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Abstract 

Vivax malaria is an acute debilitating illness caused by the parasitic protozoan 

Plasmodium vivax and transmitted by female Anopheline mosquitoes. It is mainly prevalent in 

America, South-East Asia, Middle East, Western Pacific, Eastern and Southern Africa but 

considered rare in Sub-Saharan Africa. Historically, the disease has often been regarded as a 

benign self-limiting infection. This is due to the observation of low parasitemia in Duffy-

positive patients and virtual absence of infections in Duffy-negative individuals. Indeed, 

previous studies showed that individuals with African and African American origins were 

naturally resistant to P. vivax. Parasitologists thought that this resistance was due to the absence 

of Duffy Antigen Receptor for Chemokines (DARC) on the surface of their erythrocytes. 

Subsequently, the identification of the ligand P. vivax Duffy Binding Protein (PvDBP) specific 

to DARC and the evidence that the interaction PvDBP- DARC was crucial for invasion led to 

a scientific paradigm by which P. vivax merozoites exclusively invade Duffy-positive 

erythrocytes. Consequently, research on vivax malaria has long been neglected and many 

knowledge and tool gaps remain to be filled. 

However, since a few years, the stagnating burden of the disease in many countries 

associated with the increasing report of P. vivax infections in Duffy-negative patients raised 

questions about P. vivax invasion pathways. A first hypothesis was that P. vivax may have 

evolved to a new invasion pathway that would overcome Duffy-negativity. Alternatively, a 

second hypothesis was that Duffy-negative populations may have always been a silent and 

insidious reservoir of infection which had previously gone unnoticed.  

My thesis project aimed at deciphering Plasmodium vivax invasion pathways in Duffy-

negative patients. A three-phases approach was implemented as following to address the main 

hypotheses:  

1. Bibliographical study: understand the global context and key issues of the presence of vivax 

malaria in Sub-Saharan Africa and review current knowledge on P. vivax invasion pathways 

through the lens of omics technologies. The scientific review « Plasmodium vivax blood 

stage invasion pathways: Contribution of omics technologies in deciphering molecular and 

cellular mechanisms » has been published in the Comptes-Rendus Biologie of the Académie 

des Sciences in November 2022. 

2. Molecular epidemiological study: understand vivax malaria epidemiology in Ethiopia, 

dissect the genome of P. vivax strains circulating in Sub-Saharan Africa and search for 
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potential molecular signature in genes encoding proteins involved in P. vivax invasion 

pathways using next generation sequencing techniques. A first scientific article « Vivax 

malaria in Duffy-negative patients shows invariably low asexual parasitaemia: Implication 

towards malaria control in Ethiopia » has been published in Malaria Journal in August 2022. 

A second article « Potential hidden Plasmodium vivax malaria reservoirs from low 

parasitemia Duffy-negative Ethiopians: molecular evidence » has been in the journal Public 

Library Of Science Neglected Tropical Diseases in July 2023. A third scientific article is 

currently being drafted. The manuscripts are presented here. 

3. Functional study: characterize Duffy-negative erythroblasts during terminal erythroid 

differentiation and assess the ability of P. vivax merozoites to invade Duffy-negative 

erythroblasts by developing reproducible in vitro functional assays. A scientific article « The 

DARC side of P. vivax in Africa » is currently being drafted. The manuscript is presented 

here. 

Experimental work has mainly been carried out in the Malaria, Genetics and Resistance 

research unit, Institut Pasteur Paris under the direction of Pr. Didier Ménard. Various 

collaborations have been established with the research unit Biology of Plasmodium and 

Vaccines (Institut Pasteur Paris), Institut Pasteur Madagascar, French National Reference 

Centre for malaria, Addis-Abeba University, Nouackott Al-Aasriya University, Foundation 

Oswaldo Cruz, and King’s College London to successfully complete the thesis project.  

Findings of the bibliographical study showed that despite the recent advances of omics 

technologies, key knowledge and tool gaps remain in vivax malaria research. Besides, findings 

of the molecular epidemiological studies revealed that P. vivax strains cluster in distinct 

geographic clusters. However, these findings did not reveal any association between genetic 

diversity and adaptation to Duffy-negative human hosts. This suggests that the parasites did not 

evolve towards an alternative invasion pathway. In fact, findings of the in vitro functional study 

demonstrated that a subset of Duffy-negative erythroblasts can express functional DARC 

during terminal erythroid differentiation and that P. vivax merozoites can invade them. Taken 

together, these findings contrast with the established scientific paradigm by which P. vivax 

merozoites exclusively invade Duffy-positive erythrocytes and support the assumption that 

African Duffy-negative populations may be a silent and insidious reservoir of infection, with 

all the consequences that this entails for the control and eradication of vivax malaria in Sub-

Saharan Africa.  
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Résumé 

Le paludisme à Plasmodium vivax est une maladie infectieuse causée par le parasite 

protozoaire Plasmodium vivax et transmise par les moustiques femelles Anopheles. Cette 

maladie est prévalente en Amérique, Asie du Sud-Est, Moyen-Orient, Pacifique Ouest ainsi 

qu’en Afrique du Nord-Est et Afrique du Sud mais demeure rare en Afrique Sub-saharienne. 

Historiquement, le paludisme à P. vivax a souvent été considéré comme une maladie bégnine 

et peu dangereuse. En effet, la maladie est caractérisée par de faibles parasitémies chez les 

patients Duffy-positifs. Par ailleurs, d’anciennes études ont montré que les personnes Duffy-

négatives d’origine africaine ou afro-américaine étaient naturellement résistantes. Les 

parasitologistes pensaient que cette résistance était due à l’absence de récepteurs Duffy Antigen 

Receptor for Chemokines (DARC) à la surface de leurs érythrocytes. Par la suite, 

l’identification du ligand P. vivax Duffy Binding Protein (PvDBP) spécifique à DARC et la 

preuve de l’importance de l’interaction PvDBP-DARC dans le mécanisme d’invasion on 

conduit à l’établissement d’un paradigme scientifique selon lequel les mérozoïtes de P. vivax 

envahissent seulement les érythrocytes Duffy-positifs. Par conséquent, la recherche sur le 

paludisme à P. vivax a longtemps été négligée à la fois par les parasitologistes et les organismes 

de financement. A l’heure actuelle, il n’existe que peu d’informations sur la biologie de P. vivax 

et peu d’outils pour le cultiver in vitro. 

