2021, highlighting the long road that lies ahead to meet
malaria eradication goals. However, between 2020 and 2021, the number of malaria
deaths fell to 619 000, suggesting that the rise in malaria deaths caused by the COVID-
19 pandemic has plateaued [117]. WHO'’s African Region shoulders the heaviest burden
of the disease, with 80% of all malaria deaths in this region occurring among children

under the age of 5. Even though the percentage of malaria deaths in this age group has
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declined over the past two decades - from 87% in 2000 to 76% in 2019 - mortality rates
have risen to nearly 80% in 2021 [117]. According to the WHO, progress in malaria
control remains at a plateau, particularly in high-burden, low-income African countries.
Global malaria control initiatives, on the other hand, have averted 2 billion malaria cases
and 12 million malaria-related deaths since 2000, thus representing one of the major

global health victories of recent years [4].

Figure 1.6 - Number of estimated
additional malaria deaths per million, in
different regions of sub-Saharan Africa,
due to COVID-19 mitigation strategies.
Malaria interventions were halted for 6
months due to COVID19-related medical
management disruptions, relative to normal
service in the absence of COVID-19.
Adapted from [120].
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As a rule of thumb, where malaria thrives most, human societies thrive least. There is
evidence that malaria has strong regressive economic effects, as poor households spend
a disproportionately higher percentage of their income on treatment and prevention than
high-income families [132—-134]. Malaria is the disease that has the greatest impact on
social growth and development in developing countries, particularly in Africa [124]. It
places an enormous financial impact on households, healthcare systems and economies
[135—-137]. At the household level, malaria imposes direct costs, including lost work time,
prevention costs and medical treatment costs. Additionally, households incur indirect
costs as malaria leads to lost productive time and work redistribution within the
household. Indirect consequences of malaria also include malnutrition, physical
disability, and cognitive difficulties in affected children [124,135—-137]. Furthermore,
malaria is responsible for 5-8% of all absenteeism among African school children, which
equates to 50% of all avoidable absenteeism [138,139]. Malaria costs Africa more than
US$12 billion each year, hampering Africa’s economic development by 1.3% per year
[18,124,135,140].



Rising to the Challenge of Malaria Eradication

Significant successes have been achieved in the fight against malaria since the
beginning of the millennium. Such progress derives mainly from the policies and
by the WHO [20,128]. The

dichlorodiphenyltrichloroethane (DDT), the first residual insecticide, in the early 1940s

strategies implemented development  of
radically changed malaria control strategies [74]. In 1955, WHO launched the Global
Malaria Eradication Programme (GMEP), which advocated the use of CQ to prevent
and/or treat malaria and DDT to control mosquitoes. This has greatly reduced the malaria
burden worldwide, but no major success was observed in sub-Saharan Africa. In 1969,
the GEMP was discontinued which ultimately led to the resurgence of malaria in many
countries [141,142]. The goal of malaria eradication was abandoned in favor of malaria
control. The next two decades were marked by a global increase in malaria incidence
due to reduced investment. A Ministerial Conference in Amsterdam convened by WHO
in 1992 marked a watershed moment in global efforts to combat malaria [143,144]. In
the years that followed, the WHO Global Malaria Control Strategy was endorsed by the
World Health Assembly (WHA) and the Roll Back Malaria Initiative was launched in 1998

with the aim of halving the global malaria burden by 2010 [145-147].
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Figure 1.7 - Malaria-free countries since 2000. Countries are listed by the year in which they
achieved three straight years of zero indigenous cases. Malaria-free countries are represented in navy
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From 2000 to 2015, increasing coverage of key malaria control measures, mainly in Sub-
Saharan Africa, led to a 41% reduction in global case incidence and a 62% decrease in
mortality rates [149,150]. Moreover, while only 13 countries reported fewer than 1000
malaria cases in 2000, a total of 33 countries had reached this milestone by 2015,
indicating that eradication was on the horizon [149-151]. Importantly, over the last 20
years, 10 countries have received WHO certification as malaria-free, and 21 have no
reported cases of the disease (Figure 1.7) [148]. However, this progress has been
uneven and sparse, with a plateau first seen in 2006 and continuing to this day. In this
context, the Global Technical Strategy (GTS) jointly established by the WHO Gilobal
Malaria Programme (GMP) was launched in 2015 [152]. This strategy provides a
comprehensive framework for the next 15 years and calls for a reduction in malaria
incidence and mortality rates of at least 40% in 2020 and 90% in 2030 [129,152].

Malaria prevention

Core malaria prevention measures include: i) vector control strategies which aim at
reducing transmission to and from humans; ii) chemoprevention, which prevents blood
stage infection, and iii) case management strategies, which include early diagnosis and
treatment of existing infections [16,153]. Insecticide-treated bed nets (ITNs) and indoor
residual spraying (IRS) are currently the most effective and preferred methods for
malaria vector control. ITNs confer a high level of personal protection but rely on
pyrethroids, to which malaria vectors have developed resistance in most countries
[16,154—157]. Notably, the non-insecticidal chemical piperonyl butoxide (PBO) can also
be employed for ITNs, rendering this method highly valuable in areas where mosquito
populations are heavily resistant to pyrethroids [158,159]. Conversely, the insecticides
used for IRS are less restricted, with 16 WHO-approved insecticide formulations from
five different classes: organochlorines (such as DDT), organophosphates, carbamates,
and pyrethroids, as well as the recently added neonicotinoids [160,161]. By employing
this approach, insecticide resistance can be successfully managed, thereby ensuring the

long-term sustainability of vector control measures.

In endemic countries, the use of both methods alone or in combination has led to a
significant reduction in malaria-associated morbidity and mortality [159,161]. The first
malaria prevention strategies were implemented in Africa in the 1950s.
Chemoprevention consisted of CQ or sulphadoxine-pyrimethamine (SP) treatment, but

in 2004 chemoprevention was no longer recommended owing to the emergence of



parasite resistance. Malaria prevention strategies currently recommended by WHO
include: intermittent preventive treatment in infants (IPTi), or in pregnancy (IPTp) and
seasonal malaria chemoprevention (SMC) [153,162,163]. SMC targets children living in
areas of high seasonal malaria transmission and treatment consists of monthly SP and
amodiaquine (AQ) cycles during the rainy season, regardless of their infection status
[86,162,163]. For infants less than 12 months of age living in African regions with
moderate-to-high transmission, WHO recommends IPTi with SP as a routine infant
immunization strategy [153]. For pregnant women living in malaria-endemic areas of
Africa, IPTp with SP is recommended as part of prenatal care, which has been shown to
markedly reduce severe maternal anemia, low birth weight and perinatal mortality
[86,152,164]. For travelers from non-endemic to endemic countries with ongoing malaria
transmission, chemoprophylaxis is recommended and includes atovaquone-proguanil,
known as Malarone, doxycycline or MQ [165-167]. Presumptive anti-relapse therapy
(PART) with PQ is also recommended for travelers with intense or prolonged exposure
to recurrent malaria species, including P. vivax and P. ovale [168]. In 2018, tafenoquine,
a new compound based on the same 8-aminoquinoline scaffold originally discovered by
the Walter Reed Army Institute of Research (WRAIR), was approved for malaria
chemoprophylaxis [169,170]. As a derivative of PQ, tafenoquine also presents toxicity

when administered to G6PD patients.

Malaria vaccine

Vaccines are the most cost-effective public health tools and have been instrumental in
eradicating a variety of diseases worldwide. Malaria vaccines have been under
development since the 1960s, but significant advances have only become apparent in
the last decade. Albeit the challenges, attempts are currently underway to achieve long-
term immunity and durable protection against the disease. October 6, 2021 marks a
historic day in the development of malaria vaccines with RTS,S/AS01 (RTS,S)
completing Phase Il clinical trial and being approved by the WHO for widespread use in
children in Sub-Saharan Africa and other areas with moderate to high transmission of P.
falciparum [171-173]. The RTS,S subunit vaccine, known as MosquirixTM, is a virus-like
recombinant particle that targets the circumsporozoite surface protein (CSP) of P.
falciparum, which is expressed by pre-erythrocytic stage parasites. The CSP sequence
is co-expressed with fused and free hepatitis B antigens [172,174] and AS01 is used as

an adjuvant. Development of this vaccine began in 1987 at GlaxoSmithKline (GSK), as

28



part of an ongoing collaboration with the WRAIR [175-177]. Coordinated by the Malaria
Vaccine Implementation Programme (MVIP), a large-scale post-licensing pilot
implementation program is currently underway in Ghana, Kenya and Malawai and has
reached 1.5 million children with at least one vaccine dose since 2019. The MVIP aims
to comprehensively evaluate the feasibility of administering the four doses of the RTS,S
vaccine. Other factors under evaluation include the impact on malaria morbidity and
mortality, and the safety of the vaccine for routine use. These pilot trials will continue
through 2023 to assess mortality prevention and the added value of the fourth vaccine
dose [178,179]. It is worth noting that the Phase Il trial evaluating the effectiveness of
the vaccine in African children aged 5 to 17 months revealed 55.8% efficacy with a 39%
reduction in malaria infection rates and a 31% reduction in severe malaria over 2 years
[174]. Vaccine’s efficacy, however, appeared to wane over time, particularly in high
endemic areas [172,174,175,180]. The protective efficacy of this vaccine is impacted by
a variety of factors, including dosing regimen/boosting dose, age of children, parasite
species and intensity of transmission in the population. To tackle such drawbacks, a
next-generation RTS,S vaccine comprising additional CS antigens and known as R21
vaccine is under development [181]. Other prospects envisioning increased vaccine
efficacy include alternate dosing schedules, booster doses, enhanced immunogenicity
through the use of distinct adjuvants, and also the use of other vaccine candidates

targeting other stages of the parasite life cycle [181,182].

Malaria case management: from diagnosis to treatment

Malaria case management consisting of early diagnosis and effective treatment is
essential for the control and elimination of malaria [104,183]. Currently, the WHO
recommends that all suspected cases of malaria, including patients with a history of
persistent fever in a malaria transmission area, should be promptly examined for
Plasmodium infection - either by light microscopy or rapid diagnostic test (RDT)
[152,153,184]. While light microscopy entails high training and equipment costs [185—
187], RDTs are immune-chromatographic tests that do not require electricity nor special
equipment as they rely on the detection of two major parasite-specific antigens: the P.
falciparum histidine-rich protein 2 (PMRP-2) and the Plasmodium lactate
dehydrogenase (pLDH) system [49,187]. Although all cases of symptomatic malaria can
be diagnosed by microscopic examination of thick and thin blood smears, RDTs should
be preferred when quality-assured microscopy is not readily available or in patients who

have recently received antimalarial treatment (artemisinin).



Even though RDTs have limited sensitivity to Plasmodium species other than P.
falciparum and P. vivax, they are quick and easy to perform [187—189]. RDTs targeting
HRP2 are now a mainstay of malaria diagnosis since they are less expensive, more
stable over a wider temperature range, and have lower detection thresholds than pLDH-
based tests [150]. Remarkably, 3.5 billion RDTs for malaria testing were sold between
2010 and 2021, with over 82% of all sales occurring in sub-Saharan Africa [117].Other
methods for diagnosing malaria include DNA/RNA-based detection techniques,
particularly the polymerase chain reaction (PCR). This offers the highest sensitivity but
requires trained personnel and specialized equipment [189,190]. PCR is the
recommended approach for the detection of mixed infections, particularly low parasite
densities (undetectable by RDT or microscopy), and also for differentiating new
infections from relapses, as it enables the distinction of morphologically similar
Plasmodium species [11,189]. It is important to note that surveillance of submicroscopic
infections, including the asymptomatic population, is critical to preventing malaria
transmission. However, PCR is time- and resource-consuming and therefore not suitable
for routine detection in the field. Therefore, alternative screening tools have emerged,
including loop-mediated isothermal amplification (LAMP) [184,191,192]. LAMP is a
molecular technique for nucleic acid amplification where target gene detection can be
accomplished in one isothermal step [193]. This renders LAMP technique much simpler,

faster and cheaper than PCR while still offering a high level of accuracy [194,195].

Prompt medical care is crucial for all infected individuals after diagnosis. Since the
release of WHO malaria treatment guidelines in 2006 and 2010, all P. falciparum-
endemic countries have switched from monotherapy to the currently recommended
ACTs. This resulted in a global reduction in malaria-derived morbidity and mortality, yet
resistance to artemisinin in P. falciparum has been recently reported in South-East Asia
[196]. ACTs were implemented in 2013 as national policy for first-line treatment for
uncomplicated P. falciparum malaria. The treatment guidelines include five ACTs:
artemether plus lumefantrine, artesunate plus AQ, artesunate plus MQ, artesunate plus
SP, and dihydroartemisinin plus PQ [66,86,104]. The choice of the ACT employed
depends on the therapeutic efficacy of each combination in the country of intended use,
the antimalarial drug resistance pattern, the relative efficacy and safety of the
combinations, their cost and availability [16,104,167]. Untreated severe P. falciparum
malaria, particularly cerebral malaria, has an alarming mortality rate nearing 100%.
However, with prompt and effective malaria treatment along with supportive care, the
mortality drops to 10-20%. Currently, WHO-recommendations for severe malaria
30



treatment consist of a full quinine regimen followed by a full dose of effective oral ACT
[104]. P. vivax malaria accounts for approximately half of all malaria cases outside Africa,
and is generally considered a benign malaria form [197]. Nonetheless, infection often
leads to severe anemia in young children due to the parasite's preference for
reticulocytes [198]. Moreover, of the six Plasmodium spp. affecting humans, only P. vivax
and the two species of P. ovale [198] develop hypnozoites, dormant parasite forms in
the liver that cause recurrence weeks to years after the primary infection. With the
exception for artesunate + SP, ACTs are at the forefront of treatment for vivax malaria,
including CQ-resistant P. vivax, allowing for unification of malaria treatment. Regardless
of the impact of ACTs on sexual blood stages, patients carrying gametocytes in the
peripheral blood are still infectious for days or weeks after ACT use, so a single dose of

PQ is routinely used to reduce infectivity and transmission [81,83,167,199].

Malaria Drug Accelerator

Malaria has been a threat to global health for centuries, so historically P. falciparum was
probably the pathogen exerting greater pressure on human evolution [200]. Despite the
effect of ITNs and ACTs in reducing the global malaria burden, the spread of resistance
to first-line antimalarial drugs, together with the loss of efficacy of insecticides has
resulted in a rising number of malaria cases. This underscores the need to develop new
treatment options as well as efficient control measures. Notably, increasingly interest in
antimalarial drug development has been observed over the past decade [4]. In 2012, the
Malaria Drug Accelerator (MalDA) was formed to overcome limited private investment in
malaria research. Currently, MalDA comprises a consortium of 18 laboratories, funded
by the Bill and Melinda Gates Foundation, whose major goal is to accelerate the
development of new antimalarial therapies by investing in new target identification,

screening, and hit-to-lead development (Figure 1.8) [201].

In response to resistance to ACTSs, fully synthetic antimalarials such as 0OZ277 and
0Z439 with improved pharmacokinetics have been developed. For instance, OZ439,
also known as artefenomel, is a synthetic peroxide drug candidate being developed as
a partner drug for ACT. Unlike artemisinin, OZ439 is highly efficient in a single dose
regimen, which is attributed to its longer half-life in circulation [202]. Besides activity
against ART-resistant parasites, OZ439 has also shown prophylactic potential and
transmission-blocking activity [203]. While OZ277 is now marketed as Synriam (in
combination with PQ) [204], OZ439 is in clinical trials [205]. Over the past 15 years, most



antimalarial drug candidates have been revealed using phenotypic screening
approaches, with over seven million compounds tested against asexual blood stage
parasites [206]. Among these compounds, WM382, a dual inhibitor of P. falciparum
plasmepsin IX and X, has emerged as the most promising candidate to date [201,207].
It exhibits multi-stage activity against all developmental stages of Plasmodium, both in
the mammalian host and the mosquito vector [207]. Even though P. berghei liver-stage
forms are not fully eliminated, a single dose of WM382 prevented the liver-to-blood stage
transition and disease’s onset. In addition, WM382 inhibited asexual and sexual blood
stage development of P. falciparum as well as oocyst development in the mosquito
vector, thereby impacting both disease onset and transmission [207]. This new
compound has therefore the potential to fill a critical and widening gap in efforts to control

and eliminate malaria.

1 ° - ~ ~
- - 2 N /K 4
\'_' 3 0 . o Tax G . 7 & l‘-!: MPQIN
= ) ~ W
SDDC (Walpole) Penn State (Llinds )  MIT (Niles) DDU { Gilbert, Wyllie) o .
BMGF Wellcome Sanger Institute (Lee) —
- . .
pel iy ) TroplQ 4 'Y Y __ GHDDI
= \ s (%
GSK ; 1 . & —  Jaaed
\, Harvard Chan (Wirth)
Calibr \ 0 . 73
(X X/ X Q
uCcsD (Winzeler) CUIMC (Fidock)
:l (X X ) 32 @@ W
MK o A2 YOOI
a WUSTL (Goldberg) UCT (Chibale)
'Y Y
HTS .. CRISPR/Cas9 » Metabolomics %y Tet-R knockdown
= 3 Yy : rh i DIV
Informatics P Parasite assays +y Proteomics N WGS
Chemistry IVIEWGA \:‘__ Structural biology Biochemical assays

; a Project management
Figure 1.8 — Overview of the Malaria Drug Accelerator (MalDA). MalDA's goal is to improve and

expedite the development of antimalarial drugs by discovering new, essential drug targets.
Represented are 15 of the 18 laboratories of the MalDa consortium. From [208].
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The Complex Life Cycle of Plasmodium Parasites

Plasmodium parasites pursue a complex life style, cycling between a mosquito vector
and a vertebrate host (Figure 1.9). Such an intricate life cycle relies on the parasite’s
capacity to differentiate into morphologically distinct forms, that alternate between
invasive stages (sporozoite, merozoite and ookinete) and replicative stages. The
parasite’s capacity to overcome population bottlenecks at each stage transition and
increase population numbers upon transmission is also of notable importance in
maintaining such an intricate life cycle [209—211]. Malaria is transmitted by the bite of an
infected female Anopheles mosquito, which harbors the parasite in its sporozoite form in
the salivary glands. Sporozoites persist in a quiescent state [212], followed by rapid
reactivation of the transcriptional machinery once the anopheline vector finds a suitable
capillary to feast on, thereby injecting 15-120 motile sporozoites under the human dermis
during a blood meal [213]. Real-time imaging of P. berghei parasites revealed that
sporozoites rely on gliding motility, a substrate-dependent form of locomotion, to traverse
skin cells, enter nearby blood vessels, and reach the liver [214,215]. In order to establish
in the mammalian liver, the invasive sporozoites must first cross endothelial cells, Kupffer
cells, or the liver-resident macrophages, and also some hepatocytes before undergoing

a functional switch that allows them to settle into a suitable hepatocyte [13,216—-218].

Figure 1.9 - The complex two-host life cycle of Plasmodium parasites. From [4].



The invasion of a final hepatic cell culminates in the formation of a parasitophorous
vacuole (PV) and the concomitant establishment of the parasite within a PV membrane
(PVM) [219]. The PVM is extensively modified by the developing liver stage parasite and
serves as the main barrier to the host cell cytoplasm, but also as a channel for
communication and nutrient uptake [220]. The liver stage represents the first obligatory
site of infection, but is clinically silent, i.e., asymptomatic, and lasts 5 to 17 days in
humans, depending on the infective Plasmodium species [221-223]. At this stage,
parasites enter an intense phase of asexual replication known as exoerythrocytic
schizogony, in which multiple rounds of DNA replication and nuclear division occur

without cell division, prior to a final step of cellularization (Figure 1.10).

Rodent malaria sporozoites evolve into mature liver stage forms containing up to 29,000
exoerythrocytic merozoites in as few as two days, making it one of the most fast and
exceptional eukaryotic replication events [224]. P. falciparum liver-stage schizogony, on
the other hand, lasts longer, with 90,000 exoerythrocytic merozoites generated and
packaged into fully individualized parasites within 7 days of infection [225]. This
represents the first population bottleneck parasites overcome, as they multiply their
population size ten thousand-fold during liver stage development. However, not all
Plasmodium species have evolved the capacity to achieve such astonishing replication
rates. An example are the malaria parasites of birds and reptiles, which infect
macrophages rather than hepatocytes and only develop into a dozen of new parasites,
which then migrate and invade red blood cells (RBCs) [226]. The remarkable ability to
achieve such massive growth and the specific liver tropism of mammalian invading
malaria species may be closely related; a hypothesis that has not yet been fully
elucidated. Among the five Plasmodium species that naturally infect humans, P. vivax
and P. ovale have the unique peculiarity of evolving dormant pre-erythrocytic forms
known as hypnozoites, which strikingly magnifies their clinical and epidemiological
complexity. These dormant forms can reactivate the parasite’s life cycle and lead to
disease relapses months or years after primary infection, allowing the parasite to survive
periods of irregular transmission by the mosquito vector [227]. The mechanisms
underlying hypnozoite activation are still unclear; the risk, timing and frequency rate of
relapses is likely to be influenced by the presence of different strains of the parasite in

the blood as well as the presence and feeding of uninfected mosquito vectors [8,228].
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Completion of hepatic schizogony leads to disruption of the PVM and concomitant death
of the infected host hepatocyte. Packaging of liver stage merozoites into vesicles
(merosomes) is key to ensuring transport to the microvasculature of the lungs and
subsequently to the circulating erythrocytes (Figure 1.10). While sporozoites rely on their
motile and membrane-wounding capacity to evade host immune cells, immotile
merozoites have evolved this membrane-wrapping strategy and migrate through the
bloodstream in vesicles surrounded by the hepatocyte membrane [229]. Merosomes are
thereby immunologically silent carriers that offer protection against phagocytosis by
Kupffer cells [224,230,231].

Bloodstream

Hepatocytes

Figure 1.10 - The pre-erythrocytic stage of Plasmodium parasites. Parasites shown in red,
hepatocytes in green, and Kupffer cells in purple. The lower panels show GFP-expressing HepG2 cells
(green) infected with mCherry- or RedStar-expressing P. berghei parasites at different developmental
stages. Scale bars= 10 ym. From [232].

Merozoites have a short lifespan and must infect erythrocytes immediately after their
release into the bloodstream. Merozoite invasion of erythrocytes is a highly complex,
multistep process that requires the coordinated interaction between parasite proteins,
including merozoite surface proteins (msp), and receptors on the erythrocyte surface
[233,234]. During the symptomatic erythrocytic stage of infection, parasites follow
replication cycles of 24-, 48-, or 72 hours, depending on the Plasmodium spp. [47,222].
Intra-erythrocytic schizogony is characterized by parasite development through three
distinct morphological stages: ring stage, the earliest parasite form that establishes soon
after merozoite invasion of the host erythrocyte; the metabolically active trophozoite
stage and finally the schizont stage where consecutive rounds of DNA replication and

nuclear division occur prior to cellularization [47,235]. By the end of schizogony, each



invading merozoite produces a mature schizont with 16-32 nuclei (next-generation
merozoites), depending on the parasite spp. [236-238]. These are released into the
circulation upon rupture of host’s erythrocytes. Free merozoites rapidly re-invade
erythrocytes, leading to the classic symptoms of the disease [13,47,222,239]. The intra-
erythrocytic stage of Plasmodium infection is described in more detail in a section below,

as it is the focus of this dissertation.

Throughout the blood stage of infection, 5 to 10% of parasites develop into sexual-stage
forms called gametocytes, which are key for transmission to the mosquito vector
[33,240,241]. Micro- and macrogametocytes, i.e., male and female sexual parasite
forms, are eventually ingested by a female Anopheles mosquito during a subsequent
blood meal [33]. Within the mosquito vector, ingested gametocytes rapidly mature into
gametes, triggered by pH changes and exposure to xanthurenic acid [235,242]. Gametes
fuse to form a diploid zygote, which grows into a motile ookinete that invades the
epithelium of the midgut and destroys the host cells. The midgut wall of the mosquito is
repaired by expelling the damaged cells [229] and the growing extracellular parasite now
resides underneath the basal lamina. Upon invading the midgut wall of the mosquito, the
ookinete develops into an oocyst that undergoes multiple rounds of endomitotic
replication, culminating in the production of thousands of sporozoites, a process known
as sporogony. Sporulating oocysts eventually rupture one to two weeks after maturation,
releasing sporozoites into the hemolymph, which migrate to the mosquito’s salivary

glands [47,235,243], where they reside until transmission to the next suitable host.

During transmission of gametocytes from the blood of the mammalian host to the
mosquito midgut, malaria parasites undergo significant reductions in population,
experiencing dramatic losses at each developmental stage. This results in very low
parasite numbers and represents the second population bottleneck. This reduction is
triggered by the transition from an intracellular (erythrocytes) to an extracellular
gametocyte form in the midgut of the mosquito, exposing parasites to noxious
constituents of the host [210]. Of the thousands of gametocytes that an Anopheles
mosquito ingests during a blood meal, only 50-100 develop into ookinetes, of which only
five survive and develop into oocysts [244,245]. Such a population reduction is offset by
a substantial rate of replication during sporozoite development, with each oocyst

producing thousands of invasive sporozoites.
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Plasmodium Schizogony: An Unusual Mode of Replication

P. falciparum parasites grow within erythrocytes in 48-hour cycles of asexual replication
and nuclear division, going through three unique intra-erythrocytic developmental
stages: ring-, trophozoite- and schizont-stage (Figure 1.11). Apicomplexans like
Plasmodium parasites deviate from the canonical mode of cell division: instead of binary
fission, parasites undergo an asynchronous but syncytial mode of replication known as
schizogony. Upon invasion, merozoites invaginate the erythrocyte membrane and
acquire a ring-shaped appearance that can be observed under Giemsa stains. Ring-
stage parasite forms consist of thick rims of cytoplasm containing important organelles
such as the nucleus, mitochondrion, ribosomes and the endoplasmic reticulum [237]. At
this stage, which lasts up to 26 hours, parasites have a single haploid nucleus in the

interphase (G0)/G1 cell cycle phase and metabolic activity is minimal [236].

Notably, the parasite induces changes on the erythrocyte surface very early after
invasion, extensively remodeling the host cell from within. This occurs mostly at the
membrane and cytoskeleton levels and facilitates nutrient uptake and parasite
sequestration in the deep vascular tissue, while conferring protection against host
immune defenses [246]. The adhesive phenotype of malaria parasites causes changes
in the host cell, with erythrocytes being distorted and showing knobby protrusions [247].
While developing in erythrocytes, malaria parasites grow and multiply inside a PV [246],
through which they ingest small portions of host cell hemoglobin [237]. As parasite
growth progresses, the PVM enlarges and ring stage parasites develop into rounded-
shaped forms known as trophozoites. This stage transition is accompanied by marked
changes in parasite and host cell properties and a shift to a highly metabolically activate
state lasting 12 to 14 hours (36 to 38h of development time) [246—248]. As the cell cycle
advances, multiple rounds of mitosis yield a multinucleated syncytium prior to
synchronized budding and cytokinesis [249]. The schizont stage, lasting about 8 to 10
hours (38-48 hours of development time), is achieved through alternating asynchronous
rounds of S- and M- phases. Notably, nuclei often divide in an asynchronous manner
despite sharing the same cytoplasm, resulting in non-geometric growth and an odd
number of daughter merozoites in each replication cycle [238]. The last round of mitosis,
however, is synchronous, with multiple copies of parasite DNA being evenly split and
packaged into up to 32 daughter individual merozoites - the progenitors of the ring-stage
form [250,251]. The fully developed schizont now fills the entire erythrocyte compartment

and becomes spherical, with a dense, rounded mass of hemozoin crystals visible in the



center [237]. Notably, 80% of the host cell’s hemoglobin is endocytosed into the PV,
which is later detoxified into hemozoin. Next-generation merozoites rupture the host
erythrocyte and, once in the bloodstream, rapidly invade new erythrocytes, repeating
multiple rounds of asexual development and increasing the parasite population

exponentially [252].

Rough R Golgi complex (7)

Figure 1.11 - Plasmodium falciparum intra-erythrocytic development cycle (IDC). The 48h IDC in
P. falciparum can be divided in three distinct developmental stages including the ring-, the trophozoite-
and the schizont-stage, which occur approximately at 26, 38 and 48h after merozoite invasion. Upon
schizont rupture, the invasive merozoite form is released into the bloodstream, invading erythrocytes
anew. Adapted from [253].
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Il. Fork In the Road: Host-Parasite Competition for
Resources

Living organisms are inextricably linked, with biotrophic parasitism being a ubiquitous
aspect of life as parasites are found in organisms of all species [254]. Parasitism
represents a form of symbiosis in which the parasite resides within a second species (the
host), utilizing resources while providing protection, illustrating an evolutionary success
story. Notably, a parasitic lifestyle has profound effects on the host, thereby influencing
the genetic composition of the host population. However, parasites are completely
dependent on the host for nutrient supply, leading to mutual co-evolution of host and
parasite, so that the parasite’s genetic landscape is also heavily influenced by this

lifestyle.

A Co-Evolutionary Signature: The Phenomenon of Genome
Reduction

Obligate intracellular pathogens, including Plasmodium, often reveal genome reduction
through gene loss over time due to their obligatory relationship with the host [255,256].
The transition from a free-living to an intracellular life-state is therefore associated with
the loss of large segments of DNA, with gene degradation targeting overlapping subsets
of potentially dispensable genes [257,258]. However, such gene deletions often
comprise DNA segments encoding proteins or even entire metabolic pathways that
provide nutrients which can be acquired from the host [259]. An in-depth analysis of both
the genome [260] and metabolome [261] of P. falciparum revealed a remarkable
metabolic simplification over evolution towards a parasitic lifestyle, such that the
enzymatic machinery necessary for the synthesis of several biologically relevant
molecules, including glucose [262], purine nucleotides [263], vitamins [264] and a wide
range of amino acids [265] is lacking from the parasite’s genome. This renders the
parasite dependent on its host for the nutrients it requires for its own development. The
transition from a free-living to an obligate intracellular state was accompanied by

irreversible genome loss - an evolutionary path to niche specialization with no return.



Plasmodium Nutrition: A Minimalist Lifestyle

The uptake and metabolism of nutrients is central to all living organisms as they provide
the energy and biomass needed to survive. Mammalian cells have evolved multiple
mechanisms to ensure the necessary nutrients that fuel their metabolic needs. While
growing in metabolite-rich conditions, mammalian cells rely on transmembrane
transporters as well as endolysosomal pathways to import such nutrients [266]. In
addition, by using distinct nutrient sources, mammalian cells acquired metabolic
plasticity, which is key for survival during periods of starvation [267]. Many protozoan
parasites invade mammalian cells and live intracellularly, and Plasmodium is no
exception. The intracellular environment offers obvious advantages as parasites can
successfully evade the host’s humoral immune response [268]. However, a parasitic
mode of life entails several barriers to nutrient uptake as the malaria parasite must
compete with its insect vector and the vertebrate host for the acquisition of many
essential metabolites. Moreover, by cycling between two distinct hosts, Plasmodium
must establish and reside in different cellular environments. To subvert the host cell and
support its own metabolism, Plasmodium must coordinate multiple transport activities
across the host cell membrane to maintain the intracellular niche. Efficient uptake and
transport mechanisms that ensure nutrient import, waste outflow, effector protein export,
and host cell cytosol uptake are of critical importance for parasite survival and virulence
[269].

Mammals, birds, and reptiles are just a few of the many vertebrate hosts that
Plasmodium parasites infect. The Plasmodium parasite, however, is quite specific about
the host cell it actively invades and multiplies in. With the exception of the initial liver
stage of infection, which comprises invasion of nutrient-rich hepatocytes, the malaria
parasite exclusively invades erythrocytes or, in some species, reticulocytes [267]. Such
a selectivity for a niche to reside in poses significant challenges for the parasite, since
erythrocytes are metabolically inactive and lack the necessary resources to support
active growth and division of the parasite. Furthermore, after entering the host cell,
Plasmodium settles and grows in a vacuole contained by the PVM. This, together with
the parasite's plasma membrane (PPM) and the host's plasma membrane, creates a
three-layer barrier between the parasite's metabolic and biosynthetic machinery and the
nutrient-rich host's blood plasma [269,270]. While the PVM shelters the parasite, it also
precludes the parasite from utilizing the host’s cell digestive enzymes for production or

direct access to essential solutes [254]. Fusion with the host endosomal network and the
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direct and free flow of proteins from the host cytosol into the vacuolar space are also
prevented [254]. Therefore, blood stage parasites export a vast assortment of effector
proteins via the PVM, which extensively remodels the host cell, ensuring protein

trafficking, nutrient harvesting and elimination of metabolic waste [271-273].

Glucose transport

The blood is a steady and rich source of glucose (~5mM) for Plasmodium parasites that
reside and multiply inside erythrocytes. Not surprisingly, intra-erythrocytic stages rely on
glucose as the main energy source [274]. The dependence of Plasmodium on glucose
is evidenced by a 75-fold increase in glucose consumption by iRBCs, relative to
uninfected cells [275]. Despite recent evidence indicating that intra-erythrocytic parasites
encounter a variety of nutritional states during natural infection, it is generally accepted
that glycolysis serves as the chief pathway for the parasite’s energy supply [276]. Despite
possessing a mitochondrion, the Plasmodium mitochondrial genome is the smallest
sequenced genome to date, with no clear evidence for the existence of a functional
tricarboxylic acid (TCA) cycle during intra-erythrocytic development [277]. Such a rapidly
multiplying lifestyle results in a significant consumption of glucose, especially for P.
falciparum which lacks a spare energy storage [278]. Consequently, glucose must be
supplied continuously, yet it must first cross the plasma membrane of the erythrocyte so
that it can be used by the parasite as a source of metabolic energy. Due to the high copy
number of GLUT1 - a high-capacity equilibrative hexose transporter - in the human
erythrocyte membrane [269,279,280], glucose crosses the human erythrocyte

membrane extremely swiftly (Figure 1.12) [281].

Facilitative transporters like GLUT1 function as passive carriers, moving solutes along
concentration gradients [282]. Once inside the erythrocytes, the parasite is surrounded
by the PVM, which is highly permeable to soluble macromolecules such as
monosaccharides, including glucose, and amino acids (AA) up to 1,400 Da in size [283].
These molecules readily flow via highly capacitive but weakly selective channels
between the erythrocyte cytoplasm and the vacuolar space [283-285]. Finally, glucose
uptake into the parasite via the PPM is mediated by a facilitative, i.e., non-concentrative,
hexose transporter encoded by the Plasmodium falciparum hexose transporter gene
(PMT), which is a homologue of GLUT1 and is the major hexose transporter expressed

in the plasma membrane of the parasite [286].
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Figure 1.12 - Glucose uptake by Plasmodium falciparum intra-erythrocytic stages. P. falciparum
infected erythrocyte illustrating the localization of PMHT1 transporter at the PPM and the GLUT-
dependent uptake of sugars, including glucose. From [73].

