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Abstract 

The complexity of the infection mechanisms developed by P. falciparum restricts our current 

progress of eradication strategies. The erythrocyte-bound parasites maintain cell to cell 

communication through the release and uptake of extracellular vesicles (EVs). As central to the 

pathogenesis of several diseases, this cooperative behaviour has been associated with modulation 

of gametocytogenesis and of the host’s immune response during malaria infections. A lack of 

consistency in the literature led us to further characterize EVs secreted during P. falciparum in 

vitro infections using various standard analytical techniques. The isolation of EVs was achieved 

through sequential differential centrifugation and filtration of consumed media collected from 

3D7-infectected and uninfected red blood cell (RBC) cultures. Nanoparticle tracking analysis 

(NTA), and scanning electron microscopy (SEM) analysis identified the release of a heterogenous 

EV population averaging 100-130nm from iRBCs and uRBCs, with a slightly smaller size average 

from iRBCs. Particle size and concentration were found to be affected by the parasite’s life stage 

at the time of release and by the sample’s storage conditions. Moreover, iRBC-EVs and uRBC-

EVs were perceived as structurally similar, spherical lipid-rich particles which allowed labelling 

of the EVs with lipophilic dyes, DiO and SP-DiO, and visualization by fluorescent NTA. 

Fluorescent labelling for RBC-specific marker band 3 allowed RBC-EV identification by 

fluorescent NTA and fluorescence triggered flow cytometry, although low labelling efficiency was 

measured. In addition, spectrin, another host cell-derived marker, was found to be carried by all 

RBC-EVs, while the presence of a few parasite-specific markers such as plasmepsin II and HAP 

was also identified uniquely in iRBC-EVs by Western blotting. More in-depth proteomic profiling 

highlighted poor sample purification levels, identifying albumin as the major contaminant. 

Adequate purification levels were achieved by means of a density-based assay using sucrose 

gradient centrifugation. Taken together, we are beginning to better understand the unique features 

of P. falciparum-derived EVs. These experiments highlight the need for the establishment of novel 

technologies and the combinatorial use of current strategies for the analysis of downstream roles 

of EVs as potential therapeutic strategies. 
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Résumé 

La complexité des mécanismes d’infection développés par P. falciparum restreint le progrès actuel 

des stratégies d’éradication. Les parasites qui résident dans les érythrocytes maintiennent une 

forme de communication de cellule à cellule par la décharge et l’assimilation de vésicules 

extracellulaires (VEs). Tel qu’essentiel dans la pathogénie de plusieurs maladies, ce comportement 

coopératif a été associé avec la modulation de la gamétocytogénèse et la modulation de la réponse 

immunitaire de l’hôte pendant des infections palustres. Cependant, le manque d'un consensus 

scientifique à cet égard nous a menés à caractériser davantage les VEs sécrétées pendant une 

infection in vitro avec P. falciparum en utilisant diverses techniques analytiques considérées 

standards. L’isolement des VEs a été accompli au moyen de centrifugations séquentielles et 

différentielles et de filtrations du milieu de culture de globules rouges infectés ou non par la souche 

3D7 de P. falciparum après son usage en culture. Une analyse du suivi individuel de particules 

(NTA) par NanoSight et ZetaView, ainsi qu’une analyse par microscopie électronique à balayage 

(SEM) ont révélé la décharge d’une population de VEs hétérogène d’une taille moyenne de 100-

130nm à partir des cultures non infectées et infectées. Ces dernières démontrent par ailleurs une 

taille moyenne légèrement plus petite. La taille et concentration des particules ont été affectées par 

le stade de vie du parasite au moment de la production des VEs et par les conditions de 

conservation des échantillons. En outre, des particules riches en lipides avec des structures 

similaires et sphériques ont été observées pour les VEs des cultures infectées et non infectées ce 

qui a permis le marquage des VEs avec des colorants lipophiles, DiO et SP-DiO, et leur 

visualisation au moyen du mode fluorescent du NTA. Le marquage fluorescent utilisant « band 

3 », un marqueur spécifique aux globules rouges, a permis l’identification des VEs produites par 

les globules rouges par le biais de NTA en mode fluorescent et de la cytométrie en flux avec un 

déclencheur fluorescent malgré la faible efficacité du marquage. De plus, la spectrine, un autre 

marqueur dérivé des globules rouges, a été vue être transportée par tous les VEs produites par les 

globules rouges que nous avons étudiées. À contrario, la présence de quelques marqueurs 

spécifiques au parasite telles que la plasmepsine II et la protéase histoaspartique ont été identifiées 

par immunobuvardage de type Western uniquement dans les VEs provenant des globules rouges 

infectés. Un profilage protéomique plus détaillé a souligné le faible niveau de purification atteint 

et a identifié l’albumine comme contaminant principal. Des niveaux adéquats de purification ont 
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été atteints via un essai à base de densité utilisant un gradient de sucrose durant la centrifugation. 

Collectivement, nous avons seulement commencé à comprendre les caractéristiques uniques aux 

VEs produites par les globules rouges infectés par P. falciparum. Ces expériences soulignent le 

besoin d’établir des nouvelles technologies et de combiner les stratégies actuelles pour l’analyse 

des rôles ultérieurs des VEs comme potentielles stratégies thérapeutiques.  
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1. Introduction 

1.1. Malaria: a well-adapted killer 

Despite countless global initiatives, malaria still threatens the life of almost half the world’s 

population. The parasitic disease caused by an infection with a Plasmodium parasite led to 445,000 

deaths in 2016 alone (1). The highest proportion of these cases are concentrated in Sub-Saharan 

Africa and continue to have a great impact on the socioeconomic situation of the affected countries 

(1). The parasite is transmitted to humans by infected female mosquitoes belonging to the 

Anopheles genus, Plasmodium’s definitive host, which currently maintain continuous transmission 

in 91 countries (1).  

Plasmodium parasites belong to the Apicomplexa phylum, attributable to the presence of three 

organelles on their apical end: rhoptries, micronemes and dense granules (1). Five species of the 

Plasmodium parasite are responsible for causing clinical disease in humans: P. vivax, P. 

falciparum, P. ovale, P. malariae and P. knowlesi, although much rarer for the latter, which was 

not originally discovered in humans (1, 2). Following inoculation with the sporozoites that 

developed in the salivary glands of infected mosquitoes, all Plasmodium species initially infect 

liver cells of the human host, as detailed in the parasite’s life cycle in figure 1 (2, 3). Once mature, 

they release merozoites into circulation that are free to infect red blood cells (RBCs), establishing 

the erythrocytic replication cycle of the parasite. During this asexual replication cycle, the parasite 

will move through the ring, trophozoite and schizont stages. The latter will eventually undergo 

segmentation followed by rupture to release merozoites that will invade new RBCs. Some 

merozoites will develop into gametocytes following RBC invasion. This is the sexual stage of the 

parasite that will undergo the sexual replication cycle in the mosquito vector following uptake 

during a blood meal.  

P. vivax and P. falciparum can cause life-threatening malaria, despite their infection mechanisms 

differing in many ways (2). P. vivax has a restrictive invasion strategy as it solely targets Duffy 

positive reticulocytes to establish its asexual replication cycle (2). Infections with P. vivax and also 

P. ovale can remain quiescent once in the liver and can cause later relapses following new RBC 

invasions (2). P. falciparum infection prevails as the deadliest as it invades most RBCs in 

circulation and subsequently prompts the modification of its host cell, allowing its own 

proliferation. The RBC’s membrane is altered by the addition of the parasite-derived Plasmodium 
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falciparum-erythrocyte-membrane-protein-1 (PfEMP1), considered the parasite’s primary 

virulence factor (4). Its protrusion from the host cell’s membrane permits P. falciparum to avoid 

splenic clearance, the process used to filter out aged RBCs, by adhering to the host’s vascular 

endothelium (4). PfEMP1 also allows the parasite to evade the host’s immune system through 

antigenic variation of the var genes encoding for PfEMP1 (4-7). Therefore, this P. falciparum 

specific RBC modification allows it to establish a successful infection in humans. Moreover, 

PfEMP1 is responsible for many of the complications seen during P. falciparum infections such 

as anemia and cerebral malaria to name a few.  

Onset of symptoms is observed once the intra-erythrocytic proliferation cycle is successfully 

established (2). Diagnosis of malaria is challenging, as the disease presents itself as a febrile 

episode with other non-specific symptoms, including headaches, chills and vomiting, occurring at 

least 7 days following infection (1, 2). Therefore, early infections can remain unnoticed or cannot 

be initially associated with malaria, which delays drug treatment. Severe illness and death can 

ensue in a short period of time if left untreated. At-risk groups, namely children under the age of 

5, pregnant women, and immunocompromised patients (e.g. HIV positive patients), can develop 

life-threatening symptoms such as severe anemia, respiratory distress or cerebral malaria, 

particularly following P. falciparum infection (1). Treatment relies on antimalarial drugs, 

artemisinin-based combination therapy (ACT) being the current first-line treatment following the 

rise in chloroquine resistance (1). ACT combines artemisinin or a derivative, a fast acting and 

efficient drug, with another drug that has a longer half-life. The most efficient combinations being 

used are: artesunate-mefloquine, artemether-lumefantrine, dihydroartemisinin-piperaquine, 

artesunate-sulfadoxine-pyrimethamine and artesunate-amodiaquine (8). However, resistance 

towards all available drugs is on the rise and constitutes a real challenge (1, 2).  

Malaria prevention currently focuses on vector control by means of long-lasting insecticide-treated 

bed nets (LLINs) and indoor residual spraying (IRS) (1, 2). Despite their positive impact, 

insufficient knowledge on the correct use of these techniques leads to inefficient use of vector 

control methods (9). However, to drive control to the point of disease elimination, vector control 

alone will not suffice. Although the expansion of control activities and more accessible prevention 

methods led to a 21% decrease in malaria incidence and a 29% decrease in mortality between 2010 

and 2015, malaria remains one of the top 3 killers worldwide (1). Unfortunately, the development 
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of efficient vaccines against malaria is still lagging. It is restricted by our limited knowledge of P. 

falciparum’s complex life cycle, of its overall biology and of the host’s protective immune 

responses against the parasite (10-12). By clarifying the mechanisms that modulate the progression 

of the parasite’s life cycle, it will be possible to discover and further develop new ways to block 

disease progression and transmission.  

 

1.2. Previously uncharacterized diffusible molecules stimulate malaria transmission 

Mechanisms triggering sexual commitment of the intra-erythrocytic Plasmodium have been 

sparking interest due to its importance in perpetuating malaria transmission but are still, to this 

Figure 1. Plasmodium parasite life cycle. Detailed diagram of the progression of the malaria parasite’s asexual 

(#1-8) and sexual i.e. sporogonic (#8-12) replication cycles within its two hosts: humans and Anopheles spp. 

mosquitoes respectively. In humans, the parasite undergoes a first round of replication in liver cells known as the 

exo-erythrocytic cycle (A) and then establishes the erythrocytic cycle within the red blood cells in circulation (B). 

(3) 
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day, poorly characterized. Predominantly, causal links between gametocytogenesis and factors 

such as the host’s immune status, lymphocyte production or parasitemia, were initially 

hypothesized on the basis of simple observations (13, 14). Stress inducing factors have since been 

repeatedly associated with gametocytogenesis induction, promoting the hypothesis that the 

parasite’s sexual commitment results from the stimulation of survival mechanisms when faced 

with unfavorable growth environments (15). Certain stressful conditions have been gradually 

found to enhance the conversion to sexual forms and are currently used in combination in 

gametocytogenesis protocols (16, 17). These include introducing chloroquine in culture media 

(18), reducing the hematocrit levels (19), increasing the percentage of reticulocytes in blood (20), 

or the addition of hemolysis products to the parasite culture (21). In some cases, it was noted that 

the specific factors studied cannot alone drive sexual differentiation; Schneweis et al. clearly 

acknowledge the role of another unknown factor in triggering this process (21), supporting the 

belief that several processes are needed simultaneously to induce gametocytogenesis (22). More 

recently, the focus has shifted towards the identification of specific genes and on the understanding 

of gene modulation mechanisms implicated in the transition to sexual forms, yielding some 

interesting results such as the discovery of the “sexual development cluster” found through 

transcriptomic studies (23-26). The expression pattern of approximately 246 genes was 

specifically associated with gametocyte production (24). Genes ranging from TCA cycle enzymes, 

proteases, and hypothetical genes were identified and have the potential to become targets of 

antimalarial drugs that aim to block transmission of the parasite. Overall, the slow turn-over of in 

vitro studies of sexual differentiation can be explained by restrictions such as the overall low 

percentage of sexually committed parasites produced in culture and the parasite’s predisposition 

to lower its gametocyte production as its time in culture increases (27, 28).  

Some early experiments that looked at understanding the rate of gametocyte production proposed 

that changes in environmental factors in culture are responsible for fluctuations in the production 

of the transmission stages of the parasite (13). It was observed that gametocytogenesis decreased 

when different P. falciparum cultures were subcultured in vitro in fresh RBCs but that gametocyte 

production rose after a few days of continuous culture. The authors suggest that some unidentified 

environmental factors repress gametocyte production when the parasite is diluted in a new culture 

but after a few days promote gametocytogenesis. In agreement with these conclusions, sexual 
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commitment was shown to be triggered when P. falciparum was cultured in parasite-conditioned 

media, i.e. in used media that has been recovered from a culture in which the parasite was 

previously grown (29). Being essentially depleted media, culture supernatant was collected from 

the same flask for 5-6 days, centrifuged and filtered to eliminate any RBCs or small debris that 

could remain in the culture media. A greater number of gametocytes were produced when 

conditioned media was introduced in P. falciparum infected erythrocyte monolayers than when 

the parasite was grown in fresh culture media. Thus, it was confirmed that one or multiple soluble 

factors found in the culture media are modifying the parasite’s environment in such a manner as 

to induce gametocytogenesis in vitro. Further evidence was provided by Dyer and Day following 

the study of malaria parasite’s asexual replication using a co-culture system that allows diffusion 

of small molecules through semi-permeable membranes (30). They determined that sexual 

differentiation is repressed by means of diffusible molecules contained in culture media when 

growth conditions are optimal. However, they showed that sexual development is restored when 

asexual growth is being compromised, for example when maximum parasitemia is reached, i.e. 

when the maximum amount of parasites present in RBCs is reached (30). Furthermore, they 

suggest that the transition from the asexual to the sexual stages is achieved through a parasite 

density-dependent mechanism. A test parasite, a strain known as 3D7, was co-cultured with 

varying concentrations of another 3D7 parasite culture, ranging from 0 to 2%, to study the impact 

of the presence of an asexually replicating parasite on the growth of the test culture. It is ultimately 

shown that the presence of greater amounts of asexually replicating parasites will inhibit the 

development of sexual stages through the release of diffusible molecules. Currently, these findings 

are being successfully applied in protocols to increase in vitro production of gametocytes (31). 

Indeed, the use of parasite-conditioned media is used in combination with other methodologies to 

trigger gametocytogeneis. Nonetheless, the origin, nature or mode of action of these diffusible 

factors found in culture media remained unknown. It is essential to understand the molecular 

mechanism(s) implicated in the decision to trigger gametocytogenesis during malaria infection. 

The key to comprehending sexual commitment is thought to lie, at least partially, in these poorly 

characterized diffusible factors. There is a need to elucidate the specific roles of these molecules. 
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1.3. Diffusible vesicles play a role in disease progression during malaria infection 

Similar small soluble factors that induce gametocyte production during P. falciparum infection 

have been alternatively described to stimulate specific responses from their host cells in other 

infection models. For example, factors identified as microparticles (MPs) and isolated from P. 

berghei infected mice (species infecting only mice and used for in vivo models) were shown to 

have the ability to prompt innate inflammatory responses. Indeed, they have been observed to 

induce pro-inflammatory responses from macrophages in vitro such as CD40 upregulation and 

induce increased cytokine expression (TNF), confirming their role in the development of 

pathogenesis (32). It was successfully shown that MPs derived from infected RBCs (iRBCs) also 

possess the ability to induce a similar pro-inflammatory response from macrophages: CD40 

upregulation and TNF expression (32). Importantly, it was also noted that these identified MPs 

differ from previously characterized inflammation-induced MPs since these MPs were not released 

when an inflammation environment was induced in mice. It can thus be concluded that these 

vesicles released during various infections, notably malaria infection, are immunomodulatory 

within the host and not induced by inflammation. Moreover, small vesicles identified as exosomes 

that were purified from mice infected with P. yoelii 17X, a model for P. vivax infection in mice, 

were found to carry malaria antigens and were thought to have immunomodulatory properties as 

well (33). Indeed, this paper suggests that these exosomes induce an IgG driven humoral response 

when reintroduced in mice. Thus, there seems to be multiple vesicle subtypes that get released in 

in vivo malaria models that can modulate the host’s immune response. 

The relevance of in vitro and in vivo findings was confirmed in patients suffering from malaria, 

since their blood concentrations of RBC-derived MPs increased in comparison to healthy 

individuals (34). This can be explained by the increased production of MPs by infected RBCs, 

which were discriminated from uninfected RBC-derived MPs by the presence of RESA (ring-

infected erythrocyte surface antigen) that is solely on the membrane of iRBC-derived MPs. 

Interestingly, a correlation between the severity of symptoms and the blood levels of RBC-derived 

MPs has been repeatedly observed (34). Indeed, a greater number of RBC-derived MPs was 

detected in patients infected by the deadly P. falciparum species than in patients with milder P. 

vivax and P. malariae infections. When comparing severe with uncomplicated P. falciparum, a 

greater MP release was detected during more severe infections. Therefore, there seems to exist a 
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relationship between MP release and disease severity. Moreover, the administration of 

antimalarials to infected patients resulted in decreased MP blood levels regardless of the 

Plasmodium species causing the infection (34).  

Although the severity of Plasmodium infections has been related to plasma-derived MP 

concentrations, circulating platelet-derived MPs also impact disease outcome in an important 

manner (35-37). Persistence of symptoms during P. vivax infections and increased RBC 

cytoadherence in brain tissues during P. falciparum infections, leading to cerebral malaria, are 

linked to platelet-derived MP blood concentrations. Similarly, in mouse models, an impaired 

ability to produce platelet-derived MPs or even macrophage-derived vesicles, in turn leads to 

protection from cerebral malaria complications (38). Indeed, there is a lessened upregulation of 

adhesion molecules within the brain vasculature and thus a reduced sequestration of cells in this 

tissue when the activity of the ATP-binding cassette transporter 1 gene is undermined (38). In 

other words, when the regulation of membrane composition is altered, MP production is weakened, 

leading to a heightened protection against cerebral malaria.   

This demonstrates that diverse subtypes of host cell-derived vesicles are contributing to the 

development of disease by regulating the host’s immune response and by regulating sexual 

commitment. This emphasizes the need to elucidate their biological significance, their biogenesis 

and characterize their contents to understand their mechanisms of action.  

 

1.4. Extracellular vesicles: a universal vehicle for cell-cell communication 

Initially viewed as cellular excretory by-products, technological advances have permitted further 

understanding of the biological relevance of the different components of the cell’s secretome (39). 

Extracellular vesicles are membrane-enclosed vesicles secreted by most cell types, from 

prokaryotes to eukaryotes. They have also been isolated from many biological fluids and were 

observed to have multiple physiological functions, ranging initially from reticulocyte maturation 

and later expanded to antigen presentation, coagulation, immunomodulation, and signaling, to 

name a few (40). Their secretion and their role are in part determined by the specific micro-

environments and the cell type from which they originate (Figure 1) (41-43). This has complicated 

the association of each EV subtype with specific characteristic functions. As their membrane 
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composition, surface markers, and contents are quite heterogenous, the two main subtypes of EVs 

are differentiated mainly by size and biogenesis (41). There is overlap in composition between the 

two main subtypes of EVs, as they both have the ability to carry proteins, RNA, microRNAs 

(miRNAs), DNA and lipids, and both display membranes enriched in cholesterol and 

sphingomyelin (41). Interestingly, all EV phospholipid bilayer membranes also display higher 

resistance to environmental changes and enzymatic activity, making them safe compartments to 

store information. Exosomes are secreted when multivesicular bodies fuse with the plasma 

membrane, thus, are of endocytic origin and range between 30-100nm (Figure 2) (41). 

Microvesicles, also known as microparticles or ectosomes, simply bud off the plasma membrane 

and are 100-1000nm in size (Figure 2) (41). Despite these differences, the isolates from different 

experiments display unwanted heterogeneity. The latter is explained by the lack of good isolation 

methods and characterization techniques, mostly limited by their detection thresholds that cannot 

cover the entire size range of EVs (44). Nonetheless, a number of markers have been associated 

Figure 2. Biogenesis of EV subtypes. The two main subtypes of EVs (microvesicles and exosomes) are currently 

differentiated by size and biogenesis, as depicted above. MVE: multivesicular endosome, CCV: Clathrin-coated 

vesicle. Figure modified from original source (136). 
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with exosomal membranes, such as CD63, ceramide, and various Rab proteins involved in 

endosome trafficking and recycling (e.g. Rab11, Rab27, Rb35) (41). However, since secretion 

mechanisms are dynamic, these markers are not universal to all exosomes. Despite the lack of 

characterization of these messengers, there is overwhelming evidence that EVs play an important 

role in cell-to-cell communication and can modulate the recipient cell’s behaviour (45, 46). 

Elucidating the specific processes of EV-mediated communication during homeostasis and 

improving the techniques that allow the study the role of EVs will allow us to find ways to 

manipulate them in the context of disease (47). 

