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SUMMARY 

Introduction 

Plasmodium vivax is the most widespread malaria parasite, with 2.8 billion 

people at risk across regions from Southeast Asia to the Americas. In 2022 

alone, approximately 6.9 million clinical cases were reported worldwide (1). 

Classically considered  less severe than P. falciparum, vivax malaria can lead to 

serious complications such as severe anaemia, thrombocytopenia, acute 

respiratory distress, splenic rupture and even death (2). One of the major 

challenges with controlling P. vivax is its resilience to elimination compared to 

P. falciparum. This difficulty has driven the need for a deeper understanding of 

the parasite’s pathobiology and epidemiology (3,4).  

Among the factors contributing to P. vivax pathophysiology is the subtelomeric 

multigenic vir family (5). Unlike the clonally expressed var genes in P. 

falciparum, vir genes from different subfamilies are co-expressed, leading to a 

broader expression pattern. This broad expression might explain why acquired 

immunity in vivax malaria develops much faster than in P. falciparum (6,7).  

Research over the past decade has increasingly shown that P. vivax uses both 

the bone marrow (BM) and spleen as key organs in its life cycle. The BM serves 

for sexual differentiation and parasite growth, as evidenced by the presence of 

infected reticulocytes in BM aspirates (8–10). Similarly, the spleen harbours 

significantly higher densities of P. vivax-infected red blood cells (RBCs) 

compared to peripheral blood (11,12). These findings suggest that both the BM 

and spleen act as cryptic niches for the parasite, contributing to its persistence 

and the potential for causing anaemia(8,13).  

Recently, extracellular vesicles (EVs) have emerged as novel intercellular 

communicators, not only between parasite populations but also between 

parasites (14) and their human hosts (15). However, the exact role of EVs in 
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vivax malaria, in particular in forming these cryptic niches within hematopoietic 

organs is not fully understood.  

Hypothesis and objectives 

We hypothesize that during natural P. vivax infections, the spleen and BM, 

reticulocyte-rich tissues, serve as cryptic niches which favour parasite growth 

and differentiation. Additionally, we postulate that these processes involve 

specific P. vivax proteins whose transcription depend on the BM and spleen and 

that EVs play a crucial role in facilitating cryptic niche formation. 

The main objective is to identify, validate, and functionally characterize P. vivax 

genes that are dependent on the spleen and BM for expression. We aim to clarify 

the role these genes play during acute vivax malaria and to uncover how EVs 

contribute to cryptic niche formation. 

Methods & key results 

This thesis is presented as a compendium of articles, including three published 

peer-reviewed articles and one manuscript in preparation.  

In the first article, we carried out experimental infections in both 

splenectomized and spleen-intact Aotus monkeys. We performed 

transcriptional analysis on highly purified and synchronized parasite 

populations to investigate the influence of the spleen on P. vivax gene 

expression. Our results identified 67 coding genes, primarily located in 

subtelomeric regions, that were spleen-dependent for their expression. These 

antigens were recognized by naturally acquired immune responses. 

Additionally, the antigen VIR14 (PVX_108770) was shown to mediate 

cytoadherence to human spleen fibroblasts (hSFs). We also found that 

antibodies against PVX_114580 were associated with clinical protection against 

P. vivax. 

In the second article, we functional characterize the PVX_114580 protein, 

named as P. vivax Spleen Dependent Protein 1 (PvSDP1). Due to the absence of 
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in vitro culture for P. vivax, we used CRISPR/Cas9 to generate a P. falciparum 

3D7 transgenic line expressing PvSDP1. Binding assays with this transgenic line 

to hSFs, previously stimulated with plasma-derived EVs from P. vivax patients 

(PvEVs), revealed a significant increase in the adhesion between 3D7_PvSDP1 

parasites and hSFs, which was partially inhibited by antibodies against PvSDP1. 

Moreover, we confirmed that PvSDP1 is expressed on the surface of infected 

reticulocytes in P. vivax field isolates. Single-cell RNAseq of PvEV-stimulated 

hSFs revealed upregulation of specific adhesin genes, highlighting the role of 

EVs in niche formation.  

In the third article, we performed global RNAseq analysis of BM aspirates from 

three patients infected with vivax malaria. We observed downregulation of 

genes related to RBCs maturation, such as gata1, a major transcription factor 

for erythropoiesis, and enzymes alas1 and alas2, indicating ineffective 

erythropoiesis during acute vivax malaria.  

Finally, in the manuscript in preparation, we used RNAseq data to investigate 

the P. vivax transcriptome within the BM. We found that gametocyte-specific 

genes were actively transcribed, and comparison with peripheral blood 

transcriptome (16) revealed a set of 116 genes preferentially expressed in the 

BM. Among those, we observed an over representation of vir genes, accounting 

for 55 of the preferentially expressed genes. These findings suggest that the BM 

environment uniquely influences the expression of vir genes, potentially 

contributing to the persistence and cytoadherence of P. vivax in this tissue.  

Conclusions 

This thesis reveals the critical role of the spleen and BM in regulating P. vivax 

gene expression. A total of 67 spleen-dependent genes were identified, many 

located in subtelomeric regions. The antigen PVX_108770 (VIR14) showed high 

reactivity with sera from children in Papua New Guinea and was involved in 

adhesion to spleen fibroblasts. Antibodies against PVX_114580 (PvSDP1) were 

linked to protection against clinical malaria and PvSDP1 was further 

characterized using CRISPR/Cas9 and was found to localize to the parasite 
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membrane in both transgenic lines and natural infections. In the BM, P. vivax 

parasites downregulated erythropoiesis-related genes and preferentially 

expressed vir genes, indicating the BM's role in supporting parasite persistence 

and cytoadherence. Remarkably, EVs obtained from P. vivax patients enhanced 

the expression of adhesins in hSFs, promoting reticulocyte binding and splenic 

niche formation. This is the first evidence of the physiological role of EVs in 

malaria and contributing molecular insights into asymptomatic intrasplenic 

infections. 
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RESUM 

Introducció  

Plasmodium vivax és el paràsit de la malària més estès, amb 2,8 mil milions de 

persones en risc a regions del sud-est asiàtic fins a les Amèriques. El 2022 es 

van reportar 6,9 milions de casos clínics globals (1). Encara que tradicionalment 

es consideri menys greu que P. falciparum, la malària per P. vivax pot provocar 

complicacions greus, com anèmia severa, trombocitopènia, dificultat 

respiratòria aguda, ruptura esplènica i fins i tot la mort (2). Un dels reptes 

principals per al seu control és la seva major resistència a l'eliminació en 

comparació amb P. falciparum, cosa que subratlla la necessitat de conèixer 

millor la seva patobiologia i epidemiologia (3,4). 

Un factor clau en la fisiopatologia de P. vivax és la família multigènica 

subtelomèrica vir (5). A diferència dels gens var de P. falciparum, els gens vir 

de diverses subfamílies s'expressen simultàniament, donant lloc a una expressió 

més àmplia. Això podria explicar per què la immunitat adquirida en P. vivax es 

desenvolupa més ràpidament que en P. falciparum (6,7).  

Estudis recents mostren que P. vivax utilitza tant la medul·la òssia (BM) com la 

melsa com a nínxols clau. La BM serveix per a la diferenciació sexual i 

creixement del paràsit, com demostra la presència de reticulòcits infectats en 

aspirats de BM (8–10). La melsa, en canvi, alberga major densitat de glòbuls 

vermells infectats (11,12) suggerint que ambdós òrgans actuen com nínxols 

críptics que afavoreixen la persistència del paràsit i l’anèmia (8,13). 

Les vesícules extracel·lulars (VEs) han aparegut com a noves comunicadores 

intercel·lulars, tant entre paràsits com amb l'hoste humà (14,15), però el seu 

paper en la formació dels nínxols críptics encara no es comprèn del tot. 
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Hipòtesi i objectius 

Hipotetitzem que durant les infeccions naturals per P. vivax, la melsa i la BM, 

teixits rics en reticulòcits, actuen com a nínxols críptics que afavoreixen el 

creixement i la diferenciació del paràsit. A més, postulem que aquests processos 

involucren proteïnes específiques de P. vivax a la melsa i la BM, i que les VEs 

tenen un paper crucial en la facilitació de la formació d'aquests nínxols críptics. 

L'objectiu principal és identificar, validar i caracteritzar funcionalment els gens 

de P. vivax que depenen de la melsa i la BM per a la seva expressió. Esperem 

aclarir el paper que tenen aquests gens durant la malària de vivax i descobrir 

com contribueixen les VEs a la formació dels nínxols críptics. 

Mètodes i resultats clau 

Aquesta tesi es presenta com un compendi d'articles, que inclou tres articles 

revisats per parells i un manuscrit en preparació. 

En el primer article, vam realitzar infeccions experimentals en micos Aotus tant 

esplenectomitzats com amb melsa intacta. Vam dur a terme una anàlisi de 

transcriptòmica dels paràsits altament sincronitzats per investigar la influència 

de la melsa en l'expressió de gens del paràsit. Els resultats van identificar 67 

gens codificants, principalment localitzats en regions subtelomèriques, que 

depenien de la melsa per a la seva transcripció. A més, es va demostrar que 

l'antigen VIR14 (PVX_108770) mediava l'adhesió cel·lular a fibroblasts 

esplènics humans (hSFs). També vam trobar que els anticossos contra 

PVX_114580 estaven associats amb protecció clínica contra P. vivax. 

En el segon article, vam caracteritzar funcionalment la proteïna PVX_114580, 

que vam anomenar Proteïna Dependent de la Melsa de P. vivax 1 (PvSDP1). 

Degut a l'absència de cultiu in vitro per a P. vivax, vam utilitzar CRISPR/Cas9 

per generar una línia transgènica de P. falciparum 3D7 expressant PvSDP1. Els 

assaigs d’adhesió d'aquesta línia amb hSFs, prèviament estimulats amb VEs 

derivades de plasma de pacients amb P. vivax (VEsPv), van revelar un augment 

estadísticament significatiu de l'adhesió entre els paràsits 3D7_PvSDP1 i els 



Resum 

 
29 

hSFs, que va ser parcialment inhibida pels anticossos contra PvSDP1. A més, 

vam confirmar que PvSDP1 s'expressa a la superfície dels reticulòcits infectats 

en aïllats de camp de P. vivax. L'anàlisi RNAseq d'una sola cèl·lula dels hSFs 

estimulats per VEsPv va revelar una sobreexpressió de gens d'adhesines, 

destacant el paper de les VEs en la formació de nínxols. 

En el tercer article, vam dur a terme una anàlisi RNAseq global d'aspirats de BM 

de tres pacients infectats amb malària de vivax. Vam observar una regulació a la 

baixa de gens relacionats amb la maduració dels globuls vermells, com gata1, 

un factor de transcripció clau per a l'eritropoesi, i els enzims alas1 i alas2, que 

indiquen una eritropoesi ineficaç durant la malària de vivax aguda. 

Finalment, vam utilitzar les dades de RNAseq per investigar el transcriptoma de 

P. vivax dins de la BM. Vam trobar transcripció activa de gens específics dels 

gametòcits, i comparant amb el transcriptoma de la sang perifèrica (16) es va 

revelar un conjunt de 116 gens expressats de manera preferent en la BM. Entre 

aquests, vam observar una sobrerepresentació de gens vir, amb 55 d'aquests 

gens expressats preferent a la BM. Aquests descobriments suggereixen que 

l'entorn de la BM influeix de manera única en l'expressió dels gens, 

potencialment contribuint a la persistència i l'adhesió cel·lular de P. vivax al 

teixit. 

Conclusions 

Aquesta tesi revela el paper crític de la melsa i la BM en la regulació de 

l'expressió dels gens de P. vivax. Es van identificar un total de 67 gens 

dependents de la melsa, molts localitzats a regions subtelomèriques. L'antigen 

VIR14 va mostrar una alta reactivitat amb sèrum infantils de Papua Nova 

Guinea i està implicat en l'adhesió a hSFs. Els anticossos contra PvSDP1 es van 

vincular amb la protecció clínica contra la malària i PvSDP1 es va caracteritzar 

funcionalment mitjançant CRISPR/Cas9, demostrant la seva localització de 

membrana. A la BM, els paràsits de P. vivax van reduir l'expressió dels gens 

relacionats amb l'eritropoesi i van mostrar una sobreexpressió de gens vir, cosa 

que indica el paper clau de la BM en la persistència del paràsit. A més, les VEsPv 



Resum 

 

 
30 

van augmentar l’expressió de adhesines als hSFs, promovent l’adhesió de 

reticuolcits infectats i la formació del nínxol a la melsa. Aquesta és la primera 

evidència del rol fisiològic de les VEs en el context de malària, contribuint a 

aclarir les bases moleculars de les infeccions asimptomàtiques dintre de la 

melsa. 
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"The Mosquito danger, British India", print illustrating six different stages in the life of a 
man infected with malaria. Photo number: L0022443. Wellcome Collection gallery (2018-

03-21). 
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1.1 Malaria  

1.1.1 History of malaria 

Human history has probably been deeply influenced by malaria parasites since 

the dawn of civilization (17). First mentions of a disease with compatible 

symptomatology to malaria date almost 5000 years ago, in the Nei Ching (the 

Chinese Canon of Medicine) around 2700 BC. Mesopotamian tables from 2000 

BC (18), Egyptian papyri from around 1500 BC and Hindu texts around the 6th 

century BC refer to an ancient feverish illness very likely to be human malaria 

(19). During Ancient Greece, poets, philosophers and physicians like Homer, 

Empedocles of Agrigentum or Hippocrates, as early as 850 BC, were conscious 

of the characteristic poor health status, malarial fevers and enlarged spleens 

observed in people living in villages or settings where waterlogged, swampy and 

marshy areas were located. 

Malaria arrived in Europe from the African rain forest, travelling down the Nile 

to the Mediterranean, then spreading east to the Fertile Crescent, and north to 

Greece. Greek traders and colonists brought it into the Apennine Peninsula, 

striking the Roman Empire. Roman soldiers and merchants would ultimately 

carry the parasite as far north as England and Denmark and all over the Empire 

(18). Malaria parasites have been detected even in Royal Families from ancient 

Egypt, and even results using molecular tools suggest that the most probable 

cause of death for Tutankhamen was an avascular bone necrosis associated with 

P. falciparum malaria (20). 

Demographic growth experienced in India and China drove people into 

semitropical southern zones that favored malaria. Millions of peasants who left 

the Yellow River for hotter and more humid rice paddies bordering the Yangtse 

had to face the striking of malaria and other mosquito and water-borne diseases. 

This phenomenon was happening for centuries causing the lagged development 

of China’s south lands compared to northern regions of the country (18). 
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Though some scientists speculate that P. vivax could have been introduced by 

the earliest New World immigrants through the Bering Strait, there is no 

historical evidence of malaria in the Americas until European explorers, 

conquistadores, and colonizers imported P. malariae and P. vivax as 

microscopic cargo (21). Then, P. falciparum might have been introduced to the 

New World by African slaves protected by genetic defences such as the Duffy 

negativity. By 1750, both P. vivax and P. falciparum were present from the 

tropics of South America to the Mississippi valley to New England (18).  

Significantly, malaria served as the driving force behind the establishment of 

the United States' foremost public health institution, the Centers for Disease 

Control and Prevention (22) 

1.1.2 The revelation of the malaria pathogen 

For millennia, the idea that malarial fevers were caused by miasmas rising from 

swamps persisted and it is widely believed that the word “malaria” comes from 

the Italian words “mala aria” meaning “bad air”. 

Back in 1880, Charles Louis Alphonse Laveran, a French military doctor, started 

to carefully study malaria disease, which was an enormous problem in the army, 

investigating the clinical manifestations and anatomic pathology of the ill 

soldiers. Laveran found that the presence of granules of a black pigment in blood 

smears was a constant in the malaria cases he investigated, so, when he was 

looking at the microscope the blood of a soldier, he saw crescent-shaped bodies 

besides small dots of pigments (18). In the end, he identified four distinct forms 

of the malaria parasites within human blood, corresponding to different stages 

of its life cycle: including the female and male gametocyte, schizont, and 

trophozoite stages (Figure 1) (23). This finding earned him the Nobel Prize for 

the discovery of the single-celled protozoan that caused malaria. Initially, Ettore 

Marchiafava and Angelo Celli, two eminent Italian malariologists, were not 

convinced by Laveran’s findings. However, Laveran managed to persuade one 

of the most eminent microbiologists of all time, Louis Pasteur, what in the end, 

also convinced Marchiafava and Celli. 
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Figure 1. First original drawings from Charles Louis Alphonse Laveran (23) and 
pictures of the first discoverers of the malaria parasites. Top left: Charles Laveran, 
top right: Sir Ronald Ross, bottom left: Ettore Marchiafava, bottom right: Angelo Celli. 

In the years that followed, Marchiafava and Celli, in collaboration with the 

renowned Camillo Golgi, described several species of malaria protozoa parasites 

responsible for benign and malignant tertian fevers (P. vivax and P. falciparum) 

and those causing quartan fevers (P. malariae) (24,25).  

But it was Sir Ronald Ross, an army surgeon of the British-Indian Medical 

Service, who was the first to complete the Plasmodium life cycle, demonstrating 

that it can be transmitted from an infected patient towards a mosquito bite and 

then back to an uninfected individual. However, his initial observations were 

made on avian malaria parasites (26). In 1902, Ross received the Nobel Prize for 

discovering the mosquito stages of malaria. The credits for confirming the 

human malaria life cycle in the mosquito belongs to a group of Italian scientists 

comprising Giovanni Battista Grassi, Amico Bignami and Giovanni Bastianelly. 