Purine metabolism

Plasmodium also requires purines to synthesize important biomolecules including DNA
and RNA. All parasitic protozoa studied to date are unable to synthesize purines de novo
and must scavenge these essential nutrients from the host. Erythrocytes contain
millimolar concentrations of adenosine triphosphate (ATP) in equilibrium with adenosine
diphosphate (ADP) and adenosine monophosphate (AMP). Therefore, no pressure has
been exerted to retain de novo purine synthetic pathways throughout the evolution of
these parasites [287]. Genome sequencing of P. falciparum has failed to reveal genes
encoding enzymes involved in the biosynthesis of purine nucleosides or nucleobases
[288]. Malaria parasites, on the other hand, have evolved to resort to a purine-salvage
route, withdrawing purines from the host RBC for cofactors and the synthesis of nucleic
acids [289-291]. Purines first cross the plasma membrane of the host iRBC via host
purine transporters, such as the hENT1 [292], and the human facilitative nucleobase
transporter hFNT1 [293]. While the parasite-encoded NPPs, located at the host cell
membrane, do not appear to play a significant role in purine uptake, the innate parasite-
specific uptake system serves as the primary route by which purines pass the PPM.
Hypoxanthine, the primary source of purines for the parasite, is produced from host-
derived adenosine via the Plasmodium purine-salvage enzymes and further transported
by the PMNT1 transporter [292,294]. On the other hand, the parasite can produce its own
pyrimidines from bicarbonate and glutamine [295].
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Polyamines metabolism

The naturally occurring polyamines, spermidine (SpD), spermine (SpM), and their
precursor putrescine (Putr) are key regulators of several biological processes including
cell growth, development, protein synthesis and cell cycle progression. These low
molecular weight polycationic organic amines are synthesized from amino acid
precursors [296,297] and are particularly abundant in rapidly proliferating cells, including
cancer cells and protozoan parasites. Consequently, inhibiting their synthesis has been
exploited for antiproliferative strategies [298-302]. In eukaryotes, polyamines are
produced from the amino acids arginine, ornithine, and methionine. The diamine
putrescine is initially synthesized from arginine, which is then converted into ornithine
through the activity of the enzyme arginase. Putrescine is produced through the
decarboxylation of ornithine by the action of ornithine decarboxylase (ODC) [296,303—
305]. Parallel to putrescine production, methionine is converted into S-
adenosylmethionine (SAM), which is subsequently decarboxylated into decarboxylated
SAM (dcSAM) by the enzyme SAM decarboxylase (SDC) [296,306]. Spermidine
synthesis comprises the addition of an aminopropyl group, supplied by dcSAM, to
putrescine - a reaction catalyzed by spermidine synthase (SpdS) [300,307,308]. Lastly,
spermine synthase (SpmS) adds a second aminopropyl group to spermidine, resulting
in the production of tetraamine spermine [296,300,307]. Polyamine metabolism in
Plasmodium falciparum is remarkable in that the two rate-limiting enzymes of the
pathway, ODC and SDC, are encoded by a single gene, resulting in a unique bifunctional
protein with a N-terminal ODC and a C-terminal SDC (Figure 1.13) [309-312].

The regulatory features underpinning ODC and SDC function are also unique among
Plasmodium spp. as the mechanisms underlying their activity in other species, such as
antizyme and prozyme, are lacking in the parasite [304,305]. Although the active sites of
each decarboxylase operate independently, their regulation appears to be intertwined:
ODC activity is stimulated by the presence of the C-terminal SDC domain, whereas SDC
is inhibited by the presence of the N-terminal ODC. This enables for the equimolar
synthesis of Putr and SAM [309-311]. It is interesting to note that Putr exhibits regulatory
effects through feedback inhibition of P. falciparum ODC activity, and its potency in this
regard is 10-fold greater than that observed for mammalian ODC. However, in contrast
to what has been found for mammalian SDC, Putr does not enhance P. falciparum SDC
activity [310,313].



Red blood cells are devoid of polyamine biosynthetic machinery and contain only trace
amounts of polyamines (5-50 uM) [261,314]. Serum polyamine concentrations are as low
as 0.1 uM. However, during P. falciparum infection, polyamine levels increase, as does
the expression of key enzymes involved in polyamine metabolism (including ODC and
SDC) [315,316]. Polyamines are key metabolites in Plasmodium, accounting for
approximately 14% of the total metabolome of isolated parasites, with parasite survival
and rapid proliferation critically depending on the availability of polyamines
[802,317,318]. The polyamine pool in the parasite is primarily composed of spermidine
(SpD), which is synthesized at all stages of parasite development and has a maximum
abundance of 6 mM, followed by its precursor Putr at 3 mM [300,316]. However, since

the malaria parasite lacks a SpmS, it contains only trace amounts of SpM (0.5 mM) [316].

Unlike its mammalian counterparts [319], which have strong specificity for Putr, the
parasite SpdS demonstrates promiscuous activity by accepting also SpD as a substrate,
albeit at a much lower extent. Therefore, Plasmodium SpdS has not only the capacity of
synthesizing SpD but also SpM [300,308]. Contrarily to most organisms, no evidence of
polyamine conversion has been found in Plasmodium. Thus, polyamine levels in the
parasite are regulated by the coordinated expression of the bifunctional SDC/ODC
enzyme. Therefore, the metabolic flux relies solely on de novo SpdS, which not only
regulates SpD [302,320] but also SpM levels [308]. The impact of polyamine depletion
in Plasmodium development has been extensively studied through inhibition of the
bifunctional SDC/ODC enzyme with ODC inhibitors. The most widely used ODC inhibitor
is a-difluoromethylornithine (DFMO), which induces a cytostatic effect (rather than
cytotoxic) in P. falciparum. DFMO treatment significantly reduces Putr levels inside
iRBCs, followed by an 80% decrease in SpD levels, while SpM levels remain relatively
steady [300,316,321]. Remarkably, addition of exogenous polyamines (Putr or SpD, but
not SpM) can reverse this inhibitory effect even in the presence of DFMO; However, such
an inhibitory effect is not curative for in vivo infections with P. berghei[322]. On the other
hand, inhibition of SDC activity with MDL 73811 resulted in a significant drop in both SpD
and SpM levels, while Putr levels increased three- to four-fold. A similar effect on the
growth of P. falciparum was observed in parasites treated with the SDC inhibitor, which
halted parasite growth at the trophozoite stage [300,323]. However, MDL 73811 had no
impact on the progression of parasitemia in P. berghei-infected mice [323]. Interestingly,
the simultaneous inhibition of both decarboxylases by DFMO and MDL 73811 had an

additive rather than a synergistic impact on parasite growth [321,323].
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Another approach to disrupt polyamine production and function is to use naturally
occurring polyamines [324] or polyamine analogues to block decarboxylase activity
[325,326]. These polyamine analogues have shown an inhibitory role on both the in vitro
development of P. falciparum and the in vivo growth of rodent malaria spp. For instance,
treatment with the bis(benzyl)polyamine analogue, MDL 27695, had a significant impact
on the course of infection in both species. Interestingly, MDL 27695 demonstrated potent
antimalarial activity against both chloroquine-sensitive and resistant P. falciparum strains

and, in combination with DFMO, was successful in treating malaria in mice [327].
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Figure 1.13 - Comparison of polyamine metabolism and transporters in trypanosomatids,
apicomplexan parasites and their human host. T. brucei is spread by tsetse flies while T. cruzi is
spread by kissing bugs. These trypanosomatids are responsible for sleeping sickness or Chagas
disease. Sand flies transmit Leishmania spp., while Anopheles mosquitoes transmit Plasmodium
parasites. Among them, Plasmodium is the only parasite with a bifunctional SDC/ODC enzyme, a
critical feature in the regulation of polyamine pools in the parasite. Cad, cadaverine; homoT(SH)2,
homotrypanothione; On, ornithine; Put, putrescine; ROS, reactive oxygen species; Spd, spermidine;
Spm, spermine. Adapted from [300].



The Building Blocks of Life: Amino Acid Metabolism

Intra-erythrocytic development is accompanied by a rapid increase in parasite size and
number, and therefore the rate of protein synthesis in the parasite must necessarily
support such prodigious growth [328]. It is well recognized that the intra-erythrocytic
malaria parasite digests the host cell cytosol to acquire amino acids (AAs), the building
blocks of proteins that also serve as substrates for many other metabolic pathways
[261,329]. Notably, extensive genomic [260] and biochemical [330] analyzes in P.
falciparum have revealed no evidence for a de novo AA biosynthetic pathway.
Surprisingly, malaria parasites have lost the capacity to synthesize most AAs de novo,
instead relying on scavenging and breaking down of hemoglobin (Hb). As an auxotroph
for most AAs, Plasmodium relies on three strategies to secure their AA supply:
degradation of host cell Hb [331], active transport of extracellular free AAs through host
erythrocytes and parasite membranes [332] and de novo biosynthesis from carbon
sources (of only a few AA) [265]. Malaria parasites fix CO-to synthesize the AAs alanine,
aspartic acid and glutamic acid [329,333,334]. It is worth noting that the free amino acid
pool of iRBCs is enriched for such AAs [329,335,336] but only a few of these are
incorporated into Plasmodium proteins, indicating that this route may have serve an

anaplerotic function by providing AAs as intermediate metabolites to the parasite.

Given the restricted ability for AA biosynthesis, Plasmodium relies on the ingestion of
plasma-free AAs and host cell Hb for protein synthesis. As the parasite develops inside
erythrocytes, it commences to ingest and degrade Hb from the host cell [337]. Hb is
consumed via the cytostome and stored in food vacuoles, where it undergoes auto-
oxidation in a process involving several proteolytic enzymes [338]. Because unbound
heme is highly toxic, the parasite quickly converts it into an inert crystal known as
hemozoin (also referred to as the malaria pigment) [329]. It is noteworthy that schizont-
stage parasites do not digest host erythrocyte Hb but are actively engaged in protein
synthesis [339]. This indicates that protein synthesis in the parasite relies on AAs from
the extracellular medium. Interestingly, despite consuming up to 75% of the host cell’s
hemoglobin [337], the parasite uses less than 20% of the Hb-derived AAs for protein
synthesis, with the majority being rather exported to the extracellular medium [330,340].
This has led some to propose that the parasite alternatively digests Hb to make room in
erythrocytes [330] or to maintain osmotic balance [341]. However, malaria parasites
retain high intracellular concentrations of free AAs [318], which are mainly derived from

Hb degradation, but also by selective uptake of AAs from the external medium via plasma

46



membrane transporters [342-344]. Thus, AA availability for protein synthesis in the
parasite is determined by both dynamic contributions from Hb-derived AAs and the inflow
of AAs from the extracellular media. This is supported by an inability of P. falciparum to
sustain long-term growth in medium lacking any of the seven AAs: cystine, glutamate,
glutamine, isoleucine, methionine, proline, and tyrosine; nor in medium containing only
the five AAs on which is more reliant — the essential AAs cysteine, glutamate, glutamine,

methionine and isoleucine [345,346].

Notably, adult human Hb is devoid of isoleucine (lle) and parasite growth depends on
the exogenous supply of this AA [346,347]. Another AA found at very low levels in human
Hb is methionine (Met), for which some P. falciparum strains require an external source
to sustain normal growth [331,347]. However, Plasmodium parasites are capable of
incorporating all the 20 naturally occurring AAs into proteins [342,346,348,349]. In fact,
parasitized erythrocytes incorporate exogenously supplied AAs at an accelerated rate
compared to uninfected erythrocytes. This is consistent with the existence of AA
transport pathways in erythrocytes that coordinate both AA influx and efflux [329]. The
L-system serves as a saturable carrier for lle and Met in healthy human erythrocytes
[350-352]. Remarkably, the parasite modulates host cell permeability, which gradually
but significantly increases as the parasites advance through the intra-erythrocytic
asexual cycle [332]. Compared to uninfected cells, the transport rate of lle and Met into
human erythrocytes infected with P. falciparum trophozoites is dramatically enhanced,
approximately 5- [343] and 15-fold [344], respectively. Such an increased rate of AA
influx is attributable to the NPPs induced by the parasite in the host erythrocyte
membrane [343], either by activating endogenous quiescent channels in the host cell; or
by parasite-encoded proteins that are synthesized, exported, and incorporated into the
erythrocyte membrane (Figure 1. 14) [353,354]. NPPs are broad specificity pathways
permeable to a variety of low molecular weight organic and inorganic solutes, whose
activity is blocked by various anion transport inhibitors such as furosemide [353—355].
Transport through these channels is key to ensure that the rate of protein synthesis is
not limited by the AA flux across the erythrocyte membrane. Met and lle enter the
parasitized erythrocytes via a combination of the endogenous erythrocyte transporter,
the L-system, and the parasite-induced NPPs, the latter accounting for approximately
80% of the total AA influx [343].



Upon entering the infected erythrocyte, both lle and Met are uptaken by the parasite via
the Neutral Amino Acid Transporter (NAAT). NAAT has broad specificity but low affinity
and functions by importing neutral AAs that are poorly represented in Hb, such as lle and
Met, while exporting those that are highly represented in Hb, such as alanine and leucine
[343,344,356]. The P. falciparum genome encodes at least six putative candidate AA
transporters [357] that are expressed during blood stage development [358,359];
However, the molecular identity of such AA transporters as well as their substrate

specificity and localization are yet to be explored.
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Figure 1.14 - Schematic representation of the transport of methionine and isoleucine into
Plasmodium-infected erythrocytes. Met and lle enter the infected erythrocyte via a combination of
the endogenous L-system and the New Permeability Pathways (NPPs) induced by the parasite in the
host cell membrane, the latter mediating 80% of the total AA influx. Adapted from [320].
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lll. Food For Thought: Nutrient Sensing & Metabolic
Decisions

Infection and (mal)nutrition have always been intricately connected, with fluctuations in
host nutritional status, be it in quantity or quality, having a substantial impact on the
dynamics of infectious diseases. In recent decades, nutrition has been shown to be an
important environmental component affecting host vulnerability to infection as well as
host immunological response [360]. Malnutrition is, in fact, the most important
environmental factor leading to immunosuppression and increased susceptibility to
infections. In humans, for instance, insufficient protein intake is often associated with
impairment of cell-mediated immunity, phagocyte function and cytokine production [361].
Dietary availability of vitamins and metals may also have a deleterious effect on immune
system function and susceptibility to infection [360]. Nutrients are simple organic
molecules that either fuel biochemical reactions to generate energy or are components
of cellular biomass. Macronutrients include carbohydrates, amino acids, and fatty acids,
whose major function is to provide energy, as well as structural components critical for
growth and development. Instead, micronutrients are those dietary components that are
required in small amounts, provide no significant calorie intake, but are nonetheless
critical to vital cellular functions. These mostly consist of vitamins (both fat and water
soluble) and minerals, each serving a specific function [362]. The intracellular lifestyle of
protozoan parasites brings some benefits to the parasite, but it also poses some hurdles,
especially regarding nutrient uptake due to the parasite’s high replication rates. The main
requirements of P. falciparum include metabolites such as glucose, lipids, and amino
acids and so parasite growth is dependent on the external supply of macro- and
micronutrients from its host cell. These include pantothenate, glucose, calcium and
isoleucine, although other amino acids have been shown to enhance parasite growth
rates [331,346,363]. The parasite tackles some of these challenges by inducing NPPs in
the erythrocyte membrane. Furthermore, parasite growth is sensitive to changes in the
availability of metabolites such as vitamins and metal ions, namely iron and zinc levels
in the host [364,365].



Sensing Changes in Host Nutritional Levels

The Apicomplexa phylum includes a broad spectrum of parasitic protozoa that evolved
from a free-living ancestor to obligate intracellular species. As an intracellular parasite
cycling between distinct hosts (the mammalian host and the insect vector), Plasmodium
faces a variety of nutritional and metabolic environments, particularly during host
transitioning stages. Consequently, malaria parasites evolved mechanisms to withstand
a myriad of stressors including pH shifts, extreme temperatures (fever), variable parasite
densities, nutrient fluctuations, intracellular and extracellular lifestyles, and also drug
exposure [366—368]. All these environmental pressures are known to impact virulence
while also contributing to the emergence of drug-resistant P. falciparum strains. In
addition, while inhabiting distinct environments, the parasite must fulfil diverse biological
functions, including asexual multiplication, fertilization and meiosis, invasion, and gliding.
This diversity emphasizes the extremely versatile metabolic capabilities of malaria
parasites, which entails important morphological changes achieved through coordinated
regulation of expression of the 5500-6000 genes that make up the Plasmodium genome
[369].

Most parasite genes are selectively expressed at specific stages of intra-erythrocytic
development, resulting in stage-specific transcriptional signatures [359,370,371]. The
same applies for the sexual stages, where a unique set of genes is transcribed in male
and female gametocytes. The transcriptional profile of mosquito-specific genes is still
unexplored, but recent evidence suggests a unique gene expression profile for each
developmental stage - consistent with the physiological changes and the distinct
environments the parasite encounters [369]. To cope with the different environments that
its life cycle entails, Plasmodium mainly relies on the expression of distinct
transcriptomes at each developmental stage [358,359,370]. Aside from the ever-
changing environment that parasites encounter during their regular life cycle, the
environment within a single host is also extraordinarily dynamic, with parasites often
being exposed to variable immune responses, drug pressures and metabolic fluctuations
[864]. Nutritional fluctuations can be encountered during invasion of distinct tissues or
cell types, as parasites evade host immune surveillance or when exposed to induced
drug pressure [242,372,373]. Even throughout the blood stage of infection, when
developing inside erythrocytes, Plasmodium parasites encounter a variety of nutritional
and metabolic environments. The level of certain metabolites is not stochastic, but

changes during maturation from young reticulocytes to mature erythrocytes [374].
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In addition, the parasite itself affects the metabolome of the infected erythrocyte in such
a way that the levels of some metabolites significantly change over the course of the
intra-erythrocytic cycle [261,375]. With such a complex multi-host life cycle, the parasite
must constantly be able to recognize and adapt to the different environments in which it
resides. Since the parasite relies on its hosts for nutrient supply, it is not unforeseen that
the mechanisms used to detect resource fluctuations have been conserved throughout
evolution, allowing for adaptability to available resources in a wide range of

environments.

Sensing environmental cues and responding to fluctuations in nutritional and metabolic
levels are critical for virtually all living organisms to maintain homeostasis and ultimately
thrive. The ability to quickly rewire its metabolism is at the heart of the parasite’s
adaptability to distinct environments. A prime illustration of this is the fact that asexual
blood stages rely heavily on glycolytic metabolism for energy production, while mosquito
stages rely on the tricarboxylic acid cycle (TCA) for energy supply [372]. The nutritional
adaptability of malaria parasites is notorious when moving from the mammalian to the
mosquito vector, as Plasmodium gametocytes undergo gametogenesis to produce male
and female gametes. This differentiation step is triggered by the parasite’s ability to
sense and respond to a drop in temperature, a rise in pH, and xanthurenic acid, a
mosquito-specific factor [242]. Even within the same host, metabolites such as glucose
are known to decline during infection, leading to severe hypoglycemia (blood glucose <
50 mg/dl) [376], emphasizing the need for efficient mechanisms that detect and swiftly
respond to any alterations within and across hosts. Such an adaptive response could
entail modulation of either replication or a differentiation program. It is important to
highlight that such sudden molecular and cellular reprogramming can only be achieved
by certain parasite stages that are molecularly primed to elicit differential stress

responses [377].

A prime example is the transcription of translationally repressed mRNAS originally
transcribed in female gametocytes after fertilization in the mosquito midgut [378]. Similar
mechanisms support the developmental transition from the mosquito vector back to the
mammalian host, with sporozoites remaining viable and infective but quiescent in the
mosquito’s salivary glands for weeks before invading the mammalian host’s liver.
Sporozoite latency has been shown to be regulated by Puf2, a RNA-binding protein that
prevents premature conversion of sporozoite into liver stage forms while in the

mosquito’s salivary glands [379]. Kinases, a class of regulatory proteins, are responsible



for orchestrating these rapid life-stage changes. Therefore, at the foundation of a
mechanism that enables parasites to adapt and thrive in distinct environments, there
must be a molecular sensor capable of recognizing and conveying information so that

an adaptive response occurs.

Sensing low energy levels: KIN as a glucose sensor

Plasmodium asexual blood stages primarily use glucose as a carbon source to fuel
aerobic glycolysis and generate ATP [380]. Recent evidence shows that malaria
parasites can sense fluctuations in the nutrient levels of the mammalian host, while
exploiting them to sustain growth and survival [373]. In fact, the extensive proliferation
rates that the parasite achieves in both the liver- and blood stages of its development
primarily rely on host glucose availability. Even though dietary glucose levels are tightly
regulated through homeostatic mechanisms, blood glucose levels can drop as low as
0.4mg/mL (versus 0.63 to 1mg/mL reference values) in malnourished children or patients
with severe malaria [261,365]. Caloric restriction (CR), consisting of a 30-40% reduction
in calorie intake, results in a drastic reduction in blood glucose levels, but also in lipid
and insulin levels [365]. At the parasite level, CR impacts intra-erythrocytic replication,
with significantly fewer merozoites being produced per schizont compared to ad libitum
conditions [373]. Interestingly, analysis of global gene expression profiles of
synchronized P. berghei parasites revealed a transcriptional reprogramming under such
a regimen. Processes such as ion transport, DNA replication, and cell cycle, which are
closely related to parasite maturation and replication, were found to be suppressed. In
contrast, processes involved in gene regulation and signaling (including some kinases),

were markedly activated.

The CR-induced reduced growth phenotype is consistent with a halt in the mechanisms
necessary for intra-erythrocytic development and an adaptive response to nutrient-
limiting conditions, as reported in other species [381]. A screen of kinase mutant
knockout lines encompassing the P. berghei non-essential kinome [382] disclosed that
the parasite PbKIN kinase, who shares homology with the yeast and mammalian
SNF1/AMPKa kinases, is a master regulator of energy levels in the parasite (Figure
1.15). In fact, when the protein kinase KIN was genetically inactivated, the reduction in
merozoite yield per schizont in response to CR was rescued. Interestingly, KIN knockout
mutants failed to trigger a transcriptional shift in response to CR, demonstrating that

PbLKIN plays a crucial role as a link between energy sensing and gene expression.
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Furthermore, adding glucose, albeit in non-physiological levels, abolished the impact of
CR on parasite growth as well as the associated transcriptional rewiring of gene
expression. CR thereby induces a protective transcriptional response in the parasite
mediated by the nutrient sensor KIN, which is activated under nutrient-limiting conditions,
eventually leading to decreased expression of replication-related genes and attenuated
proliferation and virulence [373]. Although the nutrient sensor of this energy sensing
pathway has been identified, the transcription factors driving this response are still

unclear.

Sensing lipid levels: The sexual commitment switch

Plasmodium heavily relies on lipid uptake and synthesis while replicating within RBCs.
This is essential to support the increased membrane biogenesis and facilitate
intracellular signaling. Phosphatidylcholine (Ptd-cho) is the chief phospholipid in the
parasite membrane, which is synthesized from lysophosphatidylcholine (LysoPC) [383—
386]. LysoPC in the host serum has been shown to be a key nutrient for the parasite, as
the breakdown of this lipid or its downstream metabolites (e.g., choline) strongly impacts
both the parasite’s asexual growth and commitment to sexual development. While sexual
commitment is repressed under high serum levels of LysoPC (and high choline levels),
low levels of LysoPC trigger parasite’s sexual differentiation [386]. RNA-Seq analysis of
parasite gene expression upon LysoPC depletion unveiled significant changes in two key
transcriptional programs: the induction of genes comprising an alternative pathway for
Ptd-cho synthesis and an upregulation of Pfap2g gene - the master regulator of sexual
commitment (Figure 1.15). Moreover, depletion of LysoPC leads to the overexpression
of genes involved in the SAM-dependent phosphoethanolamine methyltransferase
(PMT) pathway [386], an alternative pathway in the parasite for Ptd-cho synthesis under
choline-limiting conditions [387—-389]. Single cell analysis of P. falciparum has shown
that after LysoPC depletion, PMT is upregulated in all parasite stages irrespective of
sexual commitment rates; However, the LysoPC sensor as well as the transcription factor

that drive such a metabolic reprogramming have not been identified [385,386].
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Mechanisms of Growth Control and Stress Response

Cellular responses to stress encompass a range of mechanisms, including activation of
survival-promoting signaling pathways and initiation of programmed cell death [391].
Stress response mechanisms allow organisms to adapt to harsh conditions and are
primarily geared to ensure recovery and survival. Cell survival is critically dependent on
the ability to orchestrate appropriate responses to environmental perturbations, which is

why such survival mechanisms have been largely conserved throughout evolution.

Malaria parasites use a variety of strategies to evade host immune responses and assure
successful infections [364]. Commitment to gametocytogenesis is a well-established
stress response mechanism in the parasite that is regulated by a variety of external
variables, including nutritional status, oxidative stress, parasitemia, and drug treatment
[392-394]. Conversion to terminally differentiated and metabolically inactive sexual
parasite forms affords protection from unfavorable host environmental conditions, such

as host immune responses and drug treatment [395,396]. Asexual blood stages are also
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vulnerable to host temperature fluctuations, starvation, and oxidative stress, particularly
in the invasive merozoite stage when the parasite dwells extracellularly [397]. To cope
with such unpredictable fluctuations within a single niche, parasites evolved alternative
strategies, including efficient sensors and tight regulation of nutrient-sensing signaling
pathways [365,373,386]. Therefore, responding to environmental stress and surviving in
suboptimal circumstances is imperative for viability, and blood stage parasites must have

evolved alternative and more stringent strategies to survive periods of AA scarcity.

TOR complex: A central controller of cell growth

The Target of Rapamycin (TOR) is an evolutionarily conserved signaling protein kinase
found in virtually all eukaryotic organisms. Cell growth is a temporally and spatially
regulated process, and it must be closely coordinated with nutrient availability. At the
heart of this coordination is the TOR complex, which acts as the master regulator of
growth and integrates a variety of extracellular and intracellular cues. The TOR complex
controls both anabolism and catabolism by regulating numerous metabolic processes,
including protein translation, ribosome biogenesis and assembly, mRNA stability, cell
cycle, transcription and cellular architecture [398]. The TOR complex functions as a
signaling network that, in response to growth-permissive conditions, promotes anabolic
processes such as protein, lipid, and nucleotide synthesis while suppressing catabolic
processes such as autophagy, to ultimately enhance cell growth and viability. TOR is
activated by several factors including AAs, cellular energy levels and growth factors, but
it is also adversely regulated by a number of stressors, particularly AA deficiencies
[399,400]. AA deficiency has been shown to inhibit TOR activity by triggering rapid
dephosphorylation of TOR-downstream effectors. This culminates in the downregulation
of protein synthesis and the promotion of autophagy, which helps preserve cellular

integrity and ensures adaptability to the constantly changing environment [399].

The phosphatidylinositol kinase-related kinase (PIKK) family, to which the highly
conserved TOR protein belongs, is characterized by a carboxy-terminal serine/threonine
protein kinase domain. A mutation in Saccharomyces cerevisiae that conferred
resistance to the growth inhibitory effects of rapamycin contributed to the discovery of
the TOR protein [401]. The immunosuppressive antibiotic rapamycin inhibits the growth-
promoting function of TOR by interacting and binding to the cellular cofactor FK506-
binding protein (FKBP) [402]. Notably, FK506-binding proteins have been conserved

throughout evolution and are found across Apicomplexan parasites including T. gondii



[403] and Plasmodium spp. [404]. Even though a putative TOR complex was discovered
in the T. gondii parasite, which is closely related to Plasmodium, genomic sequence data
failed to identify a TOR homologue or its signaling components in Plasmodium parasites.
The lack of such an essential growth regulator is particularly intriguing considering that
rapamycin has demonstrated significant antimalarial activity, albeit via a TOR-

independent mechanism [404].

elF2a-signaling pathway: A link between nutritional stress and adaptation

Stress-induced phosphorylation of a conserved serine residue (Ser 51) in the a-subunit
of the eukaryotic initiation factor 2 (elF2a) serves as the central mechanism regulating
translation in response to various stressors, such as nutrient limitation and particularly
amino acid deficiencies [405-407]. When elF2a is phosphorylated (elF2a-P) by its
cognate sensor kinase, it undergoes conversion from a substrate to a competitive
inhibitor of guanine nucleotide exchange factor (EIF2B). This curbs the initiation phase
of protein synthesis and leads to a global halt in translation, allowing cells to conserve
resources while a new gene expression program is rewired. Simultaneously, translation
of a subset of MRNAs encoding transcription factors engaged in compensatory signaling

pathways, such as those involved in amino acid biosynthesis, is enhanced [408,409].

In eukaryotes, elF2a phosphorylation is carried out by a well-characterized family of four
distinct serine-threonine kinases known as elF2a kinases: PKR (Protein kinase R / RNA-
activated protein kinase); PERK (PKR-like endoplasmic reticulum kinase); HRI (heme-
regulated inhibitor); and GCN2 (general control non-derepressible-2) [410,411]. Each
primarily responds to a specific type of stress by curtailing general translation while
driving programs of stress-induced gene expression [411,412]. PERK is primarily
activated by the accumulation of misfolded proteins in the endoplasmic reticulum (ER).
As a result, PERK phosphorylates elF2a, resulting in inhibition of new polypeptide
synthesis and a subsequent reduction in the entry of nascent peptides into the ER [413];
PKR was first discovered as the kinase that phosphorylates elF2a in response to viral
infection, thereby preventing viral mMRNA translation [413]; However, it also responds to
other signals such as oxidative and ER stress [414,415]; The HRI kinase is activated by
heme deficiency and couples the synthesis of globin genes to the amount of available
heme in the cell [416]; GCN2 is the only elF2a kinase conserved in all eukaryotes [411]
and functions as a sensor for AA availability and as the primary responder to AA

deficiency [407,417]. Until activated by a signal such as AA deficiency or UV radiation
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[416], GCN2 is kept in its inactive state via multiple autoinhibitory interactions [418—421].
GCN2 activation occurs in AA-depleted cells by binding of uncharged transfer RNAs
(tRNAs) to the histidyl-tRNA synthetase (HisRS) domain of this kinase. Uncharged
tRNAs accumulate in response to a shortage of essential AAs and also when the
synthesis of nonessential AAs is inhibited [422]. Dimerization is required for GCN2
activation, as it is for other elF2a kinases [418], while autophosphorylation appears to
be required for optimal kinase activity [423]. GCN2-mediated elF2a phosphorylation in
AA deficiency induces a global halt in mRNA translation, thereby sparing energy and
nutrients, while allowing the cell time to successfully adapt to stress conditions
[400,405,417,424].

In Plasmodium parasites, three elF2 kinases, namely elK1 (PF3D7_1444500), elK2
(PF3D7_0107600), and PK4 (PF3D7_0628200) have been found to mediate elF2a
phosphorylation at Ser59 [425]. This phosphorylation site is conserved across
Plasmodium species and corresponds to the regulatory Ser51 found in human elF2a
[426]. While elK1 and PK4 are predominantly active in asexual blood stages, elK2
primarily functions in mosquito salivary glands during sporozoite development. It is worth
noting that elK2-mediated elF2a phosphorylation plays a crucial role in preventing the
conversion of sporozoites into liver stage forms in mosquito salivary glands [427].
Furthermore, because the genetic locus encoding for this kinase could not be disrupted,
the P. falciparum PK4 kinase was identified as critical for blood stage development [428].
While the exact function of PK4 is still elusive, elF2a phosphorylation by this kinase is
essential for the completion of the erythrocytic cycle during schizont and gametocyte
development [426]. On the other hand, elK1, the third elF2a kinase orthologue
discovered in Plasmodium, closely cluster with the mammalian nutrient sensor GCN2

kinase and promotes elF2a phosphorylation in response to AA starvation [429].

Artemisinin resistance: an active stress response mechanism

Artemisinin and its derivatives (ARTs) stand at the forefront of malaria treatment, rapidly
eliminating parasitemia; yet, ART monotherapy often leads to relapses. Reduced
sensitivity to this antimalarial has been identified as a drug tolerance mechanism
orchestrated by the parasite to withstand drug pressure. At the heart of parasite
resistance to ART lies a metabolic shift, with a portion of the drug-exposed parasite
population entering a dormant state (also referred to as hibernation) as persistent forms.

During this dormancy-like state, the parasite halts in the ring stage [430]. However,



parasites quickly resume growth when drug therapy is discontinued. The parasite re-
enters the cell cycle and continues its asexual developmental cycle, leading to recurrent
malaria infections [431]. This concept of stress-induced dormancy implies that P.
falciparum has the capacity to sense external environmental cues and actively fine-tune

its growth accordingly.

Transitioning to a quiescent state is a multifaceted process that involves the regulation
and coordination of virtually all aspects of metabolism and often affects critical cellular
functions, including energy production, cell cycle progression, replication, transcription
and translation [432]. Even though the ART-induced quiescence mechanism of P.
falciparum is not fully understood, stress-induced dormancy has been found in other
species, including the related parasite T. gondii, the causative agent of toxoplasmosis
[433]. Notably, the ability of T. gondii to enter a quiescent state allows for the
establishment of persistent and chronic infections. After exposure to stressors, the
actively growing tachyzoite undergoes a metabolic reprogramming that leads to the
conversion into a quiescent bradyzoite form. This shift is accompanied by a reduction in
cell cycle activity, upregulation of heat shock proteins, and translational repression.
Among the various environmental factors shown to trigger this conversion from
tachyzoites to bradyzoites, amino acid deficiency has a well-established impact on cell

growth regulation in higher eukaryotes [397,433].

The stress-induced dormancy model: adaptation to low AA levels

Malnutrition and infection are closely linked and have a synergistic relationship, each
promoting the other. This connection is particularly evident in the context of human
malaria infections, with malaria being more prevalent in regions where malnutrition
prevails [434]. It is worth noting that the nutritional status of malaria-infected individuals
influences the severity and onset of the disease [435]. Malnutrition encompasses various
nutritional deficiencies, including iron, vitamins, zinc, folate, and proteins, all of which
impact parasite burden. This occurs either through direct competition with the host for
limited resources or indirectly by impacting the host’s immune response [436—438].
Although human clinical studies of malaria-infected patients have yielded conflicting
results regarding the effects of protein malnutrition on mortality [439,440], research in
model organisms has shown that low-protein diets significantly reduce parasite burden

and virtually eliminate cerebral malaria [441—443].
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Interestingly, the addition of just four essential amino acids: threonine, valine,
methionine, and isoleucine, to mice fed on a low-protein diet was sufficient to elicit an
increase in parasitemia, significantly heightening the severity and morbidity of the
disease. Such an effect could not be observed with any of the other amino acids [444].
Importantly, rodent hemoglobin (Hb) contains all of the amino acids, including methionine
and isoleucine; however, these are the two least represented AAs [445]. Adult human
Hb, on the other hand, contains no lle, and parasite development has been shown to
depend on an external supply of this AA at concentrations above 20 yM [331,346]. In
fact, Babbitt et al. demonstrated that lle deficiency causes trophozoite parasites to cease
the cell cycle before DNA synthesis begins [446]. The failure to discover any molecular
factors influencing parasite recovery after lle starvation has led to the assumption that
malaria parasites cannot adapt to lle starvation. Instead, malaria parasites enter a state

of hibernation, exhibiting low metabolic activity until lle levels are restored (Figure 1.16A).
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Figure 1.16 - P. falciparum response to lle starvation. A. Following lle removal, P. falciparum exits
the cell cycle and arrests at the trophozoite stage. lle-arrested parasites remain viable for several days
and resume growth upon lle supplementation. B. lle withdrawal from young rings results in delayed
development. Parasites successfully complete the cell cycle, albeit at a reduced pace. Adapted from
[447].



While this response does not completely recapitulate the dormancy model established
for artemisinin resistance, it represents the first clear evidence that parasite growth is
modulated in response to environmental fluctuations. However, in a parallel line of
research, the lle-induced hibernation phenotype was re-examined, revealing that lle-
starved parasites do not actually exit the cell cycle but instead continue to grow at a
slower pace [448]. Remarkably, Maf1, a downstream effector of TOR, was identified as

a key player in maintaining parasite viability after lle withdrawal (Figure 1.16B).