Cependant, depuis quelques d’années, le nombre de cas de paludisme à P. vivax stagne 

dans de nombreux pays et un nombre croissant de cas d’infection chez des patients Duffy-

négatifs est reporté en Afrique. Cela a soulevé de vives interrogations quant aux réels 

mécanismes d’invasion de P. vivax. Une première hypothèse proposée est que le parasite a 

évolué vers un nouveau mécanisme d’invasion outrepassant la Duffy-négativité. 

Alternativement, une deuxième hypothèse avancée est que les populations Duffy-négatives ont 

toujours représenté un réservoir silencieux et insidieux d’infection jusque-là passé inaperçu.  

Mon projet de thèse intitulé « Voies d’invasion de Plasmodium vivax chez les patients 

Duffy-négatifs » vise donc à décrypter les mécanismes d’invasion de Plasmodium vivax chez 

les patients Duffy-négatifs. Une approche en trois phases a été implémentée afin de répondre 

aux hypothèses mentionnées : 

1. Etude bibliographique : comprendre le contexte historique et scientifique dans lequel 

s’inscrit le projet, identifier les enjeux clés liés à l’émergence du paludisme à P. vivax en 

Afrique sub-saharienne et étudier les connaissances actuelles sur les mécanismes d’invasion 
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de P. vivax obtenues grâces aux technologies omiques. Une revue scientifique intitulée « 

Plasmodium vivax blood stage invasion pathways : Contribution of omics technologies in 

deciphering molecular and cellular mechanisms » a été a été publiée dans les Comptes-

Rendus Biologie de l’Académie des Sciences en novembre 2022. 

2. Etude d’épidémiologie moléculaire : comprendre l’épidémiologie du paludisme à P. vivax 

en Ethiopie, disséquer le génome d’isolats de terrain de P. vivax circulant en Afrique sub-

saharienne et rechercher une potentielle signature moléculaire au niveau des gènes codant 

pour des protéines impliquées dans les voies d’invasion de P. vivax via des techniques de 

séquençage avancées. Un premier article scientifique intitulé « Vivax malaria in Duffy-

negative patients shows invariably low asexual parasitaemia : Implication towards malaria 

control in Ethiopia » a été publié dans Malaria Journal en août 2022. Un deuxième article 

scientifique intitulé « Potential hidden Plasmodium vivax malaria reservoirs from low 

parasitemia Duffy-negative Ethiopians: molecular evidence » a été publié dans le journal 

Public Library Of Science Neglected Tropical Diseases en juillet 2023. Un autre article 

scientifique, dont les résultats préliminaires seront commentés dans le présent manuscrit, est 

en cours de rédaction. 

3. Etude fonctionnelle : caractériser les érythroblastes Duffy-négatifs pendant leur phase de 

différentiation érythroïde terminale et évaluer la capacité des mérozoïtes de P. vivax à 

envahir ces érythroblastes Duffy-négatifs grâce au développement d’essais fonctionnels in 

vitro. Un article scientifique intitulé « The DARC side of P. vivax in Africa » est en cours 

de rédaction et sera présenté dans le présent manuscrit.  

Les travaux de recherche expérimentale ont été principalement réalisés au sein de l’unité 

de recherche Paludisme, Génétique et Résistance de l’Institut Pasteur Paris sous la direction du 

Pr. Didier Ménard. De nombreuses collaborations ont été établies, notamment avec l’unité de 

recherche Biologie de Plasmodium et Vaccins (Institut Pasteur Paris), l’Institut Pasteur 

Madagascar, le Centre National de Référence pour le paludisme, l’Université d’Addis-Abeba, 

l’Université de Nouackott Al-Aasriya, l’Institut Oswaldo Cruz et le laboratoire Red Cell 

Haematology du King’s College London.  

Les résultats de l’étude bibliographique ont montré que, malgré les récentes avancées 

permises par les technologies dites « omiques », la recherche sur le paludisme à Plasmodium 

vivax est entravée par le manque de données scientifiques et de techniques expérimentales. Par 

ailleurs, les résultats des études d’épidémiologie moléculaire ont révélé que les souches de P. 

vivax se regroupent en clusters géographiques bien définis. Cependant, les résultats n’ont 
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permis d’identifier aucune association entre la diversité génétique des souches de P. vivax et 

une quelconque adaptation aux hôtes humains Duffy-négatifs. Ce qui suggère que les parasites 

P. vivax n’ont pas évolué vers une voie d’invasion alternative pour infecter les patients Duffy-

négatifs. En fait, les résultats de l’étude fonctionnelle ont démontré qu’une sous-population 

d’érythroblastes Duffy-négatifs sont capables d’exprimer la protéine fonctionnelle DARC 

pendant leur différentiation érythroïde terminale, et que les mérozoïtes P. vivax sont capables 

de les envahir. Ainsi, l’ensemble de ces travaux de recherche va à l’encontre du paradigme 

scientifique établi selon lequel les mérozoïtes de P. vivax envahissent exclusivement les 

érythrocytes Duffy-positifs et supporte l’hypothèse que les populations africaines Duffy-

négatives représentent un réservoir silencieux et insidieux d’infection. Ce qui entraine 

d’importantes conséquences pour le contrôle et l’éradication du paludisme à P. vivax en Afrique 

Sub-saharienne.  

Mots clés : Plasmodium vivax, paludisme, Duffy-négativité, érythropoïèse, invasion, Afrique 
Sub-Saharienne 
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Introduction 

Vivax malaria is an acute debilitating illness caused by the parasitic protozoan 

Plasmodium vivax and transmitted by female Anopheline mosquitoes. It is prevalent in 

America, South-East Asia, Middle East, Western Pacific, and in Eastern and Southern Africa 

but considered rare in Sub-Saharan Africa1. Through the years, the assumption that Duffy-

negativity was the cause of natural resistance to vivax malaria in Sub-Saharan Africa has been 

supported by findings from experimental infections, demonstrations of uninfectable Duffy-

negative individuals and microscopically confirmed endemic P. vivax strains1,2 found in regions 

where Duffy-negativity was either rare (Northern and Southwestern Africa), less frequent 

(Horn of Africa) or present but admixed with Duffy-positive populations (Madagascar)1. 

