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Abstract 

This study established and validated an integrated in vitro system to investigate 

Plasmodium berghei blood stage biology, with three main objectives: to define optimal 

culture conditions for blood-stage parasites, to characterize extracellular vesicles (EVs) 

produced under these conditions, and to evaluate the impact of parasite-derived stimuli 

on endothelial autophagy. 

Short-term culture conditions for P. berghei were successfully optimized using a 

serum-free, nutrient-rich medium, incubation at 35 °C, and a controlled microaerophilic 

atmosphere. Under these conditions, parasites maintained viability, normal morphology, 

and asexual development for approximately four days while preserving infectivity in vivo. 

Limitations to prolonged culture were mainly associated with the requirement for fresh 

reticulocytes and the rapid loss of merozoite reinvasion capacity in vitro. 

A comprehensive biophysical and proteomic characterization of P. berghei-

derived EVs was performed for the first time. The isolated vesicle population was 

heterogeneous, with an average size of approximately 100 nm and physicochemical 

properties consistent with small EVs. Proteomic analysis identified parasite- and host-

derived proteins enriched in the EV fraction, with cargo dominated by soluble cytosolic 

proteins involved in central metabolic pathways, protein synthesis, and turnover. The 

detection of virulence-associated and moonlighting proteins supports a role for EVs in 

extending parasite-host interactions beyond infected red blood cells (iRBCs). The 

detection of an ESCRT-related VPS homolog provides initial mechanistic support for 

conserved vesicle formation pathways in Plasmodium.  

Genetically modified tEnd.1 endothelial cell lines expressing fluorescent LC3 

reporters were generated and validated to monitor autophagic activity. Using these 

models, exposure to parasite-derived stimuli, including iRBCs, EVs, and parasite-

conditioned supernatants, consistently resulted in impaired autophagic flux. This 

impairment was characterized by autophagosome accumulation accompanied by reduced 

autolysosome formation and displayed stimulus-dependent temporal dynamics. 

Mechanistically, these effects are consistent with a convergence of adhesion-

dependent stress, inflammatory signaling, and lysosomal dysfunction, ultimately 

disrupting autophagosome-lysosome fusion and degradative capacity. 

In conclusion, this work provides an integrated framework linking parasite culture 

optimization, EV characterization, and endothelial autophagic responses. It advances the 

understanding of EV biology in rodent malaria models and establishes vesicle-mediated 

modulation of endothelial homeostasis as a novel axis of host-pathogen interaction, 

offering a foundation for future studies on malaria pathogenesis. 
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Resumen 

Este estudio estableció y validó un sistema integrado in vitro para investigar la 

biología de la fase sanguínea de Plasmodium berghei, con tres objetivos principales: 

definir las condiciones óptimas de cultivo para los parásitos, caracterizar las vesículas 

extracelulares (EVs) producidas bajo estas condiciones y evaluar el impacto de estímulos 

derivados del parásito sobre la autofagia endotelial. 

Las condiciones de cultivo a corto plazo para P. berghei fueron optimizadas 

exitosamente mediante el uso de un medio libre de suero y rico en nutrientes, incubación 

a 35 °C y una atmósfera microaerofílica controlada. Bajo estas condiciones, los parásitos 

mantuvieron su viabilidad, morfología normal y desarrollo asexual durante 

aproximadamente cuatro días, preservando además su infectividad in vivo. Las principales 

limitaciones para el cultivo prolongado estuvieron asociadas con el requerimiento de 

reticulocitos y la rápida pérdida de la capacidad de reinvasión de los merozoítos in vitro. 

Por primera vez, se realizó una caracterización biofísica y proteómica integral de 

EVs derivadas de P. berghei. La población vesicular aislada fue heterogénea, con un 

tamaño promedio de aproximadamente 100 nm y propiedades fisicoquímicas 

comparables con EVs pequeñas. El análisis proteómico identificó proteínas de origen 

parasitario y del hospedero, con una carga dominada por proteínas citosólicas solubles 

involucradas en rutas metabólicas centrales, síntesis y recambio proteico. La detección de 

proteínas asociadas a virulencia y proteínas moonlighting respalda un papel de las EVs en 

la extensión de las interacciones parásito-hospedero más allá de los eritrocitos infectados 

(iRBCs). Asimismo, la detección de una proteína relacionada con el homólogo de VPS 

del sistema ESCRT proporciona un soporte mecanístico inicial para la producción de EVs 

en Plasmodium. 

Se generaron y validaron líneas endoteliales tEnd.1 genéticamente modificadas 

que expresan reporteros fluorescentes de LC3 para el monitoreo de la actividad 

autofágica. Utilizando estos modelos, la exposición a estímulos derivados de P. berghei, 

incluidos iRBCs, EVs y sobrenadantes condicionados del parásito, resultó 

consistentemente en una alteración del flujo autofágico. Esta alteración se caracterizó por 

la acumulación de autofagosomas acompañada de una reducción en la formación de 

autolisosomas y presentó dinámicas temporales dependientes del tipo de estímulo. 

Desde el punto de vista mecanístico, estos efectos son coherentes con la 

convergencia de estrés dependiente de adhesión, señalización inflamatoria y disfunción 

lisosomal, lo que finalmente conduce a la alteración de la fusión autofagosoma-lisosoma 

y de la capacidad degradativa. 

En conjunto, este trabajo proporciona un marco integrado que vincula la 

optimización del cultivo parasitario, la caracterización de EVs y las respuestas autofágicas 

endoteliales. Además, amplía la comprensión de la biología de las EVs en modelos de 

malaria murina y establece la modulación vesicular de la homeostasis endotelial como un 

nuevo eje de interacción hospedero-patógeno, ofreciendo una base para futuras 

investigaciones sobre la patogénesis de la malaria. 
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1. Introduction 

1. Chapter 1: Malaria 

Malaria or paludism is a vector-borne disease caused by protozoa of the genus 

Plasmodium, transmitted to humans by infected female mosquitoes (1). It remains as one 

of the leading causes of mortality worldwide, with an estimated 263 million people 

affected and 597,000 deaths in 2023 globally according to the latest World Health 

Organization Malaria Report (2). Despite more than a century of global effort and research 

aimed at improving prevention, diagnosis, and treatment for malaria, this infection 

continues to be a significant health burden around the world (3). 

 

1.1.Background 

Malaria is an ancient disease, with references dating back to 2700 BC describing 

periodic fevers, poor health, and enlarged spleens in people living near marshes (1). 

Throughout history, it affected individuals from all social classes, including notable 

figures such as Christopher Columbus, George Washington, and Alexander the Great. 

Early explanations attributed malaria to supernatural forces, until Hippocrates proposed 

in the 4th century BC that it resulted from inhaling swamp vapors, an idea that persisted 

for more than two millennia and gave rise to the term “malaria,” derived from mal'aria or 

malus aer (1, 3). 

With the rise of germ theory, researchers intensified the search for malaria’s cause. 

Although some attributed the disease to bacteria like Bacillus malariae, understanding 

shifted in 1880 when Charles Laveran identified a protozoan parasite in the blood of 

malaria patients, the first protozoan known to invade human blood cells. Despite initial 

skepticism, his discovery was accepted in 1884, and he was later awarded the 1907 Nobel 

Prize in Medicine for this breakthrough (1). 

Following Laveran’s discovery, interest grew in identifying blood parasites in 

different hosts, aided by improved staining techniques such as Romanowsky’s. By 1890, 

the protozoan nature of malaria was well established, and the species responsible for 

benign tertian, malignant tertian, and quartan malaria, now known as Plasmodium vivax, 

P. falciparum, and P. malariae, had been defined. Subsequent milestones included the 
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discovery of mosquito vectors for avian malaria by Ronald Ross in 1897 and for human 

malaria by Italian researchers between 1898 and 1900 (1). 

 

1.2.Epidemiology 

The spread of malaria has often been determined by changes to the environment 

caused by human activity, including population movements and agricultural practices 

such as deforestation and irrigation (4). The different malaria species that infect humans 

present a differential geographical distribution. Being P. vivax and P. malariae the most 

common ones in America and Europe, P. falciparum in Africa and P. knowlesi is mostly 

restricted to South-East Asia (3, 5).  

One factor that explains this phenomenon is the selective pressure exerted by the 

parasite on humans. It is known for a fact that the evolution of malaria parasites has shaped 

the human genome, by selecting genetic mutations that protect against the disease. This 

theory was called the malaria hypothesis proposed by Haldane in 1948 (6). These 

mutations include thalassemia, glucose-6-phosphate dehydrogenase deficiency, 

ovalocytosis, RBC Duffy negativity, sickle cell disease, and other hemoglobinopathies. 

These traits are particularly prevalent in regions where malaria is endemic, and they offer 

insights into the coevolution of humans and malaria parasites (7).  

In 2023, there were 263 million cases and 597,000 deaths reported in 83 countries. 

About 94% of cases and deaths, mostly involving children under the age of five, were 

reported from Africa. The WHO is currently promoting the malaria eliminating countries 

for 2025 (E-2025) initiative in 25 countries, including Costa Rica. These countries were 

selected based on criteria such as having a government-endorsed elimination plan, 

meeting a defined threshold of malaria case reductions in recent years, meeting pre-

defined program requirements, and expert opinions (2). 

 

1.2.1. Costa Rica 

Since 2015, Costa Rica has been working to eradicate malaria by the year 2025. 

However, the incidence of autochthonous cases has increased in recent years (Figure 1.1). 

Fortunately, since 2010, there have been no recorded malaria-related fatalities in the 

nation (2). Notably, there has been a change in the proportion of malaria-causing species. 
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P. vivax was the cause of every single case until 2017. In 2018, reports of autochthonous 

cases caused by P. falciparum started to come in, and by 2021, P. falciparum accounted 

for 90% of all cases reported. 

Until November 2025, only 59 malaria cases have been reported and 6 active 

sources of malaria transmission in the country. These outbreaks are concentrated in the 

northern region, and the Caribbean region (8). It is important to follow up on the 

preventive measures adopted by government authorities to achieve the goal of eradicating 

malaria from the country in the coming years. 

Figure 1.1. Number of indigenous cases per year and Plasmodium species in Costa 

Rica (2010-2023). Figure generated using data obtained from (2). 

 

1.3.Agent 

Plasmodium is a genus of intracellular protozoa within the phylum Apicomplexa, 

characterized by an apical complex and an intraerythrocytic life cycle. Phylogenetic 

studies of the SSU rRNA gene indicate that the Plasmodium lineage diverged from other 

apicomplexans hundreds of millions of years ago, likely originating from a free-living, 

chloroplast-containing protozoan (9). This ancestral organism already carried out sexual 

reproduction and later evolved schizogony, the asexual replication process seen in modern 

Plasmodium species (6, 7).  
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Over millions of years, early Plasmodium forms adapted to infect ancient blood-

feeding Dipterans (mosquito ancestors) and subsequently evolved a two-host life cycle 

involving vertebrates. Today, nearly 200 Plasmodium species have been described, 

infecting mammals, reptiles, and birds, with five known to infect humans: P. falciparum, 

P. vivax, P. malariae, P. ovale, and P. knowlesi. Additional species infect non-human 

primates and are closely related to human parasites, though human infections with these 

are rare (3, 10). 

 

1.3.1. Life cycle  

Malaria parasites have a complex life cycle involving an Anopheles mosquito 

vector and a vertebrate host (Figure 1.2). Infection begins when an infected female 

mosquito inoculates sporozoites into the skin during a blood meal (11). Lacking tropism 

for blood vessels, sporozoites move randomly through the dermis using gliding motility 

until they encounter a vessel and enter the bloodstream. Many fail during this process, 

being destroyed in the skin or diverted to lymph nodes, where they can trigger early 

immune responses (12, 13). 

Within 1 to 3 hours, successful sporozoites reach the liver sinusoids, where 

interactions between the sporozoite circumsporozoite surface protein (CSP) and highly 

sulfated heparin sulfate proteoglycans (HSPGs) signal their arrival at the liver (13). This 

interaction triggers a shift from a migratory to an invasive phenotype, leading to secretion 

of microneme and rhoptry proteins that mediate hepatocyte invasion. Proteins such as 

TRAP, p36, p52, RONs, and AMA1 facilitate attachment, moving junction formation, 

and the development of the parasitophorous vacuole (PV) in which the parasite will grow 

(14, 15). 

Sporozoites traverse several cells before establishing productive infection, aided 

by traversal proteins such as SPECT, PLP-1, CelTOS, and GEST (11, 14, 16). Once inside 

a suitable hepatocyte, species like P. vivax and P. ovale may form dormant hypnozoites, 

whereas others initiate schizogony, an intense phase of asexual replication. Over several 

days, the parasite remodels the PV membrane (PVM) to maximize nutrient uptake, 

especially lipids, allowing the production of tens of thousands of merozoites (14). 
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As replication proceeds, the parasite expands within the hepatocyte, forming 

cytomeres that divide into thousands of merozoites through synchronized nuclear and 

organelle fission (15, 17). At the final liver stage, merozoites exit by first breaking down 

the PVM and then budding off inside host-derived vesicles called merosomes. These 

merosomes enter the bloodstream undetected by the immune system and release 

merozoites in the lung capillaries, where they initiate red blood cell infection and begin 

the symptomatic blood stage of malaria (14, 18). 

After the free merozoites enter the bloodstream, they invade erythrocytes in a rapid 

and complex process that involves pre-invasion, active invasion, and echinocytosis (11). 

Pre-invasion is the initial reversible interaction between merozoites and erythrocytes 

through the merozoite surface protein 1 (MSP1). This first contact reorientates the parasite 

and triggers the release and remodeling of proteins that mediate the formation of an 

irreversible and strong attachment to the RBC (19).  

Then, the actomyosin motor is subsequently used to drive merozoite invasion 

through the RBC membrane. Once inside, it undergoes a process of fusion with the RBC 

membrane at the posterior end, which seals the parasite within the PV. This is followed 

by echinocytosis, a process that causes the erythrocyte to shrink and form spiky 

protrusions, possibly due to calcium influx (11, 20). 

Inside, the merozoite changes into a ring-stage parasite, and then into a 

trophozoite. These two stages are equivalent to the G1 phase of cell cycle, where the 

parasites feed from hemoglobin and grow (21). Then it multiplies asexually by 

schizogony to produce 8 to 64 new merozoites (depending on the species). This whole 

process can take up to 24 (P. knowlesi, P. berghei), 48 (P. falciparum, P. ovale, P. vivax), 

or 72 hours (P. malariae) until the RBC bursts and the parasites restart their 

intraerythrocytic proliferation cycle (10, 21).  