Met, the least abundant AA in adult human Hb, has also been shown to be necessary
for the normal development of certain, but not all, P. falciparum strains [331,347].
Malnutrition often leads to a significant drop in human plasma AA levels, with lle levels
falling below 10puM in malnourished children [449], as opposed to 100 yM in healthy
individuals [450]. Additionally, Met levels can decrease to as low as 5-10 yM in
malnourished children [449,451] compared to 45-90 yM in healthy individuals [450].
Since these AAs are essential for mammals, their decreased availability is closely related
to protein restriction [265]. Additionally, since malaria-infected individuals are likely to
experience other nutritional deficiencies, the impact of malnutrition on parasite
development and illness progression is yet to be fully understood. However, previous
studies on rodents and primates under protein-restricted conditions suggest that malaria
parasites may have evolved AA-sensitive growth control mechanism which implies the

existence of a conserved stress response mechanism in Plasmodium.

60



THESIS AIMS



Thesis Aims & Scope

The rate and efficiency of parasite replication and growth play a critical role in the
pathogenesis of malaria, as high parasite burdens are closely associated with the most
severe disease outcomes. Although the life cycle of malaria parasites has been known
for over a century, its intricacies remain a mystery - a knowledge gap that may prove
crucial in tackling the disease. The life cycle of Plasmodium is complex and includes
invasive, trophic, and replicative forms in two distinct hosts. Nutrients, the most
fundamental source of energy in virtually all living organisms, seem to hold the key to
such a complex life cycle. Malaria parasites develop extremely rapidly in the liver stage
of infection, attaining replication rates of up to 10* to 105-fold and generating thousands
of new parasites by the end of hepatic schizogony [452,453]. Nonetheless, the
underlying factors that enable such outstanding growth are still unknown, as is the
relationship between such a rapid rate of proliferation and the exclusive tropism of the
mammalian infective Plasmodium species to the liver. Subsequent development in the
blood involves a remarkable series of morphological changes as the parasite matures
through the ring, trophozoite and schizont stages and finally ruptures to release up to 32

new daughter merozoites.

To support its rapid rate of multiplication and meet its metabolic needs, Plasmodium has
evolved a remarkable array of strategies to scavenge nutrients from the host hepatocytes
[279,452—-455], erythrocytes, and in some cases the serum [330,331,446,456].
Plasmodium parasites are entirely dependent on the host for resource acquisition as they
are auxotrophs for most nutrients, including amino acids, the building blocks of proteins.
A landmark study published in 2012 by Babbitt et al. [446] disclosed a dormancy-like
state of low metabolic activity in Plasmodium parasites starved for the essential amino
acid isoleucine (the sole AA lacking in adult human hemoglobin), suggesting that malaria
parasites cannot actively adjust their growth in response to nutrient fluctuations. The
inability to uncover a genetic factor or biochemical pathway coordinating such a response
prompted several researchers to adopt a hibernation model to explain Plasmodium

falciparum’s ability to withstand nutrient scarcity.

However, a divergent line of research has shown that after isoleucine withdrawal,
Plasmodium parasites do not exit the cell cycle but instead continue to grow at a
drastically reduced pace, with parasite viability relying on Maf1 activity - a protein whose

regulation is TOR-dependent [457]. It is not yet known whether malaria parasites
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recognize and adapt to changes in AA levels in the absence of a TOR signaling pathway
(the master regulator of growth in eukaryotes) and the downstream transcription factors

underlying GCN2 action (the amino acid sensing kinase).

At the inception of this thesis, we established several goals. First, we aimed at
establishing the role of AA metabolism throughout the parasite life cycle, focusing on
isoleucine and methionine, the only AA missing and the least abundant, respectively, in
adult human hemoglobin. To achieve this, we employed a transgenic parasite line
knockdown for SAMS and a genetically engineered mouse line knockout for MAT, each
corresponding to the first enzyme in the methionine cycle in Plasmodium and mammals,
respectively; as well as several growth media conditions lacking methionine or
isoleucine. Second, we sought to unveil whether malaria parasites evolved efficient
sensing mechanisms to detect and adapt to AA fluctuations, and if so, to uncover the
molecular determinants underlying such an active response. Finally, we wanted to
determine whether methionine and lipid metabolism are linked in Plasmodium parasites,
specifically through the SAM-provided methyl groups, and whether the rate of sexual
commitment is affected by metabolic competition for these methyl groups. These
objectives were achieved by using a variety of methodological approaches and
experimental tools, including established in vitro, ex vivo, and in vivo infection models,
rodent transgenic models, real-time quantitative PCR techniques, immunofluorescence
microscopy, flow cytometry, immunoblotting analysis, thin layer chromatography

analysis, and LC-MS based metabolomics to name a few.

Chapter Il focuses on establishing how Plasmodium intra-erythrocytic stages respond
to AA deficiency, particularly isoleucine or methionine, with a particular emphasis on cell
cycle progression and replication rates. To elucidate the molecular mechanisms and the
key players underpinning the parasite’s active response to low AA levels, a kinome
screen of 15 P. berghei lines with loss-of-function mutations in protein kinase genes was
performed. Comprehensive phenotypic analysis of these mutants provided pioneering
evidence for an AA-sensing pathway in the parasite that is critical for a prompt and

suitable adaptation to AA deficiency during intra-erythrocytic development.

Chapter lll examines the role of AA metabolism during the elusive and asymptomatic
pre-erythrocytic stage of Plasmodium development, with a particular focus on methionine
- which is primarily metabolized by the liver and converted to SAM. This chapter provides

new insight into one of the most vexing questions in the malaria field: how does the



exclusive hepatic tropism of mammalian malaria parasites relate to their astonishing
ability to generate thousands of new parasites in the liver? By extensive examination of
parasite and host responses to methionine depletion, as well as its downstream
products, we concluded that host-derived methionine and SAM are an important driving
force underlying the parasite’s ability to achieve such remarkable proliferation rates in

the liver.

Chapter IV takes a slight detour and examines how methionine and lipid metabolism
overlap during sexual commitment and differentiation. Using LC-MS-based metabolomic
approaches, we explore how changes in intracellular SAM levels, specifically variations
in methyl group ratio, influence histone methylation levels and, subsequently, the

parasite's sexual commitment rate.

These findings provide new mechanistic insights into how metabolic pathways are
regulated and interconnected in malaria parasites, which could thereby represent
suitable targets for malaria prophylaxis, transmission-blocking strategies, or even as
preventive or therapeutic options for ongoing blood stage infections. This opens new
avenues for the development of new interventions strategies by converting highly
replicating and virulent parasites into slow-growing and non-replicating forms, previously

shown to be protective in humans [458].
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A non-canonical sensing pathway
mediates Plasmodium adaptation to AA deficiency
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Abstract

Eukaryotes have canonical pathways for responding to amino acid (AA) availability.
Under AA-limiting conditions, the TOR complex is repressed, whereas the sensor kinase
GCN2 is activated. While these pathways have been highly conserved throughout
evolution, malaria parasites are a rare exception. Despite auxotrophic for most AA,
Plasmodium does not have either a TOR complex nor the GCN2-downstream
transcription factors. While lle starvation has been shown to trigger elF2a
phosphorylation and a hibernation-like response, the overall mechanisms mediating
detection and response to AA fluctuation in the absence of such pathways has remained
elusive. Here we show that Plasmodium parasites rely on an efficient sensing pathway
to respond to AA fluctuations. A phenotypic screen of kinase knockout mutant parasites
identified nek4, elK1 and elK2 - the last two clustering with the eukaryotic elF2a kinases
- as critical for Plasmodium to sense and respond to distinct AA-limiting conditions. Such
AA-sensing pathway is temporally regulated at distinct life cycle stages, allowing
parasites to actively fine-tune replication and development in response to AA availability.
Collectively, our data disclose a set of heterogeneous responses to AA depletion in
malaria parasites, mediated by a complex mechanism that is critical for modulating

parasite growth and survival.



Introduction

Malaria, a disease caused by Plasmodium parasites, kills a child every minute. While
there have been significant reductions in the number of infection and mortality rates since
2000 (51% and 27% reduction, respectively), the plateau in progress, first observed in
2017, still persists. Notably, during the past two years, the COVID-19 pandemic has
resulted in unprecedent challenges to health systems worldwide, having disrupted
malaria services, leading to a marked increase in cases and deaths. In 2020, there were
an estimated 241 million malaria cases and 627 000 malaria deaths worldwide, which

represents about 14 million more cases and 69 000 more deaths compared to 2019 [4].

Both parasite and host genetics, as well as host immune responses, contribute to the
outcome of infection [260,459-461]. Still, the most consistent indicator of disease
severity is parasite biomass [462]. Plasmodium is a rapidly multiplying unicellular
organism undergoing a complex developmental cycle that takes place in the mammalian
and mosquito hosts; a lifestyle that requires rapid adaptation to distinct environments. In
the mammalian host, Plasmodium initially infects hepatocytes to generate thousands of
merozoites, which are later released into the bloodstream where they invade and
replicate within red blood cells (RBCs). Each merozoite replicates by schizogony to
generate 10-30 new merozoites every cycle, which occurs at 24, 48 or 72 hours,
depending on the Plasmodium species. As a rapidly multiplying obligatory intracellular
parasite, Plasmodium has high nutritional demands relying on the nutrients provided by
its host to survive. To cope with the different environments and conditions its life cycle
entails, Plasmodium mainly relies on the expression of distinct transcriptomes at each
developmental stage [358,359,370]. However, besides the ever-changing environment
accompanying its normal life cycle progression, the environment within a single host is
also extremely dynamic, with parasites constantly facing variable immune responses,
drug pressures and metabolic fluctuations [364]. We and others have provided evidence
that parasite adaptation to unpredictable fluctuations within each niche requires
alternative strategies, such as efficient sensors, and a tight regulation of nutrient-sensing
signaling pathways [365,373,386]. Plasmodium parasites are auxotrophic for most
amino acids (AA), and the blood stages acquire the majority of them through the
digestion of host erythrocyte hemoglobin [331,337]. However, some AA are either absent
(isoleucine) or rare (methionine) within human hemoglobin and must be acquired from

extracellular sources [463,464]
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In eukaryotes, from yeast to mammals as well as plants, the target of the rapamycin
(TOR) complex and the general control nonderepressible 2 (GCN2)/elF2a signaling
cascades are two well-characterized mechanisms to sense AA fluctuations [465,466].
Notably, no homologue of the TOR complex has been identified to date in Plasmodium;
however, a downstream effector, Maf1, is conserved in P. falciparum and has been
described as essential for the parasite’s asexual blood stage [457]. On the other hand,
although the Plasmodium elK1 kinase [429] closely clusters with the GCN2 AA-sensing
kinase, the parasite lacks some key components of this signaling pathway, including the
downstream transcription factors as well as the biosynthetic pathways that mediate
GCN2 action, namely the orthologues for starvation-response regulators such as GCN4
in yeast and ATF4 in mammals [408,467]. This has led some to propose that
Plasmodium evolved a stripped-down starvation-response pathway [446], suggesting a
reduced capacity to adapt to AA depletion, rather than actively responding to alterations
in AA levels. The present paradigm is that P. falciparum, in the absence of canonical
eukaryotic nutrient stress-response pathways, can cope with an inconsistent AA supply
by hibernating until more nutrients are provided [446]. We now challenge this paradigm
by showing that both P. berghei and P. falciparum parasites can actively mount a
response to a decrease in two distinct AAs (methionine and isoleucine) by activating, in
each life cycle stage, a different protein kinase, ultimately leading to a reprograming of

replication and parasite development.



Results

AA depletion impacts Plasmodium development and
replication

To assess the effect of AA depletion during parasite intra-erythrocytic development, we
monitored the growth of both P. falciparum and P. berghei parasites cultured in media
with or without methionine (Met) or isoleucine (lle) (Figure 2.1). Sorbitol-synchronized P.
falciparum NF54 wild-type (WT) parasites cultured in medium containing methionine
(MetS) or isoleucine (lleS) (0.100 mM Met; 0.38 mM lle) develop and replicate every 48h,
resulting in a marked increase in parasitemia with each generation. However, when
cultured in either Met deficient (MetD) or lle deficient (lleD) medium, parasites undergo

impaired growth, as evidenced by a marked reduction in parasitemia (Figure 2.1).
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Figure 2.1 - AA availability impacts parasite intra-erythrocytic development and replication.
Parasitemia of synchronized P. falciparum wt parasites cultured in AA deficient media (MetD or lleD),
or P. falciparum parasites knockdown for the SAMS enzyme (Pfsams-gimS + GlIcN), by flow cytometry
analysis after SYBR Green staining. Data represents the mean percentage of iRBCs + SEM (2-way
ANOVA); n=2 independent experiments.

Notably, while the effect of lleD on parasitemia is evident from day 2 onwards,
parasitemia in MetD only becomes significantly different from day 4 onwards. Such
difference may be explained by the fact that lle is totally absent from human hemoglobin,
while Met is present, although at low levels [468]. Neither lleD [446] nor MetD impact
parasite viability for a 48h period, as synchronized ring-stage forms quickly resume
growth upon AA supplementation (Supplementary Figure 2.1a). Methionine, among the

twenty amino acids, plays an integral role in protein biosynthesis and in regulation of
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translation and global gene expression - as it is coded by the translation initiation codon.
Met is metabolized into S-adenosylmethionine (SAM), the cellular methylation currency,
via an ATP-dependent process which is catalyzed by the Plasmodium SAMS enzyme.
Therefore, besides MetD we have also focused on the SAMS enzyme, since SAM is the
major biological methyl donor and the precursor of polyamines via the aminopropylation
pathway, or glutathione (GSH), upon entry into the transsulfuration pathway, where
homocysteine (Hcy) is metabolized to GSH (Figure 2.5). Addressing both MetD and
parasites knockdown for the SAMS enzyme allowed us to establish the role of Met in
protein incorporation but also to disentangle the role of methylation, GSH and
polyamines in parasite growth. To do so, we employed a previously generated [469]
glucosamine (GlcN)-regulatable parasite line in which the P. falciparum SAMS, the first
and rate-limiting enzyme of the methionine cycle, was conditionally knocked down
(Pfsams-gimS parasite line). Interestingly, the knockdown of the SAMS enzyme,
achieved by GIcN addition to the culture media (Pfsams-gimS +GIcN), phenocopies WT
parasites growing in MetD media, as evidenced by a marked reduction in parasitemia

from day 4 onwards (Figure 2.1).

We next sought to determine whether reduced parasitemia observed upon AA limitation
was an outcome of defective parasite development. We employed the P. falciparum 3D7
strain which exhibited a shorter life cycle length, replicating every 36h to 42h in control
conditions, in accordance to previous studies estimating a 38.8h cell cycle length for this
particular strain [426,428]. Time course analysis of synchronized P. falciparum 3D7 ring-
stages growing in MetD or lleD media reveals impaired parasite development in both
conditions, yet with some particularities unique to each condition (Supplementary
Figures 2.1b, ¢ and 2.2). Both MetD- and lleD- media growing parasites fail to complete
maturation in a timely and coordinated manner, arresting at the immature schizont-stage,
as evidenced by an increase in the time spent at this stage. lle depletion, however, has
a more pronounced impact on cell cycle progression, affecting also the trophozoite stage,
with parasites arresting for one complete developmental cycle at this particular stage
(Supplementary Figure 2.1c). In fact, such a remarkable delay in progression of
isoleucine-starved parasites through the trophozoite stage was first documented by
Babbitt et al., who proposed a dormancy-like model for AA starvation [446]. This
immediate and pronounced effect of lle depletion on parasite growth, compared to
methionine depletion, could result from a faster depletion of lle stocks, as it is totally
absent from human Hb. However, our results show that even though the appearance of

next generation merozoites is delayed both in MetD and lleD conditions, parasites can



invade erythrocytes efficiently, as evidenced by the emergence of second-generation
ring-stage forms that peak at ~72h-84h of development (Supplementary Figure 2.1b, c).
Notably, when employing a malaria parasite of rodents, P. berghei ANKA, a similar

impact was observed in MetD and lleD conditions (Figure 2.2).
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Blood stages of rodent malaria parasites can only be maintained in culture for one
developmental cycle as newly developed merozoites cannot reinvade erythrocytes
anew. Even though synchronization cannot be achieved in these short-term ex vivo
systems, parasites fully mature from rings/young trophozoites to segmented schizonts
that do not rupture, even when fully mature [470] - allowing for a thorough

characterization of schizont development.

Microscopy analysis show that P. berghei parasites either growing in MetD or lleD media
exhibit impaired development ex vivo, with only 30% of the parasites successfully
developing into mature schizonts (Figure 2.3a, b; Supplementary Figure 2.3a, b). As for
P. falciparum, while lleD leads to a significant delay in both trophozoite- and immature-
schizont stages, MetD mainly impacts the immature-to-mature schizont transition.
Surprisingly, providing P. berghei parasites an additional 6h of maturation time (30h
timepoint) did not reflect in increased maturation rates under AA deficiency (Figure 2.3).
This suggests that ~70% of parasites growing under AA-limiting conditions exhibit growth

arrest, resembling the hibernation phenotype previously described by Babbitt et al. [446].
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Figure 2. 3 - AA depletion impacts parasite progression through the cell cycle during intra-
erythrocytic development ex vivo. (a-c) Quantification of P. bergheiintra-erythrocytic developmental
stages in (a) MetD or (b) lleD media and in (c) parasites knockdown for the SAMS enzyme (PbSAMS-
DD -TMP) after ex vivo cultivation for 24h or 30h. Data is shown as mean percentage of parasites at
each developmental stage with error bars representing SEM; n=3 independent experiments, except
for lle at 24h (n=2). Individual data points are provided in Supplementary Figure 2.3. Rng, ring; troph,
trophozoite; iSchiz, immature schizont; mSchiz, mature schizont.

Again, a P. bergheitransgenic parasite line (PbSAMS-DD parasite line) in which the first
enzyme of the methionine cycle was knocked down (PbSAMS-DD -TMP) phenocopied
WT parasites cultured in MetD conditions (Figure 2.3c; Supplementary Figure 2.3c). In
this species, SAMS knockdown was achieved by employing the destabilizing domain
(DD) system [471]. The construct containing the sams gene fused to the DD and the
hemagglutinin (HA) tag was introduced into P. berghei genome using double crossover
homologous recombination (Supplementary Figure 2.1d, e). Protein stabilization in vivo
was achieved by providing trimethoprim (TMP) in drinking water for 2 days prior to
infection (PbSAMS-DD +TMP), while SAMS conditional knockdown (PbSAMS-DD -
TMP) was achieved in non-TMP treated mice, as evidenced by a significant decrease in
SAMS-HA-DD protein levels, measured by immunoblotting analysis (Supplementary
Figure 2.1f). Similar results were observed by immunofluorescence analysis of P.
berghei trophozoites and schizonts in which the SAMS enzyme was knocked down
(PbSAMS-DD -TMP; Troph, Schiz), as evidenced by a significant decrease in SAMS-
HA-DD protein levels, relative to control parasites (Supplementary Figure 2.1g). Notably,
PbSAMS-DD -TMP merozoites exhibit SAMS expression levels comparable to those

observed in control parasites (Supplementary Figure 2.1h).



Plasmodium schizogony culminates in the production of individualized merozoites that
quickly re-invade new erythrocytes. We observed that under AA deficient conditions,
~30% of parasites successfully complete the cell cycle in a timely manner, developing
into mature schizonts containing individualized next generation merozoites. Yet, the
number of merozoites each schizont contained was dependent on the growth conditions.
Microscopy and flow cytometry analysis in P. falciparum and P. berghei showed
significantly fewer merozoites in schizonts grown in MetD or lleD media, as well as in
transgenic parasites knockdown for the SAMS enzyme (Pfsams-gimS +GIcN; Pb.SAMS-
DD -TMP) (Figure 2.4; Supplementary Figure 2.4a-d). Allowing P. berghei parasites an
additional 6h maturation time (30h of culture) did not restore merozoite numbers under
either condition (Supplementary Figure 2.4e), suggesting that lower replication rates
result neither from the asynchronous nature of Plasmodium schizogony nor from delayed

maturation, but rather from the ability of parasites to adapt to low AA levels.
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Figure 2.4 - AA depletion impacts parasite intra-erythrocytic replication rates. (a,b) Mean
merozoite number per schizont in (a) P. falciparum or (b) P. berghei parasites, cultured in MetD or lleD
media or in parasites knockdown for the SAMS enzyme. Data is represented as box-whisker plot (10-
90 percentile) of mean merozoite number per schizont + SD (Mann-Whitney) in 2 independent
experiments, except in b. Pb MetS, MetD (n=3) and PbSAMS-DD +/- TMP (n=5).
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To disclose the role of AA metabolism in the dynamics of an in vivo malaria infection, we
provided a short-term, methionine-deprived (0% methionine, MetD) regimen to BALB/c
mice. Body weight analysis shows that, in accordance to previous findings [472], MetD
regimen leads to weight loss relative to the methionine-sufficient (MetS) regimen
(Supplementary Figure 2.4f). To exclude severe weight loss as a confounder, the MetD
regimen was initiated 3 weeks before P. berghei ANKA infection and mice were only
infected when their body weight had stabilized. The 3-week time point was chosen based
on previous studies showing steady body weight and an improved metabolic profile after
a 2- to 3-week regimen switch from ad libitum to calorie restriction [373]. Flow cytometry
analysis of MetD-fed BALB/c mice infected with WT parasites shows a significant
reduction in peripheral parasitemia relative to the MetS-fed group (Supplementary Figure
2.49). Interestingly, the same was observed in mice fed on a MetS diet but infected with
PbSAMS-DD -TMP parasites (Supplementary Figure 2.4h). Moreover, the reduced
number of merozoites per schizont we observed after conditional knockdown of Pb SAMS
ex vivo was also confirmed in vivo (Supplementary Figure 2.4i). Altogether, these
findings show that fluctuations in AA availability have an effect on parasite growth, by
either stalling progression through the intra-erythrocytic asexual cell cycle, via a

mechanism resembling hibernation, or by reducing parasite replication rates.

Polyamines regulate Plasmodium response to MetD

Amino acids are not only the building blocks of proteins but also serve as precursors for
the synthesis of many metabolites with diverse functions in growth and other biological
processes of a living organism. It is therefore likely that disruption of AA metabolism will
profoundly affect the levels of many other AA-dependent metabolites. While lle shares
the first enzymatic steps of its metabolism with two other AAs (leucine and valine) [473],
the initial steps of Met metabolism are unique among all AAs, rendering the products of
its metabolism ideal candidates. To find out which Met-downstream metabolites could
rescue attenuated replication and impaired development in P. berghei parasites
knockdown for the SAMS enzyme, we supplemented media with SAM, Hcy, GSH or the
polyamines putrescine (Putr), spermidine (SpD) and spermine (SpM) (Figure 2.5).
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Figure 2.5 - Schematic representation of the methionine cycle, the aminopropylation and the
transsulfuration pathways in malaria parasites. In Plasmodium, polyamines and methionine
metabolism are closely connected as both rely on the Plasmodium bifunctional SDC/ODC enzyme.
The biosynthesis of polyamines depends on the decarboxylation of ornithine to Putr, through ODC
activity, and SAM to decarboxylated SAM (dcSAM), a role filled by SDC. Subsequent attachment of
aminopropy! groups, provided by dcSAM, to Putr forms SpD and SpM.

Microscopic analysis shows that SAM rescues neither impaired maturation nor reduced
numbers of merozoites produced by PbBSAMS-DD -TMP schizonts, relative to the control
group (Figure 2.6a, b; Supplementary Figure 2.5). This is not surprising since SAM
transport across the plasma membrane occurs to a minimal extent in mammalian cells
[474]. However, the results show that among the SAM-downstream metabolites, the
polyamines Putr and SpM are the only metabolites governing parasite’s response to
SAMS deficiency (Figure 2.6, Supplementary Figure 2.6a). In schizonts lacking the
SAMS enzyme (PbSAMS-DD -TMP), while SpM reverses impaired maturation, Putr fully
restores merozoite numbers (Figure 2.6¢, d). Furthermore, the simultaneous addition of
SpM and Putr (Putr & SpM) rescues not only the impaired development of PbSAMS-DD
-TMP parasites but also the reduced replication rates, which is reflected in a higher
percentage of mature schizonts and an increased number of merozoites per schizont
(Figure 2.6¢, d). These data support the existence of two distinct parasite populations,
one that stalls development and hibernates and other that, while completing the cycle at
a normal pace, develops into schizonts containing fewer offspring. These two parasite
populations are independently regulated by two distinct metabolites (SpM or Putr) and
are likely governed by different mechanisms. In an attempt to unveil how parasite
replication and development are independently regulated by distinct polyamines, we
assessed the impact of MetD on polyamine biosynthesis throughout parasite intra-
erythrocytic development. Thin layer chromatography (TLC) analysis of P. falciparum
NF54 parasites shows an overall reduction in polyamine synthesis throughout

development in MetD (Figure 2.7).
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Figure 2.6 - Polyamines regulate parasite response to methionine depletion. (a, b) (a) Percentage
of mature segmented schizonts and (b) merozoite numbers per schizont in Pb.SAMS-DD +TMP vs
PbSAMS-DD -TMP (knockdown) parasites cultured with the Met-downstream metabolites. (¢, d)
Quantification of (¢) P. berghei intra-erythrocytic developmental stages and (d) merozoite numbers in
P. berghei parasites knockdown for the SAMS enzyme after supplementation with the polyamines
putrescine (Putr), spermine (SpM) or both (Putr & SpM). a, b. Data represents the a. percentage of
mature schizonts and the b. mean merozoite numbers produced ex vivo by PbSAMS-DD -TMP
(knockdown) parasites after supplementation with the Met-downstream metabolites. Polyamine
supplementation was examined in n=3 independent experiments, except for Putr +SpM and SAM (n=
2). Error bars represent the SD. c¢. Data is shown as mean percentage of parasites at each
developmental stage, with error bars representing SEM. Parasite staging was performed in triplicate,
averaged and repeated in n= 3, except for Putr +SpM (n=2). Individual data points are represented
in Supplementary Figure 2.6a,b. Rng: ring; troph: trophozoite; iSchiz: immature schizont; mSchiz:
mature schizont. d. Data is represented as box-whisker plot (10-90 percentile) of mean merozoite
number per schizont + SD (2-way ANOVA). Boxplots show the data of n=2 independent experiments
and for the following number of schizonts (N): d. SAMS-DD +TMP, N=122, -TMP, N=117; +TMP +Putr,
N=50; -TMP +Putr, N=48; +TMP +SpM, N=37; -TMP +SpM, N=102; +TMP +Putr & SpM, N=47; -TMP
+Putr & SpM, N=47.

Notably, the effect of MetD on Putr production is more prominent in early stages of
parasite development (trophozoite, 24h) whereas the production of SpD (and likely that
of its downstream product, SpM) is mainly reduced during late schizogony (36h) (Figure
2.7a, b). Due to its very low abundance in the parasite, SpM levels in TLC analysis were
significantly lower than those observed for Putr and SpD (Figure 2.7a). This supports our
previous findings in the rodent malaria species, P. berghei ANKA, showing a role for Putr
during replication (Figure 2.6b,d), and for SpM at later stages of parasite development,

particularly during schizont segmentation (Figure 2.6a,c).
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Figure 2.7 - Polyamine biosynthesis is downregulated in P. falciparum upon methionine
withdrawal. (a, b) (a) Polyamine visualization by thin layer chromatography (TLC) analysis,
representative of n= 2 independent experiments, in synchronized P. falciparum NF54 WT parasites
cultured in MetD media. Each lane represents a different timepoint. (b) Quantification of relative
polyamine levels at 12h (ring-stage), 24h (trophozoite-stage), 36h (schizont-stage) and 48h (next
generation ring-stages) after sorbitol synchronization in MetS and MetD conditions. The same number
of parasites was loaded per condition and timepoint. Due to its very low abundance in the parasite,
SpM could only be detected by TLC analysis 24h after sorbitol synchronization. Blue, pink and yellow
arrows represent Putr, spermidine (SpD) and SpM, respectively, in standards and samples.

These findings were recapitulated in the human malaria parasite, P. falciparum, in MetD
conditions, as evidenced by a sharp increase in parasitemia upon polyamine
supplementation (Supplementary Figure 2.6¢). Indeed, our data are consistent with
previous findings showing that inhibition of P. falciparum ODC enzyme (critical for Putr
synthesis) induces cytostatic arrest at the trophozoite stage and halts parasite
development at G1/S transition, a phenotype that is rescued by the addition of
exogenous polyamines [475—477]. So far, our data show that the developmental and
replication responses to methionine depletion are independent and each rely on a
different polyamine. Not surprisingly, the effects of Met-downstream metabolites, namely
polyamines, did not extend to conditions of lle depletion, showing that these were specific

to Met depletion signaling (Figure 2.8; Supplementary Figure 2.6Db).
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Figure 2.8 - Polyamines have no impact in lleD-induced phenotypes, as it regards to
development and replication. (a) Percentage of mature segmented schizonts and (b) mean
merozoite numbers in P. berghei WT parasites cultured in lleS vs lleD media supplemented with the
polyamines Putr, SpM or both. (¢, d) Quantification of (¢) P. berghei intra-erythrocytic developmental
stages and (d) mean merozoite numbers in P. berghei WT parasites cultured in lleS or lleD media
supplemented with polyamines. a, b. Data represents the a. percentage of mature schizonts and the
b. mean merozoite numbers produced ex vivo by Pb wt parasites growing in lleD media supplemented
with polyamines. Polyamine supplementation was examined in n=2 independent experiments. Error
bars represent the SD. c. Data is shown as mean percentage of parasites at each developmental
stage, with error bars representing SEM. Individual data points are represented in Supplementary
Figure 2.6a, b. Rng, ring; troph, trophozoite; iSchiz, immature schizont; mSchiz, mature schizont. d.
Data is represented as box-whisker plot (10-90 percentile) of mean merozoite number per schizont +
SD (2-way ANOVA). Boxplots show the data for the following number of schizonts (N): lleS, N=38;
lleD, N=47; lleS +Putr, N=59; lleD +Putr, N=66; lleS +SpM, N=56; lleD + SpM, N=57; lleS +Putr &
SpM, N=38, lleD +Putr & SpM, N=53.

The data show that when each amino acid (Met or lle) is depleted, separate mechanisms
are orchestrated, with the downstream metabolites triggering these responses being
specific to the metabolic pathway that is affected. It is important to note that the different
responses observed at the phenotypic level likely translate to the different roles each AA
plays in the cell. Our findings so far led us to hypothesize that Plasmodium parasites
have the ability to sense fluctuations in AA levels—as well as in the downstream
metabolites—which independently regulate parasite development or replication,

functioning as key molecular players during distinct stages of the parasite’s life cycle.



Nek4, elK1 and elK2 are key in the response to AA limitation

Cells respond to environmental stress conditions by adjusting gene expression and
protein synthesis, a role mainly filled by protein kinases signaling pathways. However,
the key molecular players involved in AA-sensing regulation in other organisms are
absent from the genome of the malaria parasite. To identify potential regulators, we
examined a panel of 15 eukaryotic protein kinases (ePKs) which were previously shown
to be non-essential for P. berghei asexual erythrocytic development (Figures 2.9, 2.10)
[382].
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Figure 2.9 - A signaling pathway comprising 3 distinct parasite kinases regulates the stress
response to AA depletion (a, b) Screen of 15 non-essential P. berghei kinases in loss-of-function
mutants using the ex vivo maturation assay. (a) Percentage of mature segmented schizonts and (b)
merozoite numbers per schizont in wild-type and kinase knockout lines (Anek4: PBANKA_061670;
AelK1: PBANKA_1308400; AelK2: PBANKA_0205800) cultured in MetS vs MetD media. (c, d)
Quantification of (¢) P. berghei intra-erythrocytic developmental stages and (d) merozoite numbers of
P. berghei wild-type and kinase mutant AelK2, AelK1 and Anek4 parasites cultured in MetS or MetD
media. a, b. Kinase knockout mutants were analyzed in triplicate and averaged, with each data point
representing the a. mean percentage of mature schizonts or b. the mean merozoite number produced
per schizont. Error bars represent the SE Diff or SD between replicates, respectively. n=3 independent
experiments for wild-type, AelK2, AelK1 and Anek4 or n=2 for the other knockout lines. ¢. Parasite
staging was performed in triplicate, averaged and repeated in n=3 independent experiments. Data is
shown as mean percentage of parasites at each developmental stage, with error bars representing
SEM. Individual data points are represented in Supplementary Figure 2.9a, b., d. Data is represented
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as box-whisker plot (10-90 percentile) of mean merozoite number per schizont + SD (2-way ANOVA).
Boxplots show the data of n=3 independent experiments and for the following number of schizonts (N),
wild-type: MetS, N=148; MetD, N=148; AelK2: MetS, N=85; MetD, N=158; AelK1: MetS, N=220; MetD,
N=238; and Anek4: MetS, N=106; MetD, N=106.

By growing P. berghei lines with loss-of-function mutations in protein kinase genes
[382] in AA depleted media (Figures 2.9 and 2.10; Supplementary Figures 2.7 and
2.8) we have identified Nek4, elK1 and elK2 mutants as unresponsive to both MetD and
lleD, suggesting a role for these kinases in AA sensing, albeit with some relevant
particularities at the phenotypic level. In MetD or lleD conditions, Anek4 parasites mature

and replicate similarly to wild-type parasites in MetS or lleS.
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Figure 2.10 — Adaptation to isoleucine depletion also relies on elK1, elK2 and nek4. (a, b) (a)
Percentage of mature segmented schizonts and (b) merozoite numbers in wild-type and kinase
knockout parasite lines cultured in lleS vs lleD media. (¢, d) Quantification of (¢) P. berghei intra-
erythrocytic developmental stages and (d) merozoite numbers of P. berghei wild-type and kinase
mutant AelK2, AelK1 and Anek4 parasites cultured in lleS or lleD media. a, b. Kinase knockout
mutants were analyzed in triplicate and averaged, with each data point representing the a. mean
percentage of mature schizonts or b. the mean merozoite number produced per schizont. Error bars
represent the SE Diff or SD between replicates, respectively. n=2 independent experiments. ¢. Data is
shown as mean percentage of parasites at each developmental stage, with error bars representing
SEM. Individual data points are represented in Supplementary Figure 2.9. d. Data is represented as
box-whisker plot (10-90 percentile) of mean merozoite number per schizont + SD (2-way ANOVA).
Boxplots show the data for the following number of schizonts (N), wild-type: lleS, N=114; lleD, N=133;
AelK2: lleS, N=70; lleD, N=68; AelK1: lleS, N=75; lleD, N=94 and Anek4: lleS, N=90; lleD, N=102.



When assessing parasite growth, replication rates and intra-erythrocytic development
(Figures 2.11 and 2.12; Supplementary Figure 2.10), P. falciparum kinase mutant
knockout lines (elK1 [429], elk2 [427] and nek4 [478]) showed a similar response to MetD
or lleD conditions. Interestingly, the inability of kinase mutant knockout parasites to
control growth in response to AA depletion leads to parasite death after several rounds
of replication, as illustrated by a stalling (AelK2, AelK1) or even decline (Anek4) in

parasitemia from 96h onwards (Figure 2.11).
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Figure 2.11 - Intra-erythrocytic development of P. falciparum elK1, elK2 and nek4 kinases
knockout mutants upon AA withdrawal. (a, b) Parasitemia of synchronized P. falciparum 3D7 WT,
AelK2, AelK1 and Anek4 parasites cultured in (a) MetS or MetD media and (b) lleS or lleD media.
Data represents the mean percentage of iRBCs. Parasitemia was performed in triplicate, averaged
and repeated in n= 2 independent experiments.