However, a growing number of studies has recently reported cases of vivax malaria in Duffy-

negative patients across South America2,3 and Africa4–14.   

 

Despite recent efforts, research on vivax malaria has long been neglected and its overall 

burden has probably been underestimated15. Many key knowledge and tool gaps, such as the 

understanding of P. vivax invasion mechanisms, the development of robust in vitro culture 

systems or the implementation of reliable measures of P. vivax clinical burden, remain to be 

filled15. In addition, the current stagnating burden of the disease in many countries associated 

with the increasing number of P. vivax infections reported in Duffy-negative African patients 

raised questions about actual P. vivax invasion mechanisms16. A first hypothesis was that P. 

vivax may have evolved to a new invasion pathway that would overcome Duffy-negativity17. 

Alternatively, a second hypothesis was that Duffy-negative populations may have always been 

a silent and insidious reservoir of infection18. Overall, these observations also challenge 

common assumptions about the evolution of host-pathogen interaction and the limit of detection 

of conventional diagnostic tools1. 

 

Thus, my thesis project aimed at deciphering P. vivax invasion mechanisms in Duffy-

negative patients. This was achieved through the implementation of a three-phases approach as 

following:  

1. Bibliographical study: understand the global context and key issues of the presence of 

vivax malaria in Sub-Saharan Africa and review current knowledge on P. vivax invasion 

pathways through the lens of omics technologies. 
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2. Molecular epidemiological study: understand vivax malaria epidemiology in Ethiopia, 

dissect the genome of P. vivax strains circulating in Sub-Saharan Africa and search for 

potential molecular signature in genes encoding proteins involved in P. vivax invasion 

pathways using next generation sequencing techniques. 

3. Functional study: characterize Duffy-negative erythroblasts during terminal erythroid 

differentiation and assess the ability of P. vivax merozoites to invade Duffy-negative 

erythroblasts by developing reproducible in vitro functional assays. 
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Thesis project 

I. Bibliographical study on vivax malaria 

The first objective of my thesis project was to understand why vivax malaria should be 

considered a complex clinical and public health issue and what do we currently know about P. 

vivax invasion pathways. As recent progress in vivax malaria research is just starting to reverse 

decades of neglection, it was important to dig into history to fully address these questions.  

 

1. Historic and scientific insights on vivax malaria  

1. Historical context 

A medical breakthrough 

Malaria is probably one of the oldest diseases in the world. It likely arose in our primate 

ancestors in Africa and evolved with humans19. In the Antiquity, many ancient civilizations in 

Arabia, China, Egypt and Europe described the characteristic periodic fevers of the disease20. 

It became rapidly clear that the disease was associated to marshes. Various assumptions were 

evoked to explain the cause, the most common incriminating miasmas rising from the 

swamps21. In fact, our scientific understanding of malaria started in the late 19th century with 

the early beginnings of microbiology21. In 1880, Alphonse Laveran found microscopic 

Plasmodium parasites in the blood of a patient22. Around 1890, Patrick Manson, who had 

previously worked on another blood parasite, postulated that mosquitoes may act as a vector to 

transmit malaria. Under his influence, Ronald Ross undertook experimental investigations23. In 

1897, he first discovered P. falciparum oocysts in a female Anopheline mosquito, then all stages 

of P. relictum in Culicinae mosquitoes21. In 1898, Giovanni Battista Grassi, Amico Bignami, 

and Giuseppe Bastianelli described the developmental stages of malaria parasites in female 

Anopheline mosquitoes24–26. In 1948, Henry Shortt and Cyril Garnham proved that a phase of 

division in the liver preceded the phase of development in the blood27. Finally, in 1982, 

Wojciech Krotoski showed that P. vivax liver stages could remain dormant for several months28. 

 

An old scientific paradigm 

Between 1917 and 1950, malaria therapy was used to treat many conditions, including 

neurosyphilis29. It is in this context that clinical and field trials reported for the first time that 

African and African American individuals were highly resistant to vivax malaria30–33. Between 
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1950 and 2005, the identification of Duffy blood groups34,35 and the demonstration of the 

molecular origin of Duffy-negativity as a single point mutation in the sequence of the GATA1-

promoter region of the ackr1 gene36,37 established that the natural resistance to vivax malaria 

was related to the absence of Duffy antigen receptors for chemokines (DARC) on the surface 

of human erythrocytes38. Seminal works and in vitro studies subsequently confirmed that 

DARC was required as a receptor for P. vivax merozoites to invade erythrocytes38,39. In parallel, 

an in vitro study demonstrated that P. vivax Duffy binding protein (PvDBP) was the specific 

ligand for DARC and that the interaction PvDBP-DARC was crucial for invasion40. Taken 

together, these findings led to a scientific paradigm by which P. vivax exclusively invades 

Duffy-positive erythrocytes through the interaction PvDBP-DARC. Thereupon, vivax malaria 

was assumed to be seldom transmitted or even absent in regions where Duffy-negativity is 

predominant such as Sub-Saharan Africa.  

 

New evidence of P. vivax infections in Duffy-negative patients 

In the early 20th century, rapid economic, environmental, and social changes led to the 

decline of malaria in Europe and the United States. In the 1970s, the eradication of malaria in 

Europe contributed to a disinterest in malaria research41. In particular, vivax malaria has long 

been considered a benign self-limiting infection and neglected by parasitologists. This was 

partly due to the observation of low parasitaemia in Duffy-positive patients and virtual absence 

of infections in Duffy-negative individuals42. However, new evidence showed that P. vivax 

infection and transmission occur in Sub-Saharan Africa. As early as 1943, Cyril Garnham 

described an outbreak of P. vivax in Kenya12. In the 2000’s, reports of P. vivax infections in 

Duffy-negative individuals throughout South America2,3 and Africa10,12,43 triggered awareness 

of a potential threat. Between 2010 and 2019, many surveys revealed additional cases of P. 

vivax infections in Duffy-negative patients by PCR5–9,11,43–49. Since 2019, further investigations 

have confirmed P. vivax endemic transmission in Sub-Saharan Africa4,50–55. 