Some merozoites subsequently differentiate into the gametocyte, the following 

developmental stage for sexual reproduction by a process called gametocytogenesis. The 

commitment to develop into gametocytes appears since the previous intraerythrocytic 

cycle. This process is highly regulated by the transcription factor AP2-G (11, 21). 

However, the stimuli and time required for gametocyte production is poorly understood 



 

 

6 
 

and varies through the species. Gametocyte production is increased by high parasitaemias, 

exposure to antimalarial drugs and presence of extracellular vesicles (11). 

In the vector, female Anopheles mosquitoes acquire malaria parasites when they 

ingest RBCs containing gametocytes during a blood meal (22). In the mosquito midgut, 

gametocytes exit the erythrocytes and undergo gametogenesis, a process triggered by 

environmental changes such as a temperature drop, the presence of xanthurenic acid, and 

an increase in extracellular pH (23). Male microgametes rapidly form through three 

rounds of mitosis followed by exflagellation, and within the first hour after feeding, they 

fertilize female macrogametes to produce diploid and subsequently tetraploid zygotes (24, 

25). After 18–24 hours, these zygotes undergo meiosis and transform into motile 

ookinetes, which traverse the midgut epithelium and lodge beneath the basal lamina to 

develop into oocysts, a major bottleneck where parasite numbers can drop dramatically 

(23, 26). 

Within the oocyst, the parasite undergoes sporogony, an extensive replication 

process lasting 10–14 days that generates thousands of sporozoites (22). After 1 to 3 

weeks, the mature oocyst ruptures, releasing sporozoites into the mosquito haemocoel, 

from where they migrate to and invade the salivary glands. Once established there, the 

sporozoites are ready to be transmitted to a vertebrate host during the mosquito’s next 

blood meal, thus completing the vector phase of the malaria life cycle (23, 26). 

 

1.3.2. Rodent malaria models 

The understanding of the biology and pathological features of malaria has been 

greatly impacted using animal models. Among these, the use of rodent models stands out, 

despite their differences from human species in terms of stage specific morphologies, 

duration of life cycle and host cell preferences (Table 1.1). Nonetheless, they offer 

benefits such as their ease of handling in rodents, experimental tractability of all life cycle 

stages under lab conditions as well as the availability of a wide array of genetic 

manipulation systems (27, 28). 
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Figure 1.2. Plasmodium berghei life cycle. The life cycle of Plasmodium involves a 

vertebrate host (a rodent for P. berghei) and an Anopheles mosquito vector. Sporozoites are 

transmitted to the vertebrate host during a mosquito blood meal and travel to the liver, where they 

invade hepatocytes and develop within a PV. Throughout the liver stage, parasites differentiate 

and multiply, eventually releasing merozoites into the bloodstream. During the blood stage, 

merozoites invade RBCs, progressing through ring, trophozoite, and schizont stages, which 

produce additional merozoites that perpetuate the erythrocytic cycle. A subset of parasites 

differentiates into gametocytes, which are taken up by an Anopheles mosquito during feeding. In 

the mosquito midgut, gametocytes mature into gametes, undergo fertilization to form a zygote, 

and develop into ookinetes that traverse the midgut epithelium and form oocysts. Within oocysts, 

thousands of sporozoites are produced and migrate to the salivary glands, where they become 

infective to a new host, completing the life cycle. From (29). 
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Table 1.1. Comparison of some human and rodent Plasmodium species in relation 

to key life cycle features, host tropisms and disease pathogenesis.  

Features 

Human Plasmodium Rodent Plasmodium 

P. 

falciparum 
P. vivax P. berghei P. yoelii P. chabaudi 

Commonly 

used strains 

3D7, NF54, 

HB, Dd2, 

7G8, FCB 

Sal-1 

NK65, 

ANKA, 

K173 

17X, YM AS 

Liver stage 

duration (h) 
∼ 144 - 168  ∼ 192  ∼ 50  ∼ 50  ∼ 52 - 53  

Blood stage 

duration (h) 
24 - 48  48  22 - 24  18  24  

RBC tropism 
Mature and 

young RBCs 
Reticulocytes Reticulocytes Reticulocytes 

Mature 

RBCs 

Tissue 

sequestration 

Spleen, 

brain, liver, 

lungs, bone 

marrow 

Spleen, liver, 

lungs, bone 

marrow 

Spleen, liver, 

lungs 

Organs not 

characterized 
Liver 

Natural host Human 
Aotus 

lemurinus 

Grammomys 

surdaster 

Grammomys 

surdaster 

Grammomys 

surdaster 

Adapted from (27). 

 

Rodent models avoid the ethical limitations of studying malaria in humans or non-

human primates and allow the analysis of complex host–parasite interactions not possible 

in vitro. They have been instrumental in advancing knowledge of pre-hepatic and hepatic 

stages, enabling the development of pre-erythrocytic vaccines, clarifying immune 

responses during the blood stage, elucidating antimalarial drug mechanisms, and 

establishing experimental models for severe malaria (27, 28).  

However, despite their value and practicality, important differences exist between 

murine and human malaria, including variability in disease presentations across mouse–

parasite combinations, differences in infection outcomes, and distinct immune response 

patterns. Thus, rodent models provide a useful but imperfect approximation of human 

malaria pathophysiology (30, 31). 

 

1.3.2.1.Plasmodium berghei 

Plasmodium berghei was first described in 1948 by Vincke and Lips, infecting 

Congo tree rats (Grammomys surdaster) and transmitted by Anopheles dureni. It was 

subsequently shown that P. berghei was also capable of infecting other rodent species, 
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including Mus musculus (32). Recently, it was discovered that this parasite species shares 

a highly conserved chromosomal gene synteny with P. falciparum (27). 

Vincke and Lips described this new species as follows: ring stage is usually 

uninucleate with a large vacuole, while trophozoites are non-vacuolate, slightly 

amoeboid, and have black pigment granules. Schizonts contain 6 to 20 merozoites with a 

small nucleus. Furthermore, infected erythrocytes suffer hypertrophy but without 

granulation, and polyparasitism is very common. Finally, the gametocytes measure 7-8 

µm in diameter and retain their vacuole. The macrogametocyte contains dispersed 

pigment granules and a small peripheral nucleus, while the microgametocyte has a 

vacuole and a nucleus that is larger but less dense than that of the macrogametocyte (33). 

The clinical course of the disease in rodents is characterized by lethargy, 

piloerection, decreased locomotion, anemia, hepatosplenomegaly, hematuria, pulmonary 

edema, and death within 7 days (34). The study of severe malaria syndromes, such as 

severe anemia, placental malaria, experimental cerebral malaria, acute kidney injury and 

respiratory distress, have been modeled in rodents using different parasite/mouse strain 

combinations (28). 

 

1.4.Clinical presentation 

Malaria exhibits a complex pathophysiology and presents with a broad clinical 

spectrum, ranging from severe and complicated forms to mild, uncomplicated, or 

asymptomatic infections. Uncomplicated symptomatic malaria is the most frequent 

presentation, with an incubation period of 9 to 30 days. Early symptoms are nonspecific 

and may include malaise, anorexia, dizziness, headache, myalgias, nausea, diarrhea, and 

fever. A hallmark of malaria is the paroxysmal fever pattern, characterized by cycles of 

cold, hot, and sweating stages (35).  

The periodicity of these episodes depends on the infecting species and correlates 

with the synchronous rupture of schizonts and release of merozoites. Fever may occur 

every 24, 36, or 48 hours in P. falciparum infections, every 48 hours in P. vivax and P. 

ovale, and every 72 hours in P. malariae. Although uncommon, severe complications 

such as splenic rupture or hyperparasitemia may arise, particularly in asplenic individuals 

(35). 
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Severe malaria represents a life-threatening manifestation, most observed in non-

immune individuals infected with P. falciparum. This form of the disease is associated 

with dysfunction of major organ systems, including the central nervous, pulmonary, renal, 

and hematopoietic systems. Cerebral malaria is the most lethal complication when 

untreated and is defined by a coma persisting for more than 30 minutes following a 

seizure, although any degree of altered consciousness warrants management as severe 

malaria (36). During severe disease, multiple metabolic abnormalities arise, including 

lactic acidosis and hypoglycemia, which reflect impaired tissue perfusion and disrupted 

hepatic gluconeogenesis. Pulmonary and renal failure may occur, particularly in pregnant 

patients, and severe anemia can exacerbate existing complications through extensive 

hemolysis and inadequate bone marrow compensation (35, 36). 

In contrast, asymptomatic malaria remains poorly characterized due to the absence 

of standardized diagnostic criteria. It is generally defined by the presence of parasitemia 

on peripheral thick blood smears in individuals with no fever and without malaria-related 

symptoms. This presentation is most often observed in populations with partial immunity 

and plays a key role in sustaining transmission within endemic regions (37). 

 

1.4.1. Physiopathology 

Malaria pathology is primarily driven by the asexual blood stages of the parasite, 

which are responsible for the clinical manifestations and complications that define severe 

disease. Although liver stages were considered clinically silent, evidence now shows that 

they can induce transient tissue damage mediated by type I interferon responses. 

However, it is during the blood stages that parasite replication becomes highly visible to 

the immune system, provoking strong host responses that shape the course of infection 

(38). 

One major contributor to pathology is the intense inflammatory reaction to parasite 

components and host cell damage. Proinflammatory cytokines such as IL-6, IL-8, IL-12, 

IL-18, IFN-γ, and TNF are crucial for parasite control, yet their excessive production 

correlates with worsening symptoms, including fever, anemia, liver dysfunction, and 

endothelial leak. This dysregulated inflammation not only amplifies tissue injury but also 

contributes to metabolic disturbances that accompany severe malaria (39, 40). 
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A second hallmark of severe disease is microvascular obstruction, which is tightly 

linked to endothelial activation. Plasmodium falciparum iRBCs present surface proteins 

like PfEMP1 that form adhesive knobs, enabling them to bind to endothelial receptors. 

This cytoadherence promotes endothelial activation and dysfunction, reduces blood flow, 

and causes localized tissue hypoxia, particularly in vulnerable organs such as the brain, 

lungs, and placenta. These endothelial responses are central to life-threatening 

complications, including cerebral malaria and respiratory distress (11, 41). 

Because endothelial cells sit at the interface of parasite-host interactions, they 

represent a critical therapeutic target. iRBC-induced activation alters endothelial barrier 

integrity, coagulation, and inflammatory signaling, amplifying systemic damage even 

when parasites are being cleared. Importantly, antiparasitic drugs alone cannot always 

prevent mortality in severe cases, underscoring that restoring endothelial homeostasis is 

essential. Stabilizing endothelial function may prevent fatal outcomes such as severe 

acidosis, hypoxia, and organ failure, making the endothelium a promising focus for 

adjunctive therapies in malaria (41, 42). 

 

1.5. Diagnosis  

Malaria’s clinical course and treatment success depend heavily on prompt and 

accurate diagnosis, especially in vulnerable populations such as young children and 

pregnant women, who account for more than 90% of malaria-related deaths (43). Light 

microscopy of stained thin and thick peripheral blood smears was the first method used 

to diagnose malaria and remains the gold standard (44, 45). The development of 

Romanowsky-type stains in 1891, which laid the foundation for stains such as Leishman, 

Giemsa, and Wright, marked one of the most significant technical advances in 

parasitology by enabling rapid, inexpensive diagnosis and species identification (45). 

Despite its widespread use and utility in monitoring treatment response, 

microscopy has important limitations: it is time-consuming, requires highly trained 

personnel, and has a detection threshold of approximately 50–100 parasites/µL (45). To 

address these shortcomings, more sensitive diagnostic technologies have been developed, 

which broadly fall into immunological and molecular categories. Immunological methods 
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detect parasite proteins in blood or serum and include rapid diagnostic tests (RDTs) and 

enzyme-linked immunosorbent assays (ELISA) (44, 46).  

Molecular diagnostic methods, by contrast, detect parasite genetic material in 

blood or in less invasive samples such as urine or saliva. Common targets include the 18S 

rRNA gene and mitochondrial DNA, detected using techniques such as polymerase chain 

reaction (PCR). These methods offer exceptional sensitivity (1 parasite/µL) and high 

specificity, enabling accurate species identification and parasitemia estimation. However, 

their widespread implementation is hindered by high costs and the need for specialized 

equipment (47). Therefore, it remains difficult to develop a diagnostic method that is 

highly sensitive, inexpensive, and easily applicable in a variety of socioeconomic 

contexts. 

 

1.6.Treatment 

Most antimalarial drugs available target the blood stage of the parasite's life cycle, 

which is responsible for causing clinical symptoms. These compounds exhibit high stage 

selectivity and are further classified into three main classes: quinoline derivatives, 

antifolates, and artemisinin derivatives. Their main targets include hemoglobin 

breakdown, folate synthesis, and redox balance, respectively. All these effects lead to the 

parasite’s oxidative damage, diminished biomolecule synthesis, and finally death (48). 

Unfortunately, there is reported resistance to all the antimalarial drugs used 

nowadays. Drug resistance may result from amplification of the gene encoding the target 

enzyme or transporter that expels the drug from the parasite. Furthermore, mechanisms 

that reduce the drug's toxicity can also facilitate resistance (49). Hence, there is a priority 

to look out for new targets and develop new strategies to treat this disease. 

 

1.7.Prevention 

The basis of malaria prevention came along with the discovery of the role of 

mosquitoes in transmitting malaria (1). Insecticide-treated nets are considered the most 

effective strategy reported to prevent malaria, compared to indoor residual spraying and 

prophylactic drugs (50). This demonstrates the possibility of controlling the disease by 

reducing contact with infected mosquitoes, leading to various methods being developed 
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such as avoidance, screening, mosquito-proofing dwellings, using oils and larvivorous 

fish or draining habitats over time (1). 

Another prevention strategy that has been a tremendous challenge is the 

development of effective vaccines. This is mainly due to its complex life cycle and various 

immune escape mechanisms that make human immunity against parasites unique. Malaria 

vaccines are categorized according to the parasite’s targeted developmental stage: pre-

erythrocytic vaccines (anti-infection), erythrocytic vaccines, and transmission-blocking 

vaccines (51).  

Up until now, the WHO has only approved one vaccine (RTS,S/AS01) for broad 

use in 2021. However, in October 2023, they suggested the use of a second vaccination 

(R21/Matrix-MTM). Both are pre-erythrocytic vaccines based on CSP-containing virus-

like particles (51, 52). These are the results of over 60 years of effort, and they offer us 

new hope for the prevention and treatment of this disease. 