Grassi, an expert entomologist, conducted an experiment involving a healthy 

volunteer from a malaria-free region who was infected by the bite of an infected 
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Anopheles claviger mosquito and subsequently developed tertian malaria, thus 

confirming anopheline mosquitoes as the vector for human malaria (18).  

Ultimately, the life cycles of P. falciparum, P. vivax, and P. malariae were 

described in the human and mosquito host, and proved that only female 

anopheline mosquitoes could transmit malaria (19).  

1.1.3 The global burden of malaria disease 

According to the latest World malaria report, over 249 million cases of malaria 

were estimated in 2022. The World Health Organization (WHO) African Region 

is the region with the highest burden of the disease, accounting for 

approximately 94% of all malaria cases (Figure 2).  

Figure 2. Distribution of malaria incidence in 2020. Figure generated with 
Datawrapper (27). 

The WHO Global Malaria Programme is responsible for coordinating the 

WHO’s global efforts to control and eliminate malaria. Its work is guided by the 

“Global technical strategy for malaria 2016-2030” adopted by the WHO 

Assembly in May 2015 and updated in 2021 (28). The WHO’s main objective is 

to achieve malaria elimination in 35 countries by 2030 as well as reduce the 

number of cases and associated mortality by 90% globally (29). Significant 

progress has been made in combating P. falciparum, the deadliest species of 

malaria, with mortality dropping from 864,000 deaths in 2000 to 586,000 in 
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2015, further decreasing to 576,000 by 2019. Nevertheless, in 2020, there was 

a 9.55% rise in malaria fatalities compared to 2019, reaching an estimated 

631,000 deaths; with approximately 55,000 additional deaths probably 

attributed to service disruptions during the COVID-19 pandemic. In 2021 and 

2022, the number of deaths reduced again around 3.7% with slightly over 

600,000 estimated deaths. Despite this increase, there was a notable decrease 

in the proportion of malaria deaths occurring in children under 5 years old, 

declining from 87% in 2000 to 76% in 2022. Altogether, this data indicates that 

effective control measures are being taken against P. falciparum worldwide (1).  

In contrast, an increase in the proportion of new P. vivax cases have been 

observed in endemic areas where P. falciparum and P. vivax coexist (30). 

Notably, this upsurge extends to countries in sub-Saharan Africa, such as 

Namibia and Botswana, where the prevalence of the Duffy-negative phenotype 

was previously thought to have virtually eradicated P. vivax infections (3,31). 

This finding is consistent with observations made by Isaac K. Quaye and the Pan 

African Vivax and Ovale Network (PAVON), who collected reports of P. vivax 

(and P. ovale) infections in over 25 African countries, both in direct surveys at 

each country but also from travellers/migrant population from those countries 

(32) (Figure 3). To achieve the goal of malaria eradication, a renewed focus on 

understanding the biology and epidemiology of P. vivax is imperative, given its 

resilience to elimination efforts.  

The latest World Malaria Report estimated that 2.8 billion people living in areas 

at risk of transmission of P. vivax, which is responsible for 6.9 million clinical 

cases in 2022. Despite representing 3% of total worldwide burden of the malaria 

infection, in countries like India, P. vivax accounts for 46% of all cases in the 

region or in the WHO Region of the Americas where it represents 72% of total 

malaria cases (1). However, it is important to recognize that the burden of the P. 

vivax parasite is significantly underestimated, as approximately 70 to 90% of 

infections are completely asymptomatic, with an extremely low number of 

circulating parasites, rendering current diagnostic methods ineffective for  

parasite detection (33,34). 



Introduction 

 

 
38 

Figure 3. P. vivax resilience map. Adapted from (3,32). 

Notably, these sub-microscopic and asymptomatic infections can still produce 

gametocytes, which are potentially infectious to Anopheles mosquitoes, thereby 

facilitating parasite transmission and the spread of infection (35–37).  

1.1.4 Pathology in malaria 

Plasmodium species, which are protozoan parasites from the Alveolate clade, 

share a common ancestor to ciliates, dinoflagellates and other apicomplexans 

(38). To date, Plasmodium genus consist of over 200 species, infecting 

mammals, birds and reptiles, and malaria parasites generally tend to be host-

specific, due to a very long adaptation process to the specific host (39). From all 

species identified, Plasmodium falciparum, Plasmodium vivax, Plasmodium 

malariae, Plasmodium ovale (two subspecies – P. ovale curtisi and P. ovale 

wallikeri) and Plasmodium knowlesi are the five-known species of the genus 

that causes malaria in humans (39,40). The first two species, P. falciparum and 

P. vivax are the most common species and are responsible for the largest public 

health burden (41). An overview of the main differences among the five species 

known to infect human individuals can be found in Table 1.  

The pathophysiology of uncomplicated malaria is characterised by fever, which 

is caused by the major rupture of erythrocytes, macrophage ingestion of 

merozoites, and/or the presence of trophozoites in the bloodstream or spleen 

loaded with malaria antigens (39). This process triggers the release of tumor 
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necrosis factor α (TNF-α). The fever associated with malaria is notable for its 

periodic nature, which varies depending on the species of the parasite. For 

instance, P. vivax and P. ovale infections typically cause tertian fever, occurring 

every 48 hours as their schizonts mature and rupture infected red blood cells 

(iRBCs). On the other hand, P. malariae is linked to quartan fever, with a 72-

hour cycle. In the case of P. falciparum malaria, fever may occur every 48 hours 

but often presents with an irregular pattern, lacking a clear periodicity (42). 
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Table 1. Summary of main differences among Plasmodium species causing human infections. Adapted from (39,41,43–46).  

Variable Plasmodium 

falciparum 

Plasmodium vivax Plasmodium ovale Plasmodium 

malariae 

Plasmodium 

knowlesi 

Geographical 
distribution 

Worldwide tropical 
regions 

Worldwide tropical regions Worldwide Worldwide Malaysia and 
neighbouring areas  

Infected red cells  All Young cells Young cells Old cells  All 

Duration of 
erythrocytic 
schizogony (45) 

48h but generally 
irregular 

48h (tertian) 48h (tertian) 72h (quartian) 24h (quotidian) 

Morphological 
differences in 
blood smears (46) 

●Numerous rings 
●Smaller rings 
●Very low or no 
trophozoites or 
schizonts 
●Crescent-shaped 
gametocytes 

●Enlarged erythrocytes 
●Schüffner’s dots 
●“Ameboid” trophozoites 
●All stages present in PB 
 

●Similar to P. vivax 
●Compact trophozoite 
●Fewer merozoites in 
schizont 
●Elongated erythrocyte 

●Compact parasite 
●Trophozoites tend to 
have a band shape 
●Merozoites in rosette 
●All stages present in PB 

●Trophozoites, 
pigment spreads 
inside cytoplasm 
●Multiple invasion & 
high parasitaemia, like 
P. falciparum 
● All stages present in 
PB 

Onset of 
gametocyte 
production 

Gametocytes appear 
≈10th day following 
the first day of fever) 
(44). 

Continuous, from early 
rounds of asexual cycle, as 
early as the 6th day (44).  

Continuous from early rounds 
of asexual cycle, appearing 
even a little earlier than P. 
vivax (44). 

Probably from early 
rounds of asexual cycle, 
after a prepatent period 
(16-59 days).  
Gametocytes emerges 
with asexual parasites 
(47).  

Unknown 
(gametocytes 
identified in some of 
the naturally infected 
malaria patients) (48) . 

Recurrence 
relapse 

Unknown 
(hypnozoites not 
observed yet) 

Well documented, with 
latency periods from <2 
weeks to >1 year and varies 
systematically by geographic 
region. Hypnozoites in liver 
are the main source of 
recurrence (49–51). 

Clinical cases reported (52). 
Hypnozoites not observed yet 
and molecular evidence for a 
causal relationship between 
dormant liver stages and 
subsequent relapses 
unavailable (53,54). 

Unknown (hypnozoites 
not observed yet) 

Unknown 
(hypnozoites not 
observed yet) 

Recrudescence Known to occur 
(latent period usually 
< 2 months, but can 
be > 2 years (52). 

Unknown Unknown Known to occur (latent 
period can be > 40 years 
(55). 

Unknown 
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1.1.5 P. falciparum, the deadliest parasite 

One of the key features during severe malaria of P. falciparum is the 

cytoadhesive properties of mature trophozoites and schizonts to different host 

cells, from endothelial cells (56), uninfected erythrocytes in a phenomenon 

known as rosetting (57), clumping and bridging to other iRBC through platelets 

(58,59) or to placental cells (60,61). The accumulation of parasites in organs 

such as the brain, lungs, or placenta can result in blood flow obstruction, 

hypoxia, and tissue damage, potentially leading to organ failure and fatal 

malaria (62). Cytoadhesion is widely recognized as the mechanism by which the 

parasite evades splenic clearance. This is supported by observations in 

splenectomised patients infected with P. falciparum, who exhibit reduced 

parasite sequestration in tissues, leading to the presence of mature parasite 

stages in the peripheral blood circulation (63,64). 

For example, the binding of PfEMP1 on infected RBCs to intercellular adhesion 

molecule-1 (ICAM-1) and cluster of differentiation 36 (CD36) on brain 

endothelial cells facilitates sequestration, contributing to the development of 

cerebral malaria (65,66). Additionally, parasite-derived toxins play a critical 

role in the pathogenesis of severe malaria (67). Glycosylphosphatidylinositol 

(GPI), a glycolipid that can exist in both protein-bound and free forms, triggers 

macrophages to overproduce cytokines such as TNF-α and interleukin-1 (IL-1) 

(68). While cytokines are essential for the immune response against pathogens 

like the malaria parasite (69), excessive production leads to high-grade fever, 

increased expression of endothelial receptors, and elevated nitric oxide 

production. These effects can cause local tissue damage and suppress 

erythrocyte production in the bone marrow (70). 

1.1.6 No longer benign: The P. vivax malaria disease 

Vivax malaria is a complex illness characterized by chills, vomiting, malaise, 

headache, fever and myalgia. However, these symptoms may resemble those of 

other diseases or different types of malaria. In vivax malaria, higher fevers are 
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often observed more frequently than in falciparum malaria, correlating with the 

moment of the schizont rupture. For many years, P. vivax was considered 

“benign” compared to the more severe clinical complications caused by P. 

falciparum. However, this perception has changed dramatically in recent years, 

as reports of severe disease, including death, have been attributed to P. vivax. 

Indeed, vivax malaria can become a chronic condition that may persist for years 

if left untreated (2,71–73).  

Early investigations into vivax malaria in non-endemic regions were based on 

studies of experimentally induced cases and observations of returned US 

military personnel. A case series from the 1940s involving 195 non-immune 

adult prison volunteers deliberately infected with the Chesson strain of P. vivax 

(74), reported that, aside from fever, prevalent symptoms included headache, 

decreased appetite, nausea, muscle pain, abdominal discomfort, eye pain, chest 

pain, cough, weakness, and dizziness (74). Additionally, common clinical 

findings included vomiting, splenomegaly, nosebleeds (epistaxis), urticaria, 

diarrhoea, swelling (edema without specification), jaundice, and hepatomegaly. 

Within the first 7 days of illness, there was an average decrease in haemoglobin 

(Hb) levels of 2.9 g/dL. Over a 15-day period, five participants experienced a 

mean Hb drop of 6.4 g/dL (74,75).  

When examining the more severe consequences of vivax malaria, splenic 

rupture has been identified as one of the most serious clinical manifestations. 

Although rare, it has led to fatal outcomes in numerous cases (76). In addition 

to splenic rupture, severe anaemia (13), respiratory distress, malnutrition (77) 

and possibly coma (71,78,79) have been also reported to be caused by P. vivax 

(73).  

In endemic regions, young children and pregnant women are particularly 

vulnerable to the adverse clinical impacts of infection with P. vivax. Although 

vivax malaria during pregnancy has been less studied and reported compared to 

P. falciparum, evidence suggests that P. vivax does not sequester in the placenta 

(80,81). However, P. vivax can still have detrimental effects on the fetus by 
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inducing maternal anemia, triggering a robust local inflammatory reaction, and 

causing a significant reduction in mean birth weight (82,83).  

Because P. vivax has historically been perceived as a “benign” disease, it has 

attracted less focus from researchers, policymakers, and funding agencies. As a 

result, there is a pressing need to refocus efforts on this disease to prevent 

underreporting, especially since severe symptoms may be mistakenly attributed 

to co-infection with P. falciparum or misdiagnosed entirely. Establishing a clear 

and accurate differential diagnosis between P. falciparum and P. vivax using 

more sensitive and specific techniques than RDTs and microscopy is crucial for 

the appropriate detection and treatment of vivax malaria infections. This is 

particularly critical in regions where both types of malaria coexist, as mixed 

infections are often overlooked by microscopy personnel. 

1.1.7 Molecular basis of malaria pathology 

Current research into the mechanisms underlying P. falciparum pathogenesis 

has uncovered novel insights that are being used for control strategies for the 

disease, such as vaccine development (84). However, our understanding of the 

molecular basis of P. vivax pathology remains significantly less developed 

compared to what is known about P. falciparum. The distinct biological 

differences between these two species highlight the need for increased research 

efforts to bridge the knowledge gaps surrounding P. vivax pathobiology. 

1.1.7.1 P. falciparum: the var multigenic family 

As mentioned above, cytoadherence is a key feature in P. falciparum malaria, 

strongly linked with disease severity and fatality rate. Host molecules such as 

CD36 (85), ICAM-1 (86), thrombospondin (TSP), P-selectin, chondroitin 

sulphate A (CSA), and protein C receptor have been identified as receptors that 

bind iRBCS to the endothelium (87).  

The main cytoadhering ligand from P. falciparum is the erythrocyte membrane 

protein 1 (PfEMP1) (66,88). PfEMP1 proteins are part of the subtelomeric 

multigene family named var genes (89–91), composed by 60 different genes in 
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the genome of the 3D7 strain (92). Interestingly, P. falciparum expresses a 

single var gene during schizont stage within an iRBC at a time, maintaining all 

other members of the family in a transcriptionally silent state, being able to 

switch the expressed var gene under specific situations in a process known as 

antigenic variation (Figure 4) (93,94). This antigenic variation enables the 

parasite to escape the host immune system that is finally developed slowly and 

after many exposures, humans might not be refractory to malaria parasites (62). 

In Figure 4, a graphical representation of PfEMP1 capabilities are represented. 

Figure 4. PfEMP1 variant antigens capabilities of binding to different tissues and 

cells through different receptors. The different properties of PfEMP1 — sequestration 

for evading spleen-dependent killing and antigenic variation for evading antibody-dependent 

killing — contribute to the virulence and pathogenesis of P. falciparum and are essential for 

survival of the parasite. HA, hyaluronic acid; TSP, thrombospondin; ELAM-1, 

endothelial/leukocyte adhesion molecule 1; P-Sel., P-selectin; VCAM-1, vascular cell 

adhesion molecule 1; PECAM (CD31), platelet endothelial cell adhesion molecule 1; CR1, 

complement receptor 1; HS-like GAGs, heparin sulphate-like glycosaminoglycans; IgM, 

immunoglobulin M. Reproduced from (62). 
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Besides var genes, P. falciparum subtelomeric domains contain another 

hypervariable multigenic families, such as the repetitive interspersed family 

(rif) or the subtelomeric variant open reading frame (stevor). Recent results 

have suggested that the RIFIN and STEVOR proteins, together with PfEMP1, 

are also important for the sequestration of iRBCs and the pathogenesis of severe 

malaria (95–97).  

1.1.7.2 P. vivax multigene families  

Back in 2001, our group reported the existence of P. vivax variant genes, the vir 

family, through the construction and sequencing of a yeast artificial 

chromosome library containing a clone representing the subtelomeric region of 

a P. vivax chromosome (5,98). The vir family family was composed of 31 vir 

genes grouped into 6 different subfamilies, termed A to F (Figure 5). Vir genes 

share a similar structure among them, consisting in a 3 exons structure; the first 

one is very short, the second one contains transmembrane domain and a third 

exon of uniform length. The variant nature and subtelomeric localization of vir 

genes initially suggested their primary role in antigenic variation. This 

hypothesis was further supported by their subcellular localization at the 

reticulocyte membrane and their immunogenicity during natural infections (5). 

However, early studies on expression patterns during natural infections 

indicated that vir genes are not clonally expressed like the var genes from P. 

falciparum (6). Single-cell RT-PCR analysis demonstrated that at least two 

distinct subfamilies of vir genes are transcribed simultaneously, and 

immunofluorescence assays (IFA) confirmed the co-expression of proteins from 

different subfamilies within the same parasite (6,99).  

After these initial observations the landmark paper describing the complete 

genome sequence of the P. vivax Salvador-I strain revealed the presence of 346 

vir genes divided in 12 subfamilies (A-L) (100). Remarkably, over 1200 vir 

genes including 27 subfamilies were more recently identified from a new 

reference strain (Pv01), together with draft assemblies of isolates from China 

(PvC01) and Thailand (PvT01) (101).  
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Interestingly, the trait that vir genes do not undergo allelic exclusive expression, 

results in a vast repertoire of vir genes abundantly expressed in isolates at any 

given time. There was no significant difference in the recognition of VIR 

proteins by immune sera from first-infected and multiple-infected patients, 

suggesting that VIR proteins play a major role in natural P. vivax infections. 

However, the data do not fully support a role for antigenic variation and the 

development of long-term immunity through variant-specific antibodies against 

VIR proteins, and further studies are needed to clarify the function of vir genes, 

particularly in relation to P. vivax's invasion of reticulocytes and its passage 

through the spleen (6).   

