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Summary 

 

 

Plasmodium parasites, the causative agents of malaria, possess a translocon that 

exports parasite proteins into the infected erythrocyte, beyond the confines of the 

parasite. The parasite pore-forming protein Exported Protein 2 (EXP2) is a component of 

this translocon and the pore through which proteins are exported. Although EXP2, and 

other translocon components, are also expressed during the mosquito and liver stages of 

infection, their function remains unexplored. 

To study the function of EXP2 during the liver stage of infection, we used a genetically 

engineered Plasmodium berghei parasite line, generated by our collaborators. In this 

parasite line, the EXP2 gene is silenced during the mosquito stage, as the 3’ untranslated 

region of the EXP2 gene is excised, generating EXP2 knock-out sporozoites. The sporozoite 

is the mosquito transmissible form of the parasite, that when deposited in the mammalian 

host, infects the liver, giving rise to the pre-erythrocytic stage of Plasmodium infection. 

Using this transgenic parasite line, we observed that invasion of the hepatocyte by 

EXP2 conditional knock-out parasites is impaired, both in C57Bl/6J mice and in the 

hepatoma cell line HepG2, suggesting that invasion is dependent on EXP2. 

Using a combination of fluorescence and electron microscopy techniques, we show 

that EXP2 is present in the hepatocyte-infectious sporozoite in vesicles, in the apical end of 

the parasite. These vesicles are important for the invasion process, as they are discharged 

by the sporozoite and contain proteins important for hepatocyte adhesion and entry in the 

host cell. Stimulating sporozoites with conditions that mimic the host cell milieu, we 

observed that EXP2 relocates to the surface of the mosquito-transmitted sporozoite and 

that it is secreted by the sporozoite. 

We also observed that invasion defect of the EXP2 conditional knock-out parasites 

can be rescued by the exogenous administration of recombinant EXP2 or recombinant α-
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hemolysin, another pore-forming protein, suggesting that the function of EXP2 is through 

its pore-forming ability on the membrane of the hepatocyte. 

Invasion of cells via pores has been documented for a variety of intracellular 

pathogens, like Trypanossoma cruzi, Listeria monocytogenes and adenovirus. Importantly, 

the pore does not allow the parasite to cross the membrane, rather it induces changes in 

the host cell that make it endocytose the wounded region of the membrane. We observed 

that recombinant EXP2 can recapitulate the major hallmarks of the membrane repair 

pathway. On one hand, treating cells with recombinant EXP2 leads to influx of calcium to 

HepG2 cells. Moreover, invasion of Plasmodium berghei sporozoites is dependent of acid 

Sphingomyelinase and finally, the invasion defect of the EXP2 conditional knock-out 

sporozoites can be rescued by exogenously adding acid sphingomyelinase. This suggest 

that indeed EXP2 induces hepatocyte membrane repair, which plays a key role in parasite 

invasion. 

Overall, while our data show that Plasmodium parasites uses EXP2 for divergent 

functions in its life cycle, it also highlights the convergent evolution of different intracellular 

pathogens, which have developed similar strategies to take advantage of cellular responses 

to membrane damage, hitchhiking their way into the host cell. 

 

 

Keywords: Malaria; Plasmodium liver stage; Sporozoites; EXP2; Hepatocyte invasion; 

Membrane repair mechanisms; Acid sphingomyelinase. 
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Resumo 
 

A malaria é uma doença tropical, causada por parasitas do género Plasmodium. Estes 

parasitas são transmitidos pela picada de um mosquito infectado do género Anopheles. 

Quando o mosquito pica um hospedeiro não infectado, transmite esporozoítos para a 

corrente sanguínea, que migram até ao fígado, onde infectam um hepatócito, iniciando 

assim a fase hepática da infecção. Dentro desta célula, o esporozoíto diferencia-se, cresce, 

replica e transforma-se em merozoitos. No final da fase hepática, os merozoitos são 

libertados do hepatócito para a corrente sanguínea. Na corrente sanguínea, dá-se a fase 

sanguínea da infecção, onde os merozoitos infectam eritrócitos ciclicamente. O ciclo de 

vida do parasita fica completo quando um mosquito, numa refeição de sangue, ingere os 

gâmetas do parasita, que se fundem no estômago do mosquito dando origem a mais 

esporozoítos. 

Durante a fase sanguínea da infecção, os parasitas modificam o eritrócito que 

infectam, ao exportar as suas próprias proteínas para o citosol do eritrócito. Isto é 

conseguido através da acção de um complexo proteico chamado Plasmodium Translocon 

of Exported Proteins (Translocão de Proteínas Exportadas de Plasmodium – PTEX) que é 

semelhante aos Sistemas Tipo 3 de Secreção de Proteínas bacterianos. Crucial para a acção 

do PTEX é a proteína que forma o poro na membrana, chamada Exported Protein 2 

(Proteína Exportada 2 – EXP2). É através do poro de EXP2 que as proteínas são transferidas 

do parasita para o eritrócito. Recentemente, a EXP2 foi identificada durante a fase hepática 

da infecção, embora a sua função não seja conhecida. 

Por isso, os 3 objectivos desta tese são: 

1) Estudar o efeito da ausência da EXP2 durante a fase hepática da infecção; 

2) Estudar a dinâmica de expressão e localização de EXP2 no esporozoíto; 

3) Descrever o mecanismo de invasão dos hepatócitos pelos esporozoítos. 

Para estudar a função da EXP2, usámos um parasita geneticamente modificado, em 

que a expressão do gene EXP2 é diminuída antes da fase hepática. Para construir este 

parasita transgénico foram inseridas sequências FRT na região 3’ não traduzida do gene da 

EXP2. Estas regiões são reconhecidas pela recombinase Flp, que excisa a região 3’ não 
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traduzida do gene EXP2 do DNA. Em Plasmodium, genes que não possuam regiões 3’ não 

traduzidas não são expressos. Na nossa linha de parasitas, a recombinase Flp está sob 

controlo do promotor do gene Up-regulated in Infectious Sporozoites 4 (Sobre-regulada 

em esporozoítos infeciosos 4 – UIS4), que é expresso no final da fase do ciclo de vida que 

se passa no mosquito. Assim, conseguimos obter esporozoítos sem expressão da EXP2, 

condicional à fase hepática (EXP2 cKO). Como controlo, utilizámos parasitas que têm a 

região 3’ não traduzida com sequências FRT mas que não expressam a recombinase (WT). 

Utilizando os parasitas EXP2 cKO verificámos que estes causam menor infeccção 

hepática do que parasitas WT em ratinhos C57Bl/6J. Estes resultados são reprodutíveis in 

vitro, utilizando a linha celular de hepatoma HepG2. Ao fixar estas células a vários tempos 

após a infecção, observámos que os parasitas EXP2 cKO infectam menos células que os 

parasitas WT. Este resultado é evidente desde 2 horas após a infecção e mantém-se 

durante as 48 horas da infecção hepática. 

Durante as 2 horas iniciais da infecção hepática, o parasita transita por três 

fenómenos consecutivos, motilidade, migração e invasão. Os parasitas EXP2 cKO 

demonstram níveis de motilidade e de migração semelhantes aos parasitas WT, estando 

apenas afectados no último destes 3 fenómenos, a invasão. 

Os resultados anteriores indicaram-nos que a proteína EXP2 está envolvida no 

processo de invasão dos hepatócitos. Para isso, a proteína tem de ser expressa nos 

esporozoítos. Por isso, dissecámos esporozoítos de mosquitos infectados e fizemos imuno-

detecção desta proteína nos esporozoítos. Encontramos esta proteína no citosol do 

esporozoíto, num padrão pontuado. Utilizando microscopia electrónica, observámos que a 

proteína EXP2 se encontrava dentro ou na periferia de vesículas. Estas vesículas são 

importantes para os parasitas do filo Apicomplexa, pois a sua secreção ordenada permite 

aos parasitas deste filo a invasão da sua célula alvo. Se a proteína EXP2 está envolvida no 

processo de invasão, é possível fazer com que seja secretada. De facto, ao estimular os 

parasitas com um aumento de temperatura para 37°C e incubação com soro, os parasitas 

secretam a proteína EXP2. 

Como foi explicado anteriormente, a proteína EXP2 tem a capacidade de fazer poros 

em membranas e possivelmente utiliza esta função durante o processo de invasão do 
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hepatócito. Conhecem-se outros patogénios que utilizam proteínas que formam poros 

como mecanismo de invasão. O mecanismo que estes patogénios utilizam é produzir um 

poro na membrana da célula alvo, poro esse que permite a entrada de cálcio para a célula 

alvo. A entrada de cálcio leva a uma cascata de sinalização que culmina na actividade da 

enzima esfingomielinase ácida no lado de fora a membrana plasmática, que induz 

endocitose da região da membrana que tem o poro que, por conseguinte, estará ligada ao 

parasita. Por exemplo, este mecanismo foi descrito em Trypanosoma cruzi, Listeria 

monocytogenes e adenovírus. 

Para confirmar se este modelo de invasão ocorre em esporozoítos de Plasmodium, 

fizemos os ensaios de invasão com parasitas WT e EXP2 cKO na presença de proteínas 

recombinantes que formam poros, a EXP2 de Plasmodium falciparum e a alfa-hemolisina 

de Staphylococcus aureus. Ambas conseguem fazer com que os parasitas EXP2 cKO 

invadam como os parasitas WT, revertendo a sua falha de infecção. 

Por outro lado, observámos que a proteína recombinante EXP2 tem a capacidade de 

elevar os níveis de cálcio intracelular, quando as células HepG2 são expostas a ela. 

Finalmente, ao repetir os ensaios de invasão na presença de esfingomielinase ácida, 

conseguimos novamente converter os parasitas EXP2 cKO para níveis de invasão dos 

parasitas WT. 

Resumindo, parasitas que não possuam a proteína EXP2 têm dificuldades em invadir 

hepatócitos. Estas dificuldades podem ser supridas se a proteína EXP2 for adicionada 

exogenamente durante a invasão. Numa infecção normal, pensamos que a proteína poderá 

ser secretada pelo esporozoíto para a membrana do hepatócito. Sabemos que esta 

proteína tem capacidade de fazer poros em membranas, com capacidade de entrada de 

cálcio. Isto activa um processo de reparação de membrana, via endocitose da porção da 

membrana que tem o poro, que facilita a invasão do parasita. 

Para concluir, é interessante referir que este mecanismo de invasão não é único na 

Natureza, sendo por isso interessante a evolução convergente de vários patogénios para 

utilizar o mecanismo de reparação de membrana como modo de entrada em células 

humanas. De facto, tanto os níveis de invasão do parasita Trypanosoma cruzi como 
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Plasmodium berghei, são afectados com a utilização de desipramina, um inibidor da enzima 

esfingomielinase ácida, o culminar do processo de reparação da membrana. É por isso um 

mecanismo importante, que pode ser visto como um alvo farmacológico de grande 

espectro.  

 

 

Palavras-chave: Malária; Fase hepática de Plasmodium; Esporozoítos; EXP2; Invasão 

de hepatócitos; Mecanismos de Reparação de Membranas; Esfingomielinase ácida. 
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1. Malaria 

Malaria is an ancient disease that currently affects over 200 million people worldwide 

[1]. It is caused by intracellular protozoan parasites of the genus Plasmodium. It poses one 

of the biggest health concerns worldwide, being the World Health Organization (WHO) the 

world leader in policy making for malaria eradication and driving the standard goals for 

basic and applied research in the field. 

These parasites are thought to exist for 40 million years and have been one of the 

biggest pressures for the evolution of the human genome [2]. Of the 199 Plasmodium (P.) 

spp [3], five cause disease in humans, being P. falciparum the most prevalent and deadliest 

of the five [1]. All of the mammalian-infectious parasites are transmitted by the bite of 

infected Anopheles female mosquitos [4]. 

Briefly, Plasmodium parasites infect humans when they are injected into the 

bloodstream by the bite of infected mosquitos. These parasites, at this stage termed 

sporozoites, home to the liver, where they infect a hepatocyte. Inside the hepatocyte, one 

sporozoite differentiates into thousands of merozoites, a new form of the parasite, that, 

when released into circulation, infects erythrocytes. Merozoites grow inside erythrocytes, 

producing tens of new merozoites, that infect new erythrocytes. Merozoites can create 

infinite cycles of infection of erythrocytes, which causes the variety of symptoms that 

encompass the disease malaria. 

During the course of the infection, some merozoites differentiate into male and 

female gametocytes, that, when uptaken by uninfected mosquitos during a blood meal, 

fuse to produce a diploid form of the Plasmodium parasite, initially called zygote, that in a 

day transforms into a motile ookinete. The ookinete migrates to the basal lamina of the 

mosquito midgut, where it changes into an oocyst, that later differentiates into hundreds 

of sporozoites. These sporozoites can be delivered into a new host, during the next blood 

meal of the newly infected mosquito (reviewed in [5] and further detailed below). 
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1.1. The symptoms and complications of Plasmodium blood infection 

Plasmodium blood infection in a naïve individual leads invariable to fever, with other 

symptoms like rigors, headache, nausea and muscle pain often accompanying the disease. 

Fever is caused when the parasite ruptures the erythrocytes it infects, which occurs every 

48h (in the case of P. falciparum, P. ovale or P. vivax) or 72h (in the case of P. malariae) [6]. 

If the infection is treated with the appropriate medicines, it can be cleared within a few 

days. 

If the infection is allowed to progress unchallenged, complicated malaria can develop. 

All of these complications arise because of exponential parasite multiplication, parasite 

adherence to microvasculature (causing obstruction of blood flow), activation of 

endothelium (caused by the obstruction) and higher inflammatory status of the individual 

(induced by the activated endothelium) [7,8]. All of these events cause a vicious cycle that 

progressively debilitates the infected host [7,8]. 

In the case of P. falciparum, the deadliest of the malaria parasites, malarial 

complications include severe anemia (due to an exhaustion of red blood cells and of the 

bone marrow), cerebral malaria (coma caused by obstruction of capillaries in the brain, 

local inflammation and edema) and respiratory distress (lung tissue hypoxia caused by 

metabolic acidosis) [7,8]. P. vivax has been shown to also cause severe anemia and multi-

organ failure [7]. This is, in a way, intriguing, because P. vivax achieves a lower parasite 

load, when compared to P. falciparum, and causes less intravascular obstruction [9]. 

Cases of severe malaria are more common in young children as successive infections 

lead to some degree of immunity by the infected individual. This correlates with 

progressively lower parasitaemias (presence of parasites in the blood) and less severe 

symptoms and complications (reviewed in [10]). The majority of protection can be 

attributed to circulating antibody titers against Plasmodium parasites [11], mostly against 

the Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1) protein [12]. 

However, there is no report of natural sterile immunity to Plasmodium infection. 
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1.2. Epidemiology of malaria 

Malaria is a mosquito-borne disease, yet, despite the global distribution of the 

Anopheles mosquito, malaria transmission is currently confined to the tropical regions of 

the globe (Figure 1) [1]. 90% of the cases happen in sub-Saharan Africa (almost 30% of them 

in Nigeria), with the remaining 10% distributed by Southeast Asia (7%), Middle East (2%) 

and the Americas (1%) [1]. Most of the reported infections are caused by P. falciparum 

(96%) and the other 4% are caused Plasmodium vivax [1]. There are 3 other human 

infectious Plasmodium parasite strains, P. malariae, P. ovale curtisi and P. ovale wallikeri 

(the last two, although morphologically similar are in fact genetically distinct subspecies 

[13])  that can cause malaria in humans, but the number of malaria infections caused by 

them is residual and not accounted for by the WHO. There is another Plasmodium species, 

P. knowlesi, known to cause disease in humans through zoonosis, without confirmed 

human-to-human transmission [5,14]. 

Malaria is a treatable disease (discussed in greater detail below) yet it is still 

responsible for an estimated 429 000 deaths worldwide [1]. It has a global death rate of 2 

deaths per 1000 cases, however 70% of total deaths were children under 5 years of age [1]. 

It was the seventh most common cause of death in low income countries in 2015, being 

Figure 1 - Malaria endemic countries in 2016 (adapted from [1]). Blue represents countries with 

autoctones malaria cases. Green represents countries that were endemic for malaria in 2000 but 

have had no cases for at least 3 years. White represents countries without autoctone malaria cases 

since 2000. 
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responsible for approximately 35 deaths per 100 000 inhabitants, similar to tuberculosis 

(http://www.who.int/mediacentre/factsheets/fs310/en/index1.html). The deadliest 

parasite is P. falciparum that is responsible for 99,3% of the fatalities [1]. 

 

1.3. Diagnosis of Plasmodium infection 

The symptoms of malaria are non-specific and clinical suspicion relies primarily on 

the basis of fever or history of fever [15]. As fever can be caused by other infections and 

diseases, a rapid and definite diagnosis of malaria is need before starting treatment [15].  

The routine malaria diagnostic tests are microscopic analysis of Giemsa-stained blood 

films and the detection of circulating Plasmodium antigens [15–17]. Both techniques are 

fast (take less than 2 hours) but have disadvantages. Detection of parasites by blood film 

has a high limit of detection (>4-20 parasite/µL for a trained microscopist with high quality 

equipment) [18] and is time consuming (requires imaging of at least 100 fields of view) [16], 

giving rise to false negatives. Antigen detection is faster yet, has an even higher limit of 

detection [19] and it can detect antigens up to 28 days after the infection is cleared [20], 

giving rise to false positives. 

The most sensitive and specific tests currently available are polymerase chain 

reaction (PCR) based techniques (reviewed in [21]), that mostly rely on the detection of 

species-specific 18S ribosomal ribonucleic acid (rRNA) in the blood of patients [22]. 

Molecular diagnostic tests take longer time to process (they require the extraction of 

deoxyribonucleic or ribonucleic acids, DNA or RNA, from patient samples, the PCR reaction 

and the readout of the result) and require the use of specialize equipment (thermocyclers 

for the PCR reaction) that are often absent in resource limited settings. 

 

1.4. Treatment and chemoprevention of Plasmodium infections 

Malaria treatment has been the subject of research for many years (reviewed in [23]). 

It reached a great importance when Bayer created chloroquine [24], a derivative from 

quinine (an old remedy against the disease made from the bark of the cinchona tree). This 

http://www.who.int/mediacentre/factsheets/fs310/en/index1.html
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drug kills the parasite during the blood stage and was the first line anti-malarial treatment 

in the 1950s and 60s [24]. However, the very polymorphic nature of the Plasmodium 

parasites meant that resistance appeared in the 1950s and spread to the entire world in 

the next years [25]. 

After the failure of chloroquine, several other anti-malarials were discovered/created 

yet resistance quickly ensued [23]. The discovery of artemisinin by Nobel laureate Tu 

Youyou in 1972 (reviewed in [26]) created new hope for malaria control and eradication. 

This drug and its derivatives are the fastest acting anti-malaria available [27] and were 

recommended as first-line treatment for malaria in 2006 [28]. Since artemisinin has a short 

half-life in circulation [29,30], malaria treatment consists of an artemisinin combination 

therapies (ACTs) that balance the short half-life of artemisinins with partner drugs with 

longer half-lives [15]. ATCs consist 5 combinations of an artemisinin derivative 

(dihidroartemisinin, artesunate or artemether) with a partner drug (amodiaquine, 

mefloquine, piperaquine, sulfadoxine-pyrimethamine (SP) or lumefantrine – all with longer 

half-lives), given for 3 days [15]. Some regions of the globe still harbor chloroquine sensitive 

strains of P. vivax, ovale, malariae and knowlesi, which should be treated with chloroquine 

to avoid the selection of parasites resistant to ACTs [15]. 

WHO further defines special risk groups, which have abnormal pharmacokinetics 

because of low or high body weight and co-infection with HIV or tuberculosis [15]. In these 

cases, the phamacodynamics of the anti-malarials is affected, increasing the probability of 

treatment failure. For this reason, ACT dosage should be altered according to WHO 

recommendations [15]. Also, there is the risk that ACTs are teratogenic, even though recent 

data shows no cause for alarm [31]. The recommended treatment in the first trimester of 

pregnancy is quinine and clindamycin [15]. Treatment over the second and third trimester 

with ACTs is considered safe by the WHO [15]. 

Chemoprevention is a strategy designed by the WHO that should be provided to 

certain risk groups, such as pregnant women and young children. In women having their 

first or second pregnancy, SP should be given every month, starting in the second trimester 

of pregnancy [15,32]. For children under 1 year of age, SP should be given twice in the first 

year of life [15,33] and for children under 6 years of age, amodiaquine+SP treatment should 
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be given monthly throughout transmission season [15,34]. Non-immune travelers should 

also perform chemoprevention with compounds that target the erythrocytic stage of 

disease prior, during and after travelling to malaria endemic regions [15,35,36]. 

To eliminate the disease in areas of low transmission, the gametocidal drug 

primaquine should also be given to infected individuals [15,37,38]. This reduces 

transmission burden in these regions, making local eradication possible. 

Primaquine also has the advantage of killing hypnozoites from P. vivax and P. ovale 

in the liver of infected individuals [39], which are quiescent parasites forms that do not 

cause disease [40,41]. However, they can re-activate at a given time and start a new blood 

infection, causing a relapse in the patient [42–45]. However, primaquine is toxic to 

individuals with glucose-6-phosphate dehydrogenase (G6PD) deficiency [46], a common 

trait in malaria endemic regions, as it confers some degree of protection to malaria [47]. 

These patients can take primaquine but at a lower dose and should be monitored 

throughout the 14 days of treatment [15,48]. 

 

1.5. Anti-plasmodial vaccine 

For successful malaria eradication, a vaccine against Plasmodium parasites is key. 

However, that has not been possible yet. The biggest challenge so far has been the high 

variability of its most immunogenic antigens and the low immunogenicity of the conversed 

sites/proteins [5,10]. 

The oldest studies that achieved complete sterile protection where based on the 

infection of human volunteers with radiation attenuated sporozoites [49], whose 

immunodominant antigen is the circumsporozoite protein (CSP) [50]. This started a 

collaboration between the Walter Reed Army Institute of Research and GlaxoSmithKline, 

that took more than 30 years to produce a vaccine candidate (reviewed in [51,52]). The 

RTS,S vaccine is a subunit vaccine based on CSP, in combination with Hepatitis B soluble 

Antigen and a liposome-based adjuvant. The vaccine entered clinical trials in 2009, where 

it was given to children between 6 weeks and 17 months old. The first results were 

published in 2011 [53] and RTS,S was only able to reduce clinical malaria cases by 28%, 
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conferring protection for only 18 months [53–60]. Despite the sub-par effect, RTS,S 

provides the benchmark against which new vaccine candidates can be compared to. RTS,S 

achieved European Medicines Agency approval in 2015 [61] and is being tested in a pilot 

experiment during the neonatal vaccination plan in some malaria endemic regions in sub-

Saharan Africa [62]. 

 

1.6. New tools are needed to eradicate malaria 

Malaria was eliminated from developed countries in the end of the 1970s, as a 

combination of increased national and personal wealth, swamp drainage, insecticide 

spraying and improved sanitation that created an unfavorable environment for malaria 

transmission [63]. However, despite past insecticide spraying campaigns in Europe, several 

Anopheles spp. capable of transmitting malaria are indigenous to most European countries 

[63]. Re-introduction of malaria was thought to be impossible, because of the harsh winters 

that happen in this continent, which are too cold for the development of Plasmodium 

parasites in the mosquito [63]. However, the risk of reintroduction of malaria in Europe 

was evident by an outbreak of P. vivax in 2011, where 40 autochthonous cases of malaria 

where reported in southern Greece [64,65]. Despite this anecdotal evidence, global 

warming, could, hypothetically, create milder winters, providing appropriate conditions for 

seasonal P. vivax transmission [63]. 

The biggest contributor to the success of malaria eradication campaigns in the 70s 

was the control of vector population. Indeed, insecticide-treated bed nets (ITNs) and indoor 

residual spraying (IRS), which eliminate Anopheles spp. mosquitos, were thought to 

contribute to 80% of the observed reduction in malaria infections since the year 2000 [66]. 

In the year 2015, these two actions are estimated to have averted over 500 million cases 

[66]. However, since ITN and IRS have become widespread and common, mosquito 

resistant strains are starting to appear [67], creating the fear that the current trend of 

malaria elimination will be reverted. 

As discussed above, current diagnostic tests for Plasmodium infection are either fast 

but imprecise or precise but slow and expensive. There is the need for new diagnostic 
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strategies that are Plasmodium species-specific, cheaper and easy to work with. A new tool 

of molecular malaria diagnostic is loop-mediated isothermal amplification (LAMP) [68], 

where 4 pairs of primers are used to amplify 6 sequences and detection is done using the 

fluorescence or turbidity of the solution [69,70]. This technique is as sensitive as 

conventional molecular methods [21] and has the advantage that no thermocycler is 

needed, bringing this technique closer to the point-of-care. 

Artemisinins, as discussed above, are the current first-line treatment against malaria. 

Expectably, as for the every other anti-malarial, resistance to artemisinin has been reported 

[71]. Resistant parasites are as sensitive as the susceptible strains to artemisinins, yet, show 

a longer half-life when compared to susceptible strains when exposed to artemisinin 

treatment [72]. Because of these contradictory pieces of information, there is still some 

controversy whether these parasites are truly resistant. Regardless, this delayed-death 

phenotype has been associated with kelch13 polymorphism [73], which is spreading 

throughout Southeast Asia [74,75]. This highlights the need for new anti-malarial 

compounds in the market, which have been the subject of research by pharmaceutical 

companies and academia over the last decade (reviewed in [23]). 

The main focus on anti-malarial drug development has been on both improving 

known anti-malarial, such as chloroquine or artemisinin derivatives, as well as creating new 

chemotypes and leads for anti-malarial drug research [23]. The goal is to create a single-

dose anti-malarial treatment, that could block the liver, blood and transmission stages of 

the disease [23,76,77].  

KAF156 is an attractive compound that fits all of the above, as it showed anti-malarial 

properties against all of the stages of Plasmodium parasites in the mammalian host [78]. It 

is currently in Phase II clinical trials [79]. A similar drug candidate is DSM265, that also 

shows anti-malarial activity against the pre-erythrocytic stage of infection [80,81], cleared 

Phase I clinical trials recently [82,83], with the idea of being used as both chemoprevention 

agent [82] and partner drug to artemisinin [83]. 

The most advanced and promising anti-malarial is KAE609, or cipargamin, that can 

kill blood stage parasites and affect parasite transmission with a single dose [84–86]. It is 
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currently the fastest plasmodicidal drug available [87], having cleared Phase II clinical trials 

in 2014 [88]. 

OZ439, or artefenomel, is an artemisinin derivative with longer circulation time both 

in mice [89] and in humans [90], that can be given in a single dose treatment profile to clear 

P. falciparum infection [90]. Interestingly, despite being an artemisinin derivative, OZ439 

does not show the delayed-death phenotype observed in the artemisinin resistance strains 

[91–93] , making this drug useful for use in Southeast Asia. 

Some focus has similarly been given to anti-relapse drugs against P. vivax and P. ovale 

hypnozoites, which are needed for eradication. Currently, only primaquine is used to 

prevent relapse, which requires strict compliance to a long 14 day treatment indication 

[15]. Moreover, people with G6PD deficiency develop toxicity to the excessive oxidative 

stress created in the detoxicification of primaquine [47]. So far, the only alternative to 

primaquine is tafenoquine, which showed promising results in phase II clinical trials [94]. 

Tafenoquine, being a derivative of primaquine, is still toxic for people deficient for G6PD, 

highlighting the requirement for the development of new anti-relapse drugs that 

circumvent the need for G6PD detoxification. Advances have so far been limited, because 

there are few tools to study hypnozoite biology and there is currently no way of obtaining 

large quantities of P. vivax sporozoites needed for drug screening assays [95]. 

An effective vaccine is also needed for the control of malaria. WHO also is closely 

monitoring other vaccine candidates and their progression through clinical trials in a 

project entitled “The Rainbow Tables” [96], prospecting higher protection than the one 

afforded by the recent RTS,S vaccine. Currently, 37 vaccine candidates are available on the 

web page, with 21 in Phase II or III of clinical trials. These vaccine pipeline is very diverse, 

ranging from subunit-based vaccines (reviewed in [97]), whole-sporozoite vaccination 

(reviewed in [98]) to live P. falciparum sporozoite inoculation under chloroquine 

chemoprophylaxis [99–101]. Some of these strategies also contemplate P. vivax antigens 

[102], increasing the coverage of the vaccination strategies. 

Despite the worrisome evidences detailed above, there have been great advances in 

tackling this disease. There has been a decrease of over 20% in the number of cases and of 

50% in fatalities worldwide since the year 2000 [1], in line with the WHO Millennium 
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Development Goals, which aimed to halve malaria cases by 2015. Malaria eradication is 

seen as an attainable goal for this generation [103,104]. Past results were possible with 

roughly 3 billion US$ spent yearly on malaria control and eradication and 600 million US$ 

spent yearly on basic research [1] and further strategies will have an estimated cost of 8,5 

billion dollars over the next 15 years [105]. Moreover, better diagnostic and therapeutic 

options need to be developed [106]. Success will ultimately depend on the willingness of 

each country to adhere to WHO policy and to fund these strategies. 
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2. The life cycle of Plasmodium parasites 

 

The earliest reports of malaria date back the Chinese documents from about 3000 BC 

[107], where malaria had always been associated with poor health, fevers and an enlarged 

spleen. Initially, it was though as a consequence of unhealthy miasmas rising from swamps. 

Only in the second half of the last century did the scientific community unveil the complete 

life cycle of the malaria parasites, that is divided between development inside the human 

liver [108] and blood [109,110] and in the Anopheles spp female mosquito vector [111]. 

 

2.1. The discovery of Plasmodium parasites and its life cycle 

The causative agent of malaria was only described in 1881 by Alphonse Laveran, a 

French physician working in Algeria [109,110].  On patients with malaria, Laveran 

discovered the presence of pigmented bodies in the erythrocytes (Figure 2A-C). These 

pigmented bodies, he deduced, would infect an erythrocyte (Figure 2A), develop into larger 

bodies with numerous pigmented structures (Figure 2B, C) and rupture the red blood cell, 

releasing the smaller pigmented bodies into the bloodstream, that would invade new 

erythrocytes, starting the cycle anew [109]. Italian physician Camillo Golgi added that the 

Figure 2 - Drawings by Alphonse Laveran of erythrocytes infected with P. falciparum  parasites 

(adapted from [290]). A-C) erythrocytes infected with Plasmodium parasites in order of maturation 

(A early, B, intermediate, C final forms); D and E) infected erythrocytes with flagellar protusions; F 

and G) crescent-shaped forms. 
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fevers associated with malaria occur when the parasites burst out of the red blood cell, 

before invading a new one [6]. 

One of the most puzzling observations made by Laveran were some crescent shaped 

pigmented bodies in the blood of infected patients, which, after some time, would create 

motile protrusions (Figure 2D-G) [109]. Unbeknownst to Laveran, he had found the male 

form of the Plasmodium parasite. Patrick Manson was the first to postulate that these 

protrusions might be a sexual transmissible form, destined for a “suctorial insect” [112]. 

This was found to be true when Ronald Ross and Battista Grassi, in the 1890s, established 

that female Anopheles mosquitos are the vectors that transmits malaria [4,111]. They 

discovered circular bodies (oocysts) in the basal lamina of the midgut of infected 

mosquitos, which grow in size, eventually differentiating into numerous new parasites 

termed sporozoites (Figure 3). These sporozoites then migrate into the mosquito salivary 

glands and are able to infect a new host during the next bite of the mosquito. 

For the next 50 years, the biology of the malaria parasites was thought to be 

completely understood. Yet, no one knew why people bitten by infected mosquitos only 

developed a blood infection one week (or more) later. Some physicians thought that it 

simply took one week for the parasite to reach enough biomass to produce a patent 

infection, where others thought that the parasite would be hidden in one organ, replicating 

and differentiating into a blood infectious form. The latter (and correct) concept was only 

proved in 1948 and 1949, when Shortt and Garnham experimentally infected human 

volunteers by mosquito bite and biopsied a portion of their livers. There, they discovered 

Figure 3 - Drawings of Battista Grassi of P. falciparum sporulating oocyst in the midgut of 

Anopheles spp mosquitos (adapted from [4]). 
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“plasmodial masses undergoing schizogony” (Figure 4) [108,113,114]. The last piece of the 

puzzle was added when it was discovered that Plasmodium vivax is able to form dormant 

forms in the liver, these forms infect the hepatocyte, stay in an arrested form for days, 

months or even years, before finalizing schizogony and establishing a blood 

infection[40,41]. 

 

2.2. The phylogeny and evolution of Plasmodium parasites 

Plasmodium parasites are single celled protozoan organisms that belong to the 

phylum Apicomplexa, thought to have existed for 1000 to 400 million years [115]. Every 

species of this phylum has an apical complex, hence the name Apicomplexa, consisting of 

three secretory organelles, important for invasion of the host cell. Many apicomplexans 

also possess a characteristic organelle, called apicoplast (first discovered in the 1970s [116–

118]), which seems to be essential [119,120]. This organelle is of plastid origin [121] and is 

thought to be the result of an secondary endosymbiosis of an ancestral predatory 

eukaryotic free-living cell with a red algae [122]. Throughout time, the plastid lost the 

ability to make photosynthesis [122,123], yet, it is still responsible for a number of 

metabolic pathways [124], namely the essential FAS II pathway [125–129]. 

Along evolution, some apicomplexans lost a structure of their apical complex, a 

microtubule complex called the conoid [130,131]. This is coincident with the ability to 

Figure 4 - First images of P. falciparum infected hepatocytes (adapted from [108]). Giemsa-stained 

liver slices of a human volunteer submitted to mosquito bites from P. falciparum infected 

mosquitos for 3 consecutive days (an estimated 770 mosquito bites in total). Three types of 

parasites were observed and divided into different stages of infection. A) Five-day old parasite; B) 

Six-day old parasite; C) Seven-day old parasite. 
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invade cells of the blood, especially erythrocytes, giving rise to the class Hematozoa. 

Hematozoa are the only Apicomplexans with a dixenic life cycle, being transmitted from 

host to host by blood sucking vectors. Some Hematozoa evolved both a pre-erythrocytic 

stage when inside the vertebrate host and way of digesting hemoglobin when inside the 

red blood cell, creating the order of Haemosporidian parasites [3]. Most Haemosporidian 

parasites only use the blood stage of infection to perform sexual commitment or 

differentiation, with the Plasmodium parasite genus the only exception to this rule, as they 

can replicate asexually in erythrocytes [3]. This characteristic is thought to have appeared 

60 to 45 million years ago [132], in the early Cenozoic era. 

The Plasmodium genus encompasses 199 different species, which infect birds, 

reptiles and mammals [3]. Indeed, the original host of Plasmodium parasites are thought 

to have been birds [132]. They are all characterized by a pre-erythrocytic stage, the invasion 

of erythrocytes, multiplication by schizogony (cellular division where the nucleus divides 

several times and then the cell divides into as many parts as there are nuclei) and the 

presence of a pigment (hemozoin) in the infected cell. This genus also carried the 

specialization of mosquitos (family Culicidae) as vectors of Plasmodium parasites [3,132]. 

The Plasmodium genus is separated into 13 different clades, depending on the type 

of host they infect, the number of merozoites each parasite produces inside the red blood 

cell and on the shape of its gametocytes. Even though all Plasmodium parasites are spread 

by the bite of infected mosquitos, only the mammalian infectious parasites are transmitted 

by mosquitos of the genus Anopheles [3]. Of the 13 clades, only three are infectious to 

mammals (Laverania, Plasmodium and Vinckeia) and are thought to exist for over 40 million 

years [133], with the emergence of the liver stage as the pre-erythrocytic stage. 

Speciation of the Laverania clade is thought happen shorly after (42 to 30 million 

years ago [132]). These parasites are able to infect primates and are characterize by a 

unique genes families that code for variable surface antigens, such as the var genes 

[134,135]. Most of the Laveriania species have a synthenic segment of 4 genes, two of 

which are essential for invasion of the red blood cell, the genes that code for reticulocyte 

binding-like homologous protein 5 (RH5) and Cysteine-rich protective antigen (CyRPA) 

proteins [136]. More recently, 10 000 years ago [136,137], an infection of a human being 
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with a gorilla parasite is thought to have been event that lead to the speciation of P. 

falciparum [137]. Somehow this zoonotic parasite evolved a protein to bind a version of 

sialic acid, N-glycolylneuraminic acid, that is present in greater amounts in human 

erythrocytes [138], making human infection possible. 

The remaining two clades have a gene family of variable surface antigens known as 

the pir gene family [134,139] and do not possess the synthenic segment of 4 genes that are 

important for invasion in the Laverania clade. 

The Vinckeia clade (40 to 30 million years old [133]) includes all the Plasmodium 

parasites that infect non-human primates, including rodent malaria parasites, that have an 

estimated age of 16 million years [133]. The rodent Plasmodium parasites are the only to 

possess an expansion of the gene family called the pyst-a [140], thought to have a role in 

cholesterol uptake by the parasite [134]. 

In the Plasmodium clade, the leap to human infection happened about 400 000 years 

ago in the case of P. vivax [141] in Africa [142]. This is intriguing, because P. vivax is 

nowadays largely absent from the African continent, being only endemic in the Americas 

and in Asia [1]. This exclusion from Africa happens because P. vivax infection of the 

erythrocyte requires the expression of Duffy antigen receptor for chemokines on the 

surface of the erythrocyte for the host to become susceptible to infection [143]. Africans 

have a mutation on this gene [144], rendering them almost complete protection from P. 

vivax infection. The P. vivax lineage we currently observe is one that escaped out of Africa 

[145], possibly during the selection of the Duffy-negative trait in the human genome. 

  

Figure 5 - Cladogram of the phylogeny of Plasmodium and related parasites. The evolution of 

Plasmodium parasites can be traced back to a once photosynthetic predatory eukaryotic cell. 

Eventually, this organism evolved an apical complex and gained the ability to invade blood cells and 

be transmitted between two organisms, one of them being female Anopheles mosquitos. The 

establishment of a pre-erythrocytic stage, further specialized in Plasmodium parasites, with the 

mammalian branch the only with the ability to invade the liver.  (Image on the next page). 
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3. The invasion of mammalian cells by Plasmodium parasites 

 

Plasmodium parasites are one of many obligatory intracellular pathogens of the 

Apicomplexa phylum, meaning that getting inside a host cell is very important for their 

development. Different pathogens have evolved different strategies to enter cells, most of 

which can be divided into two mechanisms: the zipper or the trigger (reviewed in 

[146,147]). In the zipper mechanism, most studied in Listeria monocytogenes, surface 

proteins of the pathogen bind to plasma membrane receptors on the host cell, such as 

cadherins and integrins, in such a way that mimics cell-cell or cell-matrix connections. These 

engaded receptors lead to the recruitment of other host factors, like myosin and catenins, 

that reorganize the cytoskeleton of the host cell, forcing the host cell to advance 

pseudopods to engulf the pathogen. These pseudopods contain more host cell receptors 

that bind to the surface proteins of the pathogen, progressively covering the pathogen with 

host cell plasma membrane (Figure 6, left panel). In the trigger mechanism, the pathogen 

secretes its own proteins into the cytosol of the host cell, normally through type 3 secretion 

Figure 6 - Mechanisms of invasion by bacteria. Invasion by intracellular Bacteria can be divided 

in two categories, zipper (left) where the bacterium engages with host cell receptors and trigger 

(right), where the bacterium inserts its own proteins into the host cell cytoplasm. Both these 

interactions lead to changes in the cytoskeleton of the host cell, leading the engulfment of the 

bacterium. Adapted from [147]. 
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systems, which is the case for bacteria from the genus Salmonella. These proteins interact 

with cytoskeleton modifying proteins, creating ruffles in the membrane of the host cell, 

that fold over the pathogen, fusing around it (Figure 6, right panel). In essence, both types 

of invasion result in the same, misleading the host cell to allow for the entrance of the 

pathogen. 

Of importance to this thesis is a particular type of trigger mechanism, involving host 

plasma membrane repair pathways. Briefly, the invading pathogen exports a pore-forming 

protein to the host cell plasma membrane, that leads to the influx of calcium ions into the 

host cell [148–150]. This triggers the exocytosis of acid sphingomyelinase to the outside of 

the host cell [151], inducing membrane invagination at the site of the pore [152]. This 

invagination, in turn, induces host cell endocytosis of the lesioned membrane, taking the 

invading microbe into the cell [148]. This mechanism was initially established for the 

intracellular parasite Trypanosoma cruzi [150] but has since been expanded to other 

bacteria, Listeria monocytogenes [148,149,153], Neisseria gonorrhoeae [154] and Neisseria 

meningitidis [155], as well as human adenovirus [156]. 

 

3.1. The apical complex that controls Apicomplexan invasion 

Apicomplexan parasites seem to follow a different type of strategy, where the host 

cell seems to be passive. These intracellular parasites always develop inside a cell, 

enveloped by a parasitophorous vacuole (PV) and its membrane (PVM) [157]. This vacuole 

is created during the invasion process and its membrane is of host cell origin [158–160]. In 

general, the process of invasion relies on host cell receptors binding to specific parasite 

ligands, compartmentalized on parasite organelles, that only surface at critical points 

during the invasion process. 

All parasites from the phylum Apicomplexa share a set of secretory organelles 

important for the invasion process [161] (Figure 7). These are created during the 

intracellular stages of the life-cycle of the parasites, loaded with specific proteins via a 

specialized route of the secretory pathway [162]. All these organelles coexist in the apical 
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part of the motile parasite, the zoite, nonetheless, their secretion is a tightly timed and 

controlled process [163,164]. 

The first set of organelles to get discharged are the micronemes (Mn in Figure 7), that 

are loaded with adhesins, crucial for cell tropism and proper orientation of the zoite [165]. 

They are the smallest of these apical vesicles and their number correlates with the motility 

of zoite [166]. 

The next set discharged are the rhoptries (Rh in Figure 7), an elongated pear-shaped 

organelle. The number and size of rhoptry organelles varies between different 

apicomplexans, with the size of the zoite being proportional to the size and number of 

rhoptries [166,167]. Yet, rhoptries seem to have a dual role during the invasion process 

[168,169], being spatially partitioned into two regions. The first part of the rhoptries to be 

discharged is called the rhoptry neck, which is closest to the apical end of the zoite. Proteins 

Figure 7 – The apical complex of Apicomplexan parasites. (adapted from [175]). A) Schematic 

representation of a Plasmodium knowlesi merozoite, showing the apical complex, populated with 

rhoptries (Rh), micronemes (Mn) topped by the apical ring (APR). The parasite plasma membrane 

(PPM) encases this complex as well as the inner-membrane complex (IMC), with its outer (o) and 

inner (i) layers. Dense granules (Dg) exist both in the apical region as well as in the parasite cell 

body, beneath the microtubules (Mt), that cover the IMC. The basal side of the parasite contains 

the Golgi apparatus (Go) as well as the nucleus (Nu). B and C) Electron micrograph of both P. 

knowlesi merozoite as well as Toxoplasma gondii tachyzoite showing the same compartments, 

highlighted. 
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that belong to the rhoptry neck are called Rhoptry Neck Proteins (RONs) and are both 

adhesion-like molecules, that further tighten the grip of the parasite to the host cell, as well 

as invasins that propel the parasite into the host cell [168]. Several RONs are conserved 

between apicomplexan parasites, hinting towards divergent evolution driven by cell 

tropism [170]. After the rhoptry neck is secreted, the rhoptry bulb follows. The set of 

proteins that inhabit the bulb of the rhoptry are called ROPs and are important to prepare 

the host cell for the presence of the parasite [168,169]. ROPs are poorly characterized in 

Plasmodium parasites. They seem to be deposited at the membrane of the infected cells 

after invasion has finished [168]. In Toxoplasma parasites, ROP proteins are injected into 

the host cell cytoplasm, where they affect host cell signaling pathways [169]. The study of 

ROP proteins has been challenging because no homology is seen between ROPs of the 

different apicomplexan parasites [168], hinting that different parasites subvert cells 

differently. 

The final granules to be discharged are the dense granules (Dg in Figure 7), loaded 

with proteins that populate the PV space, the PVM or that are injected into the host cell 

cytosol [167]. Dense granules are similar to micronemes (in terms of size) and to rhoptries 

(in terms of density when observed by Electron Microscopy), so their presence in all 

Apicomplexans requires further confirmation. Unlike the two previous vesicles, dense 

granules are not secreted through the apical end of the parasite, yet seem to fuse with the 

parasite plasma membrane throughout the cell body of the parasite [171–173]. The 

proteins that are known to constitute the dense granules are crucial for the proper 

establishment of the infection, as they shape the PV and PVM, the point of contact of the 

parasite to the infected cell [174]. 

All of these processes rely on the another component of the parasites, the inner-

membrane complex (IMC) [175,176]. The IMC is composed of flattened membrane sacs 

supported by a subpellicular network of intermediate filaments, that encircles the parasite 

from the apical to the posterior end [177–179], with an opening at the very apical tip of the 

parasite, through which micronemes and rhoptries are secreted [180]. The IMC is rich with 

proteins that link it to both the parasite plasma membrane and to its actin cytoskeleton 

[181]. This allows for the forward movement of the parasite, crucial for both gliding motility 

as well as invasion of the host cell [182–184]. 



I - Introduction 
 

23 
 

 

3.2. Invasion of the erythrocyte by Plasmodium merozoites 

The invasion of the erythrocyte has mostly been studied using P. falciparum, with the 

general mechanism being conserved between different species and even with Toxoplasma 

gondii, another Apicomplexa parasite [185]. Red blood cell invasion is a fast process (taking 

less than 1 minute) that can be divided into 4 phases (reviewed in [186,187]). 

On the first phase, pre-invasion, the merozoites attach to the surface of the RBC, via 

the binding of merozoite surface protein 1 (MSP1) to RBC surface proteins, such as band 3 

and glycophorin A [188–190] (Figure 8). It is also thought that the surface protein MSP1 

serves as a scaffold for other P. falciparum proteins needed to interact with the RBC [191]. 
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The second step of invasion starts with the release of parasite proteins from the 

micronemes. These include erythrocyte binding antigens (EBAs) and reticulocyte-binding 

homologous proteins (RH proteins), which bind to glycophorins [192] and Complement 

Receptor 1 [193] respectively, on the surface of the RBC. These two groups of proteins show 

functional redundancy [194–197] and their binding leads to the rise of cytosolic Ca2+ in the 

parasite [198],  releasing even more parasite proteins from the micronemes and rhoptries 

in the apical end [199–201]. This creates a gradient of binding that re-orientates the 

parasites in an energy-independent manner, with the apical end of the parasite facing the 

membrane of the erythrocyte [202]. 

After this reorientation, the interaction between PfRH5 and basigin is essential [203–

208]. The binding of these two proteins induces Ca2+ influx into the parasite and into the 

Figure 8 - Invasion of erythrocytes by Plasmodium falciparum merozoites (adapted from [187]). 