 

2. Chapter 2: Extracellular vesicles 

Extracellular vesicles (EVs) refer to a diverse group of non-replicating lipid-bound 

vesicles secreted by cells into the extracellular space. Initially, EVs were described as a 

way for living cells to get rid of unwanted material. Nowadays, EVs are understood as 

extracellular vehicles containing bioactive molecules like proteins, lipids, metabolites, 

and nucleic acids, with a wide range of functions that grow every year (53, 54). The 

increasing fascination and practical uses of these subcellular secretion structures 

prompted the establishment of the International Society of Extracellular Vesicles (ISEV) 

in 2012 (55). 

The first evidence of EVs is attributed to Chargaff and West (1946) as they 

describe clotting properties in small blood corpuscles derived from platelets, which they 

referred to as platelet dust (56, 57). However, Aaronson et al. (1971) are credited with 

coining the terms "intracellular" and "extracellular" vesicles. They provided the initial 

ultrastructural evidence, using electron microscopy, of a flagellated alga (Ochromonas 

danica) producing membrane structures both inside and outside the cell (55, 58). The 

understanding of EVs is rapidly increasing, yet this can lead to challenges like insufficient 
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reproducibility, non-standardized methodologies, and lack of appropriate terminology 

(55).  

 

2.1.Types 

An issue in the field of EV research is the lack of well-defined categories for 

different types of EVs. Currently, there are multiple classification standards and subtypes 

that make universal understanding difficult. For instance, certain authors used the physical 

attributes of the EVs, such as size (small, medium, or large) and density (low, middle, or 

high), to classify them. Some authors prefer to use biochemical composition that relies on 

molecular markers (57), and others choose to base the classification on descriptions of 

environmental conditions or cell type, for example: oncosomes (from cancer cells), 

stressed EVs (from stressed cells), or autophagic EVs (from autophagic cells) (59). 

Fortunately, most investigators reached consensus on what they called a classical 

classification, which is based on their biogenesis, release pathway, and composition. 

Through these features, two main classes of EVs were established: exosomes, and 

ectosomes (Figure 1.3) (60). While there are no universally recognized markers for each 

kind, their protein profiles exhibit small variations from one another because of the 

biogenesis pathway. Nevertheless, it is crucial to acknowledge that several components 

have a substantial degree of overlap, which might provide challenges when attempting to 

analyze them (54, 61).   

 

2.1.1. Exosomes 

Exosomes, are nano-sized vesicles with a size range of 30 to 150 nm. Their 

formation is dependent on the endocytic process. Following the internalization of cargo 

by a cell through endocytosis, the early endosome can commit to endosomal maturation 

into a late endosome. The exosomes are formed from inward budding of late endosomal 

structures. The formation of intraluminal vesicles (ILVs) results in the encapsulation of 

cargo, leading to the formation of multivesicular bodies (MVBs). These MVBs can either 

be sent to the lysosome for degradation or fused with the cell’s plasma membrane to 

release its content, including the exosomes (62, 63). 
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Because the most common pathway for exosome biogenesis depends on ESCRT 

proteins, these are usually used to identify them. Additional proteins such as Alix, 

TSG101, HSP70, HSP90β, LAMP1 flotillin, and caveolins along with tetraspanin family 

members including CD63, CD9, and CD81, are also employed as markers. However, 

these markers can also be found in other types of EVs. The cargo composition exhibits 

significant variability. Cargo sorting involves protein monoubiquitination, RNA-binding 

proteins in microRNAs, lipid rafts, and their interaction with exosomal membrane 

proteins (62, 63). In general, proteins involved in the endosomal pathways coming from 

the endoplasmic reticulum and Golgi apparatus are also commonly found in exosomes 

(54). 

 

2.1.2. Ectosomes 

Ectosomes, on the other hand, are formed through direct outward blebbing and 

pinching of the plasma membrane. This results in a wide range of sizes, ranging from 200 

to 5000 nm in diameter (64). The mechanism of biogenesis is not well comprehended, 

however, it is hypothesized to entail cytoskeleton constituents, motor proteins, ESCRT 

machinery, small GTPases such as ARF1/6 and RhoA, and sphingomyelinase (65). The 

rate of ectosome production and reception depends on the cell’s physiology and 

microenvironmental conditions since both processes are energy-dependent and requires 

active remodeling of plasma membrane composition (66). 

There is a wide range of ectosome subtypes generated through distinct cellular 

processes, including apoptotic bodies, microvesicles, migrasomes, oncosomes, and 

exophers, among others. These vesicle populations differ in size, biogenesis, and 

functional roles, reflecting the diverse mechanisms by which cells release extracellular 

material (60). 

In terms of cargo diversity, ectosomes are known to contain a wide variety of 

molecules, which is again indicative of the multiple intracellular trafficking routes that 

transport this cargo to the cell surface. Proteins are sorted by certain GTPases, such as 

ARF6, while it is believed that nucleic acids are co-transported with certain proteins (64, 

66). Normally, their content is enriched with cytosolic and plasma membrane associated 

proteins like cytoskeletal proteins, integrins, Annexin V, major histocompatibility 
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complex class I (MHC-I), CD40, heat shock proteins, glycosylated and phosphorylated 

proteins (54). 

Figure 1.3. Classification of extracellular vesicles based on biogenesis and release 

pathway. Exosomes originate within the endosomal system. Early endosomes mature into late 

endosomes, where inward budding of the limiting membrane produces intraluminal vesicles inside 

MVBs. MVBs can either fuse with lysosomes for cargo degradation or fuse with the plasma 

membrane to release intraluminal vesicles as exosomes into the extracellular space. Ectosomes 

are produced directly at the plasma membrane through outward budding and fission. Their 

formation involves cytoskeletal rearrangements, changes in membrane lipid asymmetry and local 

accumulation of signaling molecules like small GTPases. Additional ectosome subtypes generated 

through plasma membrane derived processes include apoptotic bodies, migrasomes, oncosomes, 

and exophers. From (60). 

 

2.2.Separation and concentration 

The study and characterization of EVs begins with their separation from 

extracellular media and concentration to further analysis. EVs can be detected in several 

matrices, including culture supernatant and bodily fluids such as plasma, urine, tears, bile, 

breast milk, amniotic fluid, cerebral spinal fluid, and gastric acid. Therefore, the initial 

stage involves selecting a suitable separation method, considering the matrix complexity, 
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the recovery efficiency, EV concentration and properties, achievable purity, sample 

volume, and costs (54, 67). The ISEV board members release a list of suggested minimal 

information for studies of extracellular vesicles (MISEV) every four years. This list 

includes guidelines for EV separation, characterization, and functional studies. The term 

EV isolation is not recommended since absolute purification is still an unrealistic goal 

(68). 

There are five primary separation-based approaches for extracting and 

concentrating EV from a complex sample. Each of these have their own advantages and 

disadvantages in terms of cost, efficiency, and purity. The first and most widely used 

protocols that account for approximately 80% of all EV separation reports are the 

ultracentrifugation-based methods. Ultracentrifugation is an inexpensive and 

straightforward technique; however, it demonstrates limited efficiency in terms of both 

yield and purity (67, 69). Differential centrifugation was the first method used for EV 

separation and remains as the gold standard for this purpose. Other variations include 

density gradient centrifugation, rate-zonal centrifugation and isopycnic centrifugation 

(54). 

The second method is sized exclusion-based separation, which includes 

ultrafiltration and size-exclusion chromatography. These methods are very effective and 

keep the biophysical and functional properties of concentrated EV. The third method is 

based on precipitation using polymers like polyethylene glycol (PEG), lectins, or organic 

solvents. Despite their simplicity and affordability, these exhibit a low level of purity 

because of the co-precipitation of non-EV material, which can have a negative impact on 

the biological activity of EVs. Then there is the immunoaffinity capture-based separation 

using antibodies against specific markers on the EV surface through immunoassays or 

magnetic beads coated with antibodies. Besides offering high efficiency and specificity, 

most EV markers remain unidentified (54, 67, 69).  

Finally, there are separations based on microfluidic technologies that can separate 

EVs based on their physical and biochemical properties simultaneously. These 

microfluidic technologies offer advantages such as high throughput, low sample volume 

requirements, and the ability to separate EVs in a label-free manner (70). Moreover, recent 

advancements in EV separation techniques have focused on combining multiple methods 
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to improve purity and yield, further enhancing the potential of EV research and 

applications.  

 

2.3.Characterization 

EV characterization involves employing different and complementary methods to 

evaluate the efficiency of the separation steps and correlate the presence of biomarkers or 

functions with the extracted EVs. These analyses include both quantitative and qualitative 

measurements (68). Since absolute quantification is difficult, biomolecule concentrations, 

such as proteins, lipids, or RNA, are frequently employed as indirect measures to estimate 

the amount of EVs present. Direct estimation is possible using techniques based on light 

scattering like nanoparticle tracking analysis (NTA) and dynamic light scattering (DLS) 

(67, 71). The inherent heterogeneity of EV composition has made it difficult to reach a 

consensus regarding the most reliable measure of material quantity for studying their 

biological roles (68). 

The physical characterization of EVs comprises the determination of their size, 

shape, surface roughness, and elastic properties. To achieve this objective, it is usual to 

utilize one or more techniques such as NTA, DLS, transmission electron microscopy 

(TEM), and atomic force microscopy (AFM). Biochemical characterization involves 

determining their composition in terms of proteins, lipids, metabolites, or nucleic acids. 

To reveal their identity, immunoassays and instrumental omics analysis are used for this 

purpose (54, 67, 71). As a quality control, it is recommended to at least evidence the 

presence of one transmembrane protein, one cytosolic protein, and one common 

contaminant protein commonly co-isolated with the EVs, like apolipoproteins or albumin 

(68). Some technologies, like flow cytometry, allow physical and biochemical analyses 

simultaneously (71).  

 

2.4.Biological roles 

Originally, EVs were perceived as a means of cellular disposal. However, it has 

subsequently been discovered that EVs play a role in various pathological and 

physiological processes. Due to their overlapping functions, distinguishing between the 

specific roles of each EV type can be challenging (54). However, studying their cargo and 



 

 

19 
 

targeting mechanisms can provide valuable insights into their distinct roles in cellular 

processes. In general, different types of EVs have been implicated in cell homeostasis, 

tissue repair and regeneration, immune responses, blood coagulation, reproduction, 

cancer development, neurodegenerative diseases, and infectious diseases (72–74). 

Therefore, these multifunctional roles have aroused interest in using EVs as early 

biomarkers for several diseases and as therapeutic targets. The latter strategy involves 

either increasing or decreasing the release and uptake of EVs or using their ability to target 

only particular cells and tissues, bypassing potential barriers, and improving treatment 

efficacy. Additionally, their natural biocompatibility and low immunogenicity make them 

a safer alternative to traditional drug delivery systems, reducing the risk of adverse 

reactions and side effects. These features make them highly promising candidates for 

targeted drug administration (72, 75). 

 

2.4.1. Infectious diseases 

As EVs are used in cell-to-cell communication, they are emerging as important 

mediators in physiological and pathological interactions between microorganisms and 

their hosts. In general, they have been involved in pathogenicity, virulence, predation, 

stress responses, biofilm formation, host metabolism and immune response modulation, 

developmental signaling, environmental modification and development of antimicrobial 

resistance. Furthermore, the hosts’ EVs can actively combat pathogens by directly 

targeting pathogen cells or by contributing to the control of immune responses (74, 76). 

 

2.4.1.1.Parasitic infections 

Parasites, ranging from single-celled protozoa to multicellular helminths, must 

establish numerous interactions with their hosts to exploit them while maintaining a state 

of silence. Parasitic EVs have been utilized as means of communication to promote 

coordination between parasites, and for communication with the host to either enhance 

adhesion and virulence or decrease the immune response (77). Therefore, parasitic EVs 

have been proposed as more specific and stable biomarkers for diagnosis and as the basis 

for next generation vaccines against parasites. Understanding the biogenesis, content, and 
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functions of parasitic EVs may help to create innovative treatment approaches to combat 

these disorders (78). 

EVs from protozoan parasites like Plasmodium spp., Leishmania spp., 

Trypanosoma spp., Toxoplasma gondii, Giardia intestinalis, Trichomonas vaginalis, 

Entamoeba histolytica, and Naegleria fowleri have been found to participate in several 

different processes during infection. For instance, they can trigger a proinflammatory or 

immunosupressive response, induce host gene silencing, parasite attachment, invasion, 

migration, stage conversion, and drug resistance (77, 79, 80). Likewise, different helminth 

species like Echinococcus granulosus, Brugia malayi, Trichinella spiralis, Fasciola 

hepatica, and Schistosoma japonicum have been documented to secrete EVs into the 

host's body to manipulate the host's immune response and evade elimination (81). 

 

2.4.1.1.1. Malaria 

The functions of Plasmodium's EVs during malaria infection have drawn 

significant attention, particularly during the blood stages. During this phase, the EVs are 

released by infected RBCs into the bloodstream and can circulate throughout the body to 

exert their effects. The main roles of these EVs are potent activation of macrophages via 

Toll-like receptors (TLR) increasing a proinflammatory response correlated with the 

clinical manifestations such as fever and cerebral dysfunction and DNA transfer between 

infected RBCs that induces gametocytogenesis and drug resistance (79, 80).   

Additionally, Plasmodium’s EVs can stimulate the production of host’s EVs from 

endothelial cells, leucocytes, and platelets that can also participate in the systemic damage 

observed during severe malaria (82). Currently, it remains unclear whether there is a 

variation in the composition of EV content based on the developmental stage of the 

parasite. Recently, two subpopulations of Plasmodium falciparum EVs were identified 

based on their size, content, composition, and membrane fusion properties (83). 

Nevertheless, there is still a considerable amount of research needed to fully understand 

the features and effects of these secreted products on the progression of the disease. 
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2.4.2. Non-infectious diseases 

Moreover, EVs are a key feature of several non-infectious diseases’ progression. 

The role of increased levels of circulating EVs in individuals with inflammatory disorders 

remains unclear, as it is unsure whether they act as a causative factor or as a result of 

chronic inflammation. Nevertheless, various research studies have established a 

connection between inflammation caused by EVs and cardiovascular conditions, 

including atherosclerosis, acute myocardial infarction, and stroke (73). Also, EVs have 

been involved in neurodegenerative diseases as propagators of pathogenic proteins or 

RNAs that can perpetuate neuroinflammation and brain dysfunction (84). 

Finally, EVs have received special attention in cancer research. Many studies have 

shown multitasking features of EVs in different types of cancers. The dynamic transfer of 

biomolecules between cancer cells and both healthy cells and other cancer cells has the 

capacity to control various tumoral processes such as migration, cell death, autophagy, 

proliferation, metastasis, immune evasion, creating protumor microinches. Therefore, 

artificial EVs have been suggested as an innovative treatment to transport interfering 

chemicals and medications directly into cancer cells (85, 86).  