Figure 5. Vir multigenic family. Schematic representation of the classical three exon 
structure of the vir genes.  Order and orientation of predicted genes and pseudogenes, with 
coloured subfamilies based on the degree of homology (5). Consensus tree of aminoacidic 
sequences of VIR proteins subfamilies (A-E) from P. vivax (102). 

Besides vir genes, eight multigene subfamilies were identified in subtelomeric 

regions in Sal-I reference genome (103). These multigene families were terme 

from pv-fam-A to pv-fam-E, and pv-fam-G to pv-fam-I. Of notable interest are 

two gene families: first, the PvTRAG (Pv-fam-a) family, composed of 36 genes, 

one of which gene encodes a protein localized to the caveola–vesicle complex in 

infected erythrocytes and has been shown to trigger a humoral immune 

response during natural infections (104). 
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Altogether, efforts in recent years to elucidate the role of VIR proteins during 

vivax malaria (6,99,105–107), have identified some functions mediated by this 

superfamily of genes, such as cytoadherence -particularly to splenic cells – and 

their involvement in generating an immune response. However, further 

research is needed to characterize the members of the vir superfamily to fully 

understand the range of functions this multigenic family may play in vivax 

malaria.  

1.1.8 Control measures 

1.1.8.1 Diagnosis of vivax malaria 

Diagnosing malaria requires examining a Giemsa-stained blood smear under a 

microscope or using a rapid diagnostic test (RDT), which is an 

immunochromatographic assay containing a monoclonal antibody against 

Plasmodium antigens. These tools are indispensable because relying solely on 

clinical signs and symptoms cannot differentiate it from other febrile illnesses, 

and even less distinguish between P. falciparum or other plasmodia versus P. 

vivax infection  (1). While microscopy offers greater sensitivity, specificity, 

detailed parasite count and stage detection than RDT, the availability of 

microscopy services in healthcare centres within endemic regions may not 

always be enough (108). Additionally, microscopy examinations require 

excellent training to effectively distinguish between parasite stages and different 

plasmodia species. A negative diagnosis is reached after examining at least 200 

fields of a thick blood smear without detecting any parasite form. The detection 

limit for expert microscopists is typically established around 10–20 parasites 

per microliter of blood (109,110). In areas where the quality of microscopy 

services cannot be assured, the WHO recommend the use of RDT (111). 

RDTs are widely available commercial products, produced by various 

manufacturers. The sensitivity and specificity of RDTs can vary depending on 

the commercial provider and the species they are designed to diagnose. In 

general, P. falciparum is detected more reliably than P. vivax (112). The 
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detection of malaria through RDT is based on identifying a pan-genus antigen, 

lactate dehydrogenase (pLDH), in combination with P. falciparum histidine-

rich protein 2 (pHRP2). A positive result for both antigens indicates the 

presence of P. falciparum alone or in combination with another species, while 

positivity for pLDH and negativity for the pHRP2 suggests an infection by a 

Plasmodium species distinct from P. falciparum. Specific RDTs designed for the 

detection of P. vivax are based on the aldolase antigen detection, but these tests 

are generally less sensitive and specific, making them more suitable for 

diagnosing acute vivax malaria (113). It is important to note that HRP2 can 

remain detectable in the blood for up to 28 days after the initiation of 

antimalarial therapy (114). Due to this "persistent antigenemia", these tests are 

not reliable for assessing parasite clearance post-treatment, and may result in 

false positives in patients recently treated for malaria. In contrast, pLDH is 

cleared from the bloodstream rapidly following parasite death, often even faster 

than the dead parasites themselves (111).  

In the context of malaria elimination, particularly with a focus on P. vivax, 

detecting low-level parasitaemia using molecular techniques is of crucial 

importance. The most widely applied and validated molecular diagnostic test is 

nested PCR amplification of the ribosomal 18S RNA subunit (115). The detection 

limit for PCR can be as low as 0.004 parasites per µl (116), making it 

significantly more sensitive at low levels of parasitaemia and less prone to 

observer error compared to microscopy. However, the widespread use of PCR is 

limited by logistical challenges, the need for specially trained technicians, access 

to well-equipped laboratories, which are often available in low-income countries 

and other resource-poor endemic regions where P. vivax is prevalent.  

To conclude, the diagnosis of P. vivax primarily relies on RDTs and microscopy, 

which are considered adequate tools for case management. However, to 

accelerate malaria eradication efforts, more sensitive and easily deployable field 

methods are needed to detect and treat sub-microscopic P. vivax infections. 
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1.1.8.2 Treatment, control and prevention of P. vivax malaria 

Effective treatment for malaria is a key component in the fight against the 

disease. Malaria treatment varies depending on factors such as the parasite 

species, the epidemiology of the affected region, and the clinical symptoms. For 

P. falciparum infections, the recommended first-line treatment is artemisinin-

based combination therapy (ACT), which includes a combination of an 

artemisinin derivative and a quinine derivative. Common ACT regimens include 

artemether-lumefantrine (AL) and artesunate-amodiaquine (AS-AQ), 

artesunate-pyronaridine (AS-PY), artesunate-mefloquine (AS-MQ) and 

dihydroartemisinin-piperaquine (DHA-PPQ) (108,117).  

P. vivax, due to the dormant hypnozoite stages, needs a different drug regimen 

to effectively combat the infection. The combination of chloroquine and 

primaquine was traditionally the preferred treatment for vivax malaria. 

However, the emergence of chloroquine-resistant parasites has led to a shift in 

treatment strategy towards using of chloroquine plus DHA-PPQ combined with 

primaquine. Primaquine and tafenoquine are the two drugs that target the 

hypnozoite stage in the liver, but unfortunately, they can cause mild to severe 

acute haemolytic anaemia in patients with glucose-6-phosphate dehydrogenase 

(G6PD) deficiency (118). Therefore, diagnosing G6PD deficiency in patients 

with vivax malaria is crucial for effective treatment and P. vivax management. 

Regrettably, the majority of vivax malaria cases are treated outside hospital 

settings, often at home or in non-clinical environments. Moreover, even among 

hospitalized patients, the lack of available technology and tools for G6PD 

deficiency diagnosis frequently results in the unintended administration of 

primaquine to G6PD-deficient patients, leading to haemolytic anaemia and, in 

severe cases, death (119). 

Global malaria control and elimination heavily rely on insecticidal measures, 

primarily through vector control strategies such as insecticide-treated mosquito 

nets (ITNs) and indoor residual spraying (IRS) (120). ITNs combine pyrethroids 

with the physical barrier of the net, while IRS uses organophosphate and 

neonicotinoid insecticides to treat surfaces where mosquitoes rest during blood 
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meal periods. Despite these efforts, resistance has emerged against key 

insecticide classes, including pyrethroids, organophosphates, carbamates, and 

organochlorines. From 2010 to 2020, 88 countries reported insecticide 

resistance, with 78 confirming resistance to at least one insecticide in at least 

one malaria vector species (Figure 6)(1). Thus, there is an urgent need to 

develop new insecticides and interventions to maintain effective vector control 

(120).  

Apart from drugs, insecticides, and ITNs, vaccines are the most cost-effective 

tools for controlling malaria. In 2021, WHO recommended the RTS,S vaccine to 

prevent malaria among children living in regions with moderate to high 

transmission rates of P. falciparum malaria. To date, more than 2 million 

children have received at least one dose of the vaccine through the WHO-

coordinated Malaria Vaccine Implementation Programme in Ghana, Kenya and 

Malawi (1). In October 2023, WHO also recommended a second safe and 

effective malaria vaccine, R21 (121,122). 

Figure 6. Number of insecticides to which resistance was confirmed in at least 
one malaria vector in at least one monitoring site, 2010-2020. Adapted from (1). 

Unfortunately, the RTS,S and R21 vaccines do not cross-protect against P. 

vivax. Therefore, there is an urgent need to discover new antigens and novel 

vaccine approaches against this neglected human malaria parasite. The vaccine 

development scenario for P. vivax is meagre. Currently, there are some 
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candidate vaccines targeting distinct antigens in early clinical phases, which 

confer only partial protection, and even fewer are in preclinical trials (123,124).  

Plasmodium vivax malaria vaccine candidate targets the circumsporozoite 

protein (PvCSP) are well advanced. Various vaccine formulations, such as 

VMP001 (125,126), CSV-S (127), and Rv21 (128), have shown promise in 

inducing immune responses in preclinical and clinical studies, but challenges 

remain in achieving sterile protection. Ongoing studies aim to optimize vaccine 

efficacy, improve immune responses, and assess protection in diverse 

populations. On the other hand, Pvs25 plays a crucial role in the survival and 

transformation of Plasmodium vivax ookinetes within the mosquito, making it 

a key target for transmission-blocking vaccines. Various studies have explored 

its potential as a vaccine candidate, and despite having good results in first 

stages of development (129–131), those candidates which reached phase I 

clinical trials in humans showed either moderate reduction of transmissibility 

in membrane feeding assays of mosquitoes (132) but more worryingly, some 

have shown a strong reactogenicity, including adverse events including 

erythema nodosum,  forcing to stop further research (133). Additionally, a 

vaccine using irradiated sporozoites is in phase 1/2a of the clinical trial (Table 

2) (134,135). 

The Duffy Binding protein (PvDBP), a critical protein for reticulocyte invasion, 

have been also targeted as vaccine candidate. Antibodies targeting PvDBP, 

especially PvDBP-II, have shown efficacy in blocking invasion and reducing 

infection (136,137). Vaccines based on PvDBP-II have demonstrated strong 

immunogenic responses and protection in preclinical studies (137–142). 

Additionally, viral vector-based vaccines encoding PvDBP-II have shown 

promising immunogenicity and strain-transcending antibody responses in early 

clinical trials (142–146). 

It is evident that there is a significant gap between P. falciparum and P. vivax 

vaccine development and research. Therefore, it is crucial to maintain efforts 

and funding to advance vaccine development against P. vivax. 
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Table 2. Plasmodium vivax vaccines in clinical trials. Reproduced from (153). 

 

Candidate Phase Key Findings Clinical Trial Number References 

Preerythrocytic stage vaccines 
VMP001 1/2a Recombinant PvCSP with adjuvant AS01B. 

Reduction of parasitaemia, but low efficacy. 
NCT01157897 (147) 

Peptides N R&C 1b/2 PvCSP derived from long synthetic peptides 
(LSP) with Montanide ISA 720 and 51. Long-
lasting antibody response, with 36.6% efficacy in 
naïve volunteers 

NCT0108184 (148,149) 

PvRAS 1/2a P. vivax irradiated sporozoite. Poor cellular 
response and 42% efficacy 

NCT01082341 (150) 

Blood-stage vaccines 
ChAd63-MVA-
PvDBPII 

1a/2a Heterologous prime-boost regimen with 
recombinant viral vectors ChAd63-MVA-PvDBPII. 
Induction of antibodies that inhibit interaction with 
reticulocytes, humoral and cellular response, 50% 
of strain-transcendent immunity.  

NCT01816113 (151) 

PvDSPII-GLA-SE 1 Recombinant PvDBPII with GLA-SE adjuvant. 
High production of specific antibodies can inhibit 
interaction with reticulocytes and strain-
transcendent response.  

CTRI/2016/09/007289 (142) 

Transmission-blocking vaccines 
Pvs25 1 Recombinant Pvs25 with Montanide ISA 51 

adjuvants. Good induction of antibodies and 30% 
reduction in infected mosquitoes. High 
reactogenicity 

NCT00295581 (152) 
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1.1.9 P. vivax parasite biology 

Malaria continues to exert a significant toll on both human health and economy, 

remaining one of the most incapacitating and potentially lethal infectious 

diseases. As previously mentioned, the disease is caused by protozoan parasites 

of the phylum Apicomplexa from the genus Plasmodium (17). Apicomplexa 

stands out as the only extensive taxonomic group comprised entirely of parasitic 

organisms, specifically obligate intracellular parasites. These organisms are 

characterized by the presence of an evolutionarily distinct apical complex, which 

is crucial for host invasion (154).  

The Apicomplexa phylum comprises four distinct groups: the coccidians, the 

gregarines, the haemosporidians and the piroplasmids. These groups are 

categorized based on their phenotypic traits, including their host and/or vector 

preferences and the tissues they invade. While over 120 Plasmodium species 

infect mammals, birds, and reptiles, only five species can infect humans: 

Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale, Plasmodium 

malariae, and Plasmodium knowlesi (17,155).  

Compared to P. falciparum, P. vivax is not only found in tropical areas but is 

also widespread in temperate regions. These species can survive in climatically 

unfavoured areas and stay in dormant stages in the liver of its human host for 

several years. In addition to the hypnozoite stage, there are other unique 

features of P. vivax biology that strongly support the view that P. vivax will be 

the last human malaria parasite to be eliminated.  

1.1.9.1  Life cycle of P. vivax 

The human malaria life cycle involves different phases of the parasite within 

various cells and tissues across both human and mosquito hosts. It begins when 

an infected female Anopheles mosquito bites a human, initiating the infection 

process. Of approximately 515 Anopheles species, only 30–40 are considered 

significant malaria vectors. In a given geographical area, multiple species may 

coexist, each one exhibiting unique biting and resting behaviours, along with 
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varying preferences for human or animal hosts. Consequently, transmission 

efficiency and susceptibility to anti-mosquito measures can differ significantly 

among species (29). 

Initially, most of the injected sporozoites migrate through the skin cells, 

infiltrate skin capillaries, and eventually reaching the liver via the bloodstream. 

Upon arrival in the liver, the parasites penetrate the sinusoidal endothelium and 

each settle within a single hepatocyte (4). This invasion is mediated by the 

circumsporozoite protein (CSP), the most abundant surface protein of the 

sporozoite stage. Cleavage of the CSP by a parasite protease exposes an adhesive 

domain at its carboxy-terminus, which facilitates hepatocyte invasion (156). 

Following hepatocyte infection, the parasitophorous vacuole membrane forms 

triggering parasite schizogony. In most Plasmodium species, parasites rapidly 

multiply as liver schizonts, eventually giving rise to exo-erythrocytic merozoites. 

These merozoites are released in clusters, known as merosomes, into the 

bloodstream, typically within approximately 10 days (157).  

An important characteristic of the P. vivax life cycle is its ability to form 

dormant liver stages known as hypnozoites. These hypnozoites can reactivate 

weeks, months, or even years later, leading to the development of blood stages 

and the onset of typical symptoms of vivax malaria, which results in relapses 

(50,158). Relapses can sustain transmission as sexual gametocytes may also be 

produced. The biological factors that trigger the switch between dormant and 

active stages remain unknown. Although the role of stress in bird malaria have 

been observed to be playing a role, the exact mechanism by which hypnozoites 

initiate relapses remains unclear (159,160). 

Once P. vivax merozoites enter the bloodstream, they preferentially invade 

reticulocytes (if not exclusively), which are immature red blood cells, and 

initiate intra-erythrocytic replication, starting the asexual stage of the life cycle 

(4,161). Reticulocytes comprise about 1 to 2% of total circulating cells in 

peripheral blood. The evolutionary reason for P. vivax’s preference for this cell 

type remains unclear, but it has been hypothesized that avoiding high 
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parasitaemia might be a contributing factor (162). This preference complicates 

the continuous in vitro culture for P. vivax.  

Invasion by P. vivax occurs through the interaction of specific merozoite 

proteins with host cell receptors, facilitating entry into the cell (163). The Duffy 

receptor on red blood cells is crucial for P. vivax reticulocyte invasion, mediated 

by the ligand Duffy Binding Protein (PvDBP) (164). Additionally, the transferrin 

receptor, known as CD71, has been identified as a key molecular receptor for P. 

vivax targeting of reticulocytes (165,166). CD98, a protein expressed on the 

surface of immature reticulocytes, also interacts with P. vivax reticulocyte-

binding protein 2a (PvRBP2a) on the merozoite surface. Therefore, CD98, 

alongside CD71, is proposed as a host membrane protein directly associated 

with P. vivax reticulocyte tropism (167). 

Once inside the reticulocyte, the merozoite begins the asexual cycle, which takes 

approximatly 48 hours. After invasion, the first stage observable is the “ring 

stage”, during which parasite proteins are exported into the host cell. The 

parasite then develops into the “trophozoite stage”, characterized by rapid 

biomass growth and hemoglobin digestion, which is converted into hemozoin 

within the parasite's food vacuole. Finally, the parasite progresses to the 

“schizont stage”, where it undergoes schizogony, producing multiple daughter 

merozoites. Upon rupture of the infected reticulocyte, these merozoites are 

released and invade new RBCs (4).  

Throughout blood stage infection, some parasites develop into sexual forms, 

appearing in peripheral blood circulation earlier than those of P. falciparum. 

This process, known as gametogenesis, occurs within the human host. These 

sexual stages can be detected before or at the onset of clinical symptoms, which 

provides an advantage for infection transmission. As a result, sexual parasites 

may be transmitted to Anopheles mosquitoes during a blood meal before 

infected individuals exhibit clinical symptoms (4,168,169).  

Gametocytes are ingested by Anopheles mosquitoes during blood meal, 

initiating the sexual phase of P. vivax life cycle. Anopheline mosquitos have 
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adapted to outdoor and daytime biting behaviors, which reduces the efficacy of 

control measures relying solely on ITNs. In the mosquito midgut, fertilization 

occurs between male and female gametes, forming an ookinete that traverses 

the mosquito midgut, and encysts in the epithelial layer, forming an oocyst. 

Eventually, the oocyst releases newly formed sporozoites that migrate to the 

mosquito salivary glands, thus restarting the life cycle of the parasite (4). The 

full life cycle is depicted in Figure 7. 

Figure 7. Classical life cycle of Plasmodium vivax. Adapted from (4). Figure 
generated with BioRender.com. 