As the merozoites are released, they attached to an uninfected erythrocyte via the interaction its 

membrane coat (especially MSP1) to the surface of the erythrocyte. This causes both the 

reorientation of the merozoite as well as the release of rhoptry proteins (importantly PfRH5). After 

RH5 binding to basigin, AMA1 and the RON proteins are released, leading to the formation of the 

moving junction and the ensuing burrowing of the parasite into the erythrocyte. This process takes 

approximately 20 seconds. 



I - Introduction 
 

25 
 

RBC [209], signaling the release of more parasite proteins, committing the parasite for 

invasion of the RBC [199,210] (Figure 8). 

The release of rhoptries proteins triggers the fourth and final phase of invasion, active 

invasion [211]. The Rhoptry Neck protein 2 (RON2) protein released from the rhoptries of 

the merozoite are incorporated into the RBC membrane and serves as a binding site for the 

Apical Membrane Antigen 1 (AMA1) protein, present at the surface of the parasite [212–

215]. PfAMA1 is also linked to the actin-myosin motor of the parasites [214,216], which 

propels the merozoite forward, into the RBC [217,218]. The AMA1-RON complex travels 

along the merozoite, from the apical to the basal end of the parasite, along with the 

movement of the parasite motor [217,218], being often referred to as the moving junction 

(Figure 8). 

After the merozoite is completely engulfed into the RBC (Figure 8), and surrounded 

by the PVM, the RBC shrinks and forms spiky protrusions, in a process known as 

echinocytosis. This is a transient phenomenon, from which the RBC recovers [209]. 

Invasion by P. vivax parasites seems to follow the same molecular mechanism of the 

moving junction, nonetheless, it is not completely solved (Figure 9) [219,220]. The major 

deterrent has been the lack of a continuous in vitro culture system for P. vivax [220]. It has 

been known that P. vivax merozoites require binding to the Duffy Antigen Receptor for 

Chemokines for invasion to happen [143,144,221,222]. The absolute need for this receptor 

on erythrocytes is being challenged because of reports of P. vivax infections in Duffy-

negative individuals [219,223–226]. Recently, Transferrin receptor has also been found to 

play a role in attachment to the erythrocyte [227,228]. Apart from these two receptors, 

few other P. vivax proteins are known to be involved in invasion although no host receptor 

is known (Figure 9). 

All these models of erythrocyte invasion follow a concept of the red blood cells as a 

“passive host cell”, where the erythrocyte contributes (or fights back) very little to the 

invading parasite. Remarkably, the local state of the plasma membrane of the soon-to-be-

infected erythrocytes modulates the success of invasion, namely changes in lipid rafts 

[229,230], cytoskeleton malleability [231–236] and calcium-dependent post-translational 

modification of proteins [237–243]. 
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3.3. Invasion of the hepatocyte – two (too many) things happening at the same 

time 

The invasion of the hepatocyte has been more challenging to describe because of one 

particularity of the sporozoite, its ability to cross several hepatocytes before finally 

infecting one [244,245]. As such, it has been challenging to decouple events that are 

important for cell traversal and cell invasion. Yet, a chronogram of events as well as 

relevant sporozoite proteins are increasingly being described (reviewed in [246]). 

Figure 9 - Host receptors and parasite ligands involved in red blood cell invasion by P. vivax (left) 

and P. falciparum (right) (adapted from [220]). P. vivax merozoites infect preferrentially 

reticulocytes using unkwon receptors on the surface of this cell. This is stark contrast to the invasion 

mechanics of P. falciparum, where at least 9 receptors are known and 14 parasites ligands have 

been characterized. 
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Sporozoite colonization of the host starts in the skin, where sporozoites are deposited 

by the bite of infected mosquitos [247]. There, the sporozoites migrate until it breaches 

into a blood vessel, accessing the bloodstream [248–250]. The sporozoites are taken up by 

the hosts circulatory system, until reaching the liver, where the sporozoites attach to the 

heparan sulfate proteoglycans (HSPGs) of hepatocytes, protruding out of the liver 

parenchyma [251]. Much like MSP1 binding to erythrocytic surface proteins, binding to 

HSPGs is accomplished with the major surface protein of the sporozoite, CSP [251–255], 

and also thrombospondin related anonymous protein (TRAP) [256,257] (Figure 10). 

The arrested sporozoite then traverses Kuppfer cells (liver-specific macrophages), 

making holes in the plasma membrane of the cell, through which the parasite crosses, 

reaching the liver parenchyma on the other side of the cell [258,259]. This process is 

thought to happen again to several hepatocytes, until the parasite invades. So far, four 

parasite proteins have been described as essential for the traversal process, sporozoite 

protein essential for cell traversal 1 and 2 (spect1, spect2) [260,261], perforin-like protein 

1 [262] and cell-traversal protein for ookinete and sporozoite (CelTOS) [263]. These 

proteins are thought to form pores in the cellular membranes, wide enough to fit the 

parasite [264]. It is unclear why does the parasite traverse cells, it is possibly a mechanism 

Figure 10 - Liver invasion by Plasmodium sporozoites (adapted from [246]). A) Plasmodium 

sporozoites have CSP has their main surface protein. B) As CSP binds HSPGs at the surface of 

hepatocytes, it causes the release of micronemes (Mc) to interact with the hepatocyte. Micronemal 

proteins TRAP, P52 and P36 interact with CD81 and or EphA2 leading to the release of the contents 

of Rh. C) Rhoptry proteins RON2, RON4 and RAP2/3 are secreted as the moving junction is formed, 

allowing for the invasion of Plasmodium sporozoites. 
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to get access to the liver parenchyma. This hypothesis is supported by the fact that invasion 

of spect1 and spect2 knock-out parasites is enhanced when Kuppfer cells are depleted from 

livers of mice [260,261]. Theoretically, this creates a freer barrier, through which the ability 

of knock-out sporozoites to cross into the parenchyma is restored. 

In culture systems, it is estimated that traversal lasts for one hour and that invasion 

starts after it [265]. However, traversal has been a hindrance to study of the “pure” invasion 

because parasites are desynchronized when they start traversing, desynchronizing the start 

of invasion. 

Regardless of the timing and physiological role of traversal, it is not an essential 

mechanism. Both spect1 and spect2 knock-out parasites can invade in vitro as well as wild-

type parasites [260,261] and traversal can be bypassed by manipulating sporozoites 

[245,266]. This is accomplished by incubating sporozoites with sera and/or ionophores at 

37°C, mimicking the conditions found by the parasite in the mammalian body. This 

stimulation, or activation, causes changes in the transcription [267] of the parasite and the 

discharge of sporozoite micronemes and rhoptries [268,269]. 

Several discharged proteins play a role in invasion, such as P36 and P36P (two 6-cys 

proteins) [270] and P52 [271], whose function remains unknown. Nonetheless, the moving 

junction mechanism of invasion is thought to happen exactly as in the blood stages as both 

AMA1 [268] and Rhoptry Neck Protein 4 (RON4) [272] are essential for host cell invasion. 

Merozoite apical erythrocyte-binding ligand (MAEBL) is another example of an important 

protein during both erythrocyte and hepatocyte invasion [273]. 

The regulation of apical protein discharge is still uncertain, however, several signaling 

molecules of the parasite have been implicated in hepatocyte invasion, namely, calcineurin 

[210], calcium-dependent protein kinase 4 (CDPK4) and Protein Kinase G (PKG) [274]. These 

proteins respond to calcium levels, highlighting the importance of this ion as a secondary 

messenger for the sporozoite. Recently, the host factor cluster of differentiation 81 (CD81) 

has been shown to be important for discharge of RON2, RON4 e Rhoptry-associated protein 

2/3 (RAP2/3) by Plasmodium sporozoites. 
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More host factors also regulate invasion of the mammalian host, namely the low 

density lipoprotein receptor (LDLR, which binds to CSP) [252,275], CD81 [276–278], 

scavenger receptor class B type 1 (SR-BI) [279–281] (both binding to an unknown 

sporozoite ligand), Ephrin A2 receptor (EphA2) [282] (possibly binding to P36), cholesterol 

levels at the membrane of the hepatocyte [283,284], protein kinase C zeta (PKCζ) [285] and 

actin polymerization [286] (some of these factors are shown in Figure 10). This suggests 

that the “passive host cell” model does not hold either for the invasion of the hepatocyte. 

Interestingly, conflicting reports suggest different role of specific parasite and host 

proteins depending on the Plasmodium parasite used. Especially the role of host cell 

receptors CD81 and SR-BI seem to be species-specific and determined by the P36 molecule 

[281]. This suggests a conserved mechanism of hepatocyte entry with specific triggers 

operating for specific Plasmodium species (Figure 10). 
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4. Living beyond of the vacuole 

 

During the invasion process, the parasite is surrounded by a host derived membrane, 

called the PVM. The membrane of the PVM and the parasite proteins that populate it, help 

the parasite escape cell autonomous responses, such as autophagy [287], yet, it also blocks 

the access of parasite to nutrients and the release of toxic by-products. Not surprisingly, 

the parasite evolved mechanisms to overcome this. 

 

4.1. Remodelling the erythrocyte 

As discussed in a previous section, the main cause for severe cases of malaria is the 

adherence to the endothelium by the infected erythrocytes [7,8,288]. This feature had 

been observed by many physicians throughout history, namely in the spleen, the liver and 

in the kidneys [4,6,109,110,289,290]. Moreover, Plasmodium infected erythrocytes have 

different morphological characteristics when compared to uninfected erythrocytes 

(reviewed in [291]). Notably, the surface of the RBC shows knob-like protrusions which 

causes cytoadherence to the endothelial wall of blood vessels and other erythrocytes 

[135,292–294], increased rigidity [295,296] and increased permeability at the plasma 

membrane [297–299]. Whereas the first two changes affect the way the parasitized RBC 

escape the immune system, the latter reflects the need of the parasite to access nutrients. 

All these alterations are only possible because the parasite is able to place its proteins 

outside of the PV and at the surface of the RBC. To achieve this, the parasite evolved a 

complex system of signals, protein-protein interactions and an exomembrane system 

(Figure 11, reviewed in [300–302]). 

For a protein to be exported, it first needs to be directed to the secretory pathway of 

the parasite, meaning it needs to be co-translated in the endoplasmic reticulum (ER) via 

the Sec61 complex [303–305] (Figure 11). All proteins that are to be exported to the 

parasite vacuolar space share a hydrophobic region after the ER signal peptide [303,306]. 
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Some exported proteins also share a sequence motif downstream of the ER signal 

peptide, which targets for protein export [307,308]. The Plasmodium Export Element 

(PEXEL) motif is composed of 5 amino acid residues, RxLxE/Q/D (x represents an uncharged 

residue) and is present in most of the Plasmodium species [309]. It seems that the Arginine 

(R) and Leucine (L) residues are important for sorting out of the ER and the fifth residue (E 

Figure 11 - Protein export and erythrocyte remodelling by Plasmodium parasites (adapted from 

[302]). Exported proteins are co-transcribed into the ER. There, PEXEL-positive proteins are cleaved 

by Plasmepsin V, whereas PEXEL Negative Exported Proteins (PNEPs) are not. Both types of 

exported proteins are packaged into secretory vesicles and secreted out of the parasite plasma 

membrane (PPM), to the parasitophorous vacuole space. Once in the vacuolar space, exported 

proteins are unfolded and exported through the Plasmodium Translocon of Exported Proteins 

(PTEX) complex, which sits at the parasitophorous vacuole membrane (PVM). They are re-folded in 

the erythrocyte cytosol by already exported chaperones and fed to the Maurer’s clefts (and later 

to the erythrocyte membrane) or directly to the plasma membrane of the erythrocyte (EPM). 

Exposed proteins, such as PfEMP1, can interact with the endothelium, causing the parasitized 

erythrocyte to adhere to the microvasculature. 
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or Q or D) is important to direct the protein to the outside of the PVM [307,310]. This motif 

serves as the proteolytic cleavage site for an ER-resident aspartyl protease, Plasmepsin V 

(PMV) [310,311], that cleaves the PEXEL motif at the leucine residue, creating a protein 

with an acetylated N-terminus [312,313] (Figure 11). 

Some of the exported proteins do not have a PEXEL motif [314], however, they share 

a hydrophobic amino acid sequences in the N-terminus [314,315], with PEXEL-positive 

proteins. This suggests that they might converge into the same trafficking pathway [314–

317] (Figure 11). Recent analysis suggests that over 450 P. facliparum proteins are 

predicted to have a PEXEL motif, and thus, predicted to be exported by the parasite [318] 

nevertheless, if we consider the existence of PEXEL-negative proteins, that total can 

increase to 550 proteins [319]. 

After the ER, exported proteins are then trafficked in secretory vesicles until fusing 

with the parasite plasma membrane (pPM), being released into the vacuolar space [320] 

or, in the case of trans-membrane proteins, being incorporated into the pPM [316,321,322] 

(Figure 11). 

Despite the knowledge of some of the export elements, it is still unclear how the 

parasite manages to distinguish between proteins destined for other organelles, such as 

the apicoplast, or proteins destined for the vacuolar space. The involvement of specialized 

lipids – phosphatidylinositol 3-phosphate (PI3P) – for sorting purposes was proposed to act 

as the signature for exported cargo [323] but has been challenged by more recent results 

that show that protein export is PI3P-independent [324] and that PI3P only accumulates 

around the food vacuole of the parasite [325]. The emerging model suggests that all 

secretory vesicles follow the same pathway until the Golgi Aparatus [326,327], where they 

can be sorted from secretory into exported vesicles [301]. 

Once at the vacuolar space, exported proteins need to be unfolded [328] and require 

energy to cross the PVM [329]. To achieve this, exported proteins interact with the 

Plasmodium translocon of exported proteins (PTEX) multiprotein complex [330]. The 

complex is composed of five different proteins: an AAA+-ATPase heat shock protein 101 

(HSP101), Exported Protein 2 (EXP2), PTEX150, PTEX88 and thioredoxin 2 (TRX2) [330,331] 

(Figure 11). The precise stoichiometry and structure of the complex has already been 
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resolved [332], showing that this complex forms a structure with close to 1000 kDa. HSP101 

and PTEX150 are each expected to associate as hexamers (each with 600 kDa) with 7 EXP2 

proteins forming the pore of the complex (approximately 210 kDa), on the interface with 

the PVM (Figure 12) [332]. 

HSP101, EXP2 and PTEX150 are considered the core components of the PTEX, since 

no genetic deletion of these genes has been possible during the blood stages of infection 

[330,333,334]. However, conditional knock-down approaches of both HSP101 [335] and 

PTEX150 [336] have shown that these proteins are responsible for the export of 

Plasmodium proteins (both PEXEL positive or negative) and that protein export is important 

for parasite viability. 

So far, the study of individual components of the PTEX complex has yielded a mode 

of action for the complex that is remarkably similar to bacterial secretion systems [337]. 

Exported proteins are unfolded by the HSP101 protein, in an ATP-dependent manner, 

which are channelled through PTEX150 [338] until crossing the membrane pore created by 

the EXP2 protein [322,339]. The EXP2 protein shares homology to Hemolysin E (HlyE) from 

bacteria [331] and can mediate the conductance of small molecules [339–341]. The 

functions of TRX2 and PTEX88 are not yet known but seem not to be required for protein 

export [333,334,342]. However, gene deletion of both TRX2 [336] and PTEX88 

Figure 12 - Structure of the PTEX complex and of its proteins (adapted from [332]). PTEX complex 

in reference to the vacuolar space and erythrocyte cytosol, through the PVM with a cargo protein 

in the engaged (A) and resetting (B) stages. Individual proteins of the PTEX, at side (left) and top 

(right) view, each monomer is labelled with a different colour: C – HSP101; D – PTEX150; E – EXP2. 
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[333,334,342,343] lead to a decrease in parasite proteins in the surface of the infected 

erythrocyte, and an overall lower virulence. 

Imaging the PTEX complex at the PVM has shown that these proteins form discrete 

foci in blood stage parasites [321] hinting that the PV or PVM can be functionally 

partitioned [344] into “export zones” [300,345] (Figure 11). 

Another group of proteins has been shown to interact with the PTEX, albeit, in a 

transient manner. PfPV1 [346,347], Pf113 and HSP70-x form the Exported Protein 

Interacting Complex (EPIC) [338]. It is proposed that the EPIC acts as an intermediate 

between the vacuolar space and the PTEX complex [348]. Of these 3 proteins, all of them 

can be deleted in rodent malaria parasites without an effect in parasite viability [349] but 

in P. falciparum, only HSP-70x can be deleted. 

Once exported proteins cross the PVM, in an unfolded state, they need to be refolded 

via chaperone-containing structures called J-dots [350], composed of HSP70-x and several 

DNAj co-chaperones [351] (Figure 11). It is also thought that erythrocytic chaperones help 

the re-folding of exported cargo [329]. A total of 18 DNAj chaperones are exported by P. 

falciparum [351], highlighting the importance of protein re-folding in the RBC cytoplasm.  

Some of the exported proteins need to find their way into the erythrocyte plasma 

membrane (ePM) and Plasmodium parasites have evolved a way to solve this problem by 

creating an exomembrane system within the host cell cytoplasm. In P. falciparum, the 

system is called Maurer’s Clefts. Maurer’s Clefts are form after invasion of the erythrocyte 

[352] and mature into stacks of unilamelar membranes [353], which are tethered to the 

ePM by the cytoskeleton [354] (Figure 11). These structures have been shown to traffic 

PfEMP1, knob-associated histidine-rich protein (KAHRP) and other surface proteins to the 

ePM [303,355–357]. There is still no consensus on how exported proteins enter the 

Maurer’s Clefts [320,358,359], yet the current model proposes they are internalized in 

chaperone-associated complexes [301]. Once in the Maurer’s Clefts, exported proteins fold 

and interact, creating the multi-protein complexes seen at the ePM. Protein-filled vesicles 

bud off from the Maurer’s Clefts, migrate through cytoskeleton filaments and merge with 

the ePM to form the knobs [354,360] (Figure 11). Interestingly, seven of the exported DNAj 
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proteins also have cytoskeleton binding motifs, suggesting they can be involved in sorting 

of exported proteins to and from the Maurer’s Clefts [361]. 

To uncover function of exported proteins several groups tried to knock-out a total of 

51 genes for exported proteins. Only a quarter was shown to be essential for in vitro culture 

of blood stages [362], however several proteins are known to be dispensable for in vitro 

culture but essential in the context of an in vivo infection. 

 

4.2. Does the hepatocyte also get remodeled? 

Several proteins of the PTEX complex described above were recently observed to also 

be present during the liver stages of infection [363–365], raising the possibility of protein 

export to the hepatocyte cytoplasm. Surprisingly, the motor protein of the complex, 

HSP101, is not detected during this stage [364], and a PEXEL-positive GFP fusion protein 

was shown not to be exported during the liver stages [365]. 

Nonetheless, we appreciate that the infected hepatocyte changes because of the 

presence of the parasite [366]: apoptosis is blocked [367,368], AMPK phosphorylation is 

repressed [369], there is an unfolded protein response and ER stress in the hepatocyte 

[370] and hepatic glucose transporters are re-localized to the plasma membrane [371]. Still, 

the parasite effector(s) that causes these changes remains elusive. To date, only three 

parasite proteins in the cytosol of the infected hepatocyte [372]. 

The first parasite protein detected in the cytoplasm of hepatocytes was CSP [373–

376]. There, it is suggested that CSP interacts with hepatic ribosomes, ER and the nuclear 

envelope [374] (Figure 13), inhibiting protein translation [375] and preventing Nuclear 

Factor Kappa light-chain-enhancer of activated B cells (NF-κB) translocation to host cell 

nucleus [376]. CSP amino acid sequence endorses these reports has it possesses both a 

PEXEL motif and a nuclear localization sequence [376]. Despite all of these reports, the 

presence of CSP in the host cell cytosol remains controversial as other laboratories fail to 

replicate these findings [377,378]. 
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In 2010, the protein Inhibitor of Cysteine Proteases (ICP) was identified in the cytosol 

of hepatocytes in the early stages of liver infection and is thought to block host cell 

autophagy [379]. 

The last protein to be discovered in the cytosol of infected hepatocytes was liver-

specific protein (LISP2) [380], playing an unclear role in merozoite formation (Figure 13). 

Apart from protein export, in the infected hepatocyte, Plasmodium parasites have 

been observed to emanate proteins and membranes from the PVM, creating a 

tubovesicular network (TVN, Figure 13) [381]. Some of these structures are physically 

separated from the PV and PVM, yet, are of PVM origin, containing UIS4 and Intra-

erythrocytic P. berghei-Induced Structures Protein 1 (IBIS1) [381]. These protrusions are 

thought to be parasite driven, a way of the parasite to discard unwanted host material 

[382]. 

Figure 13 - Protein and membrane export in hepatic stages of malaria infection (adapted from 

[372]). After invasion by Plasmodium sporozoites, CSP (soluble) and UIS4 (in vesicles) are found in 

the cytoplasm of the infected cell (left panel). As the infection advances, more proteins populate 

the cytoplasm of the infected cell, namely IBIS1 (at the TVN) and LISP2 (soluble). The PVM of the 

parasites also protrudes into the host cell, in tubules termed TVN. 
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Exported protein 2 (EXP2) is a Plasmodium parasite protein that is expressed 

throughout its life cycle [333,364,383]. It shares sequence homology to bacterial pore-

forming protein HlyE [330] and works as such in the PTEX complex during the blood stage 

of infection [332]. 

Recent reports suggest that it might serve another purpose for the parasite. Primarily, 

its expression pattern is different from other PTEX proteins [331,333,364]. Additionally, it 

is observed at the membrane of the PVM in the absence of other proteins of the PTEX [321]. 

Finally, EXP2 by itself in membranes allows the flow of molecules across the membrane 

[340,341]. 

However, the expression of EXP2 is not restricted to the blood stage of infection, 

where all the of previous works were focused. EXP2 has been reported to be also present 

during the liver stage of infection, where its function is still unknown [363,364]. The 

difficulty in assessing the function of EXP2 had been that genetic modification of 

Plasmodium parasites is only possible during the blood stage of infection, where EXP2 is 

essential for parasite propagation [384]. As such, we cannot generate liver stage parasites 

that lack the EXP2 gene or protein as we cannot propagate parasites through its life cycle. 

Recently, a conditional knock-out parasite line (cKO), that does not express EXP2 

during the liver stage of infection was produced [365]. It is based on the flippase (FLP) and 

Flippase Recognition Target (FRT) sequences system [385,386]. The authors replaced the 3’ 

untranslated region (UTR) of the EXP2 gene by a generic 3’UTR that was flanked by FRT 

sequences. The FLP gene was inserted downstream of the UIS4 promoter, resulting in 

expression of FLP at the later stages of sporozoite development. This would result in the 

excision of the 3’UTR of EXP2 and silencing of the gene at the sporozoite stage [365]. Using 

this parasite, Ming Kalanon and colleagues, were able to infect mice and detect that the 

lack of the EXP2 expression lead to a decrease in the parasite liver burden in these mice 

[365]. Interestingly, since there is no protein export during the liver stage, this hints at the 

possibility of a new role for EXP2 during the liver stage. 
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Taking this into consideration, we aimed to decipher the role of EXP2 during the liver 

stages. In particular, we proposed to: 

1) Study the effect of the absence of EXP2 during the liver stages of infection; 

We will use the EXP2 cKO parasite line to infect both C57Bl/6J mice and HepG2 cells, 

analyze the number of infected cells as well as the size of the parasite, as a proxy for its 

development. Moreover, we will test if EXP2 cKO sporozoites show impaired gliding 

motility or cell traversal ability. 

2) Study the dynamics of EXP2 during the sporozoite stage; 

Using EXP2 antibodies or an EXP2-HA tagged line, we want to study the dynamic of 

EXP2 protein expression and localization in the sporozoite stage of the Plasmodium berghei 

life cycle. We will complement these observations by studying the dynamics of EXP2 mRNA 

expression. 

Given the results obtained with the two previous aims, we added another 

unexpected aim: 

3) Understand the mechanism of Plasmodium sporozoite invasion of hepatocytes. 

As will be explained below, the EXP2 cKO sporozoites showed impaired invasion, 

when compared to the WT sporozoites. This leads us to study the mechanisms by which 

Plasmodium sporozoites invade hepatocytes. Briefly, we propose that Plasmodium 

sporozoites invade by triggering a membrane repair mechanism in the host cell. As such, 

we will test whether several steps in this mechanism are required for invasion by 

Plasmodium sporozoites to invade hepatocytes.
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1. Parasites 

 

1.1 Parasite lines 

The following parasite lines were used in this study: 

• GFP-expressing P. berghei ANKA (clone 259cl2) [387] 

• P. berghei NK65 EXP2 FRT [365] 

• P. berghei NK65 EXP2 FRT UIS4 FLP Recombinase [365] 

• P. berghei NK65 EXP2 FRT TRAP FLP Recombinase [365] 

• P. berghei NK65 EXP2-HA [333] 

The first was a kind gift from Professor Chris Janse from Leiden University Medical 

Center from Leiden, The Netherlands, the others were a kind gift from Professor Tania 

de Koning-Ward from Deakin University in Melbourne, Australia. 

Parasites were stored in frozen blood vials, containing 107 blood stage parasites, 

and kept at -80°C in our laboratory. 

 

1.2 Mosquito dissection 

To obtain sporozoites, blood vials were injected into a BALB/c wild-type mouse. 

After 5 days of infection, exflagellation of the male gametes in the blood of infected mice 

was observed under a light microscope. If more than 5 events per field of view were 

observed, the infected mouse would be used to feed naïve Anopheles stephensi 

mosquitos, bred in the Insectary of the Instituto de Medicina Molecular João Lobo 

Antunes (iMM JLA), for 30min. 22-35 days after the mosquito blood meal, salivary 

glands, containing P. berghei sporozoites, were dissected from of infected female 

Anopheles stephensi mosquitoes into DMEM medium and collected into an Eppendorf 

tube (Eppendorf, Hamburg, Germany). Salivary glands would be smashed with a plastic 

pestle and filtered through a 40-µm Falcon cell-strainer (Thermo Fisher Scientific, 

Waltham, Massachusetts, United States) to release sporozoites. Sporozoites were 

counted using a hemocytometer (Marienfeld Superior, Lauda-Königshofen, Germany). 
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2. Recombinant Protein production and purification 

 

Recombinant EXP2 protein (rEXP2) was a kind gift from Professor Masafumi Yohda 

from Tokyo University of Agriculture and Technology from Tokyo, Japan. rEXP2 was 

expressed and purified as per manufacturer’s instructions [339]. 

Briefly, a parasite expressing a truncated version of the EXP2 protein fused to 

Glutathione S-transferase (GST) protein creating the plasmid pGEX-3X-HRV3C-EXP2. This 

plasmid was used to transformed E. coli B21, a gift from the laboratory of Gonçalo 

Bernardes at iMM JLA. Transformed bacteria were grown in suspension in LB broth 

supplemented with 100 µg/mL ampicillin at 37°C and 220 rotations per minute. Optical 

density (OD600) of the culture was measured at 600 nm using a portable 

spectrophotometer. When OD600 reached 0.5, the broth was supplemented with 

isopropyl b-D-1thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM. 

Transformed bacteria were kept for 24 hours at 18°C, after which they were pelleted 

and stored at -20°C. 

Lysis and protein purification were performed by Francisco J. Enguita, at iMM JLA 

as described previously [339]. The pelleted bacteria were resuspended in PBS containing 

137 mM NaCl (Sigma); 2.7 mM KCl (Sigma); 1 mM EDTA (Sigma) and 0.15 mM 

phenylmethylsulfonyl fluoride (Sigma) and disrupted by sonication. Cell debris was 

eliminated by centrifugation at 14,000 g, the supernatant collected and filtered through 

a membrane with 0.45 µm pore size and incubated with 0.05% n-dodecyl-b-D-

maltopyranoside (DDM, Sigma) at 4°C for 1 h prior to loading onto a 1 mL GST Hitrap FF 

column (GE Healthcare, Chicago, IL, USA). The column was then washed with a 10-fold 

volume of washing buffer (PBS with 0.02% DDM). To release rEXP2, HRV 3C protease 

(Takara Bio, Shiga, Japan) in 50 mM Tris-HCl, 200 mM NaCl and 0.02% DDM was applied 

to the column. After a 16 h incubation at 4°C, rEXP2 was eluted from the column with 

PBS buffer. All the purification steps were performed in an AKTA Explorer 

chromatographic system (GE Healthcare, Chicago, IL, USA). rEXP2 concentration was 

estimated using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). 
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3. Chemicals and Proteins 

 

Desipramine, alpha-Hemolysin from Staphylococcus aureus and Sphingomyelinase 

from Bacillus cereus were purchased from Sigma (Kawasaki, Japan); GW4869 was 

purchased from Santa Cruz Biotechnology (Dallas, Texas, United States). 

 

 

4. Infection of Mus musculus and parasite burden determination in 

mice 

 

4.1. Mice 

Male C57BL/6J and BALB/c wild-type mice, aged 4-8 weeks, were purchased from 

Charles River Laboratories (Saint-Germain-sur-l’Arbresle, France). Mice were housed in 

the facilities of the iMM JLA, in specific pathogen-free environment and given water and 

food ad libitum. All in vivo protocols were approved by the ORBEA committee of the 

iMM JLA and were performed according to national and European regulations. 

 

4.2. Infection 

To infect mice using sporozoites, 20,000 parasites were suspended in 200 µL of 

simple DMEM and injected retro-orbitally into mice. To infect using blood transfusion, 

200 µL of blood containing 106 infected red blood cells were injected intra-peritoneally. 

 

4.3. Liver load determination 

At different time points after sporozoite infection (6h, 24, 48h after infection), 

livers of infected mice were collected into 3 mL of denaturing solution. Livers were then 

mechanically homogenized using 1 mm diameter silica beads (BioSpec Products, 
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Bartlesville, Oklahoma, United States) in MiniBeadBeater homogenizer (BioSpec 

Products) for 2min. 

Denaturing solution is composed of 4 M Guanidium Thiocyanite (Sigma), 25 mM 

Sodium Citrate (Sigma), 0.5% Sarcosyl (Sigma) in MilliQ water treated with DEPC (Sigma). 

After mechanical disruption of the tissue, 100 µL of homogenate was used to 

extract RNA, using NZY Total RNA Isolation Kit (NZYTech), as per manufacturer’s 

instructions. 1 µg of extracted RNA was converted into cDNA using NZY First-Strand 

cDNA Synthesis Kit (NZYTech), as per manufacturer’s instructions. cDNA was then used 

for quantitative Polymerase Chain Reaction (qPCR), by measuring the abundance of 

Pb18S RNA, compared to MmHprt RNA. 

 

4.4. Pre-patency determination 

For the detection of pre-patency of cKO parasites blood infection, mice were 

infected with 20,000 sporozoites and blood smears of these mice were checked every 

day for infected red blood cells until every mouse had a patent blood infection. 

 

4.5. Parasitemia determination 

Peripheral blood parasitemia was determined by thin blood smear (described in 

[388]). Briefly, a drop of blood from an infected mouse was smeared onto a glass slide 

(Marienfeld Superior). The blood smear was fixed in methanol (Merck Millipore, 

Burlington, Massachusetts, United States) for 30 seconds and air dried. Afterwards, the 

fixed blood smear was stained with 10% Giemsa stain solution (Sigma) for 5min, after 

which it was washed with water. Stained slides were examined in a bright-field 

microscopic (Olympus CX41, Olympus, Tokyo, Japan) to determine the number of 

infected red blood cells in at least 2.000 total red blood cells. Parasitemia was calculated 

as the percentage of infected red blood cells. 
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5. Infection of human hepatoma cell line HepG2 and live cell imaging 

 

5.1. Cells 

HepG2 (obtained from American Type Culture Collection) cells were cultured at 

37°C, with a 5% CO2 atmosphere, in Dulbecco’s Modified Eagles Medium (DMEM, Gibco, 

Thermo Fisher Scientific), supplemented with 10% Fetal Bovine Serum (Gibco), 1% 

glutamine (Gibco) and 1% penicillin/streptomycin (Gibco). 

For experimental setups, cells were rinsed with sterile Phosphate Buffered Saline 

(PBS, Gibco) and detached with TrypLExpress solution (Gibco) for 5min at 37°C. Trypsin 

activity was stopped by adding complete DMEM, where cells were suspended. Cells 

were filtered through a 40-µm Falcon cell-strainer (Thermo Fisher Scientific) and 

recovered by centrifuging at 1,200 rpm for 5min in a bench top centrifuge (Eppendorf 

5810R, Eppendorf). Cells were suspended in DMEM and counted in an hemocytometer. 

The number of seeded cells varied depending on the experimental procedure and the 

type of plate used (Table 1). When 24-well plates (Thermo Fisher Scientific) were used, 

No. 1 grade 12 mm diameter glass coverslips (VWR, Radnor, Pennsylvania, United 

States) were added to the well before cells were plated. After plating, cells were 

incubated at 37°C, with a 5% CO2 atmosphere. 

 

Table 1 - Number of cells used per procedure and plate type. 

Procedure Type of plate Number of cells Other 

Traversal and/or invasion assay 24-well plate 100,000 cells Coverslip optional 

Invasion assay Black 96-well plate 20,000 cells n/a 

Time course 24-well plate 50,000 cells Coverslip was used 

Time course Black 96-well plate 10,000 cells n/a 

Calcium influx 8 well ibidi plates 20,000 cells n/a 
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5.2. Infection of cells 

To infect cells, the appropriate number of sporozoites were suspended in 

complete DMEM and incubate with cells and centrifuged for 5min at 3,000 rpm. Cells 

were incubated for 2 hours at 37°C, with a 5% CO2 atmosphere, after which the medium 

was replaced by complete DMEM supplemented with 0.3% Fungizone (Gibco). 

For some experiments, drugs or rEXP2 protein was added during infection step. 

These materials were either added to the cells concomitantly with sporozoites or added 

to the cells 1 hour after the sporozoites. 

 

5.3. Transfection of cells and live imaging 

To image calcium entry, HepG2 cells were transfected with the Gcamp6f, a calcium 

reporter fluorescent plasmid (Addgene Plasmid #40755, Watertown, MA, USA), using 

FuGene 6 HD (Promega, Madison, WI, USA) and OptiMEM (Gibco). 48 h after 

transfection, cells were imaged in Zeiss Cell Observer widefield fluorescent microscope 

for 3min. After an initial 30s of imaging, the appropriate concentration of rEXP2 or 

vehicle control was added to the culture medium and cells were imaged for another 

150s. Fluorescence signal through time was normalized to the fluorescence at time -30s 

(Fi/F0). 

 

 

6. Immunofluorescence microscopy assays 

 

6.1. Time Course analysis 

To process cells and parasites for immunofluorescence assays, experiments are 

performed either on black glass-bottom 96-well plates (Greiner Bio-One, Kremsmünster, 

Austria), or on No. 1 grade 12 mm diameter glass coverslips. Cells and parasites were 

fixed at the appropriate time point in 4% paraformaldehyde (Santa Cruz Biotechnology) 
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for 10-20min at room temperature. Cell and parasite fixed material was then blocked 

and permeabilized with 5% Bovine Serum Albumin (BSA, NZYTech) 0.2% Saponin (Sigma) 

in PBS for, at least, 30min at room temperature. Cells and parasites were stained with 

the appropriate primary antibodies (Table 2), diluted in 5% BSA 0.2% Saponin, for 2 

hours, at room temperature in a humid chamber. Samples were washed 3 times with 

PBS for 10min. After washing, samples were stained with appropriate fluorescent 

secondary antibodies (Thermo Fisher Scientific), with 1 mg/mL Hoechst 33342 (Thermo 

Fisher Scientific), diluted in 5% BSA 0.2% Saponin, for 1 hour at room temperature in a 

humid chamber. Stained samples were washed 3 times with PBS for 10min. After the 

final wash, coverslips were mounted on glass slides using a drop of Fluoromount-G 

(Thermo Fisher Scientific). If black glass-bottom 96-well plates were being used, 50 µL 

of Fluoromount G would be placed on the stained well. 

For time course analysis, samples were imaged using either Leica DM5000B, Zeiss 

Axiovert 200M, Zeiss Cell Observer, all widefield fluorescence microscopes, using a 20x 

dry objective. 

 

6.2. Sporozoite staining 

To stain for EXP2, 50,000 sporozoites were incubated in DMEM medium 

containing or not FBS at 37°C on glass coverslips. After 30min of incubation, sporozoites 

were fixed in 4% paraformaldehyde for 10-20min at room temperature. Fixed 

sporozoites were permeabilized using ice-cold methanol for 5min at -20°C. After 

washing, sporozoites were blocked and stained as described before. 

Coverslips were imaged using Zeiss LSM 880 confocal point-scanning fluorescence 

microscope (Zeiss, Oberkochen, Germany), using 63x oil objective, GaAsP and Airyscan 

detectors. 
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6.3. Gliding assay 

For gliding assays 50,000 sporozoites were incubated in complete DMEM medium 

at 37°C on glass coverslips. After 30min of incubation, sporozoites were fixed in 4% 

paraformaldehyde for 10-20min at room temperature. Fixed sporozoites were blocked 

as described before and only stained with αCSP antibody (clone 3D11) [389] and an anti-

mouse secondary antibody and Hoechst. Coverslips were imaged using a Leica DM5000B 

widefield fluorescence microscope (Leica, Wetzlar, Germany) and 40x dry objective. 

Since CSP is shed in a circular fashion during sporozoite gliding, sporozoite motility 

can be quantified by counting the circles of CSP produced by each individual sporozoite. 

Sporozoites were divided into 3 groups (no trails; 1-10 trails; >10 trails) based on the 

number of CSP circles, termed trails, that it would display. 

 

6.4. In/out staining 

For invasion determination, sporozoites were incubated with cells for, at most, 2 

hours in complete DMEM medium at 37°C. At the appropriate time point, cells were 

fixed. Differently from the protocol explained before, fixed cells and parasites 

preparation were blocked using 5% BSA in PBS, without any permeabilizing agent. 

Samples were incubated with αCSP antibody (clone 3D11) [389] for 2h in humid 

chamber at 37°C, followed by washing with PBS. Afterwards, samples were 

permeabilized using 5% BSA 0.2% Saponin for 30min and incubated with αUIS4 antibody 

(Sicgen, Cantanhede, Portugal) for 2h in humid chamber at 37°C. After washing with PBS, 

samples were incubated with appropriate secondary antibodies for 1h in humid 

chamber. Samples were washed and mounted as described before. 

For in/out staining analysis, samples were imaged using either Leica DM5000B, 

Zeiss Axiovert 200M, Zeiss Cell Observer, all widefield fluorescence microscopes, using 

a 40x dry objective. 
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6.5. Image analysis 

All images were processed using FIJI software, version 1.52i [390] and macros 

written for each analysis to automate it. 

 

 

7. Flow Cytometry assays 

 

7.1. Invasion quantification 

To quantify invasion and/or traversal of P. berghei, 100,000 HepG2 cells were 

plated in 24-well plates. One day later, they were incubated with 50,000 sporozoites 

complete DMEM or RPMI at 37°C. Ethylenediaminetetraacetic acid (EDTA) or Calcium 

chloride were added to alter calcium concentration in the media. After two hours of 

incubation, cells were washed with PBS, and detached using TrypLExpress solution for 

5min at 37°C. Trypsin activity was stopped by adding 20% FBS in PBS and the suspension 

of cells was collected into 1.5 mL Eppendorf tubes (Eppendorf) or in Flow Cytometry 

tubes (Thermo Fisher Scientific). Cells were kept on ice, until being analyzed by Flow 

Cytometry, either in BD Accuri C6 or in BD LSR Fortessa Cytometers (Becton Dickinson, 

Franklin Lakes, New Jersey, United States). 

Invasion of the parasite was ascertained by Flow Cytometry only when GFP-

expressing sporozoites were used. Infected cells are detected because of the GFP has 

Excitation/Emission maxima at 488/510nm, as described in [391] (an example of the 

gating strategy used is in Figure 14). 

 

7.2. Traversal quantification 

To quantify the level of traversal, HepG2 cells and sporozoites were incubated in 

the presence of 0.5 mg/mL of 10,000 kDa Dextran-Rhodamine (Thermo Fisher Scientific) 

in complete DMEM or RPMI at 37°C. EDTA or Calcium chloride were added to alter 
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calcium concentration in the media. The dextran molecule is passively taken up by cells 

that have been traversed and is detected because of the Rhodamine dye, that has 

Excitation/Emission maxima at 570/590nm, as previously described in [244,391] (an 

example of the gating strategy used is in Figure 14). 

 

7.3. Permeability assay 

To address the pore-forming ability of rEXP2 protein, we optimized a protocol 

based on [151,392–394]. Briefly, 50.000 HepG2 cells are suspended in Calcium-complete 

DMEM in the presence or absence of 2.5 mM EDTA or in Calcium-free DMEM. rEXP2 is 

added to the cells, at different concentrations, while on ice. Cells are incubated with 

protein on ice for 5min. After these 5min, Propidium Iodide or ToPro-3 (Thermo Fisher 

Scientific) were added to the sample, at final concentration of 50 µg/mL, and cells are 

transferred to 37°C for 10min. After this incubation, cells are put back on ice, until 

analysis by Flow Cytometry, on either BD Accuri C6 or in BD LSR Fortessa Cytometers 

(example of the gating strategy in Figure 15). 

 

Figure 14- Example of the strategy used to analyze invasion and traversal of HepG2 cells at 

2h after infection. This sample was acquired in the BD Accuri C6 cytometer and analyzed in 

FlowJo V10. 
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7.4. Analysis of Flow Cytometer data 

Analysis was performed using FlowJo software, version 10 (FlowJo LLC, Ashland, 

Oregon, United States). 

 

 

8. Nucleic acid extraction and analysis 

 

8.1. RNA extraction from cultures cells and cDNA synthesis 

At the appropriate point of the experiment, cells were washed with PBS, and 

detached using TrypLExpress solution for 5min at 37°C. Trypsin activity was stopped by 

adding complete DMEM the suspension of cells was collected into 1.5 mL Eppendorf 

tubes and pelleted by centrifugation at 2,000 rpm for 5min. Pelleted cells were then 

lysed and RNA was extracted using NZY Total RNA Isolation Kit (NZYTech), as per 

manufacturer’s instructions. 1 µg of extracted RNA was converted into cDNA using NZY 

Figure 15 - Example of the strategy used to analyze cells that have a permeabilized plasma 

membrane. This sample was acquired in the BD Accuri C6 cytometer and analyzed in FlowJo 

V10. 
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First-Strand cDNA Synthesis Kit (NZYTech), as per manufacturer’s instructions. cDNA was 

then used for quantitative Polymerase Chain Reaction (qPCR). 

 

8.2. Sporozoite gDNA extraction 

After sporozoite dissection from salivary glands, these would be pelleted by 

centrifugation in a tabletop centrifuge (Eppendorf) at maximum speed for 15min. 

Genomic DNA was purified using NZY Blood gDNA Isolation kit (NZYTech). 

 

8.3. Gene abundance analysis 

cDNA and gDNA abundance were analyzed using either ViiA 7 (384-well plates) or 

7500Fast (96-well plates) Real-Time PCR Systems (Thermo Fisher Scientific) using iTaq 

Universal SYBR Green Supermix (Bio Rad). Analysis of results was performed using the 

ΔΔCT method: 

∆𝐶𝑡 =  𝐶𝑡
𝐺𝑒𝑛𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡

− 𝐶𝑡
𝐻𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑝𝑖𝑛𝑔 

∆∆𝐶𝑡 = ∆𝐶𝑡
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − ∆𝐶𝑡

𝐶𝑜𝑛𝑡𝑟𝑜𝑙 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐺𝑒𝑛𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =  2[∆∆𝐶𝑡] 

 

 

9. Proteins extraction and analysis 

 

For preparation of samples from blood stages, BALB/c mice were infected with 

either GFP-expressing P. berghei ANKA (PbGFP) or with P. berghei NK65 EXP2-HA 

(PbEXP2-HA) and parasites were allowed to multiply until reaching a parasitemia of 

approximately 10%. Mice were sacrificed using isoflurane overdose and blood was 

removed by heart puncture. Red blood cells were suspended in PBS and pelleted by 

centrifugation at 450g for 5min without break. Pelleted red blood cells were lysed using 
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0.05% Saponin with cOmplete Protease Inhibitor Cocktail (Sigma) in PBS for 5min of ice. 

Parasites were pelleted at 2500g for 5min and were lysed in 500 µL of RIPA buffer with 

1% SDS for 2h on ice. 

For sporozoite stage samples, sporozoites were dissected as described before and 

purified using a protocol described in [395]. Briefly, dissected sporozoites were purified 

from mosquito debris by performing a gradient centrifugation in 17% Accudenz (Progen, 

Heidelberg, Germany) solution at 2,500g for 20min without break. After the 

centrifugation, parasites (less dense than Accudenz) are retained at the top of solution, 

whereas debris (denser than Accudenz) are pelleted to the bottom of the tube. 

Sporozoites were collected and centrifuged to remove excess Accudenz at max speed 

for 10min. 

Purified sporozoites would be counted and stimulated with or without fetal calf 

serum (FCS) at 37C°C or would be kept on ice. Sporozoites and secreted proteins would 

be separated by a centrifugation at max speed for 10min and sporozoites were lysed 

with RIPA buffer with 1% SDS for 1h on ice. 

RIPA buffer with 1% SDS was composed of 50 mM Tris-HCl (NZYTech), 150 mM 

NaCl (Sigma), 5 mM EDTA (Sigma), 10 mM NaF (Sigma), 1% Triton X-100 (USB 

Corporation, Cleveland, Ohio, United States), 0.5% Sodium Deoxycholate (AppliChem, 

Maryland Heights, Missouri, United States), 1% SDS (Sigma). Following lysis, NuPAGE 

loading dye (Thermo Fisher Scientific) and β-mercaptoethanol (to a final concentration 

of 10%, Sigma) were added to all samples. 

Samples were separated by 8-12% in Acrylamide gels and transferred to 0.2 µm 

pore-sized Nitrocellulose membranes (Bio-Rad, Warszawa, Poland). Membranes were 

placed inside Falcon tubes and blocked with 5% skim-milk (Nestle, Vevey, Switzerland) 

overnight at 4°C, on a tube roller. Membranes were then incubated with the appropriate 

primary antibodies, diluted in 5% skim milk, for 1 hour at room temperature. 

Membranes were washed with 0.1% Tween 20 (sigma) in PBS 5 times for 5 minutes. 

Membranes were then incubated with the appropriate secondary antibodies, 

conjugated to Horseradish Peroxidase (Jackson ImmunoResearch Laboratories, West 

Grove, Pennsylvania, United States), diluted in 5% skim milk, for 1 hour at room 
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temperature, after which they were washed again 5 times for 5 minutes. Western blots 

were revealed using Amersham ECL Prime Blotting Detection Reagent (GE Healthcare, 

Little Chalfont, United Kingdom) on the ChemiDoc XRS+ system (Bio-Rad). 