 

2. Overview of the current situation 

Epidemiology 

According to the latest WHO’s malaria report, populations at risk are mainly children 

under age five, pregnant women and migrants56. Between 2000 and 2021, the global burden of 

vivax malaria decreased from 20.5 million cases to 4.9 million cases56. Within this period, a 

significant decline of the burden was recorded in America, Southeast Asia, and Western Pacific. 
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However, since a few years, this burden seems to stagnate and even increase in some regions 

affected by political and economic instability such as Papua New Guinea, Sudan and Yemen16. 

In Africa, the growing number of cases of vivax malaria reported in Duffy-negative patients 

and travellers highlight the existence of a parasite reservoir occurring in asymptomatic and low-

density infections57. But estimates should be interpretated with caution as they are based on 

clinical cases of vivax malaria and restricted to a limited number of blood surveys1. 

 

 

Figure 1: Global burden of vivax malaria. In 2020, the global burden of vivax malaria was 4.9 million cases. 

The disease was prevalent in America, South-East Asia, Middle East, Western Pacific, and North-East Africa. 

Figure from https://data.malariaatlas.org. 

 

Pathophysiology 

In Duffy-positive patients, the common clinical symptoms are fever, chills, and nausea. 

Severe illness is dominated by profound anemia58 and thrombocytopenia along with leukopenia 

and neutropenia59. Respiratory, hepatic, renal, and circulatory dysfunctions can also be 

observed60,61. In addition, chronic recurring febrile illness occurs when P. vivax hypnozoites 

emerge weeks, months, or years after primary infection62. In Duffy-negative patients, there is 

no evidence of mitigation but P. vivax infections are believed to be more benign1. 

 

Diagnosis 

Clinical symptoms alone do not permit accurate diagnosis of P. vivax infections. Any 

suspected case requires collection of venous blood and analysis by light microscopy, rapid 

diagnosis tests (RDTs), or PCR methods56. But as P. vivax infections are characterized by 
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asynchrony and low parasitaemia in peripheral blood, these conventional methods may 

contribute to missed diagnoses1. 

 

Treatment 

The WHO recommends mass drug administration to reduce P. vivax transmission. 

According to the guidelines, the first line treatment is chloroquine or artemisinin-based 

combination therapies (ACTs) in combination with an 8-aminoquinoline, primaquine or 

tafenoquine56. Chloroquine and artemisinin are efficient drugs to eliminate blood stage 

parasites63. Primaquine and tafenoquine are specific drugs to eliminate latent hypnozoites and 

prevent relapses63,64. However, chloroquine-resistant, multidrug-resistant, and tolerant-

primaquine P. vivax strains are currently emerging63. Besides, primaquine and tafenoquine 

cannot be administrated to children, pregnant women and patients who present a severe 

deficiency in glucose-6-phosphate dehydrogenase (G6PD) because of their adverse effects65.  

 

Prevention 

Prevention of vivax malaria includes the use of insecticide-treated nets and insecticides 

to prevent primary P. vivax infections and interrupt transmission. But their effectiveness 

depends on distribution, coverage, adherence, maintenance, vector biting patterns and levels of 

insecticide resistance65. The only suppressive chemoprophylactic strategy that specifically 

targets P. vivax is a weekly chloroquine dose given during pregnancy and lactation. But it is 

seldom used, probably because of insufficient cost-effectiveness65.  

 

3. P. vivax pathogenicity 

Infection 

P. vivax displays singular biological features that give rise to a complex pathogenicity 

and have important clinical consequences. Within the human host, its hepatic cycle results in 

the production of latent hypnozoites leading to asymptomatic infections and relapses66. Its 

erythrocytic cycle is usually characterized by asynchrony and low parasitemia (<10,000 

parasites per µl of blood) but can lead to severe illness67. Once inside the reticulocytes, the 

parasite induces morphological alterations such as the deformation of their membrane, 

depletion of certain proteins including CD7168, expulsion of intracellular content, and formation 

of Schüffner’s dots that may facilitate evasion from host immune system69. If P. vivax 

preference for immature CD71+ reticulocytes is assumed to self-limit its expansion in the 
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peripheral blood, recent evidence indicates that the parasite also exhibits a strong tropism for 

extravascular tissues in deep organs such as the bone marrow70,71 and the spleen72. These organs 

are active sites of erythropoiesis or extramedullary erythropoiesis, providing the immature 

CD71+ reticulocytes required for the parasite propagation. Besides, P. vivax trophozoites are 

motile. While motility seems futile in an organism passively flowing within the vascular canals, 

it may present an advantage to access the extravascular niches1.  

 

Transmission 

P. vivax has a high transmission potential due to early, continuous production of 

gametocytes, high infectivity, and development through short sporogonic cycles at low 

temperatures (18-25°C) in the mosquito vector73. Hence, even though endemic transmission 

occurs predominantly across tropical latitudes, the parasite adapts to a wide range of habitats 

and climatic conditions throughout America, South-East Asia, Middle East, Western Pacific, 

and North-East Africa1. For a long time, the predominance of Duffy-negative populations has 

been considered the basis of its virtual absence in Western, Central, and part of Eastern Africa1. 

But, as explained previously, recent surveys showed that endemic transmission occurs at low 

prevalence and density of parasitaemia in Sub-Saharan Africa74. 

 

4. Human host biology 

Duffy blood groups 

As mentioned previously, the Duffy blood classification system is based on the presence 

or absence of DARC, also known as Fy antigen, on the surface of erythrocytes, vasculature 

endothelial cells, alveolar epithelial cells, collecting tubules, and Purkinje cells75. There are six 

different antigens arising from variations in the ackr1 gene encoding DARC. The two major 

codominant alleles are Fya (Fy01) and Fyb (Fy02) that result from a single nucleotide 

polymorphism (SNP) at position 125 (125G>A) and express the antigens Fya and Fyb. The 

antigens Fy03, Fy04, Fy05 and Fy06 are minor variations of Fya and Fyb epitopes 76. In 

addition, the antigen Fyx corresponds to a variation in which the allele Fyx expresses only 

weakly the antigen Fyb77,78. This yields four different phenotypes: Fy(a+b+), Fy(a+b-), Fy(a-

b+) and Fy(a-b-)79. There are two different genetic backgrounds giving rise to the Duffy-

negative phenotype Fy(a-b-). The first one corresponds to a mutation in the promoter region 

GATA-1 of the ackr1 gene, abolishing the expression of DARC in erythrocytes but not in 

epithelial cells37. The second one corresponds to a point mutation introducing a premature stop 
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codon into the coding sequence of the ackr1 gene and abolishing the expression of DARC in 

all the cells80. In Sub-Saharan Africa, the Duffy-negative phenotype Fy(a-b-) is predominant 

and often occurs with homozygosity for the Fyb allele carrying a point mutation abolishing 

DARC only in erythrocytes81.  