1.1.10 Cryptic niches 

For over the decades, hypnozoites have been considered the dormant form of 

the parasite responsible for relapses as well as for asymptomatic infections 

(51,158,170). However, beyond hypnozoites, asymptomatic infections of P. 

vivax present a significant challenge towards malaria elimination efforts (9,33). 

An analysis of sub-microscopic infections identified in 31 cross-sectional 

surveys across 12 countries found that, on average, 69.5% of all P. vivax blood-
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stage infections were sub-microscopic. In a subset of these surveys, 89–100% of 

these sub-microscopic infections were asymptomatic (33). Consequently, in 

many regions, the prevailing form of P. vivax infection is both sub-microscopic 

and asymptomatic. Due to their asymptomatic nature, these infections are less 

likely to be treated. Combined with the latent reservoir of hepatic hypnozoites, 

these infections persist longer within a population, thereby perpetuating 

parasite transmission (171,172) and representing a major impediment to the 

elimination of P. vivax.  

Recent findings have also revealed hidden erythrocytic reservoirs beyond the 

liver, notably with P. vivax establishing cryptic erythrocytic infections in the 

bone marrow and spleen. These sites serve as significant sources of 

asymptomatic infections, and parasites residing in these niches appear to evade 

the human immune system and remain inaccessible to antimalarial drugs (173). 

Therefore, there is a critical need to intensify research efforts in this area. 

1.1.10.1 The presence of P. vivax in the bone marrow 

The bone marrow (BM) is the principal hematopoietic organ and the major 

source of newly generated cells in adults. Despite comprising less than 5% of the 

total body mass, it produces approximately 200 billion red blood cells, 10 billion 

white blood cells and 400 billion platelets per day (174). Erythropoiesis refers 

to the expansion and differentiation of hematopoietic stem cells into mature 

erythrocytes, a process that initially occurs within erythroblastic islands (EBIs). 

These islands consist of specialized macrophages that interact with developing 

erythroid cells. Within EBIs, chromatin condenses, most organelles and the 

nucleus are eliminated, and the cell membrane and cytoskeleton undergo 

remodelling. Additionally, haemoglobin synthesis occurs during erythroid cell 

development. Disruptions to these processes can lead to pathophysiological 

conditions such as anaemia (175,176).  

The first descriptions of the parasite in the BM were made using autopsy 

material by Ettore Marchiafava and Amico Bignami (25). Subsequent studies 

confirmed the presence of P. falciparum in the BM of malaria patients (177,178). 
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More recent quantitative evidences demonstrated that the human BM is a major 

place for parasite growth and sexual differentiation. Young gametocytes have 

been found in reticulocytes associated with EBIs in the BM (11). Molecular 

studies of BM from children in Mozambique have also observed the 

accumulation of immature gametocytes in the tissue compared to peripheral 

blood (179). Specifically, it has been shown that P. falciparum can impede the 

enucleation of primary erythroblasts, allowing the parasite to complete 

gametocytogenesis within these cells before reaching the circulating blood, 

where it is transmitted to the Anopheles mosquito to complete the life cycle 

(180).  

Initial examinations of sternal BM aspirates from patients with P. vivax 

confirmed the presence of the parasites within the organ. Although this finding 

was recognized in the late 19th century, relatively few studies have examined 

BM changes during P. vivax infections compared to P. falciparum. In 1989, a 

study reported that among 9 Thai adults infected with P. vivax, who were 

suffering from dyserythropoiesis and ineffective erythropoiesis and none of 

them had detectable parasites in the BM (181). These findings have raised 

skepticism about the initial observations of P. vivax parasites in the human BM. 

However, more recent studies have reported the presence of P. vivax following 

both autologous and heterologous bone marrow transplantation (182,183).  

In 2017, our group provided the first unequivocal demonstration that P. vivax-

infected reticulocytes were present in the BM aspirate of an infected individual 

with unusual high parasitaemia. Microscopic analysis of the BM aspirate 

revealed all parasite stages in higher proportions than in peripheral blood, with 

the exception of young trophozoites. Additionally, morphological signs of 

ineffective erythropoiesis and dyserythopoiesis were observed, which were 

confirmed by transcriptional changes in miRNAs and small RNA profiles during 

the acute phase of malaria infection (Figure 8) (10).  

This finding was later demonstrated using experimental infection of non-

human primates (NHP) with P. vivax, where the presence of the parasite in the 

BM parenchyma was observed in 13 Aotus and Saimiri monkeys (12). 
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Figure 8. Comparison of P. vivax load and life stages in bone marrow aspirate 
and peripheral blood on admission. (A) Parasitaemia in bone marrow aspirate and 
peripheral blood at the day of admission. (B) Parasite stage distribution in bone marrow and 
peripheral blood (C) Representative Giemsa-stained images of P. vivax in the bone marrow 
(BM, upper row) illustrating rings (red arrows) and gametocytes (yellow arrows) and in 
peripheral blood (PB, lower row) illustrating young trophozoites (blue arrows) and 
gametocytes (yellow arrow). Arrows indicate infected cells. (D) Relative RT-qPCR 
quantification of pvs25 transcripts in bone marrow and peripheral blood samples obtained 
at admission. Reproduced with permission from (10). 

Kho et al concluded that, based on their conservative estimations, the asexual 

parasite biomass detected in the BM during infection is around 0.1% (8,184). 

This report suggests that BM infections are primary involved in gametocyte 

development, whereas the majority of the asexual stages happen in the spleen. 

1.1.10.2  The presence of P. vivax in the spleen 

The spleen has been considered a mysterious organ since ancient times. Despite 

the ongoing interest from thinkers and researchers over the centuries, our 

understanding of the spleen’s functions and related diseases remains 

incomplete (185). During embryonic development, the spleen functions as a 
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hematopoietic organ, supporting various components of the erythroid, myeloid, 

megakaryocytic, lymphoid, and monocyte-macrophage systems. It plays a 

significant site for lymphopoiesis, containing approximately 25% of the body's 

total lymphoid mass. Additionally, under abnormal circumstances, the spleen 

may serve as a site for extramedullary hematopoiesis (186).  

The primary function of the spleen is to destroy damaged, old or Plasmodium-

parasitized RBCs (187). As previously mentioned, to evade splenic clearance, 

mature stages of P. falciparum adhere to endothelial receptors using variant 

surface proteins. This mechanism enables the sequestration of parasitized red 

blood cells (pRBCs) within the microvasculature of internal organs, particularly 

involving mature stages from the parasites, which are observed in small 

proportions in circulation (56). In contrast, while infected reticulocytes 

containing mature stages of P. vivax are found in peripheral circulation, it was 

widely believed for a considerable period that this human malaria parasite did 

not sequester in the microvasculature. 

Contrary to this long-held belief, that P. vivax does not sequester, a particular 

study revealed that infected reticulocytes from a rodent malaria species prone 

to targeting reticulocytes adhere to spleen barrier cells of fibroblastic origin. 

This interaction serves to protect parasites from macrophage destruction (188). 

Subsequent studies have documented the in vitro cytoadherence of P. vivax-

infected reticulocytes to human cells and tissues cryosections (189). 

The earliest evidence of intrasplenic infections in natural cases was observed in 

a 19-year-old non-immune patient who underwent splenectomy following a 

spleen rupture. IFA imaging of the spleen revealed intact P. vivax-infected 

reticulocytes outside macrophages in the splenic cords. This parasite detection 

was performed using immunofluorescence confocal microscopy using 

antibodies against VIR proteins (Figure 9). Additionally, 

immunohistochemical staining showed white pulp expansion and 

hypercellularity in the splenic red pulp. This case provides the first detailed 
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immunohistopathological analysis of an untreated human spleen infected with 

P. vivax, suggesting the likelihood of intrasplenic infections (9). 

Figure 9. Immunohistofluorescence images of P. vivax–infected spleen 
sections. (A) Spleen section showing P. vivax parasites mostly in the cords of the red pulp 
as detected by polyclonal antibodies against VIR proteins. (B) Negative control using 
preimmune sera. Nuclei are shown in blue and the bright field image of the tissue in gray. 
Scale bar: 20 µm. (C) Double staining showing CD68 macrophages in red and parasites 
stained in green. Scale bar is 10 µm. (D) Reflection contrast (magenta) was used to detect 
parasite pigment. Reproduced from (9). 

This evidence prompted the scientific community to speculate about a more 

complex role for the spleen in human malaria, specifically the potential 

accumulation of viable Plasmodium-infected red blood cells within this organ. 

Recently, a substantial number of untreated patients undergoing splenectomy 

in a highly endemic area for both P. falciparum and P. vivax in Papua 

(Indonesia) were found to have non-phagocytosed parasitized red blood cells 

concentrated in the spleen, as determined by pathological and molecular 
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examinations of these tissues, compared to peripheral blood. Notably, the 

authors identified a previously undetected biomass of both P. falciparum and 

P. vivax, with a higher concentration for P. vivax. This finding led to the 

conclusion that chronic vivax malaria primarily represents a cryptic erythrocytic 

infection of the spleen (8,184). The density of P. vivax-infected reticulocytes in 

the spleen was found to be 3,590 times higher than in circulating peripheral 

blood, which is significantly greater than the estimated spleen-to-circulating 

blood density ratio in P. falciparum infection (median 289) (Figure 10) 

(8,184).  

Another study by the same research group demonstrated that, in the spleen, all 

blood stages of P. vivax except for sexual stages were found to accumulate, with 

higher densities of intact parasites compared to peripheral blood. These 

parasites account for approximately 95.1% of the total P. vivax biomass in the 

body. These observations suggest that the spleen functions as a site for both the 

accumulation and potential destruction of P. vivax parasites, with the majority 

of the asexual blood stage life cycle occurring there. The underlying reason for 

this tropism remains unclear, but it appears to be a major contributing factor to 

anaemia (13).  

Figure 10. Accumulation of intact, asexual-stage P. vivax in the spleens of 
patients with asymptomatic infection. (A) Tissue sections of the spleen were stained 
with Giemsa and assessed for the presence of infection with P. vivax. (B) Ratio of asexual-
stage infected red-cell density in the spleen versus circulating peripheral blood was higher 
with P. vivax than with P. falciparum. Circles represent untreated patients and triangles 
represent recently treated patients. Adapted and reproduced from (8).  
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Overall, the data presented in this section suggest the need for a new paradigm 

in P. vivax research that includes these cryptic infections in the BM and the 

spleen as part of its life cycle (Figure 11). Although the molecular mechanisms 

underlying the parasite’s tropism towards these hematopoietic organs remain 

unclear, there is an urgent need to further investigate how these cryptic niches 

are formed and their implications for vivax malaria pathogenesis and 

symptomatology.  

Figure 11. Life cycle of Plasmodium vivax incorporating the parasite cryptic 
niches. Adapted from (190).  

1.1.11 Genomic editing of Plasmodium species  

The ∼30 Mb genomes of Plasmodium parasites encode approximately 5,000 

genes, yet the functions of most remain unknown (191). This is largely due to the 

limited functional annotations derived from sequence homology and the lower 

genetic tractability of Plasmodium compared to many model organisms. Recent 

technical advances have enabled genome-wide forward and reverse genetic 

screens in Plasmodium. Notably, the first malaria parasite to be transfected was 

Plasmodium gallinaceum in 1993 (192). 
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The development of genetic manipulation techniques for P. falciparum in the 

1980s- 1990s was crucial for advancing the study of malaria biology. Since first 

transfections of P. falciparum parasites (193–196), genetically modified P. 

falciparum parasites have been used to investigate various aspects of the 

disease, including red blood cell invasion (197), metabolic processes (198,199), 

drug resistance mechanisms (200,201), gametocyte development (202), and 

mosquito transmission (203). However, the biological and genetic differences 

between P. falciparum and other human malaria parasites limit its suitability 

as a model for studying these other species. Additionally, the lack of robust long-

term in vitro culture systems for P. vivax and other human malaria parasites 

has hindered genetic manipulation efforts for these species.  

Hovewer, in recent years, the adaptation of CRISPR (Clustered Regularly 

Interspaced Short Palindromic Repeats) and CRISPR-associated protein 9 

(CRISPR/Cas9) technology has significantly improved the efficiency of gene 

editing at the single gene level (204). 

Research into DNA repair has advanced significantly with methods that induce 

site-specific DNA breaks. In genome editing technologies, double-strand breaks 

(DSBs) in DNA can be repaired through homologous recombination with donor 

DNA or nonhomologous end-joining (NHEJ), which can introduce mutations at 

the target site (205). In Plasmodium parasites, the canonical NHEJ (cNHEJ) 

pathway is deficient, so repair primarily occurs via homology-directed repair 

(HDR) when a donor template is available (206). This deficiency in the cNHEJ 

pathway results in fewer unintended mutations or off-target effects. Although 

Plasmodium can use microhomology-mediated end joining (MMEJ), which 

employs small homologous regions near the DSB to repair the damage and can 

create potential indels, this process is relatively uncommon (206,207). 

CRISPR/Cas9 editing of P. falciparum relies on either one- or two-plasmid 

system to deliver the Cas9 nuclease, guide RNA (gRNA), and DNA repair 

template (Figure 12). Although numerous Cas proteins have been identified 

through bioinformatics and experimental studies, Cas9 and its variants from 

Streptococcus pyogenes (SpCas9) are the most commonly used in Plasmodium 
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genome editing (204). The high Adenine-Thymine (AT) content of the P. 

falciparum genome complicates the recognition of gRNA binding sites near the 

SpCas9 PAM sequence (-NGG) and the cloning of repair templates. The 

dihydrofolate reductase (dhfr) gene is the most frequently used drug-selectable 

marker for selecting modified parasites in CRISPR/Cas9 genetic modifications 

(203,208–210). To minimize the likelihood of unintended genomic mutations, 

the DNA repair template should be linear, with two gRNAs creating cut 

positions at the locus of interest, or by using a Cas9 cut position flanking the 

DNA repair template on the plasmid (Figure 12).  

Figure 12. Schematic representation of the molecular mechanisms of 
CRISPR/Cas9 genome editing tool. (A) Cas9 is directed to a specific genomic target by 
the first 20 nt of the gRNA, resulting in the generation of a double-strand break (red 
triangles). Donor design for (B) a typical gene-disruption experiment in P. falciparum and 
(C) marker-free genome editing of a point mutation. Silent ‘shield mutations’ prevent Cas9-
gRNA cleavage of the edited locus. Additional silent mutations spanning the gap between the 
shield mutations and the desired modification can be introduced to help drive the repair event 
beyond the mutation-of-interest. Reproduced from (204). 

1.1.11.1 Genomic editing to study P. vivax biology 

The first transfection experiments of P. vivax were reported in 2005, where 

parasites were transiently transfected with episomal plasmids containing the 

luciferase reporter gene and P. falciparum regulatory sequences (211). 

Significant progress in P. vivax transfection was not achieved until 2015, when 

researchers successfully manipulated the P. vivax genome in vivo for the first 

time (212). In this study, Zinc-Finger Nucleases were used to create site-specific 
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DNA double-strand breaks, introducing point mutations into the P. vivax dhfr-

ts gene, which rendered the parasites resistant to pyrimethamine. This was the 

first instance of genome editing in a non-falciparum Plasmodium species, 

demonstrating the potential for site-specific genome editing (212). The 

experiments were conducted in Saimiri boliviensis monkeys and the resistant 

transfected parasites were selected over three weeks in animals treated with 

pyrimethamine.  This selection method was similar to that used for selecting 

transgenic P. knowlesi (213) and P. cynomolgi in rhesus macaques (214–216). 

Due to the lack of a robust in vitro culture for P. vivax  and the need to study 

poorly characterized or uncharacterized genes from the parasite, the 

heterologous expression of P. vivax genes into other Plasmodium species has 

become a valuable approach. This method has been employed since the first 

report of this rational appeared (217). The feasibility of using heterologous 

transfection in P. falciparum to investigate the subcellular localization and 

function of P. vivax proteins has been widely demonstrated in subsequent 

studies (105,217–219). Additionally, other non-human malaria parasites have 

been explored for the heterologous expression of P. vivax genes (220–224).  

However, reports using the CRISPR/Cas9 system to generate transgenic 

Plasmodium lines expressing P. vivax genes have been scarce. Few publications, 

have investigated this approach as a feasible method for generating transgenic 

lines of other Plasmodium expressing vivax malaria parasite proteins 

(203,220,222,225). Notably, two of these studies utilized P. knowlesi as the 

parental parasite for transfection, while two others used P. falciparum. In this 

thesis, we employed CRISPR/Cas9 to generate a stable transgenic P. falciparum 

line expressing previously uncharacterized hypothetical P. vivax gene (226). 

The use of the novel CRISPR/Cas9 system will allow the scientific community 

to gain a deeper understanding of the biology of P. vivax and its 

pathophysiology. Additionally, the recent advances in the culture adaptation of 

P. knowlesi, combined with the implementation of CRISPR/Cas9 in this 

parasite (220,222), are expected to further our understanding of P. vivax 

biology in the coming years.   



Introduction 

 
67 

1.2 Extracellular vesicles 

Extracellular vesicles (EVs) are a heterogenous group of small, double lipid 

bilayers particles secreted by nearly all organisms, from bacteria to humans, and 

are present in biological fluids such as plasma, urine or even cerebrospinal fluid, 

among others, providing insights into normal and pathological processes (227–

229). EVs are broadly classified into two main categories: microvesicles and 

exosomes, differentiated by their size, biogenesis and composition. 

Microvesicles (MVs), also known as microparticles, are larger (ranging from 100 

nm to 1 μm in diameter) and more variable in shape compared to exosomes 

(229,230). MVs are formed directly through budding from the plasma 

membrane, whereas exosomes are generated when cytoplasmic multivesicular 

bodies (MVBs) fuse with the plasma membrane (230). Exosomes, originating 

from endocytic processes, typically measure between 30 to 100 nm in diameter 

(228,231). Both EVs carry distinct biological markers from their parent cells and 

are enriched with molecules essential to their biogenesis pathways, which are 

selectively enclosed within them (231). 