The ability of EVs to relay information can also be detrimental to the host (41). EVs have been 

described to contribute to the pathogenesis of many diseases, such as many types of cancer and 

viral infections (41, 48). For instance, EVs are strategically manipulated by Epstein-Barr virus to 

downregulate cytokine expression in their target cells, the uninfected dendritic cells, by means of 

viral miRNA delivery (49). Furthermore, MPs allow the transfer of information between cancerous 

cells, leading to the propagation of multidrug resistance in the population and worse prognosis 

(50). Hence, understanding the mechanisms of secretion and uptake (dependent on ligand-receptor 

interactions) of these EVs has the potential to yield new drug targets to fight diseases as well as to 

elucidate new disease biomarkers (10-12). Furthermore, intercellular communication by means of 

EVs has not only be described in the context of cancer and viral infections but also during parasitic 

infections.  

 

1.5.  EVs and homeostasis: Human red blood cells release extracellular vesicles under 

various physiological conditions  

At stable physiological state, a basal level of vesicles is found in the human blood. Different types 

of cells contribute to the varying origin of these vesicles: platelets, RBCs, leukocytes and 

endothelial cells continuously release these microparticles into the extracellular milieu (51). 

Indeed, they are necessary for the modulation of different processes required for maintenance of 

homeostasis such as angiogenesis, cell differentiation, immunomodulation, senescence and as a 

response to stressful changes in the environment (51, 52).  
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RBCs contribute the largest amount of EVs in blood. These cells specialize in oxygen and carbon 

dioxide transport through tissues owing to their hemoglobin content. In turn, this results in a lack 

of a nucleus, loss of the capacity to conduct de novo protein synthesis and restricts their repair 

mechanisms (53). Nonetheless, despite their enucleate nature, it is believed that RBCs undergo a 

similar process of programmed cell death equivalent to apoptosis, termed eryptosis, that leads to 

the production of apoptotic bodies (51). This constitutes a protective response to oxidative stress 

or other processes allowing the elimination of intracellular toxic molecules to extend the RBCs’ 

lifespan in the bloodstream (54). Similarly, as a protection mechanism, RBCs can produce a second 

type of vesicle known as microvesicles (51, 55). The latter are the predominant subtype found in 

circulation and pinched off the plasma membrane as a result of the normal process of aging, also 

known as senescence. Throughout their lifespan, RBCs lose a considerable area of their 

membranes through the multiple vesiculation processes. Moreover, the same process of 

microvesiculation as a result of aging is observed in RBCs during storage conditions in blood 

banks (53). Lesions that negatively impact RBC membrane integrity, deformability and their 

capacity to transport oxygen occur during storage and lead to microvesicle release. Better 

characterization and understanding of this process is necessary since the implications of the 

presence of these microvesicles is significant for patients as they can prime neutrophils ultimately 

leading to undesired immune responses. Lastly, RBCs have been shown to possess the ability to 

produce all three types of extracellular vesicles as they have been shown to also release exosomes, 

although solely during their early developmental stages in the bone marrow (56). 

Two distinct mechanisms have been shown to contribute to the dynamic formation of 

microvesicles from RBCs. An increase in intracellular calcium levels or the activation of protein 

kinase C have both been associated with the redistribution of phospholipids at the cell’s surface, 

the ensued loss of asymmetry in RBC membrane lipid constitution and thus microvesicle formation 

(55, 56). In fact, intracellular calcium is responsible for the loss of lipid membrane asymmetry 

through the inhibition of flippase and the activation of enzymes responsible for internalizing 

phosphatildylserine: flappase and scramblase. Furthermore, cytoskeleton-cleaving proteins also 

get switched on, increasing membrane deformability. Thus, RBC vesiculation is directed by a 

combination of these two processes. Furthermore, the formation and release of microvesicles was 

also described in various studies following diverse treatments of the RBCs. The addition of 
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lipoprotein A, para-methoxyamphetamine or the ionophore A23187 in presence of extracellular 

calcium directs an increased unveiling of phosphatidylserine on the extracellular side of the RBC 

lipid bilayer ultimately increasing symmetry and microvesicle release (55, 57). ATP depletion has 

also been shown to increase microvesicle production as it essentially accelerates RBC senescence 

by decreasing the activity at the plasma membrane thus lowering calcium ion pumping and 

ultimately increasing the intracellular calcium concentration (58).  

The human RBC-derived microvesicle populations characterized by multiple groups have 

analogous size ranges and composition. A first group identified two main populations of sizes 

205.8 ± 51.4nm and 125.6 ± 31.4nm (55) whereas another group had observed earlier the release 

of microvesicles of 185 ± 23nm (58). The former group observed the microvesicles by scanning 

electron microscopy and described their typical spherical shape and confirmed the same size range. 

As for their protein profile, all groups identified transmembrane protein band 3 as the most 

prevalent protein on the microvesicle membranes. Hemoglobin has also been found to be carried 

by RBC-derived EVs. Indeed, it is estimated that RBCs lose about 20% of their hemoglobin 

through vesicle production in their lifespan (59). The presence of glycophorins, blood group 

antigens, and CD47 on their membranes has been highlighted by diverse groups while most of the 

other integral membrane proteins, spectrin and cytoskeletal proteins have not been found to be 

carried by these microvesicles (51). Moreover, these EVs are enriched in phospholipids, 

phosphatidylserine and lipids associated specifically with lipid raft domains.  

Many roles have been attributed to RBC-derived EVs beyond their contribution to homeostasis. 

Evidence of pro-inflammatory and procoagulant responses from endothelial cells have been 

provided as a direct consequence of the interaction of RBC-derived EVs with monocytes in 

circulation (60). In fact, the EVs are phagocytosed by monocytes sequentially activating them 

leading to cell adhesion upregulation in endothelial cells. The presence of these extracellular 

vesicles in blood is also being closely investigated in the context of various blood-related diseases. 

For instance, EV release has been associated with tumor cells, hemolytic anemia, sickle cell 

anemia, thalassemia, and with infections with external agents, specifically during malaria 

infections (51, 61, 62).  
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1.6. EVs and parasitic pathogenesis: not a new concept 

EVs participate in host-parasite interactions and in parasite-to-parasite communication during 

infections established by protozoan parasites and helminths. Secretion of EVs to establish 

successful infection in humans has been observed for protozoan species such as Trichomonas 

vaginalis (63) and Giardia duodenalis (64) and for different species of flatworms and nematodes 

(39, 65, 66). For species belonging to the Apicomplexa phylum, EV secretion has been described 

from host cells harboring Toxoplasma gondii and Cryptosporidium parvum infections. The former 

parasite increases antigen presentation, whereas the latter leads to the secretion of antimicrobial 

peptides (67). Also, the release of EVs has been extensively studied in kinetoplastids. In the cases 

of Trypanosoma brucei and Trypanosoma cruzi, the causative agents of African sleeping sickness 

and Chagas disease respectively, EV secretion has been associated with immunomodulatory 

potential, as EV secretion overwhelms the host’s immune system through a heightened secretion 

of epitopes, ultimately leading to increased survival of the parasites (68). For T. cruzi specifically, 

proteomic studies following transmission electron microscopy (TEM) visualization of EV 

shedding have permitted the identification of parasite-derived proteins from which some have been 

linked to virulence (69, 70). Moreover, upon stimulation from a T. cruzi infection, red blood cells 

will release microvesicles that have the ability to bind complement C3 convertase. The C3 and 

EVs will together form a complex on the parasite’s surface that inhibits C3-dependent catalysis, 

ultimately promoting the parasite’s survival (71). In a similar fashion, Leishmania spp., causative 

agent of Leishmaniasis, can use EVs to shed virulence factors (72). These EVs can also modulate 

the immune system, which is achieved in human monocytes by inhibiting pro-inflammatory 

cytokine production and stimulating the production of an immunosuppressive environment, and 

by preventing CD4+ T cell differentiation (73). Therefore, EVs from these two intracellular 

protozoan parasites promote interactions between the parasite and the host’s cells. Since their 

invasion mechanisms have similarities with Plasmodium parasites, and since research has 

suggested the potential role of microparticles or other soluble factors in malaria infection 

progression and transmission, it is postulated that similar processes are mirrored in Plasmodium 

infections (48). It therefore comes as no surprise that EVs have been recently characterized in 

Plasmodium infections and that multiple roles have been already associated with their release.  
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1.7. EVs are actively involved in host-parasite and parasite-to-parasite communication 

during malaria infections 

EVs were isolated from human plasma and shown to play specific roles during homeostasis, such 

as reticulocyte maturation and coagulation (41). Disturbances in these environmental conditions 

were seen to influence release and uptake of EVs and can have an impact at many levels of the 

infection by altering the interactions between the parasite with itself and between its host. Indeed, 

during P. falciparum infection at the blood stages, EV production is observed to impact the parasite 

as well as the host’s immune cells. 

As reported in other parasitic infections, phenotypically distinct EVs derived from P. falciparum-

iRBCs are released, as shown by two independent research groups. Mantel et al. isolated vesicles 

ranging from 100-400nm from culture media that they described as RBC-derived microvesicles 

(RMVs) (74). By means of proteomic profiling and immunoblotting, they showed the presence of 

both RBC proteins and parasite antigens within the RMVs and identified two specific markers: 

RESA and SBP1. Following characterization, they showed that RMVs can modulate the host 

immune response through different processes and that RMVs specifically derived from infected 

RBCs have a greater capacity to stimulate such responses. Incubation with isolated RMVs from 

iRBCs was shown to lead to activation of multiple immune cells: (i) activation markers were 

upregulated in monocytes and B cells, (ii) pro and anti-inflammatory cytokine secretion was 

observed from macrophages, and (iii) increased migration of neutrophils was quantified. 

Interestingly, the source of the RMVs differentially effect host cells: the RMVs shed from iRBCs 

activate neutrophils, inducing movement, and also get internalized by other circulating RBCs more 

efficiently than uRBC-derived RMVs, even though the actual mechanism of uptake is still under 

study. Furthermore, when actin polymerization, a required process for EV uptake, was inhibited 

in human macrophages, the recipient cells, the mRNA levels of pro- and anti-inflammatory 

cytokines decreased in these cells. This suggests that the activated phenotype seen in macrophages 

is dependent of EV uptake. 

Similarly, Regev-Rudzki et al. also note that inhibiting the action of actin and microtubules halted 

parasite-to-parasite communication during malaria infection (75). They went further and identified 

a parasite-specific protein located on the Maurer’s cleft, that allows EVs to bud off, PfEMP1 

trafficking protein 2 (PfPTP2). However, by means of transmission electron microscopy and 
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atomic-force microscopy, this group characterized their isolated EV population purified from P. 

falciparum-conditioned culture media. Due to their average size being of approx. 70nm, these EVs 

were referred to as exosome-like vesicles (ELVs), which differ from the ones isolated by Mantel 

et al.(74). These ELVs were indirectly shown to serve as messengers by means of plasmid transfer 

between different strains and by their ability to induce gametocyte production (explained later), 

thus confirming their role in cell-to-cell communication. EVLs are also speculated to possess the 

ability to carry and potentially transfer DNA following the successful transfer of DNA between 

parasites without physical contact, which had been described in cancer cells previously (50).  

More recently, direct immunomodulatory properties have been associated exclusively with the 

DNA cargo of the EVs released from the iRBCs. Indeed, by image flow cytometry, a group 

demonstrated that the EV’s DNA gets transferred into monocytes and disseminates within their 

cytosol (76). By accessing this intracellular space, the DNA triggers the cytosolic DNA-sensing 

pathway known as the STING-dependent signaling pathway that induces type I interferon 

responses. As the STING pathway is important in malaria parasites’ development within the RBCs, 

it is not surprising that the parasite has established a mechanism to adjust the host’s response. 

Overall, this study confirms only one of the many pathways the EVs and their cargo have the 

ability to regulate. 

Overall, even though different roles were described for EVs by Mantel et al., Regev-Rudzki et 

al. and Sisquella X. et al., all three agree that EVs are required for cell-to-cell communication 

during malaria infection, whether it is to communicate with the host or amongst parasites (74-

76). 

 

1.8. EVs derived from P. falciparum infected RBCs mediate gametocytogenesis 

Strikingly, Mantel et al. and Regev-Rudzki et al. described a common role for P. falciparum-

infected RBC-derived EVs that was in agreement with previous findings about the relationship 

between soluble factors from parasite-conditioned medium and sexual differentiation (74, 75). A 

strong correlation between EV release and gametocytogenesis during malaria in vitro infection 

was observed (74, 75). Mantel et al. show that RMVs play a direct role in gametocytogenesis (74). 

For this, a 3D7 strain was grown in control media, media conditioned by early stage parasites and 
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media conditioned by late stage parasites. Gametocyte counts under the microscope revealed an 

increased production of gametocytes in both types of conditioned media compared to control 

medium, but still an even greater production when the late stage conditioned media was added to 

the culture. This experiment confirms much of the previously presented data but also reveals that 

parasite life stage plays a role in modulating EV release, hinting that the parasite’s schizont stage 

stimulates EV release at a higher extent. Furthermore, gametocyte production increased in a dose-

dependent manner following addition of different concentrations of RMVs isolated from iRBCs, 

while RMVs derived from uRBCs could not induce the same levels of sexual commitment. 

Parasitemia remained unaffected by the addition of RMVs in culture. This is strong evidence that 

EVs can directly modulate communication between erythrocytic stages of the parasite. Mantel et 

al. also postulate that these results suggest that the parasite is able to use EVs to estimate its own 

population density and modulate the gametocyte production accordingly.  

Regev-Rudzki et al. also make a strong case for the need of parasite-to-parasite communication in 

triggering gametocytogenesis (75). The co-culture of two parasitic strains in presence of a drug 

lead to a 17-fold increase in gametocyte production than when grown individually in the same 

conditions, as seen by microscopy and flow cytometry. This suggests that communication between 

parasites increases sexual commitment following environmental changes. Through this experiment 

and other conducted in their study, it is suggested that sexual differentiation is prompted as a 

survival mechanism in response to detection of a stressful environment, here triggered by drug 

pressure.  

Although a clear correlation between the presence of EVs and gametocytogenesis has been 

described by both groups, there is a great need for (i) more supporting data, (ii) determining the 

factors modulating EV release, and (iii) the different pathways they trigger to support the proposed 

role of EVs in cell-to-cell communication. Thus, it is clear that the study of the EVs’ function in 

the context of a malaria infection has to be supplemented by a greater understanding of the 

composition and the cargo of these vesicles to identify the active biomolecules that lead to their 

importance in circulation.  
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1.9. Characterization of RBC- derived EVs during homeostasis and during malaria 

infection: proteomics and lipidomics 

Most of the characterization focus was initially turned into identifying the different proteins and 

lipids that made up the lipid bilayer of the EVs derived from P. falciparum-infected RBCs to better 

grasp their similarities in composition to RBC-derived EVs and known EV markers. The protein 

and lipid composition of RBC-EVs, which are known to be almost solely microvesicles, is still not 

entirely decoded. It has been noted that while the phospholipid composition of microvesicles 

released by RBCs mirrors the one of the original cell’s membrane, the protein diversity on the 

RBC-derived microvesicles is much more restricted than on the RBC’s membranes (55). In fact, 

most integral membrane and cytoskeletal proteins were not detected on the microvesicles (51). As 

presented earlier, all studies agree on the abundant presence of band 3, with differences in 

aggregation, and on the absence of spectrin from RBC-MVs (51, 55, 58, 77). The presence of other 

proteins such as glycophorins, blood group antigens, stomatin, CD47, lipid raft proteins and 

hemoglobin overlaps amongst reports whilst the presence of other proteins such as actin is still 

disputed (51, 55, 77).  

Subsequently, when looking at the impact of a malaria infection on protein and lipid composition 

of the EVs released by RBCs, a specific core content of RBC-associated proteins was identified in 

EVs from both origins by means of mass spectrometry (74). The latter included lipid raft-

associated proteins: band 3, stomatin and carbonic anhydrases. However, unlike previous reports 

on RBC-EVs, spectrin was visible, although partly depleted, on both types of EVs (74). Although, 

the lipid composition of the released EVs was not studied in detail, the presence of 

phosphatidylserine was detected by Annexin V staining which also aligns with earlier findings on 

RBC-EV lipid profiles (51, 55, 74). Thus, not only are these observations mostly consistent with 

previous studies that profiled the protein and lipid contents of EVs derived from RBCs but also 

confirms that EVs produced from iRBCs maintain the same RBC-related proteins. Furthermore, 

the EVs released from the iRBCs carried about 30 different P. falciparum-specific proteins (74). 

The latter were either proteins classically associated with the host cell’s membrane, such as 

Maurer’s clefts or with the parasitophorous membrane or proteins that play a role during invasion 

such as rhoptry proteins. The same proteomic profile was described for EVs isolated from in vitro 
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cultures of 2 different P. falciparum strains implying the packaging of these proteins is not a 

random process.  

Nevertheless, as laboratory strains have not been subjected to the pressures of living inside a 

human host for a long period of time, the parasite might have adapted its EV release process in 

consequence. For this purpose, Adbi et al. carried out the first thorough proteomic analysis of EVs 

isolated from the blood of P. falciparum infected patients from Kenya (78). Their research yielded 

results that are comparable to the observations provided by Mantel et al., confirming the existence 

of a fixed set of released bioactive molecules. There was an overlap of 53 distinct proteins between 

the two studies while Abdi et al. identified another 100 proteins solely present in their isolates, 

totaling about 184 different proteins identified when combining both reports (78). Also, some 

virulence factors such as PfEMP1 or STEVOR were not found within the EVs, supporting the 

findings from Mantel. et al. Despite the absence of these proteins, Abdi et al. revealed proof of 

increased presence of other proteins associated with virulence in their samples; proteins that work 

to remodel the RBC’s surface and proteins that play a role during RBC invasion such as Maurer’s 

clefts, rhoptry-associated or microneme-associated proteins (78). Interestingly, they noted that the 

amount of proteins found in EVs varies with the parasite’s different life stages at which they are 

produced: almost all the proteins present at the ring stage were also found in the late developmental 

stages but about 100 other proteins were identified from the second half of the parasite intra-

erythrocytic cycle (78). Overall, their analysis identified proteins associated with the extracellular 

membrane and parasitophorous membrane to be present with the most abundance whereas 

merozoite antigens from the parasite’s apical end followed in abundance which again aligns nicely 

with the observations from Mantel et al.  

Additionally, another group performed a proteomic analysis of the microparticles found in the 

blood of infected patients. Antwi-Baffour et al. show that EVs released into the blood of malaria 

infected patients carried greater quantities of hemoglobin than their counterparts implying a 

correlation between the lower levels of hemoglobin seen in malaria infected patients and RBC 

vesiculation (79). Additionally, they identified increased levels of certain P. falciparum proteins 

such as enolase, heat shock 70 kDa protein and L-lactate dehydrogenase that had not been singled 

out in the other studies and they pinpointed a few other proteins that were only seen in a limited 

amount of the infected samples (79).  
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1.10. Characterization of RBC- derived EVs during homeostasis and during malaria 

infection: nucleic acids 

RNAs have long been identified in circulation and have been at the center of research for their 

potential as disease biomarkers (80, 81). However, it is some years later that the first evidence of 

the ability of EVs to shuttle small RNAs between cells was provided by Valadi H. et al. (82). 

Working with exosomes from mouse and human mast cell lines, the group revealed the presence 

of intact mRNA from around 1300 different genes in these vesicles and showed that the abundancy 

of these transcripts varied from their parent cells. These mRNA transcripts retain their 

functionality as they can be used to produce polypeptides in the presence of the required 

machinery. To greater extent, they provided proof of the ability of EVs to also carry miRNAs and 

their ability to transfer them between cells, leading to believe that the latter can communicate by 

means of gene modulation (82).  

Despite their inability to sustain de novo protein synthesis and modulation mechanisms, RBCs 

were shown to carry endogenous miRNA machinery to carry out gene silencing by means of 

microRNA deep sequencing and mass spectrometry (83).  197 different miRNAs were identified, 

including predominantly miR-451a and others such as miR-144/145 and miR-144-3p. 

Additionally, despite the absence of two components of the RNA-induced silencing complex Dicer 

and TRBP, the presence of Argonaute 2 and its ability to bind a variety of cofactors was confirmed 

in the same study (83). Thus, these observations suggest that RBCs possess the ability to use 

miRNAs to regulate certain processes.  

In agreement with these findings, in a recent study conducted to identify the specific RBC-derived 

EV contents responsible for the immunomodulation of host cells in the context of an in vitro 

malaria infection, both host-derived and parasite-derived small RNAs were characterized (76). The 

RNA contents of uRBC-EVs and iRBC-EVs differ, particularly regarding their amounts, iRBC-

EVs carrying at least twice as much (76). Subjecting the isolated EVs to small RNA deep 

sequencing revealed that uRBC-derived EVs carry a higher proportion of microRNA reads 

compared to iRBC-derived EVs but still share about 218 out of 229 total human microRNAs 

detected, with has-miR-451a predominating in both EV types (76). Furthermore, by means of GO 

enrichment analysis, a positive bias of miRNA targets associated with cell adhesion gene 

regulation was revealed. They include many PfEMP1 adhesion targets from the host such as 
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platelet endothelial cell adhesion molecule-1 (PCAM-1), vascular cell adhesion molecule-1 

(VCAM-1) and intercellular adhesion molecule-1 (ICAM-1), to name a few (76). It is thus 

hypothesized that adhesion mechanisms of iRBCs can be regulated by EV-derived microRNAs in 

host endothelial cells.  

In the same study, genomic DNA, apicoplast and mitochondrial DNA derived from the malaria 

parasite was also identified within iRBC-derived EVs (76). This DNA packaging process seems 

to be limited solely to P. falciparum early developmental stages. In fact, the DNA was also shown 

to play an immunomodulatory role as it gets transferred into host monocytes and subsequently 

activates the STING signaling pathway as presented earlier (76).  

Although there seems to be an increased consensus regarding the different components of RBC-

EVs and P. falciparum-infected RBC-EVs with time, many inconsistencies are still observed. To 

strengthen the evidence, there is first a need to eliminate the bias and skewing of results that is 

created by the heterogeneity of methodologies used for isolation and characterization, not only in 

the context of malaria EV research but also in the whole field of extracellular vesicles.  