 

Human erythropoiesis 

In human adults, the bone marrow is a semi-solid tissue found in the cancellous portions 

of bones. It is constituted of reticular connective tissue stroma, sinusoidal capillaries, and 

erythroblastic islands (EBI)82. EBIs are composed of one or two central macrophages 

surrounded by erythroid cells at various stages of maturation. These macrophages play a crucial 

role in erythropoiesis acting as an anchor to the erythroblasts and providing cellular interactions 

required for proliferation and differentiation. Thus, EBIs are specialized niches in which 

erythropoiesis, the process of blood production, occurs83. Erythropoiesis starts with an 

engagement phase during which the multipotent hematopoietic stem cells (HSCs) give rise to 

the common myeloid progenitors (CMPs). These CMPs generate bipotent megakaryocytic-

erythroid progenitors (MEPs) that have potential to form erythroid or megakaryocytic cells. 

Under the regulation of the humoral cytokine erythropoietin (EPO), these MEPs differentiate 

into burst-forming unit-erythroid progenitors (BFU-Es) that further differentiate into colony-

forming unit-erythroid progenitors (CFU-Es) then pro-erythroblasts84. During a terminal 

differentiation phase, the pro-erythroblasts sequentially mature into early basophilic, late 

basophilic, polychromatic, and orthochromatic erythroblasts. The orthochromatic erythroblasts 

eventually enucleate to produce reticulocytes85. Reticulocytes exit the bone marrow and reach 

the bloodstream where they mature into erythrocytes. The erythrocytes circulate in the 

bloodstream for a period of 120 days and are then eliminated by macrophages in the 

reticuloendothelial system86. Erythropoiesis is tightly regulated by several elements of the bone 

marrow environment such as growth factors, transcription factors and cytokines. In certain 

pathological circumstances, extramedullary erythropoiesis can also occur in response to 

hematopoietic stress. However, the mechanisms are not yet well understood87. 
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Figure 2: Human erythropoiesis. The bone marrow contains erythroblastic islands which are the specific niches 

for erythropoiesis. HSCs give rise to CMPs that generate MEPs. MEPs differentiate into BFU-Es that further 

differentiate into CFU-Es then proerythroblasts. Proerythroblasts sequentially mature into basophilic erythroblasts, 

polychromatic erythroblasts, and orthochromatic erythroblasts. The orthochromatic erythroblasts eventually 

enucleate to form reticulocytes. Reticulocytes migrate to the blood stream and mature into erythrocytes. Figure 

created with BioRender.com  

 
2. P. vivax invasion mechanisms through the lens of omics technologies 

Research on vivax malaria has been hampered by low prioritization from researchers, 

policy makers, and funding agencies as well as limited access to biological material and lack of 

robust in vitro culture systems. Consequently, there is an important knowledge and tool gap 

that drastically restricts our understanding of P. vivax biology42. Based on this observation, we 

decided to scrutinize the intriguing question of how P. vivax invades Duff-negative 

reticulocytes through the lens of omics technologies. Omics technologies cluster various 

disciplines and aim at characterizing and quantifying biological molecules that translate into 

the structure, function, and dynamics of an organism88. Their introduction with novel and 

accessible techniques such as third generation sequencing and RNA sequencing at single cell 

level, two-dimensional electrophoresis, liquid chromatography, and mass spectrometry, has 

progressively improved our understanding of P. vivax genetics, transcripts, and proteins. Thus, 

the aim of our scientific review « Plasmodium vivax blood stage invasion pathways: 

contribution of omics technologies in deciphering molecular and cellular mechanisms » was to 

provide broad insights into P. vivax invasion mechanisms generated by genomics, 
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transcriptomics, and proteomics and to illustrate the importance of integrated multi-omics 

studies. Interestingly, we found that the critical question for vivax malaria research cut across 

several disciplines. While genomic technologies provide important information on P. vivax 

genetic diversity, they may not be sufficient to understand their functional consequences. While 

transcriptomic technologies help in the characterization of P. vivax stage-specific transcripts, 

data analysis is still limited by small sample sizes and paucity in constantly expressed genes. 

And while proteomic technologies succeed in deciphering the various interactions between P. 

vivax invasion-related ligands and cogent receptors, they fail in providing a general picture of 

P. vivax invasion mechanisms. We thus concluded that there is an urgent need for the 

development of integrated, complementary multi-omics studies and in vitro functional assays 

to better understand P. vivax biology and support the future implementation of prevention, 

control, and eradication strategies worldwide. The scientific review « Plasmodium vivax blood 

stage invasion pathways: contribution of omics technologies in deciphering molecular and 

cellular mechanisms » has been published in the « Comptes-rendus Biologies de l’Académie 

des Sciences » in November 2022 and is presented below.   
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II. Molecular epidemiological study on P. vivax invasion pathways 

The second objective of my thesis project consisted in investigating the natural variations 

of the genome of P. vivax strains circulating in Africa. For this purpose, we collected almost 

300 P. vivax field samples within 2 years thanks to our collaborations with the French National 

Reference Center for Malaria, University of Addis-Ababa, University of Nouakchott Al 

Aasriya, Oswaldo Cruz Foundation, and Institut Pasteur Madagascar. Then, we processed and 

sequenced them with the help of the Biomics platform in Institut Pasteur Paris. Our first 

genomic analysis compared all African P. vivax isolates to South American and Asian ones. 

Our second and third molecular epidemiological studies focused on Ethiopian P. vivax isolates. 