Exosomes were first described by Rose M. Johnstone and Clifford V. Harding in 

studies on reticuclocytes, which are the target cell for P. vivax. Initially, 

exosomes were thought to function primarily as a mechanism for cellular waste 

disposal, specifically for the removal of the transferrin receptor during the 

maturation of reticulocytes into erythrocytes (Figure 13) (232,233). However, 

this concept evolved over time, Graça Raposo and colleagues later demonstrated 

that B-cell-derived exosomes could induce antigen presentation thereby 

modulating immune responses (234). Since then, numerous studies have 

elucidated various functions of EVs, and it is now widely recognized that EVs 

play crucial roles in cell-to-cell communication, pathogenesis, drug delivery, 

and as biomarkers for many diseases (228).   
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Figure 13. TEM microscopy images of reticulocytes releasing exosomes loaded 
with Transferrin receptor. (A) View of MVE exocytosis in an unfixed reticulocyte. (B) 
MVE exocytosis with concomitant release of vesicular inclusions. These vesicles often remain 
attached to the plasma membrane (upper right). Adapted from (233). 

1.2.1 Origin, biogenesis and composition 

Currently, a wide array of EV subtypes has been characterized due to their 

secretion by diverse cell types and detection in numerous biological fluids, 

suggesting potential variations in their biogenesis. In the context of exosomes, 

the process begins with the invagination of the plasma membrane, leading to 

the formation of endosomes. These endosomes can fuse with vesicles from the 

Golgi apparatus, particularly those budding from the trans-Golgi network 

(TGN) (235,236). Early endosomes subsequently mature to late endosomes, 

where the endosomal membrane invaginates into the lumen, forming 

intraluminal vesicles (ILVs). These ILVs accumulate within multivesicular 

bodies (MVBs), which can then fuse with the plasma membrane, releasing their 

contents as exosomes into the extracellular environment. Alternatively, MVBs 

may fuse with lysosomes/autophagosomes for degradation (Figure 14) (237). 

On the contrary, MVs originate from the outward budding and subsequent 

fission of the plasma membrane. Therefore, the mechanisms underlying the 

formation of exosomes and MVs differ, leading to distinct cargo compositions: 

exosomes carry components originating from MVBs, while MVs primarily 

encapsulate elements from the plasma membrane (Figure 14) (230). 
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Figure 14. Release of MVs and exosomes. Reproduced from (230). 

Despite these differences, both types of EVs share common share intracellular 

mechanisms and classification systems in their biogenesis. 

The mechanisms involved in the transportation of EVs are heavily influenced by  

their biogenesis. Most of our current understanding comes from studies on 

tumoral or immortalized immune mammalian cell lines. As mentioned earlier, 

exosomes are small EVs ranging from 30 to 150 nm in size. These particles form 

from inner budding of the late endosomal membrane, resulting in ILVs within 

a MVB (238). MVBs can merge with lysosomes for content degradation, a 

process facilitated by the SNARE system, as well as surface proteins like the 

HOP complex and GTPase Rab7 associated with MVB membrane (239). 

However, ILVs coated with EV markers like CD63, LAMP1, or LAMP2 are 

released as exosomes when the MVB fuses with the cell’s plasma membrane 

(239).  
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Several mechanisms have been proposed for the release of exosomes from 

MVBs: i) the involvement of the endosomal sorting complex required for 

transport (ESCRT) machinery (238,240), ii) the accumulation of CD63 

tetraspanin in ILVs (241–243), and iii) the hydrolysis of sphingomyelin into 

ceramide by neutral sphingomyelinase or phosphatidylcholine into 

phosphatidic acid by phospholipase D2 (231,244). Consequently, exosome 

release can proceed through both ESCRT-dependent and -independent 

pathways (Figure 15).  

The ESCRT machinery plays a crucial role in organizing MVB proteins within 

ILVs. Five ESCRT complexes have been identified: 0, I, II, III, and III 

associated. After ILV formation, MVBs are directed toward the plasma 

membrane for fusion and budding, facilitated by molecules such as LAMP1 

(239), TSG101, ALIX, VSP4, syntenin-1 (245), Rab8b, Rab11, Rab27, the Rab 

effector otoferlin, and potentially other Rab proteins (245,246). Tetraspanins 

such as CD63, CD9, and CD81 are notably prevalent in exosomes, with CD63 

often considered characteristic of endosome-derived exosomes (247).  

Variations in protein mediators during EV formation and release have been 

observed across different biological origins and cell lines (231). Notably, even 

within the same cell line, distinct EV subpopulations with unique 

physicochemical characteristics can be identified under varying conditions, 

such as different stages of pathogen life cycles, laboratory settings, or external 

stressors (248–250). However, the ESCRT complex remains highly conserved 

across kingdoms, likely originating from an early evolutionary event driven by 

concerted evolution (251,252). Interestingly, ESCRT molecules are also involved 

in the biogenesis of viruses and retroviruses, facilitating the incorporation of 

viral cargo into infected cell exosomes for dissemination to neighbouring cells 

(253,254).  

The cargo sorted into EVs can include various proteins, such as chaperones like 

heat shock 70 kDa protein (HSP70) and heat shock cognate 71 kDa protein 

(HSC70), which assist in sequestering cytosolic proteins into ILVs (229,255). 
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Figure 15. Canonical pathways of EV biogenesis and release. ER: endoplasmic 
reticulum, ILV: intraluminal vesicles, MVB: multivesicular body, MV: microvesicles, PM: 
plasma membrane. Reproduced from (252). 

Additionally, GPI-anchored proteins are likely incorporated due to their affinity 

for lipid domains and lipid rafts, potentially contributing directly to ILV 

formation (256). EV cargo also contains nucleic acids, including mRNAs, non-

coding RNAs (such as microRNAs), and DNA sequences (257,258). Recent 

studies have reassessed exosome composition and emphasized the selective 

sorting of RNA into exosomes (259).  

Notably, in silico analysis has identified a specific EXOmotif (GGAG) that 

governs the loading of miRNAs into exosomes and promotes binding to 

heterogeneous ribonucleoprotein A2B1 (hnRNPA2B1), which regulates miRNA 

loading (260–262). However, many questions remain regarding RNA sorting 

into EVs and the regulatory mechanisms involved, highlighting the need for 

further research to explore the roles of other RNA-binding proteins and RNA 

motifs. 
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The machinery driving MV biogenesis involves alterations in lipid and protein 

composition, as well as changes in Ca2+ levels (263). This process includes the 

reorganization of membrane phospholipids, such as the translocation of 

phosphatidylserine from the inner membrane to the outer membrane, which 

induces membrane curvature and cytoskeletal restructuring, ultimately leading 

to membrane budding and MV formation (264). Cholesterol is also a critical 

lipid contributor to MV biogenesis (265). Cytoskeletal components, particularly 

the RHO family of small GTPases and RHO-associated protein kinase (ROCK), 

play significant roles in MV formation (266). The cargo of MVs is influenced by 

its proximity to the lipids of the inner leaflet of the plasma membrane, facilitated 

by plasma membrane anchors (palmitoylation, prenylation and myristoylation) 

and the formation of high-order complexes, concentrate them into small 

membrane domains from which new MVs bud (267). However, the targeting 

mechanism of nucleic acids inside MVs and their subsequent delivery to the cell 

surface remains unclear.  

While distinct biogenesis, cargo and composition differences exist among EVs, 

particularly between exosomes and MVs, as discussed in the last part of this 

thesis, debates continue regarding the various subsets of EVs and their 

classification. Consequently, precise isolation and characterization methods are 

crucial in the field to establish clearer classification among EVs. Here, the 

MISEV guidelines (268) should be followed to assure the reproducibility, rigor 

and clarity of any EVs preparation used and/or analysed in any kind of research.  

1.2.2 Extracellular vesicle purification and characterization 

1.2.2.1  Isolation of extracellular vesicles 

Before discussing the state-of-art isolation and purification methods, it is 

important to note that there is currently no gold-standard technology for EVs 

isolation. However, this section will present the relevant methods to this thesis.  

Differential ultracentrifugation (dUC) was one of the first techniques developed 

for EV isolation (Figure 16) (269). Despite its widespread use, dUC can be 
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impractical due to its complexity and the need for specialized equipment, which 

may be unavailable in laboratories with limited resources, especially in low- and 

middle-income countries. The method can be performed varying distinct 

parameters such as rotor selection, washing steps, centrifugal forces, and 

duration, all of which must be adjusted based on sample volume and viscosity 

(270). Typically, initial centrifugations at 400 × g and 2,000 × g are used to 

remove dead cells and cell debris, followed by centrifugation at 10,000 x g to 

isolate apoptotic bodies and larger vesicles. A filtration step through a 0.22 μm 

filter may follow to eliminate particles larger than 200 nm (271). The final step 

involves ultracentrifugation at 100,000 × g to pellet small EVs (exosomes) 

(269), which are then washed and may undergo a second ultracentrifugation at 

100,000 x g (272).  

However, dUC has several drawbacks, including protein aggregation, co-

precipitation of soluble protein contaminants (such as albumin in plasma), and 

potential rupture or fusion, which can affect the physical properties of the 

exosomes and the downstream analysis (273). To address these limitations, 

alternative isolation techniques suitable for small sample volumes are 

recommended.  

More stringent methods can be employed to eliminate soluble contaminants 

and protein aggregates, such as floatation in a density barrier or in a density 

gradient after dUC. These techniques improve EV purity and enable the 

classification of EV subtypes, with exosomes typically having densities between 

1.15 and 1.19 g/ml (Figure 16) (269,274). Such approaches have been utilized 

to study EV heterogeneity and biology. For example, performing a sucrose 

density gradient after dUC can further enhance exosome purity by removing 

protein contaminants (275).  

Density gradient techniques separate EVs based on physical characteristics like 

size and shape, allowing them to migrate to their equilibrium buoyant density 

within a continuous or discontinuous gradient. In a continuous gradient, 

formed by ultracentrifugation of layers containing 5–60% iodixanol, EVs 

migrate to their respective densities, while the discontinuous gradient consists 
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of serial layers of 5 to 60% iodixanol/sucrose maintaining density separation. 

EVs are often found in the 35-40% sucrose layer. Samples can be loaded either 

at the top for upward migration or at the bottom for downward migration. The 

densities of each layer and the solution used (iodixanol or sucrose) are adjusted 

based on the desired EVs subpopulation to be isolated. After EVs separation, 

each fraction must be washed to remove excess solution before further analysis. 

However, this method is time-consuming, requires trained operators, and 

necessitates a specialized ultracentrifuge. 

 Figure 16. Graphical summary of mainly used EV isolation methods. (A) Initial 
sample (B) Ultracentrifugation to pellet EVs, in all variants, from differential 
ultracentrifugation to density gradients (C) Ultrafiltration, (D) size-exclusion 
chromatography (SEC) and (E) asymmetrical flow field-flow fractionation (AF4). (F) 
Precipitation-based isolation and (G) Direct immune-affinity capture (DIC). Reproduced 
from (276). 

In 2014, Böing et al. revisited the use of size-exclusion chromatography (SEC) 

for isolating EVs from biofluids (277). This methodology, originally employed at 

the early studies of EV, was used to demonstrate the presence of EV-

encapsulated proteins distinct from soluble molecules (278). SEC separates EVs 

based on their size as they pass through chromatography columns (Figure 16). 
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These columns yield different elution profiles for EV fractions of varying sizes. 

Constructed from a porous polymer, comprising the stationary phase (gel 

filtration matrix or resin) and the mobile phase. Small particles, such as soluble 

proteins, enter the polymer pores and elute later than EVs, which move more 

quickly due to their inability to enter the pores. 

Since EVs are larger than the polymer pores, they elute more rapidly than 

proteins alone, with larger vesicles eluting faster than smaller ones (279). SEC 

is a scalable time- and cost-effective technique that provides high purity and 

yield of EVs (280). Additionally, compared to other techniques based on the 

precipitation of EVs using various precipitating agents, such as polyethylene 

glycol, SEC minimally alter the characteristics of EVs (281) 

SEC have been used to isolate EVs from various sources, culture supernatant 

(282), urine (283), plasma (284) and, of interest for this thesis, from plasma of 

malaria infected individuals (15). However, soluble protein might elute 

altogether with EVs, but also lipoproteins and protein aggregates tend to elute 

from the chromatography column in (or close to) the EVs enriched fractions. 

This problem can be solved by combining SEC to other methods prior to the 

sample application on top of the column such as dUC or density gradient 

ultracentrifugation. SEC enables the concentration of EVs due to the use of 

ultrafiltration technology. Implementing SEC is relatively straightforward, as its 

bench-top usage is less expensive compared to alternative methods. 

Furthermore, the columns can be reused after washing steps and can also be 

autoclaved (280). Despite these benefits dUC is still the most commonly used 

technique. However, SEC is increasingly being adopted worldwide, and its use 

has grown steadily since 2017 (280).  

In addition to methods that rely on the physical traits of EVs for isolation, as 

previously discussed, there are techniques focused on analyzing and/or 

separation of specific EVs subpopulation based on their surface protein 

expression. This approach relies on interactions between proteins (antigens) 

and their antibodies, as well as specific interactions between receptors and their 

ligands (285). Immunoaffinity methods offer advantages such as rapid 
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processing, simplicity, suitability for small sample volumes, and compatibility 

with standard laboratory equipment (Figure 16). This methodology has been 

adapted to use magnetic beads that can be either covalently coated with 

antibodies directly or with streptavidin, allowing the coupling of any 

biotinylated capture antibody with high-affinity, allowing posterior separation 

from the magnetic bead (286–288). Magnetic beads commercially available, 

directly linked to anti-CD63, -CD9, and -CD81 antibodies either individually or 

in combination, offer effective options for EV isolation (247,289). These beads 

can be immobilized on various carriers such as magnetic beads, ELISA plates, 

or microfluidic devices (290,291). A critical consideration with this approach is 

the incorporation of a prior purification step to eliminate potential 

contaminants, such as antibodies, carriers, or soluble proteins present in the 

sample. This step is particularly important when subsequent functional assays 

are planned, as failure to remove these contaminants could lead to inaccurate 

results. Despite this requirement, immunoaffinity isolation remains an 

excellent option for exploring specific EV populations with distinct biomarkers 

and for identifying the molecular cargo within EVs. Of interest, this technique 

has already been employed in the field of P. vivax malaria research. In our lab, 

we investigated the content of CD71+ EVs, captured using CD71-beads, derived 

from reticulocytes in plasma from P. vivax-infected patients and compared 

them to those from healthy donors (292). This approach enabled the 

identification of parasite proteins associated with EVs in natural infections with 

greater extent than previously reported (15).  

As discussed earlier, there are multiple methodologies for EV isolation, each 

with its own strengths and weaknesses, making the selection of a single method 

challenging. These methods differ in terms of specificity, yield, purity and the 

volumes that be processed. Therefore, it is crucial to determine the intended 

downstream applications or methods used after EVs isolation before selecting 

the most appropriate isolation technique (Figure 17).  
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Figure 17. Graphical summary of separation and isolation techniques of EVs. Techniques are organized top-to-bottom and left-to-
right based on recovery capacity and specificity of the technique. Adapted from (293). 
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1.2.2.2  Characterization of isolated EVs 

After isolating EVs from any biological source, whether from biological fluids or 

cell cultures, it is crucial to characterize the EV preparation. This 

characterization is essential not only to determine the nature, biological 

function, and origin of the isolated EVs but also to quantify their concentration 

and composition for subsequent investigations using functional assays or 

advanced omics techniques. A wide variety of physical and chemical methods 

are currently employed to characterize EV populations.  

One of the main techniques currently used for EV characterization is 

Nanoparticle Tracking Analysis (NTA). NTA assesses the physical 

characteristics of EVs and can discern their concentration and size, classically 

ranging from 10 nm to 2 μm, although newer techniques can measure sizes 

down to 2.5 nm. By tracking the Brownian motion (294,295) of nanoparticles in 

a liquid suspension using a laser, NTA captures the trajectory of EV movement 

(Figure 18). Image processing of this movement correlates with the particles' 

sizes and concentration (296). A key advantage of NTA is its ability to identify 

various EV populations, including smaller particles as well as offering a 

straightforward and rapid analysis method, with the added benefit of sample 

recovery post-measurement (297).  

However, proper NTA analysis requires ensuring no particles are detected 

before sample application by thoroughly washing the measuring cell chamber of 

the equipment. Additionally, correct and appropriate dilution is crucial to match 

the concentration range suitable for the equipment, preventing abnormal 

measurements of EV concentration and size (296). The latest state-of-art NTA 

machines enable the detection of EV-associated antigens through fluorescent 

labelling with antibodies and direct particle labeling using lyophilic dyes 

(298,299).  
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Figure 18. Nanoparticle tracking analysis (NTA). (A) Schematic illustration of the 
NTA rationale to measure the light scattered from particles measured. (B) scattering of 
individual particle imaged. (C) Motion tracked of a single particle. (D) NTA extrapolation of 
size and concentration of measured particles. Reproduced from (300). 