 

3. Chapter 3: Autophagy 

Autophagy (from the Greek words auto, meaning ‘self’, and phagein, meaning ‘to 

eat’) is a highly conserved eukaryotic pathway that degrades damaged cellular 

components, such as organelles and aggregates of misfolded protein, through lysosomes 

(87). Despite this term was first used in the 1960s by Christian de Duve at the time he 

discovered lysosomes, it did not receive much attention until nearly 30 years later, with 

the discovery of autophagy-related proteins (ATGs) in Saccharomyces cerevisiae (88, 

89). 

The current state of knowledge on the role of autophagic mechanisms in many 

physiological and pathological processes is rapidly growing. It is now understood that 

autophagy is a physiological response to several types of stress, and that dysregulation of 

this process can lead to a wide range of disorders such as cancer, infectious diseases, 

chronic diseases, neurodegenerative processes, and aging-related conditions (89, 90). 
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3.1.Types of autophagy 

Autophagy types have evolved over time, with two parameters defining their 

classification: mechanism and selectivity. Mechanism refers to the process of initiating 

and executing autophagy, such as macroautophagy, microautophagy, or chaperone-

mediated autophagy (CMA). Selectivity refers to whether there is a specific cargo to be 

degraded within the autophagosome (91, 92). By considering mechanisms and selectivity, 

researchers can understand autophagy types and their roles in cellular homeostasis and 

disease. 

Consequently, since CMA is a selective mechanism, only macro- and 

microautophagy can be either selective or nonselective. Nonselective or bulk autophagy 

is utilized by starving cells to generate energy substrates. Selective autophagy, on the 

other hand, targets damaged or unnecessary macromolecules, organelles, and invasive 

microorganisms (93). Additionally, there is a labeling step in selective autophagy, usually 

by ubiquitinylation, that is recognized by receptors on the autophagosome or lysosome 

membranes. From then on, these processes' names have become more diverse based on 

their cargo. For example: mitophagy (mitochondria), ribophagy (ribosomes), xenophagy 

(microorganisms), lipophagy (lipids), glycophagy (glycogen), and aggrephagy (protein 

aggregates), to name a few (91).  

 

3.1.1. Macroautophagy 

Macroautophagy, also referred as just autophagy, involves the encapsulation of 

cellular components within a membrane structure called the autophagosome, which is 

formed at a considerable distance from the degradation site. An exceptional characteristic 

of this mechanism is that, in contrast to vesicle-trafficking processes, autophagosomes are 

generated anew rather than by membrane budding. Autophagosomes can originate from 

various membrane sources, including the endoplasmic reticulum, mitochondria, Golgi 

complex, and plasma membrane (94). 

After its formation, the phagophore structure starts to enlarge, capturing 

cytoplasmic material in a selective or nonselective way. Subsequently, it envelops the 

cargo to create a spherical autophagosome, which ultimately merges and transfers its 

contents into the lysosome, known as the autolysosome. The autophagosome can 
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alternatively merge with a late endosome, resulting in the formation of an amphisome and 

finally form the autolysosome  (92, 93). 

In addition, macroautophagy can be categorized depending on its molecular 

mechanism into conventional or canonical autophagy and alternative or non-canonical 

autophagy. Both forms of macroautophagy have comparable morphological and 

functional characteristics. Typically, the canonical macroautophagic process involves a 

series of stages, including initiation, nucleation, elongation, closure, fusion, and 

degradation (Figure 1.4). These stages rely on both hierarchical ATG and non-ATG 

proteins that assemble as complexes (Table 1.2). Nevertheless, in non-canonical 

autophagy, certain stages and molecular machinery may not be required (95, 96).    

 

3.1.1.1.Canonical macroautophagy 

Canonical autophagy initiation depends on the activation of the ULK1-complex, 

which is mostly translocated from lipid-rich regions in the endoplasmic reticulum (ER) 

membrane known as omegasomes. During a fed state, mTORC1 is attached to the ULK1-

complex and inactivates it by phosphorylation. Contrary to this, during starvation, 

mTORC1 dissociates from the complex, allowing its dephosphorylation. Furthermore, 

AMPK enhances the activation of autophagy in response to a decrease in energy levels 

caused by a rise in AMP concentration (92, 97). 

In the nucleation stage, there is an increase and gathering of proteins necessary for 

phagophore expansion. The class III PI3-kinase complex (PI3KC3) I is responsible for 

the production of phosphatidylinositol-3-phosphate (PI3P) from phosphatidylinositol 

(PI). This synthesis is crucial for the recruitment and accurate positioning of WIPI 

proteins, ATG proteins and autophagic receptors (AR) like p62 (87). The upregulation of 

this complex is primarily mediated by the ULK1-complex. Additionally, NRBF2 also 

enhances the kinase activity of the complex. On the other hand, the complex is 

downregulated by BCL2, which binds to BECN1 and inhibits the complex (97, 98). 

Subsequently, the phagophore membrane must undergo enlargement through 

expansion and lipidation as it engulfs the cargo. Since the expanding phagophore lacks 

transmembrane proteins, membrane expansion depends on the delivery of lipids and 

ubiquitin-like (UBL) proteins. The primary processes involved in lipid delivery 
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encompass the recycling of ATG9-positive vesicles, the direct extrusion form organelles 

like ER and mitochondria, and protein-mediated lipid transport facilitated by proteins 

such as ATG2, WIPI4 and GRAMD1A (99). Furthermore, UBL proteins have a role in 

the processing and lipidation of Atg8-related proteins, which facilitates the curving of the 

phagophore membrane (92, 99). 

Atg8-related proteins are animal orthologs to yeast Atg8 involved in intracellular 

trafficking. In animals, there are three subfamilies of Atg8-related proteins: LC3, 

GABARAP and GATE-16. Of these, LC3 processing plays a major role in autophagy 

(100). Initially, the cytosolic form of LC3 undergoes proteolysis by ATG4, resulting in 

the formation of LC3-I. Then, this LC3-I is recognized and transferred by E1- and E2-

like enzymes (ATG7 and ATG3 respectively) to an E3-like complex. The E3-like 

complex forms a conjugate between LC3-I and phosphatidylethanolamine (PE), resulting 

in the formation of LC3-II, which can bind to the phagophore. LC3-II is crucial for 

phagophore elongation and closure into a round shaped and mature autophagosome and 

can undergo recycling through deconjugation mediated by ATG4 (92, 99). 

 The processing of LC3 is highly regulated. Thus, the local accumulation of 

ULK1-complex at expanding phagophores will inhibit the activity of ATG4 proteins. 

Furthermore, the activity of the E3-like complex can be suppressed by the Golgi protein 

RAB33A and by acetylation mediated by the acetyltransferase KAT2B (92). WIPI 

proteins have an active role in elongation. Due to their participation in the retrieval of 

vesicles that contain ATG9, the recruitment of the E3 complex, and the attachment of the 

phagophore to the ER (101, 102). 

The molecular mechanisms of phagophore closure into a mature autophagosome 

have been elusive. However, recent advances have implicated the participation of ESCRT 

machinery and Atg8-related proteins in this process. Once the LC3-II positive phagophore 

membrane has reached enough size, ESCRT-I components are recruited, and 

subsequently, the filament-forming ESCRT-III proteins. The filament facilitates the 

recruitment of the AAA-ATPase VPS4, which is responsible for resolving the fission 

process and disassembling the ESCRT complex. While the ESCRT complex plays a 

significant role in the process of phagophore closure, it may not be essential. Further 
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investigation is needed to understand the involvement of additional proteins, such as 

dynamin and the COVET complex, in phagophore closure and scission (103, 104).    

Therefore, fully closed and loaded autophagosomes are moved across the 

microtubular network within the cell towards a late endosome and/or a lysosome to form 

an amphisome or an autolysosome respectively (92) Similar to other vesicular trafficking 

processes, the fusing of autophagosomes depends on the presence of SNARE complexes, 

which facilitate the proximity of the membranes. Additionally, small GTPases are 

involved in recruiting motor proteins and tethering factors such as the HOPS complex. In 

addition, there are other components like phosphoinositides, lysosomal pH, and ion 

composition that may be involved in the fusion process (105, 106). 

In the final step, lysosomal lipases disrupt the autophagosome's inner membrane 

to release its content, which more than 60 different hydrolases then digest. These enzymes 

have an acidic optimal pH and work together to degrade from simple macromolecules to 

complete microorganisms. Finally, several lysosomal transporters carry the produced 

catabolites back to the cytosol in a poorly understood process (107). Nutrient generation 

from cargo degradation is an important down regulator for autophagy. The lysosomal 

nutrient sensor (LYNUS) transduces the signal of lysosomal nutrient levels by 

inactivating transcription factor EB (TFEB). TFEB is a master transcriptional regulator 

of autophagy by promoting expression of several ATG and no-ATG proteins and 

lysosome biogenesis (108). 

 



 

 

26 
 

Figure 1.4. Canonical macroautophagy pathway. The central metabolic sensors 

mTORC1 (autophagy inhibitor) and AMPK (autophagy activator) are key controllers of this 

process. When autophagy begins, portions of the cytoplasm are enclosed by a growing double 

membrane (omegasome). This starts with the emergence of a cup-shaped phagophore, which 

expands and ultimately closes to form a double-membrane autophagosome. These 

autophagosomes then fuse with acidic lysosomes to generate autolysosomes, where the enclosed 

material is degraded. Autophagy proceeds through several coordinated stages: (1) initiation, (2) 

membrane nucleation and phagophore formation, (3) phagophore expansion, (4) fusion with 

lysosomes, and (5) degradation. Each step is controlled by numerous autophagy-related proteins 

(ATGs), which assemble into mayor complexes. From (109). 

 

Table 1.2. The primary complexes implicated in the different stages of canonical 

macroautophagy and their regulators. 

Stage Complex Proteins involved Regulators 

Initiation ULK1-complex 
ULK1/2, ATG13, 

FIP200, ATG101 

mTORC1 ↓ 

AMPK ↑ 

Nucleation 
Class III PI3-kinase 

complex I 

VPS34, VPS15, 

BECN1, ATG14L, 

AMBRA1 

BCL2 ↓ 

ULK1-complex ↑ 

NRBF2 ↑ 

Elongation 

Ubiquitin-like 

proteins 

E1-like: ATG7  

E2-like: ATG3  

E3-like: ATG5, 

ATG12, ATG16L 

RAB33A ↓ 

KAT2B ↓ 

LC3 conjugation 

system 

ATG4, Ubiquitin-

like proteins 
ULK1-complex ↓ 

Closure ESCRT complex 

I: VPS37A, 

VPS28, TSG101 
 

III: CHMP2A, 

CHMP4B 
 

Fusion 

SNARE complex 
STX17, Vamp7, 

Vamp8 
 

GTPases Rab2, Rab7, Arl8  

HOPS complex 

VPS33, VPS39, 

VPS16, VPS11, 

VPS18, VPS41 

 

↓: inhibits autophagy; ↑: activates autophagy 

 

3.1.1.2.Non-canonical macroautophagy 

Non-canonical autophagy refers to mechanisms in which a double-membrane-

bound vacuole forms in the cytoplasm and later merges with the lysosomal compartment 

to break down its contents. Typically, these types of autophagy exhibit three primary 

features: the creation of the double-membraned autophagosome does not depend on the 
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sequential involvement of all ATG proteins, the double membrane can originate from 

various sources rather than one, and certain ATG proteins can be recruited to an existing 

membrane that differs from the phagophore (95, 110). 

Multiple distinct routes have been documented for non-canonical autophagy. 

Some of the extensively researched examples include ULK1-independent autophagy, 

BECN1/PIK3C3-independent autophagy and autophagy independent of the ATG 

conjugation systems (95, 110). The investigation of non-canonical autophagy's role in 

physiological and pathological processes is currently underway due to its demonstrated 

significance in several chronic, neurodegenerative, neoplastic, and infectious illnesses 

(96). 

 

3.1.2. Microautophagy 

Microautophagy allows for the direct engulfment of cytoplasmic components by 

the lysosome or late endosome without taking them from an autophagosome. This occurs 

through evagination or protrusion of the lysosomal or endosomal membrane, and it is 

differentiated into an autophagic tube. The autophagic tube then fuses with the lysosome 

or endosome, leading to degradation of the cargo within. There are different 

classifications for this process according to morphological criteria and the capture 

mechanism (111, 112). 

As mentioned, microautophagy can also be either selective or non-selective. Non-

selective microautophagy engulfs soluble intracellular substrates through tubular 

invaginations and activity of the vacuolar ATPase and proton gradient (113). However, 

selective microautophagy sequesters specific organelles with arm-like protrusions based 

on specific interactions. Some of the substrates degraded by microautophagy include lipid 

droplets (microlipophagy), proteins (microproteophagy), endosomes (endosomal 

microautophagy), mitocondria (micromitophagy), peroxisomes (micropexophagy) and 

others (111, 112). 

 

3.1.3. Chaperone-mediated autophagy (CMA) 

CMA is a type of selective autophagy that is mechanistically unrelated to macro- 

and microautophagy and only occurs in mammalian cells (93). Cargo delivery by CMA 
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does not require the formation of intermediate vesicle compartments, membrane fusion, 

or membrane deformity of any kind, as seen in macro- and microautophagy. Instead, 

substrates are moved directly across the lysosome membrane by a translocation protein 

complex (114). 

Contrary to macro- and microautophagy, CMA is exclusively selective. All CMA 

substrates contain a pentapeptide motif KFERQ, which is present in 40% of cytosolic 

proteins. During CMA, the complex consisting of cytosolic heat shock 70 kDa protein 8 

(HSPA8/HSP70) and other cochaperones recognize KFERQ-like motifs. Subsequently, 

the lysosome-associated membrane protein 2A (LAMP2A) receptor, attaches to the 

complex and transports the cargo across the membrane by unfolding it during the process. 

Inside the lysosome, lysosomal HSPA8 pulls and refolds the cargo (114, 115). 

 

3.2. Role of autophagy in endothelial homeostasis 

Autophagy's involvement in maintaining the balance of endothelial cells and its 

potential connection to vascular disorders are under investigation. In general, autophagy 

has been involved in nitric oxide (NO) production, vascular network growth via 

vasculogenesis or angiogenesis, quiescence regulation, vascular permeability, and 

vascular secretion. Hence, a fundamental amount of autophagy is necessary to preserve 

endothelial function. However, excessive or deficient levels of autophagy have 

demonstrated heightened vulnerability to pathological conditions and elevated cellular 

death (116, 117). 