 

 

10. Electron Microscopy 

 

Immuno-electron microscopy of purified parasites was performed according to 

Tokuyasu technique. Briefly, the pellet was chemically fixed in 0.1 M phosphate buffer 

containing 2% formaldehyde and 0.2% glutaraldehyde, embedded in food-grade 

gelatine and cryopreserved in 2.3 M sucrose. Gelatine blocks were shaped in cubes and 

froze in liquid nitrogen and sectioned at −110°C using a cryo-ultramicrotome (UC7 and 

FC7, Leica) to generate 70 nm sections. Sections were collected and thawed in a mixture 

of 2.3M sucrose and 2% methylcellulose. Immuno-labelling was done in 1% Bovine 

Serum Albumin and 0.8% gelatine from cold water fish skin in PBS with rabbit αEXP2 

primary antibody (1:500) and 15nm gold coupled Protein A (CMC Utrecht, The 

Netherlands, 1:50). After immuno-labelling, the sections were stained and mounted in 

a mixture of 3% (aq.) uranyl acetate and 2% methylcellulose. Images were recorded 

using a Hitachi H-7650 electron microscope (Hitachi, Tokyo, Japan) at 100 kV 

acceleration. Electron Microscopy  

 

 

11. Statistical analysis 

 

Statistical analysis was performed using GraphPad Prism 8 software. Student t-test 

was used to assess significance of differences observed between two groups. Non-linear 

regression was performed to assess Desipramine and GW4869 inhibitory effects on 

invasion. 
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Primary Antibody Table 

 

Table 2 - List of Primary antibodies used in this study. When an antibody was not used for a given technique, its dilution will say non-applicable (n/a).  

 

Antibody against… Raised in … Clone 
Dilution used in… 

Reference Obtained from… 
IFA WB ImmunoEM 

PbCSP Mouse 3D11 1:300 1:2000 n/a [389] The Malaria Research and Reference Reagent Resource (MR4) 

PbHSP70 Mouse 2E6 1:300 1:1000 n/a [396] MR4 

PfEXP2 Mouse 7.7 1:500 n/a n/a [383] European Malaria Reagent Repository 

PfEXP2 Rabbit Polyclonal 1:1000 n/a 1:500 [330] Gift from the laboratory of Tania de Koning-Ward 

PbUIS4 Goat Polyclonal 1:1000 n/a n/a n/a Sicgen 

PbTRAP Rabbit Polyclonal 1:1000 1:2000 n/a n/a Gift from the laboratory of Joana Tavares 

PfRON4 Mouse Monoclonal 1:100 n/a n/a n/a Gift from the laboratory of Margarida Ruivo 

PbBiP Rabbit Polyclonal n/a 1:2000 n/a [397] GeneScript 
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Primer List 

Table 3 - List of Primers used in this study. All primers were ordered from Sigma and were suspended to 100 µM in RNase- and DNase-free water. 

 

Number Sequence (5' --> 3') Species Target gene Reference Application 

P01 AAGCATTAAATAAAGCGAATACATCCTTAC P. berghei 18s [279] Liver load determination 

P02 GGAGATTGGTTTTGACGTTTATGTG P. berghei 18s [279] Liver load determination 

P03 TTTGCTGACCTGCTGGATTAC H. sapiens / M. musculus HPRT/Hprt [398] Liver load determination 

P04 CAAGACATTCTTTCCAGTTAAAGTTG H. sapiens / M. musculus HPRT/Hprt [398] Liver load determination 

P05 GTTGGTTCGCTAAACTGCATC H. sapiens DHFR [399] SSR genotyping 

P06 CTGTTTACCTTCTACTGAAGAGG H. sapiens DHFR [399] SSR genotyping 

P07 TGCAGCAGATAATCAAACTC P. berghei hsp70 [399] SSR genotyping 

P08 ACTTCAATTTGTGGAACACC P. berghei hsp70 [399] SSR genotyping 

P09 ACGATCCAGGTTTGATTG P. berghei exp2 [400] Expression (qPCR) 

P10 TGGTAATAGTGGGACATTC P. berghei exp2 [400] Expression (qPCR) 

P11 ATTGCTCAACCTTATCAAACTG P. berghei serine tRNA ligase [401] Expression (qPCR) 

P12 AGCCACATCTGAACAACCG P. berghei serine tRNA ligase [401] Expression (qPCR) 

P13 GGCCCACATTTGGGAAAGTT H. sapiens SMPD1 this study Expression (qPCR) 

P14 TTCACCGGATGATCTTGCCT H. sapiens SMPD1 this study Expression (qPCR) 

P15 GTGGAGTAGTCTTTAAGG P. berghei gap45 [400] Expression (qPCR) 

P16 GTGGAGTAGTCTTTAAGG P. berghei gap45 [400] Expression (qPCR) 

P17 TGCCTCATAAAATAAACCCA P. berghei adenylosuccinate lyase [401] Expression (qPCR) 

P18 TCGTAAAACTGTTGAATCGG P. berghei adenylosuccinate lyase [401] Expression (qPCR) 

P19 CCAAACCAAGCGATCATACATACAG P. berghei uis4 [400] Expression (qPCR) 

P20 CTTCACCCACTAAATCGCTTAATTC P. berghei uis4 [400] Expression (qPCR) 

P21 ATTTGGGTTGATGGTTATTG P. berghei ama1 [402] Expression (qPCR) 

P22 TCCTTGTCGAAATTTGGTAG P. berghei ama1 [402] Expression (qPCR) 
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P23 AGGGAAGACATCCATTCCAAATTGG P. berghei exp1 [400] Expression (qPCR) 

P24 TGAAGATTTGGCATGTTAAGTGGTG P. berghei exp1 [400] Expression (qPCR) 
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1. EXP2 is necessary for the invasion of hepatocytes by Plasmodium 

sporozoites 

 

The liver stage of infection is a complex stage of the life cycle of Plasmodium 

parasites. It is the transition phase between the mosquito vector and the blood stage of 

infection and, for the newly formed sporozoites it is crucial that invasion and colonization 

of the liver is successful. Moreover, once inside the hepatocyte, the parasite must change 

first from the long and slender sporozoite to the spherical exoerythrocytic form and later 

to the blood infections merozoites. To assess the function of EXP2 during the liver stages 

of Plasmodium infection, we used a conditional gene deletion system, where the deletion 

of the EXP2 gene happens during the mosquito stages of Plasmodium infection [365], the 

stage that precedes the liver stage. These parasites express a Flp recombinase from yeast 

under the control of the mosquito and liver stage gene, Up-regulated in Infective 

Sporozoites 4 (UIS4) [385,386]. Also, the EXP2 locus of these parasites has been altered to 

feature FRT sequences on its 3’ untranslated region of the locus, achieving the EXP2 

conditional Knock-Out parasite line (EXP2 cKO). Using this system, we expect to achieve an 

EXP2 locus that lacks its final region, causing it to stop being expressed. Effectively, we will 

obtain EXP2 KO sporozoites, that will enable us to study the liver stages. As a control, we 

will use a parasite line that has its EXP2 locus featuring the FRT sequences but that does 

not express the Flp Recombinase (WT parasites). 

 

1.1. EXP2 is important during the liver stage, yet, not for parasite maturation 

To question wether EXP2 would be important during the liver stages of Plasmodium 

infection, we infected C57Bl6/c mice with either WT or EXP2 cKO sporozoites, dissected 

from infected mosquitos. At 6 hours, 24 hours and 48 hours after infection, we sacrificed 

the infected mice and collected their livers. RNA was extracted from these livers and the 

relative abundance of Pb18s rRNA compared to the mouse hypoxanthine-guanine 

phosphoribosyltransferase (MmHprt) housekeeping gene. When compared to infection 

with WT parasites, the EXP2 cKO parasites show reduced liver infection, starting at 6 hours 
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after infection until 48 hours after infection (Figure 16). The decrease in liver load for the 

first time point, 6 hours after infection, suggests that EXP2 cKO parasites might have a 

defect in colonization of the host liver (Figure 16 – left graph). This can be explained by a 

defect in the infection of hepatocytes. Another possibility might be that parasites lacking 

EXP2, might lack the function the PTEX complex, which in the blood stage is responsible for 

the export of parasite proteins to the cytoplasm and membrane of erythrocytes [330]. 

During the liver stage, the PTEX could export proteins that prevent parasite elimination by 

the immune system of the infected mice or by the cell autonomous response of the infected 

cell. 

To ascertain if the parasites where being eliminated by the immune system, we used 

WT and EXP2 cKO sporozoites to infect HepG2 cells, in an in vitro culture system [403]. After 

infection, we fixed the HepG2 cells, stained the parasites using the PVM marker UIS4 [404], 

and counted the number of infected cells at each time point. We fixed the cells as early as 

Figure 16 – Parasite liver load in infected mice at different hours after infection. C57Bl/6c mice 

were infected with 20,000 WT (white bars) or EXP2 cKO (blue bars) sporozoites and sacrificed at 

different hours after infection. RNA was extracted from livers of infected mice and parasite liver 

load was assessed by qPCR for Pb18s rRNA, compared to MmHprt. For each time point, the parasite 

liver load was normalized to the values obtained for infections using WT parasites. (N=10 for 6 hours 

after infection, N=15 for the other time points, mean ± standard error of the mean (sem)). 
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2 hours after infection to account for the invasion of HepG2 cells; 12 and 24 hours after 

infection to account for sporozoite differentiation from long and slender sporozoite to 

spherical EEF; and finally we fixed cells at 48 and 55 hours after infection to verify if 

parasites were replicating normally. We observe that the number of infected cells is 

reduced from 2 hours after infection, by approximately 50% (Figure 17 – left panel). 

Interestingly, this reduction in infected cells is kept constant during the remainder of the 

liver stage (Figure 17 – remaining panels). This suggests that the EXP2 cKO parasites might 

pass through a selection barrier early during the infection process, that once crossed, is not 

able to affect the parasite EXP2 cKO parasites anymore. These results are comparable to 

the ones obtained during the infection of C57Bl/6c mice (Figure 16). The in vitro 

experiments also suggest that the immune system might not be needed for the elimination 

of these parasites, as the immune system is absent in in vitro experiments. 

Such an early defect in establishment of infection by EXP2 cKO parasites, hints at a 

function of EXP2 in the sporozoite.  As such, we decided to quantify the proportion of EXP2 

Figure 17 – Number of infected HepG2 cells at different hours after infection. HepG2 cells were 

infected with WT (white bars) or EXP2 cKO (blue bars) sporozoites, fixed, stained for the PVM 

marker UIS4, and the number of infected cells was counted for different hours after infection using 

widefield fluorescence microscopy. For each time point, the number of infected cells was 

normalized to the values obtained for infections using WT parasites. (N=5, mean ± sem). 
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cKO parasites that would still express the EXP2 protein. For this, we dissected WT and EXP2 

cKO sporozoites and performed immunofluorescence analysis (IFA), staining for the EXP2 

protein. When analyzing WT sporozoites, we observed that EXP2 is present in the cytosol 

of the sporozoite, in a punctucated pattern (Figure 18 – top panels). On the EXP2 cKO 

parasites, interestingly, we observe that approximately 50% of the EXP2 cKO sporozoites 

show EXP2 staining similar to WT parasites (Figure 18– middle panel) and that 50% of the 

EXP2 cKO sporozoites show no EXP2 staining (Figure 18– bottom panel). This indicates that 

the FRT/Flp system is not very efficient considering that only 50% of the sporozoites are 

effectively KO for EXP2. Curiously, these 50% of WT parasites in the EXP2 cKO population 

might be the same fraction of parasites that are observed developing inside HepG2 cells 

(Figure 17 – left panel). 

Interestingly, the EXP2 cKO population become increasingly enriched in parasites 

lacking EXP2 protein (as detected by IFA) as the liver stage progresses. Whereas 50% of 

EXP2 cKO sporozoites show EXP2 protein, only less than 5% of the exoerythrocytic forms 

Figure 18 - EXP2 staining in WT and EXP2 cKO sporozoites. Freshly dissected sporozoites were fixed 

and permeabilized with ice-cold methanol at -20°C for 5 minutes. Sporozoites were stained with 

anti-EXP2 (green) and anti-CSP antibodies (red) and the DNA dye Hoechst (blue). (Scale bars: 5 µm). 
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observed at 24 hours and 48 hours after infection are positive for the EXP2 protein when 

developing inside HepG2 cells (Figure 19). These results show that the conditional deletion 

system is leaky at the sporozoite stage and that it continues throughout the liver stage 

(Figure 19). This progressive deletion of the EXP2 locus can be explained by the expression 

of the UIS4 gene, which starts at the sporozoite stage [405] and is kept during the liver 

stage [404].  

Figure 19 – Expression of EXP2 at EEFs at 24 and 48 hours after infection and proportion of 

parasites with EXP2 at different stages of infection. Top, HepG2 cells were infected with either WT 

or EXP2 cKO sporozoites, fixed at 24h and 48 hours after infection and were stained with anti-UIS4 

(red) and anti-EXP2 (green) antibody. (Scale bar: 50 µm). Bottom, proportion of WT (white bars) or 

EXP2 cKO (blue bars) parasites with EXP2 protein at different stages of infection. (N=3, mean ± sem). 
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However, the lack of the EXP2 protein do not seem to hinder the development of 

EXP2 cKO parasites. Indeed, from 24 hours to 48 hours after infection, most EXP2 cKO EEFs 

develop normally inside the infected cell, both in terms of number (Figure 17) and also in 

terms of growth. EXP2 cKO parasites grow to the same extent as the WT parasites during 

the same time interval (from 80 µm2 to 400 µm2, Figure 20) as quantified by measuring the 

PVM area (delimited by UIS4 staining) in infected cells. This suggests that parasites lacking 

EXP2 during the liver stage develop normally inside a cell. 

This raises the question if there is any protein export during the liver stage. Two 

possibilities arise. First, protein export might not be needed during the liver stages. The 

parasite are infecting a nucleated cell, with ability to respond to a number of alterations 

induced by the parasite. As such, there might be no need for the parasite to alter the 

surface of the hepatocyte nor its metabolic pathways, the major alterations during the 

blood stage of infection [302]. Secondly, protein export might still happen but through a 

different mechanism. The current understanding of protein export during the blood stages 

Figure 20 – Size of exoerythrocytic forms in HepG2 cells at different hours after infection. HepG2 

cells were infected with WT (white boxplots) or EXP2 cKO (blue boxplots) sporozoites, fixed, stained 

for the PVM marker UIS4, and the size of parasites, in µm2, was measured for different hours after 

infection using widefield fluorescence microscopy. (N=5, boxplot represent the 25%, 50% and 75% 

quartile, with the minimum and maximum values shown by the bars). 
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suggests that the PTEX, and the EXP2 pore, is the only mechanism Plasmodium parasites 

possess to export proteins [322]. It is possible that protein export during the liver stages 

happens through a different molecular mechanism. The lack of knowledge about protein 

export durign the liver stages makes it difficult to study what are the consequences of EXP2 

deletion as there are no known exported protein to verify. 

Apart from these two hypothesis, these results suggest that EXP2 is not needed 

during the liver stage, apart from the initial stages of infection. In fact, we measured EXP2 

mRNA expression during the liver stages of Plasmodium infection, and we observed that 

the EXP2 gene is progressively down-regulated during the liver stage, only peaking at the 

last time point measured, 55 hours after infection (Figure 21 – left panel). This last time 

point is probably more related to the preparation of the parasite to the ensuing blood 

stage, rather than development during the liver stage. AMA1, an important protein for the 

invasion of merozoites, follows a similar pattern to EXP2, as it is down-regulated during the 

liver stage, peaking at 55 hours after infection (Figure 21 – middle panel). On the other 

hand, UIS4, the PVM marker, is progressively down-regulated during the liver stage, not 

Figure 21 – Expression of EXP2, AMA1 and UIS4 genes during liver stages of Plasmodium infection. 

EXP2 (white bars), AMA1 (red bars) and UIS4 (blue bars) gene expression was analysed by qPCR, 

compared to the expression of 3 Plasmodium genes (18s, serine-tRNA-ligase and adenylosuccinate 

lyase) for HepG2 cells infected with WT parasites at different hours after infection. Expression 

values for each gene were normalized to expression at 12 hours after infection. (N=2, mean ± sem). 
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peaking at the end of the liver stage as it happens with the other two proteins (Figure 21 – 

right panel).  

 

Concluding, EXP2 seems to be important during the initial stages of Plasmodium 

berghei liver stages, as its deletion compromises the colonization of both livers of mice and 

the HepG2 cell line. However, Plasmodium parasites lacking EXP2 protein develop normally 

inside HepG2 cells and possibly in the livers of infected mice as well.  
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1.2. EXP2 is important for cell invasion, but not for either gliding motility or traversal 

On the previous section, we have established that parasites lacking EXP2 are hindered 

in their ability to infect the HepG2 cell line. However, the ability to infect a cell is a blend of 

three different phenomena, gliding motility, traversal capacity and invasion itself. If the 

parasite is defective on one (or more) of these characteristics, it might explain is difficulty 

in infecting a cell or the mouse liver. 

The first ability of the sporozoite we tested was the gliding motility. Apicomplexan 

parasites show a type of motility, termed gliding, due to the glideosome, a protein complex 

that links the cytoskeleton to the IMC and to the plasma membrane of the parasite [184]. 

This protein complex is responsible for moving surface proteins of the parasite from the 

apical end of the sporozoite to the basal end. These bind to a variety of substrates, including 

glass and plastics used in cell culture tools, and, once they reach the basal end of the 

parasite, are released and remain adherent to the substrate [406] (Figure 22, left panel). 

Figure 22 – Gliding motility of WT or EXP2 cKO sporozoites. Freshly dissected salivary gland WT 

(white and different shades of grey bars) or EXP2 cKO (different shades of blue bars) sporozoites 

were incubated in a glass coverslip at 37°C in the presence of complete DMEM medium. After 30 

minutes of incubation, coverslips were stained using αPbCSP antibody, to detect trails of this 

protein on the glass coverslip. Sporozoites and trails were imaged using widefield fluorescence 

microscopy. Parasites were stratified into groups of parasites that showed no trails of CSP (bottom 

bars), 1 to 10 trails (middle bar) and more than 10 trails of CSP (top bars) as shown on the 

micrograph on the right (scale bar 50 µm). (Representative image of 3 independent experiments). 
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In the case of Plasmodium sporozoites, the major surface protein is CSP protein, 

which is released by the sporozoite as it glides [407]. Because sporozoites have a concave 

shape, their motility is circular. As such, sporozoites leave behind circles of CSP protein, 

which can be imaged and counted to identify how much the parasite moved or glided 

(Figure 22, left panel). We decided to divide the motility of parasites into three categories: 

parasites that did no glide (no trails were counted), parasites that showed 1 to 10 circles of 

CSP (1 – 10 trails) or parasites that showed more than 10 circles of CSP (> 10 trails). 

When we compared WT parasites to EXP2 cKO parasites, we can observe that the 

proportions of sporozoites that fit into one of these three categories is similar between the 

two parasite lines (Figure 22, right panel), suggesting that gliding motility is unaffected by 

the lack of EXP2 this protein. This was expected since the proteins that make up the 

glideosome have been studied in detail without any documentation of EXP2. 

The next process the sporozoite needs to perform for infection is the traversal of 

cells. This process is unique to Plasmodium parasites, where the parasite passes through a 

cell, wounding the membrane of the cell, without infecting it [244,265]. To test if WT or 

EXP2 cKO parasites have the same capacity to traverse HepG2 cells, we incubated these 

parasites with cells in the presence of a fluorescent dextran molecule [391]. A normal 

cellular membrane is impermeable to this fluorescent dextran, with a molecular weight of 

10,000 kiloDaltons, which can only be uptaken by a cell through membrane damage. After 

flow cytometry analysis, we detected almost no difference in the number of traversed cells 

by either WT or EXP2 cKO parasites (Figure 23). 

There seems to be a slight increase in the number of traversed cells when cells are 

exposed to EXP2 cKO sporozoites, but this increase fails to be statistically significant. 

Importantly, it is reminiscent of earlier reports of P36 and P36p knock-out parasites, that 

showed a correlation between a lower number of infected cells to an increased number of 

traversed cells [270]. 

To conclude, the first two phenomena that precede invasion of the hepatocyte by 

Plamodium sporozoites are normal in the EXP2 cKO parasite line, when compared to WT 

parasites. 
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Figure 23 – Traversal ability of WT and EXP2 cKO sporozoites. Freshly dissected salivary gland WT 

(white bar) or EXP2 cKO (blue bar) sporozoites were allowed to traverse HepG2 cells at 37°C in the 

presence of complete DMEM medium supplemented with 0.5 mg/mL dextran-rhodamine. After 2 

hours of incubation, HepG2 were trypsinized and analysed by flow cytometry for the staining of 

rhodamine. At least 20,000 cells were analysed for each experiment. (N=9, mean ± sem). 
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1.3. EXP2 is critical for the invasion of the hepatocyte 

The last of the three phenomena that culminate in infection of the hepatocyte is the 

invasion of the soon-to-be-infected cell. To assess if EXP2 cKO sporozoites were defective 

in the invasion step, we incubated WT or EXP2 cKO sporozoites with HepG2 cells and fixed 

them at 2 hours after infection. To assess invasion of sporozoites, we stained the samples 

using two sets of parasite markers, one for the membrane of the sporozoite (CSP) and 

another for the PVM marker (UIS4) (Figure 24, right panels). This allows us to distinguish 

from the total sporozoite population (observed using CSP staining), which sporozoites had 

in fact invaded HepG2 cells, as these would show staining for both UIS4 and CSP proteins 

(termed intracellular). When comparing the number of extracellular sporozoites (Figure 24, 

left panel), we observe that 75% of EXP2 cKO sporozoites were found outside cells, showing 

only CSP staining, when compared to only 50% WT sporozoites. Conversely, whereas 

approximately 50% of total WT sporozoites were found inside HepG2 cells, surrounded by 

the PVM marker UIS4, only 25% of total EXP2 cKO sporozoites were found with the UIS4 

marker around. This suggests that EXP2 cKO sporozoites are unable to invade HepG2 cells. 

Figure 24 - Number of extracellular and intracellular sporozoites 2 hours after infection of HepG2. 

HepG2 cells were infected with WT (white and gray bars) or EXP2 cKO (light blue and darker blue 

bars) sporozoites, fixed, stained for the PVM marker UIS4 and the sporozoites membrane marker 

CSP, and the number of extracellular (only CSP positive sporozoites, darker bars) and intracellular 

(both CSP and UIS4 positive sporozoites, lighter bars) were counted using widefield fluorescence 

microscopy, as shown in the representative micrographs on the right. (N=3, mean ± sem). 
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To better assess the temporal resolution of the possible defect in invasion, we 

incubated WT or EXP2 cKO parasites with HepG2 cells and fixed them at different time 

points after infection, until 2 hours or 120 minutes. This time interval has been shown to 

be when sporozoites invades cells in vitro [265]. As before, we consider that a parasite has 

invaded if it has a PVM surrounding itself, which we can visualize by staining for the PVM-

resident protein UIS4. 

When comparing WT or EXP2 cKO parasites, we observe that the WT parasite invades 

cells to a higher extent that the EXP2 cKO parasites (Figure 25). Indeed, the difference 

between these two parasites lines is already visible at 60 minutes after infection and is kept 

throughout time, until the end of the invasion step. 

To further validate that the lack of EXP2 would be responsible for a defect in invasion 

of HepG2 cells, we took advantage of the leakiness of the FRT/Flp conditional knock-out 

system. For every sporozoite dissection and invasion assay, we have a different level of 

excision of the EXP2 locus, which we can quantify by qPCR, by analyzing the genomic DNA 

of the sporozoites used in each experiment. 

Figure 25 – Number of infected HepG2 cells at different minutes after infection. HepG2 cells were 

infected with WT (white bars) or EXP2 cKO (blue bars) sporozoites, fixed, stained for the PVM 

marker UIS4, and the number of infected cells was counted for different minutes after infection 

using widefield fluorescence microscopy. The number of infected cells at each time was normalized 

to values obtained using WT parasites at 120 minutes after infection. (N=3, mean ± sem). 
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We decided to test if the level of excision of the EXP2 locus would correlate to the levels 

of invasion observed in by the EXP2 cKO parasites. We observe that there is a linear 

correlation between the levels of unexcised sporozoites in the EXP2 cKO population with 

the invasion capacity of the parasites (Figure 26). This means that if EXP2 cKO parasite 

population has more WT parasites, it is more invasive. Conversely, if EXP2 cKO parasite 

population has more KO parasites, the less invasive it becomes (Figure 26). Interestingly, 

the correlation values are not 1 (perfect correlation) and the plotted curve cannot fully 

explain the invasion rate of EXP2 cKO parasites using the gDNA quantification alone. This 

means that some EXP2 genetically-KO parasites might still retain their invasive capacity, 

possibly due to a build up to EXP2 mRNA or protein before the excision event took place, 

that makes the parasite functionally-WT. 

It is curious to note that only a small fraction of parasites (for WT and EXP2 cKO parasite 

lines) invade cells after 30 minutes of incubation, only committing to invasion from 60 

Figure 26 – Correlation between WT prevalence in the EXP2 cKO population and its invasion rate. 

Genomic DNA was extracted from WT and EXP2 cKO parasites during each experiment and the 

proportion of unexcised parasites in the EXP2 cKO sporozoite population was assessed by qPCR. 

These proportions (X-axis) are plotted to invasion rate of EXP2 cKO parasites, when compared to 

WT parasites (Y-axis) for each experiment. The equation on the figure represents the equation of 

the linear regression performed on the data (shown as a dashed line). (Each dot represents one 

independent experiment, N=16). 
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minutes onwards (Figure 25). To assess if this would be an off-target of manipulating the 

EXP2 locus, we performed the same experiment with another P. berghei parasite line, that 

has an unperturbed EXP2 locus [387]. To our reassurance, this P. berghei parasite line 

follows the same temporal dynamics of infection as do the WT and EXP2 cKO parasite lines 

(Figure 27 – left side of the graph), few parasites infected cells before 45 minutes after 

incubation of parasites with cells. This result is in line with previous results that show that 

Plasmodium sporozoite traverse cells during their first hour in contact with them, only 

committing to invasion afterwards [265]. To examine if cell traversal is indeed delaying 

invasion of HepG2 cells, we repeated the same experiment with SPECT1 KO parasites that, 

despite not being able to traverse cells, are as effective as WT parasites in invading them 

[260]. To our surprise we observe that SPECT1 KO sporozoites follow the same temporal 

dynamics as all the parasite lines tested by us (Figure 27 – right side of the graph). For the 

first 45 minutes of incubation, very few parasites invade cells; this event only starts at 45 

minutes and lasts until 90 minutes. 

Figure 27 – Number of infected HepG2 cells at different minutes after infection. HepG2 cells were 

infected with WT (white bars) or Spect1 KO (dark yellow bars) sporozoites, fixed, stained for the 

PVM marker UIS4, the number of infected cells was counted for different minutes after infection 

using widefield fluorescence microscopy. For each parasite line, the number of infected cells was 

normalized to the values obtained for infections at 120 minutes after infection. (N=3, mean ± sem). 
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To understand if EXP2 would be playing a role in this delayed invasion phenomenon, 

the decided to analyze EXP2 mRNA expression by qPCR in sporozoites during the invasion 

time frame. We decided to focus on 3 time points: 30 minutes post incubation with cells 

(very little invasion), 60 minutes post incubation (invasion starts) and 120 minutes post 

incubation (invasion has finished). EXP2 mRNA dynamics seems to precisely follow the 

dynamics of invasion, peaking at 60 minutes post incubation and decreasing at the last time 

point (Figure 28). This dynamic is unexpected and does not follow other invasion related 

proteins. For example, glideosome-associated protein 45 (GAP45) mRNA levels are kept 

constant during the first steps (there is possibly sufficient levels of this gene in the 

sporozoite when it resides the salivary gland) is down-regulated only at the end of the 

invasion process (Figure 28). This down-regulation is expected given that the IMC is 

destroyed by the parasite, after invasion of the cell [408]. On the other hand, exported 

protein 1 (EXP1) mRNA expression is steadily upregulated has invasion starts and the 

parasites is effectively inside the host cell (Figure 28). This also correlates with the possible 

Figure 28 – Expression of EXP2, GAP45 and EXP1 genes during invasion stages of Plasmodium liver 

infection. EXP2 (white bars), GAP45 (orange bars) and EXP1 (purple bars) gene expression was 

analysed by qPCR, compared to the expression of 3 Plasmodium genes (18s, serine-tRNA-ligase and 

adenylosuccinate lyase), for HepG2 cells infected with WT parasites at different minutes after 

infection. Expression values for each gene were normalized to expression at 30 minutes after 

infection. (N=3, mean ± sem). 
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importance of EXP1 during the liver stages, where it is found in the PVM of the parasite 

[363,409]. 

The peak of EXP2 expression at 1 hour after interaction with cells, together with the 

fact that levels EXP2 correlate with invasion, firmly support the fact that parasites require 

EXP2 to successfully invade cells. Once inside, parasites seem not to require EXP2 for 

parasite growth and multiplication. 

 

To conclude the first section, we have established that sporozoites require EXP2 protein 

for invasion of the hepatocytes. Levels of EXP2 mRNA positively correlate with invasion rate 

of the EXP2 cKO parasite population. Moreover, once EXP2 cKO parasites are inside cells, 

EXP2 does not seem to be necessary for the development and maturation of the parasite 

inside hepatocytes. 
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2. Dynamics of EXP2 protein in the sporozoite 

 

From the previous section, we ascertained that EXP2 is important for invasion of 

Plasmodium berghei sporozoites. The corollary of this results is that EXP2 must be present 

at the sporozoite stage, which has been previously observed (Figure 18) [333,364]. 

To better localize EXP2 in the sporozoites, we performed electron microscopy on freshly 

dissected sporozoites (Figure 29). Using a gold-labelled secondary antibody, we detect 

EXP2 along the cell body of the parasite (Figure 29 – sagittal view) and at higher 

Figure 29 – Electron micrographs of sporozoites immunolabelled with EXP2. Freshly dissected 

sporozoites were immnunolabelled with EXP2 (black dots). (Scale bars: Sagittal view 500nm; 

Transverse view and Insets 100 nm.) 



IV - Results 

82 
 

magnification, we observe that EXP2  staining is close to, or even inside vesicles (Figure 29 

– inset 1 and 2 and transverse views).  

These numerous puncta suggest that EXP2 can be present in vesicular structures in the 

cell body of the parasite. To discriminate if EXP2 is present in micronemes, rhoptries or 

dense granules of the parasite, we performed IFA for EXP2 and TRAP (present in 

micronemes), RON4 (rhoptries) and UIS4 (located in an unidentified population of vesicles, 

possibly dense granules). From analyzing confocal micrographs, we do not see co-

localization of EXP2 with any of the other 3 proteins used (Figure 30). It is noteworthy that 

we observe two types of staining for TRAP (the micronemal protein), vesicular and 

membranar (Figure 30 – top panel). This shows that some micronemes might have already 

been secreted by the parasite during the manipulation of the sporozoite, from the 

dissection of the salivary glands to the fixation, which takes 15 to 30 minutes. 

Figure 30 – EXP2 localisation in freshly dissected sporozoites. Sporozoites were fixed immediately 

after dissection, were permeabilized using ice cold methanol for 5 minutes at -20°C and were 

stained for EXP2 protein (green), TRAP, RON4 or UIS4 (red) and Hoechst (blue). (Scale bars: 5 µm). 



IV – Results 
 

83 
 

The secretion of micronemes lead us to hypothesize that vesicular EXP2 might also be 

secreted by the parasite, during the invasion process. To test for this, we stimulated freshly 

dissected sporozoites with fetal calf serum (FCS) for 30 minutes at 37°C (Figure 31). These 

stimuli have been used to mimic the conditions sporozoites encounter in the blood stream 

of the mammalian host and that has been shown to activate Plasmodium sporozoites 

[268,270,410] and merozoites [200], as well as T. gondii tachyoites [411], inducing 

exocytosis of apical vesicles. 

As expected, membranar staining of TRAP protein is increased following activation 

(Figure 31 – top panel) and we even observe trails of TRAP protein. Importantly, this 

activation is also able to induce the translocation of EXP2 from the cytosolic vesicles to the 

surface of the sporozoite (Figure 31 – left panels). Both RON4 and UIS4 protein do not show 

any change in location following stimulation (Figure 31 – middle and bottom panels, 

respectively). This was excepted as RON4 has been shown to be secreted after the 

Figure 31 – EXP2 localisation in activated sporozoites. Sporozoites were fixed after being incubated 

for 30min, at 37°C in complete DMEM medium containing fetal calf serum. Sporozoites were 

permeabilized using ice cold methanol for 5 minutes at -20°C and were stained for EXP2 protein 

(green), TRAP, RON4 or UIS4 (red) and Hoechst (blue). (Scale bars: 5 µm). 
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sporozoites engage with host cell receptor CD81 [412] and UIS4 is only secreted at the end 

of the invasion process [404]. 

To further confirm that EXP2 protein is present at the surface of the sporozoite, we 

performed the previous staining procedure without permeabilization of the sporozoites. 

As before, only TRAP and EXP2 proteins are detected on activated sporozoites (Figure 32). 

Importantly, not all sporozoites showed a change in EXP2 location following activation. 

We observed EXP2 at the membrane in 50% of activated sporozoites (Figure 33, left panel), 

whereas 40% of activated sporozoites still showed EXP2 in the cytosol (Figure 33, central 

panel). Notably, in 10% of activated sporozoites, EXP2 was observed to be concentrated in 

the apical end of the sporozoites, capping the parasite (Figure 33, right panel). This has 

been previously observed for TRAP [413] and suggests that EXP2 could be secreted by 

sporozoites during activation. 

Figure 32 – EXP2 localisation in non-permeabilized sporozoites. Sporozoites were fixed after being 

incubated for 30min, at 37°C in complete DMEM medium containing fetal calf serum (FCS, bottom 

panel). Sporozoites were not permeabilized before antibody incubation and were stained for EXP2 

protein (green), TRAP, RON4 or UIS4 (red) or Hoechst (blue). (Scale bars: 5 µm). 
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Figure 33 - EXP2 localization before and after activation. Sporozoites were dissect and either fixed directly or incubated for 30min at 37°C in 

the presence of FCS. Sporozoites were permeabilized using ice cold methanol for 5 minutes at -20°C and were stained for EXP2 protein (green), 

CSP (red) and Hoechst (blue) and scored for the localization of EXP2, which could be cytoplasmatic, membranar or capped. (Scale bars: 5 µm). 
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Indeed, sporozoite activation has been shown to induce exocytosis of proteins, not only 

to the surface of the sporozoite but also to the medium surrounding the sporozoite [268]. 

To facilitate the detection of EXP2 in the medium, we used a P. berghei parasite line that 

possesses a HA-tagged EXP2 [333]. To further increase the detection, we purified the 

sporozoites after dissection by gradient purification, using the Nycodenz polymer [395]. 

These two modifications allowed us to achieve very concentrated sporozoite mixtures (for 

example, 500,000 sporozoites in 25 µL) and better detection of the protein of interest 

(antibodies against HA-tag have more affinity than those available against Plasmodium 

EXP2). 

To test if EXP2-HA would be secreted the same way as TRAP, we activated sporozoites 

and after 30 minutes of incubation, separated the sporozoite from the media by 

centrifugation. We assayed both the sporozoites as well as the media for the EXP2-HA 

protein by SDS-PAGE followed by Western Blot. We observe that the HA-tagged EXP2 is 

present in the pellet fraction (sporozoites) in all conditions as is in lysates of mixed blood 

stages (BS, Figure 34– bottom panel). As hypothesized, the EXP2-HA is also and only 

detected in the medium of sporozoites that were incubated at 37°C and in the presence of 

FCS (Figure 34– bottom panel). 

Figure 34 – Protein secretion after sporozoite activation. Freshly dissected sporozoites were 

purified using 17% Accudenz. After recovery, sporozoites were kept at 4°C or stimulated at 37°C in 

the absence or presence of FCS for 30 minutes. Sporozoites were pelleted, lysed and the 

supernatants were recovered. Both pellet and supernatant fractions were assayed for presence of 

HA-tagged EXP2, CSP and HSP70 by Western Blot. As a control, lysate of a blood stage (BS) infection 

using EXP2-HA parasites was used. (Representative Western Blot of 6 independent experiments). 
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To control for the input of sporozoites, we also assayed for CSP and we only detect this 

surface protein on the sporozoite fractions (Figure 34– middle panel). An important source 

of EXP2-HA in the supernatant fractions of the sporozoites could be unwanted lysis of the 

sporozoites because of the addition of serum to the sample. This does not seem to be the 

case as the cytosol protein HSP70 is only detected in the sporozoite fraction, showing that 

secreted EXP2 does not originate from lysed sporozoites (Figure 34– top panel). 

 

To conclude, we have shown that sporozoites express the EXP2 protein, initially 

localized in vesicles. Upon stimulation with serum and temperature, EXP2 is translocated 

to the surface of the sporozoite and secreted to the medium. 
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3. Membrane repair pathway as a mechanism of entry 

 

We have established on the previous section that EXP2 is secreted by Plasmodium 

sporozoites after stimulation with temperature and serum. We have also established 

before that EXP2 is critical for the invasion of hepatocytes by the sporozoite. How can EXP2 

be involved in an invasion mechanism? 

We know that EXP2 is a pore-forming protein and that there are numerous examples 

of pathogens that use pore-forming proteins to invade their target cell. Importantly, such 

pathogens do not enter the cell through the pore their proteins make, rather, the pore 

created in the membrane of the target cell, activates a membrane repair pathway that is 

used by the parasite to get inside [148–156]. 

 

3.1. EXP2 is required at an intermediate stage of the invasion timeframe 

If EXP2 is playing a role in the invasion mechanism and is secreted during by the 

activated sporozoite, we wondered if we could rescue the invasion defect of EXP2 cKO 

parasites by adding exogenous EXP2 protein during the invasion step. Therefore, we 

produced recombinant EXP2 protein (rEXP2) [339] and used it to supplement both WT and 

EXP2 cKO sporozoites during the invasion step. We decided to add rEXP2 1 hour after 

sporozoites were incubated with cells, as it was the time point at which we saw up-

regulation of the EXP2 mRNA (Figure 28). We fixed cells 2 hours after infection and counted 

the number of infected cells. We observed that the addition of rEXP2 protein rescued the 

defect of the EXP2 gene in a dose dependent manner, increasing the level of infection of 

the EXP2 cKO parasites to levels comparable to the ones observed with WT parasites 

(Figure 35 – top panel). Importantly, if we wash out the rEXP2 protein at 2 hours after 

infection (end of invasion step) and allow invaded parasites to progress with the infection, 

we observe that the number of infected cells at 48 hours after infection is comparable to 

the number of cells infected with WT parasites (Figure 35 – bottom panel). This means that 

once the EXP2 cKO parasites overcome the invasion defect, they mature normally. It is 

noteworthy to point out that we achieve the rescue with diminutive amounts of rEXP2, in 
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the nanomolar range. These concentrations are similar to the ones used to study the 

invasion mechanism described by other pathogens. 

We had observed that the EXP2 protein is at the membrane of the sporozoites (Figure 

31-Figure 33) and this could possibly mean that the EXP2 protein is acting on the sporozoite, 

possibly inducing changes in the permeability of the sporozoite membrane, facilitating the 

Figure 35– Number of infected HepG2 cells following rEXP2 treatment. HepG2 cells were infected 

with WT (white bars) or EXP2 cKO (blue bars) sporozoites and treated with increasing 

concentrations of rEXP2, starting at 1 hour after infection until 2 hours after infection. Cells were 

fixed either at 2 hours after infection (top) or at 48 hours after infection (bottom), stained for the 

PVM marker UIS4, and the number of infected cells was counted for different hours after infection 

using widefield fluorescence microscopy. For each concentration of rEXP2, the number of infected 

cells was normalized to the values obtained for infections using WT parasites. (N=5, mean ± sem). 
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entry of ions that might be critical for sporozoite activation [410]. Indeed, it has been shown 

that after stimulation of sporozoites to high concentrations of potassium ions, sporozoites 

tend to invade cells faster [266]. These potassium ions could be entering through EXP2 

pores. To test if EXP2 could be acting in the sporozoite alone, we decided to dissect 

sporozoites and incubate them with rEXP2 protein, in the absence of hepatoma cells. When 

we added the treated sporozoites to cells, we did not observe any rescue of the invasion 

defect (Figure 36, second set from the left). Also, we added rEXP2 protein at the same time 

that we added sporozoites to the hepatoma cells. Again, when rEXP2 is added at time zero, 

no rescue is observed (Figure 36, third set from the left). We only observed rescue, when 

rEXP2 is added at 1 hour after invasion (Figure 36, fourth set from the left).  

Figure 36 – Number of infected HepG2 cells following different regimens of rEXP2 treatment. 

HepG2 cells were infected with WT (white bars) or EXP2 cKO (blue bars) sporozoites and treated 

with 10 nM of rEXP2 protein in different regimens. Cells were fixed at 2 hours after infection, 

stained for the PVM marker UIS4, and the number of infected cells was counted for each condition 

using widefield fluorescence microscopy. The number of infected cells was normalized to the values 

obtained for infections using WT parasites. (N=3, mean ± sem). 
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Interestingly, when WT parasites were treated with rEXP2 protein, we do not observe 

any increase in invasion. To assess if WT parasites are affected by treatment with rEXP2 

protein, we treated WT parasite with rEXP2 protein at different time intervals after 

incubation with cells. We tested two different concentrations of rEXP2 protein, which 

enhance invasion of EXP2 cKO parasite, 1 and 10 nM. As observed before, no effect on the 

number of infected cells was observed, at any of the treatment regimens with rEXP2 

protein (Figure 37). The possible explanation of this result is that each EXP2-expressing 

sporozoite secretes enough amount of EXP2 protein to achieve its own invasion, meaning 

that extra EXP2 protein is not needed. When EXP2 is lacking in the EXP2 cKO sporozoite, 

the added EXP2 protein does indeed make a difference. 

 

Figure 37 – Number of infected HepG2 cells following addition of rEXP2 protein at different times 

after infection. HepG2 cells were infected with WT sporzoites exposed to 1 nM (light grey) or 10 

nM (dark grey) of rEXP2 at different minutes after incubation of sporozoites with cells. Cells were 

fixed at 2 hours after infection, stained for the PVM marker UIS4, and the number of infected cells 

was counted using widefield fluorescence microscopy. For each concentration of rEXP2, number of 

infected cells was normalized to values obtained where no rEXP2 was used. (N=3, mean ± sem). 
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3.2. Invasion requires a specific type of membrane pore formation 

If rEXP2 can rescue the invasion defect of EXP2 cKO sporozoites, it could be because 

of its pore-forming ability. For this, we incubated WT and EXP2 cKO sporozoites with two 

other pore-forming proteins. Initially, we added recombinant α-hemolysin (rα-HL) from 

Staphylococcus aureus, in increasing concentration at 1 hour after incubation with cells 

[414,415]. We observed that, similarly to rEXP2, the invasion defect of EXP2 cKO parasites 

is reverted (Figure 38). Interestingly, we achieve rescue at a lower concentration with rα-

HL than with rEXP2 and the effect of seems to be lost when rα-HL concentration increases. 

This can be explained by the fact that α-HL is 1000 times more hemolytic [416] than rEXP2 

[339], possibly leading to hepatoma cell or sporozoite lysis. The estimated pore size of α-

HL is approximately 1 nm (with 7 α-HL monomers) [414,415], similar to the 1.5 nm of the 

EXP2 pore (7 monomers of EXP2) [332,339]. 

Figure 38 – Number of infected HepG2 cells following rα-HL treatment. HepG2 cells were infected 

with WT (white bars) or EXP2 cKO (blue bars) sporozoites and treated with increasing 

concentrations of recombinant alpha-hemolysin (α-HL) starting at 1 hour after infection. Cells were 

fixed at 2 hours after infection, stained for the PVM marker UIS4, and the number of infected cells 

was counted using widefield fluorescence microscopy. The number of infected cells was normalized 

to the values obtained for infections using WT parasites. (N=3, mean ± sem). 
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We also incubated WT or EXP2 cKO sporozoites with the recombinant pore-forming 

protein Streptolysin O (rSLO) from Streptococcus pyogenes, that creates a pore of an 

estimated diameter of 30 nm [417]. When SLO is used, we do not observe rescue of the 

EXP2 cKO sporozoites (Figure 39). Taken together with the previous results, it seems that 

there is an upper limit to the size of the pore that Plasmodium sporozoites use to invade. 

In fact, sporozoites are also expected to use pore forming proteins during traversal. 

CelTOS is predicted to create pores of 50 nm in diameter [418] and spect2 has homology 

to human proteins with membrane attack complex [261], reported to form pores with 12 

to 17 nm in diameter [419]. Both these pores are at least 10 times bigger pores than those 

made by EXP2 [332]. It seems that sporozoites uses two different sets of pore-forming 

proteins for two distinct functions. Bigger pores would disrupt membranes to traverse and 

smaller pores to enhance invasion. 

  

Figure 39 – Number of infected HepG2 cells following rSLO treatment. HepG2 cells were infected 

with WT (white bars) or EXP2 cKO (blue bars) sporozoites and treated with 10 nM of rSLO starting 

at 1 hour after infection. Cells were fixed at 2 hours after infection, stained for the PVM marker 

UIS4, and the number of infected cells was counted using widefield fluorescence microscopy. The 

number of infected cells was normalized to the values obtained for infections using WT parasites. 

(N=3, mean ± sem). 
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To test if rEXP2 was indeed creating pores in the HepG2 cells, that would trigger 

membrane repair, we tested if the membrane of these cells would lose its characteristic 

impermeability. 

Firstly, we tested if the nucleic acid dye Propidium Iodide (PI) would be able to enter 

cells treated with rEXP2 protein. Cells are normally impermeable to PI, as it cannot cross 

the plasma membrane, and we wondered if it could cross through the EXP2 pore. For this, 

we incubated HepG2 cells with 100 nM of rEXP2 protein in the presence of PI. 

Unfortunately, we did not observe HepG2 cells labelled with the fluorescence dye (Figure 

40 – left columns). Since pores can induce calcium influx into the cell that trigger a 

membrane repair pathway that seals the pore, we repeated the experiment using calcium-

rich medium with ethylenediaminetetraacetic acid (EDTA), a calcium chelator, at a 

concentration that would chelate all the available calcium ions and also used calcium-free 

medium. As before, no difference was observed between cells untreated cells and cells 

treated with rEXP2 (Figure 40 – middle and right columns). Curiously, the number of PI 

positive cells is higher in the condition were calcium-free medium is used, indicating that 

Figure 40 – Percentage of Propidium Iodide (PI) positive cells after treatment with rEXP2. HepG2 

cells in suspension were treated with 100 nM of rEXP2 for 5 minutes at 37°C and labelled with DNA 

probe PI. Immediately after adding the dye, cells were analysed by Flow Cytometry. To prevent 

endocytosis of the EXP2 pore, the suspension of cells was assayed in medium with normal levels of 

calcium in the presence of calcium chelator EDTA or in calcium-free medium. 
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this medium might lead to a loss in cell permeability, on its own. This can be explained by 

the fact that we cannot supplement this media with FCS, as its calcium content would 

defeat the purpose of using calcium-free medium. 