 

1. Genomic analysis of P. vivax strains circulating in Africa 

Despite many advances in genomic technologies, only a few P. vivax strains circulating 

in Africa have been sequenced, let alone annotated. This is due to the fact that the collection of 

field samples is difficult, time demanding and expensive88. Besides, the characteristic low 

parasitemia found in clinical and field samples hampers the acquisition of high-quality 

sequence data88. Yet, describing the genetic structure and diversity of P. vivax field isolates is 

an important step towards understanding dynamics of P. vivax infection in Duffy-negative 

individuals and patterns of transmission in Sub-Saharan Africa. We sequenced the genome of 

133 P. vivax field isolates from 10 African countries (Angola, Burundi, Comoros, Djibouti, 

Egypt, Eritrea, Ethiopia, Madagascar, Mauritania, and Sudan) using selective whole genome 

amplification (sWGA) and whole genome sequencing (WGS). Among them, 102 P. vivax field 

isolates were obtained from individuals living in endemic zones and 26 P. vivax field isolates 

were obtained from travelers coming back from Africa. Then, we enriched our data set with 

published sequences of 204 P. vivax field isolates from 3 African countries (Ethiopia, 

Madagascar Mauritania), 3 Asian countries (Cambodia, Thailand, Vietnam), 3 Pacific coral 

triangle countries (Indonesia, Malaysia, Papua New Guinea), and 2 South American countries 

(Brazil, Columbia) for a total data set comprising 337 samples from 18 different countries. 

Finally, we investigated the genetic structure and diversity of P. vivax populations, with respect 

to the global distribution of Duffy-negativity. Preliminary results identified four distinct 

geographic clusters (Eastern Africa, Indian Ocean, Latin America, and Asia/Pacific coral 

triangle) characterized with low levels of admixture. Notably, they revealed the existence of 

contrasts between Eastern Africa and Indian Ocean clusters. However, they did not show any 
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association between genetic diversity and adaptation to Duffy-negative human hosts in the 

genes encoding proteins involved in P. vivax invasion pathways. Overall, this study suggests 

that P. vivax did not evolve towards an alternative invasion pathway. It also highlights the 

breadth of approaches that may be required to decipher P. vivax invasion mechanisms. The 

draft of a scientific article is being written and is presented below. 

 

 

https://doi.org/10.1038/s41467-021-23422-3  
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2. Epidemiological analysis of P. vivax strains circulating in East Shewa, 

Ethiopia 

Although the largest burden of vivax malaria is found in South and Southeast Asia, the 

Horn of Africa harbors about 10% to 20% of all cases thereby representing an important 

reservoir of infection in Africa89. In the Horn of Africa, Ethiopia suffers from the largest number 

of clinical cases in the region. This partly reflects the co-existence of Duffy-positive and Duffy-

negative populations and the potential existence of hidden transmission1. However, the recent 

widespread detection of vivax malaria in Duffy-negative patients raised questions on P. vivax 

epidemiology in Ethiopia. A few studies already examined the correlation between Duffy 

genotype and parasitaemia. While it has been suggested that the expression of Fya and Fyb 

antigens influences the parasitaemia and thereby modulates susceptibility to vivax malaria, 

results seem to be contradictor90–94. Besides, these studies emphasized on the detection of P. 

vivax DNA by polymerase chain reaction (PCR) without estimating the peripheral parasitaemia 

by microscopic examination. Our study aimed at determining the distribution and effect of 

Duffy genotype on peripheral parasitaemia in P. vivax infected patients in East Shewa, Ethiopia. 

Between 2019 and 2021, we collected dried blood samples from a cohort of 138 P. vivax 

infected patients in different health centers. On one hand, the Duffy genotype of the patients 

was determined by PCR and Sanger sequencing. On the other hand, the parasitaemia of P. vivax 

asexual stages was estimated by microscopic examination and quantitative real-time 

polymerase chain reaction (qPCR). Results showed that all infections were characterized by 

low parasitaemia (< 110 parasites/µL). But interestingly, the median parasitaemia of Duffy-

negative patients was significantly lower than the median parasitaemia of Duffy-positive 

patients (homozygous and heterozygous). This supports the hypothesis that there may be a 

correlation between Duffy genotype and peripheral parasitaemia. Moreover, this suggests that 

P. vivax invasion pathway may be less efficient in Duffy-negative individuals. Overall, this 

indicates that Duffy-negative populations may constitute a hidden reservoir of infection and 

may hamper the control and eradication of vivax malaria in Ethiopia1. The scientific article 

named « Vivax malaria in Duffy-negative patients shows invariably low asexual parasitaemia: 

implication towards malaria control in Ethiopia » has been published in Malaria Journal, in 

August 2022 and is presented below.  
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3. Epidemiological analysis of P. vivax strains circulating in Ethiopia 

As already explained for the previous study, vivax malaria is prevalent in Ethiopia due to 

the co-existence of Duffy-positive and Duffy-negative populations and the potential existence 

of low, hidden transmission89. The recent widespread detection of vivax malaria in Duffy-

negative patients raised questions on P. vivax epidemiology in Ethiopia. However, little is 

known about the correlation between P. vivax infections and distribution of Duffy blood groups 

within the different Ethiopian ethnic groups and geographic endemic areas. Our cross-sectional 

study aimed at determining the distribution and effect of Duffy genotype on peripheral 

parasitemia in P. vivax infected patients in Ethiopia. Between February 2021 and September 

2022, dried blood samples were collected from a cohort of 361 P. vivax infected patients in 5 

different eco-epidemiological endemic sites in Ethiopia (Arbaminch, Dubti, Gambella, 

Metehara, and Shewarobit). On one hand, P. vivax infections were diagnosed by RDT and 

microscopy. The parasitemia of P. vivax asexual stages was estimated by microscopic 

examination and qPCR. On the other hand, the molecular identification of the Duffy genotype 

of patients was based on a novel sequence-specific PCR primers named Amplification 

Refractory Mutation System (ARMS) that allows amplifications of the GATA-1 transcription 

factor-binding site of the ackr1 gene promoter only when the target allele (TCT for Duffy-

positive and CCT for Duffy-negative genotypes) is detected in the sample. Results showed that 

95.6% of the patients were Duffy-positive with mean asexual parasite density of 12.165p/µl 

while 4.4% of the patients were Duffy-negative with a mean asexual parasite density of 