These findings show that the previously described kinases function as a coping strategy
for Met or lle shortage, as parasites lacking these specific kinases cannot fine-tune
growth to nutrient availability and thus fail to enter hibernation and to adjust replication
rates. The involvement of Nek4, elK1 and elK2 in parasite adaptation to AA deficiency

strongly suggests that these kinases regulate an active parasite response to AA
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starvation, whose modulation occurs in a stage-specific and temporally-regulated
manner, a mechanism that, to the best of our knowledge, is hitherto unknown. Moreover,
our data strongly suggests that Nek4 acts upstream to elK1 and elK2 in the pathway,

regulating both replication (via elK2) or development (via elK1).
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Figure 2.12 - Replication rates of P. falciparum elK1, elK2 and nek4 kinases knockout mutants
upon AA withdrawal. (a, b) Merozoite numbers per schizont in P. falciparum parasites cultured in (a)
MetS or MetD media and (b) lleS or lleD media. a, b. Data is represented as box-whisker plot (10-90
percentile) of mean merozoite number per schizont + SD (Mann-Whitney). Boxplots show the data of
n= 2 independent experiments and for the following number of schizonts (N): wild-type, MetS, N=57;
MetD, N=58; lleS, N=37; lleD, N= 33; AelK2, MetS, N=26; MetD, N=25; lleS, N=37; lleD, N=42;
AelK1, MetS, N=35; MetD, N=44; lleS, N=41; lleD, N=36; and Anek4, MetS, N=22; MetD, N=20; lleS,
N=45; lleD, N=28.



Parasite response to low AA implies elF2a phosphorylation at
different stages of the cell cycle

P. falciparum parasites growing in AA-free media exhibit increased levels of
phosphorylation of the eukaryotic initiation factor 2o (elF2a) [429], which is a well
characterized mechanism in eukaryotic model organisms that blocks translation under
AA depletion [405,406,479]. From yeast [480] to mammals [417], such a mechanism is
coordinated by the elF2a kinase GCN2, which recognizes the increased accumulation
of uncharged tRNAs induced by AA depletion [405,479]. Three elF2a kinases have been
identified in Plasmodium: elK1, elK2 and PK4 [425] whose only described function is to
phosphorylate the Plasmodium elF2a orthologue under different stresses [426]. Since
our screening data revealed a key role for elK1 and elK2 (two of the three elF2a kinases)
in parasite response to AA depletion, we next sought to establish whether these kinases
coordinate an adaptive response mechanism and thereby modulate the phosphorylation

of their downstream target elF2a..

Immunoblotting analysis of synchronized P. falciparum WT parasites reveals that under
control conditions (MetS, lleS conditions) elF2a. phosphorylation is lower at the ring
stage, increasing later during schizont development (Figure 2.13) a process required for
successful schizont maturation, through reduction of protein synthesis [481]. By contrast,
MetD and lleD conditions impact on elF2a phosphorylation status (Figure 2.13),
suggestive of an early and active parasite response to low AA levels, yet with some
particularities - as previously observed at the phenotypic level (Figures 2.1 and 2.2).
Under both MetD and lleD conditions, elF2a phosphorylation is strongly induced early in
development, at the ring stage. However, while enhanced phosphorylation is maintained
throughout schizont development in MetD conditions (Figure 2.13a); under lleD, elF2a
phosphorylation is rapidly lost and restored to basal levels as schizont development

progresses (Figure 2.13b).
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Figure 2.13 - Parasite response to AA depletion results in enhanced phosphorylation of the
Plasmodium falciparum elF2a orthologue. (a, b) Time course analysis of elF2a phosphorylation
status upon AA starvation of sorbitol-synchronized PI3D7 WT, elK2, elK1 and nek4 knockout mutants
(ring-stage window of + 8h). Parasites were cultured in (a) MetS and MetD media or (b) lleS and lleD
media. Starvation pulses were performed for 6 hours at the ring- (R) or schizont- (Schiz) stage. Parasite
proteins were extracted and probed for the phosphorylation of the translation initiation factor 2o (P-
elF2a) at the serine residue 51. Representative phospho-western blots and bar graphs quantifying
phosphorylation levels of elF2a, in ring- and schizont-stage parasites, relative to levels in ring-stage
parasites growing under control conditions (MetS or lleS, respectively). Bars represent the mean of
elF2a-P levels relative to hsp70 levels + SEM.

This is consistent with our previous findings that lleD primarily affects early
developmental stages, while MetD has the greatest impact during schizont development
(Supplementary Figure 2.1b, c). Our results show that AelK1 parasites can only respond
to AA depletion during the schizont stage, as evidenced by increased elF2a
phosphorylation levels at this particular stage and an apparent loss of elF2a
phosphorylation during ring-stage development. By contrast, while AelK2 schizonts are

incapable of phosphorylating elF2a, ring-stage parasites successfully respond and adapt



to AA scarcity. Remarkably, Anek4 parasites are completely unable to respond to MetD,
with negligible elF2a phosphorylation levels in both the ring and schizont stages (Figure
2.13a). Therefore, while elK1 seems to be critical for parasite’s response during early-
stages of development, elK2 activity emerges as only relevant towards late stages of
development - at least in MetD. Remarkably, Nek4 activity appears to be critical in the
parasite's response to AA deficiency throughout asexual intraerythrocytic development

(Figure 2.13a) — a kinase previously known to function during gametocytogenesis [482].
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Figure 2.14 - Schematic model for parasite’s adaptive response to AA depletion during intra-
erythrocytic development. Plasmodium parasites sense and actively respond to fluctuations in the
availability of two distinct AAs: lle and Met. Such response is heterogeneous as it depends on the AA
that is depleted yet, it implies a common pathway comprising the phosphorylation of elF2a by two
distinct kinases, elK1 and elK2, which are temporally regulated at distinct stages of the life cycle,
allowing parasites to fine-tune replication and development accordingly. This response leads to
decreased replication, entry into a hibernation-like state and ultimately, extended survival.

While it has previously been shown that ring-stage parasites lacking elK1 do not
phosphorylate elF2a in response to AA depletion, the ability of schizonts to actively
respond to AA fluctuations, as well as the role of elK2 (whose only known function is in
the sporozoite stage [429]) and Nek4 in response to AA depletion remained unknown.
Overall, the data show that Plasmodium parasites can detect AA fluctuations and mount
active responses to individual AAs. This occurs via a common mechanism comprising
the phosphorylation of elF2a by two different kinases - elK1 and elK2 — whose function
is likely coordinated by Nek4 in a temporally-regulated manner, with each kinase
affecting a specific, but sequential, stage of development (Figure 2.14).
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Discussion

Nutrient scarcity is an important selective pressure that has shaped the evolution of many
organisms and most cellular processes. While nutrient sensing pathways have been
established and studied in model systems, malaria parasites' ability to sense nutrients
has only recently been uncovered. This owes to the fact that Plasmodium parasites do
not appear to possess any of the canonical eukaryotic nutrient-sensing pathways,
including the SNF/AMPK, TOR and GCN2 biosynthetic pathways. Notably, while the
canonical SNF/AMPK energy-sensing pathway was previously thought to be absent, we
have recently shown that a parasite kinase, KIN, is a putative functional AMPK
homologue, working as a broad metabolic/energy sensor that drives an active and
coordinated parasite response to energy fluctuations [373]. On the other hand, the
master regulator of cell growth in eukaryotes (the TOR complex) is completely absent in
Plasmodium, which has been shown to possess only a rudimentary AA starvation-
sensing eukaryotic initiation factor 2a. (elF2a), that does not directly promote parasite

survival upon AA starvation [429,446]

In many model organisms, GCN2 has been shown to sense the uncharged tRNAs that
accumulate upon AA deprivation. GCN2 attenuates translation, which not only consumes
AA, but is also one of the most energy-demanding cellular processes [405,407,417]. Our
extensive phenotypic analysis in both MetD or lleD media and in the kinase knockout
mutant parasite lines has allowed the identification of 3 distinct parasite kinases that
function as key regulators of parasite growth under AA scarcity: Nek4, a kinase so far
only described to function during gametocyte development [463], elK1 and elK2. The
inability to reconcile growth with AA availability in the absence of such kinases suggests
that asexual blood stage parasites can actively adapt to a decrease in AAs via these
respective kinases. Additionally, our data suggests that these two distinct elF2a kinases
function in a temporally-regulated manner, with elK1 regulating developmental stage
transition but not replication and elK2 showing the opposite behavior as it regulates

replication but not development.

While the distinct dynamics of elF2a. phosphorylation in each kinase mutant during
development under AA-deprived conditions supports this, additional research into kinase
activity levels and activation status at each parasite stage would corroborate such a
complex model. Indeed, our data suggest that in order to survive under AA deficiency,

malaria parasites must be able to modulate replication levels or enter hibernation. Thus,



decreased replication and halted cell cycle progression in wild-type parasites mirrors the
ability of malaria parasites to successfully respond to AA depletion; an adaptive
mechanism that requires enhanced phosphorylation of elF2a, which must either be
maintained throughout development (MetD) or not (lleD), depending on the AA that is
lacking. Despite the cost to offspring, such an adaptive response ensures that parasites
can balance nutrient availability with growth, ultimately extending survival. In contrast,
nek4 parasites' inability to control replication and growth under AA deficiency, which is
evidenced by the complete loss of elF2a phosphorylation, results in high growth rates at
first but quickly leads to parasite death. Interestingly, AelK1 and AelK2 parasites exhibit
an intermediate phenotype under AA deficiency, with each kinase regulating either
replication or growth and phosphorylating elF2a in a stage-specific manner. Despite the
ability of elK2 ring-stage parasites to adapt, schizonts fail to phosphorylate elF2a in
response to AA deficiency, suggesting that parasite replicative rates might be pre-
determined at this stage. While elK1 schizonts can adapt, ring-stages fail to
phosphorylate elF2a in response to AA deficiency. This most likely explains AelK1
parasites’ ability to complete the cell cycle and develop into mature schizonts, as elF2a
phosphorylation at the schizont stage has been shown to be critical for schizont

maturation under basal conditions [482].

Interestingly, elF2a kinases’ stage-specific and sequential activation constitutes a major
hallmark of the integrated stress response in other eukaryotes [426] including the closely
related apicomplexan parasite Toxoplasma gondii [483]. Our data show that adaptation
to low AA levels entails a common AA-sensing pathway, comprising Nek4 and the
phosphorylation of elF2a by elK1 or elK2. However, the overall parasite response to the
two AAs tested, Met and lle, exhibits some peculiarities, with each AA affecting parasite
progression through the cell cycle as well as the dynamics of elF2a phosphorylation in
a unigue manner. This is not surprising when taking into account current evidence in
other eukaryotes showing that GCN2-mediated response to AA starvation differs
according to the specific AA that is depleted [484] - with Met starvation leading to the
most striking decrease in protein translation in mammalian cells [485—488]. Further
studies may be needed to fully appreciate the metabolic rewiring induced by AA
starvation and how this triggers the signaling cascade driving the adaptive processes
described herein. Still to be revealed is whether Nek4 acts upstream of elK1 and elK2,
which would support our phenotypic analysis showing a role for Nek4 in both replication

and development. Additional studies addressing whether, under AA depleting conditions,
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elK1 and elK2 activation is modulated by Nek4 activity in asexual blood stages would
provide further insight on how this AA sensing pathway is regulated in the parasite.
Additional studies addressing the role of PK4 (already shown to phosphorylate elF2a
during schizont development [489] in parasite response to AA starvation may also
provide additional insight into the dynamics of elF2a phosphorylation and the function of
these kinases as critical components of a GCN2-like sensing pathway in the parasite.
Moreover, future experiments investigating the phosphorylation status and activity of
Maf1 under AA deficiency, the sole downstream component of the TOR pathway
identified to date in Plasmodium, may disclose whether a TOR pathway operates in
Plasmodium and how it interacts with the GCN2 pathway to ensure a suitable cellular

adaptation to nutritional fluctuations.

While eradicating malaria is highly desirable, it appears to be rather challenging to
achieve. This is primarily due to the emergence of parasite resistance to artemisinin-
based combination therapies (ACTs), the forefront treatment for Plasmodium falciparum
malaria. While the mechanism of action of artemisinin (ART) is not fully understood, ART
treatment has been shown to block host cell hemoglobin uptake while markedly
increasing general protein damage, resulting in delayed parasite clearance and the
persistence of hemoglobin non-degrading ring-stage forms55. Therefore, ART treatment
is mostly effective at later stages of development when parasites exhibit high metabolic
activity [426,428]. Moreover, in addition to a transient reduction in cell cycle pace, ART
treatment also enhances elF2a phosphorylation, thereby resembling the amino acid
withdrawal-induced phenotypes. Importantly, increased elF2a phosphorylation has been
shown to be essential for ART-induced latency and parasite recrudescence
[447,490,491]. Such a programmed state of low metabolic activity, both upon ART-
treatment or AA withdrawal, could render parasites insensitive to a broad range of
inhibitors, as already shown for the exoerythrocytic stages of other human malaria
parasites [492]. By blocking the molecular players identified as part of a Plasmodium AA
sensing pathway, namely Nek4 or the two elF2 kinases, elK1 and elK2, these findings
could represent an alternative and promising strategy to prevent the parasite's ability to
enter this latent phase, thereby precluding malaria recrudescence following ART
treatment. Furthermore, interventions targeting these kinases would transform highly
replicating and as such virulent parasites into attenuated parasite forms, leading to low

parasitemia, previously shown to be protective in humans [48].



Materials & Methods

Chemicals and Reagents

Roswell Park Memorial Institute (RPMI) 1640 medium, no glutamine (21870076),
HEPES (15630), Gentamicin (15750), L-glutamine (25030-024), Albumax Il (11021-029)
and SYBR green | (S§7567) were purchased from Gibco, Thermo Fisher Scientific. RPMI
1640 Medium, no isoleucine (R9014) was purchased from US Biologicals. Bovine Serum
Albumin (BSA) Fraction V (MB046) was purchased from NZYTech. RPMI 1640 no
methionine, no cysteine (R7513), Glucose (G6152), Saponin (47036), Spermine
(S4264), Spermidine (S0266), Putrescine (D13208), L-Glutathione reduced (G4251), L-
Homocysteine (69453) and Trimethoprim (TMP) were purchased from Sigma-Aldrich. S-
Adenosylmethione-1,4-butanedisulfonate (NA58198) was purchased from Biosynth

Carbosynth. Paraformaldehyde was purchased from Santa Cruz Biotechnology.

Mice, diets and treatments

Male C57BL/6J and BALB/c wild-type mice, aged 5 to 8 weeks, were purchased from
Charles River Laboratories (Saint-Germain-sur-I'Arbresle, France). All mice used in this
study were housed in the Rodent Facility of Instituto de Medicina Molecular Jodo Lobo
Antunes (Lisboa, Portugal), five per cage and kept in specific-pathogen-free conditions.
Mice were randomly assigned to different experimental conditions and allowed free
access to water and food. Blinding was not possible in MetD-fed mice as mice exhibit a
clear difference in body weight. All experimental procedures involving mice were
approved by iMM’s Animal Welfare Body (ORBEA-iMM), licensed by the national
regulator, Direccdo Geral de Alimentacéo e Veterinaria (DGAV), and performed in strict
compliance with national and European regulations. Methionine- sufficient (MetS) and
deficient (MetD) diets were manufactured and purchased from SSniff (Soest, Germany).
TMP was provided in drinking water at 0.25 mg per mL starting two days prior to infection

and changed every 48 hours.

Parasite lines

The following parasite lines were employed in this study: GFP-expressing P.
berghei ANKA (GFPcon, clone 259cl2), obtained from the Leiden Malaria Research
Group; P. berghei ANKA kinase deficient parasite lines, were previously generated [458];
P. falciparum NF54 and P. falciparum 3D7 were obtained through MR4 (www.mr4.0rg);

P. falciparum sams-glmS transgenic parasite line was kindly provided by Bjérn Kafsack
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(Weill Cornell Medical College, New York, USA) and the P. falciparum 3D7 kinase
deficient parasite lines were kindly provided by Mathieu Brochet (University of Geneva,
Geneva, Switzerland) and Christian Doerig (Monash Biomedicine Discovery Institute,

Clayton, Australia).

The P. berghei SAMS-DD parasite line was generated by double crossover homologous
recombination of the pPbsams.DD.HA construct at the sams locus in a GFP expressing
parental line (line-507cl1) [382]. The pPbsams.DD.HA construct contains a truncated
Pbsams ORF in fusion with a destabilizing domain (DD) — a mutant form of the E.
coli dihydrofolate reductase (ecDHFR) protein, engineered to be degraded [493] - an HA
tag and also a cassette for transgenic expression of the human dhfr - conferring
resistance to pyrimethamine -which is flanked by the sams 3’'UTR (Supplementary Figure
2.1d). Transfection was performed using a protocol described elsewhere [471]. Briefly,
blood from a BALB/c mouse infected with the parental line was collected and cultured
for 16 hours in vitro. Mature schizonts were purified by a Nycodenz gradient and
transfected using Amaxa electroporation system (Lonza). Transfected merozoites were
injected into the tail vein of a BALB/c mouse, positively selected by providing
pyrimethamine in drinking water (70ug/ml) and harvested on day 7-10 post transfection.
Pyrimethamine resistant, transgenic parasites were dilution cloned before further
experimentation and genotyped by PCR (Supplementary Figure 2.1e). using the primers
listed in Table 2.1.

Table 2. 1 - List of primer sequences used

PCR reaction Primer pairs (Forward; Reverse)

p1: 5 TAGGTACCGAGGAAATTTTCTATTTACTTCG 3
p3: 3 ATGCGGCCGCCAACTAATAAAATCCAGGAAATA &5

p1: 5 TAGGTACCGAGGAAATTTTCTATTTACTTCG 3
p4: 3 ATGCGGCCGCTCATCGCCGCTCCAGAATCTC &

DNA quality control p1: 5 TAGGTACCGAGGAAATTTTCTATTTACTTCG 3
d p2: 3 TAGGGCCCATTTTTTAAAACATTTTTTTCGTG 5’

PBSAMS-HA-DD wt locus

PBSAMS-HA-DD modified locus

In vivo mice infections and parasitemia determination

Infection of experimental mice was performed by intraperitoneal (i.p.) inoculation of
1x108 infected RBCs (iRBCs) into C57BL/6J or BALB/c mice, obtained by passage in
the correspondent genetic background mice. For GFP-expressing parasites, peripheral
blood parasitemia was determined by flow cytometry analysis of one drop of tail blood
collected in 200uL PBS. A total number of 1 million events (day 1-2 of infection) or 100-

200 thousand events (onwards) were acquired on a BD LSR Fortessa using the BD



FACSDiva™ Software (v6.2) and the parasitemia expressed as the percentage of GFP+
RBCs. For non-GFP expressing parasite lines, parasitemia was monitored by Giemsa-
stained thin blood smears [493]. A total of 5-10 thousand RBCs per slide, was randomly
acquired and the percentage of infected RBCs (iRBCs), or parasitemia, was semi-

automatically counted using Fiji software (version 2.1.0) (https://imagej.net/softwareffiji/).

P. falciparum culturing and parasitemia determination

P. falciparum NF54, 3D7 and derived knockout clones were maintained in culture [494]
at 5% hematocrit in human O+ erythrocytes (Instituto Portugués do Sangue e
Transplantacdo). Of note, whereas the P. falciparum NF54 parasite line exhibits a 48h
cell cycle length, the P. falciparum 3D7 line shows an accelerated asexual blood stage
cycle of 36-42h. Parasites were cultured in Malaria Complete parasite Media (MCM)
prepared by supplementing RPMI 1640 no glutamine, with 2mM L-glutamine, 2g/L
NaHCOs3 5 mM glucose, 25 mM Hepes, 100 uM hypoxanthine, 10ug/mL gentamicin, and
10% Albumax Il - except for the AA starvation assays. For such experiments, MCM
media was prepared by adding all compounds to RMPI lacking either methionine (MetD)
or isoleucine (lleD). Respective control media, containing methionine (MetS) or
isoleucine (lleS) were prepared by supplementing deficient media with the appropriate
AAs, at the concentrations found in regular RPMI 1640 (100 uM Met, 382 uM lle).

Synchronous P. falciparum cultures were obtained according to previously described
protocols [495]. To achieve synchronization, P. falciparum parasites were treated twice
with 5% sorbitol to achieve a ring-stage window of + 8h interval in the previous cycle.
To do so, cultures were allowed to grow up to 5-10% parasitemia and harvested when
parasites were mostly at the ring stage. Parasite pellets were treated with 5% sorbitol
for 10 minutes at RT, centrifuged at 600 x g and washed thrice in MCM. Parasitemia was
assessed as well as parasite morphology and parasites were sub cultured at 5%
hematocrit for one additional cycle. The sorbitol treatment was repeated after one cycle
— approximately 48h for NF54 and 40h for 3D7 — as previously described [494,496]. Ring-
stages were then cultured at 2% hematocrit and the starting parasitemia adjusted to

0.5% in 96 well plates containing 200 pL of the respective media.

Parasitemia in each developmental cycle was analyzed by flow cytometry analysis after
SYBR Green staining [496]. Briefly, 50 uL of P. falciparum cultured samples were mixed
with the same volume of SYBR Green | solution, previously diluted in water (1:1000).

Samples were incubated in the dark for 20 min at room temperature and washed in 500
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pL PBS. Samples were acquired on a BD LSR Fortessa using the BD FACSDiva™
Software (v6.2). A total of 100 000-200 000 events was analysed per condition. The data
was further processed on FlowJo X TreeStar) using the gating strategy detailed in

Supplementary Figure 2.4.

P. berghei ex vivo maturation assays

P. berghei blood-stage parasites were collected by cardiac puncture of BALB/c-infected
mice (1-2% parasitemia), washed in pre-warmed incomplete RPMI and cultured in 96-
well plates containing complete RPMI culture medium, prepared as follows: RPMI 1640,
no glutamine (21870076), supplemented with 5 mM glucose, 2 mM L-glutamine, 25 mM
HEPES, 2g/L NaHCOs; 50ug/L Gentamicin and 20% of Fetal Bovine Sera (FBS).
Homemade complete medium sufficient for methionine (MetS) was prepared by
supplementing RPMI 1640 no methionine, no cysteine (R7513) with the respective
amino acids at the concentration found in regular RPMI (208uM and 100 pM,
respectively); whereas methionine deficient media (MetD) consisted of RPMI 1640 no
methionine, no cysteine (R7513) medium supplemented only with cysteine. Isoleucine-
sufficient (lleS) media was prepared by supplementing RPMI 1640 Medium, no
isoleucine (lleD; R9014) with the concentration of the respective amino acid found in
complete RPMI media (382 uM). Ninety-six-well plates were incubated at 37°C in an
atmosphere of 5% Oz, 5% CO: and 90% N for 18-30h, allowing parasites to mature from

rings/young trophozoites into segmented schizonts.

In vitro quantification of stage progression and merozoite number
Parasite cell cycle progression was assessed at distinct time points - 18h (data not
shown), 24h and 30h for the rodent malaria parasite - or every 12h for the human malaria
parasite. Parasite staging was performed by microscopic analysis of 1-10 thousand,
randomly acquired, Giemsa-stained RBCs. Mature schizonts were assessed by
microscopic analysis of Giemsa-stained smears and manually quantified using ImageJ
software. Fifty to one hundred segmented schizonts with clearly individualized
merozoites containing a single hemozoin crystal were quantified per condition.
Additionally, rodent blood stage nuclei were stained with DAPI and merozoite number

was determined by fluorescence microscopy.



Ex vivo screen of Met-downstream metabolites

To screen for methionine-downstream metabolites, wild-type parasites were cultured in
MetS or MetD media and lleS or lleD media and further supplemented with each
metabolite - and the appropriate vehicle (as control). The final concentration used for
each metabolite was set according to the physiological ranges described during a
malaria infection or as previously described elsewhere, as follows: 1.5 mM S-
adenosylmethionine (SAM) [497], 1 mM glutathione (GSH) [498], 20 uM homocysteine
(Hey) [499-501], 1 mM putrescine (Putr) [502], 1 mM spermine (SpM)[316], and 1 mM
spermidine (SpD) [503]. For P. berghei, an in vitro maturation assay was employed with
each metabolite being added to the media and incubated for 24- or 30 hours. For P.
falciparum, each metabolite was added to the culture media at day 4 of in vitro culture
and incubated throughout one complete intra-erythrocytic developmental cycle. Ninety-
six-well plates were incubated at 37°C in an atmosphere of 5% O, 5% CO- and 90% Na.
The effect of metabolite supplementation on parasite stage progression and schizont
development was assessed by microscopy of Giemsa-stained smears as described

above.

Thin Layer Chromatography of Plasmodium polyamines

Polyamines were separated by thin-layer chromatography as previously described [503].
For all samples, cells were collected and centrifuged. Pellets were washed with
Phosphate Buffered Saline (PBS) and then resuspended in 100 pL of 2% perchloric acid.
Samples were then incubated overnight at 4°C. One hundred uL of supernatant was
combined with 200 uL of 5 mg/ml dansyl chloride (Sigma Aldrich) in acetone and 100uL
of saturated sodium bicarbonate. Samples were incubated in the dark overnight at room
temperature (RT). Excess dansyl chloride was cleared by incubating the reaction with
100uL 150mg/mL proline (Sigma Aldrich). Dansylated polyamines were extracted with
50uL toluene (Sigma Aldrich) and centrifuged. Five L of sample was added in small
spots to the TLC plate (Sigma Aldrich) and exposed to ascending chromatography with

1:1 cyclohexane: ethylacetate. Plate was dried and visualized via exposure to UV.

Amino acid starvation assays for SDS-PAGE analysis

P. falciparum 3D7 parasites and knockout parasite lines, namely the two elF2a kinases
[504,505], PfAelK1 (PF3D7_1444500) - previously described to closely cluster with
mammalian GCN2 - and PfAelK2 (PF3D7_0107600) - were maintained as described

above in MCM media supplemented with human O+ erythrocytes at 2% haematocrit.
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Parasites were sorbitol-synchronized to the ring-stage and allowed to grow in culture for
up to 5% parasitemia. Parasites were collected at two distinct stages of the intra-
erythrocytic developmental cycle: ring (12h) or schizont (38h). Ring- or schizont-stages
were pelleted by centrifugation, washed twice in PBS, pH 7.5, equally partitioned and
cultured at 37°C with 5% CO; for a 6h pulse in media deficient for methionine- or
isoleucine- (MetD or lleD) and the respective control media (MetS or lleS) - prepared as
previously described. Cultures were then harvested by centrifugation at 1300 x g for 5

minutes at RT and further processed for parasite pellet isolation.

Parasite pellet harvesting and isolation for SDS-PAGE

Pelleted erythrocytes were washed in equal volume of PBS, harvested by centrifugation
at 1300 x g for 2 minutes at 4°C and further lysed on ice by treatment with 0.15% saponin
in PBS. Parasite pellets were isolated by centrifugation at 5500 x g for 10min, 4°C and
parasites were washed twice in PBS. Blood stage parasite proteins were isolated by lysis
in 50-200 pL of radioimmunoprecipitation assay (RIPA) buffer and washed in PBS with
cOmplete™ protease inhibitor cocktail (Roche). Samples were resuspended in 5x SDS-

Laemmli buffer and denatured at 95°C.

Immunoblotting Analysis

Denatured parasite proteins were resolved on 10% SDS-polyacrylamide gel and
transferred to 0.2 um nitrocellulose membranes (Bio-Rad) using wet-transfer in Towbin
buffer (25 mM Tris, 192 mM Glycine (Sigma) and 20% ethanol in ddH20). Membranes
were blocked in 5% BSA in PBS-0.1% Tween 20 (PBST) at RT for 1h, with rocking.
Membranes were then incubated with the appropriate primary antibodies, diluted 1:1000
in 5% BSA in PBST, for overnight at 4°C. Membranes were washed thrice in 0.1% PBST
for 10 minutes (RT) followed by incubation with appropriate secondary antibodies
(conjugated to Horseradish peroxidase) diluted 1:10 000 in 5% BSA in 0.1% PBST, for
60 min at RT. Membranes were washed thrice and bound antibodies were detected by
using Immobilon ECL Ultra Western HRP Substrate (Merck Millipore) on the ChemiDoc
XRS+ system. The primary antibodies used for probing membranes were rabbit o HA
(clone C29F4, Cell Signaling Technology, Danvers, MA, USA), rabbit o phospho-elF2a
(S51) (119A11, Cell Signaling Technology) and mouse a. Pbhsp70 (produced in house).
The secondary antibodies used were: goat o mouse IgG, HRP conjugate (BML-SA204-
0100, Enzo Life Sciences, Lausen, Switzerland) and goat a rabbit IgG, HRP-linked
Antibody (7074, Cell Signaling Technology).



Immunofluorescence Assay

Immunofluorescence analysis of SAMS-DD-HA protein levels was performed in blood
smears of P. berghei parasites cultured in vitro for 24h. MetS-fed BALB/c mice infected
with P. berghei SAMS-DD parasites were either treated, or not, with TMP in drinking
water two days prior to infection to achieve SAMS stabilization or knockdown,
respectively. Parasites were cultured for 24h as previously described for the in vitro
maturation assays and blood smears were fixed in 4% PFA-PBS solution for 10 min at
RT. Fixed parasites were washed in PBS and permeabilized in 0.1% PBS-Triton X-100
solution for 10 min at RT. Cells were then blocked in 3% BSA for 1h at RT. Primary
antibodies were diluted 1:400 in blocking solution and incubated at 4°C, overnight. Slides
were rinsed thrice in PBS and incubated in secondary antibodies or dyes, diluted 1:400
or 1:1000, respectively, in blocking solution. Stained samples were rinsed in PBS,
mounted in Fluoromount G and allowed to dry overnight. Primary antibodies used for
fluorescence microscopy include: rabbit o HA (C29F4, Cell Signaling Technology) and
mouse o Pbhsp70 (produced in house). Secondary antibodies and dyes used for
fluorescence microscopy include Alexa-488 conjugated donkey o mouse GFP (A21311,
Thermo Fischer Scientific), Alexa-647 conjugated donkey a rabbit IgG (A32795, Thermo
Fischer Scientific) and DAPI for nuclear staining (D1306, Invitrogen, Thermo Fischer
Scientific). Slides were imaged in Zeiss LSM 710 confocal laser point-scanning
fluorescence microscope (ZEN 2 software, Blue edition) and merozoite counting was

performed by the use of x63 oil objective.

Statistics and Reproducibility

Significance was determined by different statistical tests on the GraphPad (Prism,
version 8.4.3) software, as follows: Mann-Whitney U tests was used for comparisons
between two different groups or conditions, two-way ANOVA was used to compare
parasitemia, development and merozoite numbers between the control counterparts and
the following experimental conditions: MetD-, lleD-, kinase mutants or metabolite
supplementation assays. The log-rank (Mattel-Cox) test was used to compare the
survival distributions of two groups. Significance was considered for p values below 0.05.
The outliers in the boxplots represent 10% of data points. Biological replicates (N)
indicated in figure legends refer to the number of parasites. The number of independent
experiments is referred to as n. Sample sizes were chosen on the basis of historical data.