 

      1.11. The drawbacks and limitations of the young field of extracellular vesicles 

As it is still being highlighted in any research paper published in the field and in numerous reviews, 

the biggest challenge in the field of extracellular vesicles remains to find consistency and achieve 

reproducibility between studies. There are no set standards yet. Consequently, result interpretation 

is highly sensitive to the variations in nomenclature and the different isolation techniques 

available. Although there have been efforts to combine over 350 studies into a single database 

called Vesiclepedia, the lack of established methodologies is noticeable and made more obvious 

by the ever-growing sensitivity of molecular techniques (84).   

Initial efforts focused on establishing specific characteristics to each EV subtype, based on size 

restrictions, biogenesis processes, surface markers, cargo and downstream function. Over the 

years, this was proven to be harder than initially expected, as many of the isolations yielded 

heterogenous EV populations. To further complicate matters, many standard exosome markers 

were later found to be carried by microvesicles just as commonly, as was the case for tetraspanins 

(84). Moreover, a single cell can produce EVs that differ in size, in cargo and even in biogenesis 
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adding another level of complexity to profiling the secretome of different cell types. This was 

demonstrated in a study that obtained 2 different subtypes of EV populations using the same 

isolation method of sequential centrifugal ultrafiltration to collect the EVs produced by a human 

colon cancer cell line (85). A first population was heterogenous and displayed a large size range 

whereas the second population was described as homogenous, had a much smaller size range and 

carried many of the traditional EV markers. Interestingly, their downstream ability to invade cells 

was also different between EV subtypes (85). Nonetheless, as awareness about the lack of 

consensus in the field rises, more researchers are focusing their efforts into standardizing the 

differences between EV subtypes (86). 

It has become clear that the methodologies used for sample collection, processing and isolation 

can also impact the characterization outcomes and are dependent on the biofluid studied (87). For 

instance, ultracentrifugation has been considered the gold standard of isolation methods in this 

field. However, there are increasing reports regarding the negative impact of this technique on the 

structural integrity of the extracellular vesicles, which in turn can affect their active properties 

(88). The EV cargo can be modified as a consequence of the damage enforced onto the EV 

membranes by the high force exerted on them by the centrifugation. Incomplete sedimentation and 

pelleting of other materials other than the EVs of interest are also growing concerns in the field. 

Co-sedimentation of undesired materials such as lipoproteins and protein aggregates are not 

uncommon sights (87, 89). Moreover, it was shown that many factors can introduce variation in 

pelleting efficiency between studies such as the viscosity of the biofluid of interest or the rotor 

type and angle to name a few (90). Other less widely used isolation methods include size exclusion 

chromatography, density gradient centrifugation and filtration to name a few. Each of these 

techniques comes with their own set of restraints.  

Disparities between investigations is also introduced during the analysis of isolates. For instance, 

when comparing some methods used for size determination and the visualization of the EV’s 

morphologies such as scanning electron microscopy, nanoparticle tracking analysis and atomic 

force microscopy, there is variability between studies. Some other techniques are already known 

to be less suited for similar studies such as dynamic light scattering and flow cytometry (87). 

Moreover, storage and handling practices are also seen to influence results (87). 
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Thus, to produce reliable results, to identify specific markers for EV subtypes and study their 

biogenesis and downstream effects, there exists a clear need to improve the current isolation 

methods. This is followed by a need to find better markers for different EV subtypes and a need to 

develop good controls for the different techniques used. The lack of consistency and the inability 

to establish standard protocols continues to emphasize the gaps in knowledge in the field of 

extracellular vesicles. These challenges are seen across different contexts and particularly in the 

context of a malaria infection, as research in this area is in its infancy. The lack of understanding 

of the malaria parasite’s complete biology contributes to the difficulty of establishing standard 

methodologies and consensus amongst scientists.  
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2. Project Overview 

2.1. Rationale and Hypothesis 

Circulating microparticles have recently been recognized to play significant roles during malaria 

infections. Multiple roles have already been attributed to the presence of P. falciparum-infected 

RBCs derived EVs from immunomodulation to gametocytogenesis regulation. Indeed, a 

significant amount of studies have shown evidence of the capacity of the parasite to use the EVs 

for exchanging information, for communication. However, being a young research field, EV 

isolation procedures have not been standardized and do not yield homogenous vesicle populations. 

This has led to variations between the conclusions reported by different studies and lack of 

reproducibility. In turn, the inability to differentiate EV subtypes prevents the establishment of 

widely accepted methodologies. In this context, before investigating the roles of the EVs in culture, 

in our laboratory, we turn our attention to confirming previous findings from other groups and to 

then expand upon established knowledge. We hypothesize that the EV population produced during 

P. falciparum infection of RBCs differs in content from the EVs shed by RBCs at homeostasis to 

include parasite-specific information to allow communication between parasites within the host. 

We seek to establish robust protocols that will allow consistent isolation and characterization of 

iRBC-derived EVs. We then propose to further characterize the EVs from infected cultures and 

investigate the differences with EVs shed by RBCs as their unique features will allow the 

understanding of mechanisms of biogenesis and mechanisms of action during a P. falciparum 

infection. The identification of parasite-specific markers and parasite-specific contents in iRBC-

EVs by a combination of different methods is the basis of any future research looking to reveal 

specific pathways involved in EV release, uptake and survival. This can ultimately contribute to 

the discovery of new vaccine targets or new drug targets that aim to interfere with the parasite-to-

parasite communication.  

 

2.2. Specific Aims 

To test this hypothesis, we address the following specific aims: 

I. Isolation, purification and characterization of the EV population collected from P. 

falciparum-infected RBCs in vitro culture 
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II. Determine specific markers for the identification of RBC-derived EVs and parasite-

infected-RBC EVs 

III. Investigate the differential composition of the information enclosed in uRBC-EVs and 

iRBC-EVs 

To this end, we will conduct our study of EV populations following the collection of conditioned 

media from the in vitro model of P. falciparum-infected RBC cultures. A range of analytical 

methods will be applied throughout the study seeking to combine multiple widely accepted 

technologies in the EV field to validate our conclusions. The use of complementary methods 

remains the gold standard as each has their own limitations created by the size of the particles. 
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3. Methodology 

3.1. Plasmodium falciparum in vitro culture 

Parasites of the P. falciparum reference strain 3D7 were used for this study. Parasites were 

maintained in culture at 5% hematocrit in complete RPMI 1640 media (Wisent Bioproducts). 

RPMI media was supplemented with L-glutamine (300mg/L), HEPES (25mM), sodium 

bicarbonate (200mg/L), hypoxanthine (1mM) and gentamicin (50mg/mL) (Wisent Bioproducts). 

As serum substitute, bovine serum albumin was added to the culture media prepared from 

AlbuMAX I (Invitrogen) to reach a final concentration of 0.5% (w/v). Parasites were kept in fresh 

human red blood cells of type A+ received as packed red blood cells (Interstate blood bank, 

Memphis, Tennessee, US). Upon arrival, blood was washed with incomplete RPMI and stored at 

4⁰C at 50% hematocrit in incomplete RPMI media supplemented with gentamicin (50mg/mL) for 

no longer than 4-5 weeks. P. falciparum cultures were kept at controlled atmospheric conditions 

of 5% CO2, 3% O2 and 92% N and at constant 37⁰C. For maintenance, parasitemia was sustained 

between 3-5% but was elevated to 5%-8% when cultures were used to produce EVs for isolation. 

10mm2 culture dishes were used for maintaining cultures whereas 650 mL flasks were used for 

growing bigger cultures to collect greater amounts of EVs from the culture media. To calculate 

parasitemia, thin blood smears were prepared by spreading a drop of blood on a microscope slide. 

The smears were shortly dipped in methanol and when completely dried, they were stained in 5-

10% Giemsa solution.  

To grow synchronized cultures, the parasite cultures were treated by sorbitol lysis. After 

confirming high parasitemia with high percentage of ring stage parasites by thin-blood smears, the 

iRBC suspensions were incubated for 10 minutes with a 5% D-sorbitol solution (Thermo 

Scientific). The RBCs were then washed once with incomplete RPMI to thoroughly remove the 

sorbitol and put back in culture in complete RPMI.  

For uRBC cultures used to collect uRBC-derived EVs for control purposes, RBCs were maintained 

in the same way as iRBC cultures i.e. at 5% hematocrit in the same volume of complete RPMI 

media and in flasks. These cultures were synchronized in the same fashion as infected cultures.  

 

 



Master’s Thesis KUCYKOWICZ, Stephanie 
2018 

 

25 
 

      3.2. Isolation of extracellular vesicles 

P. falciparum-infected RBC cultures maintained in T175 flasks at 5% parasitemia or higher were 

first synchronized by sorbitol treatment. Synchronization of the culture is important to avoid 

collecting media from a parasite culture where egress had started to take place to prevent the 

collection of merozoites or other by-products of similar size to vesicles but of different nature. The 

culture supernatant was collected at different time points post-synchronization. For ring stage-

specific EVs, the media was collected about 24h after the synchronization and for EVs derived 

from the late blood stages, the media was collected from the period between 24h to 40h post-

synchronization. When the life stage was not important for the experiments or for optimizations, 

the consumed media was collected from the flasks directly 30-40 hours after the initial 

synchronization. To collect the culture supernatant, the cell suspensions were sequentially 

centrifuged at increasing speeds to eliminate any cells and debris from the media of interest. First 

centrifugations were carried out in Sorvall ST16R (Thermo Scientific) with rotor T5003629, 

starting with two centrifugations at 1900 rpm and for 5 minutes and followed by two 

centrifugations at 3,000 rpm for 10 minutes. The cell suspensions were then centrifuged at 17,000 

xg for 1 hour at 4⁰C using rotor JLA16.250 (Beckman Coulter). The media was filtered through a 

0.45µm filter (Nalgene) to get rid of other protein aggregates and more debris. To concentrate the 

media and as to reduce its volume, the filtrated media was passed through a VivaCell 100 PES 

centrifugal concentrator (Sartorius) that possesses a 100kDa molecular weight cut off. VivaCells 

with media were centrifuged at 3,000 rpm at 4⁰C until media was concentrated to desired point. A 

final ultracentrifugation step was done to pellet out the EVs from the concentrated media. Two 

variations of this last step were used in this study. The concentrated media was transferred to 

thickwall polypropylene 32 mL tubes (Beckman Coulter) and centrifuged at 150,000 xg with 

50.2Ti rotor at 4⁰C for 12-16 hours. Alternatively, the concentrated media was transferred to 

centrifuge polycarbonate 10.4 mL bottles with cap assemblies (Beckman Coulter) and centrifuged 

at 150,000 xg (i.e. 40 500 rpm) with 70.1Ti rotor (Beckman Coulter) at 4⁰C for 12-16 hours. The 

EV pellets were resuspended in DPBS (Gibco). The EV suspensions were then analyzed by 

nanoparticle tracking analysis or Western blot. If not used immediately after isolation, EV 

suspensions were stored at -80⁰C for longer periods. Furthermore, to obtain uRBC-derived EVs to 

be used as controls and to carry out comparisons, the same protocol was followed.  
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      3.3. Sucrose gradient purification and albumin depletion 

Sucrose solutions of different densities were prepared by mixing the adequate mass of sucrose, 

following the mass to volume ratio desired, with 1.4g of Tris in 50ml of water. The solutions were 

first equilibrated to pH 7.2-7.4 and then filtered simultaneously through a 0.22µm filter (Corning) 

and a reusable anion membrane absorber 15cm2 Sartobind Q15 (Sartorius). Sucrose solutions were 

stored at 4⁰C. The gradients were prepared in thickwall polypropylene 32mL ultracentrifuge tubes 

(Beckman Coulter). The nonlinear gradients were composed of three 5mL layers of different 

densities; the denser layer was placed at the bottom of the tube and the decreasingly lighter layers 

were layered on top of each other very slowly with the help of a syringe with a 20G needle (BD), 

to disturb the layering as little as possible. Here, gradients of 40% - 35% - 30% and 50% - 45% - 

40% were prepared. Alternatively, as part of the optimization steps, a sucrose cushion of 40% 

sucrose was also tested. It was prepared by adding a single 5 mL layer of 40% sucrose solution to 

the ultracentrifuge tube. Following the gradient or cushion preparation, the concentrated media 

obtained after multiple centrifugation rounds with the molecular weight cut off was carefully 

layered on the sucrose gradient or cushion. The gradients were centrifuged for 18 hours at 25,000 

rpm (approx. 100,000 xg) and at 4⁰C using the SW-28 rotor (Beckman Coulter). Individual 

fractions were collected from each sucrose layer and washed twice with DPBS to eliminate as 

much of the sucrose as possible. For the first wash, each fraction was placed in a new 32 mL 

ultracentrifuge tube and spun down for 2 hours at 27,500 rpm (approx. 136,000 xg), at 4⁰C in the 

SW-28 rotor (Beckman Coulter). For the second wash, only 5 mL recovered from the bottom of 

each tube were placed in a new thinwall polypropylene 12 mL ultracentrifuge tube (Beckman 

Coulter) and centrifuged for 2 hours at 28,000 rpm (approx. 134,000 xg), at 4⁰C in the SW-41 rotor 

(Beckman Coulter). For the final step of the EV collection, only 1 mL was recovered from the 

bottom of the previous tube and placed in a 1.5 mL microfuge tube (Beckman Coulter). These 

were centrifuged for 1h30 at 50,000 rpm (approx. 100,000 xg) at 4⁰C in the TLA 100.3 rotor 

(Beckman Coulter). The final pellet was resuspended in ~100µL of DPBS. For protocol 

optimization, all the fractions obtained were analyzed by Western blot and by Coomassie brilliant 

blue staining to verify the purity of the isolations. If not needed for further use, the EV suspension 

in DPBS was flash frozen and stored at -80⁰C.  
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For further purification by albumin depletion, the Pierce albumin depletion kit (ThermoScientific) 

was tested on our EV isolations. The instructions were followed as outlined in the kit. One slight 

modification was done to the protocol to accommodate the type of albumin that will be bound to 

the resin in the column. The binding/wash buffer, a low-salt alternative composed of 25mM Tris 

and 25mM NaCl, was prepared and set at pH 7.5. About 25-50µL of the DPBS diluted samples 

were passed through the column twice and the flow-through was collected. The flow-through of 

several washes to the column were also collected and all collections were pooled together. Their 

protein profile was analyzed by Coomassie brilliant blue staining following separation of the 

proteins by SDS-PAGE.  

 

3.4. Isolation of extracellular vesicles from enriched iRBC cultures 

Enrichment for iRBC was achieved by removing the greatest amount possible of uRBCs from the 

culture based on differences in cell density, as iRBCs are expected to have a bigger mass than 

uRBCs. About 24 hours following synchronization of the iRBC cultures, when all the parasites 

have reached the trophozoite stage, the RBC pellet from one flask containing all RBCs from one 

culture was resuspended in incomplete RPMI media and layered on top of a Percoll (GE 

Healthcare) or Easycoll (Millipore Sigma) layer. For the Easycoll layer, a 15 mL layer at a 

concentration of 75% of the 1.124g/mL Easycoll solution was prepared with incomplete RPMI 

media. For the Percoll, a 10 mL layer at a concentration of 68% of the 1.130g/mL Percoll solution 

was prepared with 1X PBS. Both separating layers can be used interchangeably, and both resulted 

in similar separation efficiency. Not more than 2.5 mL of RBCs was placed at the top of each 

separation column, i.e. 2 columns were used for each flask of culture. Columns were centrifuged 

at 1,500 xg for 20 min to separate the iRBCs from the uRBCS. Slower acceleration and 

deceleration speeds were used to not disturb the separations at the beginning and the end of the 

centrifugation. The uRBC pellet was found below the separation layer whereas the heavier iRBCs 

were found at the top the layer. The top layer was collected and washed twice with incomplete 

RPMI media at 800 xg for 2 minutes. The final enriched iRBC pellet was introduced back into the 

flask with the same initial amount of media i.e. 100 mL, by consequence lowering the hematocrit 

of the culture. Thin-blood smears of the culture were prepared and stained with Giemsa to count 

parasitemia, to confirm that the enrichment was successful. As small volumes of iRBCs are 
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generally recovered, since this is restricted by the parasitemia of the culture, more flasks of culture 

were used in this EV isolation process, usually about 4 x T175 flasks (each with 100 ml of 5% 

hematocrit cultures at a parasitemia ranging between 5-10%), to increase the amount of EVs 

collected at the end of the process. The culture supernatants were collected, as previously 

explained, approx. 7 hours after the enrichment process, or just before schizonts start undergoing 

egress. Thin-blood smears were prepared again to examine the stages of the parasites in culture at 

this time point. EVs were isolated from the collected media as previously outlined. For protocol 

optimization, all isolations obtained were analyzed by Western blot to verify the purity of the 

isolations. 

 

3.5. EV enumeration and EV size distribution analysis 

      3.5.1. Nanoparticle Tracking Analysis 

Extracellular vesicles were isolated as described above through differential ultracentrifugation 

steps from iRBCs and uRBCs and the final pellet was resuspended in ~200µL DPBS. For the 

purpose of this study, analysis was done directly on freshly isolated EVs, i.e. EVs that had just 

been resuspended in DPBS, or on EVs that had been stored as particle suspensions in DPBS for 

different periods of time at -80⁰C following isolation, here referred to as frozen samples. 

Nanoparticle tracking analysis (NTA) was performed with the NanoSight NS300 (Malvern 

Panalytical) and with the ZetaView (ParticleMetrix). The EV samples were diluted by 10,000 and 

100,000 fold in DPBS to get more accurate reads on these machines. For some settings used for 

the NanoSight, the slider shutter was set between 1200-1300, the slider gain was set to approx. 

500 and the camera level to approx. 16. For the ZetaView, the ZNTA filter was used to measure 

the size and concentration of the particles and the shutter was set to 100, the sensitivity ranged 

from 90-95 and the gain was set to approx. 33. The settings were optimized for each instrument 

and remained unchanged between samples. Instruments captured video recordings, 3 x 1 minute 

videos for the NanoSight and 9 x 10 second videos for the ZetaView, and analyzed them. The 

analysis was presented by each machines’ software as a size distribution graph, supplemented with 

a report containing results such as the mean and median particle sizes and short videos of the 

particles in solution.  
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      3.5.2. Fluorescence triggered flow cytometry 

Extracellular vesicles were isolated as described above through differential ultracentrifugation 

steps from iRBCs and uRBCs and the final pellet was resuspended in ~200µL DPBS. EV 

enumeration was performed with the CytoFLEX (Beckman Coulter). The EV samples were diluted 

10,000-fold in DPBS to reach a final sample volume of 1 mL to reduce abort rates. The side scatter 

measurements were done using the 405 nm violet laser. A bead mix was used to set up the 

instrument detection limit for microparticles (APOGEE and Beckman Coulter). Dot plots were 

produced with the CytoFLEX analysis software, CytExpert (Beckman Coulter). DPBS alone was 

used as control.  

 

3.6. Scanning electron microscopy of purified extracellular vesicles 

Prior to sample preparation, the surface used to hold the specimen of interest were bathed for 20-

30 minutes in 100% ethanol solution on a shaker to remove all debris. Both glass coverslips (30mm 

round, Warner Instruments) and polished titanium disks (provided by Dr. Nanci’s laboratory at the 

Université de Montréal) were used as mounting substrates in this study. The latter were dipped 

several times in filtered water and then placed in a 0.01% poly-L-lysine bath for 20 minutes at 

room temperature. Following this incubation, the coverslips and disks were rinsed with filtered 

water and left to dry overnight at room temperature. As a test, the disks not coated with poly-L-

lysine were left to dry right after the first wash with filtered water was done. Samples of interest 

were the EVs isolated from uRBC and the EVs isolated from enriched iRBC cultures. They were 

fixed in 3.7% formaldehyde solution dissolved in DPBS. Approx. 40 volumes of fixing solution 

were added per sample into 1.5 mL microcentrifuge tubes (Beckman Coulter). Samples were 

incubated overnight at 4⁰C. The fixed samples were then centrifuged for 30 minutes at 50,000 rpm 

(approx. 100,000 xg) at 4⁰C in rotor TLA100.3 (Beckman Coulter). EV pellets were resuspended 

in ~200µL DPBS. Pre-warmed glass coverslips were coated with ~100µL of resuspended EV 

samples while ~50µL of resuspended EV samples were spread over the surface of pre-warmed 

titanium disks due to their smaller surface. These mounted surfaces were incubated for 2 hours at 

37⁰C in a humid chamber. Coverslips and disks were washed 3 times for 15 minutes with filtered 

DPBS on a rocking plate, before starting the sample dehydration process. Then, they were bathed 
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for 15 minutes in increasingly concentrated ethanol solutions: 30%, 50%, 70% and 90% ethanol 

solutions. All solutions were filtered through a 0.22µm filter (Corning) prior to use to eliminate all 

debris and dust particles. Lastly, the mounted surfaces were placed in a 100% ethanol bath until 

the next step was performed (ranging from 24 to 72 hours). Complete dehydration of the samples 

was achieved by critical point drying. The latter was done with CO2 in a critical point dryer (Leica 

EM CPD). A slow CO2 entry into the chamber was used to reduce the disturbance of the vesicles 

on the slides. 20 cycles of CO2 exchange cycles were used to remove all the ethanol. The pressure 

was also slowly released to not disturb the samples. Lastly, samples were coated with 5nm of gold 

and palladium by means of a sputter coater (Leica EM ACE200). Samples were first imaged with 

2 different tabletop scanning electron microscopes; they were imaged at 10,000 x (Hitachi TM-

1000) and up to 30,000 x (Hitachi TM-3000). Samples were also imaged at higher magnifications 

with JSM-7400F electron microscope (Jeol) at ~20µA and 2-3kV. For the latter, conductive carbon 

tape was placed on stage and the edges of the titanium disks were painted with a carbon paint to 

help with the conduction to obtain sharper images. 