1.227p/µl. These results confirm that Duffy-negativity does not prevent from P. vivax infections 

and that Duffy-negative Ethiopian populations may constitute a hidden reservoir of infection 

and transmission. However, no significant association was found between Duffy genotype and 

geographic site (p=0.12), ethnic group (p=0.50) or gender (p=0.16). Nevertheless, this study 

suggests that conducting field studies will help in better understanding the epidemiology of 

vivax malaria and development of specific elimination strategies in Africa. The scientific article 

named « Potential hidden Plasmodium vivax malaria reservoirs from low parasitemia Duffy-

negative Ethiopians: molecular evidence » has been published in July 2023 in the journal Public 

Library Of Science Neglected Tropical Diseases and is presented below.  
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III. Functional study on P. vivax invasion pathways  

The third objective of my thesis project was to further investigate P. vivax invasion 

pathways in Duffy-negative patients. I was very enthusiastic about the opportunity to design 

and perform in vitro functional assays. In close collaboration with the Red Cell Haematology 

Laboratory of King’s College London, we first characterized Duffy-negative erythroid 

progenitors during terminal erythroid differentiation. Based on this characterization, we 

designed custom in vitro invasion assays to assess whether Duffy-negative erythroblasts are 

permissible to P. vivax merozoites.  

1. The DARC side of P. vivax in Africa 

It is not that I am a big fan of the Star Wars saga, but the title « The DARC side of P. 

vivax in Africa: invasion pathways in Duffy-negative erythroblasts » really made sense when 

we realized why P. vivax infections in Duffy-negative patients were so silent and insidious. It 

all started when we tried to mature P. vivax parasites and isolate enough reticulocytes to perform 

in vitro invasion assays. Noticing a lack of information on the development of Duffy-negative 

erythroblasts and learning from a few failed attempts, we decided to seek advice from 

hematologists. First, we hypothesized that Duffy-negative erythroblasts express DARC during 

terminal erythroid differentiation18. We isolated Duffy-positive and Duffy-negative CD34+ 

hematopoietic stem and progenitor cells (HSPCs), placed them in a two-phases culture system 

and followed their differentiation kinetics, apoptosis rate, enucleation yield as well as their 

expression of DARC and CD71 during terminal erythroid differentiation. Results revealed that 

a subset of Duffy-negative erythroblasts express DARC. Second, we hypothesized that this 

subset of Duffy-negative erythroblasts expresses functional DARC. We designed custom in 

vitro invasion assays and assessed whether Duffy-negative erythroblasts were permissible to P. 

vivax merozoites. Results revealed that P. vivax merozoites can invade Duffy-negative 

erythroblasts that express both CD71 and DARC. Thus, our functional study provides the first 

biological evidence that Malagasy and Ethiopian P. vivax merozoites can invade Duffy-

negative erythroblasts. It also supports the assumption that Duffy-negative African populations 

may be a silent reservoir of infection with all the consequences that this entails for the control 

and eradication of vivax malaria in Sub-Saharan Africa1. The draft of a scientific article named 

« the DARC side of P. vivax in Africa: invasion pathway in Duffy-negative erythroblasts » is 

being written and is presented below. 
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Discussion 

Deciphering P. vivax enigmatic invasion pathways in Duffy-negative patients has proved 

to be quite challenging. At first, our approach consisted in taking advantage of the collection of 

a large panel of P. vivax isolates in Madagascar to identify the molecular mechanisms of 

invasion in Duffy-negative reticulocytes and define the role of key invasion-related ligands. 

However, things turned out differently than anticipated. Because we faced many hurdles in the 

collection of P. vivax field samples and the isolation of human reticulocytes during the Covid-

19 pandemic, we had to reconsider our approach and open new opportunities. Throughout our 

investigations, we stepped up our collaborative efforts to collect P. vivax isolates in Ethiopia 

and built up our experimental skills to culture human erythroid cells, resulting in the following 

outcomes.  

 

1. Key knowledge and tool gaps in vivax malaria research 

Research on vivax malaria has long been neglected for the benefit of the more deadly 

falciparum malaria42. It offers now rich opportunities to explore P. vivax biology and 

pathogenicity95. In this context, our first objective was to expose existing knowledge and recent 

progress made to address the global burden of vivax malaria. We found that the common 

perception of vivax malaria as infecting relatively few people, causing a benign disease and 

being treatable with widely available therapies was biased42. Certainly, the era of malaria 

therapy paved the way for important advances in malaria research as observations resulting 

from thousands of treated patients provided the opportunity to study the early stages of 

infection, development of immunity, and efficacy of various antimalarial drugs96,97. However, 

we found that the morbidity and mortality from vivax malaria remain under-appreciated42. 

Because P. vivax infections are often submicroscopic and asymptomatic, they are difficult to 

detect by light microscopy or RDTs15,67. Despite the low parasite density, P. vivax infections 

can cause severe illness, complications, and death98. In fact, reporting of clinical cases of vivax 

malaria is inconsistent in some endemic regions, making the appreciation of its real burden even 

more difficult99. Finally, the strategies of prevention, control and elimination developed for P. 

falciparum showed limited effect on P. vivax suggesting the need for new tools67. Nevertheless, 

we found that omics technologies have recently revolutionized vivax malaria research88. Indeed, 

the development of innovative and affordable techniques allowed a more comprehensive 

characterization of P. vivax genes100,101, transcripts102, and proteins103,104 for a better 
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understanding of its mechanisms In particular, they have significantly contributed to our 

understanding of P. vivax invasion mechanisms with the acquisition of P. vivax genomic 

sequences, identification of a few potential invasion-related genes, and characterization of their 

expression. Thus, the constant improvement of omics technologies is promising, but the 

implementation of integrated multi-omics studies will demand substantial funding and long-

term commitment.  

 

2. Contribution of field studies in deciphering P. vivax invasion pathways 

Describing P. vivax genomic traits is an important step towards understanding its invasion 

mechanisms in Duffy-negative patients and transmission patterns in Sub-Saharan Africa105. 