No statistical method was employed to predetermine sample size.
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Supplementary Figure 2.1 - AA depletion impacts parasite intra-erythrocytic development but
not viability. (a) Parasitemia of synchronized P. falciparum WT parasites cultured in MetS, MetD or
MetD media supplemented with methionine (MetD supp). Methionine was provided to the media at the
concentration found in RMPI (100pyM) from day 4 to day 6 after sorbitol synchronization. Parasitemia
was measured by flow cytometry after SYBR Green staining. (b, ¢) Full course analysis of Pf3D7 WT
developmental stage progression in (b) MetS or MetD media and (c) lleS or lleD media for 2
developmental cycles. Parasite staging was performed by microscopy analysis of Giemsa-stained
blood smears. Individual data points, for each timepoint and condition, are provided in Supplementary
Figure 2.2. (d) Double crossover homologous recombination at the Pbsams locus and the 3’'UTR was
employed to introduce a fusion of Pbsams ORF with the destabilizing domain system (DD) and an HA
tag (PbSAMS-DD line). Annealing sites for genotyping primers are illustrated and primer sequences
are given in Table 2.1. (e) Agarose gel image, showing diagnostic PCR products from P. berghei
SAMS-DD and P. berghei WT genomic DNA, after dilution cloning of the PbSAMS-DD transgenic
parasite line. (f) Densitometry analysis of SAMS-HA-DD protein levels in BALB/c mice infected by
intraperitoneal inoculation of 1x108 PbSAMS-DD infected RBCs (iRBCs). SAMS protein levels were



probed for the HA-tag (PbSAMS-HA-DD line; aHA, 70KDa). Bip was employed as loading control. (g,
h) Representative image and quantification of SAMS protein levels at the (g) trophozoite (Troph),
schizont (Schiz) and (h) merozoite (Meroz) stages in PbSAMSDD parasites developing in BALB/c mice
treated or not with TMP, measured by fluorescence microscopy after probing for the HA-tag. a. Data
represents the mean percentage of iRBCs in n=2 independent experiments, each performed at least
in triplicate. b, c. Data is shown as mean percentage of parasites at each developmental stage with
error bars representing SEM. n=3 independent experiments. The dashed squares represent the
temporal window during which amino acid deprivation has the greatest impact on parasite
development. f. Representative western blot image, showing SAMS stabilization after TMP treatment.
Data is shown as mean + SEM of SAMS-HA-DD levels normalized to Bip levels (Mann-Whitney). Data
represents n=3 independent experiments and each lane represents an individual mouse (10 mice per
condition). g, h. Scatter dot plots represent SAMS intensity levels in n=2 independent experiments (2
mice /condition). Data is shown as SAMS mean intensity values inside PbSAMS-DD +TMP and
PbSAMS-DD -TMP parasites, normalized to parasite area (Mann-Whitney). Scatter dot plots show the
data for the following number of parasites (N): Trophozoite stage: SAMS-DD: +TMP, N=20; -TMP,
N=20; Schizont-stage: SAMS-DD: +TMP, N=15; -TMP, N=21 and Merozoite-stage: SAMS-DD: +TMP,
N=102; -TMP N=108. Scale bars = 5um.
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Supplementary Figure 2.2 - Impact of AA depletion throughout P. falciparum intra-erythrocytic
development. (a,b) Quantification of (a) ring- and trophozoite- parasite stages (early parasite stages)
or (b) immature- and mature- schizont stages (late parasite stages) in MetS or MetD media. (c,d)
Quantification of (¢) ring- and trophozoite- stages or (d) immature- and mature- schizont stages in lleS
or lleD media. Data represents the mean percentage of parasites at each developmental stage with
individual datapoints representing independent experiments (n=3). Error bars represent SD. R= ring;
T= trophozoite; iS = immature schizont; mS= mature schizont.
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Supplementary Figure 2.3 - Impact of AA depletion in P. berghei intra-erythrocytic development
using the ex vivo maturation assay. (a-c) Quantification of P. berghei developmental stage
progression under (a) MetS and MetD or (b) lleS and lleD media and in (c) SAMS knockdown parasites
when cultured ex vivo for 24 or 30 hours. Data represents the mean percentage of parasites at each
developmental stage with individual datapoints representing independent experiments. n=3
independent experiments, except for lleS, lleD at 24h (n=2). Error bars represent SD. R= ring; T=
trophozoite; iS = immature schizont; mS= mature schizont.
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Supplementary Figure 2.4 - Effect of AA depletion in vitro, ex vivo and in vivo. (a) Representative
image of flow cytometry plots and gating strategy for analysis of synchronized P. falciparum parasites
cultured in MetS or MetD media after SYBR-Green staining. Samples were analyzed on BD
LSRFortessa and the number of total acquired events ranged from 50 000 to 10 000/condition. The
data was further processed on FlowJoTM 10 Software (Tree Star Inc.). Single RBCs were selected on
the basis of their size (left and middle panel) and, subsequently, on the DNA content, excluding false
positives associated to RBC autofluorescence (right panel). (b, ¢) Mean Fluorescence Intensity (MFI)
in (b) RBCs infected with synchronized PMNF54 WT parasites or (¢) PNF54 WT schizonts cultured in
MetS or MetD media. Histogram plot showing the fluorescent intensity comparison between MetS and
MetD. (d) Mean merozoite numbers in P. berghei SAMS-DD parasites, treated or not with TMP, using
the ex vivo maturation assay. Mature schizonts were visualized by microscopy after DNA staining with
DAPI and quantified using the Imaged counter tools. Representative fluorescent microscopy image
shows the mean merozoite number comparison between SAMS-DD +TMP and SAMS-DD -TMP
(knockdown) parasites. Scale bar= 5um. (e) Box plot of mean merozoites number per schizont of P.
berghei parasites after ex vivo culture for 30h, in MetS- or MetD-media, lleS- or lleD-media and in



SAMS knockdown parasites. (f) Body weight change in BALB/c male mice under a methionine
restriction-regimen (MetD) or in regular diet, sufficient for Met (MetS). (g) Parasitemia of BALB/c mice
(15mice/group) under a MetS or MetD regimen, infected by i.p. injection of 1x108 GFP-expressing P.
berghei ANKA WT iRBCs. (h) Parasitemia of MetS-fed BALB/c mice infected with PbSAMS-DD
parasites and treated, or not, with TMP in drinking water. (i) Mean merozoite number per schizont of
P. berghei SAMS-DD parasites developing in vivo in MetS-fed BALB/c mice treated or not with TMP.
b, c. Data is shown as scatter dot plot and represents 1 of n= 2 independent experiments (3
mice/condition). d, e. Data is represented as box-whisker plot (10-90 percentile) of mean merozoite
number per schizont + SD (Mann-Whitney). Boxplots show the data of d. n=2 or e. n=3 independent
experiments and for the following number of schizonts (N): d. MetS, N=20; MetD, N=20; e. MetS,
N=261, MetD, N=340; lleS, N=113, lleD, N=192; SAMS-DD +TMP, N=163, SAMS-DD -TMP, N=200.
f. Data is represented as mean percentage of body weight change. Body weight data was normalized
to the initial weight of each animal and examined in n=2 independent experiments. g, h. Data is
represented as mean percentage of iRBCs + SEM, determined in n=2 (MetS, MetD) or n=3 (SAMS-
DD-HA) independent experiments. i. Data is represented as box-whisker plot (10-90 percentile) of
mean merozoite number per schizont + SD (Mann-Whitney). Boxplots show the data of n=3
independent experiments and for the following number of schizonts (N): SAMS-DD +TMP, N=152;
SAMS-DD -TMP, N=131. Scale bars= 5 ym.
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Supplementary Figure 2.5 - Effect of Met-downstream metabolites in Plasmodium development
and replication. (a, b) Quantification of (a) intra-erythrocytic developmental stages and (b) mean
merozoite numbers in P. berghei parasites knockdown for the SAMS enzyme after supplementation
with S-adenosylmethionine (SAM), homocysteine (Hcy), spermidine (SpD) and glutathione (GSH). (c)
Percentage of rings, trophozoites, immature and mature schizonts in P. berghei SAMS-DD knockdown
parasites growing in media supplemented with the Met-downstream metabolites. a. Parasite staging
was performed in triplicate, averaged and repeated in n=3 independent experiments, except for the
SAM metabolite (n=2). Data is shown as mean percentage of parasites at each developmental stage,
with error bars representing SEM. Individual data points are represented in ¢. Rng: ring; troph:
trophozoite; iSchiz: immature schizont; mSchiz: mature schizont. b. Data is represented as box-
whisker plot (10-90 percentile) of mean merozoite number per schizont + SD (2-way ANOVA). Boxplots
show the data of n=3 independent experiments, except for the SAM metabolite (n=2) and for the
following number of schizonts (N): SAMS-DD: +TMP, N=200; -TMP, N=210; +TMP +SAM, N=141; -
TMP +SAM, N=135; +TMP +Hcy, N=130; -TMP +Hcy, N=129; +TMP +GSH, N=102; -TMP +GSH,
N=83; +TMP +SpD, N=154; -TMP +SpD N=154. c. Bars represent the mean percentage of parasites
at each developmental stage with individual data points representing each independent experiment.
n=3 independent experiments, except for the SAM metabolite (n=2). Error bars represent the SD.
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Supplementary Figure 2.6 - Spermine but not putrescine rescues methionine depletion-induced
growth impairment. (a, b) Percentage of rings, trophozoites, immature and mature schizonts in P.
berghei parasites growing in (a) MetS or MetD media and (b) lleS or lleD media supplemented with
the polyamines SpM, Putr or both (Putr & SpM). (¢) Parasitemia in synchronized P. falciparum 3D7
WT parasites cultured in MetD media supplemented with Putr, SpM or both. Parasitemia was
measured by flow cytometry after SYBR Green staining. a. n=3 independent experiments, except for
Putr + SpM (n=2) or b. n=2 independent experiments. a, b. Bars represent the mean percentage of
parasites at each developmental stage with individual data points representing an independent
experiment. Error bars represent the SD. ¢. Data represents the mean percentage of iRBCs + SEM in
n=2 independent experiments, each performed at least in triplicate.
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Supplementary Figure 2.7 - Phenotypic screen of P. berghei kinase knockout mutant parasites
cultured ex vivo in AA deficient media. (a, b) Quantification of (a) intra-erythrocytic developmental
stages and (b) mean merozoite numbers in P. berghei wild-type and kinase knockout mutant parasite
lines using the ex vivo maturation assay. a. Parasite staging was performed in triplicate, averaged and
repeated in n=2 independent experiments. Data is shown as mean percentage of parasites at each
developmental stage. Individual data points are represented in Supplementary Figure 2.8. Rng= ring;
troph= trophozoite; iSchiz= immature schizont; mSchiz= mature schizont. b. Data is represented as
box-whisker plot (10-90 percentile) of mean merozoite number per schizont + SD (2-way ANOVA).
Boxplots show the data of n= 2 independent experiments and for the following number of schizonts
(N): P. berghei wt: MetS, N=92; MetD, N=99; Acdlk: MetS, N=110; MetD, N=81; Acdpk3: MetS, N=
28; MetD, N=55; Acdpk4: MetS, N=33; MetD, N=56; Agak: MetS, N=43; MetD, N=34; Akin: MetS,
N=85; MetD, N=80; Amap1: MetS, N=82; MetD, N=133; Amap2: MetS, N=64; MetD, N=58; Anek2:
MetS, N=112; MetD, N=96; Apk1: MetS, N=49; MetD, N= 64; Apk7: MetS, N=69; MetD, N=73;
Asrpk: MetS, N=37; MetD, N=54; Atlk5: MetS, N=44; MetD, N=51.
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contributed to the paper by thoroughly characterizing the previously generated SAMS-
deficient transgenic parasite line (see Chapter Il) critical for this project. Under the
supervision of Dr. Vanessa Zuzarte-Luis, Inés has generated and characterized the
PbSAMS-DD parasite line during liver stage development, disclosing novel insight on
how Plasmodium exploits the host methionine metabolism to sustain growth. The PhD
candidate has first determined the extent of SAMS protein knockdown in vivo throughout
the entire lifecycle, by performing immunoblotting analysis of blood stage parasites or
immunofluorescence analysis for liver- and mosquito-stage developing parasites. Inés
has also conducted experiments addressing the role of the SAMS enzyme during blood

stage development in mice.

By assessing parasitemia and survival in BALB/c and C57BL/6 rodent malaria models,
Inés has disclosed a key role for this enzyme in parasite intra-erythrocytic growth as well
as virulence. She further assessed the impact of SAMS depletion during liver stage
development by performing gPCR analysis to measure parasite liver load. Together,
these approaches have revealed that whilst essential during the blood stage of
development, Plasmodium does not rely on its own SAMS enzyme to successfully

develop inside host hepatocytes.
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Abstract

Plasmodium parasites have evolved to live within the mammalian red blood cells of their
vertebrate host and cause malaria. However, the very first round of Plasmodium
replication in the mammalian host does not occur inside those cells. Instead, mammalian
malaria parasites home to the liver, where each parasite replicates into tens of thousands
of erythrocyte-infectious parasites, termed merozoites. In stark contrast, avian and
reptile malaria parasites first infect macrophages at the mosquito bite site and
differentiate into only dozens of merozoites. However, the reason for this markedly
distinct behavior remains utterly unexplored. Here, we show that Plasmodium’s
remarkable replication rate in the mammalian liver depends on the uniqueness of the
mammalian hepatic methionine (Met) metabolism, conferred by the liver-specific
methionine adenosyltransferase (MAT1) enzyme and its capacity to generate unlimited
amounts of S-adenosylmethionine (SAM). Our results demonstrate that Plasmodium’s
intensive replication inside hepatocytes occurs independently of its intrinsic SAMS
enzyme (the orthologue of mammalian MAT1), but relies on the host’'s MAT1 enzyme
activity. We further show that the impairment of infection observed upon Met depletion
is reversible both in vitro and in vivo by exogenous administration of SAM. By revealing
the crucial role of liver-specific Met metabolism in the malaria parasite’s hepatic
replication, our results provide new insight on the evolutionary selection of the liver as
the exoerythrocytic site of Plasmodium development in mammalians, prior to infection of

red blood cells.
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Introduction

With an estimated yearly toll of 200 million cases and more than 600 thousand deaths,
malaria continues to present a substantial challenge to both global health and economies
[4]. The disease is caused by Plasmodium parasites, transmitted to their vertebrate hosts
as sporozoites injected by the bites of infected Anopheles mosquitoes. Plasmodium
parasites have evolved to reside within the red blood cells of their vertebrate hosts and
cause malaria. However, prior to the onset of symptomatic disease, injected sporozoites
undergo an obligatory pre-erythrocytic stage, transforming into blood-infectious
merozoites. In avian and reptile malaria, this initial, pre-erythrocytic phase of
Plasmodium development occurs near the bite site inside macrophages, where each
sporozoite replicates through schizogony into dozens of erythrocyte-infectious
merozoites [226]. Conversely, in mammalians, mosquito-transmitted parasites travel to
the liver and infect hepatocytes, where they undergo extensive replication, generating
tens of thousands of merozoites that are subsequently released into the bloodstream,
initiating the blood stage of the infection [13]. Despite the central role of the liver in this
process, the underlying reason for the remarkable difference in the extent of pre-
erythrocytic Plasmodium replication between mammals and other vertebrates is still

poorly understood.

Methionine (Met) is an essential amino acid used in protein synthesis and in the
generation of S-adenosylmethionine (SAM), through the action of methionine
adenosyltransferase (MAT) enzymes. MAT activity in mammals is the product of two
genes, MAT1A and MATZ2A, encoding the MAT1 and MAT2 isoenzymes, respectively,
which display a tissue-specific pattern of expression [506,507]. While MATZ2A is
ubiquitously expressed and is responsible for SAM synthesis in extrahepatic tissues,
MAT1A is expressed only in the adult liver (reviewed in [506]). Remarkably, although all
mammalian cells are capable of synthesizing and use SAM, these MAT isoenzymes
differ radically in their kinetic and regulatory properties, resulting in distinct cellular SAM
levels in different tissues. While the extra-hepatic MAT2A is strongly inhibited by SAM,
the liver-specific MAT1A is not inhibited by its product. As a result, about 50% of all
dietary Met is metabolized in the liver and up to 85% of all SAM-dependent

transmethylation reactions take place in hepatocytes [508,509].

SAM is the most important methyl donor in cellular metabolism, and the source of the
propylamine groups used in polyamine biosynthesis [507]. Under normal physiological
conditions, most available SAM is used in transmethylation reactions, during which its
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methyl group is transferred to a large variety of methyl acceptors, such as DNA, RNA,
proteins, and lipids. Among other metabolic pathways, SAM-dependent transmethylation
reactions have been implicated in the generation of S-adenosylhomocysteine (SAH),
which is hydrolyzed into homocysteine (Hcy) and adenosine [507]. Hcy is an important
metabolic hub that can be remethylated to re-generate methionine or enter the
unidirectional transsulfuration cycle, ultimately leading to the synthesis of glutathione
(GSH), a major cellular antioxidant [507]. SAM is also a source of propylamine groups,
used in the aminopropylation cycle for the synthesis of polyamines (PA), involved in the
control of cell growth [510]. Thus, disruption of the liver-specific MAT1A results in
hypermethioninemia (776%), as well as in a marked reduction in hepatic levels of
glutathione (40%) and SAM content (74%) [511], which occur in spite of the induction of
MAT2A expression and activation [511].

The Plasmodium genome includes a gene that encodes a MAT orthologue (SAMS
enzyme), as well as all the necessary enzymes to complete methionine (Met) metabolism
[512-514]. Ample evidence indicates a pivotal role for Met during the erythrocytic phase
of the malaria parasite life cycle [344,477,515-517]. Furthermore, a recent study
demonstrated the essentiality of the Plasmodium SAMS enzyme during the blood stage
of infection [518]. However, except for an association between histone methylation and
the activation of dormant parasite forms in the liver, termed hypnozoites [519], the
importance of Plasmodium’s Met metabolism during liver stage development remains

largely elusive.

Given the critical role of the liver in methionine metabolism, we sought to investigate how
liver-stage Plasmodium parasites exploit this metabolic resource. Our results unveil a
pivotal role for the hepatocyte-specific MAT1 enzyme in generating the large amounts of
SAM required by hepatic parasites to sustain their developmental process. These
findings provide a long-sought explanation for Plasmodium sporozoites’ tropism for the
mammalian liver and for their remarkably high intra-hepatic replication capacity, and may
pave the way for the development of novel strategies aimed at blocking the initial stages

of malaria infection in humans by targeting the hepatic methionine metabolism.



Results

SAM is the critical methionine metabolite for parasite
replication

To assess the importance of Met for Plasmodium’s intra-hepatic development, C57BL/6
mice were kept on a Met-deficient (MD) diet prior to injection of P. berghei sporozoites,
and the ensuing liver infection was compared to that of control mice fed on a Met-
sufficient (MS) diet. The results show that the administration of a MD diet for 4 days,
starting 2 days prior to sporozoite injection, led to a significant reduction in liver parasite
load relative to that observed in control mice (Figure 3.1A). Further analysis of the liver
tissue revealed that, while no significant differences in parasite numbers were observed
between the two groups of mice (Figure 3.1B), a clear decrease in the size of the
parasite’s exoerythrocytic forms (EEFs) could be observed in mice under MD diet (Figure
3.1C). Accordingly, a detailed analysis of developing EEFs by super resolution
microscopy followed by 3D reconstruction showed that the number of nuclei inside EEFs
developing under Met deficiency was significantly lower than that observed under MS
conditions, suggesting that the lack of Met strongly impacts parasite replication (Figure
3.1D, E).

We then assessed the effect of Met restriction on hepatic Plasmodium infection in vitro
employing HepG2 cells grown in either MS or MD medium. Bioluminescence and flow
cytometry analyses of cells infected by luciferase- and GFP-expressing P. berghei (PbLyc-
arp) or GFP-expressing P. berghei (Pbcrp) parasites, respectively, revealed that, similarly
to what we observed in vivo, the infection load in HepG2 cells cultured under MD
conditions was lower than that of cells grown in MS medium (Figure 3.1F). In agreement
with the data obtained using rodent models, while a similar number of infected cells was
observed in HepG2 cells grown in MD or MS medium (Figure 3.1G), EEFs exhibited
impaired development under MD conditions, relative to MS conditions (Figure 3.1H).
Importantly, our data also show that host cell viability is not affected by Met deficiency
throughout the duration of the experiment, suggesting that the observed effects on the
parasite are not due to impaired host cell fitness (Supplementary Figure 3.1A).
Additionally, our in vitro data were further validated employing mouse primary
hepatocytes (mPH) as host cells. Our results show that, similar to HepG2 cells, the
overall infection load is lower in mPH cultured on MD medium compared to MS medium

(Supplementary Figure 3.1B). This decrease in infection load is not attributed to a
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reduced number of infected cells (Supplementary Figure 3.1C), but rather to a defect in
parasite development (Supplementary Figure 3.1D). Furthermore, Met deficiency did not
affect mPH viability under the experimental conditions, consistent with the findings

obtained for HepG2 cells (Supplementary Figure 3.1E).
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Figure 3.1 - The impact of methionine depletion in Plasmodium liver-stage development is
strongly linked to decreased SAM levels. (A) Parasite liver load (mean+SEM, Mann-Withney) in
MS- or MD-fed mice at 48h after sporozoite infection, measured by qRT-PCR of P. berghei 18S rRNA.
Values are normalized to hypoxanthine-guanine phosphorubosyltransferase (Hprt). (MS, n=18; MD,
n=20) (B) Parasite density (mean+SEM, Mann-Withney) and (C) EEF size (Mann-Withney) in liver
sections of MS- and MD-fed mice at 48h after infection. EEFs numbers and size were visualized and
quantified by fluorescence microscopy. (For parasite numbers: MS, n=5; MD, n=6; for EEF size,
boxplots show the data for the following number of parasites: MS, n=57; MD, n=39.) (D) Representative
images of EEFs and (E) quantification of nuclei number per EEF (Mann-Withney) in liver sections of
MS- and MD-fed mice at 48h after infection with P. berghei sporozoites. Nuclei were visualized and
quantified by super-resolution microscopy, followed by 3D reconstruction. PVM stained with anti-uis4
(red) and parasite DNA with hoechst (artificially coloured in multiple colors) to score the number of
nuclei per EEF. Boxplots show the data for the following number of parasites: MS, n=15; MD, n=15.
(F) Quantification of P. berghei infection load (mean+SEM, Mann-Withney) in HepG2 cells cultured in
MS- or MD-media at 48h after sporozoite infection, assessed by relative luminescence units of
luciferase expressing parasites. Bars represent the data for the following number of replicates: MS,
n=9 and MD,n=9. (G) Percentage of infected cells and (H) EEF development (Mann-Withney) in
HepG2 cells cultured in MS- and MD-media, 48h after sporozoite addition to the culture media. Infected
hepatocytes were analysed and quantified by flow cytometry. n=14 for all experimental conditions. (1)
Quantification of parasite load in HepG2 cells cultured in MS- or MD-media supplemented with S-
adenosylmethionine (SAM), adenosylhomocysteine (SAH), glutathione (GSH), the polyamine
putrescine (PA) and homocysteine (Hcy), analyzed by relative luminescence units of luciferase
expressing parasites at 48h after sporozoite infection.



Met is an important precursor of the aminopropylation and transsulfuration pathways,
and a crucial substrate for the methylation cycle [520]. Therefore, we assessed whether
exogenous administration of any of the products of Met metabolism could revert the
effect of the absence of this amino acid on Plasmodium liver infection. To this end, we
compared the infection load of PbLuarr-infected HepG2 cells or mPH cultured in MD
medium supplemented with S-adenosylmethionine (SAM), S-adenosylhomocysteine
(SAH), glutathione (GSH), polyamines (PA) or homocysteine (Hcy) to infected cells
cultured in MS medium. Our data show that administration of SAM, but not of SAH, GSH,
PA or Hcy, compensates for the lack of Met. Notably, cells grown in MD medium
supplemented with SAM exhibit an infection load comparable to that in cells grown in MS

medium (Figure 3.11 and Supplementary Figure 3.1F).

After establishing the crucial role of Met and its downstream metabolite, SAM, during
Plasmodium hepatic infection, we next sought to determine the exact timeframe during
the parasite’s developmental process at which they are essential. We accomplished this
by supplementing Met or SAM to infected cells grown in MD medium at different stages
of liver infection. These phases included the initial stage of sporozoite differentiation into
around EEF (0-16h) and the parasite’s replicative stage (from 16h onwards). Our results
show that Met/SAM are only required during the replicative phase of Plasmodium
development (Figure 3.2A). Consistent with this observation, EEFs developed in HepG2
cells cultured in SAM-supplemented MD medium to a similar extent as in cells cultured

in MS medium (Figure 3.2B), indicating a role for SAM in hepatic Plasmodium replication.

Next, we sought to characterize the parasite’s replication dynamics during liver stage
development, under both the presence or absence of Met. This was achieved by
analysing the temporal pattern of DNA replication throughout infection. Because
Plasmodium lacks the capacity to use thymidine analogues (BrdU/EdU) for nucleotide
conversion and DNA synthesis due to the absence of the thymidine kinase (TK) enzyme
in its genome, we engineered a P. berghei-GFP-TK transgenic parasite line. The TK
sequence was integrated into the parasite's non-essential P230p gene locus via a
double-crossover process. Plasmodium's uptake of EdU throughout liver-stage infection
was monitored by infecting HepG2 cells. Our findings clearly indicate that although
Plasmodium DNA replication (EdU incorporation) remains comparable between MD and
MS conditions up to 24hpi, there is a marked decline in DNA replication in parasites
under MD conditions at 36 and 48hpi. This pattern is in stark contrast to parasites

developing under MS conditions (Figure 3.2C).
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Figure 3.2 - Met/SAM are only required during the replicative phase of Plasmodium
development. (A) Time course analysis of parasite infection load (mean+SEM, Mann-Whitney) in
HepG2 cells cultured in MS-, MD- or MD-media supplemented with Met or SAM. Methionine and SAM
were provided to the media during sporozoite to EEF transition (2-16h timepoint) or later in
development, during liver-stage schizogony (16-48h timepoint). Infection load was assessed by
relative luminescence units of luciferase expressing parasites at 46h after sporozoite infection. Bars
represent the mean of 3 independent experiments for all experimental conditions. (B) Representative
images of EEFs in HepG2 cells cultured in MS- (top) and MD- (bottom) media at 24 and 48h after
infection with P. berghei sporozoites expressing a transgene for the Herpes simplex thimidine kinase
that allows for EdU incorporation during replication; EAU was supplied 4h prior to fixation for analysis
to score the number of EEFs undergoing replication at that point. Edu labelled by click chemistry (red),
PVM stained with anti-uis4 (white) and parasite DNA with hoechst (blue). (C) Quantification of EEFs
showing one or more replication event as identified by EdU staining inside, Bars represent the mean
of 3 independent experiments for all experimental conditions. (D) Quantification of EEF size (Mann-
Withney) in HepG2 cells cultured in MS-, MD- and MD-media supplemented with SAM, at 46h after
sporozoite infection. EEFs were visualized and quantified by fluorescence microscopy. (MS, n=45; MD,
n=59; MD+SAM, n=46). (E) Representative immunofluorescence images for quantification of SAM
levels. HepG2 cells were cultured in MS-, MD- and MD media supplemented with SAM, at 22h after
sporozoite infection. SAM levels were visualized and measured by immunofluorescence microscopy
using a SAM-specific antibody (magenta). (F) Quantification of SAM levels (mean; Mann-Whitney)
inside EEFs. Scatter dot plots show the data for the following number of EEFs: MS, n=54; MD, n=73;
MD+SAM, n=70.

Subsequently, a SAM-specific antibody was employed to monitor SAM levels within
developing intra-hepatic parasites at 22 hours post-infection (hpi), shortly after the

replication process had started, when growth impairment caused by Met deficiency was



not yet evident (Supplementary Figure 3.1G). Our results show that, at this specific
timepoint, SAM levels in parasites developing under MD conditions are notably lower
than those observed in control cells growing under Met sufficient conditions (Figure 3.2D,
E). Importantly, our data also show that the supplementation of SAM to MD medium
effectively restores intra-parasitic SAM levels to levels comparable to those in control
parasites, suggesting the ability of developing parasites to uptake exogenous SAM to
meet their developmental demands (Figure 3.2E, F). Collectively, our results
demonstrate that the massive replication rate achieved by Plasmodium parasites within

hepatic cells is reliant on the availability of Met, especially the SAM metabolite.

Plasmodium MAT enzyme (SAMS) is dispensable for parasite
replication inside hepatocytes

Having confirmed the critical role of SAM in Plasmodium liver-stage replication, we then
sought to identify the source of the SAM metabolite that the parasite utilizes to sustain
its development. While our results suggest that Plasmodium is able to take up SAM from
the host cell, P. berghei also encodes a MAT enzyme, referred to as SAM synthetase
(SAMS), capable of metabolizing Met to produce SAM [513]. The Pbsams gene is
ubiquitously expressed at all stages of the parasite life cycle, but its expression levels
vary significantly. Interestingly, SAMS mRNA levels peak before each replicative phase
in the mosquito-, liver- and blood-stages (Supplementary Figure 3.2A-C). During the liver
stage of infection, SAMS mRNA levels decrease throughout intra-hepatic development
(Supplementary Figure 3.2B), while protein levels increase over the same period

(Supplementary Figure 3.2D, E).

To address the role of Plasmodium SAMS enzyme during liver-stage development, we
employed a previously generated SAMS-deficient P. berghei line [521]. Since sams is
refractory to gene deletion, a destabilizing domain (DD) system employing trimethoprim
(TMP) as a stabilizer was used to generate a SAMS-conditional knockdown (PbSAMS-
cKD, - TMP) line [518]. This enabled the selective depletion of SAMS at specific stages
of the parasite’s life cycle (Figure 3.3).
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To confirm the success of the cKD approach we started by performing immunoblot
analysis to determine SAMS protein levels in blood stage parasites, in the presence or
absence of TMP (Figure 3.3A, B). To determine the impact of SAMS depletion on the
blood stage of infection in vivo, C57BL/6 mice were injected with Pb.SAMS-cKD-infected
red blood cells (iRBC) in the presence or absence of TMP, administered in the drinking
water. Fluorescence microscopy analysis showed that SAMS cKD (-TMP) resulted in
decreased SAM levels in blood stage parasites, relative to the control counterpart
(+TMP) (Figure 3.3C). Moreover, blood-stage parasite growth was severely impaired in
the absence of SAMS, as demonstrated by a marked decrease in parasitemia (Figure
3.3D) and a marked increase in survival (Figure 3.3E) of mice maintained in the absence
of the stabilizing ligand. We then investigated the impact of SAMS abrogation during the
hepatic stage of infection by injecting C57BL/6 mice with PbSAMS cKD sporozoites, in
the presence or absence of TMP, and monitoring the ensuing infection in the liver of

these mice. Our results show that while hepatic parasites have a dramatic decrease in



SAMS protein levels in the absence of TMP (Figure 3.4A, B), the amount of intra-parasitic
SAM (Figure 3.4C), the parasite load (Figure 3.4D) and development (Figure 3.4E) in

the liver are completely unaffected by the absence of the parasite’s enzyme.
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Figure 3.4 - Plasmodium SAMS enzyme is dispensable for parasite replication inside
hepatocytes (A) Representative image and (B) quantification of SAMS-HA protein levels (Mann-
Whitney) in EEF’s from liver sections of mice treated or not (SAMS cKD) with TMP. To achieve SAMS-
HA-DD stabilization during liver stage development, mice were TMP-treated for 3 weeks prior to
infection. Infected liver sections were probed for the HA-tag (PbSAMS-HA-DD) and for UIS4, a protein
from the PVM. SAMS protein levels were measured by immunofluorescence microscopy and
normalized to parasite area. Boxplots show the data for the following number of EEFs: SAMS +TMP,
n=168; SAMS -TMP, n=174. (C) Quantification of SAM levels (mean; Mann-Whitney) inside liver stage
EEFs in C57BL/6 mice infected with PbSAMS-HA-DD sporozoites, treated or not with TMP, measured
by immunofluorescence microscopy. Parasites were probed with the Alexa Fluor 647 anti-SAM
antibody. SAM mean intensity values inside PbBSAMS-HA-DD parasites developing in +TMP or -TMP
conditions were normalized to parasite area. Scatter dot plots represent n=3 independent experiments
and show the data for the following number of parasites: SAMS +TMP, n=91; SAMS -TMP, n=85. (D)
Parasite liver load (mean+SEM, Mann-Withney) in PbBSAMS-HA-DD infected mice, treated or not with
TMP, quantified by qRT-PCR of P. berghei 18S rRNA at 48h after sporozoite infection (n=14/group).
Values are normalized to hypoxanthine-guanine phosphorubosyltransferase (Hprt) and plotted in
logaritmic scale. (E) Parasite development in BALB/c mice infected with 50 000 PbSAMS-HA-DD
sporozoites. EEFs size was measured at 48h after sporozoite infection by immunofluorescence
microscopy analysis. Boxplots show the data for the following number of parasites: SAMS +TMP,
n=230; SAMS -TMP, n=242. (F) Parasitemia (mean; two-way ANOVA) of C75BL/6 mice (n=10/group),
measured by flow cytometry at 72h post infection with 50 000 PbSAMS-HA-DD sporozoites. (G) Full
course parasitemia (mean+SEM; two-way ANOVA) and (H) survival of C75BL/6 mice (n=15/group)
infected with 50 000 PbSAMS-HA-DD sporozoites and treated or not with TMP in drinking water.
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Finally, to comprehensively assess the essentiality of SAMS during both the liver and
blood stages of the Plasmodium life cycle in vivo, PbSAMS-cKD sporozoites were
injected into C57BL/6 mice maintained either in the presence or absence of TMP,
throughout the duration of the hepatic infection and the ensuing erythrocytic infection.
Our data unequivocally demonstrates that SAMS cKD does not affect the development
of liver stage parasites, as indicated by the same number of parasites in the blood at 72
hpi in the two groups of mice (Figure 3.4F). However, the blood stage is severely affected
by SAMS depletion, as evidenced by the marked differences in blood parasitemia (Figure
3.4G) and survival rate (Figure 3.4H) of these mice. In summary, our results show that
while the parasite relies on SAMS to develop in the blood, this protein is entirely

dispensable for parasite development within the liver cells of its mammalian host.

Plasmodium’s high replication capacity in hepatocytes
depends on the liver-specific MAT1A enzyme

Our results so far indicate that while Plasmodium strictly relies on SAM to proliferate in
liver cells, it does not rely on its own Met metabolizing enzyme (SAMS) to make this
metabolite. These data, combined with the parasite's ability to uptake exogenously
supplied SAM (Figure 3.2E, F), led us to hypothesize that the parasite utilizes SAM
generated by the host's hepatocyte during Met metabolism to meet its high metabolic
requirements. Hepatocytes are unique in that they are the only mammalian cells
expressing the mat1a gene, whereas the ubiquitous mat2a gene is only expressed in the
liver when matiais absent [522]. Importantly, MAT1 activity, unlike MAT2, is not inhibited
by its products, implying that MAT1-mediated SAM synthesis in hepatocytes is virtually
unhindered [523]. We started by quantifying EEF size in three types of hepatic host cells
that express varying levels of matia. Remarkably, a clear correlation was observed
between matia gene expression and parasite development in liver hepatocytes, mPH
and HepG2 cells (Figure 3.5A), suggesting a dependence of parasite growth on MAT1A

expression.
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Figure 3.5 - Liver-specific MAT1A sustains parasite high multiplication rates. (A) EEF size (top
graph) and mat1a mRNA levels (bottom graph) in liver sections, cultured mouse primary hepatocytes
(mPH) and in HepG2 cells at 48h after infection with P. berghei sporozoites; EEFs sizes quantified by
fluorescence microscopy and mat1a expression determined by qRT-PCR, values were first normalized
to hypoxanthine-guanine phosphorubosyltransferase (Hprt) and then to values obtained for liver
expression. (B) Parasite liver load (mean+SEM, Mann-Whitney) in C57BL/6J MAT1-WT and MAT1-
KO mice, measured at 48h post sporozoite infection by qRT-PCR of P. berghei 18S rRNA. Values are
normalized to hypoxanthine-guanine phosphorubosyltransferase (Hprt). Bars show the mean of MAT1-
WT, n=23; MAT1-KO, n=19. (C) Representative image and (D) quantification of relative nuclei
frequency (mean+SEM, Mann-Whitney) in liver sections of MAT1-WT and MAT1-KO mice, 48h after
infection with P. berghei sporozoites. Nuclei were visualized and quantified by super-resolution
microscopy, followed by 3D reconstruction. PVM stained with anti-uis4 (magenta) and parasite DNA
with Hoechst (artificially colored in multiple colors) to score the number of nuclei per EEF. (MAT1-WT,
n=15; MAT1-KO, n=17). (E) Parasitemia (mean; two-way ANOVA) of MAT1-WT and MAT1-KO
C75BL/6 mice (MAT1-WT, n=18; MAT1-KO, n=14), measured by flow cytometry at 72h post infection
with 35 000 P. berghei GFP-expressing parasites. (F) Full course parasitemia of MAT1-WT and MAT1-
KO mice after infection with P. berghei sporozoites (MAT1-WT, n=18; MAT1-KO, n=14). Parasitemia
was determined as in D. Values are shown in logarithmic scale and represent 2 independent
experiments. (G) Parasite load (mean+SEM, Mann-Whitney) in mouse primary hepatocytes infected
with luciferase-expressing P. berghei WT sporozoites. Hepatocytes were isolated from MAT1A- WT,
heterozygous (Het) and KO mice and liver load was assessed at 48h after sporozoite infection, by
relative luminescence units of luciferase expressing parasites (n=2 for all conditions). Representative
image of MAT1A protein expression levels in mouse primary hepatocytes WT, heterozygous or KO for
the mati1a gene. MAT1A expression levels were assessed by immunoblot analysis using an anti-MAT1
antibody and tubulin as loading control.
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To further ascertain the role of MAT1 during Plasmodium liver stage development,
homozygous matia’- (MAT1-KO) mice and mat1a+ (MAT1-WT) littermate control mice
maintained under a MS diet were infected with PbL.c..crp Sporozoites, and liver infection
was assessed 48 hours later by gPCR. Our findings reveal that hepatic parasite burden
in MAT1-KO mice is much lower than that of MAT1-WT mice (Figure 3.5B). Of note, such
a difference was maintained when mice were infected with PbBSAMS-cKD sporozoites,
both in the presence or absence of TMP, demonstrating that parasite development in the
liver is entirely reliant on MAT1 availability, but not on SAMS activity (Supplementary
Figure 3.3A).

Microcopy analysis of Pbruci-gre-infected MAT1-KO and MAT1-WT mouse livers showed
that EEFs contain significantly fewer nuclei in the former (KO) than in the latter (WT),
consistent with severe impairment of parasite growth in the absence of MAT1A (Figure
3.5C, D). Consistent with the reduced liver parasite load observed for MAT1-KO mice
relative to their MAT1-WT counterparts, parasitemia is also significantly lower in MAT1-
KO mice at 72 h after sporozoite injection, when hepatic merozoites are emerging from
the liver (Figure 3.5E). Noteworthy, the parasitemia in the two groups of mice becomes
indistinguishable after the initial rounds of replication in the blood, showing that the
absence of MAT1 impairs parasite development in the liver but not in the blood (Figure
3.5F). Additionally, our ex vivo results show that although Met uptake by primary
hepatocytes is unaffected by the depletion of MAT1 (Supplementary Figure 3.3B),
parasite development in MAT1-KO mPH was significantly lower than in MAT1-WT mPH
(Figure 3.5G). In fact, a clear correlation between parasite load and MAT1 protein levels
was observed ex vivo in Pbiu.gre-infected MAT1-WT, heterozygous mat1+- and MAT1-

KO mPH (Figure 3.5G), and also in vivo in mice (Supplementary Figure 3.3C).

Collectively, our results demonstrate that the availability of the host’s hepatocyte-specific
MAT1A enzyme, and thus the availability of host-produced SAM, lies at the heart of
Plasmodium’s ability to sustain such high rates of replication in the liver. Moreover, our
data suggests that Plasmodium is capable of taking up host-derived SAM, likely via a,

yet to be identified, plasma membrane-specific transporter.