Electron microscopy (EM) is commonly used for the characterization of EV 

structure, morphology, and size. Its use requires specialized equipment and 

trained personnel (301). EM generates images by directing an electron beam 

through the sample, resulting in the production of secondary electrons, which 

are then captured and magnified using various lenses. The two main types of 

EM used for EV characterization include transmission electron microscopy 

(TEM) and cryo-electron microscopy (cryo-EM). The primary difference 

between these techniques lies in the treatment (fixation) and preparation of the 

sample (297). TEM produces images through electron interference as the 

electron beam interacts with the sample. Due to the electron beam's wavelength 

being three orders of magnitude shorter than that of visible light, TEM achieves 

a resolution of about 1 nm (302). Additionally, TEM's capabilities can be 

enhanced by immuno-gold labelling, which aids in the collection of biochemical 

information (303).  

Beyond evaluating EVs based on their size and morphology, examining the 

protein composition within EV preparations is crucial. This is commonly 

achieved through standard colorimetric detection assays, such as bicinchoninic 

acid (BCA) or Bradford assays to quantify protein content. Following protein 

concentration, western blotting is typically performed, employing sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) followed by 

protein staining or immunoblotting to identify specific EV cargo (304).  
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Flow cytometry is a widely employed for analyzing EV surface markers and is 

one of the most commonly used techniques. Moreover, it allows for the 

assessment of size and morphology. Flow cytometers analyze samples by 

capturing scattering and fluorescence signals generated by individual particles 

illuminated by a laser beam passing through a nozzle. However, conventional 

flow cytometers typically have a detection limit of around 300 nm, making 

direct detection of small EVs challenging . To overcome this limitation, newer 

flow cytometers with enhanced sensitivity in forward scatter detection, 

fluorescent amplification, and high-resolution imaging have been developed to 

distinguish stained exosomes from background contaminants (305). 

Nevertheless, these advanced instruments are costly and not commonly found 

in most laboratories. Therefore, the bead-based assay (BBA) is a widely adopted 

alternative, where EVs are coupled to larger beads recognized by fluorescently 

labeled antibodies targeting specific EV markers, allowing for further analysis 

by flow cytometry (269,306). This method overcomes the limitations of 

standard flow cytometers in detecting individual EVs and has been used in 

several studies, where EVs were coupled to 4μm latex beads, enabling the 

detection of surface antigens and efficient characterization of EV preparations 

(15,269,284,306). 

Recent advances in "omic" technologies are becoming increasingly crucial for 

studying the functions and, specially, the molecular composition of EVs (307). 

Techniques such as proteomic, metabolomic, and microarrays have been 

employed for detailed molecular characterization of EVs (308). In recent years, 

2-D gel electrophoresis and mass spectrometry (MS)-based proteomics have 

been applied to the EV field, leading to the discovery of novel signalling and 

secreted proteins with potentially significant physiological roles (309).  

Proteomics can detect proteins at attomole levels, allowing efficient analysis of 

small sample volumes. This process involves the digestion of proteins followed 

by structural characterization using single-stage and tandem MS. The most 

commonly used technique in proteomic analysis of EVs is liquid phase 

chromatography coupled to MS (LC–MS/MS), which combines the physical 
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separation capabilities of chromatography with the mass analysis provided by 

MS (310). This technique is advantageous due to its simplicity and effectiveness 

in analysing hydrophobic and membrane proteins, which are often enriched in 

EVs. Additionally, these emerging "omic" technologies are expected to provide 

valuable insights into the structural features of EVs and aid in the development 

of innovative diagnostic, prognostic, and therapeutic strategies. 

Also, characterization of the RNA cargo of EVs is challenging and highly depend 

on the purification method used. Contaminating RNAs, such as those from the 

FBS in cell culture media, can obscure human-derived RNAs species due to its 

similarity to bovine ones (e.g., miR-122) (311). Despite this, the presence of 

mRNAs, miRNAs and lncRNAs in exosomes and MVs have been consistently 

confirmed using microarrays and RT-qPCR (312–314). More recently, high-

throughput RNA sequencing techniques has identified additional RNA species 

in EVs, including snRNA, snoRNA, piRNA, vault RNA, Y-RNA, scRNA, SRP-

RNA, 7SK-RNA, and various RNA fragments from rRNA and tRNA (315–318). 
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1.3 Extracellular vesicles in malaria 

Research on extracellular vesicle from both host and parasite sources has 

revealed their crucial roles in disease pathogenesis, susceptibility, intercellular 

signaling, and immune responses, in both health and disease (319,320). Since 

the first report on EVs in malaria in 2004 (321) significant progress has been 

made in understanding the role of EVs during the course of the disease. Figure 

19 represents the key milestones in the historical research on EVs in the malaria 

field.  

Figure 19. Key milestones in EV research in malaria. Created with InkScape. 

1.3.1 Biogenesis, uptake and cargo of EVs in malaria 

EVs play a crucial role in the pathophysiology of malaria (322,323). Produced 

by infected red blood cells (iRBCs) and other host cells, the biogenesis pathways 

and triggers for EV formation during Plasmodium infection remain unclear. 

Research suggests that circulating EVs increase with disease severity in malaria-

infected individuals (321,324,325). Although infected red blood cells lack 

canonical vesicular trafficking pathways, they release EVs via an alternative 

endosomal sorting complex required for transport (ESCRT) mechanism (326). 

In P. falciparum, this process is mediated by the ESCRT-III sub-complex, 

involving PfBro1 and PfVps32/PfVps60 proteins, that are essential for the 

formation of exosomes and MVs in iRBCs (327). Further research is needed to 

fully understand these processes and their impact on malaria progression. 
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EVs from P. falciparum-infected red blood cells (Pf-iRBCs) and other host cells 

interact with host cell membranes to deliver cargo or transmit signalling 

(15,328–330). Ofir-Birin et al. developed an imaging flow cytometry method to 

track this internalization, revealing insights into EV-mediated signaling (328). 

P. falciparum exploits host sialylated N-glycans for EV uptake by immune cells, 

but further research is needed to determine if this applies to other host cells 

(331).  

EVs derived from iRBCs with different stages of the malaria parasite display 

varying levels of EV markers compared to uninfected RBCs (332). Those 

originating from Pf-iRBCs are primarily released during later asexual cycle 

stages, originating from specific subdomains within the iRBC (329,333). These 

Pf-iRBC-derived EVs consistently contain a mixture of human and parasite-

derived biomolecules across various parasite strains, including proteins 

associated with RBC membranes (e.g., Maurer's clefts, surface membrane 

proteins, parasitophorous vacuole membrane proteins) and proteins crucial for 

parasite invasion (e.g., erythrocyte-binding antigens, rhoptry proteins) 

(329,333,334). The selective loading mechanisms of certain protein families, 

such as PHIST and Rifin, in late-stage Pf-iRBC EVs suggest a targeted cargo 

delivery process. Conversely, EVs released during early parasite stages carry 

PfEMP1, triggering mild cytokine responses and transcriptional alterations in 

human monocytes, potentially shaping the host-parasite immune interactions 

during infection (322). Neta Regev-Rudzki’s team identified different subtypes 

of EVs released by Pf-iRBCs, varying in size and protein content. Smaller EVs 

(10-70nm) carry proteins related to the complement, while larger EVs ones (30-

300nm) contain functional 20S proteasome complexes (250,330). They also 

exhibit distinct abilities to fuse with early endosomes, suggesting different 

cellular targets (250). Pf-iRBC-derived EVs induce phosphorylation of 

glycophorin A and RBC membrane channels, impacting parasite invasion 

(331,335), though further research is needed to fully understand their 

significance. 
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Research on EVs from both natural P. vivax infections and humanized mouse 

models infected with P. vivax has uncovered several malaria antigens such as 

MSP7, MSP9, Serine-repeat antigen 1, and HSP70. These antigens show 

promise for vaccine development and may serve as biomarkers for hypnozoite 

infection (15,292,336,337). Moreover, MSP1, MSP3, and pHISTc, known for 

their immunogenic properties, have been identified in multiple proteomic 

analyses using varied purification methods and sample sources (15,292,336). 

Additionally, EVs from healthy donors' plasma contain a higher abundance of 

human proteins compared to those from P. vivax-infected patients, suggesting 

a selective sorting mechanism for human protein cargo during vivax malaria 

(15). 

Besides proteins, EVs from Pf-iRBC-derived EVs contain host and parasite RNA 

(338,339) and genomic DNA (340). Among the different RNAs that have been 

reported to be found in Pf-iRBC-derived EVs, two-thirds are from human-origin 

and one-thirds have parasitic-origin, from miRNAs, tRNAs but also snoRNAs, 

snRNAs, rRNAs and piRNAs to even mRNA encoding to exported proteins and 

proteins linked to drug resistance (338,339). Of interest, Plasmodium parasites 

are unable to produce miRNAs (341,342) indicating that miRNAs found in EVs 

during malaria are originated exclusively from the host. However, parasite 

antigens appear to influence the production of the host miRNAs (10,343) which 

subsequently regulate the expression of P. falciparum genes through intricate 

mechanisms (344,345). 

1.3.2  Cell-to-cell communication in malaria 

EVs are crucial mediators of intercellular communication, delivering their cargo 

to recipient cells or interacting with receptors on target cell membranes to 

trigger signaling pathways, even without being internalized 

(14,15,335,338,345,346). Recent studies have highlighted the essential role of 

EVs in various cellular processes during malaria infection. EVs released by Pf-

iRBCs facilitate communication between parasite and host cells. These EVs, 

including MVs and exosome-like vesicles, are internalized by iRBCs, promoting 
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the generation of parasite transmission stages by transferring parasite or host 

factors (Figure 20) (14,328). EVs from Pf-iRBCs can inhibit erythropoiesis in 

vitro, potentially aiding the development of gametocyte stages in immature red 

blood cells (180). Additionally, circulating EVs from P. vivax-infected patients 

signal human spleen fibroblasts, enhancing cytoadherence and contributing to 

the formation of splenic niches in vivax malaria (15). These vesicles also carry 

DNA, which can be transferred to other iRBCs or host cells, impacting parasite 

virulence and host immune responses. For instance, EVs can transfer drug 

resistance genes between parasites, modulate host gene expression through the 

STING-dependent DNA sensing pathway, and present plasmodial antigens, 

influencing immune responses during infection (14,340). 

Figure 20. Overview of effects caused by extracellular vesicles derived from 
infected RBCs. Adapted from Annex I. Created with BioRender. 

Proteomic analysis of late-stage parasite EVs has revealed the presence of 

invasion-related proteins, suggesting roles in antigen presentation and immune 

modulation (328). Furthermore, EVs from severe malaria strains induce 
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stronger monocyte responses than those from non-severe strains, though 

miRNAs seem not to play a major role in this process (347). In vivax malaria, 

patient-derived plasma EVs interact more with spleen cells than those from 

healthy donors, indicating a role in immune modulation (348). Lastly, a 

quorum-sensing role for Pf-iRBC EVs has been proposed, where EVs from high 

parasite density cultures regulate the parasite population (322). Collectively, 

these findings underscore the multifaceted roles of EVs in malaria pathogenesis 

and host-parasite interactions (Figure 20). 

1.3.3 EVs role in malaria pathology: vascular dysfunction, 

severe malaria and placental malaria 

EVs play critical roles in malaria-related vascular dysfunction. Elevated levels 

of red-cell MVs in P. falciparum malaria patients correlate with disease severity 

and vascular issues (325). Spleen clearance significantly contributes to the 

removal of these MVs, as splenectomised patients exhibit increased MV levels. 

MVs from infected red blood cells iRBCs modulate endothelial cell responses, 

leading to altered barrier properties, increased pro-inflammatory cytokines, 

endothelial activation, leakage, and parasite sequestration (345,349).  

Severe malaria, primarily caused by P. falciparum but also by P. vivax and P. 

knowlesi, features vital organ dysfunction, from impaired consciousness, 

acidosis, hypoglycaemia, severe anaemia, renal impairment, jaundice, 

pulmonary edema and bleeding from various sites, all characterized by 

hyperparasitaemia (350). MVs are pivotal in the pathogenesis of cerebral 

malaria, with studies showing reduced MV numbers and procoagulant activity 

in mice lacking the abca1 gene (351). Polymorphisms in the abca1 gene are 

associated with plasma MV levels in malaria patients, influencing disease 

severity (352). EVs loaded with miR-451a and let-7i-5p have shown anti-

inflammatory potential during heme-induced inflammation, correlating with 

reduced P. falciparum counts (353). In cerebral malaria (CM), EVs contribute 

to endothelial activation, adhesion of Pf-iRBCs, and release of endothelial MVs 

(65,321,325,354). Recently, EVs in circulation have been proved to be useful 
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markers for cerebral malaria severity as they do contain transcripts derived 

from cerebral cells, correlating with disease severity (355). These features prove 

their involvement in cell-to-cell interactions, signalling, inflammation, 

coagulation, and vascular function as well as their utility as disease markers. 

Elevated endothelial MVs and TNF-α levels are distinctive in CM and revert to 

baseline post-infection (356). These MVs carry procoagulant and pro-

inflammatory properties, exacerbating endothelial damage. EVs from infected 

RBCs influence microglial gene expression, increasing TNFα and reducing IL-

10, thereby altering immune responses (352,357,358). Finally, during placental 

malaria, active infection is not associated with changes in MV concentrations 

but affects miRNA expression in placental MVs. Specifically, miR-517c, part of 

the C19MC cluster, is overexpressed in mothers with placental malaria and 

linked to increased placental weight, pre-eclampsia, and recurrent spontaneous 

abortion, indicating its potential as a biomarker for placental malaria (359). 

Overall, EVs play multifaceted roles in malaria pathogenesis, influencing 

vascular dysfunction, immune responses, and disease severity across various 

forms of malaria, including cerebral and placental malaria. 

1.3.4  P. vivax-derived EVs and its role in cryptic infections 

In the context of P. vivax and their cryptic niches, a recent study from our group 

utilized circulating EVs from patients infected with P. vivax (PvEVs) to 

investigate their interactions with human spleen cells in vitro. In this study, it 

was possible to identify P. vivax proteins associated with plasma-derived EVs 

from vivax malaria patients using size-exclusion chromatography and mass 

spectrometry (15). This research, also provided insights into the 

pathophysiological processes involving the spleen in vivax malaria (15). This 

study showed that PvEVs were taken up by human spleen fibroblasts (hSFs), 

inducing the expression of ICAM-1 via NF-kB nuclear translocation. Following 

hSF activation by PvEVs, P. vivax-reticulocytes exhibited increased adhesion to 

the stimulated cells with PvEVs (Figure 21) (15). These findings offered new 
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insights into the mechanisms of P. vivax pathology, highlighting the roles of 

cytoadherence and sequestration in the spleen.  

Figure 21. Spleen model of the physiological role of EVs in P. vivax. Circulating 
plasma-derived extracellular vesicles from infected cells (PvEVs) enter the microvasculature 
of the spleen and are uptake by human spleen fibroblasts (hSFs). This event signals NF-kB 
for translocation to the nucleus and transcription of ICAM-1. After translation of ICAM-1 and 
expression at the surface of hSFs, infected reticulocytes bind to these cells in a niche rich in 
reticulocytes (circled) where parasites can invade and multiply. A, arteriole; V, venule. 
Reproduced from (15). 

Regarding the proteomic profiling of the circulating EVs from patients, using 

direct immunoaffinity to capture the specific subcellular population of 

reticulocyte-derived EVs, which express CD71, it was possible to detect a huge 

variety of parasite proteins in those EVs (292).  

Additionally, research using liver-humanized mouse models, which can sustain 

P. vivax infections, has facilitated the study of PvEVs from this source (337). In 

these models, parasite proteins were also identified in EVs from the plasma, 

presenting new avenues for researching biomarkers for vivax liver infection, 

including hypnozoites (337). 
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2.1 Hypothesis 

We hypothesize that during natural P. vivax infections, the spleen and the 

bone marrow constitute cryptic niches favouring the growth and 

differentiation of parasites in these reticulocyte-enriched tissues. In addition, 

we also postulate that this process involves spleen/bone marrow specific 

parasite proteins and that extracellular vesicles facilitate the formation 

of these cryptic erythrocytic niches.  

2.2 Objectives 

The main objective of this project is the identification, validation and functional 

characterization of P. vivax genes whose expression is spleen and bone marrow 

dependent to determine their role during acute vivax malaria infection and to 

unveil the role of extracellular vesicles in these haematopoietic tissues. 

Objective 1: Identification and validation of genes differentially expressed in the 

spleen & bone marrow through global transcriptional and computational 

analysis.  

Objective 2: Generation of P. falciparum transgenic lines, using CRISPR/Cas9 

technology, expressing some of those genes. 

Objective 3: Functional characterization of P. vivax genes preferentially 

expressed in the human spleen and bone marrow and the role of extracellular 

vesicles in these haematopoietic tissues 
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3.1 Article 1: Plasmodium vivax spleen-

dependent genes encode antigens associated 

with cytoadhesion and clinical protection  

Objective 1: Identification and validation of genes differentially expressed in the 

spleen & bone marrow through global transcriptional and computational 

analysis. 

Title: Plasmodium vivax spleen-dependent genes encode antigens associated 

with cytoadhesion and clinical protection. 

Authors: Carmen Fernandez-Becerra, Maria Bernabeu, Angélica Castellanos, 

Bruna R. Correa, Thomas Obadia, Miriam Ramirez, Edmilson Rui, Franziska 

Hentzschel, Maria López-Montañés, Alberto Ayllon-Hermida, Lorena 

Martin-Jaular, Aleix Elizalde-Torrent, Peter Siba, Ricardo Z. Vêncio, Myriam 

Arevalo-Herrera, Sócrates Herrera, Pedro L. Alonso, Ivo Mueller, Hernando A. 

del Portillo. 

Journal: Proceedings of the National Academy of Sciences of the United States 

of America. 

Year: 2020 

Volume: 117 

Issue: 23 

Pages: 13056 – 13065 

Impact Factor: 11.1 

Quartile and Research area: Q1 Multidisciplinary Sciences. 