Therefore, our second objective was to investigate the genetic structure and diversity of P. vivax 

African populations and to identify potential molecular signatures in genes validated or 

suspected to encode proteins involved in P. vivax invasion pathways. Globally, the common 

Duffy alleles present striking patterns of geographic differentiation90. In the comparative 

genomic analysis, we investigated in which extent the genetic structure of P. vivax populations 

could match the global distribution of Duffy-negative human populations. As previously 

described106, we found four distinct geographic clusters (Eastern Africa, Indian Ocean, South 

America, and Asia/Pacific coral triangle). Then, we examined whether genomic intervals that 

contained genes involved in the invasion mechanisms held genetic imprints of selection and 

could be related to any genomic islands of genetic differentiation. However, we found no 

association between genetic diversity and genes encoding proteins involved in P. vivax invasion 

pathways. Finally, we explicitly tested whether parasites could be positively selected in Duffy-

negative human hosts. Again, this approach did not allow the identification of any association 

between parasite genotypes and Duffy status of human hosts. Taken together, these results 

suggest that even though the existence of an alternative invasion-related ligand binding to 

DARC or to another unknown reticulocyte receptor may be a plausible hypothesis to explain 

genetic diversity between Asian and African P. vivax populations, it is unlikely to explain P. 

vivax invasion pathways in Duffy-negative patients3,5,12,107. Although several studies have 

reported cases of vivax malaria in Ethiopia, little is known about its epidemiology. The two 

molecular epidemiological studies that we conducted in Ethiopia showed no association 

between the Duffy genotype of patients and geographic sites, ethnic groups, or genres. 

However, we found that P. vivax parasitemia was systematically lower in Duffy-negative 

patients than in Duffy-positive patients, suggesting that Ethiopian Duffy-negative population 



 

173 

 

may constitute an undetected silent reservoir of infection, if malaria diagnosis is based on 

microscopy and RDTs108. We could not conclude on the potential existence of an alternative 

invasion pathway. But whatever be the mechanism involved in the invasion of Duffy-negative 

reticulocytes, it appears to be less efficient than the one used in the invasion of Duffy-positive 

reticulocytes. Overall, molecular epidemiological and genomic studies provide important 

information in absence of robust in vitro culture system for P. vivax. But the analysis of P. vivax 

genome remains technically challenging because field and clinical samples present low 

parasitemia and high human DNA contamination that make the acquisition of sufficient amount 

of high-quality parasite DNA difficult88. For instance, we could not perform genome wide 

association study (GWAS) on sequences obtained from Duffy-negative patients. In addition, 

the use of sWGA technology prior to WGS proved to be efficient but not sufficient to enrich P. 

vivax DNA in samples obtained from Duffy-negative patients. It also prevented us from 

detecting Copy Number Variations (CNVs) in pvdbp and pvebp genes. The uneven distribution 

of primer-targeted motifs in P. vivax genome results in peaks and troughs in mean genome 

coverage that can confound CNV detection methods109. Nevertheless, we contributed to 

advance knowledge in P. vivax genomes and enrich the global genetic database with new 

African P. vivax genomic sequences. 

 

3. Contribution of laboratory studies in deciphering P. vivax invasion 

pathways 

The design and implementation of in vitro assays were by far the most challenging aspect 

of this thesis project. Indeed, the absence of robust in vitro culture systems for P. vivax has 

always restricted investigations to field and clinical sampling and hampered the development 

of functional assays110. With this in mind, our third objective was to find an experimental 

approach suited for deciphering P. vivax invasion mechanisms in Duffy-negative erythroblasts. 

We found that a subset of Duffy-negative erythroblasts expresses functional DARC and that P. 

vivax merozoites can invade them. These outcomes represent a major breakthrough in vivax 

malaria research as they contrast with the established scientific paradigm by which P. vivax 

invades exclusively Duffy-positive erythrocytes through the interaction PvDBP-DARC38. They 

corroborate the conclusions of our molecular epidemiological studies as the parasite may not 

need to evolve to an alternative invasion pathway to infect Duffy-negative patients. However, 

they do not completely exclude the existence of such an alternative invasion pathway that would 

be used as an additional feature helping in the invasion process111,112. Besides, these outcomes 
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support the emerging evidence that the bone marrow may represent a hidden reservoir for P. 

vivax parasites70. Considering the harm caused by liver-stage P. vivax hypnozoites113,114, the 

existence of another parasite reservoir may further complicate the surveillance and elimination 

of vivax malaria in Sub-Saharan Africa. Finally, P. vivax may have succeeded in an ultimate 

adaptation to its human host, its silent and insidious strategy being more efficient to ensure its 

proliferation, transmission, and survival than the blazing and bursting one used by P. 

falciparum, that sometimes results in the death of its human host. Although we managed to 

reach our objective, we faced many hurdles in the design, development, and optimization of 

these in vitro assays. As observed for the genomic studies, the quality of P. vivax isolates and 

CD34+ HSPCs appeared to be crucial for the success of in vitro invasion assays. Besides, the 

scarcity of permissible Duffy-negative erythroblasts prevented us from quantifying and scoring 

P. vivax infections through in vitro inhibition assays. Overall, this reflects the importance of 

undertaking field studies to have easily access to fresh P. vivax isolates and establish ex vivo 

experiments.  

 

4. Future perspectives 

Surely new perspectives will arise from inter-disciplinary collaborations and substantial 

investments in both fundamental and applied research. First, further efforts in the species-

specific description of severe vivax malaria would facilitate medical care99. Second, the 

improvement of surveillance strategies and the development of adapted diagnosis tools would 

allow better estimates of asymptomatic, uncomplicated, or severe P. vivax infections and 

deaths108. Third, the widespread safe access to radical cure would overcome P. vivax resilience 

to control strategies and substantially impact the parasite reservoirs67. Fourth, investments in 

the development of high-throughput technologies and the establishment of integrated and 

complementary multi-omics studies would help to overcome remaining technical issues88. 

Fifth, the development of efficient therapeutic treatments or vaccines for vivax malaria would 

definitely achieve the long-term goal of elimination115. In this aspect, the outcomes of this thesis 

project confirm that the leading vaccine candidate targeting PvDBP is promising to ensure the 

protection of both Duffy-positive and Duffy-negative populations116,117.  
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In conclusion, this thesis project provides important insights in P. vivax invasion 

mechanisms for the infection of Duffy-negative patients. Indeed, it unveils the invasion 

pathway used by P. vivax parasites to invade Duffy-negative erythroblasts and to maintain low 

levels of transmission in Sub-Saharan Africa. This thesis project also emphasizes the 

importance of recruiting interest of policy makers, funding agencies, and researchers to conduct 

both field and laboratory studies and thereby advance vivax malaria research worldwide. 
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