Discussion

The development of novel strategies to combat malaria is hindered by our currently
limited understanding of the complex interactions between Plasmodium parasites and
their human hosts [524]. During mammalian infection by malaria parasites, while a few
sporozoites may infect the skin cells near the bite site [525,526], most target hepatocytes
by interacting with heparan sulfate proteoglycans (HSPGs) to cross the endothelial
barrier and infect liver cells [527]. What follows is a phase of remarkable replication inside
hepatocytes, during which Plasmodium multiplies by schizogony at an intriguingly high
rate to generate tens of thousands of new parasite forms [13]. We and others have
identified hepatocyte molecules that influence the outcome of Plasmodium infection
during the liver stage [279,383,528-531]. Furthermore, it has been demonstrated that
not only the parasite itself but also host factors influence the onset and severity of malaria
[632-535]. Recent research has also highlighted the impact of dietary alterations and
amino acid supplementation on host and parasite pathways, affecting the establishment
and progression of Plasmodium hepatic infection [536-538]. However, despite these
insights, the reasons behind sporozoites’ striking preference for hepatocytes, and the
exceptionally high multiplication rates of Plasmodium during liver stages remain

incompletely understood.

Like most eukaryotes, Plasmodium cannot synthesize Met, despite its essentiality.
During the erythrocytic stage, infected red blood cells exhibit a 15-fold increase in Met
influx compared to non-infected cells [539]. Met is then utilized by the parasite for protein
synthesis and as a substrate in various metabolic pathways. The Plasmodium genome
has a single-copy gene that encodes for a MAT enzyme (SAMS) [512,513], as well as
all other necessary enzymes to complete Met metabolism, namely DNA and histone
methyltransferases, and enzymes involved in polyamine and glutathione synthesis [540—
542]. Disruption of Met-related pathways impairs parasite development and viability in
the blood stage, emphasizing the importance of Met metabolism for Plasmodium
replication [539,543-546]. However, the liver stage of infection is characterized by even
higher multiplication rates, approximately 1000-fold higher than those observed in red
blood cells, raising questions about the mechanisms underlying the acquisition of

metabolites needed to maintain such exceptional replicative capacity.
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In this study, we demonstrate that hepatocytes provide Plasmodium with significant
amounts of SAM, a metabolite derived from Met, which plays a crucial role in parasite's
intra-hepatic growth [547]. SAM serves as a source of propylamine groups for the
aminopropylation cycle, essential for the synthesis of polyamines [520]. In contrast to the
parasite’s intrinsic SAMS enzyme, which exhibits a Km for Met of 32 uM, hepatocytes
express a liver-specific MAT1 enzyme that has a higher Km for Met. Interestingly, this
MAT1 enzyme is not inhibited by physiological concentrations of SAM, unlike the
extrahepatic MAT2 enzyme [522,548,549]. Our findings indicate that Plasmodium relies
on the host MAT1 enzyme rather than its own SAMS enzyme during liver stage
replication. Furthermore, supplementation with exogenous SAM, but not its downstream
metabolites, fully rescues compromised parasite replication caused by Met deprivation.
These results highlight the critical role of SAM uptake from the host cell by liver stage

Plasmodium parasites to meet their extensive replication needs.

The hypothesis that Plasmodium imports SAM from the host aligns with the observation
that various organisms transport SAM through plasma membrane-specific transporters,
even though they have the capacity for de novo synthesis. For instance, Rickettsia,
Pneumocystis carinii, fungi, and protozoa such as Leishmania infantum, Trypanosoma
brucei, and Toxoplasma gondii either lack or inactivate their MAT genes and import SAM

to fulfill their metabolic requirements [550-555].

In summary, our study establishes the pivotal roles of MAT1-mediated SAM production
and SAM uptake by hepatic Plasmodium parasites in replication, shedding light on the
unique replicative niche of liver cells for malaria parasites. These findings provide a
molecular basis for the evolutionary leap that occurred when malaria parasites crossed
the species barrier into mammalian hosts and the subsequent co-evolution. Moreover,
these results open avenues for the development of new strategies targeting the liver
stage of malaria infection, with the potential for prophylaxis against disease or radical

cure of infections caused by hypnozoite-forming Plasmodium species.



Materials & Methods

Mice, diets and treatments

All mice used in this study were housed in the facilities of the Instituto de Medicina
Molecular, four to five per cage, and allowed free access to water and food. C57BL/6J
and BALB/c wild-type mice, aged 6-8 weeks, were purchased from Charles River
Laboratories (Saint-Germain-sur-I'Arbresle, France). C57BL6/J MAT1a” were a kind gift
from José M. Mato (CIC bioGUNE, Basque Research and Technology Alliance (BRTA),
Bilbao, Bizkaia, Spain) and were bred in specific pathogen-free facilities at the Instituto
de Medicina Molecular Jodo Lobo Antunes. In the experiments employing the genetically
deficient MAT1a’” mouse line, due to the limited availability of animals, both male and
female mice 6 to 8 weeks of age were used. In such experiments, wild-type C57BL/6J
MAT1a++ littermates, male and/ or female mice, 6 to 8 weeks of age, were used to match
gender and age of the genetically deficient mice. To address methionine requirements
mice were fed a methionine deficient diet for 2 days prior to infection, control mice were
fed with a methionine sufficient (MS) control diet for a similar period, both purchased
from SSnif (Soest, Germany). When experimentally possible mice were randomly
assigned to different experimental groups yet, blinding was not possible when using MD
diet as mice fed on a MD regimen exhibit a clear difference in body weight. All in vivo
protocols were approved by the ORBEA committee of the iMM JLA and were performed

according to national and European regulations.

Genotyping of litters from in-house breeding were performed with toe samples using the
following primers:

MmMAT1a_WT_F: CTT TTT GTT GGC ACA GCT ATT CT

MmMAT1a_WT_R: ATG GAC ACA GCA GAG ACC TAC AT

MmMAT1a_KO_R: CTG AAT GAA CTG CAG GAC GAG

Parasite lines, liver infection and blood infection

The following parasite lines were used in this study: GFP-expressing P. berghei ANKA
(259c¢l2) and luciferase-expressing P. berghei ANKA (676m1cl1) kindly provided by Chris
J. Janse (Leiden University Medical Center from Leiden, The Netherlands); a P. berghei
line knockdown for the PbSAMS enzyme (PbSAMS-DD-HA) previously generated in the
laboratory [521]; and a P. berghei line where the SAMS OREF is expressed in fusion with

GFP (PbSAMS-GFP). For in vivo liver-stage experiments, mice infections were
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performed by intravenous injection of 2x10* P. berghei sporozoites. Liver parasite load
was quantified by RT-qPCR in total liver extracts or by luminescence measurement at
the indicated time after infection. In specific experiments, liver infection was allowed to
progress to the blood stage of infection. For blood stage experiments, mice were infected
through intraperitoneal (i.p.) inoculation of 1x108 infected RBCs (iRBCs) obtained by
passage in the correspondent background mice. Parasitemia was assessed daily, either
by microscopy analysis of Giemsa-stained blood smears or flow cytometry analysis of

one drop of tail blood for GFP-expressing parasites, as described below.

Mosquitoes and sporozoite production

Anopheles stephensi mosquitoes were obtained from the breeding facility at IMM JLA.
Mosquitoes were kept at 20°C, 80% relative humidity and fed ad libitum with 10% glucose
supplemented with 2% paraminobenzoic acid (PABA). For SAMS protein stabilization,
the small ligand trimethoprim (TMP) was provided in the mosquito food for 3 weeks prior
to dissection. Parasites were stored in frozen blood vials, containing 107 blood stage
parasites at —-80 °C. For generation of sporozoites, BALB/c wild-type mice were intra-
peritoneally injected with 107 infected red blood cells (iRBCs). After 5 days of infection,
exflagellation of male gametes in the blood of infected mice was assessed by light
microscopy. If more than 5 events per field of view were observed, the infected mouse
was used to feed naive Anopheles stephensi mosquitos. 22-35 days post blood meal,
salivary glands containing P. berghei sporozoites were dissected into basal Dulbecco’s
Modified Eagles Medium (DMEM, Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
and collected into an Eppendorf tube (Eppendorf, Hamburg, Germany). Salivary glands
were ground with a plastic pestle and filtered through a 40 pm Falcon cell-strainer
(Thermo Fisher Scientific) to release sporozoites. Sporozoites were counted using a
hemocytometer (Marienfeld Superior, Lauda-Kénigshofen, Germany) and were used for

in vivo or in vitro infections.

Hepatoma cells, in vitro infections, and treatments

HepG2 cells were obtained from the American Type Culture Collection (ATCC): The
Global Bioresources Center (ATCC HB-8065). General information about this cell line,
including the results of authentication by short tandem repeat profiling, can be found
here: https://www.lgcstandards-atcc.org/Products/All/HB-8065.aspx?geo_country=ro.
HepG2 cells were maintained in DMEM medium supplemented with 10% FBS, 50ug per
mL penicillin/streptomycin and 2 mM glutamine (all Gibco) at 37°C with a 5% CO:



atmosphere. Twenty-four hours prior to infection, cells were seeded on glass coverslips
in 24-well culture plates at a density of 65 000 cells per well. Cells were then infected
with freshly dissected P. berghei sporozoites (3x10* per well) in medium supplemented
with Fungizone (1pg per mL, Gibco) and plates were centrifuged. In specified
experimental conditions, 2 hours after infection, medium was replaced to RPMI without
methionine, containing 1 % PenStrep, 1 % Glutamine, 10 % FBS, 1pg/mL Fungizone,
1:1000 Gentamicin and 200 uM cysteine (MD media). MS media was obtained by
supplementing MD media with 100 uM methionine — the concentration found at RPMI.
For rescue assays, SAM, homocysteine, glutathione or polyamines were added to the

media. For EdU assays, 40 uM of EdU was added to infected cells in pulses of 4 hours.

Murine primary hepatocyte extraction and culturing

Mouse primary hepatocytes were isolated using a modified two-step perfusion protocol
followed by a Percoll purification step [556]. C57BL6/J mice were sacrificed through CO>
narcosis and immediately processed for cannulation of the portal vein using a 26-gauge
needle. The inferior vena cava was cut to allow fluid to drain. Livers were perfused at
37°C for 10min using liver perfusion medium (Gibco) at a rate of 8-9 mL/min, followed by
liver digestion medium for 10min at the same flow rate and intermittent clamping of the
inferior vena cava (3s clamp, every 30s). Upon digestion, livers were dissected in PBS
and cells were released by mild agitation using forceps. Lysates were sequentially
filtered through 100 um and 70 um cell strainers and centrifuged at 50 g for 3 min. Pellets
were resuspended in William’s medium E (Gibco) supplemented with 10% FBS and
hepatocytes were isolated by density gradient, using a 60% Percoll solution (1:1). Viable
hepatocytes were washed and resuspended in William’s medium E supplemented with
4% FBS, 2 mM glutamine and 100 U/mL penicillin-streptomycin. Cellular viability and
yield were quantified using Trypan blue exclusion staining. Hepatocytes were seeded on

collagen-coated glass coverslips in either 24- or 96-well plates.

RNA, cDNA and RT-qPCR

Whole livers were homogenized in 3ml denaturing solution (4M guanidine thiocyanate;
25 mM sodium citrate pH 7; 0.5% Nlauroylsarcosine and 0.7% 8 mercaptoethanol, in
DEPC-treated water). RNA was extracted using the RNeasy Mini kit (Qiagen) followed
by cDNA synthesis using Transcriptor First Strand cDNA Synthesis kit (Roche). Gene
expression analysis was performed using kits from Applied Biosystems and expression

levels of all target genes were normalized against the hypoxanthine guanine
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phosphoribosyltransferase (Hprt) housekeeping gene (ACt). Gene expression values
were calculated based on the AACt method, using the mean of the control group as the

calibrator to which all other samples were compared.

The oligonucleotide primers used in gPCR experiments were: Primers used for real-time
gPCR were as follow:

Pb18s — forward primer: AAGCATTAAATAAAGCGAATACATCCTTAC

Pb18s — reverse primer: GGAGATTGGTTTTGACGTTTATGTG

Mmhprt/Hshprt- forward primer: TTTGCTGACCTGCTGGATTAC

Mmhprt/Hshprt- reverse primer: CAAGACATTCTTTCCAGTTAAAGTTG

PbSAMS-DD forward primer: TAGGTACCGAGGAAATTTTCTATTTACTTCG
PbSAMS-DD reverse primer: ATGCGGCCGCTCATCGCCGCTCCAGAATCTC

To measure sams mRNA levels in the mosquito vector, midguts and salivary glands from
infected mosquitoes were dissected in 1x PBS supplemented with 1x Ribonuclease
Inhibitors (NZY Tech). Tissue lysis was performed by adding 1mL of PureZOL RNA
isolation reagent (BioRad®). To determine sams mRNA levels in the blood, mice were
infected with previously synchronized parasites and samples were collected at 6 hpi and
10 hpi (ring-stage), 14 hpi and 18 hpi (trophozoite) and 22hpi (schizont). Infected blood
was lysed by adding 1mL of TRIzol® LS Reagent (ThermoFisher scientific). HepG2 cells
were lysed at developmentally relevant time points post infection, through addition of
1mL of PureZOL RNA isolation reagent. RNA extraction was performed using the
NZYtech Total RNA Isolation Kit followed by cDNA synthesis using Transcriptor First
Strand cDNA Synthesis kit (Roche). Gene expression values were calculated as
described above and for relative quantification of Pbsams expression levels,
adenylosuccinate lyase (PBANKA_0304300) and serine-tRNA ligase

(PBANKA_0615400) expression levels were used for normalization.

The oligonucleotide primers used in gPCR experiments were:

Pb serine-tRNA ligase — forward primer: ATTGCTCAACCTTATCAAACTG
Pb serine-tRNA ligase — reverse primer: AGCCACATCTGAACAACCG

Pb adenylosuccinate lyase — forward primer: TGCTCATAAAATAAACCCA
Pb adenylosuccinate lyase — reverse primer: TCGTAAAACTGTTGAATCGG



Luminescence measurement

Luminescence analysis was employed to assess infection load in HepG2 cells when
using luciferase-expressing P. berghei parasites. The day prior to infection, cells were
seeded onto black glass-bottom 96-well at a density of 50 000 cells per well in DMEM.
At the day of infection, freshly dissected firefly luciferase-expressing P. berghei
sporozoites were added to cells. Complete medium was changed 2 hours after infection
for the appropriate MS or MD medium - obtained as described above. Cells were
maintained in a 5% CO2 atmosphere at 37 °C. Forty-eight hours after infection, parasite
infection load was measured by bioluminescence assay using a multiplate reader Infinite

M200 Tecan. Cell viability was measured by Cell Titer-Blue assay (Promega®).

Flow cytometry

Flow cytometry analysis was performed to assess infection load in HepG2 cells when
using GFP-expressing P. berghei parasites. HepG2 cells were seeded in 24-well plates
at a density of 65 000 cells per well and infected with freshly dissected PbGFP
sporozoites. Complete medium was changed 2 hours after infection for the appropriate
medium: MS or MD medium - obtained as described above — and cells were maintained
in a 5% CO2 humidified incubator at 37 °C. Forty-eight hours after infection, HepG2
cells were trypsinized and collected for flow cytometry analysis on BD Accuri C6.
Infection rate and intracellular parasite development were quantified by determining the
number of GFP positive cells and the mean fluorescence intensity (MFI) of the GFP
signal. The number of total acquired events ranged from 100 000 to 200 000. Hepatic
cells were first selected based on their size, by gating first on FSC and SSC and,

subsequently, on FITC/FL1 to detect those infected with GFP-expressing parasites.

Immunofluorescence assays

HepG2 cells were infected with GFP-expressing parasites or GFP-TK parasites and
seeded on glass coverslips in either 96-well - SAM quantification analysis - or 24-well
imaging plates — P. berghei infection analysis. At different timepoints, the cell culture
media was removed, followed by gentle rinsing in 1x PBS twice. Cells were fixed at
distinct timepoints with 4% paraformaldehyde (PFA) for 10min, washed thrice in 1x PBS.
HepG2 cells were permeabilized with 0.1% v/v Triton X-100 in PBS for 10 min and
blocked with 2% w/v bovine serum albumin (BSA) in 1x PBS for 30 minutes. For SAM
quantification assays, cells were incubated for 2 hours with the following conjugated
antibodies: Alexa Fluor 647 anti-SAM antibody (2 puL/mL) and Alexa Fluor 488 anti-GFP
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(1:400) and DNA staining was performed by employing DAPi. For P. berghei infection
analysis, HepG2 cells were stained with the anti-UIS4 antibody (1:1000) for 1 hour and
rinsed thrice in 1x PBS. Secondary antibodies used are as following: Donkey anti-Goat
Alexa Fluor 56 (1:1000), anti-GFP Alexa Fluor 488 (1:1000) and DAPI for nuclei staining.
All antibodies were diluted in blocking solution and all steps were carried out at room
temperature (RT). Following 3 washes with PBS, coverslips were mounted on
microscope slides with Fluoromount-GTM (from Southern Biotech) and allowed to dry in
the dark for 12-16 h. Images were obtained by fluorescence microscopy using LSM-710

Zeiss Microscope.

Parasite pellet purification for SDS-PAGE

To prepare protein extracts of Plasmodium blood-stage parasites for immunoblotting
analysis, RBCs from infected-BALB/c mice were collected by cardiac puncture and
pelleted by centrifugation at 450g for 10 min at RT. RBCs were saponin-lysed, by
repeated pipetting, in 0.2% saponin (w/v) in PBS for 15 min on ice. After lysis, parasite
pellets were washed thrice in cold PBS supplemented with Complete™ protease inhibitor
cocktail (Roche®). To extract blood stage proteins, parasite pellets were lysed in 50-
200uL of radioimmunoprecipitation assay (RIPA) buffer supplemented with 4-(2-
Aminoethyl) benzenesulfonyl fluoride hydrochloride (Sigma) and Complete™ protease
inhibitor cocktail for 30min on ice. Samples were centrifuged at 25009 for 15 min at 4°C,
supernatants were resuspended in 5x SDS-Laemmli buffer (NZYtech) and denatured at
95°C for 10min.

Immunoblotting assay

Samples were resolved in 8% polyacrylamide gels and proteins were transferred to 0.2
um nitrocellulose membranes (Bio-Rad) using wet-transfer in Towbin buffer (25 mM Tris,
192 mM Gilycine (Sigma) and 20% methanol in ddH>O) at 200mA for 2h on ice.
Membranes were blocked in 5% BSA in PBS-0.1% Tween 20 (PBS-T) for 1h at RT and
incubated overnight at 4°C with appropriate primary antibodies diluted in blocking
solution. Membranes were washed thrice in PBS-T and then incubated with the
appropriate secondary antibodies, conjugated to Horseradish peroxidase (ThermoFisher
Scientific). Secondary antibodies were diluted in blocking solution and incubated for 1h
at RT. After three washing steps in PBST, membranes were revealed using Amersham
ECL Prime Blotting Detection Reagent (GE Healthcare) on the ChemiDoc XRS + system

(Bio-Rad) using ImagelLab software (v5.2.1). The primary antibodies used were rabbit



aoHA tag (1:500 dilution, clone C29F4, Cell Signaling Technology, Danvers, MA, USA)
and rabbit oPbBIiP (1:1000 dilution, GenScript Biotech, New Jersey, USA). The
secondary antibody used was the goat anti-rabbit IgG, HRP-linked antibody (1:3000
dilution, Cell Signaling Technology). Western blots were developed using Immobilon
ECL Ultra Western HRP Substrate (Merck Millipore) on either ChemiDoc XRS+ system
(Bio-Rad).

[3H]-Methionine uptake assay

Transport assays in homozygous matia-/- (MAT1-KO), matia+/+ (MAT1-WT) and
heterozygous mat1a+/- (MAT1-HET) primary hepatocytes cultured in MS or MD media
were performed 24 hours post sporozoite infection. The [3H]-Met (Perkin Elmer®)
transport was initiated by incubating primary hepatocyte cultures in 2 uCi/mL (24nM) of
[BH] Met for 30 minutes, at 37°C. Transport was stopped by washing cells twice with ice
cold Stop buffer (137 mM NaCl and 10 mM HEPES, pH 7,4). Cells were lysed with lysis
buffer (100 mM NaOH and 0,1% SDS) at 37°C for 15 minutes and radioactivity was
assayed by liquid scintillation upon addition of scintillant solution to the cell lysate.
Intracellular accumulation of [3H]-Met was measured using MicroBet Trilux,
PerkinElmer®. Protein concentration was determined using Bio-Rad Bradford Reagent,

and the amount of intracellular [3H]-Met was normalized to total protein content.

Flow Cytometry Analysis
Data collection was performed using BD Accuri C6 cytometer (Franklin Lakes, New
Jersey, USA) and Accuri C6 software (v1.0.264.21) software was used. Data analysis

was performed using FlowJo X software (FlowJo LLC, Ashland, OR, USA).

Immunofluorescence Analysis
All immunofluorescence images were processed using FIJI software (version 1.52i).
Image quantification was automatically performed by employing macros generated for

each analysis.

Immunoblotting Analysis

Allimmunoblotting images were processed using ImagelLab software (v5.2.1). To assess
the extent of SAMS stabilization or SAMS cKD, the intensity of the HA tag band —
representing SAMS protein levels - was normalized to the intensity of the Bip band in
each sample. These values were further normalized to the ratio of HA/Bip in the SAMS
+TMP control group.
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Statistical Analysis

Statistical analysis was performed using GraphPad Prism 5 software (GraphPad, La
Jolla, CA). Significance of differences observed between two conditions was determined
using Mann-Whitney U test, whereas two-way ANOVA was used to compare
parasitemia between control and treated conditions. The log-rank (Matel-Cox) test was
used to compare the survival distributions of two groups. Significance was considered
for p values below 0.05. Sample sizes were chosen on the basis of historical data. Raw
data and a description of statistical tests used is provided in Supplementary Information.

Plots and figures were prepared using Adobe lllustrator (version CS4).
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Supplementary Figure 3.1 - Methionine depletion impacts Plasmodium liver-stage

development. (A) Cell viability in HepG2 cells infected with luciferase-expressing P. berghei parasites.
HepG2 cells were seeded (5x10%well) in DMEM and maintained in a 5% CO2 humidified incubator at
37°C. After sporozoite infection, cells were cultivated in MS or MD media and viability was measured
by luminescence using the CellTiter-Blue assay at 48h after infection (MS, n=9; MD, n=9). (B) Mouse
primary hepatocytes (mPH) infected with luciferase-expressing P. berghei parasites were cultured in
MS- or MD-media. P. bergheiinfection load and assessed by relative luminescence units of luciferase
expressing parasites. Bars represent the data for the following number of replicates: MS, n=9 and MD,
n=9. (C) Percentage of infected cells and (D) EEF development (Mann-Whitney) in mPH cultured in
MS- and MD-media, 48h after sporozoite addition to the culture media. Infected hepatocytes were
analysed and quantified by flow cytometry. (E) Cell viability in mPH infected with luciferase-expressing
P. berghei parasites. mPH cells were resuspended in William’s medium E, seeded on collagen-coated
coverslips and maintained in a 5% CO2 humidified incubator at 37°C. After sporozoite infection, cells
were cultivated in MS or MD media and viability was measured by Trypan blue exclusion (TBE) assay
(MS, n=9; MD, n=9). (F) Quantification of EEF size and of host liver-specific mat1a mRNA expression
levels in hepatocytes, mPH and HepG2 cells at 48h after sporozoite infection. mPH and HepG2 cells
were cultured in MS media. EEF area was measured by immunofluorescence microscopy (n=25) and
mat1a mRNA expression levels by gRT-PCR and values are normalized to mat1a expression levels in
the liver (liver, n=4; mPH, n=3; HepG2, n=2). (G) Quantification of parasite load in mPH cultured in
MS- or MD-media supplemented with S-adenosylmethionine (SAM), S-adenosylhomocysteine (SAH),
glutathione (GSH) and the polyamine putrescine (PA), analysed by relative luminescence units of
luciferase expressing parasites at 48h after sporozoite infection. Bars represent the data of 2
independent experiments (MS, n=6; MD, n=6; MD+SAM, n=6; MD+SAH, n=3; MD+GSH, n=3; MD+PA,
n=3). (H) Quantification of EEF size (Mann-Whitney) at 22h after sporozoite infection in HepG2 cells
cultured in MS-, MD- or MD-media supplemented with SAM. Parasite development was quantified by
fluorescence microscopy using the Alexa Fluor 488 anti-GFP and an anti-UIS4 antibody. Scatter dot
plots represent the data of 3 independent experiments and show the data for the following number of
EEFs: MS, n=45; MD, n=59; MD+SAM, n=46.
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Supplementary Figure 3.2 - SAMS is expressed throughout all stages of P. berghei life cycle.
(A-C) Quantification of P. berghei sams mRNA expression levels by RT-gPCR in (A) mosquito midguts
and salivary glands measured at the indicated time points post mosquito infection; (B) HepG2-infected
cells, measured at indicated time points post sporozoite infection and (C) in P. berghei blood-stage
parasites: ring- (R), trophozoite- (T) and schizont- (S) stages. Pbsams expression levels were
normalized against two P. berghei housekeeping genes, adenylosuccinate lyase and serine-tRNA
ligase. Error bars represent SEM in 3 independent experiments (D) Representative image and (E)
Quantification of SAMS levels in HepG2 cells infected with the PbBSAMS-GFP transgenic line that
expresses the SAMS protein in fusion with the green florescence protein (GFP). GFP fluorescence
inside EEFs was measured by immunofluorescence microscopy at the indicated time points. SAMS
fusion protein was probed with Alexa Fluor 488 anti-GFP (green), the PVM with anti-UIS4 (red) and
DNA with DAPI for nuclear staining (blue). Values are normalized to the 6hpi time point and scatter dot
plots show the data for the following number of EEFs: 6h, n=127; 12h, n=126; 24h, n=130; 36h, n=126;
48h, n=121.
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Supplementary Figure 3. 3 - Host MAT1 expression levels modulate Plasmodium liver-stage
development. (A) Parasite liver load (mean, Mann-Withney) in MAT1 WT and MAT1 KO mice, infected
with 50 000 PbSAMS-DD sporozoites. To achieve stabilization, infected female Anopheles mosquitoes
were treated (SAMS-DD +TMP) or not (SAMS -TMP, cKD) with TMP in the mosquito food for 3 weeks
prior to dissection. Mice liver load was measured by gRT-PCR of Pb18S rRNA. Values are normalized
to hypoxanthine-guanine phosphorubosyltransferase (Hprt). Bars show the mean of 2 independent
experiments (MAT1A WT: SAMS +TMP, n=14; SAMS -TMP, n=7; MAT1A KO: SAMS +TMP, n=6;
SAMS -TMP, n=4). (B) Methionine uptake by MAT1A WT and MAT1A KO mouse primary hepatocytes
(mPH). mPH were incubated with media containing L-[methyl-3H]-Met (3H-Met) in the absence (filled
bars) or presence (checkered bars) of cold methionine. 3H-Met uptake was assed by determining 3H
radioactivity levels in the cell fraction and expressed as relative to protein amount. (C) Linear
regression of parasite liver load and matia gene expression in female C57BL/6 mice. Plotted is the
correlation analysis of mat1a-WT, matia-Het and mat1a-KO mRNA expression levels and parasite
liver load at 48h after sporozoite infection, determined by qRT-PCR of Pb18S rRNA. R? is the
coefficient of determination (n=45).
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regulated by competition between phospholipid metabolism
and histone methylation
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Abstract

For Plasmodium falciparum, the most widespread and virulent malaria parasite that
infects humans, persistence depends on continuous asexual replication in red blood
cells, while transmission to their mosquito vector requires asexual blood stage parasites
to differentiate into non-replicating gametocytes. This decision is controlled by stochastic
derepression of a heterochromatin-silenced locus encoding AP2-G, the master
transcription factor of sexual differentiation. The frequency of ap2-g derepression was
shown to be responsive to extracellular phospholipid precursors but the mechanism
linking these metabolites to epigenetic regulation of ap2-g was unknown. Through a
combination of molecular genetics, metabolomics and chromatin profiling, we show that
this response is mediated by metabolic competition for the methyl donor S-
adenosylmethionine between histone methyltransferases and phosphoethanolamine
methyltransferase, a critical enzyme in the parasite’s pathway for de novo
phosphatidylcholine synthesis. When phosphatidylcholine precursors are scarce,
increased consumption of SAM for de novo phosphatidylcholine synthesis impairs
maintenance of the histone methylation responsible for silencing ap2-g, increasing the
frequency of derepression and sexual differentiation. This provides a key mechanistic
link that explains how LysoPC and choline availability can alter the chromatin status of

the ap2-g locus controlling sexual differentiation.

KEYWORDS

malaria; Plasmodium falciparum; differentiation; metabolism; chromatin; metabolic epigenome;
methylation.

ABBREVIATIONS

3-DZA: 3-deaza-adenosine; cho: choline; CDP-cho: cytidine diphosphate-choline; GIcN-NAC: N-
acetylglucosamine; GlcN: glucosamine; Hey: homocysteine; iRBC: infected RBC; LysoPC: lyso-
phosphatidylcholine; met: methionine; P-cho: phospho-choline; P-etn: phospho-ethanolamine; P-
etn-me1/2: mono / dimethylphosphoethanolamine; PMT: phospho ethanolamine
methyltransferase; PtdCho: phosphatidylcholine; RBC: red blood cell; SAH: S-
adenosylhomocysteine; SAHH: S-adenosylhomocysteine hydrolase; SAM: S-
adenosylmethionine; SAMS: S-adenosylmethionine synthetase; ser: serine; TMP: trimethoprim;
uRBC: uninfected RBC.



Introduction

Transmission of malaria parasites requires differentiation from replicating asexual blood-
stream forms that are responsible for pathogenesis into non-replicating sexual stages,
called gametocytes, that can infect the mosquito vector. Parasite success depends on a
careful balance between asexual replication to maintain human infection and gametocyte
formation to infect the mosquito vector for further transmission [557]. The regulation of
this balance is key to understanding the dynamics of malaria pathogenesis and
transmission. Developmental commitment to sexual differentiation requires expression
of the transcription factor AP2-G [558,559]. This requires the transcriptional activation of
the ap2-g locus, which is actively silenced in a heterochromatin-dependent manner

during asexual replication [559-562].

The frequency of sexual differentiation relies on effective heterochromatin maintenance
at the ap2-g locus, which depends on the efficient trimethylation of lysine 9 on histone
H3 of newly placed nucleosomes and recognition of this mark by heterochromatin protein
1 [559,560,563,564]. So long as ap2-g remains efficiently silenced, parasites continue to
replicate asexually. However, AP2-G has several binding sites within its own promoter
that creates a positive transcriptional feedback loop once AP2-G expression rises
beyond a threshold. When heterochromatin maintenance is impaired, leaky silencing
allows AP2-G expression to exceed that threshold in a greater proportion of cells, leading
to the activation of the feedback loop. This drives AP2-G expression to high levels,
resulting in sexual commitment and activation of the transcriptional program underlying

gametocytogenesis [559,565-568].

In the laboratory, the frequency of sexual commitment of Plasmodium falciparum, the
most widespread and virulent human malaria parasite, varies from less than 1% to
greater than 40% in response to culture conditions, including parasite density and media
composition [569]. Recent work showed that lysophosphatidylcholine (LysoPC) and
choline, which are precursors of phosphocholine (P-cho; the headgroup required for
phosphatidylcholine (PtdCho) synthesis), act as potent suppressors of sexual
commitment. This ability of parasites to vary their investment into gametocyte production
illustrates the parasites’ ability to sense their in-host environment and respond adaptively
to resource abundance [570] or anatomical niche [571,572]. However, the underlying
mechanisms that link the availability of these metabolites to ap2-g activation remain

unknown.
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Here we show that the availability of P-cho precursors regulates sexual commitment by
shifting the metabolic competition for the methyl donor S-adenosylmethionine (SAM)
between the methyltransferase required for de novo synthesis of P-cho and the histone
methyltransferases maintaining heterochromatin-mediated silencing, including at the

ap2-glocus.



Results

P-cho precursors alter SAM, S-adenosylhomocysteine (SAH)
and sexual commitment

As the parasite grows during its 48-hour asexual replication cycle, the membrane content
of infected red blood cells (iRBCs) increases 8-fold, with PtdCho accounting for more
than half of this increase in membrane biomass [573,574]. In P. falciparum, PtdCho is
exclusively derived from P-cho, which can be generated de novo from serine via
phosphoethanolamine (P-etn) or scavenged from extracellular sources, including choline
and choline-containing phospholipids such as LysoPC [498] (Figure 4.1a,
Supplementary Figure 4.1a). Consistent with earlier reports [386], we found that
supplementation of standard malaria growth media with exogenous P-cho precursors
(see Supplementary Table 4.1 for media composition) during a single replication cycle
substantially suppressed sexual commitment (Figure 4.1b,c) and increased the levels of
P-cho and CDP-choline within iRBCs compared with conditions when these precursors
were scarce (Figure 4.1d,e, Supplementary Figure 4.1b). As we had previously
described [559], the change in ap2-g expression at the end of this cycle tracked closely

with the observed changes in sexual commitment (Supplementary Figure 4.2).

When exogenous P-cho precursors like choline or LysoPC are available for scavenging,
parasite levels of SAH decreased significantly compared with conditions requiring
greater de novo synthesis of P-cho from Petn. SAM levels increased in response to
LysoPC but remained unchanged upon choline supplementation (Figure 4.1d, e). A
possible explanation for this difference is the additional energetic cost associated with
scavenging choline, which must be phosphorylated using ATP, while LysoPC can be
cleaved directly into P-cho by phospholipase C. This is supported by the observation that
the suppressive effects of choline supplementation can be reversed by reducing the
availability of glucose within the growth medium [386]. This metabolic response to P-cho
precursors is dose dependent (Supplementary Figure 4.1), indicating that P-cho
precursor availability regulates intracellular levels of SAM and SAH. These changes in
intracellular levels of P-cho, SAM, and SAH were limited to iRBCs and did not occur in

uninfected RBCs (Supplementary Figure 4.3).
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Figure 4.1 - Phosphocholine precursor availability alters parasite SAM and SAH levels. a.
PtdCho (PC) is generated exclusively from P-cho, which can be scavenged from extracellular choline
or LysoPC or synthesized de novo via triple methylation of P-etn by PMT, consuming 3 equivalents of
SAM and producing 3 equivalents of SAH per P-cho. b. Synchronous blood stages were grown for a
single cycle (commitment cycle) under various nutrient conditions and samples were collected 36 hours
post-invasion. Treated parasites were allowed to re-invade and 50 mM N-acetylglucosamine was
added on Day +1 to block asexual replication. The sexual differentiation rate is defined as the
percentage of Day +1 ring stages that differentiate into stage Ill gametocytes by Day +6. ¢. P-cho
precursors inhibit the frequency of sexual differentiation (n=3 biologically independent samples;
numbers are P values from two-sided paired ttests). d. Intracellular metabolite levels are altered in
response to LysoPC supplementation (n=4-6 biologically independent samples; bar graphs indicate
the mean +s.e.m. relative to the reference condition; numbers are P values from two-sided t-tests). e.
Intracellular metabolite levels are altered in response to choline supplementation (n=5 biologically
independent samples; bar graphs indicate the meanz+s.e.m. relative to the reference condition;
numbers are P values from two-sided t-tests).