To better control for the role of endocytosis and membrane repair, we then tested if 

by incubating cells with rEXP2 protein we could cause leakage of cellular contents to the 

outside of the cell. To measure outflow, we loaded HepG2 cells with the fluorescent 

molecule Calcein Green, that is retained in the cytoplasm of cells. We then exposed cells to 

1 or 10 nM of rEXP2 protein and collected the medium of the cells and measured Calcein 

Green fluorescence, as a surrogate for leakage of the cell. As a control, we lysed cells with 

Titron-X 100, that completely lyses cells and releases all the Calcein Green. We did not 

observe any Calcein Green leakage when cells were exposed to rEXP2 protein, at any of the 

concentrations tested, at any of the time points assessed (Figure 41). 

If rEXP2 can create pores to the same size of the native EXP2 protein, its estimate 

pore size is of 1 nm [332]. It is plausible, that these pores are too small to fit both Calcein 

Figure 41 – Calcein leakage after treatment with rEXP2 protein. HepG2 cells were loaded with 

Calcein Green for 1 hour, after which they were exposed to 1 nM (light grey) or 10 nM (dark grey) 

of rEXP2 for up to 60 minutes. Cellular supernatant was collected at different minutes after 

exposure to EXP2, and Calcein Green fluorescence was assayed. 
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Green and PI. However, it is big enough to fit ions through it. And as such, we tested if 

calcium would flow into the cells. To measure calcium influx, we transfected HepG2 cells 

with the genetically encoded calcium sensor Gcamp6f, which is a Green fluorescent protein 

(GFP) that is split in two regions with a calmodulin domain between [420]. As this domain 

binds accessible calcium ions, it brings the two halves of the GFP protein together, leading 

to fluorescence emission [420]. After the cells are stably expressing this sensor, we imaged 

them in a widefield fluorescence microscope before and after exposure to rEXP2 protein at 

a frame rate of 0.3 seconds. To normalize the measured fluorescence between different 

cells, we normalized fluorescence of each cell observed at each timepoint (Fi) to the 

fluorescence of the cell at the beginning to the recording (F0). We imaged the cells for 30 

seconds, to register the basal level of fluorescence and added 100 nM or rEXP2 and imaged 

the cells for 150 seconds, for a total of 180 seconds. We observed that immediately after 

addition (at time = 0 seconds) of rEXP2 or control solution (solute of rEXP2 protein), 

fluorescence of the cells increase, possibly responding to the mechanical perturbation of 

the medium because of the added volume (Figure 42). However, cells treated with control 

solution return quickly to values registered before addition, whereas cells treated with 100 

nM of rEXP2 show higher values of Gcamp6f fluorescence, taking longer to return to the 

initial fluorescence levels (Figure 42). Gcamp6f fluorescence levels return to initial values 

at 90 seconds after addition of rEXP2. 
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Figure 42 – Calcium reported Gcamp6f fluorescence variation after exposure to rEXP2. HepG2 

cells were transfected with the genetically encoded calcium reporter fluorescent protein Gcamp6f, 

and exposed to 100 nM rEXP2 (dark blue line) or control (black line). Cells were imaged in a 

widefield fluorescence microscope 30 seconds before addition of rEXP2 to register baseline 

fluorescence in a total time of 180 seconds, at a frame rate of 0.3 frames/second. Gcamp6f 

fluorescence intensity was normalized by dividing Fi by the initial intensity value, F0. (N=3, at least 

50 cells were imaged, shaded areas represent the 95% Confident Interval for the respective darker 

lines). 
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3.3. Invasion is tightly linked to extracellular calcium 

As discussed in the previous experiment, extracellular calcium flows inside cells 

treated with rEXP2 protein. This means that the concentration of extracellular calcium is 

important for invasion of hepatocytes by Plasmodium sporozoites. To test this, we decided 

to perform a very simple experiment, were we used HepG2 cells and performed invasion 

assay using WT sporozoites, in either DMEM or RPMI cell culture media. Calcium 

concentration in DMEM is of 1.8 mM, whereas RPMI has 0.6 mM of calcium. Interestingly, 

we when RPMI was used during the invasion step, we observed a reduction in almost half 

of the percentage of infected cells, as measured by flow cytometry analysis (Figure 43 – 

green columns, right axis). On the other hand, the percentage of traversed cells almost 

doubled when cells and sporozoites were exposed to RPMI (Figure 43 – red columns, left 

axis).  

Figure 43 – Traversal and infection of HepG2 cells in different cell culture media. HepG2 cells were 

grown in complete DMEM medium, which was either maintained or replaced by RPMI during 

infection with WT parasites. During invasion step, cells were also incubated with 0.5 mg/mL of 10 

kDa dextran-rhodamine dye. After 2 hours of infection, cells were trypsinized and analysed by Flow 

Cytometry. Traversal (left Y axis, red bars) and Infection (right Y-axis, green bars) values were 

normalized to those observed in DMEM medium. (N=3, mean ± sem). 
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To test if these differences were because of the differences in calcium concentration, 

we wondered if we could transform the invasion efficiency observed in DMEM media into 

the one observed in RPMI media simply by altering calcium concentration.  

To achieve this, we incubated sporozoites with cells in DMEM in the presence of 

increasing concentrations of EDTA, in a way to decrease the calcium content. Interestingly, 

when calcium concentration is decreased, the percentage of infected cells is progressively 

reduced (Figure 44 – green columns, right axis). Conversely, the percentage of traversed 

cells increases progressively, as calcium concentration decreases (Figure 44 – red columns, 

left axis). Importantly, when we achieve the lowest calcium concentration, 0.3 mM, 

traversal is also decreased, hinting that extracellular calcium might also be needed for the 

activation of the sporozoite into an invasive state. 

Figure 44 – Traversal and infection of HepG2 cells in DMEM with decreasing calcium 

concentrations. HepG2 cells were grown in complete DMEM medium, which was replaced by 

DMEM with increasing concentration of calcium chelator EDTA during infection with WT parasites, 

supplemented with 0.5 mg/mL of 10 kDa dextran-rhodamine dye. After 2 hours of infection, cells 

were trypsinized and analysed by Flow Cytometry. Traversal (left Y axis, red bars) and Infection 

(right Y-axis, green bars) values were normalized to those observed in DMEM medium with 1.8 mM 

of Ca2+ (normal level of calcium in DMEM). (N=3, mean ± sem). 
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On the other hand, we incubated sporozoites with cells in RPMI in the presence of 

increasing concentrations of calcium chloride, in a way to increase the calcium levels. As 

expected, when calcium concentration is increased, the percentage of infected cells is 

progressively increased (Figure 45 – green columns, right axis). Conversely, the percentage 

of traversed cells decreases progressively, as calcium concentration increases (Figure 45 – 

red columns, left axis). 

Unfortunately, we could not transform RPMI into DMEM simply by changing calcium 

concentration, yet, only by changing one parameter, we change the magnitude of invasion 

and traversal. This does not seem to be an effect of solely changing the proportion of 

divalent ions in the media, since alterations in iron concentrations does not affect neither 

the percentage of invaded cells nor traversed cells (Figure 46). 

Figure 45 – Traversal and infection of HepG2 cells in RPMI with increasing calcium concentrations. 

HepG2 cells were grown in complete DMEM medium, which was replaced by RPMI with increasing 

concentration of calcium chloride (CaCl2) during infection with WT parasites, supplemented with 

0.5 mg/mL of 10 kDa dextran-rhodamine dye. After 2 hours of infection, cells were trypsinized and 

analysed by Flow Cytometry. Traversal (left Y axis, red bars) and Infection (right Y-axis, green bars) 

values were normalized to those observed in RPMI medium with 0.6 mM of Ca2+ (normal level of 

calcium in RPMI). (N=3, mean ± sem). 
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This inverse correlation has already been described for the Plasmodium parasites KO 

for either PbP36 of PbP36p [270], which fail to invade yet traverse more cells than the WT 

parasites used in that study. We also observe an increase in the proportion of traversed 

cells, using a parasite that has an invasion defect (Figure 23). 

EDTA, used in a previous experiment, has the drawback of being able to detach cells 

from the cell culture plates. For this reason, we can never use EDTA to fully eliminate 

calcium in the medium. To achieve this, we used calcium-free medium, without any 

supplementation with FCS. As such, HepG2 cells were grown in calcium-rich medium and 

the medium was replaced by calcium-free medium (after washing cells three times with 

calcium-free medium) for infection with WT parasites. 2 hours after incubation, we 

measured the number of invaded cells by fluorescence microscopy. Expectedly, the 

number of invaded cells was decreased when parasites invaded cells in calcium-free 

Figure 46 – Traversal and infection of HepG2 cells in DMEM with increasing iron concentrations. 

HepG2 cells were grown in complete DMEM medium, which was replaced by DMEM containing 100 

mM of ascorbic acid and with increasing concentrations of iron during infection with WT parasites, 

supplemented with 0.5 mg/mL of 10 kDa dextran-rhodamine dye. After 2 hours of infection, cells 

were trypsinized and analysed by Flow Cytometry. Traversal (left Y axis) and Infection (right Y-axis) 

values were normalized to those observed in DMEM medium without any ascorbic acid or iron 

added. (N=1, mean ± standard deviation). 
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medium (Figure 47, white bars). Since extracellular calcium might be involved in the 

motility and traversal capacity of sporozoites, we performed the previous experiments 

using also SPECT KO sporozoite, which do not perform traversal. Again, these sporozoites 

do not invade cells, to a similar extent as WT sporozoites (Figure 47, dark yellow bars). 

We also assessed the gliding motility and traversal ability of WT sporozoites in 

calcium-free medium. To perform these experiments, sporozoites were dissected using 

calcium-free medium and were placed either in the presence or kept in the absence of 

calcium. Importantly, the gliding ability of sporozoites in calcium-free medium is severely 

impaired, as approximately 75% of sporozoites were observed to have no trails in the 

absence of extracellular calcium (Figure 48, left plot). Moreover, the traversal ability of 

these sporozoites was also impaired (Figure 48, right plot), albeit not to the same extent as 

invasion (Figure 47).  

 

Figure 47 – Number of infected cells at 2 hours after infection in the absence of calcium. HepG2 

cells were grown in complete DMEM medium, which was replaced by calcium-free DMEM 

containing during infection with WT (white bars) or Spect1 KO (dark yellow bars) sporozoites. After 

2 hours of infection, cells were fixed, stained for the PVM marker UIS4, and the number of infected 

cells was counted using widefield fluorescence microscopy. For each parasite line, the number of 

infected cells was normalized to the values obtained for infections in calcium-rich conditions after 

infection. (N=3, mean ± sem). 
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To conclude, extracellular calcium seems to regulate several processes important for 

cell invasion, namely, gliding motility, traversal capacity and de facto invasion of 

Plasmodium berghei sporozoites. Given its pleotropic role in both sporozoite activation and 

cellular response to the invading sporozoite, its precise role for host membrane repair 

mechanisms could not be elucidated. 

  

Figure 48 - Gliding and traversal of WT sporozoites in the presence or absence of extracellular 

calcium. WT sporozoites were dissected in calcium-free medium and their gliding (left plot) and 

traversal ability (right plot) were assessed as explained previously. (N=3, mean ± sem). 
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3.4. Membrane repair contributes to Plasmodium sporozoite invasion 

The results detailed above point to the activation of the membrane repair pathway 

described for invasion by other pathogens. The culmination of the calcium entrance into 

cells is the exocytosis of lysosomes to the membrane of the host cell, that deliver 

sphingomyelinase to the membrane [151]. This enzyme is responsible for the hydrolysis of 

sphingomyeline to ceramide [421], inducing membrane curvature [152]. This activity can 

come from two protein in mammalian cells, the neutral sphingomyelinase and the acid 

sphingomyelinase (aSMase). Neutral sphingomyelinase is present in higher concentrations 

in the inner leaflet of the plasma membrane [422], inducing outer curvature of the 

membrane, responsible for outward blebbing of membranes [423]. This enzyme is 

pharmacologically inhibited by the compound GW4869 [424], which, when added to WT 

sporozoites during the invasion step, fails to inhibit sporozoite invasion (Figure 49). 

Conversely, pharmacological inhibition of aSMase by desipramine [425], reduces invasion 

of sporozoites in a dose dependent manner (Figure 49). Fitting a dose-dependent model 

Figure 49 – Number of infected HepG2 cells following GW4869 or desipramine treatment. HepG2 

cells were infected with WT sporozoites and treated with increasing concentrations of neutral 

(GW4869, grey circles) or acid (desipramine, white circles) sphingomyelinase inhibitors. At 2 hours 

after infection, cells were fixed, stained for the PVM marker UIS4, and the number of infected cells 

was counted using widefield fluorescence microscopy. The number of infected cells was normalized 

to the values obtained for infections in absence of any inhibitor. The dashed line in the figure 

represents the non-linear regression performed to fit an inhibition model to the data, with the fitted 

IC50 value shown. (N=3, mean ± sem). 
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into the obtained results, we obtain an inhibitory concentration of approximately 15 µM, 

similar to the ones obtained for T. cruzi [150]. aSMase is present mostly on lysosomes, 

being delivered to the outer leaflet of the host cell by exocytosis [151]. There, aSMase leads 

to the formation of an inward curvature of the membrane [152], that is thought to be a 

signal to the host cell to start an endocytic process. 

To confirm the importance of aSMase in the invasion process, we used shRNA against 

the SMPD1 mRNA (the gene coding for aSMase protein) and observed that decrease in 

expression of aSMase of approximately 40% (Figure 50, left plot) leads to the 

corresponding decrease in WT sporozoite invasion (Figure 50, right plot, white bars). 

Importantly, when sporozoites are treated with recombinant aSMase protein, this 

decrease in invasion is rescued (Figure 50, right plot, grey bars). 

Figure 50– Number of infected HepG2 cells after acid sphingomyelinase knock-down. HepG2 cells 

were transfected with shRNA against the SMPD1 mRNA or control shRNA. 48 hours after 

transfection, the expressing of aSMase mRNA was assessed by qCPR (left plot). Also, at 48 hours 

after infection, cells were infected with WT sporozoites until 2 hours after infection. Cells and 

sporozoites were also treated with recombinant acid sphingomyelinase at 1 hour after infection. At 

2 hours after infection, cells were fixed, stained for the PVM marker UIS4, and the number of 

infected cells was counted using widefield fluorescence microscopy. The number of infected cells 

was normalized to the values obtained for infections in absence of desipramine. (N=3, mean ± sem). 
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We hypothesized that the pore formed by EXP2 is a mechanism that the parasite 

employs to achieve endocytosis by the host cell, that facilitates its invasion. This means 

that aSMase addition to sporozoites would be enough to increase invasion of sporozoites. 

To test this hypothesis, we added recombinant aSMase from Bacillus cereus to WT 

parasites during the invasion step. Contrary to what was observed for the rEXP2 protein, 

addition of aSMase slightly increases the invasion of WT parasites, in a time frame 

comparable to the one observed with rEXP2 protein (Figure 51). Curiously, the later 

aSMase is added, the more infected cells are obtained. However, the effect is limited in 

time, as addition of aSMase as late as 90 minutes post incubation seems irrelevant for 

parasite invasion. This is in agreement with previous results as invasion starts at 45 minutes 

post incubation and is finished 45 minutes later, at the total time of 90 minutes (Figure 25). 

Lastly, we tested if we could rescue the defect of EXP2 cKO sporozoites by adding 

aSMase during the invasion step. As previously done, aSMase was added to WT or EXP2 

Figure 51– Number of infected HepG2 cells following addition of aSMase protein at different 

times after infection. HepG2 cells were infected with WT sporzoites exposed to 10 µU/mL of 

raSMase protein at different minutes after incubation of sporozoites with cells. Cells were fixed at 

2 hours after infection, stained for the PVM marker UIS4, and the number of infected cells was 

counted using widefield fluorescence microscopy. For each timing of aSMase, the number of 

infected cells was normalized to the values obtained where no aSMase was used (control). (N=3, 

mean ± sem). 
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cKO sporozoites 1 hour after sporozoites were incubated with HepG2 cells. We again 

observe a rescue of the invasion defect of EXP2 cKO sporozoites at 2 hours after infection 

(Figure 52– top panel). Moreover, if we wash out the added aSMase and let the infection 

progress until 48 hours, the number of infected cells is again reverted in the case of EXP2 

cKO parasites (Figure 52– bottom panel). This means, once again, that once EXP2 cKO 

sporozoites invade cells, their ability to mature is not hindered by the lack of the EXP2 

protein.  

Figure 52 – Number of infected HepG2 cells following acid sphingomyelinase treatment. HepG2 

cells were infected with WT (white bars) or EXP2 cKO (blue bars) sporozoites, and treated with10 

µU/mL of raSMase recombinant protein starting at 1 hour after infection until 2 hours after 

infection. Cells were fixed either at 2 hours after infection (top panel) or at 48 hours after infection 

(bottom panel), stained for the PVM marker UIS4, and the number of infected cells was counted 

using widefield fluorescence microscopy. The number of infected cells was normalized to the values 

obtained for infections using WT parasites and no raSMase. (N=5, mean ± sem). 
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In the previous sections, we showed that the lack EXP2 at the sporozoites stage can 

be overcomed by addition of pore-forming protein, that form pores of approximately 1 nm 

in diameter. This pore seems to be able to allow the flow of calcium ions but not of much 

else solutes. This influx of calcium leads to the changes in the host cell that might coalesces 

into the activity of aSMase. This protein is involved in endocytosis and possibly makes the 

host cell permissive to invasion by Plasmodium sporozoites. 
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The results in this thesis suggest a novel role for the EXP2 protein during the 

sporozoite stage, especially during its invasion of the hepatocyte (Figure 53). We have 

shown that the protein is present at the sporozoite stage and that it is secreted by the 

sporozoite when exposed to conditions that mimic the host cell milieu. We propose that 

the secreted EXP2 protein produces pores in the membrane of the hepatocyte, that lead 

to the influx of calcium. This increase in intracellular calcium, should trigger the exocytosis 

of aSMase-containing vesicles that, once secreted, cause the formation of ceramide rich 

lipid domains that promote endocytosis. 

One of the cornerstones of this model is the interaction of a Plasmodium protein with 

lipid membranes, rather than host cell receptors. Moreover, the proposed model sheds 

light into some of the unexplained roles of host factors for the invasion of Plasmodium 

sporozoites as explained below. 

  

Figure 53 - Model for the action of Plasmodium EXP2. EXP2 is secreted by the sporozoite once 

stimulated by the host cell milieu conditions (increase in temperature and FCS). EXP2 forms pores 

at the membrane of hepatocytes, allowing the influx of calcium. This leads to the release of 

aSMase-containing vesicles that create ceramide-rich domains at the membrane of the soon-to-

be-infected hepatocyte. This domain is endocytosed by the cell, which is taken advantage for by 

the invading parasite. 
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1. EXP2 is present at the sporozoite and secreted following stimulation 

 

EXP2 had previously been identified during the sporozoite stage of Plasmodium 

berghei [333,364], where it was also observed to be present in a punctuate pattern (Figure 

18, Figure 29 and Figure 30). Interestingly, when EXP2 is fused to a reporter protein [364], 

the fluorescent signal seems to aggregate in only one punctum, as opposed to multiple 

vesicles. This might be explained by the fusion of the EXP2 protein to the reporter, that can 

affect the proper sorting of the EXP2 protein into its final vesicular destination. Regardless 

of the difference in localization, EXP2-mCherry parasites still progressed through the life 

cycle normally [364]. Moreover, the detection of EXP2 during the sporozoite stage is not 

restricted to Plasmodium berghei. Indeed, EXP2 transcription is also found to be up-

regulated by Plasmodium falciparum sporozoites when exposed to conditions that mimic 

the host milieu [267]. This corroborates the up-regulation we observed during the invasion 

kinetics (Figure 28). 

Surprisingly, EXP2 is not detected when proteomics of salivary gland sporozoites 

were performed [426,427]. This can be explained by the low abundance of the EXP2 protein 

during the sporozoite stage, when compared to members of the glideosome complex, for 

example. Also, if EXP2 requires 1 hour of stimulation for its expression to peak, the authors 

of the proteomes might have not assayed the sporozoite at the appropriate time to detect 

the EXP2 protein. 

This can also mean that the levels of EXP2 protein build up during the invasion kinetics 

(via transcription and translation). This can account for the delayed invasion kinetics, where 

parasites wait for 1 hour to successfully invade hepatocytes (Figure 25-Figure 27). 

This delayed invasion phenotype seems to happen in vivo, yet, the time delay is much 

smaller. For instance, P. berghei sporozoites were observed inside hepatocytes within 

minutes of their inoculation in the skin [428,429]. Moreover, the traversal of hepatocytes 

was recorded to take up to 15 minutes in a mouse liver [429] whereas it takes 

approximately 1 hour in plated cells [265]. This can be explained by a shortcoming of the in 

vitro system, which lacks blood flow, the three-dimensional architecture of hepatocytes, as 
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well as other types of cells and matrix components that encompass a normal liver. It is 

possible that the missing components signal to the sporozoite in a more intense fashion 

than a monolayer of hepatoma cells does. In fact, in the calcium experiments using DMEM 

and RPMI, we can never convert one medium to the other (Figure 43-Figure 45), suggesting 

that more cues than extracellular calcium regulates the invasion of the sporozoite. 

Another cause for the delayed invasion kinetics is the secretion of the EXP2 protein. 

EXP2 is seen in vesicles yet these do not seem to be any of the typical vesicles. In terms of 

size, they seem micronemes or dense granules and in terms of density, they seem to be 

micronemes [166]. Yet, EXP2 does not co-localize with TRAP (Figure 30). This can possible 

mean that two (or more) types of micronemes exist, one that are released faster 

(containing TRAP) and another set that is released later, in response to certain stimuli 

(containing EXP2). This is not completely new, as the cysteine proteases P36 and P36p are 

secreted after stimulation with temperature and serum [270], similarly to EXP2 (Figure 31-

Figure 33). The 1 hour delay, might be the time it takes the sporozoite to produce, sort and 

export EXP2 protein and others through the apical end. 

 

 

2. EXP2 goes to the hepatocyte membrane and allows the influx of 

calcium 

 

We hypothesize that the secreted EXP2 protein forms pores in the membrane of the 

hepatocyte. We tested if the pore would be big enough to fit PI or Calcein Green (Figure 40 

and Figure 41). Both molecules have an atomic weight of approximately 700 and 1000 Da, 

respectively. Considering the pore size of EXP2 has a radius of 1 nm in its smallest point 

[332], there is no possibility that either of these molecules would fit into the pore. 

On the other hand, calcium ions have an approximate size of 40 Da and would fit 

perfectly in the pores created by EXP2. Moreover, besides fitting calcium, EXP2 pores would 

also allow for the efflux of potassium ions from cells as well as the influx of sodium or 
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chloride ions. It is unclear what would be the potential of these ions for invasion, but 

potassium efflux is correlated with inflammasome activation [430] and possible elimination 

of the infected cell (reviewed in [431]). This defense mechanism for protection against 

intracellular infections would be damaging to the invading pathogens, and possibly for this 

reason, some bacterial toxins have evolved the ability to “select” the type of ions can go 

through (reviewed in [432]). It would be interesting to understand if the EXP2 pore also 

possesses this type ion selectivity. This can be the case as inflammasome activation has not 

been reported during Plasmodium liver stage. Yet, infection by sporozoites does start an 

apoptotic program by the host cell [433], that is inhibited by the sporozoite [367,368]. The 

sporozoite also induces an autophagic response against the exoerythrocytic forms of the 

parasite that is blocked and ultimately advantageous for the parasite [287,434].  

We also show that the invasion ability of EXP2 cKO parasites can be rescued using the 

α-HL but not SLO (Figure 38 and Figure 39). This result suggests that there is an upper limit 

of pore size, as pores made up of SLO allow the flow of both PI [150]. We can consider that 

EXP2 is more similar to α-HL, both in terms of pore size (approximately 1 to 2 nm) and 

stoichiometry (heptameric pores) [414,415]. As such, it is possible that EXP2 shares with α-

HL the selectivity for ions. 

After the EXP2 pore is placed on the membrane, we see calcium influx into HepG2 

cells (Figure 42). Our results show a very little and transient calcium increase in treated 

cells and again this correlates with the smaller pore size of EXP2 than that of SLO. 

Interestingly, when calcium is removed from the medium, invasion is reduced but not 

completely inhibited (Figure 47). Membrane repair mechanisms have been reported to 

happen with as little as 1 µM of extracellular calcium [435]. It is possible that our removal 

of calcium was insufficient as the normal medium has almost 2 mM of calcium (2,000 times 

more). Also, it is possible that as the parasite traverses cells, it causes leakage of 

intracellular calcium into the medium. 
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3. EXP2 pore activates membrane repair 

 

The pore created by EXP2 is repaired by aSMase-dependent mechanisms that 

ultimately are used by the parasite to invade the hepatocyte.  This is similar to other 

pathogens, that take advantage of this strategy to infect the cell [148–156]. 

The creation of ceramide-rich membrane domains might serve two roles. On one 

hand, ceramide has been shown to activate PKCζ [436,437], an inducer of endocytosis [438] 

and of Plasmodium sporozoite invasion [285]. On the other hand, it creates a scaffold 

where transmembrane receptors such as CD81 and SR-BI can aggregate because of the 

higher membrane order [439]. This aggregation of CD81 and SR-BI and its proximity to the 

parasite, might be enough to induce exocytosis of rhoptry proteins, such as RON4, RON2 

and AMA1 [412] that make up the moving junction. Indeed, artificial aggregation of CD81 

can be induced by adding cholesterol (increasing membrane viscosity) and this has been 

shown to increase invasion of sporozoites [283]. Finally, engagement of CD81 has been 

proposed to change actin polymerization [440,441], which has been described to be 

important for the invasion of the parasite [286]. 

 

 

4. Lipid rafts as target for anti-Plasmodial strategies 

 

If indeed Plasmodium parasites rely on the generation of lipid rafts for invasion, 

preventing the formation of these lipid domains should prevent invasion of this parasite. 

Lipid rafts pose an advantage to several pathogens as they can be platforms where host 

cell receptors are aggregated (reviewed in [442]). Importantly, cholesterol, a major 

component of lipid rafts, has been shown to be a positive modulator of invasion, as it 

aggregates CD81 molecules needed by the parasite [283]. The timing to disruption of the 

lipid raft is critical as its their effect can be short lived. For example, while desipramine 

inhibits Hepatitis C virus [443] invasion of hepatocytes (as it prevents ceramide generation 



Chapter V -Discussion 

118 
 

and host cell receptor clustering), increased ceramide generation before invasion can also 

inhibit invasion of Hepatitis C virus [439] (as it removes host cell receptors from the surface 

of the host cell). Hence, the timing of manipulation of lipid rafts seems critical, which is a 

problem in terms of prophylaxis, because our anti-raft compound would have to be present 

at all times, without affecting natural host cell signalling. 

The reliance of Plasmodium parasites on membrane repair is an intelligent option, 

given that the host cell has little option but to repair its wounded membrane. This strategy 

has the added bonus of relying on no protein receptor. This gives the cell very little ability 

to generate mutations to prevent invasion. The only protein involved in membrane wound 

repair is acid sphingomyelinase. This poses an interesting question as Plasmodium parasites 

have had an enormous ability to change the human genome. Traits such as sickle cell [360] 

and G6PD deficiency [47] have been selected for by evolution because they confer these 

individuals with an extra fitness when dealing with Plasmodium infection. Why have not 

mutations of the acid sphingomyelinase gene been more prevalent in malaria endemic 

regions? Acid sphingomyelinase is encoded by the SPMD1 gene and mutations to this gene 

gives rise to a disease called Niemann-Pick [444] that has two types of variant, type A and 

B. Both patients suffer from hepatosplenomegaly yet differ in lesions in the central nervous 

system (type A disease is also neurodegenerative). Both types of Niemann-Pick are 

characterized by excess sphingomyelin in lysosomes and plasma membrane [421]. 

Conversely, patients show a lack of ceramides [445], which are potent lipid messengers, 

and their loss might lead to abnormal signalling cascades [446]. This leads to impaired liver 

and spleen function, affecting normal plasma lipid and haematological parameters [444]. 

Most type A Niemann-Pick patients die in 2 to 3 years of age, while type B patients are 

more diverse with symptoms appearing between childhood and adulthood and 

progressively worsening along life, leading to liver failure and respiratory complications 

[444]. As evidenced by the consequences of Niemann-Pick disease, the loss of this protein 

is possibly too much for an organism to handle, giving Plasmodium parasites a double 

evolutionary advantage against the host cell. 
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5. EXP2 is not needed during the liver stage 

 

One of the most surprising results of this project is that the lack of EXP2 during the 

liver stage does not affect the development of the parasite (Figure 19 and Figure 20). EXP2 

is needed during the blood stage of infection [365], where it is part of the PTEX complex, 

crucial for exporting proteins to the cytosol of the erythrocyte (reviewed in [302]). 

Moreover, EXP2 is becoming increasingly recognized as a nutrient channel [321,340,341] 

besides its function in protein export. Yet, during the liver stages, parasites lacking EXP2 in 

the vacuole grow and differentiate to the same extent as do WT parasites. 

This result has two possible interpretations. On one hand, it can mean that protein 

export is not needed during the liver stage of infection. Indeed, parasite proteins that 

interact with host cell proteins are always found in the PVM. This is the case of the 

interaction between Plasmodium EXP1 and host Apolipoprotein H [409] and Plasmodium 

UIS3 to host autophagy effector protein LC3 [287]. Moreover, there might be no need for 

the parasite to change a nucleated cell as it needs to change the barren erythrocyte. 

On the other hand, alterations in the host cell metabolism caused by the parasite 

have been reported [366]. As discussed before, host cell apoptosis is inhibited in infected 

cells [368]. Also, host AMPK is found to be less active during Plasmodium infection [369] 

and host glucose transporter Glut1 is deployed to the membrane following Plasmodium 

infection [371]. These alterations are driven by the presence of the parasite and might be 

caused by a parasite effector. As such, parasite proteins should be able to exit the liver 

schizont in an EXP2-independent manner, meaning that protein export during the liver 

stage can be caused by a different mechanism with different proteins. 
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To conclude, we have surprisingly observed that a blood stage protein, has a 

moonlighting function as a facilitator of invasion during the liver stage. Even though EXP2 

is still making a pore in a membrane, the different timings and location of action dictates 

very different outcomes. On the blood stage, EXP2 exports proteins and in the liver stage, 

it makes ions flow into the host cell. This induces a cascade of events in the hepatocyte that 

ultimately leads to the endocytosis of the parasite. 

With this work, we have achieved a new perspective on the mechanism of 

Plasmodium sporozoite invasion. This can potentially lead to new anti-malarial strategies. 

It also establishes that Plasmodium parasites have reached a point of convergent evolution 

with other pathogens, from other eukaryotic parasites, bacteria and virus. 
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[…] 

Rust: There wasn’t much to do besides walk around, explore… 

Marty: And… and look up at the sky and make up stories. Like what? 

Rust: [..] It’s just one story. The oldest. 

Marty: What’s that? 

Rust: Light versus dark. 

Marty: […] Appears to me that the dark has a lot more territory. 

 […] 

Rust: You’re looking at it wrong, the sky thing. 

Marty: How’s that? 

Rust: Once there was only dark. If you ask me, the lights winning. 

 

True Detective 
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GLUT1-mediated glucose uptake plays a crucial role
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Summary

Intracellular pathogens have evolvedmechanisms to
ensure their survival and development inside their
host cells. Here, we show that glucose is a pivotal
modulator of hepatic infection by the rodent malaria
parasite Plasmodium berghei and that glucose
uptake via the GLUT1 transporter is specifically
enhanced in P. berghei-infected cells. We further
show that ATP levels of cells containing developing
parasites are decreased, which is known to enhance
membrane GLUT1 activity. In addition, GLUT1 mole-
cules are translocated to the membrane of the
hepatic cell, increasing glucose uptake at later
stages of infection. Chemical inhibition of GLUT1
activity leads to a decrease in glucose uptake and
the consequent impairment of hepatic infection, both
in vitro and in vivo. Our results reveal that changes in
GLUT1 conformation and cellular localization seem
to be part of an adaptive host response to maintain
adequate cellular nutrition and energy levels,
ensuring host cell survival and supportingP. berghei
hepatic development.

Introduction

Glucose is the primary source of energy and a key substrate
for most cells. Glucose and other carbohydrates are
transported into cells by members of a family of integral
membrane glucose transporter (GLUT) molecules. To date,
14 members of this family, also called the solute carrier 2A
proteins, have been identified in humans, which are divided
on the basis of transport characteristics and sequence
similarities into several families (Classes I to III) [reviewed
in (Karim et al., 2012; Mueckler and Thorens, 2013)]. GLUT1
is a class I facilitative glucose transporter expressed in liver
cells (Tal et al., 1990) and overexpressed in various tumours
(Smith, 1999). GLUT1 expression is highest in the human
erythrocyte membrane, and has been shown to play a criti-
cal role in cerebral glucose uptake (Koranyi et al., 1991).
GLUT1 is also a receptor for the human T cell leukaemia
virus (Manel et al., 2003), and GLUT1-mediated glucose
transport in T-cells has been shown to regulate Human
immunodeficiency virus infection (Loisel-Meyer et al., 2012).

Mammalian infection by the malaria parasite is initiated
when Plasmodium sporozoites, injected through the bite of
an infected mosquito, cross the endothelium of the liver
sinusoids and enter the liver. Sporozoites then traverse a
few hepatocytes before productively invading a final one,
inside which they asymptomatically differentiate into
exoerythrocytic forms (EEFs) that originate thousands of
red blood cell-infective merozoites (Prudencio et al., 2006).
Merozoites are eventually released to the bloodstream,
initiating the blood stage of infection, and giving rise to
malaria symptoms. The liver stage of a mammalian infection
by Plasmodium is an obligatory uni-directional step in the
parasite’s progression towards the symptomatic, erythro-
cytic phase of its life cycle.

Blood stages ofmalarial parasites are dependent on glycol-
ysis, employed as their main energy source of Adenosine tri-
phosphate (ATP) production (Pfaller et al., 1982; Vander Jagt
et al., 1990; Kirk et al., 1996), a process that has recently
been modelled for the human malaria parasite P. falciparum
(Penkler et al., 2015). Glucose has been shown to be
transported from human blood plasma into the erythrocyte cy-
tosol by GLUT1 (Hellwig and Joost, 1991), and then taken up
by the parasite via a parasite-encoded facilitative hexose
transporter (PfHT) (Woodrow et al., 2000; Joet et al., 2003),
which limits the rate of glucose entry into the parasite’s
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glycolytic pathways (Tjhin et al., 2013). These findings sup-
port novel chemotherapeutic interventions that target PfHT
(Feistel et al., 2008; Slavic et al., 2011b). Studies in the rodent
malaria model, P. berghei, further found that the orthologous
hexose transporter (PbHT) is expressed not only throughout
the parasite’s development within the mosquito vector, but
also during liver and transmission stages ofP. berghei (Slavic
et al., 2010; Slavic et al., 2011a). During their extensive he-
patic replication, developing Plasmodium parasites require
the availability of large amounts of nutrients and energy.
The availability of appropriate amounts of glucose in infected
hepatic cells is thus expected to play an essential role in the
development of liver stage Plasmodium parasites. Inhibition
of PbHT by compound 3361, a specific inhibitor of plasmodial
HTs, impairs hepatic P. berghei development (Slavic et al.,
2011a), supporting the essentiality of glucose uptake forPlas-
modium liver stages. Accordingly, a recent study established
glucose concentration in the culture medium as a key factor
for liver stage parasite development (Itani et al., 2014).
In this study, we employed rodent P. berghei parasites, a

well-established model of malaria infection (Prudencio et al.,
2011), to elucidate the uptake and utilisation of glucose by
Plasmodium liver stages. We investigated the glucose re-
quirements during the course ofP. berghei development in he-
patic cells as well as the host molecular receptors involved in
glucose uptake by those cells. We demonstrate that P.
berghei infection leads to intracellular ATP depletion and en-
hances the translocation of GLUT1 to the cell membrane of in-
fected hepatoma cells, allowing the uptake of significantly
higher amounts of glucose compared with non-infected cells.
We further show that glucose plays an essential role during
the liver stage of infection by the malaria parasite, modulating
its liver stage development both in vitro and in vivo.

Results

Effect of glucose on P. berghei hepatic infection

In order to evaluate glucose requirements throughout the liver
stage of infection, Huh7 cells, a human hepatoma cell line,
were infected with luciferase-expressing P. berghei sporozo-
ites in the presence of varying concentrations of glucose. Glu-
cose concentrations ranged from 1.25 to 20mM, which
includes and expands the physiological range of glucose con-
centrations, 2.5 to 10mM (Shrayyef and Gerich, 2010). Lumi-
nescence intensity, a correlate of parasite load (Ploemen
et al., 2009), and cell viability were measured near the end
of hepatic parasite development, at 48h post-infection (hpi).
Our results show that an increase in glucose availability corre-
lates with an increase of overall Plasmodium infection
(Fig. 1A). In contrast, any glucose concentration below the
standard medium≈10mM concentration significantly impairs
infection (Fig. 1A), demonstrating that glucose is required for
a successful hepatic Plasmodium infection. Cell viability was
not affected by the presence of an excess of glucose in the

medium, but decreased for 2.5 and 1.25mM of glucose
(Fig. 1A). Crucially, decreasing the glucose concentration from
10 to 5mM significantly decreases parasite load but has no
impact on cell viability.

In order to dissect how glucose influences hepatic infec-
tion, we employed an established flow cytometry-based ap-
proach that makes use of green fluorescent protein (GFP)-
expressing P. berghei parasites to determine the number
of infected cells and to measure parasite development
(Prudencio et al., 2008). The analysis of cells 2h after sporo-
zoite addition, when the invasion process is virtually com-
pleted (Prudencio et al., 2008), shows that glucose
concentration does not affect the ability of parasites to tra-
verse (data not shown) or invade (Fig. 1B) cells. Conversely,
when cells were analysed 48hpi, a glucose-dependent in-
crease in parasite development was observed (Fig. 1C).
These results also showed that the number of infected cells
is higher at 20mM glucose concentration, and lower at glu-
cose concentrations below the physiological range, sug-
gesting that glucose availability influences the survival of
infected cells. These results were further confirmed by im-
munofluorescence microscopy analysis, which demon-
strated that parasite size is proportional to the amount of
glucose in the medium and that the survival of liver stage
parasites 48 hpi depends on the availability of glucose
(Fig. 1D, E). In fact, at low glucose concentrations, not only
are most parasites very small (<50μm2) but also the num-
ber of infected cells is very low. Increasing concentrations
of glucose lead to higher numbers of parasites and favour
parasite growth, with approximately 40%of the parasites be-
ing larger than 200μm2 at 10 and 20mM glucose (Fig. 1E).

Whereas hepatoma cells are highly dependent on glucose
uptake for ATP production through glycolysis (Warburg
et al., 1927; Kroemer andPouyssegur, 2008), primary hepato-
cytes are able to store glucose as glycogen and use oxidative
phosphorylation to produce ATP. Accordingly, the require-
ments for glucose uptake by primary hepatic cells are signifi-
cantly lower than those displayed by tumorigenic cells
(O’Neil et al., 2005). In agreement with this, we showed that
the decreased cell viability noted in hepatoma cells at 2.5
and 1.25mM glucose was not observed in primary
hepatocytes, even upon complete removal of glucose.
Crucially, however, our data also clearly show that overall
infection of mouse primary hepatocytes by P. berghei is
significantly decreased in the absence of glucose in the
medium (Fig. S1). Overall, these results demonstrate that glu-
cose availability plays a crucial role in the liver stage
development and survival of Plasmodium parasites.

Glucose uptake is specifically increased in hepatic cells
containing replicating P. berghei parasites

Having demonstrated a requirement for glucose during liver
stage P. berghei development, we then sought to determine
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whether glucose uptake is specifically enhanced in infected
cells and whether this is linked to parasite replication within
these cells. To this end, we monitored by flow cytometry
the uptake of a fluorescent glucose derivative, 2-NBDG
(2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glu-
cose) (O’Neil et al., 2005; Yamada et al., 2007) by P.
berghei-infected cells. Huh7 cells were incubated with
2-NBDG and analysed at different time points following
addition of red fluorescence protein (RFP)-expressing P.
berghei sporozoites. The uptake of 2-NBDG was measured
as an increase in green fluorescence intensity, whereas
parasite development was monitored as a function of red
fluorescence intensity. The latter enables the population of
cells containing replicating parasites to be distinguished
from a smaller population of cells containing parasites that
do not develop in vitro (Prudencio et al., 2008) (Fig. S2).
Our results clearly show that glucose uptake is highly
increased in cells containing developing parasites, from
30 hpi onwards (Fig. 2A). A smaller increase in glucose
uptake is also observed at around the same time in

non-infected cells and in cells containing non-developing
parasites, present in the same well (Fig. 2A). Live fluores-
cence microscopy analysis of non-infected and infected
Huh7 cells 48hpi (Fig. S3A) confirmed that 2-NBDG fluores-
cence intensity is significantly higher in infected than in
non-infected cells (Fig. S3B) and further revealed the uptake
of 2-NBDG by the developing parasite (Fig. S3B).

Because it is known that glucose uptake may be
influenced by factors such as feeding/fasting, exposure to
low/high temperature, exercise, oxidative stress, several
liver pathologies, such as steatosis and non-alcoholic fatty
liver disease and liver infections, for example, by hepatitis
C virus (Cunningham et al., 1985; Pencek et al., 2004; Bitar
et al., 2005; Bechmann et al., 2012; Moore et al., 2012;
Vidyashankar et al., 2012; Yu et al., 2013), we sought to as-
sess the specificity of theP. berghei-induced increase in glu-
cose uptake by infected Huh7 cells. To this end, we
measured 2-NBDGuptake by Huh7 cells subjected to condi-
tions known to induce low-temperature stress in various
types of mammalian cells (Fujita, 1999), high-temperature

Fig. 1. Glucose availability impacts P. berghei hepatic infection.
A. Huh7 cells were infected with luciferase-expressing P. berghei sporozoites, and the culture medium was replaced 2 hpi by medium with different
concentrations of glucose. Parasite load (luminescence) and cell viability were assessed after 48 h. Representative experiment out of two independent
experiments. Error bars represent standard deviation (SD). One-way analysis of variance (ANOVA) with post-test Dunnett.
B. The culture medium of Huh7 cells was replaced by medium with different concentrations of glucose 1 h prior to infection with green fluorescent protein
(GFP)-expressing sporozoites. Cell invasion was quantified by determining the percentage of GFP+ cells 2 hpi by flow cytometry. Representative
experiment out of two independent experiments. Error bars represent SD. One-way ANOVA with post-test Dunnett.
C. Huh7 cells were infected with GFP-expressing P. berghei sporozoites, and the culture medium was replaced 2 hpi by medium with different
concentrations of glucose. Parasite development and the total number of infected cells were assessed by flow cytometry by determining the fluorescence
intensity and the number of GFP+ cells at 48 hpi, respectively. Representative experiment out of five independent experiments. Error bars represent SD.
One-way ANOVA with post-test Dunnett.
D. Representative confocal images of Huh7 cells infected with sporozoites and incubated in medium with different concentrations of glucose for 48 h.
Cells were immunostained with anti-UIS4 (red), which localises to the parasitophorous vacuole membrane, anti-heat shock protein (HSP)70 (green),
which localises to the parasite’s cytoplasm, and Hoechst (blue), a nuclear stain. Scale bar, 10 μm.
E. For each glucose concentration, the exoerythrocytic forms in the fluorescence microscopy images acquired were counted, and their area was
determined. Exoerythrocytic formswere divided into five different size classes. Pool of two independent experiments. Chi-square test. ns, not significant; *
P< 0.05, ** P< 0.01 and *** P< 0.001.
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stress in a chicken hepatocellular carcinoma cell line (Sun
et al., 2015) or oxidative stress in rat hepatocytes (Sergent
et al., 2005; Nourissat et al., 2008) (Fig. 2B). Finally, we in-
fected Huh7 cells with murine gammaherpesvirus 68
(MHV-68) (Collins et al., 2009), and measured 2-NBDG up-
take at 24hpi and at different infection loads (Fig. 2C). The
efficacy of infection was confirmed by flow cytometry
employing YFP-expressing MHV-68 in a parallel experiment
(Fig. S4). Our data clearly show that there was little or no
effect on 2-NBDG uptake into the cells by any of the
stress-inducing treatments employed, or by viral infection.
This indicates that the increase in glucose uptake by P.
berghei-infected cells is not the result of a non-specific
response to stress or to infection (Fig. 2B, C). Overall, our re-
sults show thatP. berghei development insideHuh7 leads to

a specific and marked enhancement of glucose uptake by
these cells. The observed effect appears rather unique to
malaria parasites, as other intracellular pathogens, such as
Toxoplasma gondii do not depend on host-derived glucose
(Blume et al., 2009), and hepatitis C virus replication actually
suppresses cellular glucose uptake through down-
regulation of cell surface expression of glucose transporters
(Kasai et al., 2009).

RNA interference screen implicates GLUT1 in glucose
uptake by P. berghei-infected hepatic cells

The results so far suggest that infection of hepatic cells by
Plasmodium modulates the uptake of glucose by these cells,
possibly through the enhancement of the activity of

Fig. 2. Glucose uptake is specifically increased in hepatoma cells containing developing P. berghei parasites.
A. 2-NBDG uptake by different cell populations, normalised to cell size, at different time points of infection, assessed by flow cytometry. Error bars
represent standard deviation. Two-way analysis of variance (ANOVA) with post-test Bonferroni.
B. 2-NBDG uptake by naïve Huh7 cells, cells containing developing P. berghei parasites at 48 hpi, and cells subjected to low-temperature,
high-temperature and ethanol-induced oxidative stresses, assessed by flow cytometry. Pool of two independent experiments. Error bars represent
standard deviation. One-way ANOVA with post-test Dunnet.
C. 2-NBDG uptake by naïve Huh7 cells and cells infected with MHV-68 at different multiplicity of infection, assessed by flow cytometry. Pool of two
independent experiments. Error bars represent Standard error of themean (SEM). One-way ANOVAwith post-test Dunnet. ns, not significant; **P< 0.01
and *** P< 0.001. PFU, plaque-forming unit.
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membrane glucose transporters in the cell. To ascertain this,
we decided to carry out a small-scale RNA interference (RNAi)
screen to evaluate the effect of the down-regulation of the ex-
pression of 5 transmembrane glucose transporters upon P.
berghei infection (Table S1). The screen included all class I
GLUT genes (GLUT1-4) as well as GLUT9, a major regulator
of influx in HepG2 hepatoma cells (Takanaga et al., 2008).