For instance, inhibition of autophagy can upregulate the inflammatory senescence-

associated secretory phenotype (SASP). SASP is defined by the production of 

inflammatory cytokines and their effects on nearby cells, contributing to the development 

and advancement of vascular disease in chronic diseases (118). Furthermore, there is a 

strong correlation between autophagy and atherosclerosis. Patients with metabolic 

syndrome exhibit reduced endothelial autophagy due to elevated levels of glucose and 

fatty acids. Additionally, endothelial autophagy promotes the removal of lipid deposits in 

the vessel wall. Hence, autophagy may elucidate the underlying mechanism of 

atherosclerosis and vascular dysfunction (119, 120). 
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Moreover, autophagy is known to intervene during ischemic diseases. During 

ischemia the vascular network must reestablish to support tissue regeneration and as 

previously mentioned, autophagy is crucial in this process. Nevertheless, an excess of 

autophagy can result in the development of abnormal blood vessel growth in cancer or 

retinopathies, as well as the degradation of the endothelial barrier integrity (121, 122). 

Therefore, targeting defective autophagy to restore endothelial function in vascular 

diseases offers a promising method for treating both infectious and non-infectious 

illnesses (117).     

 

3.3. Role of host’s autophagy in parasitic infections 

Autophagy has a strong association with parasite infections due to its significant 

involvement in disease progression and its interaction with the innate immune system. 

Depending on the context, autophagy plays a dual role in disease inhibition and 

progression. Intracellular protozoa parasites exhibit complex life cycles and are exposed 

to different types of cells and hosts. Some of them, like Plasmodium spp., Leishmania 

spp., Toxoplasma gondii, and Trypanosoma spp., have worked their ways to manipulate 

the host’s autophagy machinery either to enhance their growth by nutrient uptake or to 

avoid parasite clearance from the cell (123, 124). 

There are two main non-canonical pathways to deal with intracellular pathogens: 

xenophagy and LC3-associated phagocytosis (LAP). Xenophagy is the process by which 

the autophagy machinery directly identifies and responds to a foreign invader, leading to 

the creation of an autophagosome surrounding the pathogen. In contrast, LAP involves 

the recruitment of LC3 and other autophagy proteins into pre-existing particles within a 

phagosome or endosome. The activation of either of the two systems seems to depend on 

the sub-cellular location of the pathogen and the condition of the vacuole membrane that 

isolates it (123, 125). 

Interestingly, pathogens have developed strategies to avoid these systems and 

exploit them for their own benefit. Parasites often employ three mechanisms to disrupt 

the autophagy process in their host: inhibition of host ATG proteins to prevent autophagy 

induction, interference with the downstream autophagy breakdown pathway, and 

manipulation of host autophagy to facilitate their growth and reproduction. By these 
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means, pathogens manipulate their surroundings to acquire resources, reuse autophagic 

membranes or vacuoles to stay hidden, and recreate optimal conditions for their survival 

and reproduction (123, 124). 

 

3.3.1. Autophagy and malaria 

Plasmodium parasites can modulate their host’s autophagy pathways to survive 

and proliferate. There is strong evidence of mechanisms slightly different from xenophagy 

and LAP during hepatic stages used by the parasite to avoid elimination and support 

development (123, 126). Plasmodium sporozoites are targeted for elimination in the liver 

by non-canonical pathways that are independent of the ULK1-complex and the nutritional 

status of the cell. However, the canonical pathway, although inefficient at eliminating 

parasites, has also been implicated in providing nutrients and boosting parasites’ growth 

(125).  

The collection of these autophagy-related mechanisms that function as 

intracellular immune responses against liver stages have been classified into three 

categories: the Plasmodium-associated autophagy-related (PAAR) response, the LAP-

like response, and the PI3P-associated sporozoite elimination (PASE) (Figure 1.5) (127, 

128).  

During the early liver stage, defective sporozoites that fail to complete 

transmigration or properly remodel the PVM are eliminated through the PASE response. 

The host cell rapidly recruits the PI3KC3 complex to the compromised vacuole, 

generating PI3P and triggering the transient recruitment of autophagy- and lysosome-

associated markers. This leads to vacuole acidification and swift parasite degradation. 

Importantly, PASE acts as an early quality-control mechanism that restricts liver infection 

by clearing nonviable parasites before they initiate replication. (128).  

In contrast, during later liver stages, viable sporozoites that have successfully 

invaded and remodeled their PVM are targeted by the PAAR response. Here, the host cell 

decorates the PVM with lipidated LC3 through the Atg5-dependent machinery and 

subsequently recruits ubiquitin-binding effectors such as p62, NDP52, and NBR1(127, 

128). This mechanism has been evidenced in mouse parasites like P. berghei and P. yoelii, 

and it is estimated to eliminate up to 50% of invasive sporozoites (125). However, the 
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parasites can surpass the PAAR response through a non-canonical interaction between 

LC3 and PVM protein upregulated in infective sporozoites 3 (UIS3). This interaction 

blocks the recruitment of the effector proteins and lysosomal fusion (123, 129). 

Conversely, the LAP-like response has been observed in P. vivax infection, and, 

like LAP, it entails the recruitment of LC3, followed by proteins implicated in PI3P 

production. In contrast to the PAAR response, the LAP-like response is reliant on the 

presence of IFN-γ, as the detection of parasites fails to occur spontaneously (130). 

Additionally, this method exhibits lower efficacy in removing invading sporozoites, 

clearing only 30% of them. This phenomenon may be attributed to the evasion methods 

employed by P. vivax to maintain undetectable dormancy stages (125).  

Since mature RBCs lack organelles and autophagy machinery, they are not 

directly involved in this process. However, autophagy is crucial during hematopoiesis and 

reticulocyte remodeling (131). In fact, there is evidence of reticulocyte-invading species 

like P. vivax and P. yoelii that can accelerate the maturation of reticulocytes by autophagy 

inducing mechanisms (132).  

Nonetheless, during the blood stage, Plasmodium can trigger autophagic pathways 

in different tissues. Recent studies evaluated the effect of P. berghei’s extracellular 

vesicles on cerebral malaria. The findings demonstrated that astrocytes effectively grab 

these vesicles and trigger autophagy by LAP, leading to a proinflammatory reaction (133, 

134). Furthermore, it is speculated that Plasmodium-induced autophagy in the placenta 

may play a crucial role in the outcome of pregnancy during placental malaria (135). 
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Figure 1.5. Role of host autophagy in Plasmodium infection and pathogenesis. (A) 

During early liver stages, Plasmodium sporozoites enter hepatocytes and form a PV. If the parasite 

cannot remodel this compartment, PI3K is recruited and triggers early parasite clearance through 

PASE, a process only briefly involving LC3. At later liver stages, LC3 is loaded onto the PV 

through Atg5, activating the PAAR response, which can label parasites for degradation but often 

does not result in their complete elimination. (B) In RBCs, the parasite uses an autophagy-related 

mechanism to generate EVs that transfer genetic material and promote gametocyte formation, 

while also inducing inflammation. (C) Parasite-derived EVs can reach astrocytes, where LC3-

mediated LAP targets them for lysosomal destruction and drives a pro-inflammatory response 

linked to experimental cerebral malaria. From (133). 
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2. Justification 

Malaria is a parasitic disease with high morbidity and mortality around the world. 

This disease mainly affects children under the age of 5 and pregnant women from tropical 

areas. The incidence and mortality rates linked to malaria are higher in regions with 

unfavorable socioeconomic conditions. Despite progress in clinical understanding of the 

impact of this disease, the investigation into the relationship between human sickness and 

its pathogenic mechanisms is still restricted. 

For this reason, the use of animal models has played a significant role in 

comprehending diseases and the biology of the microorganisms that cause them. In 

malaria research, experiments conducted on rodents, birds, and non-human primates have 

provided valuable insights into host-parasite interactions that were previously difficult to 

study in humans due to ethical concerns (27).  

Of the existing animal models, rodents have been the most widely used for both 

biological and methodological reasons due to their small size and easy breeding. These 

models have been crucial for the study of liver stages, syndromes arising from the blood 

stages of infection, and malaria transmission to and from the mammal host. Several in 

vivo observations have resemblances to human pathology (136). 

The investigation of the impact of Plasmodium-induced stimuli on endothelial 

cells is crucial since endothelium serves as the initial point of contact in a malaria 

infection. This interaction disrupts the normal functioning and homeostasis of the 

endothelium, leading to physiopathological processes such as inflammation or ischemia, 

that further aggravate the disease (41, 117). 

On one hand, autophagy is a crucial physiological process that plays a vital role in 

maintaining the endothelial homeostasis and function. However, this process can be 

readily disturbed by infectious or chronic diseases. On the other hand, Plasmodium 

parasites are known to interfere with and evade autophagic pathways during liver stages, 

although there is limited understanding of their impact on the blood stages. Thus, this 

work should provide evidence of the impact of stimuli produced by P. berghei during 

blood stages on the autophagic pathways of murine endothelial cells. Additionally, it 

seeks to provide valuable insights into the significance of these pathways in the 

development of malaria (137). 
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The current proposal aims to analyze the process of autophagy in endothelial cells 

after exposure to various stimuli derived from different fractions of a P. berghei culture. 

The above is to develop a more comprehensive knowledge of the host-parasite 

interactions that form the basis of malaria infection. 
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3. Hypothesis 

The hypothesis of the present study is that Plasmodium berghei induces changes 

in the expression of characteristic autophagy markers in endothelial cells through 

interaction with stimuli produced by the parasite.  
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4. Objectives 

4.1. General Objective 

• To characterize the autophagy process induced in endothelial cells by contact with 

various Plasmodium berghei stimuli isolated from infected cultures to determine the 

activation of this process in the pathogenesis of malaria. 

 

4.2. Specific Objectives 

• To standardize the culture conditions of Plasmodium berghei in order to obtain viable 

parasites for further analysis. 

• To determine the activation of autophagy pathways in vitro through various stimuli 

from P. berghei culture on tEnd.1 endothelial cells by the expression of classical 

autophagy markers. 

• To analyze the protein profiles derived from P. berghei culture supernatants, and 

extracellular vesicles to determine differences in the expressed components. 
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5. Materials and methods 

5.1. Culture of Plasmodium berghei parasites  

5.1.1. Plasmodium berghei parasites 

Transgenic Plasmodium berghei-ANKA strains derived from the strain originally 

described by Vincke and Lips in 1948 (33) were used to infect mice and to establish in 

vitro cultures. Transgenic strains were previously generated to express red fluorescent 

protein (mCherry-P. berghei ANKA) (138, 139). 

mCherry was expressed in P. berghei under the constitutive eef1aa-promoter and 

were localized cytosolically. These strains were provided by the BEI Resources Malaria 

Research and Reference Reagent Resource Center (MR4). 

 

5.1.1.1. Blood stabilates 

Blood stabilates from transgenic P. berghei-ANKA were previously prepared with 

fresh heparin-anticoagulated blood from infected mice with parasitemia of 3% to 15% in 

freezing solution and were kept at -80 °C until further use. 

 

5.1.2. Mice 

6- to 8-week-old ICR (CD-1®) female mice were used as the animal model. ICR 

mice are an outbred strain widely used in biomedical research due to their robust genetic 

variability, making them suitable for toxicological, pharmacological, and behavioral 

studies. 

The mice were housed under standard laboratory conditions, including a 12-hour 

light/dark cycle, room temperature (18-26 °C), and humidity (80%). Animals had ad 

libitum access to a standard laboratory diet and water. All procedures were approved by 

the local Comité Institucional para el Cuidado y Uso de Animales (CICUA) del 

Laboratorio de Ensayos Biológicos (LEBi). 

 

5.1.2.1. Mice infection from blood stabilates  

Stabilates (section 5.1.1.1) were thawed and injected intraperitoneally into 6- to 8- 

week-old ICR (CD-1®) female mice. Parasitemia was evaluated five days after injection 

utilizing Giemsa-stained thin smears.  
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5.1.2.2. Induction of reticulocytosis in healthy mice  

Due to the reticulocyte tropism of P. berghei, reticulocytosis was induced in 

healthy mice by administering phenylhydrazine intraperitoneally (100 mg/kg) 72 hours 

prior to blood collection. This blood was used both to dilute the parasitemia of the initial 

culture and to supplement the cultures with reticulocytes on subsequent days.  

 

5.1.2.3. Determination of parasitemia via blood smears 

Parasitemia of infected mice was assessed by taking a blood sample from the tail 

vein by venipuncture. The blood sample was smeared onto a microscopic slide and air-

dried at room temperature. Afterwards, the slide was fixed using methanol for 3 minutes, 

followed by 10% Giemsa stain (1:10 dilution in Giemsa buffer) for 8 minutes. The slide 

was rinsed with tap water and air-dried at room temperature. The slide was examined 

under a light microscope and the number of infected and total red blood cells (RBC) were 

counted in five fields at 1000× magnification. Parasitemia was then calculated as infected 

RBC/total RBC × 100 and given as a percentage. 

To monitor parasitemia in cultures, the percentage of parasitemia relative to the 

initial parasitemia on day 0 was used as the metric. This normalization was applied to 

minimize variations due to differences in the initial parasitemia across cultures. 

 

5.1.2.4. Blood collection from infected and healthy mice 

Mice with parasitemias between 5% and 10% were used for the establishment of 

parasite culture and the isolation of infected red blood cells (iRBCs) in stimulation assays. 

Healthy mice of matched age and weight were also used to obtain non-infected red blood 

cells. 

Total blood was collected aseptically by cardiac puncture after CO2 euthanasia 

into lithium heparin-containing tubes. The blood was centrifuged at 1500 g for 5 minutes 

to manually remove the plasma and buffy coat. The RBCs were subsequently washed 

using a sterile saline solution and centrifuged at 1500 g for 5 minutes. This washing step 

was repeated three times. 

Washed RBCs were immediately used for culture setup or for further separation 

using Percoll gradient (section 5.2.1) in stimulation assays. 
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5.1.3. Establishment of P. berghei culture conditions 

To establish the ideal cultivation conditions for P. berghei, different reported 

protocols were followed, considering both physical and chemical variables. In general, 

the procedure followed by (140) was modified as described. The culture was set up with 

RBC suspended in a Roswell Park Memorial Institute (RPMI) 1640 based medium 

supplemented as described below. The culture was adjusted to a hematocrit of 5% and an 

initial parasitemia of 5% using non-infected RBC from healthy mice. The culture final 

volume was 5 mL and was sustained in 25 cm² flasks, agitated vertically at 100 rpm with 

an Orbi-Shaker™. 

Every 24 hours, the culture was transferred into a Falcon tube of 15 mL and 

centrifuged at 1500 g for 5 minutes for supernatant removal. The supernatant was kept at 

4 °C for subsequent experiments, and fresh media was added. Vigorous pipetting of RBC 

during this process is highly recommended to promote the rupture of mature schizonts. 