Phosphoethanolamine N-methyltransferase (PMT) activity
drives the changes in SAM and SAH

Earlier work showed that in malaria parasites, de novo synthesis of PtdCho’s choline
headgroup is carried out by PMT, which generates P-cho by transferring three
consecutive methyl-groups from the methyl-donor S-adenosylmethionine (SAM) onto P-
etn [498,575], and that malaria blood stages substantially down-regulate pmtin response
to supplementation with P-cho precursors [576] (Figure 4.2a). Since de novo synthesis
of the choline headgroup is a major consumer of SAM and source of SAH in other
eukaryotes [577], we wanted to assess whether the observed changes in SAM and SAH
were due to a decrease in PMT activity. Consistent with the earlier reports, we observed
a significant decrease in the abundance of the mono- and di-methylated P-etn reaction
intermediates generated by PMT when cultures were supplemented with choline, and

found that PMT transcript abundance was substantially lower under this condition (Figure



4.2b, c). The effect of PMT activity on overall intracellular SAM and SAH levels was
unclear but if P-cho synthesis by PMT is a major metabolic sink of SAM and source of
SAH, their levels should correlate with PMT activity. To test this connection between
PMT activity, SAM metabolism and sexual commitment, we generated inducible PMT
knockdown parasites by inserting the glucosamine-responsive autocatalytic gimS
ribozyme [578] into the endogenous PMT 3’UTR (Supplementary Figure 4.4). Treatment
of PMT-gimS cultures with glucosamine during the commitment cycle reduced PMT
protein levels by 55% (Figure 4.2d), resulting in a 2-fold increase in intracellular SAM
and significantly suppressed sexual commitment, even in the absence of P-cho
precursors (Figure 4.2e, f). This fits with earlier reports that found a near complete
suppression of gametocytogenesis in pmt knockout parasites that was restored to

parental levels upon genetic complementation [578,579]
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Figure 4.2 — De novo synthesis of P-cho by PMT is a major sink of SAM and source of SAH. (a-
c) Increases in P-choline from choline scavenging downregulates PMT activity (a,b) as indicated by
decreases in the monomethyl- and dimethyl-phospho-ethanolamine (Petn-me1/2) reaction
intermediates ) and (c) pmt transcript levels. b, n= 4 biologically independent samples and ¢, n=3
biologically independent samples. Transcript abundance was normalized to seryl-tRNA synthetase
transcript and shown relative to no choline supplementation. (d) Left panel is a representative western
blot (WB) showing that inducible knockdown of PMT upon addition of 2.5 mM glucosamine (GIm) in
PMT-gImS parasites significantly reduces PMT protein abundance relative to HSP70 loading control.
Right panel shows WB quantifications (n=3 biologically independent samples). (e) Knockdown of PMT
increases intracellular SAM levels (n=6 biologically independent samples). (f) Knockdown of PMT
reduces sexual commitment even in the absence of P-cho precursors. (n=3 biologically independent
samples) Bar graphs indicate the mean + s.e.m. relative to the reference condition; numbers are P
values from two-sided paired ttests.
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Intracellular SAM levels regulate sexual commitment

To determine whether these changes in SAM and SAH abundance merely correlate or
directly regulate sexual commitment, we aimed to manipulate the intracellular
concentrations of SAM and SAH independently of PMT activity and P-cho precursor
abundance. We reasoned that if the availability of P-cho precursors suppresses sexual
commitment by reducing PMT’s consumption of SAM, then this suppression should
depend on the overall availability of SAM, which in malaria parasites is solely generated
from methionine by SAM synthetase (SAMS). Malaria parasites are methionine
auxotrophs and, unlike most eukaryotes, lack orthologues to enzymes able to regenerate
methionine from homocysteine [579], making parasite SAM synthesis fully dependent on
methionine derived from extracellular pools and the break-down of host cell proteins
(Figure 4.3a).
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Figure 4.3 - Intracellular SAM abundance regulates the frequency of sexual differentiation in
human malaria parasites. (a) SAM and SAH are substrate and product, respectively, of both de novo
P-cho synthesis and histone methylation. (b) Intracellular levels of methionine, SAM and SAH in growth
medium containing standard (100 puM) or no methionine (n= 3 biologically independent samples). (c)
Removal of extracellular methionine reverses the suppressive effects of choline supplementation on
sexual commitment (n= 5 biologically independent samples). (d) Left panel is a representative WB
showing that knockdown of PfSAMS in pfsams-HA-gimS parasites by treatment with 2.5 mM
glucosamine (Glm) resulted in a 58% reduction in SAMS protein levels. Right panel depicts western
blot quantifications (n= 3 biologically independent samples). (e, f) Knockdown of SAMS (e) reduced
intracellular SAM levels by 59% and (f) resulted in a 2.5-fold increase in sexual differentiation even in
the presence of choline (n= 3 biologically independent samples).
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While removing extracellular methionine substantially decreased intracellular methionine
and SAM (Figure 4.3b), it had no discernable effect on parasite replication over a two-
week period (Supplementary Figure 4.5). However, while in standard growth medium
containing 100 yM methionine, choline significantly suppressed commitment; this
suppressive effect was greatly reduced when methionine was removed from the growth
media for even a single commitment cycle (Figure 4.3c). Since methionine is critical for
a variety of cellular functions including translation, we wanted to test whether the effect
of methionine on commitment levels was specific to changes in SAM availability. To this
end we generated glucosamine-regulatable sams-gimS knockdown parasites
(Supplementary Figure 4.6). Upon addition of glucosamine, protein levels of PISAMS
were reduced by 58% (Figure 4.3d), which, even in the presence of choline, resulted in
a 2-fold reduction in SAM levels (Figure 4.3e) along with a more than >2.5-fold increase
in sexual commitment (Figure 4.3f). Together, these findings demonstrate that sexual

commitment is directly regulated by SAM availability.

SAM regulates sexual commitment in rodent parasites

Earlier studies found that, unlike in P. falciparum, supplementation with P-cho precursors
had little to no effect on sexual commitment in the rodent malaria parasite Plasmodium
berghei [386]. In the context of our proposed model, where the consumption of SAM by
PMT provides the link between P-cho precursors and histone methylation, this
observation is readily explained by the fact that the PMT orthologue was lost in the rodent
malaria parasite lineage [580], thereby decoupling P-cho availability from SAM and SAH
abundance in rodent parasites (Figure 4.4a). However, since heterochromatin-mediated
silencing of the ap2-g locus also controls sexual commitment in rodent parasites
[658,561], we hypothesized that commitment in P. berghei would nevertheless remain
sensitive to changes in SAM availability. To test this, we generated SAMS knockdown
parasites in P. berghei by creating a C-terminal fusion of the endogenous coding
sequence with the ecDHFR-based destabilization domain (pbsams-dd-ha,
Supplementary Figure 4.7a, b). Upon removal of the stabilizing ligand trimethoprim
(TMP), PbBSAMS expression was reduced by 60% in pbsams-dd-ha blood stages (Figure
4.4b, Supplementary Figure 4.7¢c) and resulted in a 2-fold increase in sexual commitment
(Figure 4.4c). This demonstrates that SAM availability regulates the rate of sexual

commitment even when decoupled from PtdCho metabolism.
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(n= 4 biologically independent samples; bar graphs show mean * s.e.m. relative to the reference
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Heterochromatin is responsive to changes in SAM and SAH

In higher eukaryotes, changes in metabolism that alter intracellular SAM and SAH can
have major effects on the methylation states of histone and associated regulation of gene
expression [577,581-585]. Methionine depletion and reduction in SAM abundance led
to decreased methylation of specific histone modifications including H3K4me3,
H3K9me3, H3K4me2, and H3K36me3, with H3K4me3 exhibiting the most profound
changes, leading to a change in gene expression [577,582,585]. Since the frequency of
sexual commitment in malaria parasites is determined by the efficiency of
heterochromatin-mediated silencing of AP2-G expression and changes in intracellular
SAM directly alter commitment rates (Figures 4.3 and 4.4), we used CUT&RUN
chromatin profiling [586] to examine whether these changes could substantially alter the
abundance or distribution of the main histone methylation marks associated with both
gene silencing (H3K9me3) and active transcription (H3K4me3) (Figure 4.5) [587,588].
To evaluate the effect of SAM on histone methylation patterns we compared the
distribution of these marks in the presence of abundant extracellular choline and
methionine when SAM levels are high to conditions when the absence of these
metabolites in the growth medium results in low SAM levels (Figure 4.5a), and elevated

rates of sexual commitment (Figure 4.5b).
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Figure 4.5 — Reducing intracellular SAM levels impairs heterochromatin maintenance and
increases both AP2-G expression and sexual commitment. (a, b) Relative (a) intracellular
abundances of SAM and SAH (n= 5 biologically independent samples; numbers indicate P values
based on paired two-sided ttests) and (b) sexual commitment (n=4; numbers indicate P values based
on paired two-sided ttests) under high SAM (+cho & met) vs. low (-cho & met) SAM conditions. (c)
Differences in H3K4me3 (blue) and H3K9me3 (red) abundance between parasites grown in low SAM
vs high SAM conditions. The box on chromosome 12 indicates the ap2-g locus. Red bars indicate
regions of heterochromatin under high SAM conditions (representative of n=2 biologically independent
samples). SPMR, signal per million reads. (d) Genome wide change in H3K4me3 (blue) and H3K9me3
(red) coverage under low SAM vs high SAM conditions. (e) Changes in the distribution of H3K4me3
(blue) and H3K9mMe3 (red) at the ap2-g locus between parasites grown under low SAM vs high SAM
conditions. The purple shaded region contains the AP2-G binding sites within the ap2-g promoter that
drives the transcriptional feedback loop. Representative of n= 2 biologically independent samples. (f)
Change in coverage across the ap2-g heterochromatin peak (red bar in e) of H3K4me3 (blue) and
H3K9me3 (red) between parasites grown under low SAM vs high SAM conditions. (n= 2 biologically
independent experiments; numbers are P values based on comparison of coverage across the
heterochromatin region by macs2). (g) Relative abundance of ap2-g transcript levels between
parasites grown under low SAM vs high SAM conditions (n= 4 biologically independent samples; bar
graphs show mean + s.e.m. relative to the reference condition; numbers indicate P values based on
paired two-sided t-tests).

In contrast to H3K4me3, which was somewhat elevated when intracellular SAM was low,
we observed substantial genome wide reductions in the abundance of the repressive
H3K9me3 mark (Figure 4.5c, d) under low SAM conditions when compared with high
SAM conditions. This reduction in H3K9me3 was observed in both regions of
subtelomeric heterochromatin domains and non-subtelomeric heterochromatin islands
(Figure 4.5c; Supplementary Figure 4.8). Closer examination of the region containing
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pfap2-g on chromosome 12 found that H3K9me3 occupancy across the locus was
reduced by 38.0% under low SAM conditions (Figure 4.5e, f). At the leading edge of the
heterochromatin island, which overlaps the promoter region containing the AP2-G
binding sites that drive the transcriptional feedback loop, this reduction was even more
profound (-42.0% under low SAM, P<1 x 10-'2). These reductions in the H3K9me3
silencing mark were accompanied by a 2.8-fold increase in transcript levels of ap2-g
demonstrating that H3K9me3 occupancy and expression of the locus is responsive to

changes in SAM (Figure 4.5g).

Each transfer of a methyl group from SAM generates one equivalent of SAH, which can
act as a potent feedback inhibitor for many SAM-dependent methyltransferases [589],
although histone methyltransferases differ in their susceptibility to feedback inhibition by
SAH [590]. Since de novo P-cho synthesis by PMT therefore represents not only a major
sink of SAM but also an equivalently large source of intracellular SAH (Figure 4.2), we
also evaluated whether direct changes to the intracellular levels of SAH can alter sexual
commitment. To this end, we treated parasites during a single commitment cycle with 3-
deaza-adenosine (3-DZA), a potent inhibitor of SAH hydrolase (SAHH), the enzyme that
converts SAH into adenine and homocysteine (Figure 4.6a) [591,592]. We found that
treatment with 3-DZA increased commitment levels in a dose-dependent manner while
having only a minor effect on parasite growth (Supplementary Figure 4.9). Treatment
with 100 nM 3-DZA in the presence of abundant methionine and choline greatly
increased both SAH and SAM levels. The latter is probably the result of reduced
consumption of SAM by methyltransferases as they are feedback inhibited by the
increasing SAH levels (Figure 4.6b). SAHH inhibition by 3-DZA more than doubled
sexual commitment, fully reversing the suppressive effects of choline supplementation
(Figure 4.6c). These results demonstrate that elevating SAH levels is sufficient to
increase sexual commitment rates, even when SAM is abundant. These data are in
alignment with a previous study which found that homocysteine, the metabolic product
and feedback inhibitor of SAHH that accumulates in culture and in the serum of infected

patients, induces gametocytogenesis in culture [593].
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Figure 4.6 - Increasing intracellular SAH impairs heterochromatin maintenance and increases
both AP2-G expression and sexual commitment. (a—c) Inhibition of SAHH with 3-DZA (a, b)
increases intracellular SAM and SAH (n= 5 biologically independent samples) and (c) sexual
commitment (n= 4 biologically independent samples). (d) Genome wide differences in the distribution
of H3K4me3 (blue) and H3K9me3 (red) between parasites grown in high SAH (+cho, +met, +3-DZA)
vs low SAH (+cho, +met) condition as determined by CUT& RUN. The box on chromosome 12
indicates the location of the ap2-g locus. Red bars indicate regions of heterochromatin (n= 2
biologically independent samples). (e) Mean genome wide change in H3K4me3 (blue) and H3K9me3
(red) coverage in high SAH vs low SAH conditions. (f) Differences in the distribution of H3K4me3 (blue)
and H3K9me3 (red) between parasites grown in high SAH vs low SAH conditions at the ap2-g locus
on chromosome 12. The purple shaded region contains key AP2-G binding sites that drive the
transcriptional feedback loop. Representative of n= 2 biologically independent samples. (g) Mean
change in coverage across the ap2-g heterochromatin peak (red bar in f) of H3K4me3 (blue) and
H3K9me3 (red) between parasites grown in high SAH vs low SAH conditions. Numbers are P values
based on two-sided paired t-tests for metabolite abundance or based on HOMER annotatePeaks and
DESeq2 for histone modification abundance. (h) Relative abundance of ap2-g transcript levels
between parasites grown under high SAH vs low SAH conditions (n= 4 biologically independent
samples; bar graphs show mean * s.e.m. relative to the reference condition; numbers are P values
based on two-sided paired t-tests).
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Since suppression of commitment with choline reduced intracellular SAH levels but left
SAM levels largely unchanged, we wanted to also evaluate whether high SAH was
sufficient to impair heterochromatin maintenance even when SAM is abundantly
available. While treatment with 3-DZA reduced genome wide H3K4me3 abundance by
8.3%, it had even more profound effects on the H3K9me3 silencing mark, which was
reduced 22.3% genome wide (Figure 4.6d, e). This reduction in H3K9me3 was again
observed in both regions of subtelomeric heterochromatin domains and non-
subtelomeric heterochromatin islands (Figure 4.5¢c and Supplementary Figure 4.10).
H3K9me3 occupancy across the ap2-g locus on chromosome 12 was reduced by 29.3%
under high SAH conditions (Figure 4.6f, g) and at the region containing the AP2-G
binding sites that drive the transcriptional feedback loop; this reduction was more
profound at —-39.2% (P < 1x10-'2) compared with low SAH conditions. These reductions
in the H3K9me3 silencing mark were accompanied by a doubling of ap2-g transcript
abundance (Figure 4.6h), demonstrating that H3K9me3 occupancy and expression of
the locus are responsive to changes in SAH as well as in SAM. Even when SAM is
abundant, increasing SAH also impairs heterochromatin maintenance at the ap2-glocus,

increasing sexual commitment.



Discussion

Malaria parasites have evolved sophisticated mechanisms to sense and adapt to the
diverse physiological niches they occupy during their life cycle. The switch from asexually
replicating blood stage parasites to male and female gametocytes requires balancing a
trade-off between maintaining in-host persistence and maximizing transmission between
hosts. Several metabolites have been implicated in affecting this switch. Serine and
homocysteine both increase frequencies of sexual differentiation [573,593], while
LysoPC and its metabolic product, choline, both act as potent suppressors of sexual
commitment [386]. Additionally, the concentrations of these precursors are especially
low in the bone marrow, the primary site of P. falciparum gametocytogenesis [386,571].
Maturation in the bone marrow protects immature gametocytes from splenic clearance
until they mature into highly deformable stage V gametocytes that are able to pass
through the spleen [594,595]. Intriguingly, increased sexual commitment of parasite
infecting immature RBCs has been noted repeatedly [596—598]. Unlike in mature RBCs,
P-cho metabolism is highly active in immature RBCs and essential for terminal
erythropoiesis [599,600]. This would reduce the availability of P-cho precursors to
parasites infecting immature RBCs and make them more reliant on de novo PtdCho

synthesis via PMT.

Here we show that a drop in P-cho precursors leads to a decrease in intracellular SAM
and rise in SAH as the result of increased de novo P-cho synthesis by PMT. These
changes in SAM and SAH reduce the efficiency of H3K9me3 maintenance as the
parasite replicates its genome 20-30 times during schizogony. This reduction in
heterochromatin is not limited to the heterochromatin island on chromosome 12 that
contains the ap2-g locus but occurs genome wide. However, because AP2-G is the only
transcription factor regulated by heterochromatin and because of its ability to bind the
regulatory region of its own promoter, these reductions in heterochromatin can result in

the activation of AP2-G and commit parasites to sexual development (Figure 5.3).

While we cannot exclude the possibility of other, unknown methylation reactions also
regulating sexual commitment, H3K9 methylation has repeatedly been shown to strongly
regulate AP2-G and sexual commitment in malaria parasites. Intriguingly, in malaria
parasites methylation of H3K9 is more sensitive to changes in SAM and SAH than H3K4
methylation, unlike what has been reported for higher eukaryotes. This suggests a need
for future examination of whether the Km for SAM and Ki and SAH of PfSET3, the
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parasite's only Su(var)3-9 methyltransferase, are in the range of the intracellular
concentrations of these two metabolites, which would allow their concentrations to
directly regulate the deposition of the H3K9me3 silencing mark. This model also explains
the previously described observation that in rodent parasites sexual commitment is not
responsive to P-cho precursors, as the loss of PMT in rodent malaria parasites
decouples PtdCho synthesis from SAM, SAH, and histone methylation. Strikingly, this
loss of PMT in rodent malaria parasites was accompanied by a lineage-specific
expansion of the fam-a gene family from a single copy in the primate lineage to 42-215
copies [601]. Members of this family contain the steroidogenic acute regulatory-related
lipid transfer (START) domain and have been show to transport PtdCho [602]. Without
the ability to generate this key phospholipid de novo, this expansion presumably allows

rodent malaria parasites to scavenge a full complement of PtdCho precursors.

In summary, changing availability of host LysoPC results in a shift in intracellular
SAM/SAH which leads to changes in histone methylation, in particular the H3K9me3
silencing mark. Inefficient silencing at the pfap2-g locus increases the frequency of
activation of the transcriptional feedback loop that commits parasites to sexual
differentiation in P. falciparum. This allows parasites to increase sexual differentiation in
the bone marrow where LysoPC is low and where gametocytes can develop without the

risk of splenic clearance.



Materials & Methods

P. falciparum cell culture

The parasite strains used for this study were NF54 obtained from BEI Resources and
the Pf-peg4-tdTomato [602]. Cultures were maintained using established culturing
techniques [603]. Standard complete media was RPMI-1640 supplemented with 25 mM
HEPES, 368 uM hypoxanthine, 1 mM sodium hydroxide, 24 mM sodium bicarbonate, 21
MM gentamycin (Millipore Sigma), with Albumax Il Lipid-Rich BSA (Gibco), unless
otherwise stated. Concentrations for choline and LysoPC supplementation were used
according to ref. [494] (see Supplementary Table 4.1 for changes to media compositions
used throughout this paper). RBCs or cultures were washed three times with respective

experimental media conditions at the start of each change in media condition.

Generation of P[SAMS-gimS and PFPMT-gImS knockdown lines

The 3’ portion of the coding sequence for pfsams (577-1206bp) and PMT (651-1217bp)
was amplified from gDNA and cloned by Gibson assembly into the pSLI-HAx3-gimS
plasmid (gift from Professor R. Dzikowski) [578] following Notl and Xmal double digest.
Following transfection of NF54 parasites, cultures were selected for the presence of the
plasmid with 4nM WR99210 (gift of Jacobus Pharmaceuticals), follow by selection for
integrants with G418 (Millipore Sigma). Single-crossover integration of the plasmid was
confirmed via PCR (Supplementary Figures 4.4, 4.6, Supplementary Table 4.2), and
parasites were cloned to isolate a population with single cross-over lacking any

remaining WT loci. Integrated parasite lines were maintained under G418 drug pressure.

Animal Maintenance

Animal research was conducted at the Instituto de Medicina Molecular (Lisboa,
Portugal). All protocols were approved by the animal ethics committee (ORBEA
committee) at the institute and performed according to national and European
regulations. BALB/c mice (age 5-8 weeks; males) were purchased from Charles River
Laboratories (Saint-Germain-sur-I'Arbresle, France), kept in specific-pathogen-free
conditions, and subjected to regular pathogen monitoring by sentinel screening.
Experimental animals were randomly assigned and allowed free access to water and

food.
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Generation of PbSAMS-DD conditional knockdown parasites

Wild-type P. berghei ANKA strain was obtained from the MR4 repository (Manassas,
Virginia). P. berghei pbsams-DD parasite line was obtained by double crossover
homologous recombination. To do so, parasites were transfected by electroporation of
purified schizonts, harvested on day 7-10 post transfection and genotyped by PCR.
Transgenic parasites were then dilution cloned and further stored at -80 °C in frozen
blood vials, containing 107 blood stage parasites. Recombinant parasites carrying the
human dihydrofolate reductase (hdhfr) gene cassette were positively selected by
treatment of mice with pyrimethamine and trimethoprim to stabilize PbSAMS.
Confirmation of transgenic parasite genotype, construct integration at the desired
genomic loci and elimination of WT locus were assessed by PCR. Blood from the tail
vein of infected mice was collected in 200 pL of 1x PBS and genomic DNA was isolated
using the NZY Blood gDNA Isolation Kit (NZYTech), according to manufacturer’s
guidelines (Supplementary Figures 4.7, Supplementary Table 4.2). Stabilization of
PbSAMS-DD fusion protein throughout infection was achieved in vivo, by administration
of trimethoprim (TMP) to mice (0.25 mg/ml of TMP in drinking water), 2 days prior to

infection.

Quantification of PbSAMS knockdown

All steps of parasite pellet extraction protocol were performed at 4°C to minimize protein
degradation and all centrifugations were executed at 1000 x g for 10 min. Mice were
sacrificed at day 4 post infection, 1 mL of blood was collected by cardiac punction,
washed in 10 mL of 1x PBS and centrifuged. Packed erythrocytes were saponin-lysed in
0.15% saponin and centrifuged. Parasite pellet was washed twice in PBS containing 1x
Proteinase inhibitor cocktail (Roche cOmplete Protease inhibitor tablets, EDTA free).
Parasite pellet was then resuspended in lysis buffer (4 % SDS; 0.5 % Triton X-114 in 1x
PBS), incubated on ice for 10 min, centrifuged at 21 000 x g for 10 min and the
supernatant was collected. Total protein content was determined using the Bio- Rad
protein assay kit according to manufacturer’s instructions. Protein samples diluted in 5x
SDS sample buffer (NZYTech) were denatured at 95°C for 10 min and resolved in an
8% polyacrylamide gel (SDS-PAGE). Proteins were blotted into a nitrocellulose
membrane by wet transfer at 200 mA for 2 hours. Primary antibodies, mouse anti-HA
antibody (1:1000, from Covance) and rabbit anti-Bip (1:2000, GeneScript) were
incubated overnight at 4°C. Secondary antibodies, anti-mouse horseradish peroxidase
(HRP)-conjugated and anti-rabbit HRP (1:10000, Jackson ImmunoResearch



Laboratories) were incubated at RT for 1 hour. Signal detection was obtained using
Luminata Crescendo Western HRP substrate (Merck Milipore.) and the ChemiDoc XRS+
Gel Imaging System (BioRad.). Protein band quantification was performed on Image Lab

software (version 5.0) using BIP levels for normalization.

Quantification of gametocytes in PbSAMS-DD-HA parasites

Mice infections were performed by intraperitoneal inoculation of 1x10¢ infected red blood
cells (iRBCs) obtained by passage in the correspondent BALB/c background mice.
Parasitemia (% of iRBCs) was monitored daily and gametocytemia (% of mature
gametocytes) was determined on day 3 after infection, by microscopic analysis of
Giemsa-stained blood smears. A total of 5-10 thousand RBCs were analysed in
randomly acquired images and semi-automatically quantified using Image J software

(http://rsbweb.nih.gov/ij).

Induction and quantification of P. falciparum sexual commitment

Synchronous gametocyte induction was performed as previously described [578].
Briefly, parasites were double-synchronized with 5% sorbitol to achieve a synchrony of
+ 6h in the previous cycle. Synchronized ring-stage parasites were set up at 1.5%
parasitemia (1% haematocrit) in 96-well, flat bottom plates under specific nutrient
conditions to induce sexual commitment. Following reinvasion, on the first day of
gametocyte development (D+1), ring-stage parasitemia was determined using flow
cytometry and 50mM N-acetyl-D-glucosamine was added for 5 consecutive days.
Gametocytes were then counted on day 6 (D+6) and commitment rate was determined
by dividing the D+6 gametocytemia by the D+1 parasitemia assessed prior to N-acetyl-
D-glucosamine addition. Gametocytes induced using the Pf-peg4-tdTomato fluorescent

gametocyte reporter line were counted using flow cytometry [603].

RNA Extraction, cDNA synthesis, and quantitative RT-PCR

Total RNA from saponin-lysed parasites was extracted using Trizol (Invitrogen) or Direct-
Zol RNA MiniPrep Plus kit (Zymo Research). 500 ng total RNA was pre-treated with 2U
amplification grade DNase | (Invitrogen) and reverse transcribed using SuperScript IlI
Reverse Transcriptase kit (Invitrogen) and random hexamers (Invitrogen). Quantitative
PCR was performed on the Quant Studio 6 Flex (Thermo Fisher) using iTaq Sybr Green
(Bio-Rad) with specific primers for selected target genes (Supplementary Table 4.2) and

normalized to seryl-tRNA synthetase or ubiquitin-conjugating enzyme transcript
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abundance. To quantify AP2-G transcript levels at the very end of the commitment cycle,
2.5 uM Compound 1 (a generous gift of Dr. Jeffrey Dvorin) was added at 36 hpi to prevent

egress and RNA was extracted 12 hours later.

Metabolite Analysis

Synchronous P. falciparum parasites were grown from 8hpi to 34hpi + 6 hpi (100 mL, 3%
hematocrit, 5-6% parasitemia) under the indicated growth conditions. Infected red blood
cells (iRBC) were then purified to >90% purity using a 70/40% percoll/sorbitol density
gradient and centrifugation (4700 g for 15 minutes at room temperature), then washed
three times with minimal RPMI. Following isolation, equal numbers of isolated iRBC, as
determined by the Beckman Coulter Z1 Coulter Particle Counter, were then re-incubated
in their respective treatment conditions for four more hours to allow parasites to recover
from percoll/sorbitol isolation. Following recovery, the purity of iRBCs was assessed
using flow cytometry, cells were then pelleted, washed once with 1 mL of 1x PBS, and
quickly lysed with 500 pL of 90% ultrapure HPLC Grade methanol (VWR), followed by

exactly 10 seconds of vortexing before being stored in dry ice.

Lysed samples were then centrifuged at top speed at 4°C and supernatant collected for
metabolite analysis. Uninfected red blood cells (uURBC) were incubated under the same
treatment conditions as iRBC, counted, and methanol extracted to distinguish iRBC
metabolite signal from uRBC signal. Extracted metabolites were stored at -80°C. LC-MS
based metabolomic analysis was performed as previously described [565].10uL of
extract was separated on an Agilent 1290 Infinity LC system containing a Cogent
Diamond Hydride Type C silica column (150 mm x 2.1 mm; Microsolv Technologies).
Acquisition was performed on an Agilent 6230 TOF mass spectrometer (Agilent
Technologies, Santa Clara, CA) employing an Agilent Jet Stream electrospray ionization
source (Agilent Technologies, Santa Clara, CA) operated in high resolution, positive
mode. Metabolite identification was verified by exact mass (to 35 ppm) and co-elution
with authentic standards purchased from Millipore Sigma. Batch feature extraction and
chromatographic alignment across multiple data files was performed using the Agilent
MassHunter Profinder software and extracted metabolite data was exported for further

statistical analysis using R.



Western Blotting

PPMT-gImS and PISAMS-gImS knockdown western blots were performed using whole
cell lysate. Ring-stage parasites (12hpi + 6 hpi) were treated with or without 2.5mM
glucosamine (VWR) to induce protein knockdown as previously described. Parasites
were saponin lysed at 36hpi + 6 hpi and whole cell extract collected in SDS sample
buffer, then boiled for 10 minutes. Proteins were then separated on 12% SDS PAGE and
transferred to a PVDF membrane (Millipore Sigma, 0.2 uM). Membranes blocked with
5% milk were then probed with anti-HA (1:2000, Abcam, ab9110), and anti-hsp70
(1:2000, StressMarq SPtdCho-186) primary antibody solutions, followed by anti-rabbit
IgG (1:5000, Millipore Sigma 12-348) secondary. Chemiluminescence was measured
using the Azure c-Series imaging systems (Azure Biosystems) and quantified using the

Fiji open-source image processing package based on ImagedJ.

Quantification of changes in H3K9me3 and H3K4me3 abundance

H3K9me3 and H3K4me3 abundances were measured by Cleavage Under Targets &
Release Using Nuclease (CUT & RUN) [604] adapted for P. falciparum. Approximately
1 x 107 percoll/sorbitol isolated schizonts (34-38 hpi) per sample were washed three
times with 1 mL wash buffer (20 mM HEPES at pH 7.5,150 mM NaCl, 0.5 mM
Spermidine, and 1x Roche complete protease inhibitor) at room temperature and
resuspended in 225 pL of wash buffer. 25 uL of Concanavalin A-coated beads were
washed and resuspended in binding buffer (20 mM HEPES-KOH at pH 7.5, 10mM KCl,
1mM CaCl2, 1 mM MnCI2) before being added to each sample. Samples were then
rotated for 10 minutes at room temperature. Then, samples were placed on a magnetic
stand to clear (30s to 2 minutes) and remove all the liquid. Samples were washed 3x’s
with DIG wash buffer (wash buffer with 0.025% digitonin). For each sample, 150 pL of
antibody wash buffer was added (wash buffer, 0.025% digitonin, and 2 mM EDTA at pH
8.0) with H3K4me3 (0.005ug/ul, C15410003-50, Diagenode), H3K9me3 (0.005ug/ul,
ab8898, abcam), or IgG isotype control (0.005ug/ pL, 02-6102, ThermoFisher) was
added to the sample tube and incubated at 4°C, rotating, overnight. Following antibody
incubation, samples were placed on a magnetic stand to clear and pull off the liquid, then
washed 3 x’s with DIG wash buffer, 150pl of ProteinA/G-MNASE fusion protein (dilution
1:60, 15-1016, EpiCypher) in DIG wash buffer and rotated at 4°C for 1 hour. After
washing samples 3x’s with DIG wash buffer, samples were then washed 3x’s with Low
Salt Rinse Buffer (20 mM HEPES-NaOH at pH 7.5, 0.025% digitonin, 0.5 mM
spermidine). 200ul of ice-cold incubation buffer (3.5 mM HEPES-NaOH at pH 7.5,
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100mM CaCl2, 0.025% DIG) was added and samples were equilibrated at 0°C for 30
minutes to achieve targeted digestion. Digestion was then stopped by adding 200ul of
stop buffer (170 mM NaCl, 20 mM EGTA at pH 8.0, 20 mM EGTA, 0.0.25% digitonin, 25
pg/mL glycogen, 50 ug/mL RNase A). After incubation at 37°C for 30 minutes to release
soluble fragments, samples were digested by adding 2.5 uL proteinase K (20 mg/ml) and
2 pL 10% SDS, and then incubated at 50°C for 1 hour. DNA fragments were purified with
phenol—chloroform—isoamyl alcohol and washed by ethanol precipitation, and finally
dissolved in 30 uL TE buffer (1mM Tris-HCI pH 8, 0.1 mM EDTA). Library construction
was carried out using NEBNext Ultra || DNA Library Prep Kit for lllumina (E7645S, NEB).
4ng of fragmented DNA was used for end-repair/A-tailing, ligation, and post ligation
cleanup with 1.7x volumes of AMPure XP beads (Catalog number, company). Following
cleanup, PCR amplification was performed using 2x KAPA HotStart ready mix (Catalog
number, company) and NETFLEX primer mix (Catalog number, Bio Scientific) with PCR
program: 1 min @ 98°C/15 cycles, 10 sec @ 98°C, 1 min @ 65°C, 5min @ 65°C and
hold 4°C. PCR products were size selected with 0.8x volumes, then 1.2x volumes of
AMPure XP beads.

Beads were then washed twice with 80% ethanol and DNA eluted with 0.1x TE and used
for sequencing in a Nextseq2000 system as paired-end reads, following quality control.
After sequencing, raw reads were trimmed using Trimmomatic v0.38 [604] to remove
residual adapter sequences and low quality leading and trailing bases. Both paired and
unpaired reads were retained for read lengths that were at least 30 bases after trimming.
Trimmed paired reads were aligned to the PlasmoDB version 46 P. falciparum 3D7
reference genome [604] using BWA v.0.7.1 [579]. SAMtools v.1.10 [605] was used to
remove low quality alignments as well as sort and index sample files. Normalized fold
enrichment tracks were generated by using the MACS2 v.2.2.7.1 [606] callpeak function
with settings: -f BAMPE -B -g 2.3e7 -q 0.05 —-nomodel —broad —keep-dup auto —max gap
500. Bedgraph outputs were then passed into the bdgcmp function with the setting -m
FE (fold enrichment) to generate signal tracks to profile histone modification enrichment
levels compared to whole genome. Peak sets from replicates were compared with
Bedtools intersect v2.26.0 [607], and peaks that overlapped by at least 1 bp were
considered shared. Fold enrichment bedgraphs and peak sets were then output to
RStudio Server (v1.4.1717) for further analysis using the GenomicRanges Package
v.1.44.0 [608] and visualized with the GViz v1.38.1 package [609] within the
Bioconductor project (release 3.13) [610]. The full analysis pipeline can be found at
https://github.com/KafsackLab/MetChoH3K9me3.
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Supplementary Figure 4.1 - Dose-dependent metabolic response to LysoPC. (a) Molecular
structures of the central metabolites in this study. Methyl groups being transferred are highlighted in
red and names of enzymes involved in their interconversion are noted in italics. (b) Parasites were
cultured in media spiked with increasing concentrations of LysoPC. Bar graphs show the mean
intracellular metabolite abundances per thousand parasites + s.e.m (n= 5 biologically independent
samples). ltalicized numbers are p-values based on two-sided ANOVA tests.
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Supplementary Figure 4.2 - Schizont ap2-g transcript abundances closely track sexual
commitment under various nutrient conditions. Bars indicate the mean sexual commitment (left)
and ap2-g transcript abundance (right) in schizonts relative to conditions of abundant choline and
methionine (+cho) when parasites where exposed to different growth media during the commitment
cycle. Error bars and p-values indicate the standard error of the mean and the significance of the mean
difference relative to those under conditions of abundant choline and methionine (+cho), respectively.
(n= 4-5 biologically independent samples).
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Supplementary Figure 4.3 - Changes in SAM/SAH metabolism are specific to parasite
metabolism. LC-MS quantification of indicated metabolites. (a,b) Infected and uninfected cultures
were grown in the presence or absence of (a) 20 uM LysoPC or (b) 420 uM choline for ~36 hpi during
the commitment cycle. Infected (iRBC) and uninfected (URBC) erythrocytes were then extracted, and
metabolite abundances were quantified by LC-MS. (¢) Abundances of four additional metabolites
unrelated to this study are included to illustrate reproducibility of metabolite extraction and
quantification by LC-MS. Bar graphs show the mean intracellular metabolite abundances per thousand
cells £ s.e.m (n= 4 biologically independent samples). ltalicized numbers are p-values based on two-
sided paired t-tests.
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Supplementary Figure 4.4 — Validation of PMT-g/ImS knockdown parasite line. (a) Generation of
PMT-gImS knockdown parasites by selection-linked integration. (b) Validation PCR demonstrating
tagging of the endogenous PMT locus.
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growth of NF54 compared to growth in standard malaria medium (green squares). n=1.
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Supplementary Figure 4.8 - Coverage comparisons of H3K4me3 and H3K9me3 at two
representative chromosome 6 loci under Low vs. High SAM conditions. Coverage of H3K4me3
(blue) and H3K9me3 (red) at representative regions on chromosome 6 that include euchromatin and
either (a) subtelomeric heterochromatin or (b) a heterochromatin island under Low SAM (top track of
each color) and High SAM conditions (middle track of each color) and the relative difference in
coverage (third track of each color). Heterochromatin regions are marked with a red bar. Coverage
was normalized as signal per million reads (SPRM) using macs2 and representative of n=2 biological
independent samples.
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Supplementary Figure 4.10 - Coverage comparisons of H3K4me3 and H3K9me3 at two
representative chromosome 6 loci under High vs. Low SAH conditions. Coverage of H3K4me3
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Supplementary Table 4.1 — Compositions of the cell culture media used.