Huh7 cells stably expressing shRNA sequences targeting
the selected genes were constructed to be used throughout
the RNAi screen. The screen proceeded in three consecutive
steps, employing different established methods to measure
hepatic infection by P. berghei. In the first step of the screen,
three shRNA sequences were used to silence each of the se-
lected genes and the resulting stable cell lines were infected
with luciferase-expressingP.berghei sporozoites. Forty-eighth
later, the parasite load in these cells was determined by mea-
suring the bioluminescence of cell lysates. Each sequence
was used in at least four independent experiments, and an
shRNA targeting Scavenger receptor class B type I (SR-BI)
was employed as a positive control for infection decrease, as
this receptor has been implicated in hepatic cell invasion by
P. berghei parasites (Rodrigues et al., 2008). GLUT1 emerged
as the genewhose knock-down (KD) leads to the strongest de-
crease in infection (Fig. 3A), withGLUT4 andGLUT9KD yield-
ing a more moderate effect (Fig. 3A). We then carried out the
second step of the RNAi screen, where only GLUT1, GLUT4
and GLUT9 were silenced prior to infection with GFP-
expressing P. berghei parasites. The extent of parasite devel-
opment was assessed 48h later by flow cytometry determina-
tion of GFP intensity (Prudencio et al., 2008). The results
showed that KD of GLUT1 leads to the strongest impairment
of parasite development among the three genes assessed
(Fig. 3B). Therefore, GLUT1 was selected for the final confir-
mation screening step using the three different shRNA se-
quences targeting the GLUT1 gene and assessing parasite
development by immunofluorescence microscopy (Fig. 3C).
Interestingly, the imaging data demonstrated that parasite size
correlates with the mRNA levels of GLUT1, suggesting that
GLUT1-mediated glucose uptake is required for the parasite’s
development (Fig. 3C and Table S1).

To further establish a link between the uptake of glucose by
GLUT1 and Plasmodium infection, we assessed the differ-
ence in 2-NBDG uptake between infected and non-infected
Huh7 cells expressing the same three GLUT1-targeting
shRNA sequences as earlier. This difference was drastically
reduced in the GLUT1-KD stable cell lines, relative to
scramble-transduced control cells, a decrease that is propor-
tional to the extent of the down-modulation of GLUT1
(Fig. 3D). As an additional control, we assessed 2-NBDG up-
take following KD of GLUT2, whose expression by Huh7 cells
we confirmed (2.6± 0.8-fold lower than GLUT1), and can
therefore contribute to glucose uptake by these cells. Never-
theless, our results showed that, contrary to GLUT1 the
down-modulation of the expression of GLUT2 does not affect

2-NBDG uptake by cells containing developing parasites
(Fig. 3D). We also confirmed that GLUT1 KD does not affect
glucose uptake by non-infected cells except for a small de-
crease in cells where the down-modulation of GLUT1 expres-
sion is most pronounced (Fig. S5).

Finally, we assessed infection, as well as 2-NBDG uptake
by infected cells, in the presence ofWZB117, a specific inhib-
itor of GLUT1-mediated glucose transport (Liu et al., 2012).
Our results provide a chemical validation of the genetic ap-
proach (Fig. 3), as they show a clear dose-dependent effect
of WZB117 on overall P. berghei infection of Huh7 cells
(Fig. 4A), on parasite development (Fig. 4B), and on the dif-
ference in 2-NBDG uptake between cells infected with devel-
oping parasites and non-infected cells (Fig. 4C). Additionally,
we showed that P. berghei infection of mouse primary hepa-
tocytes is significantly impaired by the addition of 100μM
WZB117 to the cell culture medium (Fig. S6). Most impor-
tantly, intra-peritoneal administration of WZB117 to mouse
models of Plasmodium infection significantly decreases the
parasite load in the livers of P. berghei-infected mice relative
to vehicle-treated control animals (Fig. 4D). Immunofluores-
cence microscopy analysis of liver sections of these mice
(Fig. 4E) revealed a significant decrease in parasite areas
(Fig. 4F) and numbers (Fig. 4G) in WZB117-treated animals.
These results indicate that GLUT1 inhibition by WZB117
leads to the inhibition of the hepatic parasite’s development,
as well as to its decreased survival in vivo.

GLUT1 expression is not enhanced in Plasmodium-infected
cells

Having established a role for GLUT1 in the specific uptake of
glucose by infected cells, we hypothesised that Plasmodium
infection might lead to an increase in the expression of that
transporter. To address this, we compared GLUT1 expres-
sion levels in non-infected and infected Huh7 cells at 6, 30
and 48 hpi with GFP-expressing P. berghei parasites.
Following the separation of infected and non-infected cells
by fluorescence-activated cell sorting (FACS) (Albuquerque
et al., 2009), cells were analysed by quantitative real-time
polymerase chain reaction (qPCR), employing GLUT1-
specific primers (Table S2). The data showed no significant
differences in GLUT1 expression between infected and non-
infected cells, at the selected time points (Fig. S7). As such,
we concluded that the increase in GLUT1-mediated glucose
uptake byPlasmodium-infected cells does not result from an
infection-induced enhancement of the mRNA expression of
this transporter.

P. berghei development leads to cytoplasmic ATP depletion

It has been shown that GLUT1 has a cytoplasmic pocket
that is postulated to allow the binding of ATP, which in turn
induces conformational changes that inhibit GLUT1-
mediated glucose transport (Cloherty et al., 1996; Levine
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et al., 1998). This modulation of GLUT1 conformation by
ATP is counteracted by the binding of Adenosine
monophosphate (AMP) and Adenosine diphosphate (ADP)
to the same site in GLUT1 (Blodgett et al., 2007). We thus
wondered whether the observed increase in glucose uptake
by Plasmodium-infected cells would correlate to a decrease
inATP levels in these cells. To investigate this, we employed
a fluorescence resonance energy transfer-based indicator
for ATP (ATeam), composed of the ε subunit of the bacterial
FoF1-ATP synthase sandwiched between the cyan-
fluorescent proteins and Venus fluorescent proteins (CFP
andVenus, respectively), which enablesmeasurement of in-
tracellular ATP levels as a function of the Venus/CFP ratio

(Imamura et al., 2009). Using RFP-expressing P. berghei
parasites and live fluorescence microscopy, we specifically
monitored ATP levels in non-infected and infected cells at
30 and 48hpi. Interestingly, we observed that the ATP levels
of infected cells were significantly lower than those of naïve
cells (Fig. 5A). In agreementwith the results in Fig. 2A, which
show that non-infected cells take up more 2-NBDG than
naïve cells, we also detected a smaller but significant ATP
reduction in the non-infected cells (Fig. 5A), when compared
with naïve cells. These data indicate that liver stage parasite
development results in a decrease in the ATP available
inside the host cell, presumably leading to the
well-described ATP/ADP/AMP-driven conformational

Fig. 3. GLUT1 knockdown significantly impairs P. berghei liver stage development and glucose uptake by P. berghei-infected cells.
A. Huh7 cells with stable knockdown of one of fiveGLUT receptors were infected with luciferase-expressingP. berghei sporozoites and parasite loadwas
assessed by luminescencemeasurement 48 h later. A scrambled shRNA sequencewas used as a negative control and a cell line with stable knockdown
of SR-BI as positive control. Pool of four independent experiments. Error bars represent SEM.
B. Huh7 cells with the knockdown of GLUT1, GLUT4 or GLUT9 were infected with green fluorescent protein (GFP)-expressing P. berghei sporozoites.
The percentage of infected cells and parasite development were assessed by flow cytometry at 48 hpi. Pool of three independent experiments. Error bars
represent SEM.
C. Quantification of the area of the EEFs in each of the three different cell lineswith GLUT1 knockdown at 48 hpi by immunofluorescencemicroscopy. The
knockdown efficiency of each shRNA sequence is indicated. Pool of three independent experiments.
D. Difference of 2-NBDGuptake in the several cell lines with GLUT1 knockdown by developing parasites-containing cells and non-infected cells at 48 hpi,
assessed by flow cytometry. A cell line with the knockdown of GLUT2 was used as control. Pool of four independent experiments. Error bars represent
SEM. All panels: one-way analysis of variance (ANOVA) with post-test Dunnett. ns, not significant, * P< 0.05, ** P< 0.01 and *** P< 0.001.
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changes inGLUT1 (Cloherty et al., 1996; Levine et al., 1998;
Blodgett et al., 2007).

P. berghei infection leads to GLUT1 translocation to the
plasma membrane

In order to compare the amount of GLUT1 present on the
surface of infected and non-infected cells, Huh7 cells were
infected with RFP-expressing P. berghei parasites and
incubated with the fusion peptide HRBD-EGFP (consisting
of the Receptor Binding Domain of the human T cell leukae-
mia virus fused to enhanced green fluorescent protein),
which has been shown to specifically bind to GLUT1 at the
extracellular surface of the cell plasma membrane (Manel
et al., 2003; Kinet et al., 2007). CoCl2 was used as a positive

control as it has been shown to enhance GLUT1 transloca-
tion to the plasma membrane (Koseoglu and Beigi, 1999).
Flow cytometry analysis showed a similar increase in the
amount of plasma membrane-located GLUT1 in both
non-infected and infected cells at 30 hpi, relative to naïve
cells (Fig. 5B). However, at 48hpi, the amount of GLUT1 at
the cell surface is specifically and significantly enhanced in
infected cells (Fig. 5B), an increase whose magnitude is
consistent of that observed upon stimulation of Rat2 cells
by 12-O-tetradecanoyl-phorbol-13-acetate (TPA) (Lee
et al., 2015). Our results suggest that an enhancement of
GLUT1 availability at the plasma membrane facilitates the
uptake of glucose required for the later stages of parasite de-
velopment, the time at which there is a dramatic increase in

Fig. 4. Chemical inhibition of GLUT1-mediated glucose transport by WZB117 affects P. berghei hepatic infection in vitro (A-C) and in vivo (D-G).
A. Huh7 cells were infected with luciferase-expressing P. berghei sporozoites and 2 h later the culture medium was replaced by medium with increasing
concentrations of WZB117. Parasite load (luminescence) and cell viability were assessed at 48 hpi. Representative experiment out of two independent
experiments. Error bars represent standard deviation (SD). One-way analysis of variance (ANOVA) with post-test Dunnett.
B. Huh7 cells were infected with red fluorescent protein-expressing P. berghei sporozoites and 2 h later the culturemediumwas replaced by mediumwith
increasing concentrations of WZB117. Parasite development was assessed by flow cytometry at 48 hpi. Pool of two independent experiments. Error bars
represent SD. One-way ANOVA with post-test Dunnett.
C. 2-NBDG uptake by red fluorescent protein-expressing P. berghei-infected cells at 48 hpi after treatment with increasing concentrations of WZB117,
assessed by flow cytometry. Pool of two independent experiments. One-way ANOVA with post-test Dunnett.
D. C57BL/6 mice received three doses of 10mg/kg of WZB117 i.p., the first immediately before infection with P. berghei sporozoites and the other two at
15 and 30 hpi. Parasite load was assessed at 44 hpi by qPCR. Pool of three independent experiments. Vehicle: n = 15 mice; WZB117-treated: n = 12
mice. Two-tailed Mann–Whitney test.
E. Fifty μm sections of one liver lobe from one mouse of each experimental group were stained with anti-UIS4 (white), anti-GFP (green), phalloidin (red)
and Hoechst (blue). Representative confocal images of P. berghei parasites in both experimental groups of mice. Scale bar, 10 μm.
F. Area of the parasites in the control (vehicle) or the WZB117-treated mouse, determined by immunofluorescence microscopy. Representative
experiment out of two independent experiments. Two-tailed Mann–Whitney test.
G. Number of parasites per area of liver in control andWZB117-treated mice. Representative experiment out of two independent experiments. Error bars
represent SD. Two-tailed Mann–Whitney test. ns, not significant; * P< 0.05, ** P< 0.01 and *** P< 0.001.
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glucose uptake (Fig. 2A). Overall, our data support the
notion that increased glucose uptake by P. berghei-infected
hepatic cells is mediated by GLUT1, which becomes
activated by the ATP depletion and translocated into the
membrane of the infected cell (Fig. 6).

Discussion

Plasmodium parasites require large amounts of nutrients for
their extensive replication inside liver cells. Here, we show
that glucose uptake is significantly increased in infected he-
patic cells, through the enhanced action and translocation of
the GLUT1 membrane transporter.
Glucose is ubiquitously used as the common currency of

metabolism, and the ability to transport this hexose across

the plasma membrane is a feature of nearly all cells
(Mueckler, 1994). Although GLUT2 is the major glucose
transporter of hepatocytes, where it is involved in glucose
uptake and release in the fed and fasted states, respectively
(Thorens et al., 1990; Mueckler and Thorens, 2013), GLUT1
is also present in the liver (Karim et al., 2012), where it is
transcribed and expressed by both periportal and
perivenular hepatocytes. Of note, GLUT2 has a high
capacity but a low affinity for glucose, with a Km value (the
concentration of glucose at which transport is half of its
maximal value) in the order of 17mM (Uldry et al., 2002).
GLUT1, on the other hand, has a higher affinity for glucose
with a Km value of ~3mM (Uldry et al., 2002), which is closer
to that of PfHT (~1mM, (Woodrow et al., 2000)). Thus, it is
tempting to speculate that GLUT1 is better matched to

Fig. 6. Proposed model of GLUT1-mediated glucose uptake during hepatic infection by Plasmodium. Following the invasion of hepatic cells by
Plasmodium parasites and the establishment of infection (left), parasites initiate a process of dramatic intracellular replication. Parasite development
reduces the amount of host intracellular glucose, leading to depletion of the ATP pool and binding of ADP/AMP to GLUT1 transporters at the plasma
membrane. This results in their activation (middle). At later stages of infection, GLUT1 transporters present in the host cell’s cytoplasmic compartments
are translocated to the cell membrane, leading to further enhancement of glucose uptake (right).

Fig. 5. P. berghei development inside Huh7 cells results in a decreased ATP/AMP ratio and increased GLUT1 content at the plasma membrane.
A. Huh7 cells were transfected with an ATP probe, AT1.03, and infected with red fluorescent protein-expressingP. berghei sporozoites. Thirty and 48 hpi,
the Venus/cyan-flourescent proteins (CFP) emission ratio in the cytoplasm of each individual cell (non-infected and cells containing developing parasites)
was calculated from the fluorescent images acquired in both channels. Huh7 cells incubated in RPMI without glucose with 10mMof galactose and 10 μM
of Oligomycin were used as positive controls for ATP depletion. Pool of 2 and 3 independent experiments for the 30 and 48 h time points, respectively.
B. Huh7 cells were infected with red fluorescent protein-expressing sporozoites and, at 30 and 48 hpi, were incubated with the HRBD-EGFP peptide that
binds specifically toGLUT1 at the surface of the cells andwere analysed by flow cytometry. Huh7 cells incubated overnight in completeRPMIwith 250 μM
of CoCl2 were used as positive controls. Pool of 2 and 4 independent experiments for the 30 and 48 h time points, respectively. Error bars represent SEM.
Both panels: one-way ANOVA with post-test Tukey. ns, not significant; * P< 0.05 and *** P< 0.001.
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supply glucose to the parasite, especially if local glucose
concentrations decrease towards the Km of GLUT1.
Interestingly, despite being expressed by all hepatocytes,
membrane localization of GLUT1 under basal conditions is
restricted to hepatocytes proximal to the hepatic venule
(Tal et al., 1990; Thorens et al., 1990; Bilir et al., 1993; Karim
et al., 2012; Mueckler and Thorens, 2013). Because the liver
cell plate is perfused unidirectionally from portal to hepatic
venule, the concentration of several substrates, such as
oxygen and glucose, decreases as blood moves closer to
the latter (Bilir et al., 1993). This is consistent with the
observation that GLUT1 expression is enhanced by a
decrease in circulating glucose levels (Simpson et al.,
1999) as well as by hypoxia (Ebert et al., 1995). Importantly,
it has recently been shown that hypoxia enhances liver
stage infection by malaria parasites, an effect that is also
observed following treatment with an activator of hypoxia
inducer factor-1α (HIF-1α) or with the hypoxia mimetic CoCl2
(Ng et al., 2014). Interestingly, increased HIF-1α levels have
been shown to upregulate expression of GLUT1 (Chen
et al., 2001) and CoCl2 has been shown to enhance GLUT1
translocation to the plasma membrane ((Koseoglu and
Beigi, 1999) and Fig. 5B). In this context, our results suggest
that GLUT1-mediated glucose transport may provide a cru-
cial link to explain the observed preferential infectivity of hyp-
oxic liver cells by Plasmodium parasites.

The data presented here is consistent with our proposed
model (Fig. 6), in which the extensive replication of liver
stage parasites promotes the depletion of intracellular glu-
cose and, consequently, of ATP. This effect is compensated
for by an increase in glucose uptake that results from (i) the
likely activation of GLUT1 transporters at the plasma mem-
brane via AMP-dependent conformational changes and (ii)
from GLUT1 translocation to the plasma membrane,
particularly towards the end of parasite development. The
significant increase in glucose uptake by infected cells likely
leads to a decrease in glucose availability in the vicinity of
infected cells, which may result in a similar, albeit weaker,
response by neighbouring non-infected cells. In fact, these
cells also display a small decrease in ATP levels, as well
as some, although not statistically significant, GLUT1
translocation to the membrane (Fig. 5A,B), and a slight
increase in glucose uptake from 30hpi onwards (Fig. 2A).
A question that remains open is which mechanism(s) is
(are) involved in regulating GLUT1 activation and transloca-
tion into the membrane of the infected cell. It has previously
been shown that enhanced glucose transport by GLUT1
transporters preexisting in the plasma membrane is associ-
ated with stimulation of AMP-activated protein kinase
(AMPK) activity (Abbud et al., 2000; Barnes et al., 2002).
On the other hand, it has been shown that GLUT1 transloca-
tion to the plasma membrane may be triggered by insulin
(Egert et al., 1999), in a phosphoinositide 3-kinase(PI3K)-
dependent fashion (Egert et al., 1999; Perrini et al., 2004).

Intriguingly, neither parasite development nor glucose up-
take by P. berghei-infected cells seem to be affected by
the down-regulation of either the α1 and the α2 subunits of
AMPK (Fig. S8). Likewise, addition of insulin or inhibition of
PI3K with Wortmannin (Nagai et al., 2011; Hsu and Yang,
2014) do not impact infection or glucose uptake by infected
cells (Fig. S9). Very recently, phosphorylation of GLUT1 by
protein kinase C has been shown to lead to the rapid in-
crease in glucose uptake and enhanced cell surface locali-
zation of GLUT1 induced by TPA (Lee et al., 2015).
Whether a similar mechanism may be at play during P.
berghei infection of hepatic cells is currently under
investigation.

Despite the fact that, under basal conditions, GLUT1 is
only localised at the membrane of perivenous hepatocytes,
we showed that in vivo chemical inhibition of GLUT1-
mediated glucose uptake has a substantial impact on the
number of P. berghei-infected hepatocytes. There are two
possible explanations for this observation. The first is that
the inhibitor only hinders GLUT1-mediated glucose uptake
on perivenous hepatocytes and, therefore, only has an effect
on the parasites inside these hepatocytes. Alternatively, in
accordance with our model, the replication of the parasite
inside periportal hepatocytes could lead to a depletion of
the cellular glucose pool and trigger the translocation of
GLUT1 present in the endoplasmic reticulum (ER), Golgi
and endosomal compartiments to the plasma membrane,
thereby increasing the percentage of infected hepatocytes
with GLUT1 at the plasma membrane and, therefore, the
number of cells targeted by the inhibitor.

The (East Rutherford, NJ, USA) liver displays the capacity
to remove 30–40% of the glucose presented to it following
glucose ingestion and thereforemust be considered a signif-
icant site of postprandial glucose removal (Pagliassotti and
Cherrington, 1992). Interestingly, a recent case–control
study in Ghana found that patients with type 2 diabetes
mellitus had a 46% increased risk for infection with P.
falciparum (Danquah et al., 2010). The authors of this study
offer a number of possible explanations for this observation,
including impaired immune responses, an increased num-
ber of infectious mosquito bites, and enhanced parasite
growth in the blood of type 2 diabetes mellitus patients
(Danquah et al., 2010). Thus, our results suggest the possi-
bility that the elevated amounts of circulating glucose
displayed by diabetic patientsmay also promote parasite de-
velopment in the liver, thereby contributing to the increased
risk of appearance of clinically relevant malaria. Further in-
vestigation of the link between diabetes and malaria is
clearly warranted by the fact that sub-Saharan Africa cur-
rently faces the world’s highest increase in type 2 diabetes
mellitus (Wild et al., 2004).

To the best of our knowledge, this is the first report that
addresses the role of glucose during hepatic infection by
Plasmodium from a molecular point of view. It identifies
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GLUT1 as a druggable target and a major player in glucose
uptake by infected cells and shows that its function as a
glucose transporter is modulated in cells containing replicat-
ing parasites. These findings contribute to an understanding
of how hepatic host cellsmeet the energy demands imposed
by the parasite’s huge replication rate. Such an understand-
ing may help identify strategies to control energy production
by infected cells and thereby limit parasite development and
survival.

Experimental procedures

Chemicals

Roswell Park Memorial Institute (RPMI) 1640, PBS pH7.4, trypsin,

fetal bovine serum (FBS), non-essential amino acids,

penicillin/streptomycin, glutamine, HEPES pH 7, OptiMEM and

Lipofectamine RNAiMAX were purchased from Gibco-Thermo

Fisher Scientific (Waltham, MA USA). All other chemicals were ob-

tained from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise

specified.

Cells

Huh7 cells, a human hepatoma cell line, were cultured inRPMI 1640

medium supplemented with 10% v/v FBS, 0.1 mM non-essential

amino acids, 50μg/ml penicillin/streptomycin, 2mM glutamine and

1mM HEPES (final concentrations), pH 7 and maintained at 37 °C

with 5%CO2. Mouse primary hepatocytes were cultured inWilliam’s

E medium supplemented with 4% FBS, 2mM glutamine, 1mM

HEPES and 50 μg/ml penicillin/streptomycin, and maintained at

37 °C with 5% CO2.

Mice

C57BL/6 mice were purchased from Charles River (Lyon, France)

and housed in the rodent facility of Instituto de Medicina Molecular

(Lisbon, Portugal). All animal experiments were performed in strict

compliance to the guidelines of our institution’s animal ethics

committee and the Federation of European Laboratory Animal

Science Associations (FELASA).

Parasites

Green fluorescent protein (GFP)-expressing, red fluorescent protein

(RFP)-expressing, or luciferase-expressing P. berghei ANKA

sporozoites were dissected in non-supplemented RPMI medium

from the salivary glands of infected femaleA. stephensimosquitoes,

bred at Instituto de Medicina Molecular, prior to being employed

for in vitro and in vivo infections (Franke-Fayard et al., 2004;

Ploemen et al., 2009).

Overall in vitro infection by luminescence

Overall hepatic infection was determined bymeasuring the lumines-

cence intensity in Huh7 cells or mouse primary hepatocytes infected

with a firefly luciferase-expressing P. berghei line, as previously

described (Ploemen et al., 2009). Briefly, Huh7 cells or mouse

primary hepatocytes (1.0 × 104 and 2.0 × 104 per well, respectively)

were seeded in 96-well plates the day before infection. Sporozoite

addition was followed by centrifugation at 1800 × g for 5min and

the medium was replaced approximately 2 hpi by the appropriate

medium. Parasite infection load was measured 48hpi by a biolumi-

nescence assay (Biotium, Hayward, CA, USA) using a multiplate

reader Infinite M200 (Tecan, Männedorf, Switzerland). The effect

of the different treatments on cell viability was assessed by the

CellTiter-Blue assay (Promega, Fitchburg, WI, USA) according to

the manufacturer’s protocol.

Quantification of P. berghei invasion and development by
flow cytometry

Invasion of hepatoma cells and intracellular parasite development

were assessed by determining the percentage of GFP+ cells 2 hpi

with a GFP-expressing P. berghei line and by measuring the inten-

sity of the GFP signal of the infected cells 48 hpi, respectively, as

previously described (Prudencio et al., 2008). Huh7 cells (5.0 × 104

per well) were seeded in 24-well plates the day before infection.

The medium was replaced by the appropriate medium 1 h prior or

2 hpi, for invasion and development quantification, respectively.

Cells were then collected for flow cytometry analysis at 2 h or

48 hpi, respectively, and analysed on a BD Biosciences

FACScalibur (BD Biosciences, Franklin Lakes, NJ, USA). Data ac-

quisition and analysis were carried out using the CELLQUEST (version

3.1.1 f1, BD Biosciences) and FLOWJO (version 6.4.7, Ashland, OR,

USA) software packages, respectively.

Immunofluorescence imaging of P. berghei in Huh7 cells

For immunofluorescence microscopy analyses, cells were seeded

on glass coverslips in 24-well plates and infected with sporozoites

as described earlier. Forty-eight hpi, cells were rinsed with 1x PBS

and fixedwith 4%v/v paraformaldehyde (SantaCruz Biotechnology,

Dallas, TX, USA) for 20min at room temperature and stored at 4 °C

in PBS 1x until being stained. Cells were incubated with the

permeabilization/blocking solution (0.1% v/v Triton X-100, 1% w/v

bovine serum albumin in 1x PBS) for 30min at room temperature.

Parasites were stained with a parasite specific anti-Heat shock pro-

tein 70 (Hsp70) antibody (2E6; dilution 1:100) and an anti-UIS4 an-

tibody (dilution 1:1000) for 1 h at room temperature, followed by

threewasheswith permeabilization/blocking solution. Cellswere fur-

ther incubated in a 1:400 dilution of anti-mouse Alexa-Fluor 488

(Jackson ImmunoResearch Laboratories, West Grove, PA, USA)

or anti-goat Alexa-Fluor 568 (Life Technologies, Carlsbad, CA,

USA) secondary antibodies in the presence of a 1:1000 dilution of

Hoechst 33342 (Invitrogen, Carlsbad, CA, USA) for nuclei staining.

An additional three washes were carried out with permeabilization/

blocking solution. Coverslips were mounted on microscope slides

with Fluoromount (SouthernBiotech, Birmingham, AL, USA). Confo-

cal images were acquired using a Zeiss LSM 710 confocal micro-

scope (Carl Zeiss, Oberkochen, Germany). Widefield images for

size determination were acquired in a Zeiss Axiovert 200M micro-

scope (Carl Zeiss, Oberkochen, Germany). Imageswere processed

with IMAGEJ software (version 1.47, NIH, Bethesda, MD, USA).
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Quantification of glucose uptake by flow cytometry and live
microscopy

Glucose uptake into Huh7 cells was quantified by flow cytometry

using a fluorescent D-glucose derivative, 2-[N-(7-nitrobenz-2-oxa-

1,3-diazol-4-yl)amino]-2-deoxy-D-glucose (2-NBDG; Molecular

Probes, Life Technologies) as a tracer (O’Neil et al., 2005; Yamada

et al., 2007). Briefly, Huh7 cells (1.0 × 104 per well) were seeded in

96-well plates the day before infection with RFP-expressing P.

berghei sporozoites. At several time points after infection, the

medium was replaced by RPMI without glucose supplemented with

1mM of glucose and 0.1mM of 2-NBDG, and cells were incubated

for 5min at 37 °C to allow uptake (O’Neil et al., 2005). Cells were

then collected for flow cytometry analysis and analysed on a BD

LSR Fortessa flow cytometer (BD BIOSCIENCES, Franklin Lakes, NJ,

USA) with the DIVA software (version 6.2, BD BIOSCIENCES, Franklin

Lakes, NJ, USA). Analysis was carried out using the FLOWJO soft-

ware (version 6.4.7, FlowJo). For live microscopy, Huh7 cells

(2.0 × 105) were seeded on glass bottom microwell dishes (MatTek,

Ashland, MA, USA) the day before infection with RFP-expressingP.

berghei sporozoites. At 48 hpi, the medium was replaced by RPMI

without glucose supplemented with 1mM of glucose and 0.1 mM

of 2-NBDG, and cells were incubated for 30min at 37 °C. Cells were

then visualised on a 3i Marianas SDCmicroscope and the acquired

images were processed with IMAGEJ software (version 1.47).

Temperature shocks and ethanol-induced oxidative stress

Huh7 cells (1.0 × 104 per well) were seeded in 96-well plates and

incubated at 37 °C for 48 h. To induce a mild cold stress response,

one of the plates was incubated at 27 °C for 1 h (Fujita, 1999). To

induce a heat stress response, another plate was incubated at

43 °C for 1 h (Sun et al., 2015). A control plate was maintained at

37 °C. Ethanol-induced oxidative stress was attained by incubating

Huh7 cells in complete RPMI with 50mM of ethanol for 24 h

(Sergent et al., 2005; Nourissat et al., 2008). Following temperature

shocks and ethanol-induced oxidative stress, the uptake of

2-NBDG by the cells was determined as previously described.

Viral infection-induced stress

Huh7 cells (5.0 × 104 per well) were seeded in 24-well plates and, on

the following day, were infected with 0.01, 1 and 5 plaque-forming

units/cell of wild type murine gammaherpesvirus 68 (MHV-68) or

YFP-expressing MHV-68 (MHV-68-YFP) (Collins et al., 2009).

Twenty-four h later, the uptake of 2-NBDG by the MHV-68-infected

cells was determined as previously described. The percentage of

MHV-68-infected cells in each condition was estimated by

determining the percentage of YFP+ cells after infection with the

same amount of plaque-forming units/cell of MHV-68-YFP.

Assessment of the impact of glucose transporters on
Plasmodium infection by RNA interference (RNAi)

Down-modulation of the genes encoding selected glucose

transporters employed short hairpin RNAs (shRNAs). All shRNAs

were purchased from the MISSION TRC library (Sigma) in the form

of bacterial glycerol stocks which were grown to obtain the purified

plasmids. Each gene was targeted by using three distinct shRNAs,

used individually (Table S1). For the lentiviral production, HEK

293FT cells (2.0 × 104 per well) were seeded in 96-well plates. On

the following day, cells were transfected with the packaging vectors

and each individual shRNA plasmid in a final concentration of

100 ng/well using the FuGENE 6 reagent (Promega), according to

the manufacturer’s instructions. The lentiviral particles were

collected in the supernatant of these cells approximately 60h af-

ter transfection and stored at �80 °C. For the transduction of

Huh7 cells and subsequent generation of cell lines with stable

knockdown of the genes of interest, cells (1.0 × 105 per well)

were seeded in 12-well plates. On the following day, the medium

was replaced by 400 μl of supplemented RPMI with 8 μg/ml of

polybrene, on top of which were added 100 μl of lentiviral

particles-containing supernantant [approximate multiplicity of

infection (MOI) of 1:1] and the plates were centrifuged for

30min at 1200 × g and 37 °C. Twenty-four hours after transduc-

tion, the medium was replaced by supplemented RPMI with

5 μg/ml of puromycin (Calbiochem) for the selection of the

transduced cells which were allowed to grow for at least a week

before being used for infections with luciferase-expressing or

GFP-expressing P. berghei sporozoites to determine overall

infection and parasite development by luminescence, flow cytom-

etry and microscopy, as described earlier. Cells transduced with

lentiviral particles carrying a negative control shRNA (SHC002)

not targeting any annotated gene in the human genome were

used as negative control. A stable cell line with the knockdown

of Scavenger receptor class B type I (SR-BI) was used as pos-

itive control in the luminescence assays (Rodrigues et al., 2008).

The knockdown efficiency of each shRNA sequence (Table S1)

was assessed by quantitative PCR (qPCR) with specific primers

for each gene (Table S2).

Small interfering RNA transfection

4.0 × 104 Huh7 cells were reverse-transfected with 30 nM of target

specific (human AMPK α1: ref. L-005027-00-0005; human AMPK

α2: ref. L-005361-00-0005) or control small interfering RNA

sequence pools (ON-TARGETplus SMARTpool, Dharmacon,

Lafayette, CO, USA), using Lipofectamine RNAiMAX (Gibco/

Invitrogen) according to the manufacturer’s instructions. Twenty-

four hours after transfection, the cells were infected with

3.0 × 104 GFP-expressing P. berghei sporozoites. Cells were col-

lected for flow cytometry analysis at 48 hpi and analysed on a

BD LSR Fortessa flow cytometer with the DIVA software (version

6.2). Analysis was carried out using the FLOWJO software (version

6.4.7, FlowJo). The efficiency of knockdown was assessed with

specific primers by qPCR (Table S2).

Fluorescence-activated cell sorting of P. berghei-infected
and non-infected Huh7 cells

Huh7 cells (1.0 × 105 per well) were seeded in 24-well plates and in-

fected 24 h later with 1.0 × 105 GFP-expressing P. berghei sporozo-

ites. Cells were collected at 2 hpi and FACS-sorted on a BD
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FACSAria III Cell Sorter (BD Biosciences). Non-infected and GFP-

expressing P. berghei-infected cells were gated on the basis of their

different fluorescence intensity, as previously established, and col-

lected simultaneously (Prudencio et al., 2008; Albuquerque et al.,

2009). Immediately after FACS-sorting, both infected and non-

infected cells were washed and seeded in 24-well plates at a density

of 1.5 × 105 per well. Infected cells were diluted 1:1 with non-infected

cells to allow replicates. Cells were then incubated until collection at

30 or 48 hpi. In the case of the 6 hpi time point, P. berghei-infected

cells were FACS-sorted at this time, diluted 1:1 with non-infected

cells, pelleted, snap-frozen and stored until RNA extraction.

RNA extraction, complementary DNA synthesis and qPCR

RNA was extracted from cultured cells using the High Pure RNA

Isolation kit (Roche, Basel, Switzerland) according to the manufac-

turer’s instructions. The amount of RNA in each sample was

assessed with a NanoDrop® ND-1000 spectrophotometer

(NanoDrop, Wilmington, DE, USA).

Complementary DNA (cDNA) was synthesised from 1 μg of RNA

using the Roche cDNA synthesis kit, according to the manufac-

turer’s instructions. The cDNA was synthesised employing the

following thermocycling parameters: 25 °C for 10min, 55 °C for

30min, and 85 °C for 5min. qPCR reaction was performed in a total

volume of 20 μl in a ABI Prism 7500 Fast system (Applied

Biosystems, Foster City, CA, USA) using the iTaqTM Universal

SYBR® Green kit (BioRad, Hercules, CA, USA) as follows: 50 °C

for 2min, 95 °C for 10min, 40 cycles at 95 °C for 15 s and 60 °C for

1min, melting stage was done at 95 °C for 15 s, 60 °C for 1min,

and 95 °C for 30 s. Primers for hypoxanthine-guanine

phosphoribosyltransferase (Hprt), a well-established housekeeping

gene, were used for normalisation in all experiments (TableS2). The

delta-delta cycle threshold (ΔΔCT) relative quantification method

was used for analysis of qPCR results.

In vivo WZB117 treatment, P. berghei sporozoite infection
and quantification of parasite liver load by qPCR

Six weeks old male C57BL/6 mice were injected intraperitoneally

(i.p.) with 10mg/kg of WZB117 in PBS/DMSO 1:1 (v/v), or with

vehicle alone, immediately before intravenous (i.v.) injection of

3.0 × 104 GFP-expressing P. berghei sporozoites (Liu et al., 2012).

The administration of the drug or vehicle was repeated at 15 and

30 hpi, and the livers were collected at 44 hpi and homogenised in

3ml of denaturing solution (4 M guanidine thiocyanate; 25mM

sodium citrate pH 7, 0.5% w/v N-lauroylsarcosine and v/v 0.7% β

mercaptoethanol in DEPC-treated water). Total RNA was extracted

from the livers with the NZY Total RNA Isolation Kit (NZYTech,

Lisboa, Portugal), according to the manufacturer’s protocol, and

converted into cDNA as described earlier. Parasite load was

quantified by qPCR using primers specific to P. berghei 18S RNA

(Table S2). Mouse Hprt expression was used for normalisation.

Immunohistochemical staining of liver sections

For microscopy, paraformaldehyde-fixed liver lobes were cut in

50 μm sections and were incubated in permeabilization/blocking

solution (1% w/v bovine serum albumin, 0.5% v/v Triton-X100 in

PBS) at room temperature for 1 h, followed by a 2 h incubation at

room temperature with an anti-UIS4 antibody (dilution 1:500). Slices

were further incubated in a 1:300 dilution of anti-GFP-Alexa488

antibody (Invitrogen) and anti-goat Alexa-Fluor 568 (Invitrogen) in

the presence of a 1:1000 dilution of Hoechst 33342 (Invitrogen)

and a 1:100 dilution of Phalloidin-660 (Invitrogen) for actin staining

for 1 h. After washing, slices were mounted on microscope slides

with Fluoromount (SouthernBiotech). Images were acquired and

processed as described above.

Determination of ATP levels inside single cells by live
microscopy

Huh7 cells (2.0 × 105 cells) were seeded on glass bottom microwell

dishes (MatTek). The following day, 1μg of ATeam plasmid carrying

the ATP indicator (pRSET-AT1.03) was transfected into the cells with

FuGENE 6 (Roche) according to the manufacturer’s instructions

(Imamura et al., 2009). Twenty-four hours after transfection, cells

were infectedwith RFP-expressingP. berghei sporozoites and, at se-

lected time points of infection, were visualised at 37 °C on a Zeiss

LSM 710 confocal microscope as described previously (Ando et al.,

2012). Huh7 cells incubated for 6 h in RPMI without glucose with

10mM of galactose and 10μM of Oligomycin were used as positive

controls for ATP depletion. Image analysis was performed using the

IMAGEJ software (version 1.47). The Venus/CFP emission ratio was

calculated for each cell dividing its mean intensity in the Venus chan-

nel by the mean intensity in the CFP channel.

Quantification of GLUT1 at the plasma membrane of
infected cells by flow cytometry

Huh7 cells (1.0 × 104 per well) were seeded in 96-well plates and

were infected with RFP-expressing P. berghei sporozoites on the

following day. Thirty and 48 hpi, cells were detached using PBS

containing 1mM EDTA, centrifuged at 4 °C, and the cell pellet was

resuspended in cold RPMI containing 10% v/v FBS. Cells were

further incubated with supernatant obtained from 293 T cells

transfected with a vector encoding the HRBD-EGFP fusion protein

(dilution 1:50 in PBS with 2% v/v FBS) (Manel et al., 2003; Kinet

et al., 2007). Following incubation at 37 °C for 30min, cells were

harvested by centrifugation, washed one time with PBS with 2%

v/v FBS, resuspended in the same buffer and analysed with a BD

LSR Fortessa cytometer with the DIVA software (version 6.2). Huh7

cells incubated overnight in complete RPMI with 250 μM of cobalt

(II) chloride (CoCl2) were used as positive controls (Koseoglu and

Beigi, 1999). Analysis was carried out using the FLOWJO software

(version 6.4.7, FlowJo).

Statistical analyses

Statistical analyses were performed using the GRAPHPAD PRISM 5

software (La Jolla, CA, USA). One-way analysis of variance, Two-

way analysis of variance, Chi-Square, Mann–Whitney U test or

Student’s t-test were used for significance of differences ob-

served, as indicated in each figure. ns, not significant; * P< 0.05,

** P< 0.01 and *** P< 0.001.
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Additional supporting information may be found in the online
version of this article at the publisher's web-site:

Fig. S1. Glucose availability impacts P. berghei infection
ex vivo. (A) Mouse primary hepatocytes were infected with
luciferase-expressing P. berghei sporozoites and the culture
medium was replaced 2 hpi by medium with different concen-
trations of glucose. Parasite load (luminescence) and cell via-
bility were assessed 48 hpi. Pool of 3 independent
experiments. Error bars represent SEM. One-way ANOVA with
post-test Dunnett. (B) Mouse primary hepatocytes were in-
fected with GFP-expressing P. berghei sporozoites and the
culture medium was replaced by medium with different con-
centrations of glucose 2 hpi. Parasite development and the to-
tal number of infected cells were assessed at 48 hpi by flow
cytometry by determining the fluorescence intensity and the
number of GFP+ cells, respectively. One experiment. One-
way ANOVA with post-test Dunnett. Error bars represent SD.
ns - not significant, * P< 0.05, ** P< 0.01 and *** P< 0.001.
Fig. S2. Gating strategy to determine 2-NBDG uptake and par-
asite development by flow cytometry. Huh7 cells were infected
with RFP-expressing P. berghei sporozoites and incubated
with 2-NBDG-containing medium at different time points of
infection. Dot plot represents non-infected and infected
(RFP+) cells of one replicate from the 48 h time point. Left
histogram shows the different fluorescence intensity displayed
by non-developing (RFPlow) and developing (RFPhigh) para-
sites. Right histogram exemplifies the 2-NBDG uptake by the
different cell populations (non-infected, non-developing and
developing parasites), assessed as an increased fluorescence
intensity in the green channel.
Fig. S3. P. berghei-infected Huh7 cells and developing para-
sites uptake more 2-NBDG than non-infected and naïve cells.
Huh7 cells were infected with RFP-expressing P. berghei
sporozoites and incubated for 30min with 2-NBDG-containing
medium at 48 hpi. (A) Representative images of P. berghei-
infected Huh7 cells with or without incubation with 2-NBDG. A
non-infected cell, an infected cell and a parasite are outlined
in yellow, pink and red, respectively. Scale bar, 20 μm. (B)
Quantification of 2-NBDG uptake by naïve (grey bar), non-
infected cells (yellow bar), infected cells (pink bar) and develop-
ing parasites (red bar), as assessed by live fluorescence
microscopy. Representative experiment out of 2 independent
experiments. One-way ANOVA with post-test Bonferroni and
two-tailed Mann-Whitney test, respectively. Error bars repre-
sent SD. *** P< 0.001.
Fig. S4. Quantification of the percentage of MHV-68-YFP-
infected cells by flow cytometry. Percentage of YFP+ cells 24
hpi with different loads of MHV-68-YFP.
Fig. S5. 2-NBDG uptake by non-infected Huh7 cells with
GLUT1 knockdown. 2-NBDG uptake by non-infected cells of
the different cell lines with GLUT1 knockdown at 48 hpi,
assessed by flow cytometry. Pool of 4 independent experi-
ments. Error bars represent SEM. One-way ANOVA with
post-test Dunnett. ns - not significant and *** P< 0.001.
Fig. S6. Chemical inhibition of GLUT1-mediated glucose trans-
port by WZB117 affects P. berghei hepatic infection ex vivo. (A)
Mouse primary hepatocytes were infected with luciferase-
expressing P. berghei sporozoites and 2 h later the culture
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medium was replaced by medium containing WZB117.
Parasite load (luminescence) and cell viability were assessed
at 48 hpi. Pool of 2 independent experiments. Error bars repre-
sent SEM. One-way ANOVA with post-test Dunnett. (B) Mouse
primary hepatocytes were infected with GFP-expressing
P. berghei sporozoites and 2h later the culture medium was re-
placed by medium containing WZB117. Parasite development
was assessed by flow cytometry at 48 hpi. Error bars represent
SD. One-way ANOVA with post-test Dunnett. ns - not signifi-
cant, * P< 0.05, ** P< 0.01 and *** P< 0.001.
Fig. S7. GLUT1 expression is not altered in P. berghei-infected
cells. qPCR quantification of GLUT1 transcriptional expression
in FACS-sorted infected and non-infected Huh7 cells. Each
time point represents a pool of 2 independent sorting experi-
ments. Error bars represent SD. Two-tailed Mann-Whitney test.
ns – not significant.
Fig. S8. Increased GLUT1-dependent glucose uptake into
P. berghei-infected cells is independent of AMPK. (A) Knock-
down efficiency upon transfection in Huh7 cells of the siRNAs
used against the α1 and α2 subunits of AMPK. (B) Huh7 cells
with the knockdown of α1 or/and α2 subunits of AMPK were in-
fectedwithGFP-expressingP. berghei sporozoites and parasite
development was assessed by flow cytometry at 48 hpi. Pool of
2 independent experiments. Error bars represent SD. One-way

ANOVAwith post-test Dunnett. (C) 2-NBDG uptake at 48 hpi by
developing parasites-containing cells with the knockdown of α1
or/and α2 subunits of AMPK, assessed by flow cytometry.
Representative experiment out of 2 independent experiments.
Error bars represent SD. One-way ANOVA with post-test
Dunnett. ns - not significant, *** p< 0.001.
Fig. S9.PI3K stimulation or inhibition does not impactP. berghei
infection of Huh7 cells neither does it alter glucose uptake by in-
fected cells. Huh7 cells were infected with luciferase-expressing
P. berghei sporozoites and 2h later were treated with different
concentrations of (A) insulin or (B) Wortmannin. Parasite load
(luminescence) was assessed after 48h. Representative experi-
ment out of 2 andpool of 3 independent experiments, respectively.
Error bars represent SD. To evaluate possible effects on glucose
uptake, Huh7 cells were infected with RFP-expressing P. berghei
sporozoites and the treatment with different concentrations of
insulin (C) and Wortmannin (D) was initiated 2 hpi. 2-NBDG
uptake by developing parasites-containing cells was assessed at
48 hpi by flow cytometry. Pool of 2 independent experiments for
both insulin andWortmannin. Error bars represent SD. All panels:
one-way ANOVA with post-test Dunnett. ns - not significant.
Table S1. List of shRNA sequences used, with the corresponding
knockdowns.
Table S2. List of primer sequences.
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The relevance of genetic factors in conferring protection to 
severe malaria has been demonstrated, as in the case of sickle 
cell trait and G6PD deficiency1. However, it remains unknown 
whether environmental components, such as dietary or meta-
bolic variations, can contribute to the outcome of infection2. 
Here, we show that administration of a high-fat diet to mice for 
a period as short as 4 days impairs Plasmodium liver infection 
by over 90%. Plasmodium sporozoites can successfully invade 
and initiate replication but die inside hepatocytes, thereby are 
unable to cause severe disease. Transcriptional analyses com-
bined with genetic and chemical approaches reveal that this 
impairment of infection is mediated by oxidative stress. We 
show that reactive oxygen species, probably spawned from 
fatty acid β -oxidation, directly impact Plasmodium survival 
inside hepatocytes, and parasite load can be rescued by exoge-
nous administration of the antioxidant N-acetylcysteine or the 
β -oxidation inhibitor etomoxir. Together, these data reveal that 
acute and transient dietary alterations markedly impact the 
establishment of a Plasmodium infection and disease outcome.

Lipids are extremely versatile molecules that are used for energy 
production, as building blocks of cell membranes and as intracellu-
lar transport vesicles, as well as signalling molecules. Perturbations 
in lipid networks are at the heart of many disorders, such as meta-
bolic, inflammatory and neurodegenerative diseases, as well as 
cancer3. Mechanistically, the direct interaction between lipids and 
inflammatory processes has become evident, as lipids can directly 
activate innate immune receptors and lipid catabolism can induce 
the production of oxidative-free radicals4, 5. The outcome of a 
diverse array of viral, bacterial and parasitic infections can also be 
modulated by lipids6, either by fulfilling immediate needs of the 
pathogen lifestyle or by influencing pathogen-sensing and host-
response mechanisms.