Thin smears were prepared from the pelleted RBC every day, stained with 10% 

Giemsa’s stain, and analyzed microscopically to document the parasitemia (as detailed in 

section 5.1.2.2) and check for adequate parasite morphology. As the proportion of 

merozoites escalated, new RBC were introduced to maintain a hematocrit level of 5%. 

In each experiment, negative control was established using only RBC from healthy 

phenylhydrazine treated mice suspended in media at a hematocrit of 5%. 

 

5.1.3.1. Effect of media composition  

To assess the influence of medium composition on the in vitro growth and 

development of P. berghei, three distinct complete media formulas documented in the 

literature were used. All procedures employed RPMI 1640 as the base medium and 

reported adequate growth of Plasmodium parasites for at least 5 days. A comparison of 

the variations in media composition is found in Table 1.1. 

All media's final pH was sustained between 7.2 and 7.4. The pH was adjusted 

using HCl (10 mol/L) or NaOH (10 mol/L). All preparations were filtered through a 0.22 

µm membrane and stored at 4°C.  
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For these experiments, previous selected incubation conditions were used, 

including a temperature of 35 °C and a gas mixture atmosphere (90 % N2, 5 % O2 and 5 

% CO2, as described in section 5.1.3.2.2). 

 

5.1.3.1.1. Modified media composition proposed by Trager and Jensen (1976)  

Trager and Jensen are recognized for the first report on the cultivation of blood 

stages of Plasmodium parasites in 1976, specifically P. falciparum (141). Their study has 

since served as the foundation for much of the current knowledge on the cultivation of 

this parasite. Throughout the years, different authors have suggested modifications to the 

original protocol to tailor it to their laboratory conditions. Significant modifications 

include the transition from human or animal serum to using a lipid-rich bovine serum 

albumin alternative (AlbuMAXTM) and the addition of hypoxanthine as a purine source 

(142). 

Briefly, the original protocol established by Trager and Jensen consists of a 

suspension of RBC in RPMI medium supplemented with HEPES buffer (25 mmol/L), 

NaHCO3 (0.2%) and type AB human serum (10%) (141). The final composition used 

consisted of RPMI 1640 supplemented with glucose (11 mmol/L), HEPES buffer (25 

mmol/L), NaHCO3 (12 mmol/L), hypoxanthine (200 μmol/L), AlbuMAXTM II (0.5%) and 

gentamicin solution (20 μg/mL).      

  

5.1.3.1.2. Media composition proposed by Janse et al., (1984)  

Janse et al., proposed a more suitable media composition specifically for the 

generation of gametocytes in P. berghei. They reported long-term in vitro cultures using 

rat RBC (143). 

The final composition consisted of RPMI 1640 supplemented with HEPES buffer 

(25 mmol/L), NaHCO3 (25 mmol/L), fetal calf serum (10%), penicillin solution (100 

U/mL) and streptomycin solution (100 μg/mL). 

 

5.1.3.1.3. Media composition proposed by Jambou et al., (2011)  

Jambou et al. developed an alternate method for the in vitro cultivation of P. 

berghei blood stages. They claimed the resolution of all inconveniences observed in prior 
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formulations, including hemolysis, reinvasion failure, and the low stability of murine 

RBC (144). 

The final composition used consisted of a mixture of RPMI 1640 (75%) and 

Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 or DMEM-F12 (25%) 

supplemented with glucose (17 mmol/L), HEPES buffer (25 mmol/L), NaHCO3 (32 

mmol/L), hypoxanthine (200 μmol/L), AlbuMAXTM II (0.5%), gelatin (0.5%), calcium (2 

mmol/L), choline (1 mmol/L) and gentamicin solution (20 μg/mL). 

Table 5.1. Final composition of the media used for P. berghei culture. 

Component 

Trager & Jensen, 

modified media 

for P. falciparum 

Janse et al., 

media for P. 

berghei 

Jambou et al., 

media for P. 

berghei 

RPMI 1640 

 (% base medium) 
100 100 75 

DMEM-F12  

(% base medium) 
– – 25 

Glucose  

(mmol/L) 
11 – 17 

HEPES buffer 

(mmol/L) 
25 25 25 

NaHCO3 

(mmol/L) 
12 25 32 

Hypoxanthine 

(μmol/L) 
200 – 200 

Calcium  

(mmol/L) 
– – 2 

Choline  

(mmol/L) 
– – 1 

Gelatin  

(%) 
– – 0.1 

AlbuMAXTM II 

(%) 
0.5 – 0.5 

Fetal calf serum 

(%) 
– 10 – 

Antibiotics (final 

concentration) 

Gentamicin  

(20 μg/mL) 

Penicillin  

(100 U/mL) and 

streptomycin  

(100 μg/mL) 

Gentamicin  

(20 μg/mL) 

– : not used in this formulation 
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5.1.3.2. Effect of incubation conditions  

Additionally, the impact of two physicochemical variables, temperature and 

atmosphere, that vary across publications on the in vitro study of the blood phase of P. 

berghei was evaluated. 

For these tests, the modified Trager and Jensen media was used, as it is the most 

widely used for the cultivation of Plasmodium parasites. 

5.1.3.2.1. Effect of temperature  

Three distinct incubation temperatures were examined: 28 °C, 35 °C, and 37 °C, 

similar as (140). In this case the atmosphere was kept constant using a mixture of gases 

(90% N2, 5% CO2 and 5% O2). 

 

5.1.3.2.2. Effect of atmosphere 

As Plasmodium is considered a microaerophilic protozoan, precise regulation of 

the gaseous environment is crucial for its development (145). Two different atmospheric 

conditions to reduce the amount of O2 present were studied: using a candle jar and a gas 

mixture, both incubated at 35 °C.  

For the candle jar atmosphere, the culture bottles were placed with their lids 

slightly unfastened in a container alongside a lit candle. The container remained sealed 

until the candle had gone out. The approximate atmospheric composition was 3-5% CO2, 

17% O2, and the remainder N2. 

For the controlled gas atmosphere, the culture bottles were flushed for 15 seconds 

with a mixture of 90% N2, 5% CO2 and 5% O2, and the lids were completely sealed. 

 

5.1.4. Assessment of parasite infectivity after in vitro culture 

To assess whether Plasmodium berghei parasites retained their infectivity during 

the first two days of in vitro culture, infected red blood cells (iRBCs) were harvested from 

cultures maintained under the selected conditions at day 1 and day 2 post-culture 

initiation. A total of 1 × 105 iRBCs were intraperitoneally injected into groups of three 

ICR (CD-1®) female mice per time point (n = 3 for day 1 and n = 3 for day 2). Parasitemia 

was monitored daily for six days by preparing Giemsa-stained thin blood smears from tail 
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blood samples. The onset and progression of infection in vivo were used as indicators of 

preserved parasite infectivity after culture. 

 

5.2. Isolation of Plasmodium berghei stimuli 

For stimulation and characterization studies, several stimuli were extracted from 

P. berghei cultures exhibiting parasitaemias of more than 3%, specifically on days 1 and 

2 post-culture initiation, as these days corresponded to peak parasitemias and optimal 

parasite morphology. The selected conditions for P. berghei culture were Jambou medium 

and incubation at 35 °C with gas mixture atmosphere.  

 

5.2.1. Infected red blood cells enrichment 

Infected and non-infected RBC were isolated from infected and healthy mice’s 

blood, respectively (as described in section 5.1.2.3) using Percoll gradients (146). 

Solutions of 60%, 50%, 40% and 30% Percoll were prepared using RPMI medium as a 

diluent. Subsequently, 2 mL of the 60% solution was introduced into a 15 mL Falcon 

tube. Additionally, 2 mL of the 50% solution was meticulously poured through the tube 

wall, followed by the addition of 2 mL of the 40% and 30% solution respectively. 

The pelleted and previously washed RBC from mice blood were subsequently 

diluted 1:4 in RPMI media and layered over the Percoll gradient. The tube was eventually 

centrifuged in a swing-out rotor at 1500 g at room temperature for 15 minutes without 

brake.  

Infected RBCs with mature forms were collected from the 30% / 40% interface, 

which contained mainly schizonts, and from the 40% / 50% interface, which contained 

late trophozoites. Both fractions were combined and washed three times with PBS.  

Non-infected RBC were collected from the 50% / 60% interface using blood from 

a healthy mouse. Also, these RBC were washed three times with PBS. 

 

5.2.1.1. Measurement of RBC concentration and enrichment efficiency  

The concentration of isolated red blood cells is determined using a Neubauer 

chamber to calculate the volume of suspension required to achieve a certain 

RBC:endothelial cell ratio. 
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The efficiency of the isolation process was evaluated through a thin smear 

followed by Giemsa staining. For further experiments, only iRBC from isolates with 

efficiencies greater than 85% were immediately used (section 5.4.2). 

 

5.2.2. Extracellular vesicles enrichment 

The culture medium from RBC cultures was collected by centrifugation as 

previously described in Section 5.1.3. Supernatants from P. berghei cultures with 

parasitemias higher than 3%, as well as from control cultures, were collected on days 1 

and 2 after culture setup (5 mL per culture per day) and stored at 4 °C for a maximum of 

two days prior to further use.  

Extracellular vesicles produced by RBC and parasites were enriched according to 

the methodology outlined by Retana Moreira et al. (147) and in accordance with the 

Minimal Information for the Study of Extracellular Vesicles (MISEV) guidelines (148). 

Crude supernatants from P. berghei and control cultures were subjected to centrifugation 

at 3000 g for 5 minutes at room temperature and subsequently filtered through 0.45 µm 

pore membranes to remove remaining cells. 

The filtered crude supernatants were subjected to centrifugation at 17,000 g for 60 

minutes at 4 °C (large EVs). The supernatant was subsequently filtered through 0.22 µm 

pore membranes and underwent further ultracentrifugation at 120,000 g for 150 minutes 

using a Sorvall™ WX80 Ultracentrifuge (Thermo Fisher Scientific, Waltham, MA, USA) 

to isolate a second fraction (small EVs). Ultracentrifuge tubes were placed on ice between 

centrifugation cycles and during sample handling to minimize degradation.  

The small EV fraction was subjected to two washes in sterile-filtered PBS at the 

identical gravitational force and duration employed during their isolation and were 

subsequently resuspended in 500 µL of sterile-filtered PBS. The EV samples and EV-

reduced supernatants were used promptly or preserved at 4 °C for a maximum duration 

of 7 days for functional and characterization assays or at -80 °C for protein analysis 

(sections 5.6.3 and 5.6.4). 
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5.2.2.1. Measurement of protein concentration in enriched EV suspension  

Immediately after the washing steps, the EV suspension was filtered through 

0.22 µm pore membranes to remove aggregates. Protein concentration was then 

determined using the Micro BCA Protein Assay Kit (Thermo Scientific, catalog number 

23235). Following the manufacturer’s instructions, a calibration curve was prepared with 

standards ranging from 2 to 40 µg/mL. A 1:100 dilution of the EV suspension was 

measured against this curve, and all measurements were performed duplicate. 

 

5.2.3. EV-reduced supernatant obtention 

The EV-reduced supernatant was obtained following the second 

ultracentrifugation step. After isolating small EVs from the cell culture medium, the 

remaining supernatant was carefully collected and transferred to a new tube. Prior to direct 

application on endothelial cells, the EV-reduced supernatants were filtered through 

0.22 µm pore membranes, their pH was adjusted to 7.40, and they were supplemented 

with 10 % FCS. 

 

5.2.3.1. Measurement of glucose concentration in EV-reduced supernatant  

Immediately following filtration and supplementation, an aliquot of the 

supernatant was taken to quantify glucose concentration, given its role as a significant 

mediator of autophagy. Glucose levels in the supernatant were analyzed using an 

enzymatic reference method with hexokinase (Ref. 04657527190; Roche Diagnostics 

GmbH, Mannheim, Germany). 

 

5.3. Culture and seeding of tEnd.1 cells  

The murine thymic endothelioma 1 cell line or tEnd.1 (RRID: CVCL_6272) 

transformed with a polyomavirus oncogene was obtained from the Clodomiro Picado 

Institute. These are immortalized cells and retain key endothelial characteristics, including 

the expression of adhesion molecules, cytokine responsiveness, and the ability to form 

capillary-like structures under appropriate conditions.  

This cell line was cultivated in RPMI medium. To obtain a complete RPMI 

medium, it was supplemented with NaHCO3 (24 mmol/L), FCS (10%), penicillin (100 



 

 

46 
 

U/mL) and streptomycin (100 μg/mL). Incubation was set at 37 °C in a 5% CO2 

atmosphere.  

For cell splitting, the medium was discarded, and cells were washed twice with 

sterile PBS and treated with 1.0 mL Accutase for 5 minutes at 37 °C. Afterwards, cells 

were collected with 5 mL of fresh medium to stop the enzymatic reaction and placed into 

a 15 mL Falcon tube. Then, cells were spun down at 1,000 g for 3 minutes and the pellet 

was resuspended in 5 mL of medium and split into cell flasks. 

 

5.3.1. Glass coverslip coating                                                                                                                                                                       

For better adhesion of cells to glass coverslips, they were previously coated with 

a poly-L-lysine solution (Sigma P4832). The 13 mm glass coverslips were placed in a 

container with sufficient poly-L-lysine solution to entirely immerse them. The coverslips 

were incubated in the poly-L-lysine solution for 30 minutes at room temperature while 

shaken at 100 rpm on an Orbi-Shaker™. Thereafter, the coverslips were rinsed five times 

with abundant distilled water and dried under ultraviolet light for sterilization. 

 

5.4. Standardization of conditions for autophagy analysis in tEnd.1 cells upon 

exposure to Plasmodium berghei-derived stimuli                                                                                                                                                                        

For the optimization assays, tEnd.1 cells stably transduced with LC3-GFP were 

used to generate concentration and incubation time curves with the different experimental 

treatments. LC3 expression was quantified by direct fluorescence. These assays were 

performed to determine the most suitable concentrations and incubation periods that 

promoted autophagic activity. The results from these experiments were used to establish 

the optimal conditions applied in the subsequent analyses. 