DOI: https://doi.org/10.1073/pnas.1920596117 
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3.2 Article 2: Plasmodium vivax spleen-

dependent protein 1 and its role in extracellular 

vesicles-mediated intrasplenic infections 

Objective 2: Generation of P. falciparum transgenic lines, using CRISPR/Cas9 

technology, expressing some of those genes. 

Objective 3: Functional characterization of P. vivax genes preferentially 

expressed in the human spleen and bone marrow and the role of EVs in these 

haematopoietic tissues. 

Title: Plasmodium vivax spleen-dependent protein 1 and its role in extracellular 

vesicles-mediated intrasplenic infections. 

Authors: Alberto Ayllon-Hermida, Marc Nicolau-Fernandez, Ane M. 

Larrinaga, Iris Aparici-Herraiz, Elisabet Tintó-Font, Oriol Llorà-Batlle, Agnes 

Orban, Maria Fernanda Yasnot, Mariona Graupera, Manel Esteller, Jean 

Popovici, Alfred Cortes, Hernando A. del Portillo, Carmen Fernandez-Becerra. 

Journal: Frontiers in Cellular and Infection Microbiology. 

Year: 2024 

Volume: 14 

Issue:  

Impact Factor: 5.7 

Quartile and Research area: Q1 Infectious Diseases. 

DOI: https://doi.org/10.3389/fcimb.2024.1408451 
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3.3 Article 3: Morphological and 

Transcriptional Changes in Human Bone Marrow 

During Natural Plasmodium vivax Malaria 

Infections 

Objective 1: Identification and validation of genes differentially expressed in the 

spleen & bone marrow through global transcriptional and computational 

analysis. 

Title: Morphological and Transcriptional Changes in Human Bone Marrow 

During Natural Plasmodium vivax Malaria Infections. 

Authors: Marcelo AM Brito, Bàrbara Baro, Tainá C Raiol, Alberto Ayllon-

Hermida, Izabella P Safe, Katrien Deroost, Erick F G Figueiredo, Allyson G 

Costa, Maria del P Armengol, Lauro Sumoy, Anne C G Almeida, Bidossessi W 

Hounkpe, Erich V De Paula, Cármen Fernandez-Becerra, Wuelton M Monteiro, 

Hernando A del Portillo, Marcus V G Lacerda. 

Journal: The Journal of Infectious Diseases. 

Year: 2022 

Volume: 225 

Issue: 7 

Pages: 1274-1283 

Impact Factor: 8.4 

Quartile and Research area: Q1 Infectious Diseases. 

DOI: https://doi.org/10.1093/infdis/jiaa177  
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3.4 Article 4 (Unpublished): Transcriptional 

analysis of Plasmodium vivax during acute 

infections in the human bone marrow 

Objective 1: Identification and validation of genes differentially expressed in the 

spleen & bone marrow through global transcriptional and computational 

analysis. 

Title: Morphological and Transcriptional Changes in Human Bone Marrow 

During Natural Plasmodium vivax Malaria Infections. 

Authors: Alberto Ayllon-Hermida, Marcelo A. M. Brito, Bàrbara Baro, 

Marcus V. G. Lacerda, Lauro Sumoy, Hernando A. del Portillo, Carmen 

Fernandez-Becerra. 

Journal: - 

Year: - 

Volume: - 

Issue: - 

Pages: - 

Impact Factor: - 

Quartile and Research area: - 

DOI: -  
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Vivax malaria, a classically neglected disease 

Classically, P. vivax malaria has been considered to be a “benign” or mild 

infection, and even to date, this misconception still prevails. One of the main 

reasons for this idea is the extremely low peripheral blood parasitaemia and self-

limiting infection found in circulation, especially when comparing it to P. 

falciparum infection, where blood parasitaemia is clearly higher (73,360). In 

semi-immune individuals, parasitaemia is reduced to levels that are 

undetectable by standard methods (sub-patent), and acute illness is uncommon. 

In acute P. vivax malaria, sub-patency is not merely due to low parasitaemia but 

also results from parasite biomass that remains concealed beyond the vascular 

system (360). Even in severe and complicated cases of acute P. vivax malaria, 

parasitaemia is typically minimal (361). This species is not inherently mild, but 

rather elusive and subtly dangerous.  

Despite any clinical data demanding our attention to this disease, is the re-

appearance of P. vivax in geographic areas where efficient and effective 

measures to control P. falciparum malaria are being displayed what should also 

drive our attention towards this neglected parasite (3). Furthermore, there have 

been reports of outbreaks of P. vivax occurring occasionally in zones with 

favourable conditions to have seasonally abundance of anopheline mosquitoes, 

like Greece, the Republic of Korea or even the United States (362–366).  

On the other hand, it has been always believed that P. vivax is absent in West, 

Central and Tropical Africa, where the Duffy-negative blood group, which have 

been fixed in around 95-100% of the population (34,367). The absence of the 

Duffy antigen/chemokine receptor (DARC) characteristic of this blood group, 

prevent the interaction between the antigen and the parasite Duffy-binding 

Protein (PvDBP), which is crucial for the infection of P. vivax (368). However, 

several recent reports indicate that P. vivax is circulating in Sub-Saharan 

countries with high prevalence of Duffy-negative population (32,369–372), 

which recently have been attributed to transient expression of Duffy antigen in 
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Duffy-negative individuals, explaining the susceptibility to P. vivax, which is a 

major implication and challenge for P. vivax malaria eradication (373). 

Considering all these facts, it is critical to gain better understanding of the 

mechanisms for the parasite sub-patency, which maintain the ability of 

transmission (3), in an everyday more globalised world.  

P. vivax cryptic infections 

For decades, the hypnozoite (from the Greek words hypnos – sleep – and zoon 

– animal) stage in the liver has been considered to be the only cryptic stage of 

Plasmodium vivax and moreover the solely contributor for clinical relapses 

(50,158). Krotoski and Garnham attributed the phenomenon of extended 

prepatent periods and periodic reappearance of detectable P. vivax parasites in 

circulation by microscopy to an activation of quiescent hepatic hypnozoites (50).  

Malaria relapses occur at varying intervals after initial inoculation of the 

parasite and subsequent infection and pose one of the main challenges in the 

study and prediction of malaria epidemiology (49). Relapses are solely 

originated from dormant hypnozoites in the case of P. vivax and P. ovale in 

humans. This trait makes P. vivax particularly predominant of persistent 

malaria diseases in regions of Asia, Central and South America and the oriental 

region of Africa (374). It is believed that P. vivax strains from different 

geographical areas have distinct relapse timing, being longer in temperate 

regions, where relapse time might occur around 6-12 months post infection 

(375). However, the epidemiology of these different relapse patterns and the 

factors triggering them are not well understood yet. This lack of knowledge is a 

significant gap and entangles malaria control and elimination strategies, given 

the potential for transmission across diverse environmental conditions. 

Though, the paradigm of the exclusivity of the hypnozoite as unique contributor 

for clinical relapses and maintenance of infectivity and transmission of malaria 

parasites have been questioned for a couple of decades already.  
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Several studies have suggested the existence of non-hypnozoite stages that 

persist longer than the acute phase of malaria. In endemic regions, it is common 

to find Plasmodium species, including those not known to relapse, in the blood 

of individuals who remain asymptomatic for extended periods (55,187,376).  

Cryptic niches: The spleen 

The spleen is a complex organ perfectly adapted to filter and destroy senescent 

RBCs, infectious microorganisms and Plasmodium-parasitized RBCs during 

malaria disease (187,376). Del Portillo and Fernandez-Becerra have been 

working for long time in the role of the spleen during cryptic infection of P. 

vivax. What started as a hypothesis, later was proved to be right. It was believed 

that P. vivax primarly causes infection of hematopoietic tissues rich in 

reticulocytes, such as the bone marrow and the spleen (73,377). Science 

advances sometimes occur just by pure serendipity, and back in 2012, del 

Portillo and Fernandez-Becerra had one of these lucky moments when they 

bumped into a 19-year-old individual that suffered from a traffic accident which 

caused him to undergo splenectomy surgery to later find out that he was infected 

with Plasmodium vivax  (9). The spleen of the boy was analysed and showed 

incredibly amounts of intact P. vivax-infected reticulocytes. This initial 

observation led to hypothesize that the spleen might be a cryptic niche were the 

parasite accumulate during vivax malaria (9).  

Later, Steven Kho and the group of Nicholas Anstey had made a major 

contribution to the field thanks to their research in the examination of spleen in 

Papua New Guinea, confirming that the initial hypothesis was indeed correct 

(8,13,184). This caused a shift in the paradigm of how P. vivax infection is seen 

as know it is clear that what we see in circulation is just the tip of the iceberg 

(3,184). However, a major key gap in the mechanistic of how this gathering of 

the parasite inside the spleen was occurring.  

To solve this, we utilized experimental infection of Aoutus monkeys (378) 

similarly to what was done previously by Barnwell and collaborators (379). As 

shown in the first paper of this thesis, using custom microarray representing all 
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coding genes of the Salvador I reference strain and then deploying two distinct 

algorithms to asses expression of those genes, enabled us to generate a list of 

genes whose expression was dependent of an intact spleen in experimental 

infection of P. vivax. Interestingly, it was found that VIR14 (PVX_108770) was 

clearly upregulated upon infection of spleen-intact monkeys and moreover, 

using transgenic P. falciparum parasites expressing this VIR protein, it was 

proven that this protein was mediating the cytoadherence to human spleen 

fibroblasts (hSFs) (378). From the detected spleen-dependent genes, many of 

the detected transcripts belonged to the vir multigenic family, pvfam or 

predicted exported proteins, which have been proven before to be playing a role 

in immune evasion, antigenic variation and cytoadherence (100,105,107,189). 

All these findings, together with the previously available data and reports 

(8,9,184), clearly shows the key role of the spleen as an important contributor 

for maintaining asexual multiplication of the parasite inside the organ.  

Interestingly, from this same work, and based on evidences on possible clinical 

protection conferred by higher titters of antibody against a hypothetical P. vivax 

spleen-dependent protein (PVX_114580), we deepen into the characterization 

of this protein in the second paper presented in this thesis (226). PVX_114580 

is completely conserved across P. vivax isolates from regions including 

Mauritania, North Korea, India, and Brazil, and shows up to 90% conservation 

among other Plasmodium species. These findings underscore the potential of 

this hypothetical P. vivax spleen-dependent gene (PVX_114580) protein as a 

promising target for vaccines aimed at the asexual blood stages of P. vivax.  

Through the characterization of the PVX_114580, which we proposed to be 

named P. vivax spleen dependent protein 1 (PvSDP1), we were able to observe 

how EVs from natural infections facilitate parasite binding to hSFs. To be able 

to functional characterize this protein we use CRISPR/Cas9 genome editing 

technology to achieve so. This technology implementation has advanced 

significantly our knowledge of malaria parasites biology (208,380), even in 

studying P. vivax genes have been studied, like the CSP protein of P. vivax for 

the sporozoite formation and infectiveness (203,225). The PvSDP1 stands out 
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as an excellent potential vaccine, both because of what we have shown in the 

first paper of this thesis (378) regarding its association with protection against 

clinical manifestation of vivax malaria, its conservation among P. vivax strains 

and other Plasmodium species and its surface localization in natural isolates 

from Cambodian patient (226). Also, its role in cytoadhesion of the transgenic 

parasites to hSFs enhances the importance of spleen-dependent genes in this 

phenomenon, as reported in this thesis and previously (105,378).  

Multigenic families with cytoadhesive or binding properties have been 

described in P. falciparum, like the well-studied PfEMP1 (66,88,89), but also in 

other infectious entities, like bacterial Babesia bovis (381), Mycoplasma 

hyoshinis (382) or Neisseria spp (383,384) to Trypanosoma brucei DNA 

binding capacity (385). Cytoadhesion was classically questioned to be occurring 

in P. vivax infection as all parasite stages were found in circulation, to 

opposition to mainly ring-staged parasite found in P. falciparum malaria. 

However, this dogma has been constantly questioned since first evidences of 

vivax parasite cytoadhering to lung endothelial cells, brain endothelial cells and 

placental cryosections (189). This cytoadhesion, in the case of P. vivax, enable 

and mediated the parasite accumulation found in the spleen (8,9), mainly by vir 

and other genes, whose expression its dependent of the spleen (105,226,378).  

Cryptic niches: The BM 

Regarding the bone marrow, and although P. vivax presence in the organ was 

first noted in 1894 (25), research on parasites in this tissue has been limited and 

sometimes contradictory. Initial observations reported specific morphological 

changes and nuclear abnormalities in the erythroblasts during vivax infections 

(386). However, a detailed ultrastructural examination of bone marrow samples 

from children with severe anaemia did not detect parasites in this tissue (181). 

But more recently, our group made the first unequivocal confirmation of the 

presence of P. vivax parasite in the BM of an infected individual (10). This trait 

was also confirmed in experimental infection of monkeys, confirming that the 

BM is a major parasite reservoir (12).  
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From the work of Baro in our group, it was proven that P. vivax can be found in 

the bone marrow during an active infection and, similar to P. falciparum, act as 

a niche for gametocyte production and maturation and as reservoir for vivax 

malaria (10). Gametocytes in P. vivax malaria appear in peripheral blood before 

the onset of any clinical manifestation, and also, the presence of asymptomatic 

patients, may serve as reservoir capable of maintaining transmission (4). But 

more interestingly, it was found that the presence of P. vivax in the bone marrow 

of the patient analysed in that project was associated with transcriptional 

changes of miRNAs involved in erythropoiesis (10).  

This observation has been confirmed and further investigated in the third paper 

presented in this thesis (387). In our study, 3 of the 7 patients showed a 2-3-fold 

enrichment of parasites in the BM compared to PB. We were also able to notice 

a tendency for an increase in rings, schizonts and gametocytes in the tissue when 

compared to BM. However, due to the frequently low levels of parasitaemia of 

vivax malaria patients, it was difficult to make an accurate counting and would 

be necessary to generate antibodies or identify specific molecular markers to 

each parasite stage to accurately quantify P. vivax gametocytes stages. Also, no 

nucleated cells were observed to be infected by P. vivax, which has been 

previously documented (388). In our paper, not just we were able to confirm the 

enrichment of parasites in the BM, but also we were able to further investigate 

the affectation in erythropoiesis suffered by vivax malaria patients. Through a 

RNAseq, we detected down-regulation of major erythroid maturation related 

genes like the gata1, nfe, tal1 and arid3a. We concluded that during active P. 

vivax infections, parasites are consistently present in the bone marrow and 

cause dyserythropoiesis and ineffective erythropoiesis, regardless of whether 

the patient is anaemic. These abnormalities are associated with transcriptional 

changes in immune-related and erythropoietic-related genes, apparently driven 

by the downregulation of GATA-1. A major question arose from this paper and 

is why P. vivax targets CD71+ reticulocytes, which are primarily found in the 

BM, while simultaneously inducing erythropoietic defect during infections 
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Using this same RNAseq data, but now focusing in the parasite transcriptome 

present in the BM, we revealed crucial insights into the transcriptional 

landscape of the parasite within this niche (unpublished data, article 4).  The 

analysis of 5,361 Plasmodium vivax genes in the BM confirms the active 

metabolic and replicative state of the parasite within this hematopoietic tissue, 

supporting the presence of both asexual life cycle and gametocytogenesis in the 

BM (10,387). This aligns with earlier studies that identified Plasmodium 

gametocytes in the BM in both rodent models and humans (10,389). 

Specifically, our findings reveal that P. vivax gametocytes are actively produced 

in the BM during infection, as indicated by the expression of gametocyte-

specific genes (unpublished data, article 4). However, the variability in gene 

expression patterns among patients suggests differences in infection stages or 

immune responses. The detection of gametocyte specific genes, not only prove 

the presence of the parasite but detecting transcripts like the pvs25 or the 

pvs80, which are ookinete proteins, confirm the strong translational control 

that the malaria parasite has, delaying the translation of transcribed genes to 

the moment when they are necessary (390).  

Furthermore, our study identified 116 genes preferentially expressed in the BM 

compared to peripheral blood (16), many of which belong to the vir superfamily. 

These genes, as stated before, are known for their roles in immune evasion and 

antigenic variation, as well as cytoadhesion (105,378), underscoring the 

complexity of P. vivax interactions within the BM. The presence of these vir 

genes, particularly those predicted to have membrane localization, highlights 

their potential role in host-parasite interactions and suggests that the BM 

environment may uniquely influence their expression. Additionally, several 

genes identified in our study, such as the cysteine repeat modular protein 2 

(PVX_096410) and PHIST (PVX_121865) superfamily proteins, were 

previously reported, in the first paper of this thesis (378) and in Sà and 

colleagues work (378,391), reinforcing their importance in the life cycle and 

pathogenicity of P. vivax.  
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Considering both cryptic niches, the bone marrow and the spleen, P. vivax life 

cycle as well as their pathways for physiopathology must be revisited.  It is now 

evident that P. vivax has developed a cryptic erythrocytic infections within the 

BM and the spleen, with splenic infection gathering nearly 90% of the total 

parasite biomass during natural chronic infections, mainly harbouring asexual 

blood stages (184), and the bone marrow serving primarily as a niche for 

gametocytogenesis (10)(unpublished data, article 4).  

Furthermore, and thanks to the transcriptomics analysis from both the spleen 

and the BM we have performed in this thesis, the vir multigenic family stands 

out as a key player for this interaction. This multigenic family, found in the sub 

telomeric region of the parasite chromosomes (5,103), have been demonstrated 

to play a crucial role in cytoadhesion and immune evasion (105). Of interest, and 

in contrast to P. falciparum var genes, more than one vir gene is expressed at 

any time (6,107), increasing the capability of the parasite to evade immune 

response, maintaining parasitaemia.  