Malaria, an infectious disease caused by Plasmodium parasites 
while infecting red blood cells (RBCs), is still one of the most dev-
astating diseases in the world, killing a child every 2 minutes. Prior 
to infecting RBCs, Plasmodium parasites must infect a hepato-
cyte and undergo a period of remarkable division and expansion, 
termed schizogony, to become an exoerythrocytic form (EEF)7. The 
extreme replication rate of Plasmodium parasites inside hepatocytes 
must impose a high demand for lipids. Indeed, studies by us and 
others have shown that the parasite relies heavily on the scavenging 
of host and environmental lipids8, 9.

To evaluate the impact of dietary lipids in the establishment and 
course of Plasmodium infection, we subjected C57BL/6 J mice to a 

high-fat diet (HFD) (36% energy from fat) prior to (2 days before) 
or concomitant with a Plasmodium berghei sporozoite infection. The 
data show that, when compared to mice fed on a regular diet (RD), 
administration of HFD for 2 or 4 days causes a significant reduction 
in Plasmodium parasite liver load (Fig.  1a), impacting the course 
of subsequent blood stage infection. Indeed, when infection was 
allowed to progress to the blood stage, we observe a delay in onset of 
parasitaemia, with 27% of the HFD-fed mice remaining negative for 
circulating parasites up 20 days after infection initiated by mosquito 
bite (Fig. 1b, left panel). None of the mice fed an HFD showed signs 
of severe disease, namely the lethal neurological syndrome referred 
to as experimental cerebral malaria, resulting in an extended overall 
survival when compared to mice fed an RD (Fig. 1b right panel and 
Supplementary Fig. 1a). It is noteworthy that, as previously reported 10,  
this short-term (4 days) HFD regimen leads to mild increase in 
hepatic enzymes and serum total cholesterol levels without affect-
ing body weight, food and water consumption or glucose metabo-
lization (Table 1 and Supplementary Fig. 1b). Nevertheless, 4 days 
of HFD are sufficient to cause a significant increase in liver lipid 
content without severe hepatic vacuolization. Hepatocytes display 
increased number and size of optically empty vacuoles and positive 
for Oil Red O (ORO) compatible with early microvesicular lipidosis 
(Fig. 1c,d).

Having such an acute effect of short-term HFD administration 
on Plasmodium liver infection, we next asked whether this would 
last after termination of the HFD regimen. To that end, mice were 
subjected to 4 days of HFD followed by 2 or 4 days of RD, the lat-
ter regimen being sufficient to restore the biochemical parameters 
and hepatocellular lipidosis (Supplementary Table  1, Fig.  1e and 
Supplementary Fig. 1c). The results indicate that 4 days of RD fol-
lowing 4 days of HFD completely restores parasite liver load (Fig. 1f). 
Our data so far shows that short-term HFD administration acutely 
and transiently reduces Plasmodium liver stage infection, impacting 
on the course of blood infection and progression to severe disease.

We next wanted to clarify whether the impairment of Plasmodium 
liver stage infection caused by HFD occurs during early stages of 
liver invasion, as previously suggested11, or later during parasite 
development inside the hepatocyte. Time course analysis shows 
that the impact of HFD on infection is not significant during early 
stages of infection, namely after sporozoite invasion (6 hours) or at 
the beginning of parasite replication (24 hours), but becomes evi-
dent at later stages of parasite development (48 hours) (Fig. 2a and 
Supplementary Fig. 2a). Detailed microscopic examination of liver 
sections from mice on HFD versus RD, 48 hours after infection, 

Dietary alterations modulate susceptibility to 
Plasmodium infection
Vanessa Zuzarte-Luís   1*, João Mello-Vieira1, Inês M. Marreiros1, Peter Liehl1, Ângelo F. Chora1, 
Céline K. Carret1,2, Tânia Carvalho1 and Maria M. Mota   1*

NaTure MICrobIoLogy | www.nature.com/naturemicrobiology

mailto:vluis@medicina.ulisboa.pt
mailto:mmota@medicina.ulisboa.pt
http://orcid.org/0000-0003-0023-5953
http://orcid.org/0000-0002-2858-1041
http://www.nature.com/naturemicrobiology


© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Letters NaTure MicrobioloGy

revealed a strong and significant decrease in number of infected 
hepatocytes along with a decrease in EEF size (Fig. 2b,c). Together, 
the data show that the HFD-mediated effect on the establishment 
of Plasmodium infection and disease onset is caused by a marked 
reduction in the number of parasites in the liver.

We and others have noticed the association of liver-infiltrated 
inflammatory cells with infected hepatocytes and possible para-
site clearance12, 13. Further, diet-induced metabolic inflammation 
has been widely described for both the adipose tissue and the 
liver14. In agreement with these, histopathology analysis of several 
organs of mice fed an HFD for 4 days displays increased inflam-
matory cell infiltration exclusively in the liver, consisting of small 
foci rich in macrophages and granulocytes, with multifocal dis-
tribution throughout the liver parenchyma (Fig.  2d, arrowheads).  

This contrasts with the absent-to-minimal inflammatory cell infil-
tration seen in RD-fed mice (Fig. 2d,e). Flow cytometry analysis of 
liver and spleen corroborated this finding, as significantly higher 
numbers of infiltrated myeloid cells, consisting mostly of macro-
phages and granulocytes, are observed in livers (Fig.  2f) but not 
in the spleen (Supplementary Fig.  2b) of mice fed an HFD for 4 
days, when compared to mice fed an RD. However, association of 
inflammatory cell foci with infected hepatocytes, analysed at a time 
point preceding parasite disappearance, is similar between mice 
fed on RD or HFD (Supplementary Fig. 2c–e). Furthermore, anti-
body-mediated neutrophil depletion does not rescue Plasmodium 
infection impairment caused by HFD (Supplementary Fig. 2f) and 
neither does administration of HFD to mice genetically deficient for 
Myd88-/- (Fig. 2g), an essential adaptor protein for Toll-like receptor 
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Fig. 1 | Short-term HFD administration impacts Plasmodium infection. a, Liver parasite load quantified by RT-qPCR in mice fed with RD or HFD for 2 days 
or 4 days (n =  25 in each experimental group). b, Percentage of mice exhibiting blood infection (left panel) and percentage of survival from experimental 
cerebral malaria (right panel) upon infection by mosquito bite (RD, n =  10; HFD, n =  11). P values for survival and parasitaemia curves were determined 
using the log-rank Mantel-Cox Chi-squared test. c, Representative microphotographs of liver sections of RD- and HFD-fed mice stained with HE and 
ORO. Arrowheads point to lipid-laden vacuoles present in the hepatocytes of HFD-fed mice. Scale bars, 50 μ m. d, Representative microphotographs (left 
panel) and correspondent quantification of the number and size of ORO-positive vacuoles (graphs) in livers of mice fed an RD or an HFD for 4 days. Scale 
bars, 50 μ m. n =  5 in each experimental group. e, Quantification of number and size of ORO-positive vacuoles in livers of mice fed on RD, HFD for 4 days 
and HFD for 4 days followed by 2 or 4 days of RD. n =  5 in each experimental group. f, Liver parasite load quantified by RT-qPCR in mice fed with RD, HFD 
for 4 days and HFD for 4 days followed by 2 or 4 days of RD. n =  15 in each experimental group. a,d-f, Data are represented as mean ±  s.e.m. P values were 
determined using the non-parametric two-tailed Mann-Whitney test. LI, liver infection; Spz, sporozoite.
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signalling and critical for the long-term HFD-induced accumula-
tion of myeloid cells in the liver15. Importantly, the impairment of 
Plasmodium liver infection caused by HFD occurs in Myd88-/- mice 
in spite of the lack of hepatic accumulation of macrophages and 
granulocytes (Fig. 2h). Altogether, these data exclude the participa-
tion of infiltrated myeloid cells in the impairment of Plasmodium 
liver infection caused by HFD.

Finally, administration of HFD to mice genetically deficient for nat-
ural killer T cells, inflammasome regulators, type I IFN and cytokines/
receptors, as well as T, B and natural killer cells and innate lymphoid 
cells, still results in the impairment of Plasmodium liver infection sim-
ilar to wild-type mice (Supplementary Fig. 3). Since these represent 
the most important innate and adaptive immune determinants, many 
of which have been implicated in HFD-induced inflammation16 or are 
known to impact Plasmodium liver infection12, 13, our data do not sup-
port a role for immune-mediated inflammation in the impairment of 
Plasmodium liver infection caused by HFD.

To gain mechanistic insight into how HFD leads to parasite 
elimination, we performed an unbiased transcriptomic analysis of 
livers of uninfected mice under HFD or RD regimens. The analy-
sis revealed 430 differentially expressed transcripts of which 108 
were at least twofold altered (Supplementary Table  2). In accor-
dance with what has been reported after long-term HFD regi-
mens5, gene ontology analysis revealed an enrichment in genes 
involved in oxidative stress upon short-term HFD administration 
(Fig.  3a). We confirmed that, indeed, 4 days of HFD administra-
tion led to differential expression (DE) of oxidative stress mark-
ers in the liver (Fig.  3b), significantly altered hepatic glutathione 
(GSH) levels (Supplementary Fig. 4a) and accumulation of reactive 
oxigen species (ROS) in hepatocytes (Fig.  3c and Supplementary 
Fig.  4b). Interestingly, histopathologic and immunofluorescence 
analyses of parasites at a time preceding elimination revealed that 
although parasitophorous vacuole membrane integrity is pre-
served (Supplementary Fig.  4d,e), thereby excluding this as the 
cause of parasite elimination9, 17, EEFs developing inside hepato-
cytes of HFD-fed mice often have an altered morphology includ-
ing an irregular contour and abnormal nuclei (Fig. 3d) suggestive 
of parasite death inside the host cell. Thus, we sought to determine 

whether ROS could directly impact parasite survival or develop-
ment inside hepatocytes. Due to the unstable configuration of ROS, 
the HFD-induced ROS are not sustained after hepatocyte isolation 
and consequently the HFD-induced phenotype is not observed ex 
vivo (Supplementary Fig. 4b,c). As such, we used piperlongumine 
(PL) to induce ROS in HepG2 cells (Supplementary Fig. 5a)18. The 
results show that PL strongly affects parasite survival without affect-
ing cell viability (Fig. 3e and Supplementary Fig. 5b,c) and this effect 
is fully reverted upon addition of the antioxidant N-acetylcysteine 
(NAC; Fig.  3e and Supplementary Fig.  5b,c). We then assessed 
whether antioxidant treatment could rescue Plasmodium liver stage 
impairment caused by HFD in vivo. Administration of NAC is suf-
ficient to restore the expression levels of the oxidative stress mark-
ers (Fig.  3f) and the hepatic GSH levels (Supplementary Fig.  6a) 
as well as prevent the HFD-induced production of ROS (Fig. 3g). 
Most importantly, NAC treatment fully restores Plasmodium liver 
stage infection (Fig. 3h; and the same is true for a different antioxi-
dant compound, S-adenosylmethionine, Supplementary Fig.  6b). 
Consequently, mice fed an HFD and treated with NAC develop sim-
ilar blood stage infection levels (Supplementary Fig. 6c). Fatty acid 
oxidation has been pointed out as the main source of ROS in long-
term HFD administration models19. Thus, to interrogate mitochon-
drial β -oxidation as the source of ROS in our model we used the 
inhibitor etomoxir20. The results show that treatment with etomoxir 
prevents the HFD-induced production of ROS (Fig. 3i) and restores 
Plasmodium liver stage infection as well as gene expression (Fig. 3j 
and Supplementary Fig. 6d), suggesting that fatty acids from lipid 
droplets accumulated in hepatocytes of HFD-fed mice are oxidized 
in the mitochondria, maybe to serve as a source of energy, resulting 
in ROS production and parasite elimination. Altogether, the data 
demonstrate that HFD-induced ROS impact the host susceptibility 
to Plasmodium infection and disease.

The establishment and progression of an infection is more than 
just the consequence of a random encounter between a pathogen 
and its host. It depends on many factors including the density 
and virulence of the pathogen and the susceptibility of the host. 
The coevolution of different pathogens with their hosts led to the 
development of many host protective strategies as well as patho-
gen survival and evasion mechanisms. In the case of malaria, the 
development of immune-evasion strategies by Plasmodium, such 
as antigenic variation, occurred concomitantly with the acquisi-
tion of several host-protective genetic traits, such as haemoglo-
binopathies (HbS, HbC, HbE) and G6PD deficiency1, 21. Notably, 
sympatric populations with different lifestyles, such as dietary 
habits, but exposed to the same risk of malaria infection present 
differences in susceptibility to malaria (for a review see2), suggest-
ing that environmental components must play an important role in 
disease. Surprisingly, while the association between several genetic 
traits and disease susceptibility is well established, the role of envi-
ronmental factors such as nutrient availability has only recently 
started to be tackled using caloric restriction models. In this 
regard, it has been shown that restriction of food intake modulates 
host T-cell response, preventing neuropathology in experimental 
cerebral malaria22, and Plasmodium blood-stage parasites actively 
respond to host caloric restriction through transcriptome, multi-
plication rate and virulence rearrangements23. We now show that 
short-term HFD administration significantly reduces Plasmodium 
liver stage infection, despite inducing only mild alterations in 
hepatic physiological and metabolic parameters. Transcriptomic 
data followed by functional assays identified HFD-induced ROS 
as the mechanism mediating the impairment of Plasmodium liver 
infection. Altogether, these observations show that nutrient avail-
ability and dietary habits strongly impact both the establishment 
and the course of a malaria infection. Remarkably, this occurs by 
interfering with both host and parasite pathways during different 
stages of infection.

Table 1 | body weight, food and water consumption, energy 
intake and serum biochemistry of non-infected mice fed on rD 
and 4 days of HFD

rD 4d HFD

Body weight variation (g) 0.62 ±  0.40 0.38 ±  0.21a

Liver weight (g per g bw) 0.05 ±  0.01 0.05 ±  0.004

Daily water consumption (g) 4.06 ±  0.25 3.74 ±  0.65

Daily food consumption (g) 3.59 ±  0.20 3.00 ±  0.45a

Daily gross energy intake (MJ) 0.059 ±  0.003 0.058 ±  0.009

Daily metabolizable energy 
intake (MJ)

0.046 ±  0.003 0.050 ±  0.007

Serum parameters
ALT (U per L) 48.3 ±  14.77 182.3 ±  50.49a

AST (U per L) 86.2 ±  33.97 179.2 ±  91.28

Triglycerides (mg per dL) 137.79 ±  43.02 89.14 ±  26.07a

Total cholesterol (mg per dL) 97.86 ±  20.22 172.52 ±  29.92a

LDL (mg per dL) 35.63 ±  29.76 74.33 ±  64.09a

HDL (mg per dL) 39.86 ±  16.66 52.39 ±  34.87
Data are represented as mean ±  s.d.; n =  20 in each experimental group. P values (see 
Supplementary Table 3) were determined using the non-parametric two-tailed Mann-Whitney 
test. Bw, body weight; ALT, alanine aminotransferase; AST, aspartate aminotransferase; LDL,  
low-density lipoprotein; HDL, high-density lipoprotein. aSignificantly different from RD.
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Data are represented as mean ±  s.e.m. a,b,e-h, P values were determined using the non-parametric two-tailed Mann-Whitney test.
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Importantly, while the susceptibility of intraerythrocytic 
Plasmodium parasites to ROS and the protective role of the RBC 
antioxidant mechanisms have been addressed, only indirect evi-
dences have linked ROS with intra-hepatic developing Plasmodium 
parasites24, 25. We now show for the first time that ROS induction in 
hepatocytes leads to a decrease in parasite numbers, and although it 
remains to be shown whether such decrease is due to direct parasite 
killing or elimination of the infected hepatocyte, our in vitro data 
show that ROS-mediated parasite elimination occurs in conditions 
where cell viability is preserved. Interestingly, oxidative stress is the 
hallmark of most disorders associated with the protective genetic 
traits such as G6PD-deficiency and all the haemoglobinopathies26, 27. 
In light of our results, it is tempting to hypothesize that the resistance 
mechanism associated with such disorders starts in the liver with 
ROS-mediated impairment of liver stage infection. Indisputably, 
we show that antioxidant therapy or pharmacological inhibition 
of mitochondrial β -oxidation largely restores Plasmodium infec-
tion. It would, however, be interesting to challenge genetic models 
possessing either increased (deficient for G6PD, superoxide dis-
mutases, catalase or glutathione synthetase) or decreased (deficient 
for NADPH-oxidases) ROS levels to further dissect the mechanism 
of ROS-mediated protection against Plasmodium infection.

Dietary habits are changing across the globe, including in 
malaria endemic regions28. Although there is a rising concern about 
the spread of metabolic disorders, there is far less consensus on the 
implications of such lifestyle alterations on the establishment and 
progression of infectious diseases.

Our study emphasizes the concept that metabolic fluctuations, 
caused by alterations in dietary habits, strongly impact the course 
of malaria infection. Interestingly, such mechanisms may already 
be acting in malaria endemic regions. Natural resistance to malaria 
has been reported for the Fulani ethnic group. Although numerous 
hypotheses have been formulated (based on humoral or cytokine 
responses and genetic polymorphisms, among others; reviewed in29) 
we still lack a clear and definitive explanation for this protection. 
The Fulani diverge from other sympatric non-resistant populations 
mainly in their dietary habits. The Fulani diet is rich in saturated fats 
derived from dairy products and cooking oils such as palm oil and 
butter oil30. Whether these dietary habits and metabolic character-
istics are at the basis of the resistance is for the moment unknown.

Our data clearly establish that acute and transient disruption of 
host metabolic homeostasis can dramatically change host susceptibil-
ity to infection and determine the outcome of disease. It is therefore 
our conviction that the strategies aiming to control infectious diseases 
must take into account alterations in populations’ dietary habits.

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/6 J wild-type mice were purchased from 
Charles River Laboratories (L’Arbresle, France). Myd88−/−, Ifnar1−/−, Ifnγ R−/− and 
Rag2−/− were bred in specific pathogen-free facilities at the Instituto Gulbenkian de 
Ciência in Oeiras. Caspase-3−/− and Rag2−/−γc−/− were bred in specific pathogen-
free facilities at the Instituto de Medicina Molecular. Il1α/β−/− mice were a kind 
gift from A. Zychlinsky. Jα18−/−, Nlrp3−/−, Asc−/− and Caspase-1−/− were a kind gift 
from K. Fitzgerald. Male mice 6 weeks of age were used in all experiments using 
exclusively wild-type mice. In the experiments using genetically deficient mouse 
lines, 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/6 J male and/
or female mice, 6 to 8 weeks of age, were used to match gender and age of the 
genetically deficient mice. Mice were randomly assigned to different experimental 
groups. Blinding was not possible as mice under HFD exhibit a clear difference in 
fur oiliness due to regular grooming upon contact with the HFD. All experiments 
were approved by the animal ethics committee at Instituto de Medicina Molecular 
and performed in strict compliance with the guidelines of national and European 
regulations. HFD, composed of 15.8% fat, 1.25% cholesterol and 0.5% Na-cholate 
(S0031-S710), and the RD (1534-30 SM) were purchased from SSniff (Soest, 
Germany; detailed composition presented in Supplementary Fig. 7). NAC was 
administered in drinking water at 1 g per 100 mL, starting the day before the HFD 
and changed daily. S-adenosylmethionine (in saline) was administered through 

intraperitoneal injection at 75 mg per kg of body weight every 12 h, starting 12 h 
before the HFD. Etomoxir (in saline) was administered through intraperitoneal 
injection at 15 mg per kg of body weight every 2 days, starting 12 h before the HFD. 
Neutrophil depleting antibody (clone 1A8; BioXCell, New Hampshire, USA) was 
administered intravenously (250 μ g per mouse) 1 day prior to HFD administration 
and on the day of sporozoite infection.

Parasite lines, liver infection and blood infection. P. berghei sporozoites were 
obtained through dissection of the salivary glands of infected female Anopheles 
stephensi mosquitoes bred at the Instituto de Medicina Molecular. The following 
parasite lines were used: P. berghei ANKA expressing GFP (259cl2) and P. berghei 
ANKA expressing luciferase (676m1cl1). Mouse infection was performed by 
intravenous injection of 2 ×  104 P. berghei sporozoites or, in specified experiments, 
by mosquito bite (one infected mosquito per mouse). Liver parasite load was 
quantified by RT-qPCR in total liver extracts or by microscopy analysis of liver 
sections, at the indicated time after infection. In specific experiments, liver 
infection was allowed to progress to the blood stage of infection. The onset of 
blood parasitaemia was determined by luminescence assay, using 1 μ l of blood 
collected from the tail vein, as described in31.

Histology. For histopathology analysis, mice were sacrificed by CO2 narcosis and 
the organs (intestine, kidney, adrenal, testis, pancreas, lung, spleen, adipose tissue 
and heart) were harvested, fixed in 10% neutral buffered formalin and processed 
for haematoxylin and eosin (HE) as indicated below for the liver. The liver was 
harvested and processed as follows. The right segment of the medial lobe was fixed 
in 10% neutral buffered formalin and embedded in paraffin, and sections were cut 
at 4 μ m and stained with HE. Sections were analysed by a pathologist blinded to 
experimental groups in a Leica DM2000 microscope coupled to a Leica MC170 
camera. HE-stained sections were assessed for routine histopathology analysis, 
which included: (1) the evaluation of hepatocellular changes and inflammatory 
cell infiltration (cell type and distribution), diagnosed according to previously 
published criteria32; (2) inflammatory cell infiltration scoring using a 5-point 
severity scale, with 0 set as absent, 1 as minimal, 2 as mild, 3 as moderate and 4 
as marked; and (3) identifying infected hepatocytes at 36 h after infection and 
assessing their association with the inflammatory foci. This was performed by 
measuring the minimal distance between each infected hepatocyte and the nearest 
inflammatory foci, using the NDP.view2 software (Hamamatsu, Hamamatsu City, 
Japan) in slides digitally scanned in the Hamamatsu NanoZoomerSQ.

For histochemistry of lipids by ORO staining (Sigma, St. Louis, USA) and 
quantification of ROS by dihydroethidium staining (DHE; Thermo Fisher 
Scientific, Waltham, USA), the left lobe was frozen in O.C.T. compound (Sakura 
Finetek, Tokyo, Japan) and cryo-sections were cut at 14 μ m. Liver sections were 
incubated with 0.2% ORO in 60% isopropanol for 30 min at room temperature33, 
or with 10 μ M DHE in PBS for 30 min at 37 °C34. ORO and DHE-stained sections 
were imaged using a motorized wide field fluorescence microscope, Zeiss Axio 
Observer. Images of liver sections were randomly acquired using the ZEN 
2 software (Zeiss, Oberkochen, Germany) and then analysed on ImageJ for 
quantification of ORO-vesicle number and size and DHE fluorescence intensity.

For the analysis of parasite EEF number and size, the left segment of the 
median lobe was fixed with 4% PFA (2 h, room temperature) and sectioned 
into 40 μ m-thick sections, using the Vibratome VT 1000 S (Leica Microsystems, 
Wetzlar, Germany). Liver sections, permeabilized and blocked with PBS  
1% BSA and 0.3% Triton-100 for 45 min, were incubated with primary antibody 
anti-PbUIS4 (1:1,000; goat polyclonal; SicGen, Cantanhede, Portugal) followed 
by incubation with a secondary antibody, donkey anti-goat Alexa Fluor 
568-conjugated (1:400; Jackson ImmunoResearch Laboratories, Baltimore, USA) 
and Hoechst 33342 (1:1,000; Invitrogen, Carlsbad, USA). All antibody incubations 
were performed at room temperature for 1 h. Stained liver slices were mounted 
on microscope slides with Fluoromount (SouthernBiotech, Birmingham, USA) 
and imaged using a motorized wide field fluorescence microscope, Zeiss Axio 
Observer. Images of liver sections were randomly acquired using the ZEN  
2 software (Zeiss) and analysed on ImageJ for quantification of EEF number and area 
(as proxy for parasite development), defined by the staining of a parasitophorous 
vacuole membrane resident protein, UIS4. Representative microphotographs of  
P. berghei EEFs were acquired on Zeiss confocal microscope LSM 710.

Serum biochemistry and glucose tolerance test. Blood was collected terminally 
by cardiocentesis, and serum activity of AST (aspartate aminotransferase) and ALT 
(alanine aminotransferase) and concentrations of triglycerides, total cholesterol, LDL 
and HDL were measured in RD and HFD-fed mice (DNAtech, Lisboa, Portugal). For 
glucose tolerance test (GTT), mice were fasted for 8 h; glucose (1 g per kg body weight) 
was injected intraperitoneally and blood glucose level was measured using OneTouch 
Ultra glucose meter prior to, and 15, 30, 60 and 90 min after, glucose injection.

Liver non-parenchymal cell (NPC) and spleen cell isolation and flow cytometry. 
Livers were dissociated in a PBS solution containing DNase (2 U per ml) and 
filtered through a 70 μ m filter. Spleens were dissociated in PBS solution with 
2% foetal bovine serum (FBS) and filtered through a 70 μ m filter. NPCs were 
purified by centrifugation using a 35% Percoll (Sigma) solution. Isolated NPCs and 
spleen cells were washed, after which RBC were lysed. Immunophenotyping was 
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performed after blocking with mouse Ab anti-Fcγ III/II receptor (clone 93),  
using anti-mouse CD11b (clone M1/70) and Ly-6G (clone RB6-8C5)  
antibodies (both eBioscience, San Diego, USA). Dead cells were excluded using  
the Live-Dead Fixable Aqua Dead Cell Staining kit (Molecular Probes, Eugene, 
USA). Total cell number was determined by flow cytometry using a fixed number 
of latex beads (Beckman Coulter, Brea, USA) coacquired with a pre-established 
volume of the cellular suspension. Fluorescence was measured using the  
LSR Fortessa 1 (BD Biosciences, San Jose, USA) and data was analysed using 
FlowJo software.

Transcription profiling. Total RNA from whole livers of non-infected mice fed 
on RD and non-infected mice fed on HFD was extracted using RNeasy Mini kit 
(Qiagen, Hilden, Germany), following the manufacturer’s instructions. Three 
biological replicates were analysed for each group. RNA quality and quantity were 
assessed on a Bioanalyser nanochip (Agilent, Santa Clara, USA). Total RNA was 
reverse transcribed and end-labelled as antisense RNA using the GeneChip WT 
Amplified Double-Stranded cDNA Synthesis Kit and the GeneChip WT Terminal 
Labeling Kit as recommended by Affymetrix. Hybridisation to an Affymetrix 
Mouse Gene 1.0 ST Array was carried out at 45 °C for 16 h under rotation (60 rpm). 
Arrays were washed on an Affymetrix FS450 and scanned using an Affymetrix 
Genechip Scanner 3000 7 G. Fluorescence intensities were background adjusted, 
quantile normalised and median polished into expression values using the robust 
multi-array averaging program RMA 5 in R/Bioconductor suite 6 (software 
package: affy 7). To assess significance and DE, the RD group was compared to 
the HFD group, and out of 35,513 main probe sets represented on the array 430 
transcripts were classified as significant (P value adjusted for multiple testing >  0, 
Supplementary Table 1), with 108 being DE at a log fold change >  2 (software 
packages: limma 8 and gplots). Gene Ontology Biological Process enrichment 
analysis was performed using DAVID 6.8.

RNA, cDNA and RT-qPCR. Whole livers were homogenized in 3 ml denaturing 
solution (4 M guanidine thiocyanate; 25 mM sodium citrate pH 7; 0.5% N-
lauroylsarcosine and 0.7% β  mercaptoethanol, in DEPC-treated water). RNA 
was extracted using RNeasy Mini kit (Qiagen). cDNA was synthesized using 
Transcriptor First Strand cDNA Synthesis kit (Roche). Gene expression analysis 
was performed using kits from Applied Biosystems. For analysis, the expression 
levels of all target genes were normalized against hypoxanthine guanine 
phosphoribosyltransferase (Hprt) housekeeping gene (Δ Ct). Gene expression 
values were then calculated based on the Δ Δ Ct method, using the mean of the 
control group as the calibrator to which all other samples were compared. The 
oligonucleotide primers used in qPCR experiments were:

mHprt- CATTATGCCGAGGATTTGGA; AATCCAGCAGGTCAGCAAAG
mHmox1- GTCTCTGCAGGGGCAGTATC; TGCTCGAATGAACACTCTGG
mNox2- TGCAGTGCTATCATCCAAGC; CTTTCTCAGGGGTTCCAGTG
mSrnx1- AGTAGTAGTCGCCACCCTGG; AGAGCCTGGTGGACACGAT
mGsta2- TTGAAGTAGTGAAGCACGGG; ATTGGGAGCTGAGTGGAGAA
mGsr- ATCGTGCATGAATTCCGAGT; GGTGGTGGAGAGTCACAAGC
mCat- TCAGGGCCGCCTTTTTGCCT; ACTCGAGCGCGGTAGGGACA
Pb18S rRNA- AAGCATTAAATAAAGCGAATACATCCTTAC; 

GGAGATTGGT TTTGACGTTTATGTG

GSH quantification. Quantification of hepatic GSH was performed in freshly 
dissected livers using the OxiSelectTM Total Glutathione (GSSG/GSH) Assay Kit 
(Cell Biolabs, San Diego, USA) according to the manufacturer’s instructions.

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. 
Throughout the duration of this study the cell line was tested for mycoplasma 
contamination using the VenorGeM OneStep – Mycoplasma Detection Kit 
for conventional PCR (Minerva Biolabs, Berlin, Germany) and no evidence of 
contamination was ever found.

HepG2 cells were maintained in DMEM medium supplemented with FBS,  
50 μ g per mL penicillin/streptomycin and 2 mM glutamine (all Gibco) at 37 °C with 
5% CO2. 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 infected 
with freshly dissected P. berghei sporozoites (3 ×  104 per well) in supplemented 
medium containing Fungizone (1 μ g per mL, Gibco). In specified experimental 
conditions, NAC (0.5 mM, water soluble) and/or increasing concentrations of PL 
(0.1–10 μ M, DMSO soluble) were added to the culture medium.

To confirm the induction of ROS by PL, cells were incubated with 0.5 mM 
DHE for 30 min at 37 °C and analysed using a microplate reader (excitation: 
535 nm and emission: 635 nm). Cell viability was analysed using cell titre blue 
according to the manufacturer’s instructions.

To determine the effect of PL (± NAC) in P. berghei infection in vitro, cells were 
infected with P. berghei sporozoites and 2 h after infection compounds were added 
to the culture medium. Infection was allowed to progress for 48 h after which 

coverslips were fixed in 4% PFA (10 min, RT) and permeabilized and blocked with 
0.2% saponin, 1% BSA. For immunostaining, samples were incubated for 2 h, RT, 
with primary antibody anti-PbUIS4 (1:1,000; goat polyclonal, SicGen) followed by 
incubation for 1 h, RT, with a secondary antibody donkey anti-goat Alexa Fluor 
568-conjugated (1:400; Jackson ImmunoResearch Laboratories) and Hoechst 33342 
(1:1,000, Invitrogen). The coverslips were then mounted on microscope slides 
with Fluoromount (SouthernBiotech) and imaged using a motorized wide field 
fluorescence microscope, Zeiss Axio Observer. Images were randomly acquired 
using the ZEN 2 software (Zeiss) and analysed on ImageJ for quantification of EEF 
number and size, as previously determined for mouse liver sections.

Mouse primary hepatocytes, ex vivo infection and ROS detection. Mouse 
primary hepatocytes were isolated using a modified two-step perfusion protocol 
followed by a Percoll purification step35, 36. Briefly, mice were sacrificed by CO2 
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. Liver 
perfusion medium was perfused at 8–9 mL per min for 10 min, followed by 
liver digestion medium also at a rate of 8–9 mL per min for 10 min. Intermittent 
clamping of the inferior vena cava (3 s clamp every 30 s) was performed during 
liver digestion medium perfusion to improve tissue digestion. After digestion, the 
liver was excised and the cells were liberated by tearing and shaking of the liver 
with forceps. The cell suspension was then sequentially filtered through a 100 μ m 
and a 70 μ m cell strainer and spun at 50 g for 3 min. The cell pellet was resuspended 
in Williams’s Medium E with 10% FBS and carefully overlaid on a 60% Percoll 
solution (1:1). The cell suspension was fractionated by centrifugation at 750 g 
for 20 min, without a break, at 20 °C. Viable hepatocytes deposited in the pellet 
were washed with Williams’s Medium E with 10% FBS, spun at 50 g for 3 min and 
resuspended in complete Williams’s Medium E (supplemented with 4% FBS and 
1% penicillin/streptomycin). Viability and yield were assessed using trypan blue. 
Viable hepatocytes were plated on collagen-coated 96-well plates (20,000 cells per 
well) for infection with 104 P. berghei sporozoites. Parasite load was quantified by 
RT-qPCR as previously described. For ROS level determination, freshly isolated 
hepatocytes in suspension were incubated with 0.5 mM DHE for 30 min at 37 °C 
and analysed using a microplate reader (excitation: 535 nm and emission: 635 nm). 
Given the labile nature of ROS, the time elapsed from hepatocyte isolation to DHE 
assay is critical and was kept to a minimum.

Statistics. Significance was calculated using different tests on the GraphPad 
(Prism) 5.0 software. Statistical differences between two groups were analysed 
using the non-parametric two-tailed Mann-Whitney test. Survival and 
parasitaemia curves were analysed using the Log-rank Mantel-Cox Chi-squared 
test and glucose tolerance results were analysed using a two-way analysis of 
variance. Significance was considered for P values below 0.05. Complete statistics 
can be found in Supplementary Table 3. Biological replicates (n) indicated in figure 
legends refer to the number of mice. Sample sizes were chosen on the basis of 
historical data; no statistical methods were used to predetermine sample size.

Data availability. The transcriptomic data generated during the current study 
are available in the Gene Express Omnibus and can be accessed through the GEO 
accession code: GSE94867. The list of genes resultant from the analysis of the 
differential expression is available as Supplementary Table 2.
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The causative agent of malaria, Plasmodium, replicates inside 
a membrane-bound parasitophorous vacuole (PV), which 
shields this intracellular parasite from the cytosol of the host 
cell1. One common threat for intracellular pathogens is the 
homeostatic process of autophagy, through which cells cap-
ture unwanted intracellular material for lysosomal degrada-
tion2. During the liver stage of a malaria infection, Plasmodium 
parasites are targeted by the autophagy machinery of the 
host cell, and the PV membrane (PVM) becomes decorated 
with several autophagy markers, including LC3 (microtu-
bule-associated protein 1 light chain 3)3,4. Here we show that 
Plasmodium berghei parasites infecting hepatic cells rely on 
the PVM transmembrane protein UIS3 to avoid elimination 
by host-cell-mediated autophagy. We found that UIS3 binds 
host LC3 through a non-canonical interaction with a special-
ized surface on LC3 where host proteins with essential func-
tions during autophagy also bind. UIS3 acts as a bona fide 
autophagy inhibitor by competing with host LC3-interacting 
proteins for LC3 binding. Our work identifies UIS3, one of 
the most promising candidates for a genetically attenuated 
vaccine against malaria5, as a unique and potent mediator of 
autophagy evasion in Plasmodium. We propose that the pro-
tein–protein interaction between UIS3 and host LC3 repre-
sents a target for antimalarial drug development.

One key function of microtubule-associated protein 1 light chain 
3 (LC3) is to facilitate the delivery of autophagosomal membranes to 
lysosomes6. Intriguingly, most LC3-decorated hepatic parasites seem 
to escape this fate3,4. This implies that Plasmodium exo-erythrocytic 
forms (EEFs) actively disrupt the autophagic flux to avoid the delete-
rious effects of fusing the vacuole with lysosomes. The parasitoph-
orous vacuole membrane (PVM) is ideally positioned to carry out 
this task, and several genetic studies point to the critical contribu-
tion of PVM-resident proteins to parasite survival5,7,8. Nevertheless, 
a putative autophagy subversion activity in Plasmodium has yet to 
be discovered. Of the few PVM proteins identified thus far, UIS3, 
has the greatest impact on Plasmodium survival inside host hepa-
tocytes5,9. Parasites lacking UIS3 (uis3(−)) infect host cells, but dis-
appear rapidly thereafter and fail to complete development5. To 
determine whether UIS3 influences Plasmodium’s susceptibility to 
host autophagy, we allowed uis3(+) and uis3(−) P. berghei parasites 
to infect HepG2 cells that had been depleted of Atg5 or Rab7 to arrest 
the autophagic flux in early (LC3 membrane conjugation) and late  
(lysosomal fusion) stages, respectively10,11 (Fig. 1a and Supplementary 

Fig. 1a,b). Consistent with previous reports5, uis3(−) parasites were 
virtually undetectable in control HepG2 cells, and the few hepatic 
schizonts observed 65 h after infection did not express MSP1, the 
merozoite surface marker seen in fully mature uis3(+) parasites 
(Fig. 1b,c and Supplementary Fig. 1c). Strikingly, depletion of Atg5 
or Rab7 in HepG2 cells was sufficient to fully revert the phenotype 
of uis3(−) mutants to a wild-type one (Fig. 1b,c and Supplementary 
Fig. 1c). With the autophagy flux of the host cell arrested, uis3(−) 
parasites behaved in the same way as their uis3(+) counterparts with 
respect to schizont abundance as well as MSP1 expression (Fig. 1b,c 
and Supplementary Fig. 1c). Parasites that complete the liver stage 
successfully induce the release of blood-infective merozoite-filled 
sacs (merosomes) from infected cells12. To test the viability of the 
uis3(−) progeny released by HepG2-infected cells, we collected the 
cell culture supernatants (HepG2 SN) 65 h after infection, inoculated 
them into mice and monitored the onset of blood-stage infection by 
collecting blood samples daily (Fig. 1a). HepG2 SN from Atg5- or 
Rab7-depleted cells infected with uis3(−) mutants caused patent 
blood-stage infections within 4–5 days of mice inoculation, similar 
to mice inoculated with HepG2 SN derived from uis3(+)-infected 
cells (Fig.  1d-f). In stark contrast, HepG2 SN collected from con-
trol uis3(−) infected cells did not cause infection in mice (Fig. 1d-f). 
Thus, loss of autophagy during the liver stage fully restores uis3(−) 
infectivity. Additionally, the survival rates of uis3(−) and uis3(+) 
parasites in Atg3, Atg5 or Atg7 knockout mouse embryonic fibro-
blasts (MEFs) were also identical, whereas few uis3(−) mutants sur-
vived in wild-type MEFs (Fig.  1g). To obtain additional evidence 
that uis3(−) parasites are removed by host autophagy, newly invaded 
hepatoma cells were treated with chloroquine (CQ), a lysosomo-
tropic alkalizing agent that impairs the lysosomal degradation of 
autophagic cargo. CQ treatment, like genetic impairment of autoph-
agy, rescued uis3(−) mutants (Fig. 1h). On rare occasions we were 
able to observe uis3(−) parasites that exhibited distinctive signs of 
having undergone fusion with LAMP1-positive lysosomes, most 
prominently, the presence of LAMP1 within the vacuole and loss of 
the PVM marker, UIS4 (Supplementary Fig. 1d). Thus, we conclude 
that uis3(−) mutants normally fail to establish liver-stage infections 
because they are promptly eliminated by host autophagy and that the 
critical function of UIS3 is to protect Plasmodium from this innate 
defence mechanism.

Next, we aimed to elucidate how UIS3 interferes with host autoph-
agy. To that end, we complemented uis3(−) parasites with the UIS3 
gene fused C-terminally to c-Myc (this parasite line will be referred 
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Fig. 1 | Plasmodium UIS3 protects liver-stage parasites from host autophagy. a, Timeline of HepG2 infection and cell supernatant (HepG2 SN) transfer 
into C57BL/6 mice. b,c, HepG2 cells treated with siRNAs to silence Atg5 or Rab7 expression and infected with uis3(+) or uis3(−) parasites were fixed 65 h 
after infection and immunostained with anti-MSP1 (red), anti-PbHsp70 (green) and Hoechst (blue). Panel b  shows differentiated progeny surrounded 
by a ring of MSP1. Scale bar, 10 μ m. Panel c shows the number of exo-erythrocytic forms (EEFs), quantified by immunofluorescence (IF) microscopy. 
Mean +  s.e.m. of pooled replicates from two (Atg5, Rab7) to four (control) independent experiments normalized to the control. d, Representative images 
of Giemsa-stained blood smears from C57BL/6 mice 10 days after receiving the indicated HepG2 SN. e, Onset of blood-stage parasitaemia following 
inoculation of C57BL/6 mice with the indicated HepG2 SN. Animals that received control uis3(−) HepG2 SN remained parasite free up to 30 days after 
inoculation. Data represent the per cent of mice (out of 5 to 10; two independent experiments) with positive blood smears. f, Genotype of blood-stage 
parasites collected 10 days after mice inoculation with the indicated HepG2 SN. Wild-type and knockout uis3 genomic loci were amplified with specific 
primer sets. One representative mouse from each experimental group is shown. g, Control (Atg3+/+, Atg5+/+, Atg7+/+) and autophagy-deficient MEFs 
(Atg3−/−, Atg5−/− and Atg7−/−) were infected with uis3(+) or uis3(−) parasites, fixed at 48 h and labelled with anti-PbHsp70 and Hoechst. EEF numbers 
were quantified by microscopy and normalized to the uis3(+) control of each cell line. Bars represent mean +  s.e.m. of five independent experiments. h, 
Huh7 cells treated with chloroquine (CQ) from 1 h to 24 h after infection with uis3(+) or uis3(−) parasites were immunostained with anti-PbUIS4, anti-
PbHsp70 and Hoechst. The numbers of EEFs were quantified by microscopy in three independent experiments. Statistical significance was assessed using 
non-parametric two-tailed Mann–Whitney test. NS, P >  0.05; **P <  0.01; ***P <  0.001; ****P <  0.0001.
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to as uis3-myc) (Supplementary Fig. 2). Immunofluorescence anal-
ysis of liver-stage schizonts revealed that UIS3-myc co-localized 
with host LC3 and UIS4 to the PVM (Fig. 2a,b and Supplementary 
Fig.  3a,b). Of note, immuno-electron microscopy showed LC3 in 
direct association with the PVM, with no evidence of autophagosomal  
double membranes—a hallmark of canonical autophagy—forming  
around the PV (Fig. 2c). Prompted by these observations, we asked 
whether UIS3 might form a molecular complex with LC3. We 
allowed uis3-myc parasites to infect HeLa cells stably expressing 

GFP-LC3 and, 24 h after infection, proceeded to immunoprecipitate 
UIS3-myc. Strikingly, GFP-LC3 was found to co-immunoprecipi-
tate with UIS3 (Fig. 2d). We further confirmed this association in 
P. berghei-infected mouse primary hepatocytes (Supplementary 
Fig. 3c), thus ruling out the possibility of a potential artefact linked 
to GFP-LC3 over-expression. LC3 immunoprecipitation could not 
be detected in cells infected with uis3(−) mutants, which do not 
express UIS3 (Fig.  2d and Supplementary Fig.  3c). Next, we used 
recombinant UIS3 and LC3 to test whether the two proteins directly 
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associate. Full-length UIS3 comprises a signal peptide, a short 
intravacuolar N-terminal domain, a transmembrane anchor and a 
C-terminal domain that spans residues 83–229 and is predicted to 
be exposed to the host cytosol. Previous studies reported that the 
C-terminal domain of P. falciparum UIS3 is prone to dimerization, 
but undergoes proteolytic cleavage in solution, yielding a stable 
and soluble monomeric fragment consisting of residues 130–229 
(hereafter referred to as soluble UIS3, sPfUIS3)13. Using recombi-
nant GST-LC3, we were able to pull down recombinant His-tagged 
sPfUIS3 (Fig.  2e). The dissociation constant (KD) for the complex 
measured by surface plasmon resonance was 0.244 μ M (Fig.  2f,g). 
Despite being co-localized with both UIS3 and UIS4 on the PVM, 
LC3 was shown to co-immunoprecipitate with sPbUIS3, but not with 
the corresponding C-terminal domain of PbUIS4 (Supplementary 
Fig. 3d). We also did not observe co-immunoprecipitation of L-FABP 
with recombinant sPfUIS3 (Supplementary Fig. 3e), in line with pre-
vious work suggesting that the reported interaction between the C 
terminus of Plasmodium yoelii UIS3 and mouse L-FAPB   (ref.  14) 
might be species-specific15. Collectively, these data demonstrate that 

the distal C-terminal subdomain of UIS3, spanning amino acids 
130–229, binds to LC3 directly. Our data establish that UIS3 forms 
a molecular complex with LC3, but the association of LC3 with the 
PVM was found to be host-driven (two core components of the LC3 
conjugation system, Atg3 and Atg5, were shown to be essential) and 
independent of UIS3 (Supplementary Fig. 4a–d). In contrast, neither 
ULK1, the AMPK-regulated autophagy-initiating kinase, nor the 
autophagy receptors p62 and NDP52, all previously implicated in 
xenophagy16, were required (Supplementary Fig. 4e–g). This is con-
sistent with recent reports highlighting the role of Atg5 and the lack 
of involvement of the autophagy-initiation complex in targeting LC3 
to the PVM  (refs. 3,17). LC3 association with the PVM was also unaf-
fected by reactive oxygen species (ROS) scavengers (Supplementary 
Fig.  4h,i), implying that the host response against Plasmodium is 
mechanistically unrelated to LC3-associated phagocytosis (LAP). 
LAP has been described as a microbicidal pathway wherein elements 
of the LC3 conjugation system transfer LC3 in a ROS-dependent 
manner to pathogen-containing phagosomes18. Intriguingly, the 
pathway leading to Plasmodium targeting by autophagy appears to 
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be inhibited by ULK1. Indeed, we observed significantly higher lev-
els of PVM-associated LC3 upon knockdown of ULK1 expression 
(Supplementary Fig. 4f). These results confirm the unconventional 
nature of the host autophagy response against Plasmodium and 
imply that the association of LC3 to the PVM precedes the UIS3–
LC3 interaction.