 

5.4.1. Generation of LC3 reporter stables                                                                                                                                                                       

The tEnd.1 cells were transduced with lentiviral vectors to express constituent 

LC3 with fluorescent reporters. The lentiviral particles and transduced tEnd.1 cells, a 

generous gift from Dr. Jorge Arias-Arias, were produced as previously described via triple 

transfection of HEK293T cells using polyethylenimine and the plasmids psPAX2, 

pMD2G, and pWPI-LC3-GFP-Puro (149, 150). The final LC3-GFP-Puro lentiviral 
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construct was kindly provided by Dr. Rodrigo Mora-Rodríguez (151). Briefly, tEnd.1 cell 

monolayers at 80% confluency were stably transduced with lentiviral particles carrying a 

genetic construct codifying for LC3-GFP. For cell transduction, lentiviral vector particles 

were added to the cells at a multiplicity of infection (MOI) of 1 and centrifuged for 2 h at 

300 g at 25 °C. At 72 h post-transduction, transduced cells were selected with 8 μg/mL of 

puromycin (Sigma P8833) in RPMI 10% FBS for 2 days, and then survival cell 

populations were isolated and propagated in RPMI 10% FBS + 0.5 μg/mL of puromycin. 

 

5.4.2. LC3-GFP tEnd.1 cells seeding for stimulation assays  

For cell seeding, the medium was discarded, and cells were washed twice with 

sterile PBS and treated with 1,0 mL Accutase for 5 minutes at 37 °C. Afterwards, cells 

were collected with 5 mL of fresh medium to stop the enzymatic reaction and placed into 

a 15 mL Falcon tube. Then, cells were spun down at 1000 g for 3 minutes and the pellet 

was resuspended in 5 mL of medium.                                                                                                 

Dilution of cell suspension with trypan blue was prepared to determine the number 

of cells. Cells were counted using a Neubauer chamber and dilutions of cells were 

prepared according to the experiment setting.  

Then cells were seeded in poli-L-lysine-treated coverslips in 24-well plate wells. 

For early time effects (≤ 6 h posttreatment), 3×104 cells were seeded; for late time effects 

(24 h posttreatment), 2×104 cells were seeded. Treatments were applied 24 hours after 

cells were seeded. 

 

5.4.3. Stimulation assays  

Twenty-four hours after cell seeding (section 5.4.2), cells were exposed to specific 

stimuli to assess autophagic pathway activation at different time points and 

concentrations. Using the LC3-GFP cell line, LC3 expression was monitored by direct 

fluorescence. 

 

5.4.3.1. Chemical treatments  

To characterize tEnd.1 cells as a model for the study of autophagy, different drugs 

and stimuli well characterized for this purpose were used at 6 hours posttreatment. The 
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drugs used and their corresponding final concentrations used were chloroquine (CQ, 10 

μM), 3-methyladenine (3-MA, 5 mM), bafilomycin A1 (BAF, 100 nM) and rapamycin 

(RAPA, 10 μM). Additionally, starvation-induced autophagy (STV) was achieved by 

removing cell media, washing 3 times with sterile PBS and incubating the cells with 

Earle’s Balanced Salt Solution (EBSS).    

As a negative control, to monitor baseline autophagy levels, cells were incubated 

with complete RPMI medium for the corresponding time points. 

 

5.4.3.2. Stimulation with infected RBCs  

Previously isolated and quantified infected RBCs (iRBCs) were applied to 

endothelial cells at three different time points (3-, 6-, and 24-hours post-treatment) and 

using three iRBC:EC ratios (100:1, 500:1, and 1000:1). The iRBCs were suspended to 

form a uniform layer covering the endothelial cell monolayer. Uninfected RBCs were 

included as controls at the same time points and ratios, prepared in the same way. 

 

5.4.3.3. Stimulation with EVs  

Previously isolated and protein-quantified small EVs from P. berghei cultures 

were applied to endothelial cells at five different time points (10 min, 30 min, 1-, 3-, and 

6-hours post-treatment) and at two protein concentrations (10 and 50 μg). Small EVs 

derived from RBC cultures were included as controls, following the same time points and 

protein concentrations. 

 

5.4.3.4. Stimulation with EV-reduced supernatants  

EV-reduced, supplemented and prewarmed supernatants from P. berghei cultures 

were applied directly to endothelial cells at five different time points (30 min, 1-, 3-, 6-, 

and 24-hours post-treatment). Supernatant derived from RBC cultures were included as 

controls, following the same time points and prepared in the same way. 

 

5.4.4. Protocol for slide preparation for direct fluorescence  

At the indicated time points after treatment, the culture media was discarded, and 

cells were washed at least three times with sterile PBS. Cells were fixed in 300 μL of 4% 
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paraformaldehyde (PFA) in PBS solution, followed by 1 μL of a 1:20 Hoechst 33342 

solution for DNA staining. Cells are left in these solutions for 15 minutes at room 

temperature and protected from light. 

Afterwards, cells were washed 3 times with sterile PBS. After washing, the excess 

liquid was removed, 5 μL of Mowiol fluorescent mounting medium was added onto a 

slide, and coverslips were placed with cells facing down. Slides were dried at room 

temperature and protected from light at least 24 hours before imaging. 

 

5.4.5. Protocol for slide preparation and staining for indirect immunofluorescence  

For LC3-GFP signal validation, at the indicated time points after treatment, the 

culture media was discarded, and cells were washed at least three times with sterile PBS. 

Cells were fixed in 300 μL of 4% paraformaldehyde (PFA) in PBS solution for 15 minutes 

at room temperature. For cell permeabilization, 300 μL of ice-cold methanol were added 

for 10 minutes at -20 °C. In cases when cells were going to be stained later, 1 mL of ice-

cold methanol was added, and the plate was sealed with Parafilm and stored at -20 °C.  

Afterwards, cells were rehydrated with PBS for 10 minutes. Subsequently, 10% 

FCS in PBS solution was added for 30 minutes at room temperature to block free epitopes. 

Both primary and secondary antibodies were diluted in 10% FCS in PBS solution. 

A humid chamber was prepared for staining by placing parafilm on top of a moist 

paper towel. Drops (30 μL each) of the primary antibody solution (rabbit anti-LC3B, PA1-

46286, Thermo Fisher Scientific; 1:1000) were pipetted onto the parafilm. Fixed 

coverslips were inverted onto the antibody drops with the cell side facing down and 

incubated for 2 h at room temperature or overnight at 4 °C. After incubation, coverslips 

were thoroughly washed with PBS. 

The same procedure was performed using the secondary antibody (goat anti-rabbit 

Alexa Fluor™ 594, A-11012, Thermo Fisher Scientific; 1:5000), together with Hoechst 

33342 for DNA staining. Coverslips were incubated for 1 hour at room temperature and 

protected from light. Then, coverslips were washed with abundant PBS. After washing, 

the excess liquid was removed, 5 μL of Mowiol fluorescent mounting medium was added 

onto a slide, and coverslips were placed with cells facing down. Slides were dried at room 

temperature and protected from light at least 24 hours before imaging. 
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5.4.6. Image acquisition  

Imaging was performed on a Nikon Ti2 inverted microscope equipped with a 

confocal module (A1R HD25) and controlled using NIS-Elements software. The images 

were captured at 60× oil immersion lens (NA 1.4), and the correction collar was adjusted 

for optimal image quality. Laser lines were chosen based on the fluorophores used: 

405 nm for Hoescht, 488 nm for GFP, and 561 nm for Alexa Fluor™ 594 and mCherry, 

with appropriate emission filters applied for each channel. 

Images were exported uncompressed as either .nd2 or .jpeg files using the software 

they had been acquired with. Images were only enhanced as a whole using ImageJ. No 

information was added or deleted from any image. 

 

5.4.7. LC3 quantification   

Quantification of LC3 signal was performed using an image analysis pipeline 

developed by Dr. Isaac Quirós Fernández in CellProfiler software (version 4.2.8). This 

pipeline reports the percentage of cellular area occupied by LC3-positive vesicles relative 

to the total cell area. For each experimental condition, a minimum of 50 cells were 

analyzed. Based on these results, the optimal time points and concentrations of the 

different P. berghei-derived stimuli were selected for subsequent experiments. 

The optimal conditions selected were as follows: for iRBCs, a 500:1 iRBC:EC 

ratio for 6 hours; for EVs, a protein concentration of 50 µg for 1 hour; and for EV-reduced 

supernatant for 1 hour. 

 

5.5. Description of autophagy dynamics in tEnd.1 cells upon exposure to 

Plasmodium berghei-derived stimuli  

Once the optimal conditions were established, tEnd.1 cells were transfected with 

a LC3-tandem fluorescence plasmid encoding proteins involved in the canonical 

autophagy pathway. This approach allowed the assessment of autophagic flux under these 

conditions.  
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5.5.1. Transfection method  

Wild type tEnd.1 cells (p3 – p6) grown in cell culture flasks were washed twice 

with sterile PBS and treated with 1,0 mL Accutase for 5 minutes at 37 °C. Afterwards, 

cells were collected with 5 mL of fresh medium to stop the enzymatic reaction and placed 

into a 15 mL Falcon tube. Then, cells were spun down at 1000 g for 3 minutes and the 

pellet was resuspended in 5 mL of medium. A dilution 1:20 with trypan blue was prepared 

and viable cells were counted using a Neubauer chamber. 

For each transfection, a volume equivalent to 1×106 cells was pipetted into a 1.5 

mL Eppendorf tube and cells were spun down at 800 g for 5 minutes. Then, the 

supernatant was removed and 100 µL Nucleofactor V solution were added to the cells. 

The pellet was resuspended, and the resulting suspension was added to an aliquot of 4 µg 

of the transfection plasmid (tf-LC3, #21074, Addgene, USA).  

The Nucleofector-cell-DNA solution was then transferred into an Amaxa cuvette 

and placed into the electroporation device, and the program T-028 was executed. 

Immediately following electroporation, 500 µL of pre-warmed RPMI 1640 medium was 

carefully added. The cell-RPMI mixture was then carefully transferred into an 1.5 mL 

Eppendorf tube using an Amaxa pipette and incubated at 37 °C and 5% CO2 for at least 

15 minutes. Afterwards, 100 µL of this suspension was seeded into poli-L-lysine-treated 

coverslips in 24-well plate wells for 24 hours. 

 

5.5.2. Autophagic flux measurement  

Autophagic flux was evaluated in tEnd.1 cells under the previously established 

experimental conditions. Cells were transfected with a GFP-mCherry-LC3 plasmid, 

which allowed the analysis of LC3 puncta dynamics, including their formation and 

degradation.  

To distinguish between the accumulation of autophagosomes and their 

degradation, the same chemical treatments and concentrations from section 5.4.3.1 were 

used as controls at 6 hours. The same protocols for slide preparation (section 5.4.4) and 

image acquisition (5.4.6) were followed.  

Quantification was performed using a distinct CellProfiler pipeline (version 4.2.8) 

developed by Dr. Isaac Quirós Fernández. This pipeline measures autophagic flux as the 
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ratio between red vesicles (autolysosomes) and yellow vesicles (autophagosomes). In 

addition, it determines the percentage of the cell area occupied by mCherry-LC3–positive 

and GFP-mCherry-LC3–positive vesicles relative to the total cell area. For each 

experimental condition, a minimum of 50 cells were analyzed.  

 

5.6. Characterization of small EVs produced by Plasmodium berghei in vitro 

The physical characterization of EVs produced in vitro by P. berghei was first 

carried out using dynamic light scattering (DLS) and atomic force microscopy (AFM). 

This was followed by protein characterization to assess differences in banding patterns 

through SDS-PAGE electrophoresis and protein identification by mass spectrometry. 

 

5.6.1. Physical characterization by DLS  

The hydrodynamic size distribution and surface charge of EVs were assessed by 

DLS and zeta potential measurements to evaluate their integrity and stability. Both 

analyses were carried out using a Zetasizer Ultra (Malvern Instruments, Ltd.) according 

to the manufacturer’s instructions, as mentioned by (152). 

The EV pellet was resuspended in 250 μL of sterile and filtered PBS. Serial 

dilutions (1:500) were prepared in PBS. The suspension was passed twice through a 0.22 

μm filter immediately after preparation and again just before measurement. For particle 

size and concentration analysis, reduced-volume quartz cuvettes (ZEN2112, Malvern 

Panalytical) were used, with liposomes as the reference material and water as the 

dispersant. Measurements were performed at 25 °C with an equilibration time of 120 s 

and a dispersant scattering mean count rate (kcps) of 422. Each sample was analyzed in 

triplicate. 

Zeta potential measurements were carried out using disposable folded capillary 

cells (DTS1080, Malvern Panalytical). Measurements were carried out in isotonic PBS, 

which was selected to preserve EV integrity. A 1:5 dilution of PBS in ultrapure water was 

additionally tested to reduce ionic strength. All other experimental parameters were kept 

consistent with the conditions described for the size and particle concentration analyses. 

Each sample was analyzed in triplicate. Data acquisition and analysis were performed 

using the ZS XPLORER software (Malvern Panalytical). 
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5.6.2. Physical characterization by AFM  

Atomic force microscopy images and nanomechanical data were collected using a 

Multimode 8 microscope (Bruker, USA) operating in PeakForce Tapping mode as 

detailed by (153). Briefly, samples were diluted 1:5000 in sterile-filtered PBS, and 5 µL 

of the dilution were deposited onto freshly cleaved muscovite mica. After 10 min of 

adsorption, the substrate was gently rinsed three times with ultrapure water (MilliQ®, 

Millipore, Burlington, MA, USA) to remove residual salts and subsequently air-dried. 

All measurements were performed under ambient conditions using ScanAsyst-Air 

and MSNL-10 probes (Bruker), with a nominal cantilever length of 175 µm, a tip radius 

of approximately 2 nm, and a spring constant of 0.07 N·m⁻¹. Prior to imaging, probes 

were calibrated following the manufacturer’s protocol using the Bruker calibration kit. 

Data were collected simultaneously in height sensor, peak force error, Young’s modulus 

(DMT model), and adhesion channels. Raw AFM data were further processed and 

analyzed using Nanoscope Analysis software v1.7 (Bruker). 

Images were typically acquired at a resolution of 256 × 256 pixels and a scan rate 

of 0.3–0.5 Hz. For each condition, representative images were obtained by scanning at 

least three different areas from a minimum of three independent samples. 

 

5.6.3. Protein analysis by SDS-PAGE  

Ten percent acrylamide gels were prepared, and samples were heated at 98 °C for 

10 min prior to loading. A total of 5 µg of protein was loaded per sample. Electrophoresis 

was carried out at 80 V for 90 min. After separation, gels were stained either with 

Coomassie Brilliant Blue R-250 or by silver staining according to the established protocol 

(154). 

Briefly, gels were fixed in methanol/acetic acid solution, washed with ultrapure 

water, and sensitized with periodic acid. After additional washes, gels were incubated in 

freshly prepared silver nitrate solution, followed by development in sodium carbonate 

containing formaldehyde until bands appeared. The reaction was stopped by rinsing with 

ultrapure water, and gels were photographed immediately to avoid degradation. 