 

3.7. Protein extraction and protein concentration assessment 

For protein extraction from EVs, both iRBC- and uRBC-derived EVs, lysis buffer was directly 

added to the EV suspension in DPBS. For 200µL of EV suspension, ~200µL of lysis buffer was 

used. Two variations of RIPA buffer were used for protein extraction in this study. RIPA buffer 1 

was composed of 50mM Tris-HCl (pH 7.8), 5mM EDTA, 50mM NaF, 0.1%SDS, 1% Triton X-

100 and a fresh supplement of 1mM DTT. RIPA buffer 2 constitutes of 50mM Tris-HCl (pH 7.4), 

1% NP40 and 0.2% sodium deoxycholate. Both lysis buffers were completed with the addition of 

protease inhibitor cocktail at 1:100 dilution (HaltTM Protease inhibitor single-use cocktail 100x, 

Thermo Scientific). The extraction was incubated on ice for 20-30 minutes on ice. To aid with the 

protein extraction, a vortex mixer was used for mechanical disruption of the samples. Samples can 

then be stored at -80⁰C at this point. Otherwise, following the incubation, samples were centrifuged 

at 13,000 rpm (approx. 16,000 xg) for 1 minute. As controls, proteins were also extracted from 

uRBCs and from parasite infected cultures of at least 5% parasitemia. First, to release the RBC 

contents in both preparations, RBC membranes were lysed using saponin. The blood pellets were 

resuspended in 40mL of 0.025% saponin dissolved in incomplete RPMI media. The reaction was 



Master’s Thesis KUCYKOWICZ, Stephanie 
2018 

 

31 
 

incubated on ice for 10 minutes. Samples were centrifuged for 15 minutes at 5,000 rpm (approx. 

4,700 xg) and deceleration 5. Keeping the same centrifugation settings, pellets were washed twice 

with DPBS. iRBC and uRBC pellets were resuspended in lysis buffer following the same 

procedure as for the EV suspensions.  

Protein concentration of all samples was measured by means of BCA protein concentration assay 

as instructed in the Pierce BCA protein assay kit (Thermo Scientific). Serial dilutions of each 

sample were prepared for more accurate readings. Following a 30 minute incubation at 37⁰C, the 

absorption was read at 562nm in the Synergy H4 hybrid reader (BioTek). Standard curves were 

generated by plotting the average of blank-corrected measurements for each standard against the 

protein concentration (in µg/mL) on Microsoft Excel. The standard curve was used to calculate 

the protein concentration of the unknown lysed samples.  

 

3.8. SDS-PAGE (polyacrylamide gel electrophoresis), Coomassie Brilliant Blue stain and 

immunoblot analysis 

Proteins were separated on a 10% polyacrylamide gel. The amount of proteins loaded on the gel 

varied between 4µg to 60µg of proteins depending on the concentration of the sample used, as 

only about 30µL of sample can be loaded per well. This information will be indicated in the 

respective figures. The calculated amount of protein was first mixed with 5 x SDS loading buffer, 

heated to 95⁰C for 5 minutes, mixed with a few slow pulses on the vortex mixer and centrifuged 

down shortly prior to loading of the gel. Gel electrophoresis was run at 120V or alternatively at 

45-50 milliampers for approximately 1.25 or 1.5 hours. For Coomassie brilliant blue staining, at 

the end of the gel electrophoresis, the gel was first washed with water for 30 minutes. The gel was 

sometimes briefly dipped in methanol prior to washings to reduce the chances of the gel breaking 

when handling it. The gel was incubated for 1 hour with 50 mL of Bio-Safe Coomassie G-250 

stain solution (BioRad) at room temperature on a rocker. The gel was destained with water 

overnight at room temperature. The gel was imaged with Gel Doc XR+ System (BioRad). 

Alternatively, for immunoblot analysis, the proteins from the polyacrylamide gel were transferred 

onto a PVDF membrane by means of semi-dry transfer using Pierce semi-dry blotter (Fisher 

Scientific). Pre-soaked Whattman paper was placed at the top and bottom of the gel and the PVDF 
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membrane (0.45 µm pore size, Immobilon-P), previously activated in methanol. Transfer was 

performed for 30 minutes at 25V. For protein detection, membrane was first washed in 1x TBS 

following transfer, to wash off the transfer buffer. The blocking step was performed with TBS 

supplemented with 5% milk (TBSM) for 1 hour at room temperature on a rocker. The membrane 

was incubated with primary antibodies at 4⁰C overnight with rocking motion. Primary antibodies 

throughout this study and their respective working concentrations were: monoclonal anti-band 3 

antibody (Clone BIII-136, Sigma Aldrich) at 1:5,000, exosome anti-CD63 mouse monoclonal 

antibody (Ts63, ThermoFisher Scientific) at 1:1,000, rabbit monoclonal to bovine serum albumin 

antibody (EPR12774, Abcam) at 1:10,000, monoclonal anti-spectrin (α and β) produced in mouse 

(SB-SP1, Sigma Aldrich) at 1:5,000, and anti-tubulin antibody (Sigma-Aldrich) at a:1,000. Other 

primary antibodies used in this study were obtained through the MR4 resource center from BEI 

Resources and were used at the dilutions indicated on table 1. Primary antibodies were diluted at 

to the appropriate concentration in TBSM-Tween (TBS + 0.5% milk + 0.05% Tween-20). 

Following incubation, membranes were washed three times for 10 minutes with TBSM-Tween. 

The HRP-conjugated secondary antibodies specific for the species of the primary antibody were 

diluted to the appropriate concentration in TBSM-Tween. Membranes were incubated with 

secondary antibodies for 1 hour at room temperature on a rocker (Rocker II, Boekel Scientific). 

Secondary antibodies used in this study were a goat polyclonal secondary Antibody to mouse IgG 

HRP (ab6789-1MG, Abcam) at a dilution of 1:5,000 and goat polyclonal secondary antibody to 

rabbit IgG HRP (ab97080-500UG, Abcam) at a dilution of 1:5,000. To remove unbound antibody, 

membranes were washed three times for 10 minutes with TBS supplemented with 0.05% Tween. 

Membranes were placed in a developing cassette and immunoreactive bands were detected by 

activating the HRP enzyme with the addition of Supersignal west pico chemiluminescent substrate 

(Thermo Scientific) for 5 minutes. Alternatively, when protein expression was too low, the 

Supersignal west femto maximum sensitivity substrate (ThermoFisher Scientific) was used to 

detect bands of interest. To image the membrane, a film (Bioflex EconoFilm) was placed over the 

membrane in the developing cassette in a dark room. The exposure time of the film with the 

membrane varied between a few seconds to 1 minute when using the femto substrate and between 

5 minutes and 1 hour when using the Pico substrate. Exposure times also varied with the antibody’s 

affinity to the proteins. Film was developed with X-OMAT 2000 processor (Kodak).  
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      3.9. Fluorescence and immunofluorescence assays 

3.9.1. Fluorescent NTA 

EVs were analyzed based on fluorescence by means of the fluorescent NTA mode of the ZetaView 

(ParticleMetrix). EVs were labelled with lipophilic dyes DiO and SP-DiO from the Lipophilic 

Table 1.  List of parasite-specific antibodies tested by means of Western blot. Antibodies have been grouped 

based on the functions of their target proteins. The catalog number from the MR4 website is indicated.  

 

Role in parasite Antibody Target epitope 
Dilution 

used 
Catalog # Source 

Merozoite 

invasion 

anti-EBA-175 region II F1 domain 1:1,000 MRA-712A 
BEI 

Resources 

anti-EBA175 region II F2 domain 1:1,000 MRA-711A 
BEI 

Resources 

anti-AMA-1 
Whole protein 

Grown in N3-2D9 hybridoma 
1:250 MRA-479A 

BEI 

Resources 

anti-AMA-1 
Whole protein 

Grown in N3-1D7 hybridoma 
1:250 MRA-480A 

BEI 

Resources 

anti-AMA-1 
Whole protein 

Grown in N4-1F6 hybridoma 
1:250 MRA-481A 

BEI 

Resources 

anti-AMA-1 Pan-specific 1:500 MRA-897A 
BEI 

Resources 

Hemoglobin 

degradation 

within 

digestive 

vacuole 

anti-

histoaspartic 

protease 

Whole protein 1:10,000 MRA-811A 
BEI 

Resources 

anti-

plasmepsin II 

25 amino acid MAP peptide 

derived from the N-terminus 

of plasmepsin II  

(HSHSSNDNIELNDFQNIM

FYGDAEV) 

1:3,000 MRA-66 
BEI 

Resources 

Chaperone; 

Expressed in 

ER 

anti-

PfGRP78-BiP 

Antiserum to a synthetic 

peptide 

(C-SGDEDVDSDEL) 

1:500 MRA-1246 
BEI 

Resources 

anti-

PfGRP78-BiP 

Antiserum to a synthetic 

peptide 

(C-SGDEDVDSDEL) 

1:500 MRA-1247 
BEI 

Resources 

Sexual 

developmental 

stages 

anti-Pfs48/45 Antigens found on gametes 1:500 MRA-316A 
BEI 

Resources 

anti-Pfs230 Gamete surface antigen 1:250 MRA-878A 
BEI 

Resources 

anti-Pfs16 Whole Pfs16 protein 1:5,000 MRA-1276 
BEI 

Resources 

anti-Pfg27 Whole Pfg27 protein 1:2,000 MRA-1277 
BEI 

Resources 
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Tracer Sample Kit (Life Technologies) and immunolabelled with monoclonal anti-band 3 antibody 

(Clone BIII-136, Sigma Aldrich) or monoclonal anti-spectrin (α and β) produced in mouse (SB-

SP1, Sigma Aldrich) or exosome anti-CD63 mouse monoclonal antibody (Ts63, ThermoFisher 

Scientific). 50µL of the solutions containing purified EVs from iRBC and uRBC cultures were 

stained with the appropriate concentration of dyes in 500µL – 1 mL of DPBS in translucent brown 

microcentrifuge tubes for an initial particle dilution of 1:10 or 1:20. Dyes were both used at a 

concentration of 500 nM. EVs were incubated with dyes for 30 minutes at 4⁰C in constant rotation. 

Samples were then prepared for analysis with the ZetaView by further diluting the stained samples 

to the microparticle dilutions established previously in section 3.5. For the immunofluorescent 

labelling, 50µL of the solutions containing purified EVs from iRBC and uRBC cultures were 

incubated for 2 hours at 4⁰C with primary antibodies in 500 µL DPBS inside translucent brown 

microcentrifuge tubes. The anti-band 3 antibody was used at a dilution of 1:500 while the anti-

spectrin antibody and the anti-CD63 antibody were used at a dilution of 1:1,000. Then, the 

secondary antibody was directly added to the microcentrifuge tubes to reach the desired 

concentration of 1:1,000. The secondary antibody used was conjugated to a fluorophore, 

AlexaFluor 488 F(ab’) 2 fragment of goat anti-mouse IgG (H+L) (Molecular Probes). Incubation 

with the secondary antibody was carried out for 1 hour at 4⁰C in constant rotation. Samples were 

then prepared for analysis with the ZetaView by further diluting the stained samples to the 

microparticle dilutions established previously in section 3.5. The ZNTA-F filter was used with a 

488nm laser for excitation. The sensitivity was increased from 95 – 98, depending on the sample, 

whereas the shutter was set to 100, as when using the normal NTA filter. Fluorescence controls 

for the different dyes consisted of DPBS incubated with the same concentration of the dyes and 

diluted in the same fashion. Fluorescence controls for the immunofluorescence assays consisted 

of DPBS incubated in the same manner with primary and secondary antibodies or just with 

secondary antibodies. The analysis done by NTA was presented as a size distribution graph and 

short videos of the particles in solution. Controls included are DPBS labelled with both antibodies 

or with the secondary antibody alone. 

3.9.2. Fluorescence triggered flow cytometry 

EVs in solution from iRBC and uRBC cultures were diluted by a factor of 100 in DPBS for a total 

volume of 100µL prior to the immunolabelling. The EV dilutions were incubated with monoclonal 
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anti-band 3 antibody (Clone BIII-136, Sigma Aldrich) at 1:20 dilution for 15 minutes at room 

temperature. The secondary antibody, AlexaFluor 488 F(ab’) 2 fragment of goat anti-mouse IgG 

(H+L) (2mg/mL; Molecular Probes), was directly added to the EV dilution at 1:33 dilution and 

incubated for 15 minutes at room temperature. Different amounts of DPBS were then added, 

depending on desired final EV dilution to be read by the instrument, either a 1:1000 or 1:10,000 

final dilution. Analysis of the fluorescently labelled RBCs and EVs was performed by flow 

cytometry with the CytoFLEX (Beckman Coulter). An important modification done to allow 

visualization of small particles was the use of the violet filter (405nm) for measuring the side 

scatter. A bead mix was used to set up the instrument (APOGEE and Beckman Coulter). All the 

appropriate controls were prepared for the different types of cells and antibodies used and included: 

EVs labelled with primary antibody alone, EVs labelled with secondary antibody alone, DPBS 

incubated with both antibodies, DPBS labelled with primary antibody alone and unlabelled DPBS. 

The same antibody concentrations that were used for the EV samples were also used for the 

controls.  

To find the right primary and secondary antibody concentrations, we performed a titration using 

different antibody volumes: 1µL, 3µL and 5µL of either the primary or the secondary antibody. 

We directly labelled 10µL of concentrated RBCs in 100µL DPBS with the antibodies and 

maintained the same incubations that were outlined earlier. Following labelling, the samples were 

further diluted with DPBS to reach appropriate cell concentrations to do the flow cytometric 

analysis with the CytoFLEX.  

 

      3.10. Proteomics and data interpretation 

EVs from iRBC and uRBC cultures were isolated as described earlier and resuspended in DPBS. 

40µg of total protein were separated in a 10% polyacrylamide gel. Gel electrophoresis was run, 

following the procedure described earlier and until the protein separation had a span of 5 cm. The 

gel was fixed with methanol. To help remove most of the SDS in the gel and thus reduce the 

interference with trypsin later, the gel was stained with Coomassie brilliant blue (BioRad) for 1 

hour and de-stained with water overnight. Each lane of the gel containing a sample was cut in 5 

equal bands of 1 cm with a scalpel and individually stored in microcentrifuge tubes with water. 
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The bands from each sample were shipped to the Proteomics platform of the CHU de Québec 

Research Center (Laval University, Canada) that carried out the sample digestion and protein 

profiling. In-gel digestion of each band was done by tryptic digestion, optimized on their robotic 

station. Individual bands were injected separately and analyzed for 1 hour by means of LC-MS/MS 

(TripleTOF 5600+ or Orbitrap Fusion). For the bioinformatics analysis, spectra from all 5 bands 

were mixed for each sample. Results were expressed in a semi-quantitative way by spectral 

counting and interpreted by means of a specialized software that will yield statistically validated 

matches between these spectra and their corresponding peptides. The search was performed on the 

database Uniprot complete proteome homo sapiens and plasmodium falciparum, combining both 

the human and the Plasmodium databases. Results were visualized and validated with Scaffold 4 

software (Proteome Software). The criteria used for confirmation of protein identification was the 

identification of at least 2 unique peptides with a peptide probability of 95% or more for each 

individual peptide. The number of unique peptide count was maintained at 95% probability for 

result visualization. All reagents used for these experiments were filtered prior to use to reduce 

any contamination from sources such as the skin or hair. 
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4. Results 

4.1. A heterogenous population of extracellular vesicles is released from iRBCs and 

uRBCs 

To study the specific role of parasite-derived EVs in the blood, we first need to gain a better 

understanding of the morphology and composition of the EVs. To analyze these particles, we 

established a protocol for isolation of EVs from the supernatant of in vitro cultures of P. falciparum 

based on the methods from Regev-Rudzki’s laboratory. The purification was based on differential 

centrifugation steps and various filtration steps (Figure 3A). These steps are essential to remove 

debris, residue and particles of other nature that are bigger or smaller than our EVs of interest. The 

EV isolations were performed from the culture supernatant collected when a parasitemia of ≥ 5% 

was reached and collected at different time points ranging from 24h-40h post-synchronization, 

depending of the parasite’s life stage of interest. We collected EVs from uninfected cultures, i.e. a 

cell suspension of uninfected RBCs, to use as control for the normal EV shedding from RBCs at 

homeostasis.  

To characterize the EVs obtained from these isolations, we first performed analysis by NTA, 

currently considered the gold standard for the purpose of quantifying particles in this field. This 

method uses the scattering of light produced by the vesicles and their Brownian motion in a liquid 

suspension, collected by means of a camera, to calculate the size and concentration of the 

microparticles. We measured the concentration of EVs in our isolations and the size distribution 

profile of these populations with two different commercially available NTA instruments: the 

NanoSight and the ZetaView. Their analysis is performed in the same manner and yields a size 

distribution curve from which the profile of each population is displayed (Figure 3B and 3C). As 

seen in the representative graphs from both instruments, there is a simultaneous release of multiple 

subtypes of EV populations in the EV collections; a main peak representing the most abundant 

population is always seen and the presence of smaller peaks/populations of higher and lower sizes, 

the latter representing smaller microvesicles or possibly exosomes if purely based on size, are also 

identified for all samples. These distributions denote the heterogeneous nature of the EV isolations 

from P. falciparum-infected and uninfected cultures as shown quantitatively in Figure 3D. The 

heterogenous EV populations freshly isolated were observed to display an average size of 103.5 ± 

35.7nm for iRBC-EVs and 112.9 ± 36.4nm for uRBC-EVs with the NanoSight. With the 
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ZetaView, particles from the iRBC-EV isolation exhibit a mean size of 125.6 ± 36nm while the 

particles from the uRBC-EV isolation were observed to have a mean size of 127.4 ± 47.9nm. 

Although the size measurements from both instruments differ, this divergence is less important 

when considering the standard deviations. Also, measurements do not seem to differ significantly 

Figure 3. Initial detection and visualization of EVs isolated from P. falciparum- infected red blood cells and 

uninfected red blood cells in vitro cultures by Nanoparticle Tracking Analysis. A. EV isolation protocol based 

on differential sequential centrifugation and filtration steps and a final ultracentrifugation step. B. Example of a 

particle size distribution profile obtained from NTA analysis with the NanoSight. Curve is produced from 

averaging the measurements obtained from three 1-minute videos of one sample. This curve shows the particle 

size distribution of freshly isolated iRBC-derived EVs from the early life stages (0-24h). C. Example of a particle 

size distribution profile obtained from NTA analysis with the ZetaView. Curve is produced from averaging the 

measurements obtained from ~10seconds readings from 9 chambers. This curve shows the particle size 

distribution of freshly isolated early stage iRBC-derived EVs (0-24h). D. Particle size and particle concentration 

of iRBC-derived EVs and uRBC-derived EVs measured by NTA. The table compares measurements obtained 

from the two most commonly used instruments for NTA analysis. The measurements from the NanoSight were 

obtained from one single EV isolation for each sample. The measurement from the ZetaView are representative 

of 6 different samples (or only 4 samples in the case of uRBC-EV late). It also compares the impact of storage at 

-80⁰C for different periods of time, denoted as frozen sample, on particle counts and particle sizes to the 

measurements obtained from freshly isolated EVs. Lastly, measurements were acquired from EV samples isolated 

at different life stages of P. falciparum: early stages (0-24h) and late stages (24-40h).  
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between iRBC-EVs and uRBC-EVs for each machine, both actually indicating the iRBC-EVs 

population has a slightly smaller average size. In fact, it is important to note that neither of the 

instruments can accurately distinguish the different EV subpopulations present in the isolations. 

However, we can argue that various subpopulations of EVs are likely isolated from both cultures, 

although the average population size values points to a greater presence of small microvesicles in 

the isolations. Indeed, this would be expected from EVs derived from RBCs, previously shown to 

predominantly release microvesicles by analysis using dynamic light scattering methods, SEM and 

FACS. In fact, found at the midpoint of the size distribution from the ZetaView were 

microparticles of 111.7nm for iRBC-EV isolations and microparticles of 113.35nm from uRBC-

EV isolations. This validates the greater abundance of small microvesicles in the EV isolations. 

On the other hand, particles of 83nm were perceived the most frequently in the iRBC-EV 

population and particles of 100.4nm were the most frequently found in the uRBC-EV population 

with the NanoSight. These measurements agree with the average size of the isolations, indicating 

that larger particles are released in the uninfected cultures. These indicate a greater presence of 

smaller EVs, potentially exosomes based on size alone, in the isolations and thus contradicting the 

conclusions inferred from the measurements with the ZetaView. Additionally, despite the different 

types of subpopulations observed with these instruments, the total concentration of vesicles 

isolated from infected and uninfected cultures were very close in range between these samples, as 

agreed by measurements from both instruments (Figure 3D). This indicates that the collection yield 

remains somewhat unchanged by the origin of the vesicles, although the results obtained from the 

ZetaView and mainly from the NanoSight lead us to believe there is likely a greater production of 

EVs from parasite infected cultures. Thus, we can conclude that microparticles are successfully 

isolated through the established protocol and that both instruments yield comparable results. 

Nonetheless, we cannot distinguish the nature of the EV subtypes since we still have no 

information about the biogenesis of the EVs and size alone cannot be used to identify the nature 

of the subpopulations. 

Subsequently, we investigated the impact of the parasite’s life cycle on the release of vesicles as 

it has previously been described to play a role in timing the release of different EV populations 

(Figure 3D). The parasite life stages from which originate the EVs seems to lead to a slightly 

different sized population; a mean size of 123.6 ± 35.7nm and 130.8 ± 55nm was observed for the 
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EV populations collected from the early parasite stages and the late parasite stages respectively 

with the ZetaView, while a median particle size of 110.3nm and 114.8nm was measured for the 

EVs derived from early and late stages respectively. These results suggest that EVs might be more 

frequently isolated from the early stages of infection and/or larger microparticles are released 

during the late phase of the parasite’s life cycle. These differences are only noticeable in the freshly 

isolated samples, which reflect more accurately the naturally shed EV populations. Further 

analysis is required to obtain more conclusive observations.  