However, and knowing that vir genes might have other subcellular localizations 

other than in the membrane of the iRBCs (100,105), its crucial in the near future 

to investigate in depth the vir genes detected in both transcriptomics analysis 

performed in this thesis (378,387), as other functions rather than cytoadhesion 

and immune evasion might be done by proteins of the VIR family. To do so, 

CRISPR/Cas9 genome editing turns into a key tool for investigating this. It has 

been demonstrated the usefulness of this molecular technique to generate 

transgenic lines of Plasmodium parasites expressing P. vivax genes (225,226), 

but unfortunately, it is not trivial.  

Lacking a robust in vitro continuous culture for P. vivax parasite, transfection 

of culturable P. falciparum parasites emerged as the way to proceed. In this 

thesis we faced the struggle to generate efficient transgenic parasite, as we have 

not been able to create P. falciparum expressing BM-dependent genes from 

vivax malaria parasite, something that have been also reported in the literature 

(203). Some questions arose from this failure, like up to what extent P. 

falciparum is able to recognize P. vivax genes, transcribe them and efficiently 
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translate the mRNAs. Not only that proteins might not be properly exported, 

trafficked and displayed at the correct subcellular localization, but also the fact that 

the generated protein might be toxic or harmful for the parasite due to unknown 

reasons, possibly explaining the constant failure to produce stable transgenic lines 

expressing P. vivax genes we have faced with the BM-dependent genes 

(unpublished data, article 4).  

In the near future, alternative approaches are going to be explored, basically 

using a recipient specie of parasite more phylogenetically close to P. vivax, P. 

knowklesi. The use of the recently culture-adapted simian parasite (392) to 

generate parasites expressing P. vivax genes using CRISPR/Cas9 have been 

achieved already (222,393), opening new perspectives and tools for the 

functional characterization of the BM-dependent genes.  

The role of EVs for P. vivax infection 

Prokaryotes and eukaryotes have several strategies for cell-to-cell 

communication. Bacteria are in coordination among them by quorum sensing 

through the measurement of the environment and adapting their behaviour to 

their population density, as well as to others species growth (394,395). 

Eukaryotic cells can communicate among them using soluble factors like 

cytokines or hormones, and, of our particular interest, extracellular vesicles. All 

these messengers can have an effect over the producer cell itself (autocrine), 

surrounding cells (paracrine) or reach distant cells through circulation 

(endocrine).  

EVs have been shown to be excellent intercellular communicators in 

physiological condition as in disease pathogenesis, susceptibility, intercellular 

signalling and immune responses (228,319,320). For example, in the context of 

cancer, it has been shown that EVs are involved in the metastastic niche 

organization and promotion (263,396). When looking into parasitic diseases, 

EVs have been described to be produced by either parasite cells itself or 

parasitized cells in many infections from protozoa parasites (Plasmodium spp., 

Toxoplasma gondii), kinetoplastids (Tripanosoma spp. and Leishmania spp., 



Discussion 

 
194 

etc.) and helminths (Fasciola spp., flatworms and roundworms) (319). Malaria 

EVs derived from these infections have been proved to be excellent intercellular 

communicators, not just among parasites (14,329), but also with the human 

host (323,357), always being an excellent source for potential biomarker 

discovery source (292,336,397). In this thesis we also investigated the role of 

EVs in the formation of this cryptic niches, through analysing its role for 

facilitating parasite cytoadhesion to splenic cells (226).  

Using single-cell RNA sequencing anaylisis we were able to characterize the 

response of hSFs to PvEVs. The increasement of expression levels of adhesins 

like cd36, icam1, thbs1, cd44 or genes like fgf8 revealed that EVs from natural 

infection not just interact with hSFs, but facilitates the binding of P. vivax-

infected reticulocytes to these cells, favouring the formation of intrasplenic 

niches, avoiding splenic clearence of parasitized reticulocytes.  

This observation was made previously in our group (15), but here we were able 

to have the complete picture of this phenomenon (226). The over-expression of 

important molecules (188,398–403) in the context of malaria produced by the 

stimulation caused by PvEVs highlights the crucial role that those particles 

might be having in the organ to produce and, in some ways, prepare the cryptic 

splenic niche. Here we only assessed the effect of these cells over a specific type 

of splenic cells, but in the near future will be crucial to further investigate of 

those EVs in other cell type from the organ, from endothelial and vascular cells 

to immune cells homed in the white pulp of the spleen. So far, we have been able 

to test the effect of PvEVs over an immortalized hematopoietic cell line (Bel-A). 

Preliminary results shown downregulation of genes involved in erythropoiesis 

and haemoglobin synthesis, however further validations need to be performed 

(data not shown, unpublished).  

Then, considering the importance of EVs during malaria infection, the effect in 

gametocytogenesis that has been reported before (14,329) and the over 

representation of gametocytes we found and described in this thesis, is easy to 

hypothesise that this phenomenon might be regulated and promoted via EVs. 

Future studies characterising EVs from the BM will help the scientific 



Discussion 

 
195 

community to clarify the mechanisms underlaying the complex and regulated 

process of gametocytogenesis.  

In the field of EV research there is a continuous discussion about the different 

existing subsets or subpopulation of EVs, mainly caused by the heterogenicity 

in both cells producing the vesicle as well as cargo, size and composition. By 

using direct immunocapture of specific subpopulation of reticulocyte-derived 

EVs we were able to increase the binding of our transgenic line to hSFs (226). 

This technique has enabled in the past our group to increase parasite protein 

detection in EVs (292), and considering the increasement on the effect we 

observed here, it is easy to think that previous mechanistic studies might be 

limited due to the above commented heterogeneity of EVs, especially those 

derived from plasma of infected individuals, where virtually all cells from the 

host might be shedding EVs into the fluid, thus, masking the effect of a specific 

subpopulation of EVs.  

Improvement and implementation of new isolation techniques for specific 

subpopulation of EVs interesting for a particular reason is a must, and this 

thesis we have used this rationale to enrich in reticulocyte-derived EVs. Besides 

isolation methods, a universal marker for EVs characterization is yet to arrive, 

and at the same time, tremendously challenging to achieve, since each vesicle 

reflect the content and diversity of the producer cell. Synthenin-1 have been 

reported to possibly be a universal marker for EVs despite its origin (404), yet, 

in our group, we have experienced troubles to identify this protein in western 

blot analysis.  

Limitations & Summary 

During this thesis, some limitations have been noticed, and some of them have 

been commented so far. First, not being able to generate stable transgenic line 

expressing BM-dependent genes have been compromising the characterization 

of more P. vivax genes, thus, slowing the advance in gaining better 

understanding about the function of those genes in the BM. Also, the 

comparison we have performed in the transcriptome of the parasites from the 
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BM has to be carefully considered, as unfortunately we were not able to compare 

peripheral blood parasites with bone marrow parasites from the same patient, 

as blood samples from the same patients was impossible to be collected, which 

forced us to compare our results with previously available PB parasites 

transcriptome. Finally, and considering the limitation of the lack of an in vitro 

culture for P. vivax, always forces us to work with transgenic parasites, which 

might be affecting the observed function of the characterized genes. 

Altogether, in this thesis we explored the complex relationship between P. vivax 

and its host, elucidating some mechanisms underlaying the infection process. 

The importance of vir multigenic families have been widely commented in this 

thesis, in both hematopoietic organs, the spleen and the BM. The expression of 

this multigenic family, being affected by the parasite organ of origin highlights 

its role in the formation of the cryptic niches. PVX_108770 VIR14 and 

PVX_114580 PvSDP1 proteins have been shown to mediate the cytoadherence 

to hSFs, contributing to the formation of the splenic cryptic niche. Then, it is 

clear now that EVs are facilitating the formation of the splenic niche via 

stimulating the expression of adhesins by the splenic fibroblasts. The great 

overrepresentation of vir genes in the BM insinuates the function of those genes 

for the BM cryptic niche, however we have not been able to achieve functional 

characterization of any BM-dependent gene. To finish, both organs, the spleen 

and the BM needs to be further investigated, but for sure, taken into 

consideration when deploying future control and elimination strategies to face 

Plasmodium vivax malaria. 
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The main conclusions deduced from this thesis are as follows: 

1. The spleen plays a major role in modulating the expression of certain 

parasite genes, controlling its transcription. In total, 67 coding genes, 

largely located at subtelomeric regions, are dependent on the spleen for 

expression and such antigens are targets of naturally acquired immune 

responses.  

2. PVX_108770 (VIR14), presented the highest positivity of all antigens 

tested against sera from children from Papua New Guinea. 

Furthermore, this protein mediate adhesion to spleen fibroblasts. 

3. When adjusting for difference in exposure, children with antibodies 

against the PVX_114580 (PvSDP1) showed significant association with 

protection against clinical P. vivax episodes during follow-up. 

Furthermore, this protein in highly conserved among P. vivax strains 

and other Plasmodium species.  

4. Using CRIPSR/Cas9 to edit P. falciparum to express vivax malaria gene 

PVX_114580 allowed us to functional characterise the protein, showing 

its membrane localization, both in the transgenic line as well as in P. 

vivax field isolates.  

5. PvSDP1 protein is a ligand in interactions with human spleen 

fibroblasts. Moreover, such interactions are increased after human 

spleen fibroblasts stimulation with circulating extracellular vesicles 

from P. vivax infected patients.  

6. Extracellular vesicles from P. vivax natural infections interact with 

human spleen fibroblasts, increasing the expression of cell adhesins, 

thus facilitating binding of Plasmodium vivax-infected reticulocytes 

and formation of intrasplenic niches.  

7. P. vivax parasites are found in the bone marrow and induce 

dyserythropoiesis and ineffective erythropoiesis, independently of 

patients’ anemic status. Such defects are related to transcriptional 
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changes affecting immune-related as well as erythropoietic-related 

genes like gata1, nfe, tal1, or arid3a, down-regulating its expression.  

8. Transcriptomic analysis of bone marrow parasites revealed expression 

of gametocyte specific markers among top 50 expressed genes in the 

tissue, indicating residence and active transcriptional status of 

Plasmodium vivax gametocytes. 

9. A total of 116 parasite genes were preferentially expressed in the bone 

marrow compared to previously available transcriptome from 

peripheral blood parasites, with a substantial portion belonging to the 

vir superfamily.  
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7. ANNEX I 

As part of my PhD, I’ve also participated in the following publications: 

1. Title: Extracellular vesicles in malaria: proteomics insights, in vitro and 

in vivo studies indicate the need for transitioning to natural human 

infections 

Authors:  Nuria Sima*, Alberto Ayllon-Hermida*, Carmen Fernandez 

Becerra, Hernando A Del Portillo (*Equal Contribution) 

Journal: mBio (Under revision) 

Year: 2024 

Impact Factor: - 

DOI: -  

Abstract: 

Globally, an estimated 2.1 billion malaria cases and 11.7 million malaria 

deaths were averted in the period 2000–2022. Noticeably, in spite of 

effective control measurements, in 2022 there were an estimated 249 

million malaria cases in 85 malaria endemic countries and an increase 

of 5 million cases compared with 2021. Further understanding the 

biology, epidemiology, and pathogenesis of human malaria is therefore 

essential for achieving malaria elimination. Extracellular vesicles (EVs) 

are membrane-enclosed nanoparticles pivotal in intercellular 

communication and secreted by all cell types. Here, we will review what 

is currently known about EVs in malaria, from biogenesis and cargo to 

molecular insights of pathophysiology. Of relevance, a meta-analysis of 

proteomics cargo, and comparisons between in vitro and in vivo animal 

studies revealed striking differences with those few studies reported 

from patients. Thus, indicating the need to transitioning to human 

infections to elucidate their physiological role. We conclude with a focus 

on translational aspects in diagnosis and vaccine development and 

highlight key gaps in the knowledge of EVs in malaria research. 
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Abstract: 

Introduction: Extracellular vesicles (EVs) are lipid bilayer membrane-
enclosed nanoparticles, secreted by all cell types. Information regarding 
EVs and their molecular cargo in gestational parasitic infections, 
particularly those caused by Plasmodium and soil-transmitted 
helminths (STH), remains largely unexplored. This study aimed to 
perform isolation and molecular characterization of plasma-derived 
EVs from Colombian pregnant women and compare quantity, size, 
concentration and protein cargo of those EVs according to the infectious 
status, to investigate if parasite-derived proteins could be detected as 
biological cargo of circulating EVs of pregnant women infected with 
Plasmodium, STH and co-infections. Thus, after isolation of circulating 
EVs, we compared their quantity, size, concentration and protein cargo 
according to the infectious status.  
Material and methods: A descriptive study with 5 groups was 
performed: 1) Pregnant women with Plasmodium infection (n=10). 2) 
Pregnant women with STH infection (n=14). 3) Pregnant women with 
coinfection Plasmodium and STH (n=14). 4) Pregnant women without 
infection with Plasmodium nor STH (n=10). 5) Non-pregnant women 
without infection with Plasmodium nor STH (n=6). Plasma-derived EVs 
were isolated by size exclusion chromatography (SEC) and fractions 
containing EVs identified by a bead-based flow cytometric assay for 
tetraspanin CD9; the size and concentration of EVs were quantified by 
nanoparticle tracking analysis, and proteins associated with EVs were 
identified by liquid chromatography-mass spectrometry (LC-MS) in a 
pool of samples per study group.  
Results: There were no statistical differences in expression of the CD9 
EVs marker among study groups. The size range of EVs was more 
variable in the three infected groups (100-700 nm) compared to the size 
range of the uninfected groups (50-300 nm). A total of 823 quantifiable 
proteins with measurable abundance values were identified within the 
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five study groups by LC-MS. Of the total quantifiable proteins, 758 were 
identified as human, six proteins pertained to P. vivax, fifteen to 
Trichiuris trichiura, and one to hookworms. Data are available via 
ProteomeXchange with identifier PXD051270.  
Discussion: This is the first study that identifies proteins from 
Plasmodium and STH in EVs isolated from pregnant women. The 
identification of such proteins from neglected tropical parasites 
accounting for a major burden of disease worldwide, open the 
possibilities of studying their physiological role during infections as well 
as exploring them for antigen discovery, vaccine development and 
biomarker discovery. 
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Abstract: 

Extracellular vesicles (EVs) released by virus-infected cells have the 
potential to encapsulate viral peptides, a characteristic that could 
facilitate vaccine development. Furthermore, plasma-derived EVs may 
elucidate pathological changes occurring in distal tissues during viral 
infections. We hypothesized that molecular characterization of EVs 
isolated from COVID-19 patients would reveal peptides suitable for 
vaccine development. Blood samples were collected from three cohorts: 
severe COVID-19 patients (G1), mild/asymptomatic cases (G2), and 
SARS-CoV-2-negative healthcare workers (G3). Samples were obtained 
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at two time points: during the initial phase of the pandemic in early 
2020 (m0) and eight months later (m8). Clinical data analysis revealed 
elevated inflammatory markers in G1. Notably, non-vaccinated 
individuals in G1 exhibited increased levels of neutralizing antibodies at 
m8, suggesting prolonged exposure to viral antigens. Proteomic 
profiling of EVs was performed using three distinct methods: 
immunocapture (targeting CD9), ganglioside-capture (utilizing Siglec-
1) and size-exclusion chromatography (SEC). Contrary to our 
hypothesis, this analysis failed to identify viral peptides. These findings 
were subsequently validated through Western blot analysis targeting the 
RBD of the SARS-CoV-2 Spike protein’s and comparative studies using 
samples from experimentally infected Syrian hamsters. Furthermore, 
analysis of the EV cargo revealed a diverse molecular profile, including 
components involved in the regulation of viral replication, systemic 
inflammation, antigen presentation, and stress responses. These 
findings underscore the potential significance of EVs in the 
pathogenesis and progression of COVID-19. 
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Also, as part of this PhD, and in collaboration with the group of Prof. Dr. Bernd 

Giebel, at the Universitätsmedizin Essen, a collaborative project for antigen 

discovery of P. vivax for vaccine development using extracellular vesicles was 

done.  

4. Title: Antigen discovery and their expression in extracellular vesicles 

for vaccine development against Plasmodium vivax. 

Authors: Alberto Ayllon-Hermida, Yanis Mouloud, Ali Al-Jipouri, 

Carmen Fernandez Becerra, Bernd Giebel, Hernando A Del Portillo 

Journal: Manuscript in preparation 

Year:2024 

Abstract: 

Plasmodium vivax, the most resilient malaria parasite, poses significant 
challenges to be eliminated due to its dormant liver stage, cryptic splenic 
and bone-marrow infections and early gametocyte production. A key 
approach to combat P. vivax would be the development of effective 
vaccines. Current efforts are focusing in targeting the Duffy-binding 
protein (PvDBPII), critical for parasite invasion of reticulocytes. 
However, traditional vaccine development has progressed slowly, with 
very few candidates reaching to clinical trials. Extracellular vesicles 
(EVs) offer a novel platform for vaccine development due to their ability 
to present antigens and modulate immune responses. This study 
explores the potential of engineered EVs to express immunogenic 
regions of the P. vivax proteins, specifically the pHISTc (PVX_093680) 
and the PvSDP1 (PVX_114580), using HEK-293 cells. The antigenicity 
and B-cell epitope productions identified immunogenic regions for 
loading into EVs, which were confirmed using advanced modelling 
techniques. Lentiviral transduction enabled the expression of these 
antigens in HEK-293 cells, leading to the production of EVs carrying the 
desired immunogenic domains. The resulting EVs showed potential for 
further investigation and development as potential vaccine candicates 
against P. vivax, which if achieved, would represent a promising step 
towards malaria control through an innovative vaccine design. 
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