Label Differences from standard malaria complete media

-cho OpM choline

+cho 420 uM choline

-LysoPC 30uM palmitate, 30 uM oleate, 1.25 uM LysoPC, 4g ™ fatty acid
free BSA, no Albumax I,

+LysoPC 30uM Palmitate, 30 uM oleate, 40 uM LysoPC, 4gl™ fatty acid
free BSA, no Albumax II,

-Glm none

+Glm 2.5mM glucosamine

-met OpM methionine

+met none (100 uM methionine)

-3-DZA 420 uM choline

+3-DZA 420 uM choline, 100nM 3-DZA

Supplementary Table 4.2 — Primers used in this study.

PrimerID Sequence Strand  Purpose

BKO-1424 TATGCTGATATTCTTACTGCTTGC F RT-gPCR for pfpomt transcript

BKO-1425 GGACCAGCCATCATCAAGAC R RT-gPCR for pfpmt transcript

BKO-1626 AAGTAGCAGGTCATCGTGGTT F RT-qPCR for serine t-RNA ligase

BKO-1627 TTCGGCACATTCTTCCATAA R RT-gPCR for serine t-RNA ligase

BKO-1004 ctatagaatactcaagctgcggccgcGGAGCACATACTCACGGTATAGAT F for cloning pfpmt homology block for pfpmt-glmsS tagged line

BKO-1005 ccgggacgtcgtacgggtacccgggATTTTTGGTGGCCTTAAAATAACC R for cloning pfpmt homology block for pfpmt-glmS tagged line

BKO-1002 ctatagaatactcaagctgcggccgcCCTTTACGTGTTCATACTGTTCTTATT F for cloning pfsams homology block for pfsams-glmS tagged line

BKO-1003 ccgggacgtcgtacgggtacccgggATTTTTTAATGCATTTTTTTCGTG R for cloning pfsams homology block for pfsams-glmS tagged line

BKO-0750 TGACTTTGATTGAAAACTTAAACTCTG F PCR verification of pfpmt-glmS line; binds within pfomt CDS
upstream of homology region

BKO-1661 CTGCATATTATGCATCGGGATAC R PCR verification of pfpmt-glmS line; binds within pfpmt 3' UTR

BKO-1023 GTATCTTACCTTATTTAGGACCTGATG F PCR verification of pfsams-glmsS; binds in pfsams CDS upstream
of homology region

BKO-1009 ACATTTCTTCTTTCTCATTCCTAAAT R PCR verification of genome editing; binds within pfsams 3' UTR

BKO-0217 AGTGACAACGTCGAGCACAG R PCR verification of pfpmt-glmS and pfsams-glmsS lines; binds
within the neomycin resistance gene

P1 taggtaccGAGGAAATTTTCTATTTACTTCG F Validation of pbsams-dd-ha parasites, binds within pbsams CDS
upstream of homology region

P2 tagggcccATTTTTTAAAACATTTTTTTCGTG R Validation of pbsams-dd-ha parasites, binds at 3' end of pbsams
CDS, used as a PCR positive control

P3 atgcggccgcCAACTAATAAAATCCAGGAAATA R Validation of pbsams-dd-ha parasites, binds within pbsams
3'UTR, downstream of the 3' homology region

P4 taGCGGCCGCTCATCGCCGCTC R Validation of pbsams-dd-ha parasites, binds within the DD CDS
sequence

BKO-1394 TGGTGGTAATAAGAACAACAGAGGT F RT-gPCR for pfap2-g transcript

BKO-1395 CCATCATAATCTTCTTCTTCGTCG R RT-qPCR for pfap2-g transcript

BKO-2322 GGTGTTAGTGGCTCACCAATAGGA F RT-gPCR for ubiquitin-conjugating enzyme (pfuce) transcript

BKO-2323 GTACCACCTTCCCATGGAGTA R RT-gPCR for ubiquitin-conjugating enzyme (pfuce) transcript

Upper case letters indicate the annealing region matching the template
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The main findings of this thesis are summarized below:

Plasmodium blood-stage parasites sense and actively adapt to fluctuations in host

nutritional levels (Figure 5.1):

Vi.

Isoleucine and methionine depletion result in impaired parasite intra-erythrocytic
growth;

i. SAMS-deficient parasites phenocopy parasites growing in MetD conditions

(SAMS is essential during blood stage development);
Plasmodium actively responds to AA-limiting conditions by readjusting
development and reducing replication;

. Distinct metabolites (polyamines) regulate parasite replication and development;

Three parasite kinases coordinate development or replication under AA scarcity
in a temporally-regulated manner;

Adaptation to low AA levels is mediated by elF2a phosphorylation via a
GCN2/elF2a signaling pair.

Liver-specific methionine metabolism plays a key role in sustaining Plasmodium high
replication rates within hepatocytes (Figure 5.2):

Methionine depletion impacts parasite intra-hepatic development, resulting in
fewer nuclei;

i. Parasite’s SAMS enzyme is dispensable during the liver stage of infection;
iii. The host’s liver-specific MAT1A is essential for parasite intra-hepatocyte

replication;

. SAM is the sole metabolite that rescues the attenuated phenotype induced by

methionine depletion;

. Malaria parasites have the capacity to uptake exogenously supplied SAM, raising

the question of whether Plasmodium possesses a SAM transporter.

SAM plays a pivotal role as a commitment switcher for sexual differentiation (Figure 5.3):

PMT activity is closely linked to SAM metabolism and influences the rate of sexual
commitment;

Parasites lacking the PMT enzyme exhibit increased SAM levels, which in turn
compromises sexual commitment;

Fluctuations in SAM (and SAH) levels, resulting from variations in the availability
of Met or P-cho precursors, modulate parasite sexual commitment;

Depletion of methionine and SAM or accumulation of SAH have an impact on
parasite gene expression by reducing the methylation level of specific histone
modifications, including H3K9me3, a marker associated with gene silencing;
Changes in the balance between SAM and SAH disrupt the efficiency of
H3K9me3 maintenance across the entire genome, including at the ap2-g locus;
Activation of ap2g drives parasite commitment to sexual development.



Thriving in Change: Robust Sensing and Active
Adaptation as Alternatives to Dormancy

Throughout evolution, virtually all living microorganisms have encountered recurring
stresses that impacted their growth. To endure such periods, they have evolved the
ability to enter a robust, non-replicating state, often referred to as dormancy or
hibernation. A well-known model organism used to study cellular dormancy in response
to nutrient starvation is S. cerevisiae. When faced with resource depletion, yeast enters
a stage of low metabolic activity, known as GO, in which cells can survive for long periods
[611]. This reversible cell cycle arrest occurs before DNA replication begins. Babbitt et
al. documented many similar adaptive features in the P. falciparum response to
isoleucine depletion, although a transcriptional shift that would indicate a conventional
stress response was absent [612]. These features included an arrest prior to DNA
synthesis, a state of low metabolic activity, a decelerated cell cycle rate, and the

maintenance of viability beyond prolonged starvation.

The inability to initiate an adaptive transcription program in P. falciparum, a well-
established signature of starvation responses, has been attributed to a lack of regulatory
transcription factors encoded by the parasite genome [446]. The lack of a conventional
eukaryotic nutrient-stress response pathway in the parasite, coupled with the challenge
of identifying specific molecular pathways involved in this response, has led to a model
proposing that the malaria parasite manages an unstable supply of amino acids in the
bloodstream through a state of hibernation until additional nutrients become available.
Babbitt et al. demonstrated that AA deficiency induces hibernation, suggesting that the
control of cell cycle progression in the parasite relies on a passive mechanism, primarily
by restricting reaction rates and metabolite levels (specifically isoleucine levels). In a
noteworthy parallel study, McLean and Jacobs-Lorena re-examined this dormancy-like
state, following the response of P. falciparum to isoleucine starvation for extended
periods [260]. Their findings revealed that isoleucine-starved parasites do not exit the
cell cycle but instead cycle at a reduced pace, successfully completing schizogony and

reinvading new erythrocytes.

In Chapter Il of this thesis, we present compelling evidence that supports a model
combining the two contrasting viewpoints. Through extensive microscopic analysis of
parasite development inside erythrocytes, we revealed that most of the parasites growing

under AA-limiting conditions exhibit growth arrest (70%), thereby resembling the
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hibernation phenotype first proposed by Babbitt et al. However, a minority of the parasite
population (30%) still progresses through the cell cycle at a normal rate and successfully
develops mature schizonts. Nonetheless, a noticeable decrease in merozoite numbers
suggests that these schizonts replicate less, leading to fewer offspring. Interestingly,
while both lle and Met deprivation impair schizont development, we observed that lle
depletion has a stronger effect earlier in development at the trophozoite stage. Our
findings reveal, for the first time, that AA depletion extensively impacts parasite
development but also replication, resulting in fewer merozoites per schizont in each cycle
(Figure 5.1). Moreover, we have shown that the regulation of parasite development and

replication operate independently, with each process controlled by a different polyamine.

While autophagy or proteasomal degradation of preexisting proteins, including AA-
containing erythrocyte proteins imported and degraded alongside Hb [457], act as
cellular survival strategies that might provide some level of support for parasite growth
in the absence of essential AAs, this appears rather insufficient to ensure the completion
of the cell cycle for the majority of the parasites. The eukaryotic nutrient starvation
response is a well-characterized mechanism for translational control in response to AA
deficiency which involves crucial regulatory roles played by the TOR signaling pathway
and the GCN2/elF2a signaling pair [342]. Nevertheless, Plasmodium parasites are a rare
exception to the remarkable conservation of these signaling pathways observed across
evolution from yeast to humans. With the exception of the P. falciparum orthologue Maf1,
which has been demonstrated to maintain viability under extended starvation
[400,401,405], most recognizable components of the TOR complex have been lost in the
Plasmodium genus. Furthermore, despite having a GCN2 orthologue (P. falciparum
elK1), malaria parasites lack many downstream components of this pathway.
Noteworthy, elK1-deficient ring-stage parasites fail to phosphorylate elF2a in response
to AA depletion, but the genetic disruption of this kinase had no effect on the
establishment or maintenance of starvation-induced hibernation [457]. These
observations raise the question of whether parasites evolved mechanisms to efficiently

detect and actively respond to AA fluctuations.

An active parasite response to AA depletion becomes evident when examining our
kinome screening data, which identified a trio of parasite kinases, Nek4, elK1 and elK2
- the latter two belonging to the elF2 family - as key players in a stress response signaling
pathway to AA deprivation. Interestingly, under AA-limiting circumstances, elK1 and

elK2 coordinate either replication or development, while Nek4 governs both replication



and development. These findings shed new light on the intricate mechanisms that
malaria parasites employ to cope with AA fluctuations, indicating that the parasite does
not solely rely on passive hibernation but rather employs active mechanisms to fine-tune
growth and development accordingly. Interestingly, immunoblotting analysis of elF2a
phosphorylation status revealed that Plasmodium parasites exhibit stage-specific
responses to AA depletion. While AelK1 ring-stage parasites are unable to respond to
AA depletion (but not the schizont-stages), AelK2 parasites only become unresponsive
later in development during the schizont stage (Figure 5.1). This stage-specificity
suggests a dynamic and temporally regulated response to AA fluctuations, which may
be critical for the suitable adaptation to the different environmental conditions the
parasite encounters during its intricate life cycle. Moreover, analysis of elF2a.-P levels in
Anek4 parasites demonstrates that this kinase acts as a major regulator of growth under
AA deficiency, governing both replication and development, as demonstrated at the
phenotypic level. It is tempting to hypothesize that Nek4 functions upstream of elK1 and
elK2, coordinating either development (via elK1) or replication (via elK2) in the absence
of AAs. One of the most intriguing evidence supporting the dynamic and active regulation
of parasite growth rates in response to AA fluctuations is the observation by McLean and
Marcelo Jacobs-Lorena that parasites become resistant to lle depletion once they enter
S phase and DNA synthesis starts [446]. This sheds light on the ability of parasites to
sense and respond to environmental cues during the G1 phase, but it also implies that

such sensing mechanisms become inactive once DNA synthesis begins.

To the best of our knowledge, this is the first study to challenge the established
hypothesis of passive growth regulation in AA deficiency. The results presented in
Chapter Il shed light on the coexistence of active and passive responses in Plasmodium
parasites and reveal a remarkable evolutionary adaptation that allows parasites to cope
with the diverse and unpredictable environmental conditions they face throughout their
life cycle. These finely tuned strategies allow the parasite to effectively cope with
fluctuations in amino acid availability, thus optimizing its survival and reproductive
success in different host environments. Although only a small subset of parasites show
an active response to AA depletion, this is remarkable for their outstanding capacity to
maintain the cell cycle even in the absence of some essential AAs. The decreased rate
of replication allows the parasite to move through the cell cycle and ensure the
generation of viable offspring, guaranteeing its continuous transmission and persistence

in the host population.
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Figure 5.1 - Three separate hypotheses are illustrated to describe the response of P. falciparum
to AA deficiency. a. Babbitt et al. suggested programmed hibernation rather than an active parasite
response to lle depletion. The data from b. McLean and Jacobs-Lorena showed that instead of
hibernating, parasites move at a slower pace through the cell cycle, but never leave it. ¢. Our data
provides a model that combines both opposing perspectives. The slow development fueled by AA
deficiency is reminiscent of hibernation as most parasites never reach full maturity (mature segmented
schizonts). However, a small proportion of parasites successfully complete maturation, but replication
is reduced. Furthermore, while both Met and lle affect development and replication, they exhibit some
peculiarities, with isoleucine primarily affecting the trophozoite stage and methionine mostly impacting
the schizont stage. Data from a kinome screen are also represented, showing the kinases that operate
during AA depletion.

Is Liver Tropism in Malaria a Result of Simple Causation
or an Evolutionary Adaptation Driven by Host SAM?

The Plasmodium genus comprises over 200 distinct parasite species, each with
exceptionally complex life cycles involving a mosquito vector and a wide range of hosts,
including reptiles, birds, and mammals, particularly humans. Malaria parasites have
evolved to preferentially reside within mammalian erythrocytes, wherein cause disease.
However, an obligatory pre-erythrocytic stage precedes blood stage infection, and for all
Plasmodium species infecting mammals, this stage takes place in the liver. The infection
of mammalian hepatocytes involves a striking phenomenon of massive parasite
multiplication, with each parasite replicating into tens of thousands of erythrocytic-
infectious merozoites. In sharp contrast, Plasmodium species infecting birds and reptiles
preferentially reside in macrophages at the mosquito bite site, giving rise to only dozens

of exoerythrocytic parasites. Liver stage schizogony in the mammalian host represents



one of the fastest eukaryotic replication events. For instance, rodent malaria sporozoites
can transform into up to 29 000 exoerythrocytic merozoites in just 2 days [429].
Conversely, the liver stage development in P. falciparum takes up to 6.5 days and results
in up to 90 000 erythrocytic-infectious merozoites packaged inside a fully mature parasite
[224].

As obligate intracellular pathogens, Plasmodium parasites are auxotrophic for most
nutrients within mammalian hosts, heavily relying on host resources to sustain their
highly multiplying lifestyle. The parasite’s remarkable growth at both cellular and genomic
levels is supported by the exceptionally metabolite- and nutrient- rich milieu within liver
cells. Nutrient uptake by the parasite from the extracellular environment involves passive
diffusion through pores in the parasitophorous vacuole membrane (PVM) and active
utilization of transporter proteins [225]. Among these nutrients, methionine (Met), an
essential amino acid critical for protein synthesis and the precursor of S-
adenosylmethionine (SAM), plays a crucial role. The mammalian MAT enzyme is
responsible for Met metabolism and its activity is the product of two genes: the extra-
hepatic mat2a, which is strongly inhibited by SAM, and the liver-specific mat1a, whose
activity is never inhibited by its product [613]. This renders the host hepatocyte a unique
cell, as regards to Met metabolism. Interestingly, the parasite genome encodes an
orthologue of the MAT enzyme, known as S-adenosylmethionine synthetase (SAMS),

along with all the necessary enzymes for completing Met metabolism [512,513].

In Chapter Il of this thesis, we present data that establishes a link between hepatic
methionine metabolism and parasite’s high replication rates. Our findings revealed that
methionine deficiency (MD) results in smaller parasite exoerythrocytic forms (EEFs) with
fewer nuclei, yet no differences in liver-stage parasite numbers were observed (Figure
5.2). Moreover, the attenuated replication under MD is an outcome of diminished SAM
levels within the parasite likely resulting in deregulated SAM-dependent transmethylation
reactions, which predominantly occur in the liver. Of note, neither glutathione,
homocysteine, nor polyamines could restore impaired replication, further underscoring
the unique significance of SAM in liver stage development. These data also highlight
major differences in the mechanisms regulating the development of blood- and liver-
stage parasites in AA deficiency, as different metabolites regulate progression through
each developmental phase. While polyamines are those coordinating parasite intra-
erythrocytic replication and growth under AA deficiency (see Chapter Il), SAM emerges

as the chief metabolite regulating replication during liver stage development.
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Remarkably, our analysis of SAMS-deficient parasites, unable to efficiently convert Met
into SAM, revealed a significant reduction in intracellular SAM levels, but this had no
impact on liver load neither on parasite development. Such observations are in sharp
contrast to our previous findings with intra-erythrocytic parasites (see Chapter Il), where
the sams gene has proven essential and thus refractory to deletion. However, despite
not relying on their own Met metabolizing enzyme while developing inside hepatic cells,
liver-stage parasites are strictly dependent on the host’s methionine metabolism (Figure
5.2).
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The liver cell is a much privileged and nutrient-rich environment for parasite development
when compared to mature yet, non-metabolically active erythrocytes, possibly explaining
the divergent data obtained for blood- and liver-stage parasites. The hypothesis that
Plasmodium imports SAM from the host cell aligns with the knowledge that certain
organisms, such as Rickettsia and Pneumocystis carinii, meet their SAM requirements
by importing it through a plasma membrane transporter - since they lack or have
inactivated MAT genes [550,552,614]. Other organisms, including some fungi and
protozoa such as Leishmania infantum, Trypanosoma brucei, and Toxoplasma gondii,
can both synthesize and transport SAM [474,552,614]. Despite this knowledge, the exact
transporter or mechanism that the malaria parasite uses to mediate SAM uptake remains

utterly unexplored. Analysis of the Plasmodium genome revealed the presence of six



putative SAM plasma membrane transporters with homology to L. infantum and T. gondii
transporters [474,554,615]. Notably, four of these transporters have higher levels of
expression in the liver stage of infection in comparison to the blood stage. To gain insight
into their role, these genes have been phenotypically characterized throughout the
parasite’s life-cycle using reverse genetics. Three of these proved to be critical for liver
stage development, while not essential for blood stage infection (PBANKA_0208300,
PBANKA_0815700 and PBANKA_0918300) [616]. However, our attempts to functionally
evaluate the three Plasmodium SAM transporter candidates using a mammalian
heterologous expression system proved equivocal, leaving the possibility that one of

these candidates may indeed be the Plasmodium SAM transporter.

The limited success of these experiments could be attributed to the use of mammalian
cell lines as a tool to express recombinant proteins from the parasite. While mammalian
cells are highly efficient at producing mammalian eukaryotic proteins, they present
certain challenges when dealing with putative proteins from Plasmodium. The
Plasmodium genome contains long stretches of AT repeats that can hinder the
expression of foreign proteins in mammalian cells. In addition, the signals responsible
for the proper folding and assembly of proteins in Plasmodium might differ from those in
mammalian cells, potentially leading to misprocessing or improper transport of the
proteins. These discrepancies in the cell machinery could prevent the Plasmodium SAM
transporter from being properly expressed and characterized using the mammalian

heterologous expression system.

To overcome these challenges and gain a deeper understanding of the Plasmodium
SAM transporter, forthcoming research should explore alternative expression systems
more suited to handling the unique properties of Plasmodium proteins. Investigating
other expression systems that closely mimic the cellular environment of the parasite
could present a viable alternative approach for studying the SAM transporter in
Plasmodium. One such strategy involves employing heterologous expression in other
protozoan or yeast species that share metabolic similarities with the malaria parasite.
These systems may provide a more suitable environment for the correct folding,
assembly, and transport of Plasmodium proteins, including the putative SAM transporter.
Incorporating cutting-edge methodologies, such as CRISPR-Cas9 gene editing, super
resolution imaging, proteomics, and single-cell analysis, could enable a more targeted

and in-depth study of the putative SAM transporter. These advanced techniques have
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the potential to provide valuable insights into the transporter's localization, activity, and

interactions within the parasite.

It is also possible that the SAM transporter in Plasmodium functions via a different
mechanism than other known transporters in different species. Additionally, the
transporter may only be produced under specific conditions, at low levels, or during
specific stages of liver development, which can hinder its identification using
conventional expression systems. Alternatively, SAM uptake and metabolism in
Plasmodium could involve intricate interactions with other host or parasite proteins.
Another possibility is that the parasite evolved unique adaptations to scavenge or
synthesize SAM within the hepatocyte without relying on a conventional plasma
membrane transporter. The malaria parasite could have evolved to exploit the MAT1
enzyme from the hepatocyte to ensure its SAM requirements are met. Alternatively, the
parasite could rely on a combination of active transport, passive diffusion, and alternate
metabolic pathways to ensure adequate levels of SAM for its replication and growth,

which adds further complexity to the identification of the SAM transporter.

Is SAM a Commitment Switcher? Unraveling the Metabolic
Hub Governing Histone Methylation in Plasmodium

The lifecycle of human malaria parasites strictly depends on differentiation through
multiple distinct stages within both the mammalian and the mosquito hosts, such that
failure to advance to the next lifecycle stage is deleterious to the parasite. While
persistence of the most widespread and lethal human malaria parasite, P. falciparum,
relies on the continuous asexual replication inside erythrocytes, transmission requires
differentiation into non-replicative sexual forms, known as gametocytes. In contrast to
many apicomplexan parasites, including the closely-related Haemoproteus and
Leucocytozoidae spp., where asexual replication rounds are limited in number by the
commencement of sexual differentiation [454,455,617], P. falciparum intra-erythrocytic
stages can replicate indefinitely, with only a small fraction of the parasite population
undergoing commitment to non-replicative male and female gametocytes [618]. Hence,
balancing asexual replication and sexual commitment rates is of utmost importance to
perpetuate the infection. Gametocyte production rates vary according to the
environmental conditions, a developmental decision that is controlled via stochastic

derepression of a heterochromatin-silenced locus encoding the transcription factor



PfAP2-G, which functions as a master switch for sexual commitment [235,559]. Recent
work has provided evidence that derepression of the Pfap2-g locus is impacted by the
availability of extracellular metabolites, namely phospholipid precursors. However, the
molecular pathways linking such metabolites with epigenetic regulatory mechanisms,

such as SAM-dependent methylations, remain hitherto unknown.

The relationship between phospholipids and methionine metabolism is evident in
Plasmodium parasites. Phosphatidylcholine (PtdCho) is an important phospholipid
required for membrane synthesis and stability, and its de novo synthesis depends on the
enzyme phosphoethanolamine methyltransferase (PMT). Importantly, PMT is a SAM-
dependent methyltransferase and its activity depends on the availability of SAM as a
methyl donor. Competition for SAM methyl groups is a critical aspect of cellular
metabolism and because SAM is finite and serves as a methyl donor for multiple
pathways, its availability can affect the regulation of various cellular processes. In the
context of Plasmodium parasites, such competition is observed between histone
methylation and phospholipid synthesis. For instance, when the parasite encounters
conditions of limited phospholipid precursors such as choline and ethanolamine, PtdCho
synthesis is impaired and PMT competes with histone methyltransferases for SAM
methyl groups. As a result, histone methylation may be compromised, leading to
changes in gene expression and particularly derepression of genes involved in sexual
commitment, such the transcription factor PfAP2-G, which is responsible for controlling
the switch from asexual replication to sexual commitment. The balance between asexual
replication and sexual commitment rates is crucial for the parasite's survival and

transmission, and the availability of SAM is intricately linked to this process.

In Chapter IV of this thesis, we successfully uncovered SAM as the missing link that
closely connects phospholipid metabolism and methionine metabolism in Plasmodium,
thus acting as a major metabolic hub. Our results demonstrate a critical association
between these key pathways, such that depletion of P-cho precursors leads to a
reduction in SAM availability within the parasite. This holds significant implications for
the regulation of gene expression and sexual commitment in the parasite. However, it is
important to acknowledge the divergent outcomes observed in the two studies examining
the effects of methionine depletion on P. falciparum asexual replication. While the
findings presented in Chapter Il suggest a notable impact of methionine depletion on P.
falciparum parasitemia from 48 hours after withdrawal, the results detailed in Chapter IV

indicate no discernible impact on asexual replication, but rather on sexual commitment.
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These conflicting results may stem from multiple factors, including experimental
differences, variations in media formulations, potential adaptive responses of the
parasite, or genetic heterogeneity between the parasite strains employed. Despite the
usage of P. falciparum NF54 strains in both investigations, these strains were obtained
from distinct repositories, potentially harboring distinct genetic backgrounds. In addition,
it is important to consider that P. falciparum is capable of adapting to changing
environments. The presence or absence of methionine might trigger compensatory
mechanisms or adjustments in the parasite's metabolic pathways, resulting in differential
replication responses. Moreover, the continuous passage of parasites in culture can lead
to mutations that confer advantages, such as the ability to thrive in nutrient-deficient
conditions. Furthermore, the composition of the growth media varied between the
studies. The studies in Chapter Il used homemade AlbuMAX without methionine, while
Chapter IV used AlbuMAX II Lipid-Rich BSA, which included methionine as part of its
composition. Although AlbuMAX makes up a small proportion (10-15%) of the medium,
its presence might help support parasite growth and replication. Methionine, as an
essential amino acid, plays a pivotal role in diverse cellular processes, including protein
synthesis and methylation reactions. Even a low concentration of methionine in the
medium could supply the parasite with vital building blocks for these processes,
potentially masking the consequences of methionine depletion. The absence of
methionine in homemade AIbuMAX could have resulted in a more severe methionine-
deficient milieu leading to the observed effects on asexual replication. This underscores
the importance of media formulation and the plausible influence of methionine availability

on the dynamics of P. falciparum replication.

Additionally, our genome-wide mapping of protein-DNA interactions revealed that SAM
depletion results in reduced histone methylation marks that are responsible for the
silencing of the Pfap2-glocus. Therefore, Pfap2-g transcription is up-regulated, resulting
in an increased frequency of sexual commitment (Figure 5.3). Noteworthy, we have
observed that, unlike higher eukaryotes, malaria parasites’ methylation of H3K9 is more
sensitive to changes in SAM and SAH than H3K4 methylation. This differential sensitivity
of H3K9 and H3K4 methylation to changes in SAM and SAH underscores the unique
regulatory mechanisms in Plasmodium’s epigenetic landscape. In contrast to higher
eukaryotes, where H3K4 methylation is considered to be more dynamic and responsive
to environmental changes, our observations suggest that in Plasmodium the histone
mark H3K9me3, which is associated with gene silencing and heterochromatin formation,

is more sensitive to fluctuations of SAM and SAH levels This data strongly suggests that



the histone methyltransferase PfSET3, which catalyzes the methylation of lysine 9 on
histone H3 (H3K9), has evolved to be finely tuned to the intracellular concentrations of
SAM and SAH. In addition, we found that the Km and Ki values of PfSET3 for SAM and
SAH are within the range of the physiological levels of these metabolites in the parasite,
allowing the enzyme to readily respond to fluctuations in their availability. As a result, the
SAM/SAH ratio in the parasite can directly regulate the accumulation of the H3K9me3
silencing mark. By modulating H3K9me3 levels, the parasite can activate or repress
specific genes as needed, allowing it to adapt to changing environmental conditions and

ensure the success of its life cycle.
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Figure 5.3 - Metabolic competition between PMT and H3K9 methylation controls the rate of
sexual commitment. (a) De novo P-cho synthesis by PMT competes with the H3K9me3 histone
methyltransferase for methyl groups provided by SAM. (b) Availability of abundant P-cho precursors
reduce PMT consumption of SAM, allowing efficient maintenance of H3K9me3 heterochromatin and
ap2-g silencing during schizogony, resulting in low sexual commitment. (¢) When P-cho precursors
are scarce, increased de novo P-cho synthesis by PMT reduces SAM and increases SAH, both of
which impair deposition of H3K9me3 genome. Leaky silencing at the ap2-g locus increases the
probability of activating the positive transcriptional feedback loop, thereby increasing the frequency of
commitment to sexual differentiation.
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Remarkably, the comparative analysis of rodent- and human-malaria parasites has
provided valuable insight into previously reported observations. Our results demonstrate
that sexual commitment in rodent malaria parasites remains unaffected by P-cho
precursors. This is due to the loss of PMT in rodent malaria species, which results in the
dissociation of PtdCho synthesis from SAM, SAH and histone methylation. This loss may
have been compensated evolutionarily by the expansion of the lineage-specific fam-a
gene family. Notably, the members of this gene family have been demonstrated to play
a role in the transport of this phospholipid, thereby overcoming the challenges posed by
the absence of PMT and ensuring the proper synthesis of PtdCho in rodent malaria

species.

Understanding the precise molecular pathways and epigenetic regulatory mechanisms
linking phospholipid metabolism, methionine metabolism, histone methylation, and gene
expression can shed light on how the parasite responds to environmental cues and
adjusts its development, virulence, and transmission accordingly. Additionally, exploring
these molecular and epigenetic processes that link multiple metabolic pathways could
provide valuable insight into the evolutionary history of the parasite and the factors that
contributed to its ability to survive and thrive in its complex life cycle. Further investigation
into the precise mechanisms by which phospholipid precursors regulate PfAP2-G
expression and sexual commitment could unveil the intricate processes through which
the parasite orchestrates its developmental decisions, but also provide insight into new

potential approaches to curbing disease transmission.

Future research exploring the dynamics of SAM availability in the parasite at different
stages of its life cycle and under different stressors could provide valuable insights into
the central role of SAM in coordinating developmental decisions. Furthermore,
examining the role of other SAM-dependent methyltransferases and the global impact of
SAM availability on epigenetic regulation in Plasmodium could provide a deeper
understanding of how SAM acts as a metabolic hub governing histone methylation and
gene expression. It is important to note that SAM-dependent activities go beyond histone
methylation and phospholipid production. Other biological processes such as DNA
methylation, protein methylation, and metabolite production rely on SAM as a methyl
donor. Furthermore, SAM availability is closely tied to the parasite's cellular metabolic
status, with fluctuations in SAM levels impacting physiology and gene regulation. Thus,
comprehending how the parasite employs SAM in various pathways and processes

could yield valuable insights into how it regulates its genetic activities, overall functions,



and capacity to adapt to different environments. Understanding SAM methyl group
competition is crucial to deciphering the complex regulatory networks that control gene
expression and cellular processes in Plasmodium parasites. Finding the critical elements
that control SAM availability and the activity of certain methyltransferases could shed
light on how different metabolic pathways and epigenetic events are coordinated.
Additionally, studying how host traits, environmental factors and nutrient availability
affect SAM levels could reveal how the parasite adapts to different conditions during its
life cycle. Thus, the identification of SAM as a metabolic hub in Plasmodium opens the
possibility for the development of new therapeutic targets. Finally, the discovery of small
molecules or other chemicals that modulate the activity or expression of PMT or histone
methyltransferases could open the door to new avenues in antimalarial drug

development.

Deciphering Adaptation: Integrating Amino Acid
Metabolism in Plasmodium parasites

Taken together, these three independent but intertwined stories reveal the distinct roles
of methionine metabolism throughout the Plasmodium life cycle, highlighting the
extraordinary adaptability of Plasmodium parasites and revealing a dynamic interplay
between parasite’s metabolic pathways and developmental decisions. By examining
both the host and parasite methionine pathway, we embark on a journey that explores
the parasite's ability to sense and respond to variations in host nutrient levels, the
essential role of liver-specific methionine metabolism in supporting rapid replication
within hepatocytes and the central role of S-adenosylmethionine (SAM) as a key factor
in sexual commitment. Each chapter uncovers an intriguing facet of Plasmodium's
adaptive strategies, underscoring the complex web of interactions that define the
parasite-host relationship and shedding light on the strategies the malaria parasite
employs to navigate its complex life cycle within the host. Despite lacking conventional
signaling pathways such as TOR and GCN2 and being auxotrophic for most amino acids,
Plasmodium has evolved an effective amino acid-sensing pathway that allows precise
adjustments in replication and development based on nutritional cues. Plasmodium's
dual approach of active adaptation and passive dormancy simultaneously ensures
survival and reproductive success and allows the parasite to cope with the complexities
of differential amino acid availability. The discovery of a unique amino acid sensing

pathway controlled by a trio of parasite kinases reveals the sophistication of
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Plasmodium’'s strategies to thrive amidst changing nutritional environments.
Furthermore, the close interaction between the parasite and the host's methionine/SAM
metabolism sheds light on the evolutionary adaptations that facilitate the specialization
of Plasmodium to liver tropism. Finally, the connection between phospholipid and
methionine metabolism emerges as a critical determinant in epigenetic regulation,
governing both gene expression and sexual commitment. The identification of SAM as a
metabolic hub provides a new perspective on how Plasmodium orchestrates its
developmental decisions in response to environmental cues. Overall, this thesis presents
a comprehensive portrait of Plasmodium's adaptive and survival tactics, offering valuable
insights into the host-parasite relationship and the dynamic interplay between

metabolism and development.

By elucidating the underlying mechanisms that enable Plasmodium to adapt to diverse
nutritional conditions and regulate its developmental decisions, this dissertation not only
advances our comprehension of malaria pathogenesis but also lays the foundation for
innovative approaches to combat this persistent global health threat. Delving further into
the intricacies of Plasmodium's metabolic and developmental adaptations could unveil
new avenues for therapeutic interventions and disease control, and offer hope in the

ongoing fight against malaria.
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“Climb the mountain not to plant your flag, but to embrace the
challenge, enjoy the air and behold the view.

Climb it so you can see the world, not so the world can see
you ”

David McCullough Jr.
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