Whereas LC3 binding partners typically contain an LC3-
interacting region (LIR) with the consensus sequence W/F-x-x-
I/L/V (refs 19,20), UIS3 lacks this canonical LIR (Supplementary 
Fig.  5a). To gain further insight on the specific mode of binding 
of UIS3 to LC3, we modelled the three-dimensional structure of 
the putative complex between sPfUIS3 or sPbUIS3 and LC3 using 
a molecular docking algorithm and the published X-ray structures 
of sPfUIS3 (ref. 13) and LC3B (ref. 21) (Fig. 3a-d and Supplementary 
Fig. 5). Our in silico analysis predicted that the interaction is likely 
to be driven by a flexible turn between helices α 2 and α 3 of UIS3 
(N181, M182 and E183 in P. falciparum UIS3) and the β 2 strand of 
LC3 (Fig. 3a,b). The complex appears also to be stabilized by polar 
interactions involving K213 and Q217 (Fig.  3b). In the P. berghei 
complex, the residues located in equivalent positions are D173, Y174 
and D175, with E205 and K209 stabilizing the complex through 
electrostatic interactions (Fig. 3c,d). To validate these predictions, 
we substituted the above amino acids for alanine to measure the 
effect of the substitutions on UIS3 binding to LC3. Simultaneous or 
individual mutations on all five residues abolished the interaction of 
sPfUIS3 with LC3 (Fig. 3e,g). Similarly, alanine substitutions of the 
equivalent positions in sPbUIS3 abrogated binding to LC3 almost 
completely (Fig. 3f). Of note, the circular dichroism (CD) spectra of 
recombinant sPfUIS3 proteins harbouring the above mutations did 
not reveal any significant effect of the amino acid substitutions on 
protein conformation (Fig. 3h). Detailed analysis of the predicted 
LC3–UIS3 complexes from P. berghei and P. falciparum (Fig. 3a-d 
and Supplementary Fig. 5d,e) indicated that the LC3 surface where 
UIS3 putatively binds coincides with the surface recognized by 
autophagy proteins containing canonical LIR motifs, such as p62 
(refs 19,20,22). Mutations of key residues in this LIR-binding LC3 
surface to alanine abolished the interaction between sPfUIS3 and 
LC3 (Fig. 3i), as predicted. Thus, although UIS3 lacks a canonical 
LIR, our data demonstrate that the LIR-binding surface of LC3 can 
accommodate this atypical interaction.

Because UIS3 and canonical LIR motifs interact with the same 
region of LC3, we next hypothesized that UIS3 might interfere with 
the binding of LIR-containing proteins to LC3, thus interrupting the 
autophagic flux. To examine whether the UIS3–LC3 interaction rep-
resents a physiological autophagy subversion mechanism, we quan-
tified the impact of heterologous UIS3 expression on the autophagic 
flux of HeLa cells. As a readout for autophagy, we monitored p62 
degradation in response to amino acid starvation23,24. Strikingly, 
sPbUIS3WT inhibited the degradation of p62 induced by amino 
acid depletion, whereas UIS3 mutants had no effect (Fig.  4a,b). 
The data demonstrates that binding of UIS3 to LC3 disrupts the 
autophagic flux, hinting at the possibility that UIS3 functions as an 
autophagy inhibitor, through a hindrance effect on the LC3 surface. 
To explore this hypothesis, we set up a LUMIER-based competition 
assay25 in which sPfUIS3 or p62 was complexed to GST–LC3 and 
subsequently incubated with increasing concentrations of the p62 
LIR  (ref. 22) (Fig. 4c). We found that higher concentrations of p62 
LIR were necessary to disrupt the UIS3–LC3 complex compared 
to p62–LC3 (Fig.  4d). This is consistent with the lower KD mea-
sured for the UIS3–LC3 interaction (Fig. 2g) compared to similar 
measurements for canonical LIR sequences26. To determine how 
pervasive the UIS3 hindrance effect was, we examined the impact 
of sPfUIS3 on the association between the LIR-containing Rab7 
effector PLEKHM1 (ref. 27) and recombinant GST–LC3. When 
sPfUIS3WT and PLEKHM1 were co-expressed, LC3 pulldowns were 
significantly depleted of PLEKHM1 and enriched in UIS3, whereas 

mutations that reduced the affinity of UIS3 for LC3 restored the 
PLEKHM1–LC3 association (Fig. 4e). Taken together, these obser-
vations not only demonstrate that Plasmodium UIS3 antagonizes 
LIR-mediated LC3 interactions by binding to a conserved LIR-
interacting surface on LC3, but they also confirm UIS3 as a bona 
fide autophagy inhibitor.

In this study, we show that Plasmodium parasites escape autoph-
agy by engaging host LC3 in an inhibitory interaction with the 
cytosolic domain of the PVM transmembrane protein UIS3. Our 
observations demonstrate that UIS3 competitively inhibits the 
binding of LIR-containing host proteins to the LIR-docking surface 
of LC3. This strongly suggests that the UIS3-mediated protection 
against antiplasmodial autophagy is a direct consequence of LC3 
being sequestered into UIS3–LC3 complexes on the PVM (Fig. 4f 
and Supplementary Fig.  6). Although UIS3 is necessary to avert 
the potential deleterious effects of the association of LC3 to the 
PVM, whether Plasmodium succeeds in evading autophagy prob-
ably depends on how much of the PVM-associated LC3 is bound by 
UIS3. This, in turn, is determined by the levels of UIS3 expression 
and the robustness of the antiplasmodial response, both of which 
may diverge significantly between individual parasites and hosts, 
and could explain the vulnerability of P. berghei parasites to autoph-
agy observed in previous reports3,4.

Evidence that interferon (IFN)-γ  enhances LC3 recruitment 
onto the PVM of Plasmodium vivax, causing parasite elimination28, 
supports the idea that host autophagy may be chemically enhanced 
to suppress the protective effect of UIS3 expression. Repurposing 
autophagy-inducing drugs for malaria prophylaxis might thus be 
a safe and cost-effective way of breaking the transmission cycle in 
endemic areas. Whether clinically available autophagy inducers acti-
vate the non-canonical autophagy pathway targeting Plasmodium in 
hepatic cells remains to be determined. Of note, neither metformin 
nor rapamycin, two of the best known autophagy-inducing drugs, 
affect the number of infected cells in vitro or in vivo3,8,29, supporting 
our observations that antiplasmodial autophagy is mechanistically 
distinct from the AMPK- and mTOR-regulated canonical autoph-
agy pathway.

Recent reports underscored the risk of breakthrough infections 
in mice immunized with a uis3(−) P. berghei ANKA whole-organ-
ism vaccine30. The data presented here suggest that host genetic or 
metabolic factors compromising the autophagy response might be 
the cause of such breakthrough infections. Although insufficiently 
safe on its own, UIS3 deletion is likely to improve the safety of any 
genetically attenuated whole-organism vaccine against malaria by 
enhancing the susceptibility of hepatic parasites to host autophagy. 
Additionally, with the spread of drug resistance casting a shadow 
over malaria eradication efforts, the protein–protein interac-
tion between UIS3 and LC3 constitutes a promising new target 
for tailored pharmacological interventions aiming at controlling 
Plasmodium liver infection and disease.

Methods
Chemicals. RPMI 1640, DMEM, EBSS and other cell culture reagents were 
purchased from Gibco Invitrogen. All chemicals were from Sigma-Aldrich, 
unless specified otherwise. Lipofectamine (Invitrogen) was used for transfection 
of HepG2 cells. siRNAs were transfected using Lipofectamine RNAiMAX in 
OptiMEM (Invitrogen).

Cell lines. Huh7, HepG2 and HEK 293T (ATCC) cells were cultured under 
standard conditions in RPMI 1640 (Huh7) or DMEM (HepG2 and HEK 293T) 
medium supplemented with 10% FCS, 1% non-essential aminoacids (RPMI 1640), 
1% glutamine, 1% penicillin/streptomycin, and 1% Hepes. Mouse embryonic 
fibroblasts (MEFs) were obtained from the Riken BioResource Center (Atg5+/+ 
(RCB2710) and Atg5−/− (RCB2711)31, M. Komatsu, Tokyo Metropolitan Institute 
of Medical Science (Atg3+/+ and Atg3−/−)32 and T. Finkel, NIH National Heart, 
Lung, and Blood Institute (Atg7+/+ and Atg7−/−)33. HeLa cells expressing GFP-LC3 
were a gift from T. Hyman, MPI-CBG. MEFs and HeLa cells were maintained in 
DMEM supplemented as before. MEFs were validated through quantitative reverse 
transcription PCR (qRT–PCR) and HeLa cells were tested for the expression of 
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GFP–LC3 by western blot. All cell lines were routinely tested for mycoplasma 
contamination.

Mice. All mice used in this study were C57BL/6J males, between 6 and 8 weeks  
of age, housed in the animal facility of the Instituto de Medicina Molecular in 
Lisbon. All protocols were approved by the internal animal care committee of the 
Instituto de Medicina Molecular and were performed according to national  
and European regulations.

Mouse primary hepatocytes. Mouse primary hepatocytes were isolated using a 
modified two-step perfusion protocol followed by a Percoll purification step34,35. 
Briefly, mice were sacrificed by CO2 inhalation and immediately processed for 
cannulation of the portal vein using a 26-gauge needle. Next, the inferior vena cava 
(IVC) was cut to allow fluid to drain. Liver perfusion medium (LPM) was perfused 
at 8–9 ml min–1 for 10 min, followed by liver digestion medium (LDM), also at 
a rate of 8–9 ml min–1 for 10 min. Intermittent clamping of the IVC (3 s clamp 
every 30 s) was performed during LDM perfusion to improve tissue digestion. 
After digestion, the liver was excised and the cells were liberated by tearing and 
shaking of the liver with forceps. The cell suspension was then sequentially filtered 
through a 100 μ m and a 70 μ m cell strainer and spun at 50g for 3 min. The cell 
pellet was resuspended in Williams’s Medium E with 10% of fetal calf serum (FBS) 
and carefully overlaid on a 60% Percoll solution (1:1). The cell suspension was 
fractionated by centrifugation at 750g for 20 min, without break, at 20 °C. Viable 
hepatocytes deposited in the pellet were washed with Williams’s Medium E  
with 10% FBS, spun at 50g for 3 min and resuspended in complete Williams’s 
Medium E (supplemented with 4% FBS and 1% penicillin/streptomycin).  
Viability and yield were assessed by trypan blue staining. Viable hepatocytes  
were plated on collagen-coated 24-well plates.

RNAi. HepG2 cells were reverse-transfected with target-specific SMARTpool 
siRNA pools, as previously described36. Non-targeting SMARTpool siRNA 
was used as a negative control (Dharmacon, GE Healthcare). The efficiency of 
knockdown was assessed 48 h after transfection by qRT–PCR using kits from 
Applied Biosystems. Gene expression levels were normalized against those of 
hypoxanthine guanine phosphoribosyltransferase (Hprt1). The primer pairs used 
for qRT–PCR reactions are listed in Supplementary Table 3.

Parasite lines. P. berghei sporozoites were obtained through dissection of the 
salivary glands of infected female Anopheles stephensi mosquitoes bred at the 
Instituto de Medicina Molecular. The following parasite lines were used: GFP-
expressing P. berghei ANKA (259cl2, Leiden Malaria Research Group), uis3(−)5, 
uis3(+) and uis3-myc P. berghei NK65 (generated for this study).

Plasmodium transfection. P. berghei uis3-myc and uis3(+) were obtained by 
complementing the uis3(−) parasite line via single crossover recombination as 
described in Supplementary Fig. 2. Transfection was carried out by electroporation 
of purified schizonts as previously described37. Parasites were selected with 
WR99210 (provided by Jacobus Pharmaceuticals) for four consecutive days, 
collected on day 10 post-transfection and genotyped by PCR with the primers 
listed in Supplementary Table 2.

Infections. Hepatoma cells, MEFs and mouse primary hepatocytes were plated 
on 24-well culture plates at a density of 65,000, 50,000 and 120,000 cells per well, 
respectively. Cells were infected with freshly dissected P. berghei sporozoites 
(30.000 per well) 1 day after seeding and processed for analysis at 24 h or 48 h. 
siRNA-treated HepG2 cells were infected with uis3(+) or uis3(−) sporozoites 
36 h after siRNA transfection and cultured for another 65 h in standard medium 
supplemented with 0.3% Fungizone. At 65 h, the entire volume of cell culture 
medium (HepG2 SN) in each well was collected and immediately inoculated 
into mice (1 well for each animal). The onset of blood-stage parasitaemia 
was monitored through Giemsa-stained thin blood smears by two unblinded 
independent observers. The smears were analysed daily from day 1 to day 10 after 
inoculation, when most animals suffered from hyperparasitaemia and had to be 
killed. On day 10, parasite genomic DNA was extracted from the blood of each 
experimental animal for parasite genotyping. The primer pairs used to probe the 
uis3 wild-type and knockout genomic loci are listed in Supplementary Table 2.  
For ROS-scavenging experiments, Huh7 cells were incubated for 2 h in  
complete medium supplemented with 20 mM N-acetylcysteine (NAC), before 
sporozoite addition. Chloroquine (50 µ M) was added to hepatoma cells 1 h  
after sporozoite infection.

Plasmids. The plasmids used in this study are listed in Supplementary Table 1. 
All Plasmodium sequences (except single point mutants) and human LC3B 
were chemically synthesized and subcloned into pCMV-Myc-N or pCMV-
HA-N expression vectors (Clontech) using the EcoRI and KpnI restriction sites 
(GeneArt, Invitrogen). The Renilla luciferase sequence was chemically synthesized 
(GeneArt, Invitrogen) and subcloned into pCMV-MYC-sPfUIS3 using the 
EcoRI restriction site. Single point mutants of sPfUIS3 were obtained by site-
directed mutagenesis using the primers listed in Supplementary Table 4 and the 

QuickChange II site-directed mutagenesis kit (Agilent Technologies), following the 
manufacturer’s instructions. For production of His6-sPfUIS3 (WT and mutants), 
the soluble domain of P. falciparum UIS3 was amplified from pCMV-MYC-
sPfUIS3 (forward primer: 5’CATGGGATCCATGGAGCAGAAGCTG3’; reverse 
primer: 5’CCGCGGTCTCGAGTCAGTTCTCTTCCT3) and cloned into pET28a 
(Novagen). All plasmids were verified by sequencing. Plasmodium sequences were 
optimized for expression in mammalian cells.

Immunofluorescence. Cells plated on glass coverslips were fixed in 4% 
paraformaldehyde (ChemCruz) for 10 min at room temperature (RT) 
and permeabilized/blocked with a solution of 0.2% saponin-1% BSA. For 
immunostaining, samples were incubated with primary antibodies diluted in 
blocking solution (2 h, RT), washed with PBS, incubated for 1 h at RT with 
AlexaFluor-conjugated secondary antibodies (Jackson ImmunoResearch 
Laboratories) and Hoechst 33342 (Invitrogen) and washed again. The coverslips 
were then mounted on microscope slides with Fluoromount (SouthernBiotech). 
The following primary antibodies were used for confocal microscopy: LC3 (mouse 
monoclonal, MBL, M152-3), c-Myc (mouse monoclonal, MBL, M192-3),  
PbHSP70 (2E638), PbUIS429 (goat polyclonal, SicGen, AB0042-200), LAMP1 (rabbit 
polyclonal, Sigma, L1418) and PbMSP129 (rabbit polyclonal, GenScript, custom-
made). All images were acquired on Zeiss confocal microscopes (LSM 510 META 
or LSM 710) and processed in ImageJ. For co-localization analysis, the region of 
interest (ROI) corresponding to the PVM was defined by thresholding the UIS4 
signal, after which the Manders coefficients M1 and M2 within the ROI were 
calculated using the Colocalisation Threshold plugin from ImageJ. For infection 
quantification by microscopy, parasites were detected with anti-PbHSP70 (2E6) 
and anti-PbMSP1 and imaged on a Zeiss Axiovert 200M wide-field microscope 
equipped with an automated stage. All images (42 per coverslip) were processed 
and analysed using ImageJ.

Immuno-EM. Huh7 cells were fixed 24 h after infection with 4% 
paraformaldehyde–0.05% glutaraldehyde in 100 mM PIPES–0.5 mM MgCl2 (pH 
7.2) for 1 h at 4 °C and processed as described previously39. Sections were stained 
with antibodies against human LC3 (mouse monoclonal, MBL, M152-3) and UIS4 
(goat polyclonal, SicGen, AB0042-200), followed by gold-conjugated secondary 
antibodies (Jackson ImmunoResearch Laboratories), and viewed on a JEOL 1200 
EX transmission electron microscope (JEOL).

Molecular docking of UIS3–LC3 complexes. Homology models of the UIS3 
soluble domains belonging to different Plasmodium species and human LC3 were 
built with the Phyre2 server (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id= 
index) using the crystal structures of P. falciparum UIS3 (PDB code: 2VWA) 
and LC3B (PDB code: 2ZJD) as reference models. The quality of the homology 
models obtained was improved by atomic coordinate refinement using a two-step 
atomic-level energy refinement protocol implemented in ModRefiner software40. 
Experimental and homology-derived protein coordinates were then used to 
construct models of the human and mouse UIS3–LC3 complexes by flexible 
molecular docking with the Swarmdock algorithm41. LC3 proteins were considered 
as receptors and UIS3 as ligands. For each complex, an initial set of 100 ligand 
starting positions was generated in the space around the receptor, being further 
optimized by energy minimization. The top 10 docking solutions were ranked by 
increasing free energy and submitted to an additional energy minimization cycle 
by conjugated gradient during 1,000 steps with GROMACS42, to avoid potential 
steric clashes between contact atoms. Visual inspection and cross comparison 
between the docking results obtained for the human and mouse complex showed 
a conserved pattern of molecular orientations for the top five docking solutions. 
Consensus residues involved in UIS3–LC3 interactions in the best docking 
solution were determined using CONS-COCOMAPS application43 and graphically 
represented with LigPlot+  software44.

Co-immunoprecipitation. HeLa cells expressing GFP–LC3 were transfected with 
plasmids encoding c-Myc or HA fusion proteins (Supplementary Table 1) on 10 cm 
dishes and collected 48 h after transfection in lysis buffer (0.5% NP-40, 150 mM 
NaCl, 10 mM Tris-Cl pH 7.4, 0.5 mM EDTA) supplemented with Complete 
protease inhibitor and PhosStop phosphatase inhibitor cocktails (Roche). On some 
experiments, HeLa cells were co-transfected with both myc-UIS3 and HA-tagged 
LC3. c-Myc- and HA-tagged proteins were purified from total cell lysates using the 
c-Myc-tagged protein mild purification kit and the HA-tagged protein purification 
kit, respectively, according to the manufacturer’s instructions (MBL). GFP–LC3 
was immunoprecipitated from total cell lysates using GFP-Trap coupled to agarose 
beads (Chromotek). For immunoprecipitation of parasite-encoded UIS3-myc 
from infected cells, HeLa cells or mouse primary hepatocytes were lysed 24 h after 
infection with uis3-myc P. berghei and total cell lysates were processed as described 
above. Co-immunoprecipitated proteins and total cell lysates were analysed by 
western blot using antibodies against LC3 (rabbit polyclonal, MBL, PM036) and 
c-Myc (mouse monoclonal, MBL, M192-3) or HA tags (mouse monoclonal, 
Biolegend, 901503) to detect UIS3 or UIS4, followed by HRP-conjugated secondary 
antibodies (Jackson ImmunoResearch Laboratories). Immunoblots were developed 
using Luminata Crescendo Western HRP substrate reagent (Merck Millipore).
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Expression and purification of recombinant proteins. Escherichia coli BL21 
cells were transformed with GST-His-tagged LC3 or GST-His bacterial expression 
vectors. After overnight culture in Luria-Bertani (LB) broth, cells were diluted 
1/100 in fresh medium to an optical density (OD) of ~0.7 and incubated with 
0.3 mM IPTG for 5 h to induce expression of the recombinant proteins. All 
cultures were performed at 37 °C with vigorous shaking. For expression of His-
tagged sPfUIS3WT, E. coli BL21 C43 bacteria were used. Cells grown overnight 
in LB broth were diluted 1/100 in fresh medium to an OD of ~1.2. Recombinant 
protein expression was induced by the addition 0.3 mM IPTG and overnight 
culture at 25 °C. His-tagged sPfUIS3 mutants were expressed in E. coli BL21 
bacteria. Overnight cell cultures were diluted 1/100 in LB supplemented with 
NZY auto-induction reagent (NZYTech). Recombinant His-tagged proteins 
were initially purified by metal chelating affinity chromatography using His-
Trap Ni-containing columns (GE Healthcare) connected to an AKTA Explorer 
chromatographic system (GE Healthcare). The His-trap column (1 ml bed volume) 
was equilibrated with sodium phosphate buffer pH 6.8 containing 1 M NaCl and 
25 mM imidazole before protein injection. His-tagged proteins were eluted by 
a linear gradient of imidazole from 25–500 mM in the same phosphate buffer. 
Fractions containing protein were collected and pooled and further polished 
by size exclusion chromatography purification using a Sephadex S-200 column 
(GE Healthcare) eluted with PBS. Fractions containing protein were analysed by 
SDS–PAGE, concentrated by ultrafiltration and stored at − 80 °C in PBS buffer 
containing 15% glycerol.

Interaction between recombinant proteins. Recombinant sPfUIS3 (5 µ g) was 
incubated with recombinant GST-His6-LC3 (10 µ g) or with GST-His6 (5 µ g), pre-
adsorbed to glutathione beads in lysis buffer (150 mM NaCl, 20 mM Tris–HCl (pH 
7.4), 0.1% Triton-X100, 5% glycerol, 5 mM EDTA and Complete protease inhibitors 
(Roche)). After washing, the complex was eluted in lysis buffer supplemented 
with 10 mM reduced l-glutathione (Sigma-Aldrich) and analysed by western blot 
with antibodies against LC3 (rabbit polyclonal, MBL, PM036) and c-Myc (mouse 
monoclonal, MBL, M192-3).

Surface plasmon resonance. Recombinant sPfUIS3 was immobilized on a Biacore 
CM5 chip surface following standard protocols provided by the manufacturer 
(GE Healthcare). In brief, recombinant sPfUIS3 was chemically immobilized via 
amine coupling to the free carboxyl groups on the CM5 chip through standard 
NHS (N-hydroxysuccinimide) and EDC (N-ethyl-N’-(dimethylaminopropyl) 
carbodiimide) activation procedures. Recombinant GST–His-LC3 dissolved in 
PBS buffer was injected over the immobilized sPfUIS3 at various concentrations 
to generate affinity sensorgrams that were collected in a single-cycle mode with 
no regeneration between sample injections. Unspecific binding was monitored by 
injecting recombinant GST-His protein over the sPfUIS3-coated chip under the 
same conditions. Normalized response sensorgrams were calculated by subtracting 
the unspecific binding contribution of the same molar concentrations of GST 
protein alone. All biosensor data processing and analysis and KD calculations were 
performed using the Biacore T100 Evaluation Software (GE Healthcare version 
2.01). For KD calculation, a monovalent interaction model was assumed, with both 
proteins interacting with 1:1 stoichiometry.

Circular dichroism. Recombinant His-tagged sPfUIS3 proteins (wild type 
and mutants) used for circular dichroism were purified using a modification 
of the already described protocol, where the elution buffer of the size exclusion 
chromatography was substituted by 50 mM sodium phosphate, 200 mM NaF, pH 7.5.  
CD spectra of sPfUIS3 variants were collected between 190 and 260 nm in a JASCO 
J-815 spectropolarimeter (Tokyo, Japan) using 1 mm quartz cells from Hellma 
Analytics. Experiments were performed at 25 °C. Each CD spectrum corresponds 
to the average of 10 technical replicates, corrected for the buffer background 
contribution. Mean molar residue ellipticity values, [θ], were determined through 
the relationship45

θ θ=
Nlc

[ ]

where θ is the observed ellipticity, N is the number of amino acid residues in each 
protein, l is the quartz cell optical path length and c is the protein molar concentration.

Autophagy induction and p62 degradation assay. HeLa cells were changed from 
normal growth medium to EBSS to induce amino acid starvation-dependent 
autophagy. After 7 h, cells were collected in Laemmli buffer and analysed by 
western blot with antibodies against p62 (rabbit polyclonal, Sigma-Aldrich, P0067) 
and gamma-tubulin (mouse monoclonal, Sigma-Aldrich, T5326). The levels of p62 
were measured by quantifying the ratio of p62 to tubulin signals with ImageJ.

LUMIER competition assay. HEK 293T cells transiently transfected with Luc-
p62 or Luc-sPfUIS3 expressing plasmids (Supplementary Table 1) were lysed 
24 h post-transfection in LUMIER lysis buffer (150 mM NaCl, 20 mM Tris–HCl 
(pH 7.4), 0.1% Triton-X100, 5% glycerol, 5 mM EDTA and Complete protease 
inhibitors (Roche))25. The Renilla luciferase activity associated with each cell lysate 

was assessed using the Renilla Luciferase Assay System (Promega). Equivalent 
saturating amounts of luciferase-tagged p62 or sPfUIS3 cell lysates were incubated 
with recombinant GST–His6-LC3B (500 ng), pre-adsorbed to glutathione beads. 
After washing away unbound protein, the precipitates were incubated with 
increasing concentrations of synthetic p62 LIR peptide (SGGDDDWTHLSSK) 
for 1 h with rotation, followed by elution in lysis buffer supplemented with 10 mM 
reduced l-glutathione (Sigma-Aldrich). The Renilla luciferase activity associated 
with LC3 after elution was quantified as described above using Tecan’s Infinite 
200M multiplate reader. The expression of luciferase-tagged p62 or sPfUIS3 was 
additionally detected with an anti-Renilla luciferase antibody (Abcam).

LUMIER/GFP assay. HEK 293T cells transiently transfected with PLEKHM1-
GFP46 and co-transfected with empty plasmid, Luc-sPfUIS3WT or Luc-sPfUIS3Mut1 
(Supplementary Table 1) were lysed 24 h post-transfection in LUMIER lysis buffer 
(150 mM NaCl, 20 mM Tris–HCl (pH 7.4), 0.1% Triton-X100, 5% glycerol, 5 mM 
EDTA and Complete protease inhibitors (Roche)). The cell lysates were incubated 
with recombinant GST-His6-LC3B (500 ng), pre-adsorbed to glutathione beads, 
for 2 h at 4 °C, with rotation. After washing away unbound proteins, pulldowns 
were eluted in lysis buffer supplemented with 10 mM reduced l-glutathione. GFP 
(excitation 420 nm, emission 520 nm) and Renilla luciferase activity associated with 
LC3 in each experimental condition were quantified using Tecan’s Infinite 200M 
multiplate reader.

Statistical analysis. Data are expressed as means +  s.e.m. Statistically significant 
differences between two different groups were determined using non-parametric 
two-tailed-Mann–Whitney test, unpaired two-tailed t-test or two-way ANOVA, 
as indicated. P values <  0.05 were considered statistically significant. Significances 
are represented in the figures as follows: NS, P >  0.05; *P <  0.05; **P <  0.01; 
***P <  0.001; ***P <  0.0001. All tests were carried out in GraphPad Prism. The 
experiments were not randomized. Sample sizes on mice experiments were 
chosen on the basis of historical data, and no statistical methods were used to 
predetermine sample size.

Life Sciences Reporting Summary. Further information on experimental design 
and reagents is available in the Life Sciences Reporting Summary.

Data availability. The data supporting the findings of this study are available 
within the paper and its Supplementary Information.
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Female Anophelesmosquitoes are the definitive hosts of Plasmodium parasites. A new study has found that
successful establishment and development of Plasmodium in the Anopheles midgut requires mosquito
oogenesis, without affecting egg production.

Female Anophelesmosquitoes are the

definitive hosts of Plasmodium parasites,

the causative agents of malaria.

Mosquitoes become infected when they

ingest a bloodmeal from a human carrying

Plasmodium gametocytes, the sexual-

stageparasite cells responsible formalaria

parasite transmission. Shortly after the

parasite is ingested, it crosses the

mosquito’smidgut epitheliumand encysts

in the outer layer of themidgut, developing

into an oocyst [1]. These oocysts develop

for one to two weeks, growing, maturing

and differentiating into hundreds of new

sporozoites that can be injected into the

next human host when themosquito takes

a new blood meal [1].

Importantly, although all adult

Anophelesmosquitoes eat the nectar of

plants togetsugar,whichprovidesenough

nourishment for bothmales and females to

live, females also take blood meals from

animals to gather the necessary nutrients

(including proteins) to produce eggs

(reviewed in [2]). Nutrients from the blood

are incorporated into eggs, which develop

in the ovaries 2–3 days after blood feeding.

Thus, when amosquito bites a human that

is carrying Plasmodium gametocytes, egg

development and parasite maturation

occur simultaneously. Since Plasmodium

parasites take up nutrients from the

mosquito to develop [3], it has been

postulated that infection by Plasmodium

should affect female reproductive fitness

[4]. Remarkably, a new study by Werling,

Shaw, Itoe and colleagues, recently

published in Cell, shows that Plasmodium

falciparum parasites require mosquito

oogenesis to survive in the midgut without

affecting female reproductive fitness [5],

implying a less parasitic and more

commensal Plasmodium–Anopheles

relationship.

To study the effect of parasite

development on mosquito reproductive

fitness, the authors first noticed that there

is a positive correlation between the

number of eggs produced by a female

Anopheles gambiae and the number of

P. falciparum oocysts it is infected with.

Indeed, when Werling and colleagues

used mosquitoes depleted of their germ

line, which present underdeveloped

ovaries, only one third the number of

parasites were observed in the midgut, as

compared to control mosquitoes
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(Figure 1, left panel). Moreover, the

authors found that oocyst numbers were

regulated by the ovarian hormone 20-

hydroxyecdysone (20E). Yet, if the

parasite infects the midgut of the

mosquito, why are the ovaries and an

ovarian hormone important for its

establishment?

The 20E hormone is known to signal

through nuclear receptors EcR and USP

[6], changing the transcriptional profile in

the ovaries and causing cells in this organ

to take up more nutrients, particularly

lipids, via the lipid shuttle lipophorin (the

insect version of the mammalian

lipoproteins) [7]. Therefore, the authors

proceeded to knock down both nuclear

receptors and observed that oocyst

number dropped (Figure 1, left panel). As

expected, lipophorin expression was

deregulated, and the abundance of lipids

in midguts increased when EcR was

silenced.

Interestingly, the oocysts that escaped

this bottleneck developed faster and gave

rise to sporozoites sooner, leading the

authors to postulate that the higher

abundance of lipids in themidgutmight be

driving the faster development of the

surviving oocysts (Figure 1, right panel).

To confirm this, the authors impaired

lipolysis in the mosquito, increasing the

levels of total lipids in the midgut, and

observed that this led to faster

development of oocysts. In both EcR-

silencedmosquitoes andmosquitoes with

increased levels of neutral lipids, parasites

reached the salivary glands one day earlier

than in control mosquitoes (Figure 1, right

panel). Importantly, these premature

parasites seemed to be as infectious to

human hepatocytes as those from control

mosquitoes, suggesting a dual impact of

mosquito oogenesis on Plasmodium’s

successful establishment in the mosquito:

in the case of reduced oogenesis, the

fewer Plasmodium oocysts that survive in

the midgut develop faster and thus the

blood meal must provide nutrients to fuel

parasite development.

The mechanisms by which parasite

numbers are reduced in the absence of

mosquito oogenesis are still unclear. The

authors show that this elimination is not

dependent on themosquito’s complement

system, one of the better-characterized

mechanisms of Plasmodium-parasite

clearance known to happen in this host [8].

Thus, other hypotheses can be put forth to

explain this observation: for example,

oogenesis may inhibit other immune

mechanisms capable of efficiently

eliminating parasites. Alternatively,

parasites may die due to rate limiting

quantities of a given nutrient or an excess

of a particular toxin. The authors note that

this is an extremely fast mechanism—

when oogenesis processes are affected,

the number of oocysts (but not their

prevalence) is significantly decreased as

early as two days after the blood meal. It

would be interesting to determine whether

strategies that impair mosquito oogenesis

would completely block parasite

transmission in field settings, where the
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Sporulating 
oocyst

More parasites that develop slower
(parasite and eggs share resources)Normal oogenesis
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oogenesis
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Current Biology

Figure 1. Anopheles oogenesis determines Plasmodium parasite survival in the midgut and nutrients are shared between developing
parasites and mosquito eggs.
Oogenic signals protect Plasmodium parasites from elimination in the mosquito midgut during their transition from ookinete to oocyst (left panel, top line). Eggs
and Plasmodium oocysts share nutrients from the blood meal, and oocysts mature within 11 days of mosquito infection (right panel, top line). When oogenesis is
dysregulated, Plasmodium parasites struggle to colonize the midgut as they are eliminated by an as yet unknown mechanism (left panel, middle line). However,
the lack of egg development allows Plasmodium parasites to mature faster, as more nutrients are available for oocyst growth (right panel, middle line).
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number of oocysts that colonize a midgut

is generally believed to be lower than in

laboratory conditions.

Additionally, whatever parasite-killing

mechanism may be at play, it is inhibited

during oogenesis. Once thismechanism is

identified, it will be critical to test whether it

also impacts mosquito oogenesis. If not,

any anti-malarial strategy employing this

mechanism would reduce Plasmodium

numbers without accelerating

P. falciparum transmission.

On the other hand, an anti-malarial

strategy targeting the mosquito’s

oogenesis program per semay come at a

cost, as it would lead to faster parasite

development and earlier transmission.

This is particularly relevant because

female mosquitoes have a short life span,

not more than 2–3 weeks in the field, and

so any accelerated growth by the parasite

(which usually takes 10–14 days to

develop) would lead to increased

transmission even if numbers of

transmissible parasites are lower.

Faster growth occurs because, when

egg development is impaired,

Plasmodium oocysts can use excess

mosquito resources. Importantly,

although it accelerates growth, an excess

of nutrients does not increase the number

of sporozoites produced per oocyst,

suggesting that Plasmodium oocysts

have a pre-determined number of

sporozoites they can generate, and that

this number cannot be exceeded. This is

likely a consequence of 30 million years of

co-evolution [9], which have shaped the

oocyst’s developmental process to be as

silent as possible, so as not to affect the

mosquito’s reproductive fitness and to

consequently maintain the population of

vectors needed for the perpetuation of the

parasite’s life cycle. Ultimately,

Plasmodium oocysts act less as parasites

and more as commensal organisms.

These results are surprising because it

has long been suggested that parasitic

infections of vectors would impose a

reproductive cost for the mosquito [4].

With these results, the authors show that

the number of Plasmodium parasites and

the development of mosquito eggs are

linked in a commensal relationship [5]. The

mosquito does not lose its reproductive

fitness in spite of the presence of

Plasmodium parasites, which benefit two-

fold from the oogenesis process — for

protection and for resources.

Although, by definition, parasitism

means that one species — the parasite —

exploits a second species— the host— to

obtain food, housing, or protection while

causing harm to the host, it is not in the

parasite’s best interest to weaken its host

toapoint that it cannot support theparasite

anymore. The study byWerling, Shaw, Itoe

et al. suggests that Plasmodium–

Anopheles interactions are the product of

an evolutionary process that may have

progressed from a typical parasitic

association into a commensal one.
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Two new papers show how deep neural networks interacting with the
brain can generate visual images that drive surprisingly strong neural
responses. These images are tantalizing reflections of visual
information in the brain.

Artificial intelligence (AI) has been

revolutionized in recent years by ‘deep

networks’: artificial neural networks,

realized in computers, with multiple

layers — which define the network

‘depth’ — of processing units that

transform input information into output

solutions [1]. They learn to produce

desired outputs through back-

propagation, a method of adjusting

connection weights between units to

minimize output errors. Deep networks

have been around for a long time [2], but

recent advances in processing power

have allowed them to smash through

longstanding AI challenges like object

recognition and master-level Go play.

One of the most powerful learning
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ARTICLE

Plasmodium translocon component EXP2 facilitates
hepatocyte invasion
João Mello-Vieira 1, Francisco J. Enguita1, Tania F. de Koning-Ward 2, Vanessa Zuzarte-Luís 1✉ &

Maria M. Mota 1✉

Plasmodium parasites possess a translocon that exports parasite proteins into the infected

erythrocyte. Although the translocon components are also expressed during the mosquito

and liver stage of infection, their function remains unexplored. Here, using a combination of

genetic and chemical assays, we show that the translocon component Exported Protein 2

(EXP2) is critical for invasion of hepatocytes. EXP2 is a pore-forming protein that is secreted

from the sporozoite upon contact with the host cell milieu. EXP2-deficient sporozoites are

impaired in invasion, which can be rescued by the exogenous administration of recombinant

EXP2 and alpha-hemolysin (an S. aureus pore-forming protein), as well as by acid sphingo-

myelinase. The latter, together with the negative impact of chemical and genetic inhibition of

acid sphingomyelinase on invasion, reveals that EXP2 pore-forming activity induces hepa-

tocyte membrane repair, which plays a key role in parasite invasion. Overall, our findings

establish a novel and critical function for EXP2 that leads to an active participation of the host

cell in Plasmodium sporozoite invasion, challenging the current view of the establishment of

liver stage infection.
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An obligatory step of infection by Plasmodium parasites,
the causative agents of malaria, is the invasion of host
hepatocytes that involves both parasite and host proteins1.

However, the mechanism by which Plasmodium sporozoites enter
hepatocytes remains elusive1. The major sporozoite surface pro-
tein, circumsporozoite protein (CSP), must undergo conforma-
tional changes and cleavage2, likely mediated by Plasmodium
cysteine proteases. Another surface protein, the thrombospondin-
related anonymous protein (TRAP), which is connected to the
actin machinery of the parasite, propels the parasite into the
hepatocyte3. The hepatocyte membrane receptors scavenger
receptor class B type I (SR-BI)4,5 or CD816 are also involved, with
CD81 being potentially important for the discharge of parasite
invasive proteins7. The Plasmodium 6-cys protein p368, has been
shown to be important for binding to these host cell receptors9.
Other host proteins, the ephrin type-A receptor 210,11 and the
protein kinase C zeta (PKCζ)12,13 have also been associated with
invasion, yet their distinct roles in the invasion process are still
unknown. Noteworthy, for years, the prevailing view of Plasmo-
dium sporozoite invasion implied that the host cell does not play
an active role during parasite entry14–16, a concept only chal-
lenged by the observation that host actin reorganizes around the
invading sporozoite17,18.

Exported Protein 2 (EXP2) is a parasite pore-forming protein
located at the parasitophorous vacuole membrane (PVM) of both
liver and blood stage parasites19,20, whose structure has recently
been solved21. During the blood stage of infection, EXP2 and four
other parasite proteins are part of the translocon complex22,
crucial for exporting parasite proteins to the cytosol of the
erythrocyte23,24. Besides being engaged in protein translocation,
recent reports have demonstrated that the EXP2 pore, indepen-
dent of the other translocon components25, might also serve as a
nutrient channel through which solutes flow between the host cell
and the vacuole surrounding the parasite26,27. In the liver stage,
although EXP2 deficiency leads to a significant decrease in
parasite burden28, its function remains unexplored.

In this work, we use an EXP2 conditional knockout parasite
line to study its role during the liver stage of infection. We
observe that the lack of EXP2 in the sporozoite stage leads to a
decrease in the ability of sporozoites to invade hepatocytes. In
fact, EXP2 is detected in sporozoites and is secreted upon sti-
mulation, similarly to other proteins involved in invasion. Our
hypothesis is that EXP2 is triggering the host membrane-repair
pathway and we observe that the host protein acid sphingo-
myelinase, critical for this repair process, is also important for
sporozoite invasion of hepatocytes. Our results uncover a sur-
prising and critical function of EXP2 in triggering an active
response by the hepatocyte, which is key for sporozoite invasion
and establishment in the host cell.

Results
Conditional knockout of the EXP2 gene in the sporozoite leads
to a decrease in the number of infected cells. To study the
function of EXP2 during the liver stage of infection, we used an
EXP2 conditional knockout parasite line (EXP2 cKO) based on
the flippase recombinase and flippase recognition targets (FLP/
FRT) system29. In this system, the FLP recombinase expression is
controlled either by the TRAP or the Upregulated in Infectious
Sporozoite 4 (UIS4) promoter and mediates excision of the FRT
sequences flanking the EXP2 3′ UTR, starting at the sporozoite
stage of Plasmodium berghei. As a control, we used the parental
EXP2 FRT parasites lacking the FLP recombinase (WT)28.
To assess the efficiency of the conditional deletion system, the
excision of the EXP2 3′ UTR was quantified by quantitative
polymerase chain reaction (qPCR) in sporozoite genomic DNA.

In the parasite line where the FLP expression is controlled by the
TRAP promoter excision was very inefficient, with only 26 ± 12%
of EXP2 cKO sporozoites showing an excised EXP2 locus (p=
0.1429, Fig. 1a). However, when the UIS4 promoter was used we
observed that 45 ± 4% of EXP2 cKO sporozoites showed an
excised EXP2 locus (p= 0.0286, Fig. 1a). We selected the UIS4
promoter-induced EXP2 cKO line to be used in subsequent
experiments.

The lack of EXP2 protein in sporozoites, the consequence of
locus excision, was analyzed in the UIS4 parasite line by
microscopy and compared with control WT parasites. We
observed that the population of EXP2 cKO sporozoites comprised
of sporozoites without the EXP2 protein (EXP2 negative, 42 ± 7%,
Fig. 1b, bottom line) and sporozoites with detectable EXP2 protein
(EXP2 positive, 58 ± 5%, Fig. 1b middle line), in a proportion
similar to that obtained by qPCR. Noteworthy, the EXP2 cKO
sporozoite population showed a variety of EXP2 intensity values,
ranging from the levels observed in the negative control
(unstained) to those observed in WT sporozoites (Supplementary
Fig. 1a–b). This suggests that the timing of excision of the EXP2
gene locus varies within the sporozoite population.

To evaluate how the lack of EXP2 impacts liver stage
development we infected C57Bl/6 mice with EXP2 cKO spor-
ozoites. When compared with WT parasites, infection with EXP2
cKO sporozoites resulted in a decreased parasite liver load, starting
at 6 hours (h) after infection, as detected by qRT-PCR (57 ± 7%,
p= 0.0056, Fig. 1c). This decrease was maintained throughout liver
stage development (71 ± 6% at 24 h, p= 0.0008; 62 ± 10% at 48 h,
p= 0.0037; Fig. 1c).

Next, we infected HepG2 cells with WT or EXP2 cKO
sporozoites and analyzed the number of exoerythrocytic forms
(EEFs) and their size by immunofluorescence assay (IFA).
Detailed microscopic analysis of HepG2 cells revealed that the
number of cells infected with EXP2 cKO sporozoites is reduced at
2 h after infection, when compared with the control parental line
(46 ± 6%, p= 0.0001). Once again, this decrease was maintained
throughout infection (47 ± 5% and 46 ± 4% at 24 and 48 h after
infection, p= 0.0043; p= 0.0024, respectively, Fig. 1d). Parasite
development was not affected (Supplementary Fig. 1c). Notably,
the translocon activity during the liver stage is yet to be observed,
which might explain why liver stage development is not affected
by the lack of EXP2.

Importantly, the early and stable reduction in the number of
infected cells at 2 h after infection correlates with the extent of
excision of the EXP2 locus at the sporozoite stage (Pearson’s R=
0.880, Fig. 1e). Conversely, EXP2 expression does not seem to be
necessary for the ensuing development, as it was detected in <3%
of the remaining EXP2 cKO EEFs, all of which developed
normally (2 ± 1% at 24 h, p= 0.0159; 3 ± 3% at 48 h, p= 0.0022;
Fig. 1f and Supplementary Fig. 1d). The increase of the excision
rate throughout EEF development can be explained by the fact
that the UIS4 promoter is kept active during the liver stage of
infection, allowing for more expression of the FLP recombinase
and further excision of the EXP2 3′ UTR.

Altogether, these results show that EXP2 is critical for the early
establishment of hepatocyte infection by P. berghei sporozoites.

EXP2 cKO parasites are impaired in the invasion of hepato-
cytes. Such an early phenotype suggests that EXP2 is important
for liver colonization. To successfully establish in the liver,
sporozoites use gliding motility to traverse through several host
cells prior to invading hepatocytes30. Our results show that EXP2
cKO sporozoites glide and traverse similarly to the WT parasites
(Fig. 1g–h, respectively). To assess if EXP2 cKO sporozoites were
able to infect cells, we performed in-and-out staining at 2 h after
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infection. We stained for the sporozoite protein CSP to count the
total number of parasites and for the PVM marker UIS4 to assess
the number of invaded parasites. We observed that WT and EXP2
cKO sporozoites adhered to cells similarly based on CSP staining
(comparable absolute number of sporozoites counted, Fig. 1i).
However, EXP2 cKO sporozoites were more predominantly
found outside cells (76 ± 21%, p= 0.0206) when compared with

WT sporozoites by UIS4 staining (49 ± 13%, p= 0.0022), evi-
dencing a defect in hepatocyte invasion (Fig. 1i).

EXP2 is relocated and discharged by the sporozoite upon
contact with the host cell milieu. Given the invasion phenotype
of EXP2 cKO sporozoites, we next sought to characterize EXP2
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expression and localization in sporozoites. To that end, the
localization of EXP2 in freshly dissected P. berghei sporozoites was
assessed by immuno-EM and we observed that EXP2 is distributed
throughout the parasite cell body, frequently observed inside
vesicles (Fig. 2a). Micronemes and rhoptries are the most char-
acterized types of vesicles found in Plasmodium sporozoites, which
contain proteins that participate in the invasion process31. We
sought to colocalize EXP2 with proteins reported to be present
in those organelles, such as TRAP (present in micronemes)32,
RON4 (present in rhoptries)7 and UIS4 (in still unidentified
vesicles)33,34. We did not observe colocalization of EXP2 with any
of the proteins tested, in freshly dissected sporozoites (Fig. 2b).

Apicomplexan parasites are known to secrete proteins important
for the invasion process35. To address whether EXP2 is also
mobilized during invasion, sporozoites were incubated in medium
with fetal calf serum (FCS) at 37 °C, a combination that simulates
the host milieu conditions and shown to prime sporozoites for
invasion36–38. Western Blot (WB) analysis of sporozoites pellet and
the supernatant fractions after sporozoite activation (incubation
with FCS at 37 °C) showed EXP2, but not the intracellular ER-
marker BiP, in the supernatant fraction of activated sporozoites
(Fig. 2c). This shows that EXP2 is discharged to the medium upon
activation.

The results so far imply that EXP2 relocation and secretion is
important for the invasion of hepatocytes. If this hypothesis is
correct, the addition of exogenous EXP2 would rescue the
invasion impairment of EXP2 cKO sporozoites. Indeed, addition
of exogenous recombinant Plasmodium falciparum EXP2
(rPfEXP2)39 to the culture medium restores the invasion capacity
of EXP2 cKO sporozoites (Fig. 2d). Interestingly, this rescue only
occurs when rPfEXP2 is added to the culture 1 h after sporozoite
incubation and not when rPfEXP2 is added to the cells
concomitantly with the sporozoites (44 ± 8%, p < 0.0001, Fig. 2d)
nor if added to sporozoites prior to incubation with cells (43 ±
10%, p= 0.0022, Supplementary Fig. 2a).