We were also interested in testing the impact of the storage conditions on both concentration and 

EV size of our isolations (Figure 3D). EVs are stored at -80⁰C in the same buffer in which they are 

resuspended following ultracentrifugation, i.e. DPBS, with no additions to the medium. With the 

ZetaView, we saw close to half of the amount of particles compared to fresh isolations measured 

with the same instrument, whereas we saw an increase in total particle numbers with the NanoSight 

in both iRBC-EV and uRBC-EV isolations. What remains consistent between measurements taken 

with both instruments following freezing is that there are higher concentrations of particles 

collected from the infected cultures, when compared to fresh samples. Thus, storage by freezing 

clearly affects the perceived concentration of EVs. Both shrinking, and particle fragmentation can 

provide possible explanations for these changes. In fact, the increase in particle number seen with 

the NanoSight is accompanied by a decrease in mean size of EVs, which likely indicates possible 

fragmentation of the particles and consequently justifying the changes in both the mean sizes and 

the EV concentrations. The mean size was reduced from 103.5 ± 35.7nm to 88.6 ± 36.6nm and 

84.8 ± 38.8nm for iRBC-EVs depending on the parasite’s life stage and reduced from 112.9 ± 

36.4nm to 86.5 ± 30.1nm for uRBC-EVs. The difference in EV size between samples of infected 

and uninfected origin is also less pronounced following freezing. Interestingly, the opposite is seen 

with the ZetaView where an increase in mean size is observed following storage in freezer. iRBC-

EVs were seen to have a mean size change from 125.6 ± 36nm to 132.6 ± 55.4nm and uRBC-EVs 

went up from 127.4 ± 47.9nm to 135.7 ± 135.7 nm. However, the median size of the populations 

remained more closely related to the ones measured from the fresh samples indicating that this 

increase in size might not be as dramatic as initially indicated by the average population size. 

Indeed, after a closer look, this increase in size is also accompanied by a big increase in standard 

deviation which shows that the measurements obtained are not as reliable as they are likely biased 
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by the presence of new EV subpopulations created as by-products of the storage conditions. Of 

note, the ZetaView showed overall larger standard deviation values and overall larger particle sizes 

than the NanoSight which was made more obvious when looking at the frozen isolations, meaning 

that this instrument seems to be more easily biased by the presence of a small population of very 

large EVs. The larger average size and mean population sizes described earlier compared to the 

NanoSight also elude to the possibility of greater bias towards bigger particles. These 

discrepancies could also indicate that the ZetaView is a more sensitive instrument than the 

NanoSight which can impact the interpretation of the results.  

Then, we corroborated the presence of the heterogenous EV populations in our isolates by flow 

cytometry to further validate our isolation method. The instrument used has been optimized for 

the visualization of smaller particles by putting to use many new technologies such as the use of 

an avalanche photodiode and a violet laser for side scatter measurements. Unlike conventional 

flow cytometry, this fine-tuned instrument is slowly gaining status in the EV field. With this 

instrument, we observed a clear increase in total number of particles being acquired in the iRBC-

EV and uRBC-EV samples compared to the DPBS control (Figure 4A). There is approx. 10 times 

more particles in the iRBC-EV sample and approx. a 27-fold increase in total particle number in 

the uRBC-EV sample compared to the number of particles counted in the DPBS control. The 

increase in presence of microparticles in the samples is clearly illustrated in the dot plot overlay 

comparing the number of events quantified for the uRBC-EV sample and control DPBS (Figure 

4B). This suggests that more particles of small size are present in the EV isolations and that higher 

amounts of particles were isolated from the uninfected cultures. Although it is not possible to 

differentiate our particles of interest from any debris found in the DPBS without specific tagging 

of the vesicles, these results imply the successful collection of EVs from our in vitro cultures. 

Following background correction, an estimated 1.7 x 109 and 4.7 x 109 EVs are estimated to be 

found in the iRBC-EV and uRBC-EV samples respectively, which represents a 1,000 to 10,000-

fold lower count than what was calculated by NTA (Figure 4C). Since total particle concentration 

numbers are low in comparison to NTA, it suggests that the instrument’s sensitivity diminishes 

due to the background that hides the smaller particles. In turn, this lack in sensitivity explains why 

we also counted more particles in the uRBC-EV sample than in the iRBC-EV sample which 

contradicts the observations from NTA. Furthermore, despite the lack of optimization, we analyzed 
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the size of the EVs. In reference to the polysterene bead mix used for calibration of the instrument, 

this characterization method points to the presence of microparticles ranging in size from 75-

150nm (data not shown). 

Collectively, we were able to assess the value of the isolation technique used throughout this study.  

 

 

 

Figure 4. Enumeration of EV populations isolated from iRBC and uRBC cultures by flow cytometry.           

A. Representative flow cytometry plots with gate placed to identify the heterogenous EV population. Sample in 

top plot: iRBC-derived EVs diluted in DPBS; sample in middle plot: uRBC-derived EVs diluted in DPBS; bottom 

plot: DPBS, denoted as simply PBS on plot (background). Measurements obtained by using the violet laser for 

the SSC to increase sensitivity towards microparticles. B. Overlay of gated population from flow cytometry plots 

from iRBC-EVs and DPBS to show the difference in amount of particles read per sample. C. Summary table of 

microparticle count and estimated EV concentration measured by means of flow cytometry for iRBC-EVs and 

uRBC-EVs. Measurements are representative of one reading.  
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4.2. Structurally similar lipid-rich particles are collected from iRBC and uRBC cultures 

Since NTA analysis cannot actually visualize the EVs, i.e. it cannot distinguish between non-

vesicular particles and EVs as it only infers their presence from the particle’s light scattering, we 

performed scanning electron microscopy (SEM) analysis of our EV isolations to observe the 

individual morphology of these vesicles and obtain more information on their structure. We 

imaged the vesicles from iRBC-EV and uRBC-EV samples at various magnifications: 10,000 x, 

20,000 x and approx. 30,000 x, the latter being the greatest magnification at which an adequate 

Figure 5. Characterization of morphology and homogeneity of EV isolations from iRBC and uRBC 

cultures. A. Scanning electron microscopy analysis of iRBC-EVs and uRBC-EVs populations at 10,000x 

magnification using Hitachi TM-100 SEM. All EVs were freshly isolated before starting the fixation process. 

Poly-L-lysine coated coverslips were used to mount the EV samples. Scale bar: 10 µm. B. Scanning electron 

microscopy analysis of uRBC-EVs population at 20,000x magnification using Hitachi TM-3000 SEM. EVs were 

freshly isolated before starting the fixation process. Poly-L-lysine coated coverslips were used to mount the EV 

samples. Scale bar: 3µm. C. Scanning electron microscopy analysis of iRBC-EVs at 30,000x magnification and 

uRBC-EV populations at 25,000x magnification using JSM-7400F SEM. iRBC-EVs were isolated from a culture 

that was enriched for iRBCs at the trophozoite stage by means of an Easycoll or Percoll gradient before collection 

of the media. uRBC-EVs were collected without the enrichment step. Both EV samples were freshly isolated. 

Poly-L-lysine coated polished titanium disks were used to mount the samples. The scale bar is indicated below 

each image. D. Scanning electron microscopy analysis of EV population from an enriched iRBC culture imaged 

in the same way as in (C). However, the sample was mounted on an uncoated polished titanium disk.  
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resolution was still maintained (Figure 5A-D). At the lowest magnification, the same EV profile 

was revealed in iRBC-EV and uRBC-EV preparations (Figure 5A). Indeed, we observed 

individual particles of spherical or almost spherical shape and of a size ranging from 100nm to 

500nm in diameter. However, these EVs are very small and their morphology is hard to distinguish 

at this magnification. At 20,000 x, it is still difficult to discern the structure of the microparticles, 

as demonstrated with the uRBC-EV sample (Figure 5B). The magnification here is so high that it 

impacts the resolution. At both magnifications, a lot of bigger non-spherical particles were present 

in these preparations. The majority of these seem to be aggregates of multiple particles, likely 

aggregates of approx. four to five EVs, and are less than 1µm in size. The rest of the bigger particles 

of approx. 1-2µm likely demonstrate the presence of cell fragments. Moreover, a greater 

proportion of these aggregates and cell fragments were seen in the uRBC-EV sample, which speaks 

more about the challenging sample preparation than the nature of the EV populations. Finally, at 

the highest magnification, spherical or nearly spherical particles of approx. 100-150nm and of no 

more than 200nm in size were most frequently seen in both preparations (Figure 5C and D). 

Particles of diameters below 100nm may be present in these samples but cannot be distinguished 

at the current magnification. The bigger particles seem to lose their spherical shape the most and 

look more oval or elongated than their counterparts. Overall, a clear heterogenous population of 

EVs is denoted in both samples with various subpopulations present. The majority of the EV 

populations in these preparations are separate particles. Also, the use of poly-L-lysine to cover the 

disks onto which the EV samples were placed does not seem to impact the EV subpopulations 

observed, as the particle profile seen without the use of poly-L-lysine is similar to the poly-L-

lysine treated samples (Figure 5D). Nonetheless, there are aggregates and cell fragments of an 

estimated 500nm in diameter found in all preparations, but their numbers are reduced compared to 

previous samples analyzed at lower magnifications. Interestingly, the presence of these clusters of 

vesicles speak to their membrane lipid content that makes them stick to each other, which is in fact 

to be expected due to their nature and their mechanisms of biogenesis.  

To further confirm the vesicular nature of the microparticles found in our isolations and evaluate 

their lipid content denoted by SEM, we performed fluorescent NTA analysis on EVs labelled with 

two closely related lipophilic dyes. We used DiO and SP-DiO, an anionic sulfophenyl derivative 

of DiO, which easily insert into the lipid membrane of EVs and emit fluorescence when excited at 
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a wavelength of 484nm (Figure 6A and B). Since EVs are products of the host cell membrane, we 

expect them to have a similar membrane composition to RBCs and remain closely related whether 

they are collected from an uninfected or infected culture. We observed a tagging efficiency of 

17.6% of iRBC-EVs and 24.1% of uRBC-EVs with DiO (Figure 5C). Similarly, 23.7% of iRBC-

EVs and 25.1% of uRBC-EVs displayed fluorescence when tagged with SP-DiO (Figure 6D). 

These results show the lipid nature of the vesicles and demonstrate the presence of vesicles in our 

isolations. Nonetheless, the majority of the particles present in the samples were not successfully 

tagged, which indicates that the labeling protocol has to be further optimized to reach better 

labelling efficiency of our particles of interest. Arguably, these results could also denote the 

presence of microparticles of non-vesicular nature in the EV isolations. Although it is probable 

Figure 6. Fluorescent tagging of iRBC-EVs and uRBC-EVs for enumeration. A. Lipophilic dye ‘DiO’ 

chemical structure (top) and lipophilic dye ‘SP-DiO’ chemical structure (bottom). SP-DiO is the anionic 

sulfophenyl derivative of DiO. B. Interaction between DiO fluorescent dye and the lipid bilayer of EVs. SP-DiO 

interacts in the same manner. C. Fluorescent particle concentration and total fluorescent labelling efficacy 

measured by NTA in fluorescent mode (done with the ZetaView) following staining of iRBC-EVs and uRBC-

EVs with 500nM DiO (n=2). D. Fluorescent particle concentration and total fluorescent labelling efficacy 

measured by NTA in fluorescence mode (done with the ZetaView) following staining of iRBC-EVs and uRBC-

EVs with 500nM SP-DiO (n=2). 
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that a small portion of the isolated particles are of non-vesicular nature, we believe we cannot 

reach such conclusion without optimizing the staining protocol first. Interestingly, when 

conventional NTA analysis was done on these samples, the quantity of EVs calculated was in the 

same range as when no dye was added to the EVs, suggesting that the crystal complexes created 

by the dye were not visible without the fluorescent filter, as was expected, meaning that they do 

not interfere with EV enumeration when no fluorescence is applied. To further justify our 

observations, the same lipophilic dyes were tested on the EV suspensions for analysis by flow 

cytometry (data not shown). The background created by the agglomeration of dye particles and 

formation of micelles, due to their crystal nature, was too big and made it difficult to find the 

particles of interest among the noise. Although, we demonstrate the lipid nature of the EVs by 

fluorescent NTA, the flow cytometry analysis indicates that other lipophilic dyes should be tested 

to achieve better results.  

In conclusion, similar EV subpopulations were released from uninfected RBCs and parasite-

infected RBCs. Despite our inability to clearly discern structural differences between samples due 

to the limitations of the instruments used, we can confirm the vesicular nature of our isolations by 

fluorescently tagging of the membrane lipid content.  

 

4.3. iRBC-EVs carry host cell markers and parasite-specific markers 

Following initial morphological characterization of vesicles isolated from infected and uninfected 

RBC cultures and underlining of the similarities between the two heterogenous populations, we 

were interested in finding markers that are differentially expressed in the two EV populations. To 

further pursue the characterization, we investigated the presence of different host-specific and 

parasite-specific proteins in iRBC-EVs and uRBC-EVs by means of immunoblotting. We focused 

our attention on RBC-specific markers band 3 and spectrin due to their abundant presence on the 

RBC membrane and in the cytoplasm respectively, and because previous studies have 

demonstrated their presence on RBC-derived EVs (Figure 7A). The value of identifying these host-

specific markers is in that they can serve to segregate EVs from other types of similar sized-

microparticles and to segregate RBC-derived EVs from EVs of other sources, since band 3 is 

almost exclusively found in RBCs. Both proteins were found to be carried by iRBC-EVs and 
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uRBC-EVs, using iRBC culture lysates as control (Figure 7B). For band 3, we also identified a 

heavier band 3 complex of agglomerated proteins migrating at a very high molecular weight, as 

can also be observed in the control. This was expected as these band 3 complexes also form on the 

RBC’s surface, depending on the cell’s activation state instigated as a response to stimuli such as 

oxidative stress, as a result of normal cell aging and as a consequence of different disease states 

(91, 92).  

Figure 7. Detection of erythrocyte-specific and EV-specific markers on iRBC-EVs and uRBC-EVs 

by Western blot. A. Representation of three primary antibodies of interest, anti-band 3 antibody, anti-

spectrin antibody and anti-CD63 antibody, and their known targets on EVs. B. Immunoblotting analysis 

for expression of non-parasite specific antigens on iRBC-EVs and uRBC-EVs, i.e. the control EVs. 

Antigens of interest were erythrocyte-specific band 3 membrane receptor (100kDa), cytoskeletal-

specific spectrin (230-250kDa) and exosome-specific marker CD63 (25kDa). The pico 

chemiluminescent substrate was used for band 3 and spectrin detection and the film was exposed to 

membrane for 1 hour for EV samples and exposed for 15 minutes for control iRBC lysates. The femto 

chemiluminescent substrate was used for spectrin and CD63 detection and film was exposed for 10 

minutes. Other controls include parasite lysates from an in vitro culture as loading and positive controls 

and α-tubulin from the iRBC control as loading control. The lysis buffer used for protein preparations 

was RIPA buffer 2 for proteins tested for band 3 expression and RIPA buffer 1 for the proteins used to 

test for the expression of spectrin and CD63.  
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For spectrin, a heterodimer formed of an α-subunit of 230kDa and a β-subunit of 250kDa, the full-

length subunits were detected at a molecular of approximately 245kDa. A clear separation between 

the presence of each band was not observed, mainly because the gel did not provide enough 

resolution at these molecular weights. This same intense band was observed in the iRBC control. 

In all samples, we also detected the presence of bands migrating at lower molecular weight which 

are fragments of the spectrin subunits as seen in Figure 7B. Multiple fragments, ranging in size 

mainly from 80-250kDa but some as small as 20kDa, have been observed using diverse antibodies 

in RBC ghosts previously which agrees with the bands present in the iRBC control in Figure 7B 

(93). The two most prevalent fragments observed in the iRBC control were of approx. 75 and 

70kDa which were both observed to also be carried by iRBC-EVs and uRBC-EVs. EVs from both 

sources also carried fragments of 135kDa and 180kDa while a 100kDa fragment was only found 

in uRBC-EVs. Faint bands of similar weights were seen in the control as well. This goes to show 

that EVs carry the full-length proteins found in the parent cell and also carry many of the fragments 

already present in RBCs. Thus, host-specific markers have been found that identify both EV 

populations, opening the path to further evaluation of other more specific markers.   

Since the nature of the EVs isolated from P. falciparum-infected RBCs remains uncharacterized, 

we tested our EV isolations for CD63 expression, a widely-accepted marker for exosomes (Figure 

7A). No apparent expression of CD63 in either of our EV populations was detected, even when 

using the chemiluminescent substrate potent enough to distinguish quantities of protein in the 

femto range (Figure 7B). This protein was also not detected in the control. This indicates that, even 

though this protein has been thought to be enriched in exosomes, it is not found on the EVs 

produced from RBCs. This agrees with previous findings that showed that microvesicles were 

solely produced by RBCs in circulation. Furthermore, α-tubulin was used as a loading control to 

confirm the appropriate transfer of the proteins from the gel onto the PVDF membrane which in 

turns ensures the lack of CD63 expression from all samples was not a result of unsuccessful protein 

transfer and confirms its absence from RBC membranes.  

To detect a potential set of parasite-specific antigens uniquely present on iRBC-EVs, we targeted 

P. falciparum-specific proteins that play various important roles in the parasite’s survival as well 

as proteins expressed at distinct time points of the parasite’s life cycle, since timing of EV release 

is still not fully understood, as we have shown in Figure 1D. We successfully identified several 
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parasite-specific markers uniquely expressed in iRBC-EVs (Figure 8). Plasmepsin II and 

histoaspartic protease (HAP), both proteins found in the parasite’s digestive vacuole and involved 

in host cell’s hemoglobin degradation, were identified in iRBC-EVs (Figure 8A). Both isoforms 

at 51 and 37 kDa were identified, with the most abundant expression seen for the 37 kDa isoform. 

None of these enzymes were detected in the uRBC-EV samples. A housekeeping protein playing 

the role of a chaperone and previously identified as a stress-related marker, PfGRP78-BiP, was 

also identified solely in the EVs collected from infected cultures at the correct expected molecular 

weight of approx.75 kDa with two different antibodies (Figure 8B). In addition to this expected 

band, for antibody MRA-1246, the anti-PfGRP78-BiP antibody produced in rabbit, small bands of 

lower molecular weights were observed in both EV samples, at the same weights for both. This 

suggests this antibody is probably cross-reacting non-specifically with some other proteins present 

in all RBC-EVs. On the other hand, antibody MRA-1247, the anti-PfGRP78-BiP antibody 

produced in rat, did not display this cross-reactivity with other smaller proteins but did tag a lower 

weight protein in the uRBC-EV sample that is not tagged in the iRBC-EV sample. Nevertheless, 

PfGRP78-BiP is identified to be a parasite-specific marker on EVs as the correct protein was 

identified solely in iRBC-EVs. We also investigated the presence of components of the parasite’s 

membrane on the surface of EVs. Despite testing 4 different antibodies targeting different epitopes 

of AMA-1, the apical membrane antigen-1 found on merozoites, only one can confidently identify 

this protein as a parasite-specific marker (Figure 8D). Antibody MRA-480, targeting AMA-1 and 

produced in a murine hybridoma cell line, identified a band at the expected weight of 70-80kDa 

uniquely in iRBC-EVs. The other antibodies demonstrated the presence of the protein of the 

appropriate size in the uninfected EVs as well or did not tag the protein in any of the samples. Our 

results corroborate previous findings that have identified this protein on the surface of iRBC-EVs 

but suggest that there are some epitopes that need to be preferentially tagged to be able to use this 

protein as a specific iRBC-EV marker. Another membrane protein previously identified on EV’s 

surface by Marti et al., EBA-175, a merozoite invasion protein, was not observed to be carried by 

our iRBC-EVs with either of the antibodies examined (Figure 8C). The absence of this protein was 

also noted in uRBC-EVs. Lastly, as it has not previously been pursued, we investigated the 

presence of sexual stage related antigens on the EVs as potential markers (Figure 8E). As expected, 

most of the targeted proteins with the available antibodies were not observed to be carried by 

iRBC-EVs. This correlates with the proposition that other studies have put forward; they indicate  
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Figure 8. Identification of parasite-specific antigens exclusively carried in iRBC-EVs by Western blot. 

Immunoblotting analysis for detection of different parasite-specific antigens in iRBC-EVs. Controls include 

uRBC-EVs as negative controls. Not shown, all iRBC-EVs were also always tested for band 3 marker and were 

always positive. The lysis buffer used for all protein preparations was RIPA buffer 2 and exposure of film was 1 

hour. A. Detection of enzymes required by the parasite for hemoglobin degradation inside the digestive vacuole: 

plasmepsin II and HAP, both visible at 51 and 37kDa. B. Detection of chaperone protein PfGRP78-BiP of 

expected molecular weight of 75-78 kDa with anti-PfGRP78-BiP (MRA-1246) and anti-PfGRP78-BiP (MRA-

1247) C. Detection of protein required for merozoite invasion: EBA-175, of expected molecular weight of 64 

kDa with Anti-EBA 175 (MRA-711) and anti-EBA 175 (MRA-712) D. Detection of protein found at the apical 

membrane in merozoite stage: AMA-1, of expected molecular weight of 70-80 kDa with nti-AMA-1 (MRA-479), 

anti-AMA-1 (MRA-480), anti-AMA-1 (MRA-481) and Anti-AMA-1 pan-specific E. Detetion of proteins 

necessary for the sexual developmental stages: Pfs230 of 230 kDa, Pfg27 of 27 kDa, Pfs16 of 16 kDa and Pfs48/45 

of 48 kDa. Refer to methods for antibody dilutions and specific targets.  

 

D. 
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that the EVs tend to be produced in earlier stages of the life cycle since most of the proteins targeted 

in Figure 8E are produced during gametocytogenesis or very late post-infection (94). Surprisingly, 

Pfs230 was detected at the appropriate weight uniquely in the iRBC-EV sample despite being 

primarily expressed at the gamete stage, although the production of this protein starts earlier in the 

life cycle. This highlights our need to better understand the markers and contents of the EVs, as 

this is key to understand more about the mechanisms used for their secretion and their role within 

the host.  

By immunoblotting, we have validated the presence of common RBC-specific markers carried by 

iRBC-EVs and uRBC-EVs. Moreover, we can confidently affirm that there is a difference in 

contents between the EVs collected from the two different sources and that there is a specific set 

of parasite-specific proteins that can be used as markers to identify each population of EVs. With 

the antibodies accessible to us at the time of this study, we have identified plasmepsin II, 

histoaspartic protease, PfGRP78-BiP, AMA-1 and Pfs230 as parasite-specific markers found only 

on iRBC-EVs and not on uRBC-EVs. These findings also highlight the importance of 

understanding the role of EVs during a P. falciparum infection and the relevance of the parasite-

specific materials found in the EVs. Thus, we need to study the EVs’ protein profile in greater 

depth to find the most suitable P. falciparum-specific EV markers.  

 

4.4. Fluorescent labelling of band 3 serves as a specific marker for RBC-specific EV 

identification 

After establishing specific markers by Western blot, we wanted to determine whether fluorescent 

labelling based on these markers is a suitable method for detecting RBC-derived EVs. To do so, 

iRBC-EVs and uRBC-EVs were incubated with RBC-specific antibodies against band 3 and 

spectrin and against one exosome-specific marker, CD63. Although the presence of the latter 

wasn’t observed by Western blot, we wanted to test if this detection method was more sensitive 

and thus more appropriate for low-expression markers. EVs were incubated with a secondary 

antibody conjugated with a fluorochrome for fluorescent detection. Immunolabelled EVs were first 

analyzed by fluorescent NTA with the ZetaView for marker expression (Table 2). A small fraction  
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of iRBC-EVs and uRBC-EVs, 2.86% and 10.22% respectively, was positively identified for the 

band 3 surface marker expression, although at a lower efficiency than expected. No spectrin 

positive EV populations were identified. The absence of spectrin can be explained by its 

localization in EVs; being a cytoplasmic protein, the antibody’s target is likely not accessible, 

making spectrin a poor marker for this method. Finally, a CD63 positive population was only 

observed for the uRBC-EV sample. Taking into account the results from the Western blots that 

demonstrated the absence of CD63 in iRBC-EVs and uRBC-EVs and combining them with the 

absence of detection of an iRBC-EV CD63 positive population by fluorescent NTA, it is hard to 

affirm the presence of CD63 on RBC-EV surfaces and instead is likely attributable to background 

noise.  

In order to confirm that these observations were not a by-product of antibody complexes forming 

due to the immunolabelling method used and confirm that we in fact segregated specifically 

labelled EVs, we performed the same experiment with band 3 fluorescent immunolabelling of 

uRBC-EVs and analyzed the EVs by flow cytometry, a more widely used phenotyping tool (Figure 

9A-D). As displayed on a side scatter vs. fluorescent signal dot plot, a second microparticle 

Table 2. Fluorescent analysis of presence of specific RBC- and EV-specific markers on iRBC-EVs by 

fluorescent NTA. Fluorescent particle concentration and total fluorescent labelling efficacy measured by NTA 

in fluorescent mode (ZetaView) following labelling of iRBC-EVs and uRBC-EVs with antigen specific antibodies 

and anti-mouse AlexaFluor-488 conjugated secondary antibody. Primary antibodies used were anti-band 3 

antibody (1:500), anti-spectrin antibody (1:1,000) and anti-CD63 antibody (1:1,000). The secondary antibody 

was used at 1:1,000 dilution. Controls included are DPBS labelled with both antibodies or with the secondary 

antibody alone. (n=2 for band 3 and n=1 for spectrin and CD63).  
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population that is FITC positive is found when EVs are labelled for the band 3 surface marker in 

contrast to unlabelled EVs (Figure 9A). This band 3 positive population has the same side scatter 

profile as the EV population below, suggesting that immunoblotting and quantification of the 

heterogenous population was achieved. The presence of this new population is also clearly 

displayed in the color dot plot that superposes the particle counts for the band 3 positive population, 

the unlabeled EVs and the DPBS control labeled with both antibodies at the same concentrations 

than our samples (Figure 9B). After background correction with our DPBS controls, we estimated 

that 1.05% of the EV population was band 3 positive, which represents 2.3 x 107 band 3 positive 

EVs out of the 2.2 x 109 total EVs (Figure 9C). We believe that this fraction might be an 

underestimation in part due to the high abort rate noted during particle counting. We believe the 

samples were too concentrated for flow cytometry; thus insufficient dilutions caused the 

instrument to not be able to adequately discriminate adjacent cells which led to high abort rates. 

The low immunolabeling efficiency can also be partly explained by issues with the labeling 

process. Indeed, there is a striking difference in total amount of non-fluorescent particles observed 

in the dot plots for labeled and unlabeled samples by comparing the particle count in the EV gates 

of these dot plots. On the other hand, when comparing the control consisting of EVs labelled with 

the secondary antibody alone to the unlabeled EV sample, the increase in total particle count is not 

as pronounced. Thus, there is a 100-fold increase in non-fluorescent particle number created solely 

by the addition of the primary antibody to the samples. The same is observed with the DPBS 

controls, where a 100-fold increase in particle number is quantified by flow cytometry as a result 

of the addition of the primary antibody. This is clearly illustrated by the dot plots overlay in which 

the unlabeled EV population is much smaller than the populations of band 3 positive EVs and of 

immunolabelled DPBS (Figure 9B). This leads us to believe that the amount of debris introduced 

into the samples from the primary antibody is interfering with the detection of fluorescent particles 

and clearly skewing the perceived fraction of particles successfully immunolabelled. The overlay 

also highlights an overlap between the labeled EVs and the labeled DPBS in the FITC-positive 

gate, leading us to believe that some complexes of primary and secondary antibodies get formed 

and are quantified as labelled EVs, indicating that protocol optimization is required. Optimization 

of primary antibody concentration would be key to increase immunolabelling efficiency, as it can 

also lead to a reduction of debris introduced to the samples. In this study, primary and secondary 

antibody titrations were used to find the appropriate concentration required to obtain peak  
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Figure 9. Band 3 positive iRBC-EV subpopulation identification by fluorescence triggered flow cytometry.          

A. Representative flow cytometry plot with gate for band 3 positive EVs (FITC positive particles). Anti-band 3 

antibody were used at 1:20 dilution to label 100µl of 1:100 dilution of EV sample (here: uRBC-EV sample tested 

only). Anti-mouse AlexaFluor-488 conjugated secondary antibody used in the same EV sample at a 1:33 dilution. 

Top plot: band 3 labelled uRBC-EVs; bottom plot: unlabelled uRBC-EVs serving as negative control. Other 

controls included DPBS alone and DPBS labelled with both antibodies not shown here. B. Overlay of entire 

microparticle population from flow cytometry plots of labelled EVs, unlabelled EVs and DPBS labelled with both 

antibodies to highlight the difference in particle distribution between samples. C. Summary table of fluorescent 

particle count and band 3 positive EV count for all samples and controls. The number of total microparticles was 

also obtained from each sample without fluorescence. D. Titrations of primary antibody (anti-band 3 antibody: 

top graph) and secondary antibody (anti-mouse Alexa-Fluor488-conjugated antibody: bottom graph) tested 

directly on red blood cells. Looking at optimal antibody concentration, i.e. the highest fluorescent peak.  

 

1:33 dilution anti-band 3 Ab 
1:20 dilution anti-band 3 Ab 

1:100 dilution anti-band 3 Ab 

1:33 dilution anti-mouse AlexaFluor488 Ab 
1:100 dilution anti-mouse AlexaFluor488 Ab 

1:20 dilution anti-mouse AlexaFluor488 Ab 
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fluorescence levels and highest labelling efficiency (Figure 9D). We established that the use of a 

1:20 dilution of the primary antibody for labeling of the RBC sample resulted in good particle 

count and that the use of a 1:33 dilution of the secondary antibody for labeling of the RBC sample 

resulted in the best FITC signal. Further work is needed to pursue analysis of fluorescent tagging 

of the EVs by flow cytometry. It is worth noting that even though band 3 surface marker expression 

was solely tested on uRBC-EVs, we expect similar results in iRBC-EVs since band 3 is a host-

specific marker and its presence on iRBC-EVs has already been confirmed by Western blotting. 

Nonetheless, we cannot rule out the possibility of the presence of a band 3 negative EV population 

from either EV sample as multiple mechanisms of EV biogenesis could be taking place. Indeed, 

RBC vesiculation does not require band 3 phosphorylation at all times while EVs of endosomal 

origin would not be expected to carry band 3 on their surface either. 

 We know band 3 is a good marker for RBC-derived EVs from other particles of different nature 

present in the media and once a labelling method is properly established it will certainly serve to 

distinguish EVs out of the background noise that are inherent to these methods. Collectively, these 

results suggest that there is potential for further phenotyping of larger populations by means of 

fluorescent immunolabeling and that band 3 can be used to segregate the RBC-EV population from 

other debris co-isolated with our EV samples.  

 

4.5. Preliminary analysis of RBC-EVs proteomes unveils insufficient levels of sample 

purification  

Following initial morphological characterization of EVs collected from P. falciparum-infected 

cultures and detection of known specific markers, we wanted to look for novel markers. We were 

interested in further analyzing the proteomic profile of these vesicles by LC-MS/MS to get a deeper 

understanding of the nature and the cargo of the parasite-specific EVs.  

Initially, to determine the best course of action for the protein digestion of our samples, we 

observed the protein profile by performing a protein separation by SDS-PAGE and Coomassie 

blue staining (Figure 10A). The separation displays an overwhelming amount of serum albumin 

in all samples despite the amount of total protein loaded per well and identified albumin as a clear 

contaminant at 65kDa. This led us to choose an in-gel digestion of our protein samples with trypsin. 
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The gel was divided in 5 bands and each band was digested and analyzed separately to keep the 

albumin contamination concentrated in one single gel band and reduce its impact on the analysis 

of all the proteins.  

By means of LC-MS/MS, we conducted a proteomic analysis of iRBC-EVs and of uRBC-EVs as 

control. We did not identify any parasite-specific proteins. Although the protein composition 

comparison by Venn diagram indicates that 6 proteins are uniquely found in the iRBC-EV sample, 

these are proteins that were expected to be shared by both samples since these are RBC-specific 

proteins and both samples are RBC-derived (Figure 10B). These include actin, previously shown 

to be an abundantly present protein in RBC-EVs, carbonic anhydrase 2 and peroxiredoxin-2, both 

also previously found in RBC-EVs and proteasome subunits (α and β) which had not been 

previously identified in RBC-EVs although they are present in RBCs (Figure 10C). When the 

peptide threshold is lowered to 80%, 3 other unique proteins are found in the iRBC-EV sample as 

shown in the table below the red line (Figure 10C). Two of these, glyceraldehyde-3-phosphate 

dehydrogenase and GTP-binding protein, would also be expected to be found in both EV isolates 

since they are again RBC-specific proteins. There is one 16 kDa uncharacterized protein that was 

only identified in the iRBC-EV sample. We cannot speculate on the specific origin of this protein 

as the full P. falciparum genome has not been fully annotated and there are still unidentified 

proteins, while it has also been previously shown that RBC derived EVs can carry uncharacterized 

proteins. This further highlights the need for further proteomic profiling of the EVs from both 

types of RBC cultures. Also, we would expect to see other abundant parasite-specific proteins such 

as band 3 before identifying uncharacterized proteins in EVs. On the other hand, the only protein 

identified solely in the uRBC-EV sample is α-S1-casein. This protein is a product of contamination 

as it is not typically expressed in RBCs and, as a result, it would not be expected to be found on 

RBC-derived EVs.  

Very few RBC-specific proteins were observed in both EV samples compared to previous reports 

(51, 55, 74, 78). Hemoglobin (α and β subunits), catalase, erythrocyte band 7, carbonic anhydrase 

1, L-lactase dehydrogenase (β chain) and gelsolin were found in very low abundance in samples 

with catalase being the most abundant RBC-specific protein found in the iRBC-EV sample. 

Expected proteins of high abundance such as band 3 and spectrin, which presence on RBC-EVs is 

also already confirmed by immunoblotting, were not identified in any of the samples. 
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Overall, both EV samples display high levels of contamination and no definite conclusions can be 

drawn from the proteomic study, particularly regarding specific EV or parasite markers. Both 

samples lacked expected RBC and parasite-specific markers while the uRBC-EV sample even 

lacked essential RBC-specific proteins found in the other RBC samples (51, 55, 74, 78). They 

display proteins resulting from contamination during the isolation process and during the protein 

separation process. Indeed, as shown in the table, many proteins from the work environment such 

as the different types of keratins and collagens and trypsin were found in relatively high abundance 

in both EV samples. Less expectedly, numerous serum-related materials were co-isolated with the 

EVs: serum albumin, complement C3, C4-B and C9, immunoglobulin-λ, vitamin D-binding 

protein, antithrombin III, lactotransferrin and others. The abundance of albumin, the most 

abundant protein found by far in both samples, evidently skews the results by masking the presence 

and reducing the perceived abundance of low-abundance proteins.  

Albumin was so abundant that it was found to be in all the bands cut from the gel, i.e. at different 

sizes (results not shown here). In the case of EVs, due to their size, most of the proteins of interest 

contained within the EVs would be found at low abundances which makes them prone to go 

undetected if elevated levels of contamination are seen. It is clear that albumin’s ability to associate 

with RBC membrane proteins and its capacity to form large protein complexes makes it difficult 

to eliminate this protein through the filtering and centrifugation steps of our protocol. Additional 

purification steps need to be included in the EV isolation and purification protocol.  
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Figure 10. Profiling of protein content of EVs collected from infected and uninfected RBC cultures. A. Protein 

content profile of lysed iRBC-EV and uRBC-EV samples separated on SDS-PAGE gel and analyzed by Coomassie 

blue staining. 20µg and 40µg of protein preparations were loaded onto gel to find the best amount of protein to load 

on gel for proteomics analysis. The major bands have been associated with proteins previously shown to be carried 

by EVs. The lysis buffer used for the protein preparation was RIPA buffer 1. B. Protein composition comparison 

between iRBC-EVs and uRBC-EVs following proteomics analysis of samples by LC-MS/MS analysis. The Venn 

diagram showcases the number of unique proteins found in each sample and the number of proteins shared among 

the 2 isolates. Data representative of 1 biological replicate. C. Most abundant protein hits for iRBC-EVs and uRBC-

EVs as measured by the quantity of peptide counts from proteomics analysis. Proteins were ranked by order of 

abundance in iRBC-EVs. It is important to notice that most proteins are non-specific to the samples studied and are 

the result of sample contamination. Peptides counts presented in table when peptide threshold is set at 95%. Proteins 

found below the red line had peptide counts below the 95% threshold but above 80% threshold. 

 



Master’s Thesis KUCYKOWICZ, Stephanie 
2018 

 

59 
 

4.6. Density based assays allow further purification of EV isolations from media-derived 

contaminants  

To address the high levels of albumin encountered with the proteomics, we modified our EV 

isolation protocol to include a density-based separation of the components of concentrated 

conditioned media by centrifugation before pelleting the EVs by ultracentrifugation. As previously 

tested on EV isolations from P. falciparum-infected cultures, we prepared sucrose gradients 

ranging from 30% to 50% sucrose, i.e. 1.127 – 1.230 g/cm3, layered concentrated conditioned 

media at the top of the gradient and collected each fraction from each sucrose layer of specific 

density following centrifugation.  

We were first interested in comparing the protein profiles of the different samples by Coomassie 

blue staining (Figure 11A). The protein composition remained similar across samples with no 

major bands appearing or disappearing. The amount of albumin (~65 kDa) decreases as the density 

of the layer increases and appears to be notably lower in all samples than the control isolated as 

per the originally established protocol. The greatest albumin removal was achieved in the densest 

layers of each gradient tested. We also noted that the decrease in albumin concentration in the 

sucrose fractions resulted in an increased concentration of other major proteins such as the ones 

observed at 25 kDa (Hemoglobin subunit), at approx. 85 kDa (likely band 3 since it is expected to 

be the most abundant RBC protein on RBC-EVs) and a few other high molecular weight proteins. 

The 40% sucrose fraction from the first gradient seems to be the exception to this observation; 

although the amount of albumin was reduced, some of the higher weight bands disappeared on the 

gel, most likely due to failed protein denaturation process. Moreover, when comparing with 

another protein profile analyzed from iRBC-EV and uRBC-EV isolations from different parasite 

life stages, even though 4 times greater quantities of samples were loaded onto this gel, there is 

still a much lower concentration of any proteins other than albumin when compared to the fractions 

from the gradient (Figure 11D).  

To identify the proteins of interest, we performed immunoblots of iRBC-EV and uRBC-EV 

samples using an antibody specific for albumin to observe the efficacy of albumin removal from 

EV samples (Figure 11B). We also used a specific antibody for band 3 detection to qualitatively 

confirm the presence of EVs in each fraction, as this is a host-specific marker for EVs derived 

from RBCs (Figure 11C). In accordance with the protein profile, a clear decrease in albumin 
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presence was observed in increasingly denser sucrose fractions. In fact, the band intensity of all 

fraction remains lower than the intensity of the control sample that was isolated without the 

additional purification steps. Band intensity was its lowest in the higher density fractions of each 

of the gradients that was tested, i.e. the 40% and 50% sucrose layers. Nonetheless, the presence of 

albumin was detected in all the sucrose fractions, suggesting that, while this method reduces 

substantially the amount of albumin particles co-isolated with EVs at any given density, 

particularly in the denser fractions, it cannot completely remove the albumin and albumin 

complexes from the isolations. Moreover, the nature of the isolation does not have an impact on 

levels of albumin co-isolated with the EVs as the same pattern of albumin removal was seen in 

both iRBC-EVs and uRBC-EVs, although with a slight lower efficacy for uRBC-EVs.  

Band 3 expression (100 kDa) was observed in all fractions from the established density range, 

affirming the presence of RBC-derived EVs in all fractions, and further confirming the 

heterogeneity in size and density distribution of the EV isolates (Figure 11C). The highest band 3 

expression was observed from the sample collected from the 40% sucrose layer, leading us to 

believe that a major part of the EV population has a density around 1.176 g/cm3, which is not far 

from what other studies have suggested. This is also in the expected range for microvesicles (74). 

Interestingly, the higher molecular weight band representing band 3 protein aggregates and the 

lower molecular weight band representing cleaved band 3 proteins are observed across all iRBC-

EV fractions, whereas the aggregates are clearly detected in the uRBC-EV samples and the cleaved 

protein bands at 63 and 45kDa are barely visible. Only the 40% sucrose fraction displays a greater 

expression of the 100kDa band than the band 3 aggregate band which in turn is the most intense 

band in all the other fractions.  

In agreement with the protein profiles, there is a reduction in total protein concentration in each 

sample that was isolated using the gradient compared to the controls when protein content was 

measured by means of a BCA assay (Figure 11E). The reduced presence of albumin in each 

fraction likely explains these observations. The 35% and 40% sucrose fractions displayed the 

highest total protein concentrations which is in agreement with the observations from the 

immunoblots that show much higher band 3 expression in these layers as they probably carry a 

greater number of EVs. These results lead us to believe that the density of our EVs ranges mainly 

form 1.151-1.176 g/cm3. 
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Figure 11. Albumin depletion from EV isolations by fractionation with sucrose gradient to increase EV 

isolation purity. A. Coomassie blue stain of protein separation on SDS-PAGE gel of EV fractions from each 

sucrose layer from gradients. First gradient (left of the black line) was composed of 30%-35%-40% sucrose layers 

and was used to separate contents of iRBC culture media. 5µg of each sample was loaded into gel. The second 

gradient (right of the black line) was composed of 40%-45%-50% sucrose layers and was used to separate the 

contents of iRBC culture media and uRBC culture media. 4µg of each sample was loaded into gel. EVs collected 

from an uninfected culture without a sucrose gradient separation were used as control. The identity of the major 

bands seen on the gel is indicated on the right. B. Analysis of albumin presence (~65 kDa), co-isolated with EVs  
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Since the lowest levels of albumin were also detected in the 40% sucrose fraction, this establishes 

the ideal separation density required to eliminate serum albumin without losing precious EVs from 

sample. Therefore, we performed a new EV isolation to test the efficiency of a 40% sucrose 

cushion instead of a gradient for albumin removal. The protein profile successfully reveals a 

pronounced removal of albumin and a higher presence of other major bands as seen from the 40% 

sucrose fractions from the gradients (Figure 11F). However, this protein profile was not seen 

following the use of a commercially available albumin removal column that uses Cibacron blue 

dye to interact and bind to albumin to further remove albumin from the iRBC-EV isolation; all 

proteins were lost. Thus, the albumin depletion kit that uses a chromatography column diluted the 

protein concentrations further down to the point that subsequent analysis could not detect the 

proteins of interest or resulted in the removal of EVs from our isolates by simultaneous binding to 

the column. Thus, it is not a suitable method for albumin removal from our EV samples. 

Overall, improved purification of EV isolations was achieved and yielded iRBC-EV samples that 

were partially depleted of albumin and that displayed greater concentrations of EV proteins as a 

direct result of the removal of contaminants from the media. Different density layers can 

potentially be used to reduce albumin contamination, but the 40% sucrose showed the most 

promise for our purposes, which was also confirmed with the single sucrose cushion assay. 