We sought to understand why EXP2 is needed at 1 h after the
sporozoite incubation and not earlier. It has been reported that
Plasmodium sporozoites begin productive invasion only 1 h after
being in contact with cells40. We observe that this is also true for
spect1 KO sporozoites that are incapable of cell traversal
(Supplementary Fig. 2b), suggesting that Plasmodium sporozoites
require a “waiting period”, not related with cell traversal, of
~1 hour, before invading hepatocytes. Interestingly, transcriptomic
analysis of activated sporozoites showed EXP2 upregulation
starting at 1 h after incubation at 37 °C41. Indeed, we observed a
peak of EXP2 mRNA expression at 1 h after infection (Fig. 2e).
This behavior is specific to EXP2 but not of other invasion-related

genes, such as, Glideosome-associated Protein 45 (GAP45), which
showed a tendency to be down-regulated (Fig. 2e), nor that of the
liver stage PVM-resident Exported Protein 1 (EXP1), which
showed a tendency to be upregulated during invasion (Fig. 2e). In
P. falciparum, EXP2 was found to be continuously upregulated
until 2 h after incubation of sporozoites with cells41, although
traversal has been shown to take longer in P. falciparum42 than in
rodent Plasmodium parasites40. At 2 h after infection, P. falciparum
is still actively traversing cells42. It remains to be tested whether P.
falciparum EXP2 mRNA decreases after invasion is completed
(3–4 h after incubation with cells).

We next sought to examine if the secretion of the EXP2 protein
follows the invasion kinetics. Importantly, we observed contin-
uous secretion of EXP2 to the surrounding medium starting at 30
minutes after sporozoite activation and increasing until 2 h after
activation (Fig. 2f). These results show that the temporal
dynamics of EXP2 expression and secretion accompanies the
invasion kinetics observed in P. berghei sporozoites.

To complement the previous experiment, we tested if rPfEXP2
has the ability to interact with cellular membranes. For this, we
incubated rPfEXP2 with HepG2 cells, collected the cellular
medium and we assayed this conditioned medium for the
presence of rPfEXP2 by WB. In cells treated with 1 nM of
rPfEXP2, we observed a decrease in rPfEXP2 concentration in the
supernatant already at 5 min after cells are exposed to the protein
(Supplementary Fig. 2c). This decrease is consistent with previous
observations for other pore-forming proteins43, which are readily
absorbed by cells. The fact that not all the protein is internalized,
and the remaining rPfEXP2 is not absorbed by the cells in the
following hour, suggests that cells become non responsive to the
action of rPfEXP2.

Remarkably, EXP2 is never detected in sporozoites immedi-
ately after invasion (Supplementary Fig. 2d). This behavior has
been reported for other proteins important for sporozoite
invasion, RON4 and AMA17,36, suggesting that EXP2 might be
degraded or completely discharged during the invasion process.
Altogether, these data strengthen the role of EXP2 during
invasion of the hepatocyte.

EXP2 pore-forming activity induces a membrane-repair path-
way, facilitating invasion of sporozoites. Ad both native and
recombinant PfEXP2 protein are known to form pores in
membranes21,39 we wondered if the function of EXP2 during
invasion is related to its pore-forming ability. Indeed, EXP2 cKO
invasion defect can be rescued by both rPfEXP2 and the recom-
binant pore-forming protein from S. aureus, α-hemolysin (rα-HL)
in a similar range of concentrations (Fig. 3a–b). Notably, the pore

Fig. 1 EXP2 deletion hinders invasion of hepatocytes. a Percentage of sporozoites with WT EXP2 (white) or excised locus (shaded bars) determined by
qPCR in WT and EXP2 (UIS4 (blue) or TRAP (green) promoter mediated) cKO sporozoites. (N= 4 independent experiments). b Micrographs of WT or
EXP2 cKO sporozoites, stained with mouse αPfEXP2 (green), αPbCSP (red), Hoechst (blue). Scale bar: 5 μm. Percentage of sporozoites classified as EXP2-
positive (white) and EXP2-negative (blue) by immunofluorescence (N= 7). c Parasite liver load in mice infected with WT (white) or EXP2 cKO (blue)
sporozoites by qPCR (N= 2 or 3 totaling 10 or 15 mice for 6 h or other timepoints, respectively, normalized to 6 h). d Number of cells infected with
WT (white) or EXP2 cKO (blue) sporozoites analyzed by immunofluorescence (>30,000 cells analyzed, N= 4 or 5 totaling 12 or 15 replicates for 2 h
or other timepoints, respectively, normalized to 2 h). e Percentage of WT parasites in EXP2 cKO sporozoite population versus number of infected
HepG2 cells at 2 h after infection (blue). Proportion of EXP2-positive parasites assessed by qPCR, proportion of invaded parasites quantified by
immunofluorescence (N= 10 totaling 10 and 30 replicates for excision and invasion rates, respectively). f Proportion of EEFs classified as EXP2-positive
(white) and EXP2-negative (blue) by immunofluorescence. (N= 3). g Percentage of WT (gray-shaded) or EXP2 cKO (blue-shaded) sporozoites with CSP
trails by immunofluorescence. Sporozoites scored as having 0, between 1 and 10 or >10 trails. (N= 3). h Percentage of traversed HepG2 cells by WT
(white) or EXP2 cKO (blue) sporozoites, assessed by Flow Cytometry. (>10,000 cells analyzed, N= 8 totaling 27 and 26 replicates for WT and EXP2 cKO,
respectively). i Total number of WT (white) or EXP2 cKO (blue) sporozoites (CSP staining), intracellular sporozoites (both UIS4 and CSP) and extracellular
sporozoites (only CSP) at 2 h after infection. Micrographs of WT or EXP2 cKO sporozoites at same time point, stained with αPbUIS4 (green), αPbCSP
(red), Hoechst (blue). Scale bar: 10 μm. (N= 3 totaling 6 and 7 replicates for WT and EXP2 cKO, respectively). Results shown as mean ± SEM, two-tailed
Mann–Whitney U test was applied for p values in all panels except for e, where correlation and linear regression was performed.
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formed by α-HL is similar to that formed by EXP2, both are
heptamers21,44 and create a pore with 1 nm of diameter21,45.
Importantly, the invasion defect of the EXP2 cKO sporozoites
could not be reverted by the S. pyogenes pore-forming protein
streptolysin O (SLO, Supplementary Fig. 3a) added in a similar
concentration. SLO is known to form pores of 25–30 nm in

diameter46, 10–30 times wider than the pore of EXP221 and of α-
HL45.

Host plasma membrane wounding has been previously
implicated as a critical step for invasion of Trypanosoma cruzi
parasites and can also be triggered by the addition of pore-
forming toxins to mammalian cells47. T. cruzi-induced host cell
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wounding results in Ca2+ influx and consequently exocytosis of
lysosomes that deliver acid sphingomyelinase (aSMase) to host
plasma membrane, generating ceramide on the outer leaflet of the
plasma membrane to facilitate PV formation and internalization
of the parasite48. We now hypothesize that similarly to T. cruzi,
Plasmodium sporozoites (via EXP2) induce pores in the host cell
plasma membrane resulting in Ca2+ influx, key for invasion.

The diameter of the EXP2 pore is of 1 nm21, and it would be
wide enough to fit small ions, such as calcium and potassium, the
most abundant ions on the outside and inside of mammalian
cells, respectively. To assess if rPfEXP2 would allow for the
passage of ions we transfected HepG2 cells with the intracellular
calcium-sensitive reporter Gcamp6f49 or the potassium fluores-
cent sensor GEPII50. Treatment of Gcamp6f-transfected cells with
rPfEXP2 resulted in an increase in Gcamp6f fluorescence,
reflecting an influx of Ca2+ (Fig. 3c). In cells transfected with
GEPII and treated with rPfEXP2, the fluorescence of the reporter
protein decreased, suggesting that potassium is leaking out of the
cell (Fig. 3d). It is noteworthy that the concentration of rPfEXP2
in these experiments was 100 nM, ten times higher than that used
for the rescue experiments. In the context of invasion, smaller
concentrations of rEXP2 might cause local ion changes in the cell
that are enough to induce the necessary mechanisms for
sporozoite invasion, but not sufficient to induce changes in
global ion concentrations.

The next step in the membrane-repair pathway involves the
release of host aSMase and its activity in the outer leaflet of the
plasma membrane of the hepatocyte. Indeed, when aSMase was
inhibited by desipramine51,52, P. berghei sporozoite invasion was
impaired (IC50= 15 ± 2 µM) (Fig. 3e). Noteworthy, inhibition of
neutral SMase, by GW4869, did not block P. berghei sporozoite
invasion (Fig. 3e). To further establish host aSMase as a key
protein during the invasion process, we proceeded to knockdown
its expression using short-hairpin RNA (shRNA). The decrease in
aSMase expression by the shRNA (36 ± 10%, p= 0.0022, Supple-
mentary Fig. 3b), resulted in a decrease in P. berghei invasion
(56 ± 17%, p= 0.0022, Fig. 3f). This effect was counteracted
by the addition of recombinant acid SMase from B. cereus
(Fig. 3f). Remarkably, exogenous addition of recombinant aSMase
also rescued the invasion impairment exhibited by EXP2 cKO
sporozoites (Fig. 3g).

Altogether, our data show that Plasmodium sporozoites secrete
EXP2 upon stimulation and that recombinant EXP2 can lead to
the formation of pores in the hepatocyte plasma membrane. Both
exogenous EXP2 and acid SMase can rescue the invasion
impairment of EXP2 cKO sporozoites, suggesting that sporozoites

hijack the host membrane-repair pathway, to facilitate invasion of
the host cell.

Discussion
EXP2 is expressed throughout the Plasmodium life cycle19,20 but
has been mostly studied during the blood stages. This protein is
found in the dense granules of merozoites53, which are discharged
after the invasion of the erythrocyte is complete. Inside this cell,
the parasite relies on EXP2 and the other components of the
translocon complex to remodel the erythrocyte with its own
proteins22. This remodeling is necessary for nutrient acquisition
and immune system evasion by the parasite (reviewed in ref. 54).
Beside its association with the translocon complex, EXP2 also
exists in regions of the PVM of blood stage parasites without the
other translocon components25, suggesting that EXP2 might have
an additional function. Indeed, a recent study suggests that EXP2
contributes to the exchange of small molecules across the PVM,
such as amino acids and glucosamine27. It seems that these two
functions of EXP2 might be influenced by the RON3 protein55 by
a mechanism that is still not understood. Although reports sug-
gest that EXP2 is not involved in erythrocyte invasion53, we show
here that hepatocyte invasion by sporozoites is mediated by
EXP2. These data imply not only that Plasmodium uses distinct
mechanisms to invade hepatocytes and erythrocytes as previously
suggested18, but also that the same parasite molecule plays
divergent functions in different stages of infection.

For the invasion of hepatocytes, one hypothesis is that EXP2 is
secreted from the sporozoite to the hepatocyte membrane,
creating pores that generate ion fluxes, which in turn trigger the
release of host aSMase and induces endocytosis, facilitating
parasite invasion (Fig. 4). This is in agreement with recent find-
ings showing that Plasmodium sporozoites trigger exocytosis of
host lysosomes, to facilitate invasion56. Notably, other pathogens
including another eukaryotic parasite, T. cruzi48, but also the
bacteria Listeria monocytogenes57 and Neisseria gonorrhoeae58 as
well as human adenoviruses59 have also been reported to invade
cells by hijacking host cell plasma membrane-repair pathways
resulting in ceramide generation. These ceramide membrane
domains have been shown to bind and activate PKCζ60, a kinase
that activates endocytosis61, and that has been previously iden-
tified as a positive modulator of P. berghei invasion12 and
establishment13. Moreover, ceramide generation increases the
rigidity of the plasma membrane, leading to the aggregation of
host cell receptors, namely CD8162. CD81 has been shown to be
essential for invasion of P. falciparum and P. yoelii6, possibly by
inducing rhoptry discharge and moving junction formation7.

Fig. 2 EXP2 is present in the sporozoite and is translocated to the membrane and secreted after activation. a Immuno-electron microscopy of
sporozoites, stained with rabbit αPfEXP2. Scale bar: 500 nm and 100 nm in insets and transverse views. Representative image of three independent
experiments. b Micrographs of permeabilized sporozoites stained with αPfEXP2 (green), αPbTRAP (microneme protein), αPbRON4 (rhoptry protein), or
αPbUIS4 (dense granule protein) (all in red) and the DNA dye Hoechst (blue). For EXP2 co-staining with TRAP and UIS4, mouse αPfEXP2 was used. For
co-staining with RON4, rabbit αPfEXP2 was used. Scale bar: 5 μm. (>50 sporozoites analyzed per experiment, N= 3 independent experiments). Shown
below each panel is the colocalization coefficient between EXP2 and the corresponding protein. c Western blot analysis of secreted EXP2 protein. PbEXP2-
HA sporozoites were incubated for 30min, at 4 °C (−), at 37 °C (+) and in the presence or absence of FCS. Sporozoites were pelleted and both pellet and
supernatant were assayed for the presence of PbEXP2-HA, PbCSP (membrane protein of the sporozoite) and PbBiP (ER-resident protein). Lysates of a
mixed blood stage infection of PbEXP2-HA were used as control. Representative images of three independent WB. d Number of infected cells at 2 h after
infection, infected with WT (white) or EXP2 cKO sporozoites (blue), after treatment with 10 nM rEXP2 concomitantly with sporozoite addition to cells or at
1 h after infection (N= 3 independent experiments totaling nine replicates). e mRNA expression of invasion-related genes of P. berghei at different
timepoints during infection, normalized to Pb18S. EXP2 (white), GAP45 (light pink), and EXP1 (dark pink) (N= 2 independent experiments totaling six
replicates). f Quantification of EXP2 secretion by sporozoites following activation with FCS at 37 °C throughout time. The amount of EXP2 (blue) in pellet
or supernatant fractions for each experiment, was normalized to the amount of CSP in the pellet fraction at the respective time point. Protein extraction
was performed immediately after sporozoites were removed from incubation (as in Fig. 2c) and secretion was quantified by WB. Representative images of
two independent WB. Results in d and e shown as mean±SEM, two-tailed Mann–Whitney U test was applied for p values.
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Fig. 3 Hepatocyte membrane repair is important for invasion of Plasmodium sporozoites. a Number of infected cells at 2 h after infection, infected with
WT (white) or EXP2 cKO sporozoites (blue), after addition of rPfEXP2 at 1 h after infection (N= 5 independent experiments totaling 15 replicates for all
concentrations except for 0.5 nM, where N= 3 independent experiments totaling nine replicates were performed). b Number of infected cells at 2 h after
infection, infected with WT (white) or EXP2 cKO sporozoites (blue), after addition of rα-HL at 1 h after infection (N= 3 independent experiments totaling
nine replicates). c Calcium uptake by cells measured using Gcamp6f fluorescent protein, through time after addition (at time 0 s) of 100 nM rPfEXP2 (blue
line) or vehicle control (black line) (N= 3 independent experiments, >75 total cells imaged per condition). d Potassium efflux by cells measured using
GEPII fluorescent protein, through time after addition (at time 0 s) of 100 nM rPfEXP2 (blue line), 50 µM of Digitonin (brown line, permeabilizes cellular
membranes) or vehicle control (black line) (N= 2 independent experiments, >50 cells imaged per condition). e Number of infected cells at 2 h after
infection by GFP-expressing sporozoites in the presence of desipramine (acid SMase inhibitor, white) or GW4869 (neutral SMase inhibitor, gray) (N= 3
independent experiments totaling nine replicates). f Number of infected cells at 2 h after infection by GFP-expressing sporozoites after knockdown of
aSMase by shRNA, in the absence (white) or presence of 10 µU/mL of recombinant acid SMase from Bacillus cereus (gray). (N= 3 independent
experiments totaling nine replicates). g Number of infected cells at 2 h after infection, infected with WT (white) or EXP2 cKO sporozoites (blue), after
treatment with 10 µU/mL of recombinant aSMase added at 1 h after infection. (N= 5 independent experiments totaling 15 replicates). Results are shown as
mean±SEM, two-tailed Mann–Whitney U test was applied for p values in all panels except for c, d. c, d Lines represent the average of the mean
fluorescence intensity and shaded areas the 95% confidence intervals for each time point. Dose-inhibition curve in e was generated and IC50 value was
estimated from the fitted curve.
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Importantly, increasing the rigidity of the membrane facilitates
the invasion of hepatocytes by sporozoites by clustering CD81 at
the membrane of the hepatocyte63. As such, the hijack of the
membrane-repair pathway by Plasmodium sporozoites might lead
to both aggregation of host cell receptors essential for invasion as
well as a trigger for endocytosis via PKCζ.

We cannot exclude that EXP2 secretion might also create pores
at the surface of the sporozoite, leading to the increase of intra-
cellular calcium in the sporozoite, triggering the release of more
invasion proteins. Nonetheless, this EXP2-induced calcium increase
would need to be timed with the expression of other invasion
proteins, as the addition of rPfEXP2 to unactivated sporozoites does
not rescue the invasion capacity of EXP2 cKO (Fig. 4).

On the other hand, our sporozoite secretion assay does not
allow us to distinguish between pre-invasion and post-invasion
release. As such, it is also possible that EXP2 might be

incorporated in the nascent PVM, not being required for the
invasion process itself but for vacuole integrity and parasite
maturation during the few minutes/hours after the parasite has
sealed the PVM, similarly to what happens during the blood stage
of Plasmodium infection. Given that we rescue the invasion defect
with another pore-forming protein from a different pathogen, this
suggests that the role for EXP2 in this maturation process can be
attributed to its pore-forming ability. Noteworthy, the action of
EXP2 in this scenario would be transient, as we do not detect
EXP2 in the PVM following invasion of the hepatocyte. More-
over, parasites lacking EXP2 would still need to escape this
immature vacuole and leave the hepatocyte, as EXP2 cKO spor-
ozoites are found preferably outside cells. In essence, in this
scenario, EXP2 could be a parasite factor that transforms a
transient vacuole into a definitive one, a concept that has been put
forward recently40.
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Fig. 4 Model for the action of Plasmodium berghei EXP2. Plasmodium berghei sporozoites, after reaching the liver, traverse hepatocytes before invading the
final one inside which they will replicate. Once they encounter the definitive hepatocyte, and stimulated for ~1 hour by the host cell milieu conditions
(increase in temperature and presence of mammalian serum components), sporozoites secrete the pore-forming protein EXP2. a EXP2 might create pores
at the membrane of hepatocytes, allowing the influx of calcium, leading to the activity of host aSMase that facilitates the invasion of the hepatocyte by the
sporozoite. b Alternatively, EXP2 might bind to the sporozoite membrane, inducing a calcium influx in the sporozoite, which triggers the release of rhoptry
and other proteins, allowing for the sporozoite to invade the hepatocyte. c Another possibility is that EXP2 is discharged by the sporozoite during vacuole
formation, similarly to what happens during the blood stage, being critical for the survival of the sporozoite during the initial stages of hepatocyte infection.
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Interestingly, our data also show that the invasion process of
Plasmodium sporozoites requires a waiting period before the
parasite commits to invasion of the hepatocyte. This has been
observed before40 and possibly correlates with the synthesis and
secretion of invasion proteins, such as P368 and likely EXP2. In
fact, sporozoites have been shown to possess a mechanism of
translational repression, which prevents the production of liver
stage proteins when the sporozoite is in the mosquito salivary
glands64. Importantly, EXP2 was found to be upregulated in the
absence of the mRNA binding protein Puf2, a parasite protein
responsible for this process64. It is possible that this waiting
period correlates with the release of a regulator of sporozoite
invasion from translation repression, which initiates transcription
of the EXP2 gene. In fact, addition of rPfEXP2 to sporozoites
before this waiting period is complete does not rescue the defect
of EXP2 cKO. This suggests that this waiting period is sporozoite-
intrinsic and that premature presence of EXP2 does not accelerate
it. Sporozoite invasion likely requires the timely expression and
secretion of a number of parasite proteins, including EXP2.
Particularly, we think that this waiting period could occur in the
dermis, where sporozoites are deposited during the mosquito bite,
to avoid infection of skin cells, where parasite development is less
productive65. Indeed, it has been shown that sporozoites can
remain in the dermis for up to 1 hour after being deposited by the
mosquito bite66, a time frame consistent with that observed by us
and others40.

Finally, we also observed that the lack of EXP2 does not seem
to affect EEF development. This observation contrasts with the
essential role of EXP2 in the blood stages. Notably, the translocon
activity during the liver stage is yet to be observed. In fact, a study
showed that a green fluorescent reporter protein, which is
exported by the translocon during the blood stage of infection, is
retained in the parasite during the liver stage28. Moreover
HSP101, the ATPase that powers the translocon and unfolds
cargo67, is not expressed during the liver stage19,28. This suggests
that protein export during the liver stage might function inde-
pendently of EXP2 and the translocon.

Overall, we suggest that by forcing the host cell to respond to
the membrane damage caused by EXP2, the hepatocyte has an
active role in Plasmodium sporozoite invasion. Importantly,
althouhgh EXP2 has divergent functions throughout Plasmodium
life cycle, our findings point to the convergent evolution of dif-
ferent intracellular pathogens, which have developed similar
strategies to take advantage of cellular responses to membrane
damage, hitchhiking their way into the host cell.

Methods
Mice. Male C57BL/6 J and BALB/c wild-type mice, aged 6–8 weeks, were pur-
chased from Charles River Laboratories (Saint-Germain-sur-l’Arbresle, France).
Mice were housed in the facilities of the iMM João Lobo Antunes (iMM JLA), in
specific pathogen-free environment and given water and food ad libitum. Mice are
kept in 22–24 °C and 45–65% humidity in a 14h-light/10h-dark cycle. All in vivo
protocols were approved by the ORBEA committee of the iMM JLA and were
performed according to national and European regulations.

Sporozoite production. The following parasite lines were used in this study: GFP-
expressing P. berghei ANKA (clone 259cl2); P. berghei NK65 EXP2 FRT (WT), P.
berghei NK65 EXP2 FRT UIS4 FLP Recombinase (EXP2 cKO), P. berghei NK65
EXP2 FRT TRAP FLP Recombinase and P. berghei NK65 EXP2-HA. The first was
a kind gift from Chris Janse from Leiden University Medical Center from Leiden,
The Netherlands, whereas the other lines were generated in the laboratory of Tania
de Koning-Ward from Deakin University, Australia, and are described in a pre-
vious study that also outlines the protocol used to achieve excision of the EXP2 3′
UTR28. Parasites were stored in frozen blood vials, containing 107 blood stage
parasites, and kept at −80 °C in our laboratory. To achieve sporozoites, 107

infected red blood cells were injected intra-peritoneally into a BALB/c wild-type
mouse. After 5 days of infection, exflagellation of the male gametes in the blood of
infected mice was observed under a light microscope. If more than five events per
field of view were observed, the infected mouse was used to feed naive Anopheles

stephensi mosquitos, bred in the insectary of the iMM JLA, for 30 min. For the P.
berghei NK65 EXP2 FRT TRAP FLP Recombinase parasite line, infected mosquitos
were placed at 25 °C 18 days after the mosquito bite, to enhance the activity of the
recombinase29. In total, 22–35 days after the mosquito blood meal, salivary glands
containing P. berghei sporozoites, were dissected from infected female Anopheles
stephensi mosquitoes into simple 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 smashed
with a plastic pestle and filtered through a 40-µm Falcon cell-strainer (Thermo
Fisher Scientific) to release sporozoites. Sporozoites were counted using a hemo-
cytometer (Marienfeld Superior, Lauda-Königshofen, Germany).

Hepatoma cells. HepG2 cells (obtained from ATCC, Manassas, VA, USA) were
cultured at 37 °C, with a 5% CO2 atmosphere, in DMEM (Gibco), supplemented
with 10% FCS (Gibco), 1% glutamine (Gibco) and 1% penicillin/streptomycin
(Gibco). Cells were seeded onto no. 1 grade 12 mm diameter glass coverslips
(VWR, Radnor, PA, USA) in 24-well plates (Thermo Fisher Scientific) or onto
black glass-bottom 96-well plates (Greiner, Kremsmünster, Austria). After plating,
cells were incubated at 37 °C, with a 5% CO2 atmosphere.

Recombinant EXP2 protein production and purification. Plasmid for recombi-
nant EXP2 protein (rEXP2) production was a kind gift from Professor Masafumi
Yohda from Tokyo University of Agriculture and Technology from Tokyo,
Japan39. In brief, the plasmid pGEX-3X-HRV 3C-EXP2 containing a truncated
version of the EXP2 protein fused to Glutathione S-transferase (GST) and an HRV
3C protease cleavage site to excise the affinity tag, was transformed into E. coli B21,
a gift from the laboratory of Gonçalo Bernardes at iMM JLA. Transformed bacteria
were grown in LB broth supplemented with 100 µg/mL ampicillin at 37 °C and
when the optical density (OD600) of the culture reached 0.5, the protein expression
was induced with isopropyl b-D-1thiogalactopyranoside to a final concentration of
0.5 mM, and further incubated for 24 h at 18 °C, after which they were pelleted by
centrifugation.

The pelleted bacteria were resuspended in the PBS containing 137 mM NaCl
(Sigma); 2.7 mM KCl (Sigma); 1 mM EDTA (Sigma), and 0.15 mM
phenylmethylsulfonyl fluoride (Sigma) and disrupted by sonication. Cell debris was
eliminated by centrifugation at 14,000 × g, the supernatant collected and filtered
through a membrane with 0.45 µm pore size and incubated with 0.05% N-dodecyl-
b-D-maltopyranoside (DDM, Sigma) at 4 °C for 1 h prior to loading onto a 1 mL
GST Hitrap FF column (GE Healthcare, Chicago, IL, USA). The column was then
washed with a 10-fold volume of washing buffer (PBS with 0.02% DDM). To
release rEXP2, HRV 3 C protease (Takara Bio, Shiga, Japan) in 50 mM Tris-HCl,
200 mM NaCl and 0.02% DDM was applied to the column. After a 16 h incubation
at 4 °C, rEXP2 was eluted from the column with PBS buffer. All the purification
steps were performed in an AKTA Explorer chromatographic system (GE
Healthcare, Chicago, IL, USA). rEXP2 concentration was estimated using Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific).

Calcium imaging using Gcamp6f. HepG2 cells were transfected with Gcamp6f
calcium reporter fluorescent plasmid (Addgene Plasmid #40755, Watertown, MA,
USA, a gift from Mafalda Pimentel at iMM JLA) using FuGene 6 HD (Promega,
Madison, WI, USA) and OptiMEM (Gibco). In total, 48 h after transfection, cells
were imaged in Zeiss Cell Observer widefield fluorescent microscope for 3 min,
using ZEN 2 software (Blue version). After an initial 30 s of imaging, the appro-
priate concentration of rEXP2 or vehicle control was added to the culture medium
and cells were imaged for another 150 s. Fluorescence signal through time was
normalized to the fluorescence at time −30s (Fi/F−30).

Potassium imaging using GEPII sensor. HepG2 cells were transfected with GEPII
potassium reporter fluorescent plasmid (NGFI, Graz, Austria) using FuGene 6 HD
(Promega, Madison, WI, USA) and OptiMEM (Gibco). In total, 48 h after trans-
fection, cells were imaged in Zeiss LSM 710 confocal fluorescent microscope for 3
min, using ZEN 2 software (Blue version). After an initial 30 s of imaging, the
appropriate concentration of rEXP2, digitonin or vehicle control was added to the
culture medium and cells were imaged for another 150 s. Cells were excited using
the 405 nm laser and fluorescence was collected using the following bandwidths:
420–480 nm for CFP channel and 500–700 nm for FRET channel. To calculate the
FRET ratio, the intensity of the FRET channel was divided by the intensity of the
CFP channel through time. These values were further normalized to the fluores-
cence at time −30s (Fi/F−30).

Chemicals and proteins. Desipramine, recombinant α-hemolysin (α-HL) from
Staphylococcus aureus, recombinant streptolysin O (SLO), Digitonin and recom-
binant acid Sphingomyelinase (aSMase) from Bacillus cereus was purchased from
Sigma (Kawasaki, Japan).

Liver infection and parasite burden determination. For sporozoite infections,
mice were injected with 2 × 104 sporozoites, in 200 µL of DMEM via intravenous
injection. At different timepoints after sporozoite infection (6, 24, 48 h after
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infection), livers of infected mice were collected into 3 mL of denaturing solution
(4M guanidium thiocyanite (Sigma), 25 mM sodium citrate (Sigma), 0.5% sarcosyl
(Sigma) in MilliQ water treated with DEPC (Sigma). Livers were then mechanically
homogenized using 1 mm diameter silica beads (BioSpec Products, Bartlesville, OK,
USA) in MiniBeadBeater homogenizer (BioSpec Products) for 2 min. After
mechanical disruption of the tissue, 100 µL of homogenate was used to extract
RNA, using NZY Total RNA Isolation Kit (NZYTech, Lisboa, Portugal), as per
manufacturer’s instructions. In all, 1 µg of extracted RNA was converted into
cDNA using NZY First-Strand cDNA Synthesis Kit (NZYTech), as per manu-
facturer’s instructions. cDNA was then used for quantitative Polymerase Chain
Reaction (qPCR), by measuring the abundance of Pb18s RNA, compared with
MmHprt RNA using either ViiA 7 (384-well plates, using QuantStudio,
v1.3 software) or 7500Fast (96-well plates, using 7500Fast, v2.3 software) Real-
Time PCR Systems (Thermo Fisher Scientific) using iTaq Universal SYBR Green
Supermix (Bio-Rad Laboratories, Hercules, CA, USA). Analysis of results was
performed using the ΔΔCT method after export of CT values from the collection
softwares:

ΔCt ¼ CGene of interest
t � CHousekeeping

t ð1Þ

ΔΔCt ¼ ΔCExperimental
t � ΔCControl

t ð2Þ

Relative Gene expression ¼ 2½ΔΔCt � ð3Þ
Primers used for liver load determination:
Pb18s – forward primer: AAGCATTAAATAAAGCGAATACATCCTTAC
Pb18s – reverse primer: GGAGATTGGTTTTGACGTTTATGTG
MmHprt– forward primer: TTTGCTGACCTGCTGGATTAC
MmHprt– reverse primer: CAAGACATTCTTTCCAGTTAAAGTTG

Infection of cells. To infect cells, the required number of sporozoites were sus-
pended in complete DMEM and incubated with cells and centrifuged for 5 min at 1
600 × g. Cells were incubated for 2 hours at 37 °C, with a 5% CO2 atmosphere, after
which the medium was replaced with complete DMEM supplemented with 0.3%
Fungizone (Gibco). For some experiments, compounds or rEXP2 protein was
added during infection. These materials were either added to the cells con-
comitantly with sporozoites or added to the cells 1 hour after the sporozoites, as
described in the figure legends.

Expression of parasite genes during invasion. After sporozoites and cells were
incubated for the appropriate amount of time, mRNA from samples was extracted
using NZY Total RNA Isolation Kit (NZYTech), as per manufacturer’s instruc-
tions. In all, 1 µg of extracted RNA was converted into cDNA using NZY First-
Strand cDNA Synthesis Kit (NZYTech), as per manufacturer’s instructions. cDNA
was then used for qPCR, by measuring the abundance of PbEXP2, PbEXP1 and
PbGAP45 was compared with Pb18s RNA using either ViiA 7 (384-well plates,
using QuantStudio software, v1.3) or 7500Fast (96-well plates, using 7500Fast
software, v2.3) Real-Time PCR Systems (Thermo Fisher Scientific) using iTaq
Universal SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA).
Analysis of results was performed using the ΔΔCT method as described above.

Primers used for determination of expression of Plasmodium invasion genes:
Pb18s – forward primer: AAGCATTAAATAAAGCGAATACATCCTTAC
Pb18s – reverse primer: GGAGATTGGTTTTGACGTTTATGTG
PbEXP2 – forward primer: ACGATCCAGGTTTGATTG
PbEXP2 – reverse primer: TGGTAATAGTGGGACATTC
PbGAP45 – forward primer: GTGGAGTAGTCTTTAAGG
PbGAP45 – reverse primer: GTGGAGTAGTCTTTAAGG
PbEXP1 – forward primer: AGGGAAGACATCCATTCCAAATTGG
PbEXP1 – reverse primer: TGAAGATTTGGCATGTTAAGTGGTG

IFA of hepatoma cells. To process cells and parasites for IFA, experiments were
performed either on black glass-bottom 96-well plates or on no. 1 grade 12 mm
diameter glass coverslips. Cells and parasites were fixed at the appropriate time
point in 4% paraformaldehyde (Santa Cruz Biotechnology, Dallas, TX, USA) for
10–20 min at room temperature. Cell and parasite fixed material were then blocked
and permeabilized with 5% bovine serum albumin (BSA, NZYTech), 0.2% saponin
(Sigma) in PBS for at least 30 min at room temperature. Cells and parasites were
stained with the appropriate primary antibodies (diluted in 5% BSA, 0.2% saponin
in PBS) for 2 h at room temperature in a humid chamber. Samples were washed
three times with PBS for 10 min. After washing, samples were stained with
appropriate fluorescent secondary antibodies (Thermo Fisher Scientific) (diluted
1:300 in 5% BSA 0.2% saponin in PBS) and with 1 mg/mL Hoechst 33342 (Thermo
Fisher Scientific) for 1 hr at room temperature in a humid chamber. Stained
samples were washed three times with PBS for 10 min. After the final wash, cov-
erslips were mounted on glass slides using a drop of Fluoromount-G (Thermo
Fisher Scientific). If black glass-bottom 96-well plates were being used, 50 µL of
Fluoromount G was placed on the stained well.

For in and out experiments, fixed samples were incubated with αPbCSP
antibody before permeabilization was performed, to stain parasites that would be
outside cells. After incubation with αPbCSP antibody, samples were washed with

PBS and were permeabilized and blocked using 5% BSA, 0.2% saponin in PBS.
After permeabilization, samples were incubated with αPbUIS4 antibody and the
staining progressed as explained above. More than 40 sporozoites were imaged per
replicate per parasite line.

For time-course analysis, samples were imaged using either Leica DM5000B
(Leica, Wetzlar, Germany), Zeiss Axiovert 200M or Zeiss Cell Observer (Zeiss,
Oberkochen, Germany), which are all widefield fluorescence microscopes, using a
×20 dry objective. Data were collected using Leica DFC Twain (v7.7.1), Metamorph
(v7.7.9.0), and ZEN 2 (Blue version), respectively.

The primary antibodies used were goat αPbUIS4 (1:1000 dilution, Sicgen,
Cantanhede, Portugal); mouse αPbCSP (1:1000 dilution, clone 3D11, Malaria
Research and Reference Reagent Resource Center, MR4, BEI Resources, ATCC);
mouse αPfEXP268 (1:500 dilution, clone 7.7, The European Malaria Reagent
Repository, Edinburgh, Scotland, UK); rabbit αPfEXP253 (1:500 dilution, a kind gift
from the laboratory of Brendan Crabb).

Sporozoite staining. To stain for sporozoite proteins, 5 × 104 freshly dissected
sporozoites were incubated in DMEM medium or DMEM containing 10% FCS at
37 °C on glass coverslips. After 30 min of incubation, sporozoites were fixed in 4%
paraformaldehyde for 10–20 min at room temperature. Fixed sporozoites were
permeabilized using ice-cold methanol for 5 min at −20 °C. After washing, spor-
ozoites were blocked and stained as described above. Coverslips were imaged using
Zeiss LSM 710 confocal laser point-scanning fluorescence microscope (using ZEN
2 software, Blue edition), using ×63 or ×100 oil objective. The primary antibodies
used were goat αPbUIS4 (1:500 dilution, Sicgen, Cantanhede, Portugal); mouse
αPbCSP (1:1000 dilution, clone 3D11, MR4); mouse αPfEXP2 (1:300 dilution, clone
7.7, The European Malaria Reagent Repository, Edinburgh, Scotland, UK); rabbit
αPfEXP2 (1:300 dilution, a kind gift from the laboratory of Brendan Crabb53) and
rabbit αPbTRAP (1:1000 dilution, a kind gift from the laboratory of Joana
Tavares69) and mouse αPbRON4 (1:300 dilution, a kind gift from the laboratory of
Maryse Lebrun70).

For colocalization experiments, the plug-in Coloc 2 from FIJI image analysis
software was used.

Quantification of EXP2-positive and EXP2-negative sporozoites in EXP2 cKO
sporozoite population. To distinguish which sporozoites would be EXP2-
sufficient and EXP2-deficient, immunofluorescence analysis was performed in WT
or EXP2 cKO freshly dissected sporozoites stained with αEXP2 antibody. To assess
the background fluorescence intensity of the staining, we also imaged sporozoites
that were not stained with αEXP2 antibody. This allowed us to create a cutoff value
for the intensity of EXP2 staining, below which EXP2 cKO sporozoites would be
considered as EXP2-deficient (see Supplementary Fig. 1a–b) for an example of how
sporozoites were analyzed). More than 50 sporozoites or EEFs were imaged per
replicate per parasite line.

Gliding assay. For gliding assays, 5 × 104 sporozoites were incubated in complete
DMEM medium at 37 °C on glass coverslips. After 30 min of incubation, spor-
ozoites were fixed in 4% paraformaldehyde for 10–20 min at room temperature.
Fixed sporozoites were blocked as described above and only stained with αCSP
antibody (1:1000 dilution, clone 3D11) and an anti-mouse secondary antibody
(1:300 dilution) and Hoechst. Coverslips were imaged using a Leica DM5000B
widefield fluorescence microscope and ×40 dry objective, using Leica DFC Twain
(v7.7.1) software. Since CSP is shed in a circular fashion during sporozoite gliding,
sporozoite motility can be quantified by counting the circles of CSP (termed trails)
produced by each individual sporozoite. Sporozoites were divided into three groups
(no trails; 1–10 trails; >10 trails) based on the number of trails that it displayed (see
Supplementary Fig. 1e for an example of how sporozoites were separated between
these groups). More than 75 sporozoites were imaged per replicate per parasite line.

Flow cytometry analysis of cell traversal. To quantify the level of traversal,
HepG2 cells and sporozoites were incubated in the presence of 0.5 mg/mL of 10
kDa Dextran-Rhodamine (Thermo Fisher Scientific) in complete DMEM at 37 °C.
The dextran molecule is passively taken up by cells that have been traversed and is
detected because of the Rhodamine dye, which has Excitation/Emission maxima at
570/590 nm. 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) (see Supplementary Fig. 1f for the gating strategy used).

Sporozoite genomic DNA purification. After dissection from salivary glands,
sporozoites were pelleted by centrifugation in a table top centrifuge (Eppendorf) at
maximum speed for 15 min. Genomic DNA was purified using NZY Blood gDNA
Isolation kit (NZYTech). Gene abundance in sporozoite genomic DNA was ana-
lyzed using either ViiA 7 (384-well plates, using QuantStudio v1.3 software) or
7500Fast (96-well plates using 7500Fast v2.3 software) Real-Time PCR Systems
(Thermo Fisher Scientific) using iTaq Universal SYBR Green Supermix (Bio-Rad).
Analysis of results was performed using the ΔΔCT method described above.

Primers used for assessing EXP2 recombination/excision:
Pbdhfr – forward primer: GTTGGTTCGCTAAACTGCATC
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Pbdhfr – reverse primer: CTGTTTACCTTCTACTGAAGAGG
Pbhsp70 – forward primer: TGCAGCAGATAATCAAACTC
Pbhsp70 – reverse primer: ACTTCAATTTGTGGAACACC

Blood stage parasite protein isolation. For preparation of samples from blood
stages, BALB/c mice were infected with P. berghei NK65 EXP2-HA (PbEXP2-HA)
and parasites multiplied until reaching a parasitemia of ~10%. Mice were sacrificed
using isoflurane (Abbott Laboratories, Lake Bluff, IL, USA) overdose and blood was
removed by heart puncture. Red blood cells were suspended in PBS and pelleted by
centrifugation at 450 × g for 5 min without brake. Pelleted red blood cells were
lysed using 0.05% Saponin containing cOmplete Protease Inhibitor Cocktail
(Sigma) in PBS for 5 min of ice. Parasites were pelleted at 2500 × g for 5 min and
were lysed in 500 µL of radioimmunoprecipitation assay (RIPA) buffer buffer with
1% sodium dodecyl sulphate (SDS) for 1 h on ice.

Sporozoite secretion assay. Sporozoites were dissected as described above and
purified using 17% Accudenz protocol71, where dissected sporozoites were placed
on top of a 17% Accudenz solution and were centrifuged for 20 min at 2500 × g at
room temperature. In all, 1 mL of the top fraction was removed and centrifuged at
20,000 × g for 10 min. Pelleted sporozoites were resuspended in simple DMEM and
counted. In all, 2 × 105 sporozoites were then transferred into a tube that would be
kept on ice or at 37 °C, with or without 10% FCS. After 30 to 120 min of incu-
bation, sporozoites were pelleted again by centrifuging at 20,000 × g for 10 min.
Supernatants was separated from the pelleted sporozoites and sporozoites were
lysed with RIPA buffer with 1% SDS for 1 h on ice. RIPA buffer comprised 50 mM
Tris-HCl (NZYTech), 150 mM NaCl (Sigma), 5 mM EDTA (Sigma), 10 mM NaF
(Sigma), 1% Triton X-100 (USB Corporation, Cleveland, OH, USA), 0.5% sodium
deoxycholate (AppliChem, Maryland Heights, MO, USA). Following lysis,
NuPAGE loading dye (Thermo Fisher Scientific) and β-mercaptoethanol (to a final
concentration of 10%, Sigma) were added to all samples. Samples were boiled for
15 min at 95 °C.

WB analysis. Samples were separated in 10% Acrylamide gels and transferred to
0.2 µm pore-sized Nitrocellulose membranes (Bio-Rad). Membranes were placed
inside Falcon tubes and blocked with 5% skim milk (Nestle, Vevey, Switzerland)
overnight at 4 °C, on a tube roller. Membranes were then incubated with the
appropriate primary antibodies, diluted in 5% skim milk, for 1 hour at room
temperature. Membranes were washed with 0.1% Tween 20 (Sigma) in PBS, three
times for 10 minutes. Membranes were then incubated with the appropriate sec-
ondary antibodies, conjugated to Horseradish peroxidase diluted in 5% skim milk,
for 1 hour at room temperature, after which they were washed again three times for
10 minutes. WB were revealed using Amersham ECL Prime Blotting Detection
Reagent (GE Healthcare) on the ChemiDoc XRS+ system (Bio-Rad) using Ima-
geLab software (v5.2.1). The primary antibodies used were rabbit αHA tag (1:1000
dilution, clone C29F4, Cell Signaling Technology, Danvers, MA, USA); mouse
αPbCSP (1:5000 dilution, clone 3D11, MR4) and rabbit αPbBiP (1:1000 dilution,
GenScript Biotech. Corp, New Jersey, NJ, USA). The secondary antibodies used
were goat anti-mouse IgG F(ab’)2, polyclonal antibody horseradish peroxidase
(HRP) conjugate (1:5000 dilution, Enzo Life Sciences, Lausen, Switzerland); anti-
rabbit IgG, HRP-linked antibody (1:3000 dilution, Cell Signaling Technology).

To assess the amount of secreted EXP2 protein, the intensity of the EXP2 band
in the supernatant fraction was normalized to the intensity of the CSP band
intensity at the respective time point in the pellet fraction. These values were
further normalized to the ratio of EXP2/CSP in the pellet fraction at time zero (no
stimulation).

All membranes used for this manuscript are presented in Supplementary Fig. 4.

Acid sphingomyelinase knockdown. Acid sphingomyelinase (gene name
SMPD1) and Scramble short-hairpin RNAs were obtained from Mission shRNA
(Sigma). In all, 800 ng/well of shRNAs were mixed with OptiMEM (Thermo Fisher
Scientific) containing 0.3% Lipofectamine RNAiMax (Thermo Fisher Scientific)
and added to 100,000 HepG2 cells. Cells were infected with sporozoites 48 hours
after transfection. Samples were fixed 2 hours after infection and were stained as
described above.

To assess the amount of knockdown of acid sphingomyelinase, mRNA was
collected from uninfected cells, lysed at the time of infection. To quantify the
amount of acid sphingomyelinase RNA, RNA was extracted using NZY Total RNA
Isolation Kit, following manufacturer’s instructions. 1 µg of extracted RNA was
converted into cDNA using NZY First-Strand cDNA Synthesis Kit (NZYTech), as
per manufacturer’s instructions. cDNA was then used for qPCR, by measuring the
abundance of HuSMPD1 RNA, compared with HuHPRT RNA using either ViiA 7
(384-well plates, using QuantStudio v1.3 software) or 7500Fast (96-well plates,
using 7500Fast v2.3 software) Real-Time PCR Systems (Thermo Fisher Scientific)
using iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA,
USA). Analysis of results was performed using the ΔΔCT method described above.

Primers used to assess aSMase knockdown:
HsHPRT– forward primer: TTTGCTGACCTGCTGGATTAC
HsHPRT– reverse primer: CAAGACATTCTTTCCAGTTAAAGTTG
HuSMPD1 – forward primer: GGCCCACATTTGGGAAAGTT

HuSMPD1 – reverse primer: TTCACCGGATGATCTTGCCT

Electron microscopy. Immuno-electron microscopy of purified parasites was
performed according to Tokuyasu technique. In brief, the pellet was chemically
fixed in 0.1 M phosphate buffer containing 2% formaldehyde and 0.2% glutar-
aldehyde, embedded in food-grade gelatine and cryopreserved in 2.3 M sucrose.
Gelatine blocks were shaped in cubes and froze in liquid nitrogen and sectioned at
−110 °C using a cryo-ultramicrotome (UC7 and FC7, Leica) to generate 70 nm
sections. Sections were collected and thawed in a mixture of 2.3 M sucrose and 2%
methylcellulose. Immuno-labeling was done in 1% bovine serum albumin and 0.8%
gelatine from cold water fish skin in PBS with rabbit αEXP2 primary antibody
(1:500 dilution) and 15 nm gold coupled Protein A (CMC Utrecht, The Nether-
lands, 1:50 dilution). After immuno-labeling, the sections were stained and
mounted in a mixture of 3% (aq.) uranyl acetate and 2% methylcellulose. Images
were recorded using a Hitachi H-7650 electron microscope (Hitachi, Tokyo, Japan)
at 100 kV acceleration.

Image analysis. All immunofluorescence images were processed using FIJI soft-
ware (version 1.52i) and macros written for each analysis to automate it. For WB
images, the software ImageLab was used (version 5.2.1)

Flow cytometry analysis. Flow cytometry data were analyzed using FlowJo ver-
sion X software (FlowJo LLC, Ashland, OR, USA).

Statistical analysis. Statistical analysis was performed using GraphPad Prism
5 software (GraphPad, La Jolla, CA). Mann–Whitney U test was used to assess
significance of differences observed between two groups and non-linear regression
was performed to assess Desipramine inhibitory effects on invasion. Raw data and
a description of statistical tests used is provided in Supplementary Information.
Plots and figures were prepared using Adobe Illustrator (version CS4).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Replicates of WBs are provided in Supplementary Fig. 4. All other data are available from
the authors upon reasonable request. Source data are provided with this paper.
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