Moreover, the separation by sucrose gradients has the potential to be a great method to study the 

role of each EV subpopulation, unless the interest is placed on whole population in which case, 

with this method, we lose some EVs from the spectrum to different layers. 

from the culture media, in protein preparations from each fraction of the sucrose gradient by Western blot. 

Membrane was probed with anti-albumin antibody used at 1:10,000 dilution. Film exposure was 10 minutes. EVs 

collected from an uninfected culture without a sucrose gradient separation were used as control. C. Band 3 

expression (~100 kDa and >250kDa aggregates) in protein preparations from single fractions from sucrose 

gradient by Western blot. Membrane was probed with anti-band 3 antibody used at 1:5,000 dilution. Film 

exposure was 10 minutes. EVs collected from an uninfected culture without a sucrose gradient separation were 

used as control. D. Protein profile of EVs from different life stages analyzed by Coomassie blue stain. Most 

abundant protein is clearly albumin. 20µg of each sample was loaded into the gel. E. Protein content of all sucrose 

fractions analyzed by BCA assay. Data are presented as a mean of 2 independent experiments except for the 30% 

and 35% sucrose fractions which were only prepared once. Protein content of previous isolation of EVs from 

infected and uninfected cultures without the use of a sucrose gradient are added as reference points. F. Protein 

profile of a fraction collected from an EV isolation using a 40% sucrose cushion and this fraction additionally 

passed through a commercially available albumin depletion column analyzed by Coomassie blue staining. EVs 

collected from an infected RBC culture without a sucrose gradient separation were used as control.  

 



Master’s Thesis KUCYKOWICZ, Stephanie 
2018 

 

63 
 

5. Discussion 

The role of EVs in parasite survival has been linked to parasite-to-host communication resulting 

in immunomodulation and to parasite-to-parasite communication resulting in gametocytogenesis 

regulation. Progress in this field is hampered by the lack of suitable methodologies, technology 

and lack of data reproducibility across publications. With this study, we set out to standardize the 

methodology used to isolate EVs from P. falciparum-infected RBC cultures and to study their 

morphology and contents. We are looking for differences in iRBC-EVs and uRBC-EVs regarding 

their cargo and their specific markers that will help us explain their different roles during a malaria 

infection. We sought to understand the impact of isolation methods on downstream investigation 

of specific properties uniquely associated with EVs released from RBCs infected by the malaria 

parasite; we require to comprehend the biological processes regulated by EVs and evaluate the 

limitations of the available techniques. 

 

5.1. Isolation and characterization methodologies and their limitations 

We successfully established a protocol that allowed the isolation of vesicles from in vitro P. 

falciparum RBC cultures. Validation of our isolation method was obtained by means of NTA 

analysis. The method of isolation we used proved to have a high particle recovery as revealed by 

NTA analysis but was limited by co-isolation of contaminants. Non-vesicular particles such as 

proteins and protein complexes such as albumin, demonstrated by the protein profiling of the EV 

isolations (Figure 10A), are abundantly collected with our protocol for EV collection. Indeed, high 

speed centrifugations have been associated with increased aggregation of particles and particle 

fragmentation (95). Since our isolation method includes an overnight ultracentrifugation step, the 

speed and length of this centrifugation are prone to lead to increased levels of unwanted protein 

aggregates being simultaneously collected. This indicated that our isolation protocol did not 

include enough purification steps; the different filtration steps were insufficient to eliminate bigger 

protein aggregates. We were able to improve our EV yield by combining isolation and purification 

methods with a density gradient that is generally associated with a low EV recovery. Replacing 

the last ultracentrifugation by many shorter ultracentrifugation steps using a sucrose gradient 

yielded purer EV isolations, depleted of albumin, albeit with lower particle concentrations. Thus, 

as denoted in our study, EV isolation remains the main challenge in the field and a limiting factor 



Master’s Thesis KUCYKOWICZ, Stephanie 
2018 

 

64 
 

to properly studying the role of EVs. As previously concluded by many groups, a combination of 

methods is deemed desirable following our study.  

Both NTA instruments, the NanoSight and the ZetaView, denoted the presence of heterogenous 

EV populations in all EV samples, as shown by the size distribution curves. Despite this, we cannot 

accurately infer the composition and subtypes of EVs present in these populations. Indeed, this 

remains the biggest challenge for us too, as it would be easier to work with homogenous EV 

populations. The presence of microvesicles was expected, as RBCs mostly secrete microvesicles 

at homeostasis. In fact, the EV sizes from our study are in line with the expected sizes for RBC-

derived EVs at homeostasis analyzed by other groups (55, 58). Nonetheless, the presence of 

exosomes cannot be ruled out and would be consistent with Regev-Rudzki et al.’s results that, 

based on size and release pathways, suggested the production of exosome-like vesicles from 

iRBCs into the environment. Overall, both instruments can be used interchangeably, since they 

yielded closely related results when looking at particle size and concentration from fresh EV 

isolations, suggesting the consistency of this visualization technique and the great sensitivity of 

the CCD camera used by these instruments. On the other hand, flow cytometric analysis for particle 

enumeration displayed much lower sensitivity, as up to a 10,000-fold decrease in total particle 

counts were observed in some samples. Although equipped with improved sensitivity compared 

to conventional flow cytometry thanks to the use of an avalanche photodiode and increased scatter 

intensity that increase the lower limit of visible particles of this instrument, the CytoFLEX failed 

to accurately count all the particles in the EV isolations. We conclude that the instrument likely 

still cannot fully discriminate smaller EVs from the background noise, making this current 

technology less sensitive than the NTA to study the EV populations produced by RBC cultures.  

Moreover, SEM is a superior tool to study the composition of the EV subpopulations and directly 

measure particle size. We confirmed the observations acquired using NTA and demonstrated the 

heterogeneity of the EV populations from different fresh isolations by using SEM. Higher 

magnification revealed the presence of an abundant fraction of particles averaging a size of approx. 

100nm for both iRBC-EVs and uRBC-EVs. Subsets of smaller size vesicles and subsets of larger 

microparticles were observed in both preparations at a similar frequency. EV populations derived 

from iRBC-EVs and uRBC-EVs show similar EV profiles. These observations are in line with the 

size distribution profiles determined by NTA, where the majority of the EV population is 
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concentrated near one specific size of approx. 100nm and where other peaks of smaller and larger 

sized particles are seen around the main peak. Therefore, not only the average size obtained by 

NTA with both instruments and the mode and median values match average particle size measured 

by SEM, the presence of smaller and bigger microparticles was validated by both detection 

methods. Furthermore, since the average size of EVs determined by SEM is at the upper limit of 

conventional exosome size and at the lower limit of the expected microvesicle size and without 

more information on the biogenesis of these particles based on specific markers, again, we cannot 

comment on the nature of the different subpopulations of EVs from these images. Further studies 

combining EM methods and labelling strategies have to be employed for better discrimination. 

Immuno-gold labelling of EVs for electron microscopy analysis and cryo-EM have recently been 

evaluated for this purpose with success (96, 97). Nonetheless, for morphology, greater 

magnifications are required to reach the desired level that would allow us to individually image 

EVs to better analyse their shape. From the images presented in Figure 5, we can only partly infer 

the shape of the particles. It would seem that the particles display mostly spherical shapes and that 

the bigger particles exhibit additional non-spherical shapes that we could attribute to the 

agglomeration of multiple vesicles. We conclude that greater magnification and resolution is 

required. Although SEM analysis has been performed less frequently on EVs and TEM has been 

shown to be used to reach better magnifications without compromising image resolution, SEM 

analysis is more suitable for our purposes. Indeed, SEM analysis yields clearer images of EV 

surfaces and requires less sample preparation, which has previously been correlated with a 

decrease in particle size and morphological modifications (96). It is important to reduce the impact 

on size and morphology since we observed the presence of various EV subpopulations. Indeed, we 

noted the presence of a small fraction of larger particles, mainly formed as a result of EV 

clustering, as previously suggested from SEM analysis of exosomes isolated from the media of 

two different cancer cell lines (98). The group claims this is due mainly to their natural properties 

regarding their inherent lipid characteristics more so than a consequence of sample preparation. 

This is not surprising because of the lipid nature exhibited by these lipid bilayer enclosed vesicles. 

As evidenced by Baj-Krzyworzeka et al. from platelet-derived microparticles, EVs possess 

intrinsic adhesion proteins that allow aggregation (99). Thus, this could be the case in our EV 

isolations as well. Interestingly, the presence of larger particle complexes can be predicted to be 

the source of the bias denoted by NTA, particularly with the ZetaView system.  
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Beyond accurate characterization of the EV isolates, standardization of experiments and 

optimization of their reproducibility is important to preserve the biological activity of the isolated 

EVs. Our NTA analysis of isolations that were flash frozen for long-term storage shows the impact 

on both number and particle size of our isolations and, also, an increase in standard deviation 

values in NTA measurements, all consistent with previous reports (100, 101). Many groups have 

associated freeze and thaw cycles with greater damage to the particles, including fragmentation 

and content leakage, ultimately leading to particle concentration increase and wider size 

distribution curves as consequence. Although not shown in our results, these observations are 

consistent with the size distribution curves obtained from the readings with frozen samples with 

both the NanoSight and the ZetaView and with the particle size and numbers observed with the 

NanoSight. Furthermore, particle aggregation is promoted in highly concentrated EV suspensions, 

where interactions between particles are heightened (100), and as indicated by our concentration 

values from NTA, our EV isolations are highly concentrated. As mentioned earlier, high speed 

centrifugation is also associated with increased aggregation of particles meaning that both the 

isolation and the storage methods are promoting particle aggregation (95). Subpopulations of 

bigger particle complexes, either formed of multiple EVs or formed of multiple contaminant 

proteins, can be identified by NTA, explaining the shift in size distribution profile and mean size 

in the frozen EV preparations analyzed with the ZetaView. This has shown to be prevented with 

the addition of trehalose to the PBS suspension of EVs before ultracentrifugation and storage at -

80⁰C, i.e. flash freezing, of the isolated microparticles (100, 102). This sugar is known for its 

capacity to stabilize proteins and has been used as a cryoprotectant for long-term preservation of 

drugs (100, 103). In one study, these same properties allowed maximum recovery of EVs from 

pancreatic beta-cells and were shown to stimulate cytokine secretion from the recipient cells to a 

greater extent than the EVs preserved without trehalose, indicating greater maintenance of the 

EVs’ biological activity (100). Interestingly, to conserve integrity and stability, some groups also 

add protease inhibitors to the EV suspensions before storage (101, 104). Therefore, the freezing of 

the EV suspensions in saline solution alone cannot guarantee intact conservation of morphology 

and activity and has to be optimized through additions to the storage solution for consistent results.  

As demonstrated many times over, the nature of the vesicles is dependent on the cell of origin, 

which leads us to believe that the parasite’s stage in the asexual life cycle in the RBCs could direct 
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changes in morphology and composition of the vesicles. Our study highlights the importance of 

understanding the impact of this timely release as we have observed a lower peak of the EV 

population size distribution for EVs collected at early stages of the cycle, denoting the increased 

release of smaller vesicles, possibly more exosomes at this stage. Our findings agree with the 

observations from Regev-Rudzki et al. who identified vesicles of ~70nm in diameter by ATM 

released from the parasite’s early stages, pointing at a major presence of EVs of smaller size 

secreted during these time points (75). They also concur with Mantel et al. that demonstrated by 

TEM and NTA the release of a greater number of vesicles ranging from 100-150nm in diameter 

from the parasite’s late stages (74). We went further and tested the presence of stage-specific 

markers by immunoblotting analysis. Various proteins associated with the asexual parasite stages 

were identified in iRBC-EVs whereas proteins expressed in the parasite during the sexual stages 

were absent from iRBC-EVs except from Pfs230, indicating that the proteins carried in EVs are 

also stage-specific. Thus, even though our results and previously published studies do not reach a 

consensus regarding the impact of the parasite’s life cycle on EV release or in dictating cargo 

contents, there remains no doubt that P. falciparum tailors its EV secretion to fit with its needs at 

different life stages.  

The parasite’s life cycle is not the only time-dependent variable that can impact our EV isolations. 

In fact, another drawback from our in vitro study of EV release regards the age of the RBCs. 

During prolonged storage, RBCs increase their microparticle release (77). One study has shown a 

20-fold increase in EV secretion following 50 days of RBC storage at 4⁰C in a preservative solution 

supplemented with sodium, adenine, glucose and mannitol (77). Multiple groups have also 

identified discrepancies in the protein profiles from RBC-derived microparticles isolated at 

different ages of the RBCs (77, 105, 106). One other variable noted is the impact of the donor on 

RBC-EV release, where the number of EVs secreted varies between donors (77). Therefore, we 

cannot know if these variables have impacted the EV concentrations we have observed in our 

samples. It will be important to take all these into consideration when optimizing EV isolation 

protocols.  

Overall, the use of all these methods for characterization of EV populations did not yield any 

noticeable differential characteristics between iRBC-EVs and uRBC-EVs. The SEM analysis 

shows structurally similar particles of close size ranges and the NTA only showed a slight 
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difference in average particle size and total particle counts in the iRBC-EVs from the values 

obtained for uRBC-EVs. These techniques cannot be used to distinguish EVs from different 

sources studied here, we need more targeted studies. Thus, from our experiments, the nature of 

EVs remains an unanswered question. Indeed, from our data regarding structural morphology and 

size distribution we still cannot infer the presence of each subtype of EVs in our isolated 

populations. Without studying the biogenesis pathways of these EVs, we cannot further interpret 

our results. These studies can be achieved by attempting to identify unique membrane proteins, 

the presence of established markers unique to microvesicles or to exosomes, such as the presence 

of endosomal markers for the latter, and better understanding the lipid composition of the EVs’ 

membranes. For instance, Regev-Rudzki et al. studied the role of a protein, PfPTP2, derived from 

the parasite’s Maurer’s clefts in EV release which is a required first step into better understanding 

the pathways of production and secretion of the EVs (75). Similarities between these vesicles 

carrying proteins associated with Maurer’s cleft and late endosomes have been identified, 

providing more insight into the process of biogenesis. Due to their lipid nature, observed by 

agglomeration with the SEM analysis, further understanding of the organization of the lipid 

membrane of iRBC-EVs and uRBC-EVs would be essential to unravel the release and production 

mechanisms of the vesicles. As lipids associated with lipid rafts have previously been identified in 

higher proportions on the EV membranes, this will become an interesting avenue (51). 

Broadly, methods of isolation and methods of storage can impact downstream events such as cargo 

packaging and their roles. Perfecting the isolation and storage methods is critical to obtain intact 

EV isolations that allow the study of the morphology and the identification of reliable markers on 

the surface or within the EVs as we have attempted throughout the study. 

 

5.2. The use of markers for EV detection and discrimination of iRBC-EVs and uRBC-

EVs 

We provide evidence that fluorescent labelling of EVs is an appropriate tool for detection of RBC-

EVs based on specific phenotypical characteristics. This is the first step into differentiating 

subpopulations within heterogenous EV isolations as the ones that are derived from our cultures. 

Our study focused on membrane composition as we targeted lipids and the most prevalent 

transmembrane protein found on the EV’s lipid bilayer by distinct labelling methods and analyzed 
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the labeled EVs by different means. Despite their abundance, low EV labelling efficiency was 

observed both by fluorescent NTA and flow cytometry. As analyzed by NTA, the use of lipophilic 

dyes on EV preparations effectively tagged approx. a quarter of the total EVs, regardless of their 

origin, due to issues with the staining protocol. By flow cytometry, EVs stained with these 

lipophilic dyes could not adequately be identified, possibly due to the low fluorescence emitted 

from the dye. Moreover, a lower portion of band 3 positive EVs was detected by fluorescent NTA 

for EV populations of both origins than were detected with fluorescent dyes by the same method. 

In accordance with this observation, only a small fraction of EVs were also observed to be positive 

for the presence of band 3 by flow cytometry; about 1% of EVs were successfully labelled and 

identified with band 3 by this procedure. In fact, EVs are known to be dim particles in comparison 

to full size cells, partly owing to their low light scattering properties and fluorescence intensity 

due to their size. Being nano-sized particles, the number of copies of specific markers expressed 

on EVs and the lower number of binding sites due to the smaller membrane surface compared to 

a cell, both constitute a major limitation to this study. Indeed, it was determined in a previous study 

that for a protein present at a copy number of 1 x 105 on the cell of origin, only about 10 copies of 

this protein will be present on the derived EVs (107). Greater labelling was achieved with 

lipophilic dyes due to the lipid nature of these vesicles whereas band 3 is a more specific marker 

present at much lower abundance on the EV surface. Besides, antibody detection of the EVs 

required the use of a primary and secondary antibody, which further complicates specific band 3 

tagging as more interactions are required in order to obtain a fluorescent signal. A directly coupled 

primary antibody with a bright fluorophore may help in this matter, which we are currently 

studying as a potential alternative. 

Despite these challenges, higher labelling efficiency was predicted on the basis of the results 

obtained by immunoblot analysis of band 3 expression on the EVs’ surface that had led us to 

postulate this protein as a potential EV marker. In all the EV samples and in the RBC control, we 

identified band 3 expression at the expected molecular weight of 100kDa. Interestingly, we also 

observed the presence of a >250kDa band carried by EVs and the infected host RBCs, which agrees 

with previous findings. Malaria parasites are known for activating band 3 phosphorylation 

processes, as the resulting protein aggregation leads to membrane destabilization that is essential 

to the parasite’s survival within the host (108, 109). Phosphorylation of band 3 increases from the 
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ring stage to the schizont stage, subsequently leading to microvasculature adhesion and parasite 

egress. In turn, this leads to the release of microparticles that carry band 3 and band 3 aggregates 

as RBC-EVs tend to contain proteins targeted for removal (108-110). Since P. falciparum’s life 

stage seems to play a role in band 3 aggregation on the RBC’s membrane, we need to carry 

additional investigations on the stage-specific composition of EVs as was suggested earlier by the 

NTA analysis that showed differences in EV numbers and sizes depending on the stage of origin 

of the vesicles. It would be interesting to quantify the amounts of band 3 carried by each EV 

population and compare it to the amounts present in infected RBCs and uninfected RBCs by 

measuring band intensity in Western blots and compare the abundance of the individual band 3 

protein monomers and aggregates in these EVs. Based on the predicted role of band 3 in the 

parasite’s life cycle, we would expect to see increasing aggregation of this membrane protein in 

EVs isolated at the later life stages. Nevertheless, band 3 is not a suitable marker to differentiate 

vesicles from an infected or uninfected culture and serves a better purpose as a marker of RBC-

specific EVs to distinguish them from protein complexes and other contaminants that we have 

shown to be present in our EV isolations.  

From our results, attaining the desired level of detection still remains a challenge and we conclude 

that there is room for optimization of fluorescent labelling methods for membrane lipids and 

proteins. For instance, other dyes have been linked to greater brightness levels for small particle 

staining, namely PKH26 (111, 112). Indeed, dyes known for their higher brightness levels are of 

interest as they can compensate for the lack of surface antigens on EVs. Other successful labelling 

strategies adequate for flow cytometry have used Annexin V, targeting phosphatidylserine on the 

EV surface, calcein-AM, CFSE and PKH67 (74, 97, 113, 114). Overall, the use of lipophilic dyes 

as an EV labelling strategy has been supported by many studies (111, 115, 116). The use of primary 

antibodies directly conjugated to fluorochromes such as AlexaFluor 488, FITC, PE or biotin, is 

also recommended. Greater purification levels of the isolated EV samples will equally allow us to 

attain more consistent labelling efficiencies, which can be initially addressed by albumin removal. 

Greater labelling efficiency can be achieved by improving the purification methods of labelled 

vesicles to limit the background noise created by dye or antibody complexes observed with both 

detection methods, i.e. NTA in fluorescent mode and fluorescence triggered flow cytometry. Some 

groups remove the excess dye by means of centrifugation with a sucrose gradient, which in our 
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case would also remove the albumin that precipitates alongside the EVs, or opt for labelling of the 

cell from which the EVs will originate (111, 112). Thus, from our data, we note that antibody and 

lipid dye concentrations have to be further optimized as they can result in an increase of 

background noise when not appropriately diluted or result in insufficient staining when too diluted. 

Also, due to the lower abundance of antigens on the EVs, labelling concentrations used for the 

parent cells cannot be used as reference. As a point of comparison, 500nM of DiO and SP-DiO 

were used for staining EVs in our experiments, whereas a final concentration of 5nM was used for 

staining with DiD, a lipid dye similar in nature to DiO and its derivative tested here, for flow 

cytometric analysis of EVs in another study (117). There is a clear discrepancy in dye 

concentrations across experiments that requires further analysis. 

Moreover, since band 3 is a transmembrane protein, using it as a labelling marker can result in 

unwanted tagging of membrane fragments from damaged EVs or fragments resulting from the 

disruption of the RBC membrane integrity during the isolation process at any of the centrifugation 

steps. Therefore, the use of band 3 or other EV membrane markers can yield false positive readings 

by identifying small particles that are not vesicles, and subsequently overestimate the amount of 

microparticles expressing the marker of interest. Therefore, we need more reliable markers that 

will identify intact EVs. The use of anti-spectrin antibodies can be used for more targeted 

recognition of EVs. Although we observed no positive expression of spectrin by fluorescent NTA 

on either EV type, we believe this marker could be more appropriate for obtaining accurate EV 

counts as it would only identify fully intact vesicles. These observations are the result of a lack of 

labelling protocol for internal markers, as no prior permeabilization step was performed to allow 

better binding of the specific anti-spectrin antibody to the cytoplasmic proteins. The presence of 

spectrin was shown by immunoblotting analysis of both iRBC-EVs and uRBC-EVs, indicating 

that spectrin is carried by the vesicles of RBC origin and has the potential to be targeted for EV 

identification by fluorescent means. 

Using fluorescent NTA we showed the absence of the exosome-specific marker CD63 on iRBC-

EVs and uRBC-EVs. Since differentiating each vesicle type remains a challenge, we sought to 

explore some known EV-specific markers as well. Tetraspanins, also transmembrane proteins as 

band 3, have the potential to serve as a marker for exosomes, although they have been seen to be 

expressed on microvesicle membranes as well albeit at lower concentrations, and have the 
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potential to aid with distinguishing the subpopulations present in the heterogenous EV isolations. 

These observations correlate with the previous conjecture that the major component of the EV 

populations isolated from iRBCs and uRBCs are microvesicles of a range of sizes and not 

exosomes which are the specific target of this antibody. Nevertheless, no expression of CD63 was 

observed by Western blot analysis, pointing towards the possibility that vesicles do not actually 

carry this protein and that the very low signals seen by fluorescent NTA was likely due to false 

positive labelling or background noise. From the literature, it remains unclear if RBCs carry CD63. 

Indeed, lymphocyte subpopulations, granulocytes, monocytes, macrophages, activated platelets 

and endothelial cells are known for expressing CD63 but only a few past studies have confirmed 

the presence of CD63 on exosomes derived from RBCs (118, 119). As previously discussed, EV 

marker profiles are derived from their cell of origin, meaning that it is important to first establish 

the presence of a marker on the host RBC surface before looking for these on EVs released from 

the cells. It is also important to note that the parasite extensively modifies its host cell’s membrane 

to fit its own purposes. Therefore, markers normally present on RBCs at homeostasis might not be 

present following P. falciparum infection, as they might be removed to make place for other more 

essential parasite proteins needed on the membrane to escape for e.g. the immune system. This 

could also provide an explanation as to why only uRBC-EVs were shown to express very low 

levels of CD63 whereas iRBC-EVs do not.  

So far, all the markers we have successfully singled out for phenotype-based EV identification and 

enumeration have potential as RBC-specific markers. Of greater interest and importance for further 

studies is the exploration of parasite-specific markers to effectively discriminate iRBC-EVs from 

uRBC-EVs. Indeed, the majority of EVs collected from iRBC cultures are still released from the 

uRBCs as only 5-10% of the RBCs are infected with P. falciparum. Developing tools to study EVs 

of parasite origin is necessary to further our understanding of the molecular heterogeneity and 

specific cargo that lead to their specific downstream functions in host-pathogen interactions. 

Indeed, from Western blot analysis, we provide alternative targets for intact EV identification. 

Plasmepsin II and HAP have shown potential as parasite-specific markers. Furthermore, these 

soluble proteins, derived from the parasite’s digestive vacuole, are found inside the EVs, making 

them great candidates for intact vesicle identification (120). Further experiments should assess 

their use for fluorescent labelling of EVs when combined with a secondary antibody conjugated 
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to a fluorochrome. We have found additional soluble proteins uniquely carried by iRBC-EVs such 

as AMA-1, chaperone PfGRP78-BiP and sexual stage specific Pfs230, the two latter not previously 

studied by other groups. Surprisingly, erythrocyte binding antigen EBA-175, previously identified 

by Mantel et al., was not shown to not be carried by our iRBC-EV isolations (74). Mantel et al. 

demonstrate that EBA-175 is only peripherally associated with the released EVs, which might 

justify their absence in some isolates, particularly following freezing storage that has been shown 

to damage the membrane integrity of the stored vesicles.  

Our study of differences between iRBC-EVs and uRBC-EVs has progressed but remains 

nonetheless incomplete. Differences in content were established by immunoblotting but we 

haven’t identified any proteins with roles of importance in EV production and release. We have 

identified P. falciparum-derived enzymes that play important survival roles for detoxification of 

their immediate environment but we do not know how their incorporation into EVs and their 

trafficking would be beneficial to the parasites, or if even these enzymes are voluntarily packaged 

in the EVs. As they are required for the parasite’s survival within the RBCs, this might be part of 

a strategy that seeks to benefit the entire parasite population. As for the identified chaperone, 

PfGRP78-BiP, it is known that it is a key element for the stress response of the malaria parasite as 

it is involved in the unfolded protein response pathway (121). Since it has been proposed time after 

time that EVs are mainly produced as a response to changes in the environment, it would be fitting 

to find components of the stress response pathways integrated in the parasite-derived EVs. Also, 

another study has shown the importance of the interaction between chaperones and miRNA to 

catalyze the packaging of the latter in exosomes (122). This could be another explanation for the 

presence of this chaperone within the EVs. As for AMA-1, since this protein is mainly associated 

with merozoites, the positive expression of this protein in our EV isolations could also indicate the 

co-isolation of merozoites with our EVs, meaning that this protein might actually not be found 

within EVs (74). We need to dig deeper in order to understand the importance of the EVs for 

parasite survival and understand the role of key factors in the maintenance of cell to cell 

communication within the host. Interfering with the mechanisms of biogenesis and EV cargo 

selection will allow us to study more specifically the different functions of the EVs and the 

elements they are trafficking. To fine-tune our understanding of parasite-specific cargo loading in 

future studies, we also want to produce enriched iRBC cultures to focus our analysis on the vesicles 
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released by the infected cells by introducing another density gradient, an Easycoll gradient as 

presented in the methods section, to our isolation methods that will remove uRBCs from the 

infected cultures. All our studies will be improved by implementing this method as it will increase 

the percentage of iRBC-EVs collected from the supernatants and reduce the number of uRBC-EVs 

collected from the infected cultures to yield results that are more representative of the EVs derived 

principally from parasite-infected RBCs. Following proteomics analysis, we want to sequence the 

miRNA contents of the vesicles. As we have been experiencing issues with obtaining clean 

miRNA isolations from the EV preparations, we have not been able to demonstrate any differences 

in this area yet. However, we understand the importance of these players in pathway regulation in 

cells and we want to investigate their relevance in control of communication through EVs between 

parasites as well. As demonstrated by Mantel et al., miRNAs could hold the key into understanding 

a few of the triggers for immunomodulation, which we  believe could also be the case for 

gametocytogenesis, although it has not yet been established by any groups (123).  

 

5.3. Fluorescence triggered flow cytometry  

In search of sensitive and reproducible characterization methods, we have shown that fluorescence 

triggered flow cytometry can be used for fluorescence-based detection of EVs. This method can 

be used for particle enumeration based on specific EV characteristics and has been improved to 

identify microparticles below the detection limit of conventional flow cytometry. This tool is 

shown to have the capacity to quantitatively and qualitatively detect EVs. This method was initially 

performed for detection of viruses by Marie et al. and was subsequently adapted for use for 

detection of EVs where it has shown great promise, as equally evidenced in our study (97, 111, 

124). 

Here, our instrument of choice was the CytoFLEX, which uses this new technology. The 

enhancement in sensitivity seen with this instrument is due to the replacement of traditional side 

scatter (SSC) used for the light scattering parameter for particle detection, with a fluorescence 

parameter; SSC is performed with the violet laser of wavelength of 405nm (125). In conventional 

flow cytometry, only approx. 1% of the EVs labelled for specific markers and only particles 

>200nm in size tend to be detected due to the limitations of using the light scattering properties of 

EVs (118, 126). This has now been challenged by the use of fluorescence triggered flow cytometry. 
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Nonetheless, the labelling efficiency against band 3 was observed to be in the same range as what 

is expected from conventional flow cytometry. Although, our results corroborate the use of this 

advanced mode of detection and phenotyping of EVs with band 3 expression, we have not reached 

the desired levels of detection that have already been reported by other groups using other EV 

markers (97, 113, 127). Indeed, in a specific study aiming at identifying phosphatidylserine 

carrying EVs, the superior sensitivity of the fluorescence triggered detection was confirmed, as the 

latter technique identified 50 times more Annexin V positive microparticles than measurements 

obtained by conventional light scattering methods (97). Other groups have noted the same trend 

with fluorescence triggering and detected a significantly higher amount of labelled EVs derived 

from sources such as platelet free plasma (113, 127). We thus believe that the low success of EV 

identification by this improved method can be partly explained by the lack of proper antibody 

concentrations tested and the challenge of using a combination of antibodies (primary and 

secondary antibodies). The simple addition of primary antibody against band 3 to our preparations 

lead to an increase in total particle counts. Apart from demonstrating the need for better antibodies 

adapted for flow cytometry analysis, these observations testify to the instrument’s increased 

sensitivity for nano-sized particles. It highlights the importance of appropriate labelling of EVs to 

properly discriminate them from the noise and debris that are skewing the analysis, and the 

necessity to employ the appropriate negative controls for accurate analysis. Indeed, the 

introduction of non-vesicular particles and increase in perceived background noise are also in part 

responsible for the low labelling efficiency. Our data also suggests some of the subjectivity 

surrounding the use of an instrument so close to its detection limits for particle size, as EV counts 

can be affected by the fluorescence threshold initially decided upon with the controls. In our case, 

a great volume of particles was observed in the DPBS control alone, consisting mostly of electronic 

noise. Drawing the line between background and small EVs of interest thus remains the biggest 

uncertainty attached to the use of this instrument. 

Interestingly, the heterogeneity in the EV population is consistent throughout the characterization 

methods used as demonstrated by the range of particle sizes yielded by both NTA and flow 

cytometry. Nevertheless, we denoted a clear discrepancy between particle concentration 

determined by NTA and flow cytometry. This can be explained by the limitations of each method. 

Indeed, NTA has previously been associated with overestimation of EV counts, as it cannot 
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distinguish EVs from non-vesicular particles and will thus include the latter in the final count, 

although this method is notably less biased than other dynamic light scattering methods since it 

directly visualizes single particles (128). On the other hand, due to their size, microparticles exhibit 

a low refractive index that is associated with underestimation of particle sizes by flow cytometric 

analysis (129). In turn, this can potentially lead to underestimating total particle count if these 

particles that are perceived to be smaller in size and is perceived to be background noise. 

Additionally, the flow cytometer cannot efficiently discriminate larger microparticles from 

aggregated microparticles, which are a common by-product of the isolation method of choice in 

this study, as revealed by SEM, additionally contributing to the underestimation of total EV 

particles (130). Finally, the ‘swarming’ effect inherent to flow cytometry is also associated with 

underestimation of particles in solution as multiple microvesicles can be mistaken for an individual 

event if the laser beam reaches these microparticles at the same moment. Thus, the differences in 

the way these instruments operate, and their limitations are emphasized in our study during EV 

enumeration. The impact of the flow cytometer’s limitations underline the importance of bead 

calibration for flow cytometry, as they are required to infer particle size from refractive index 

values more accurately and will be further explored by our group (97).  

Our findings support the use of fluorescence triggered flow cytometry to assess the properties of 

the population as a whole and presents this new flow cytometry alternative as a robust tool for EV 

characterization. As opposed to NTA that can determine actual individual particle sizes, the flow 

cytometer looks at average size of the population and is more reliable for phenotypic studies. 

Indeed, it allows the specific targeting of populations based on specific markers, which is not 

possible using NTA technology. With further optimization, the different EV subpopulations could 

be easily segregated by means of flow cytometry based on differential marker expression. In the 

same line of thought, imaging flow cytometry, a new powerful alternative instrument, has also 

been the subject of an increasing number of studies in the EV field and in the context of a malaria 

infection (131). This instrument combines the fluorescent set up and the speed of analysis of a 

conventional flow cytometer with the use of a CCD camera, as used in instruments meant for NTA, 

to replace the photomultiplier tubes currently used in flow cytometers (131). The latter uses the 

same advanced technology to image the EVs that allows detection of particles below the diffraction 

limit.  
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5.4.  Adverse effects of albumin co-isolation and other contaminants on proteomics 

studies 

Our proteomic analysis of the EV isolations provided the rationale for additional purification 

methods for our EV isolation process. As pointed out previously, the proteomics study revealed 

high levels of albumin contamination within our preparations that visibly misrepresent the 

composition of the EV proteome. Albumin-derived components were also identified as sources of 

contamination such as IgG. In fact, contaminants from serum that were not well cleared out of the 

packed RBCs used for culturing could be identified in the proteomic analysis of our samples. These 

proteins are not found within the EVs; albumin likely adheres to the lipid-rich EV membranes, as 

it is known to associate with the RBC membrane. Other proteins, such as IgG and complement 

factors such as C3, are also often associated with the RBC membrane (132). They can co-

precipitate after prolonged ultracentrifugation with our EVs of interest but as they are linked to the 

RBC membrane, they could equally be commonly found on the membranes of vesicles produced 

through budding off from the RBC membrane. Therefore, their presence should still be expected 

in future studies as they are potentially being carried on the surface of the EVs derived from RBCs, 

indicating they are part of the EVs extended proteome. Other large particles such as lipoproteins 

have also been shown to be co-isolated (112). Protein contamination is one of the drawbacks of 

differential centrifugation-based isolation techniques and is commonly experienced (88, 112). 

Cvjetkovic et al. noted that ultracentrifugations exceeding 4 hours will consistently lead to the co-

isolation of proteins with the EVs (88). We run our last ultracentrifugation step overnight, for 

approximately 12 hours which can definitely be expected to lead to co-isolation of unwanted 

materials with the EVs. For this reason, we have applied a sucrose density gradient to reduce the 

amount of possible contaminants. Based on previous findings, human serum albumin was collected 

from iodixanol fractions of 1.02-1.07g/cm3 (133). Separation of  the EVs was achieved when the 

EVs were collected from a fraction density of 1.18g/cm3 (133).Our results agree with those 

observations, since we successfully removed a considerable amount of albumin based on density 

differences. Our immunoblot assays for band 3 expression clearly indicate the presence of EVs 

derived from infected and uninfected RBCs at a density of 1.151-1.76 g/cm3 and we find an inverse 

correlation between albumin abundance and fraction density based on anti-albumin detection. We 

also saw a reduction in total protein concentration using a BCA assay, likely reflecting the 
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reduction of albumin in the isolates. Albumin depletion will allow us to repeat the proteome 

analysis once the purification methods have been fully established to obtain unbiased and 

reproducible data. The removal of a significant fraction of highly abundant albumin has great 

implications on the detection of low abundant peptides of analogous mass. In fact, due to this 

‘shrouding’ effect, the latter are masked during the analysis (134). Indeed, this became evident by 

Coomassie blue staining following separation of the proteins, where the presence of dimer albumin 

band correlated with a visible increase in presence of other bands of higher molecular weights on 

the gel. We can expand our analysis and infer the amounts of albumin present in each sucrose 

fraction from the band intensity, which we can use to quantify the efficiency albumin removal. By 

column chromatography, we showed unsuccessful sample purification and complete loss of 

proteins from our EV sample. Although further testing is needed, we infer that the protocol 

followed led to the dilution of the protein concentration in the sample to levels that could no longer 

be detected by our BCA assay. Due to albumin’s nature, this protein will be binding to the EVs, 

arising the possibility that EVs are being lost by remaining bound to the column through their 

association to albumin, as we do not know how strong is the bond that links albumin to the EVs.  

As a consequence of protein contamination, little overlap in proteome profiles was observed in our 

EV samples and other publications. Our iRBC-EV and uRBC-EV isolations were not shown to 

carry two of the most abundantly found proteins on RBCs and on RBC-derived EVs: band 3 and 

spectrin. RBC-EVs notably lack almost all RBC integral and cytoskeletal proteins except for band 

3 and spectrin. Thus, the inconsistency of our data and the disparities between iRBC-EVs and 

uRBC-EVs regarding the presence of RBC-specific proteins show that our isolation method was 

not fully optimized when the samples were analysed. Interestingly, a few protein hits in the iRBC-

EV sample correspond to observations by Mantel et al., who have provided the most 

comprehensive proteomic study of EVs collected from P. falciparum-infected RBCs. These 

proteins were hemoglobin, catalase and carbonic anhydrases (74). Interestingly, the presence of 

peroxiredoxin is in line with reports of RBC-derived EVs carrying oxidized membrane proteins 

(74). We also observed other sources of contamination due to gel handling. Despite this drawback, 

in-gel denaturation of the proteins has been shown to increase the detection of proteins present at 

low abundance, which we had expected in the case of parasite-derived proteins. Therefore, this is 

not something we are looking to change, since it is not as disruptive for data analysis than highly 

abundant proteins such as albumin. On the other hand, it has been shown that protein extraction 
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procedures can modify the amount of proteins detected by MS and can help differentiate integral 

membrane proteins from proteins that are simply associated with RBC membranes (132). 

We also believe that a more detailed study of the parasite stage-specific EV proteome has the 

potential to reflect processes occurring within the infected RBCs as part of the parasite’s life cycle. 

Other methods can be combined with our isolation methods to further increase the purity of the 

EV isolations, including size exclusion chromatography and immunoaffinity-based methods (112, 

135).  

Lastly, of increasing interest to complement proteomics results is the possibility to address the 

metabolomics of the secreted EVs to study the changes in the metabolite composition of the EV’s 

cargo as a consequence of the pathways taking place in the RBC following malaria parasite 

invasion. It will paint a better picture of the dynamics of EV release and uptake.  

 

 

In summary, our findings shed light on the challenges that still need to be resolved for accurate 

study of EVs and their roles in P. falciparum survival within the human host. Moreover, our study 

lays the foundations necessary to pursue more in-depth studies on the nature of the parasite-derived 

components sorted into the vesicles and their molecular functions. EVs are critical for achieving 

trafficking of information and successful communication and we need to better understand the 

machinery used by the host cells and the parasites to produce them, sort the appropriate cargo and 

release them. They are a key advantage for parasites in maintaining infection of the human host as 

it maximizes the chances of transmission to the mosquito vector and thus represent an interesting 

target. Lastly, we present a comprehensive analysis of many currently used techniques in the EV 

field and apply them in the context of a malaria in vitro infection. The strength of this study lies in 

its combined used of different techniques to acquire data, since the establishment of methodologies 

remains controversial in this field. 
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6. Conclusion 

To reach the Millennium development goals of reducing malaria incidence and mortality by 90% 

by 2030, particularly in the wake of increasing antimalarial resistance, will require a more 

comprehensive grasp of P. falciparum’s invasion and survival mechanisms within humans. Novel 

insights on the dynamic secretion of host-cell derived soluble factors known as extracellular 

vesicles can provide new opportunities to disrupt the parasite’s life cycle. These new players are 

used as vehicles of cell to cell communication by which the malaria parasite exchanges valuable 

information and cues to regulate their survival. With this study, we sought to confirm previous 

findings and expand upon established knowledge. We hypothesized that the EV population 

produced during P. falciparum infection of RBCs differs in content from the EVs shed by RBCs 

at homeostasis to include parasite-specific information to allow communication between parasites 

within the host. Our data shows almost no morphological differences as a result of the cell of origin 

from which the EVs were released. Besides a slight decrease in average particle size observed from 

the iRBC-EVs, particle concentration, population heterogeneity and the almost spherical structures 

were maintained across EV samples as effectively observed by means of SEM analysis and by 

using two instruments designed to carry NTA analysis, the NanoSight and the ZetaView. However, 

our study provides evidence for content differences observed by Western blot. Indeed, some 

parasite-specific enzymes and proteins were identified to be carried solely by iRBC-EVs. As 

expected, we also observed an overlap in contents in all RBC-derived EVs, identifying RBC-

specific markers band 3 and spectrin. Further cargo investigation was hampered by the insufficient 

purification levels achieved from our isolation method. We are currently in the process of 

optimizing albumin removal by means of a sucrose gradient to eliminate a major contaminant of 

our EV isolations. This will allow us to carry on more detailed studies and find unique contents in 

iRBC-EVs.  

To achieve these goals, it was important to use a variety of techniques and tools to compare their 

ability to produce consistent and reproducible analyses, now one of the long-term aims in this field, 

since findings are limited by available technologies. We report minor differences in NTA 

performed with the NanoSight and the ZetaView, principally regarding the instruments’ innate 

bias for small subpopulations of large microparticles. While NTA better illustrates the EV 

population distribution as a whole, SEM allows single molecule readouts and more detailed 
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morphological studies that complement the NTA results, despite the low magnifications used. 

Phenotypical studies, by means of surface protein expression and lipid membrane composition, 

were achieved at low efficiency by fluorescent NTA and fluorescence triggered flow cytometry. 

Although not fully optimized, these technologies are necessary to develop tools such as universal 

fluorescent markers to facilitate EV detection and subpopulation discrimination. We place a 

particular interest in fluorescence triggered flow cytometry, a newly introduced tool with increased 

sensitivity for small particles compared to conventional flow cytometry, due to its high-throughput 

and individual particle readouts. Western blotting was key to find initial markers and differences 

between EV populations from infected and uninfected RBCs. As part of our future directions, we 

want to employ more refined technologies to accommodate our need for larger scale studies that 

encompass the complete contents of the EVs to understand their mechanisms of action, such as 

proteomics and microRNA sequencing studies, that are underway in our laboratory. Our results 

suggest that, moving forward, analysis of EV populations requires the combinatorial use of various 

methods. They also highlight the primordial need to standardize the procedures for isolation and 

purification to produce consistent results. The impact of the use of non-standardized EV isolation 

procedures on result interpretation needs to be reduced to enhance our understanding of the key 

signals contained in the vesicles to fulfill their specific downstream regulatory roles. 

Evidently still at the early stages of exploration and standardization, future studies should focus 

on establishing specific links between the presence of individual EV contents and their 

downstream functions. Understanding the molecular basis of these key signals and understanding 

where they fit in different pathways used to successfully maintain their proliferation within the 

human host is key. Indeed, it is essential to establish a robust causal relationship between EVs and 

the pathways they are known to regulate such as gametocytogenesis. This could yield new 

approaches to halting the mechanisms of gametocyte production and stop transmission of the 

disease back to the mosquito vector. Thus, in-depth profiling of EV contents can elucidate the 

potential of EVs as new drug targets. 

(136) 
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