Gel images were acquired using a ChemiDoc™ Imaging System (Bio-Rad 

Laboratories). 
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5.6.4. Proteome profiling of whole EVs by bottom-up shotgun analysis  

A preliminary proteome profiling of the whole EV cargo was performed using a 

bottom-up shotgun strategy as previously described (147, 155). Briefly, samples were 

processed as outlined in section 5.7.3, and 20 µg of protein per sample were loaded onto 

10% acrylamide gels. Electrophoresis was stopped once the migration front had entered 

approximately 3 mm into the resolving gel. The protein band was visualized by 

Coomassie staining, excised, destained in 50% acetonitrile, and subsequently subjected 

to tryptic digestion followed by nano-LC-MS/MS analysis. 

Excised SDS-PAGE protein bands were in-gel digested overnight with 

sequencing-grade trypsin after reduction with 10 mM dithiothreitol and alkylation with 

50 mM iodoacetamide, using an automated workstation (Intavis). The resulting peptides 

were dried, redissolved in water with 0.1% formic acid, and submitted to nano-

LCMS/MS. Ten µL of peptide mixture was loaded onto a C18 trap column (75 μm × 2 cm, 

3 μm particle size; PepMap; Thermo), washed with 0.1% formic acid (solution A), and 

then separated at a flow rate of 200 nL/min on a C18 Easy-spray® column (15 cm × 75 

μm, 3 μm particle size).  

A gradient to solution B (80% acetonitrile, 0.1% formic acid) was used for elution: 

1% B over 3 min, 1–26% B over 62 min, 26–99% B over 30 min, and finally, a 99% B 

hold for 15 min, for a total run time of 110 min.. MS spectra were acquired on a Q-

Exactive™ Plus (Thermo) in positive ion mode at 1.9 kV, with a transfer capillary 

temperature of 230 °C, using one1 μscan at 400–1600 m/z, maximum injection time of 

100 ms, AGC target of 3 × 106 , and orbitrap resolution of 70,000. The top 10 ions with 

2–4 positive charges were selected for fragmentation using an isolation window of 1.4 

m/z, and MS2 spectra were acquired using an AGC target of 1 × 105, a maximum injection 

time of 110 ms, resolution of 17,500, and a dynamic exclusion time of 5 s. 

 Raw MS spectra were processed and analyzed using MaxQuant software for 

peptide and protein identification by searching against UniProt databases for Plasmodium 

berghei ANKA and Mus musculus (December 2025). Both peptide-spectrum match and 

protein identification were obtained with a 1% FDR. Oxidation of methionine and 

acetylation of protein N-terminal were specified as variable modifications and cysteine 
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carbamidomethylation was set as a fixed modification. All remaining MaxQuant 

parameters were kept as default. 

The resulting protein groups table was imported into Perseus software for 

downstream processing. Reverse database hits (decoys), potential contaminants, and 

proteins identified only by site were removed. Filtered protein intensities were log2-

transformed prior to further analysis. Protein-protein interaction networks and functional 

associations were subsequently explored using the STRING database (https://string-

db.org). 

 

5.7. Data analysis 

Statistical analyses were performed using GraphPad Prism software (version 

8.0.2). The specific statistical tests applied are detailed in the corresponding figure 

legends. In all cases, differences were considered statistically significant when P < 0.05. 

Graphical representations were generated using Graphmatik (© 2026 UpSci LLC), 

an online data visualization platform (https://www.graphmatik.io/), allowing standardized 

and consistent visualization of the datasets.  
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6. Results 

6.1. Effects of atmospheric conditions, temperature, and medium composition on 

the short-term growth of Plasmodium berghei blood stages  

Not all Plasmodium species and strains can be grown in laboratory settings. 

Certain strains are easily established in vitro, whilst others are resistant to cultivation or 

their optimal growth conditions are unknown (145). The effect of the three variables that 

differ the most in literature for P. berghei blood stages culture was evaluated: atmosphere 

composition, temperature, and medium formulations.  In all cases, a closed suspension 

culture system with mouse (Mus musculus) red blood cells as host cells was used.  

 

Figure 6.1. Effect of incubation atmosphere in P. berghei blood stages culture. 

Growth curves showing the mean percentage of parasitemia relative to the initial parasitemia on 

day 0 over a four-day period, using Trager & Jensen medium at 37 °C. Two atmospheric 

conditions were compared: a candle jar environment and a controlled gas mixture (90% N₂, 5% 

CO₂, and 5% O₂). Error bars represent the standard deviation of at least three independent 

experiments. Unpaired t-tests were performed for each day to compare the two conditions. 

Significant differences were found on day 1 (P = 0.0083), on day 2 (P = 0.0057), and on day 4 (P 

= 0.045) after culture set. 

 

To assess the influence of atmospheric conditions on P. berghei growth, two 

environments were evaluated: a traditional candle jar system and a controlled gas mixture 

(90% N2, 5% O2, 5% CO2). As shown in Figure 6.1, cultures in the candle jar system 
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exhibited a drastic decline in parasitemia after the first day, approaching 0% by the end 

of the experiment.  

Morphological analysis of parasites from this condition revealed signs of cell 

death, including a condensed nucleus and basophilic cytoplasm, in contrast to the healthier 

appearance of those maintained in the gas mixture. A further indicator of metabolic 

disparity was the color of the spent medium due to the presence of phenol-red; 

centrifugation of the gas mixture cultures yielded a yellow-orange supernatant, indicative 

of anaerobic metabolism and acid production, whereas the medium from the candle jar 

system remained reddish-pink, suggesting alkalinization (Figure 6.2). 

The candle jar system was initially adopted for Plasmodium cultures to create a 

microaerophilic environment by reducing oxygen concentrations (141). However, it was 

largely replaced by controlled gas mixtures, which provide a more stable, lower oxygen 

concentration and superior atmospheric regulation (143, 144). For these reasons, the 

controlled gas mixture was selected for all subsequent experiments. 

 

Figure 6.2. Effect of atmospheric conditions on P. berghei culture supernatant and 

parasite morphology. (A) Color difference in culture supernatants after centrifugation, from 

candle jar (left) and gas mixture (right) systems at 24 hours post-culture initiation. (B, C) 

Representative microscopy images of trophozoites at 24 hours from the candle jar system (B) and 

the gas mixture (C). Parasites in (B) exhibit a condensed morphology and basophilic cytoplasm, 

indicative of low parasite viability, in contrast to the healthier morphology in (C). 
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 Figure 6.3. Effect of incubation temperature in P. berghei blood stages culture. 

Growth curves showing the mean percentage of parasitemia relative to the initial parasitemia on 

day 0 over a four-day period, using Trager & Jensen medium under a gas mixture atmosphere. 

Three different temperatures were compared: 28 °C, 35 °C, and 37 °C. Error bars represent the 

standard deviation of at least three independent experiments. Statistical analysis was performed 

using a two-way ANOVA followed by Tukey’s post hoc test to assess the effects of temperature 

and time on parasitemia. Significant differences were observed on day 2 between 28 °C and 37 °C 

(P = 0.038), and on day 3 between 28 °C and both 35 °C (P = 0.019) and 37 °C (P = 0.0044) after 

culture set.  

 

For the temperature assessment of P. berghei growth, three incubation conditions 

were tested: 28 °C, 35 °C, and 37 °C. As shown in Figure 6.3, parasitemia remained at 

higher levels for a longer period at 28 °C, whereas no significant differences were 

observed between 35 °C and 37 °C. 

Morphological analysis of parasite stages (Figure 6.4) revealed that parasite 

development was strongly influenced by temperature. At 35 °C and 37 °C, schizonts were 

detectable within the first 24 hours of culture. In contrast, at 28 °C, schizonts did not 

appear until the third day. Under this lower-temperature condition, parasitemia persisted 

for a longer duration, but the progression to mature stages was delayed relative to the 

higher temperatures. The delayed detection of schizonts indicates that the erythrocytic 

cycle was prolonged at 28 °C. 
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Temperatures below 37 °C are employed to reduce the parasite's metabolic and 

growth rate, thereby preventing nutrient depletion and waste accumulation (143). 

Therefore, the 35 °C condition was selected to slightly slow down parasite metabolism 

without affecting the life cycle. 

Figure 6.4. Effect of temperature in P. berghei developmental stages distribution in 

vitro. Proportion of intraerythrocytic developmental stages of P. berghei evaluated over four days 

of in vitro culture at (A) 28 °C, (B) 35 °C, and (C) 37 °C. For each temperature condition, at least 

50 infected red blood cells were examined per time point, and the percentages of rings, 

trophozoites, schizonts, and gametocytes were recorded. 

 

Finally, the effect of medium formulation on P. berghei growth was assessed 

using three literature-based compositions: the modified Trager & Jensen’s formulation 

(1976) for P. falciparum, and Janse et al. (1984) and Jambou et al. (2011) formulations 

for P. berghei. As shown in Figure 6.5, Janse’s formulation led to a rapid decrease in 

parasitemia, with few to no parasites remaining by day two. In contrast, no significant 

differences were observed between the Trager & Jensen’s and Jambou’s formulations. 

A key distinction of Janse’s medium is its use of 10% fetal calf serum instead of 

AlbuMAX™, as well as an alternative antibiotic regimen. Jambou’s formulation, based 

on a mixture of RPMI 1640 and DMEM-F12 and further supplemented with glucose, 

sodium bicarbonate, choline, and calcium, was considered the most nutrient-rich. To 

prevent potential nutrient limitations, Jambou’s formulation was therefore selected for 

subsequent experiments. 
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Figure 6.5. Effect of media composition in P. berghei blood stages culture. Growth 

curves showing the mean percentage of parasitemia relative to the initial parasitemia on day 0 

over a four-day period, at 35 °C under a gas mixture atmosphere. Three different medium 

compositions were compared: Trager & Jensen’s, Janse’s and Jambou’s. Error bars represent the 

standard deviation of at least three independent experiments. Statistical analysis was performed 

using a two-way ANOVA followed by Tukey’s post hoc test to assess the effects of media 

composition and time on parasitemia. Significant differences were found between Janse’s medium 

and the other two media on day 1, with P = 0.011 (vs. Trager & Jensen’s) and P = 0.0053 (vs. 

Jambou’s), and on day 2, with P = 0.017 (vs. Trager & Jensen’s) and P = 0.0083 (vs. Jambou’s). 

 

Based on the results obtained, the most promising conditions for Plasmodium 

berghei blood-stage culture were established as follows: Jambou’s medium, due to its 

higher nutritional complexity; an incubation temperature of 35 °C, to slightly slow down 

parasite metabolism without disrupting the life cycle; and the gas mixture atmosphere, as 

it provides greater chemical stability and lower oxygen content. 

Although these culture conditions are among the most used in the literature, they 

remain far from optimal for the long-term maintenance of Plasmodium berghei in vitro. 

Biological and/or methodological limitations still hinder the parasite’s ability to be 

sustained indefinitely under culture conditions. As evidenced in Figure 6.6, the parasite 

appears capable of completing one or two full intraerythrocytic cycles. However, starting 
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from the third day, an accumulation of free merozoites is observed (merozoites that fail 

to successfully reinvade RBCs) coinciding with a marked decline in parasitemia. This 

pattern suggests a progressive loss of culture viability beyond the initial two replication 

cycles. 

 

Figure 6.6. Morphological progression of P. berghei and red blood cell changes in 

culture over time. Giemsa-stained blood smears show the progression of P. berghei blood-stage 

parasites in vitro at day 1 (left), day 2 (middle), and day 3 (right) post-culture initiation. Cultures 

were maintained under the selected conditions: Jambou’s medium, 35 °C incubation, and a gas 

mixture atmosphere (90% N₂, 5% CO₂, 5% O₂). Over time, a clear reduction in parasitemia is 

observed, characterized by a decrease in the number of infected erythrocytes (black arrowheads) 

and a progressive accumulation of free parasites (white arrowheads). Additionally, a shift in the 

staining pattern and morphology of uninfected RBC becomes apparent over the culture period, 

indicating changes in RBC integrity. Together, these observations suggest limited merozoite 

reinvasion after the second cycle, accompanied by culture-induced alterations in the host RBC 

population. Images were acquired using bright-field light microscopy at 1000× magnification. 

 

To determine whether the apparent loss of infectivity observed in vitro after two 

days of culture was also reflected in vivo, groups of three ICR (CD-1®) mice were 

intraperitoneally inoculated with 1 × 105 iRBCs collected from day 1 and day 2 cultures. 

Parasitemia was monitored daily for six days post-inoculation (Figure 6.7). In both 

groups, blood smears became positive on day 3 post-inoculation, with no significant 

differences observed between them. These findings suggest that the parasites retain their 

infectivity for at least two days after culture initiation. 
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Figure 6.7. Infectivity of cultured infected red blood cells (iRBCs). Average 

parasitemia curves in ICR (CD-1®) mice over a 6-day period following intraperitoneal 

inoculation with 1×105 iRBCs obtained at 1- and 2-days post-culture (dpc). Error bars indicate 

standard deviation (n = 3 per group). Comparison of parasitemia levels between the two groups 

using the Mann–Whitney U test revealed no statistically significant differences (P = 0.79). 

 

6.2. Enrichment of Plasmodium berghei-derived stimuli   

To investigate the endothelial response to Plasmodium berghei, three parasite-

derived stimuli were isolated for in vitro stimulation assays: (1) infected red blood cells 

(iRBCs), obtained from the peripheral blood of infected mice via density-based 

separation; (2) culture supernatants, collected from P. berghei blood-stage cultures 

maintained under selected conditions; and (3) extracellular vesicles (EVs), further 

enriched from these supernatants through differential centrifugation. 

Isolation of iRBCs from peripheral blood or in vitro cultures using density 

gradients with Percoll or Nycodenz is one of the most employed approaches (146). 

However, the optimal gradient composition and centrifugation parameters often vary 

depending on the Plasmodium species (156). In the case of P. berghei, relatively few 

protocols have been described (157, 158), and those available did not yield satisfactory 

results under our experimental conditions. To overcome this limitation, a custom protocol 

was developed using a discontinuous Percoll gradient composed of four concentrations 
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(30%, 40%, 50%, and 60%). This method enabled a more consistent and reproducible 

separation of different iRBC subpopulations, as shown in Figure 6.8.  

Figure 6.8. Enrichment of different P. berghei blood stages using a Percoll gradient. 

(A) Representation of the discontinuous Percoll gradient used to enrich P. berghei blood stages. 

The diagram on the left shows the distinct parasite stages found at each interphase after 

centrifugation, and a photograph of the actual gradient is shown on the right. (B–E) Giemsa-

stained blood smears corresponding to each interphase: (B) Interphase between RPMI medium 

(0% Percoll) and 30% Percoll shows free merozoites. (C) Interphase between 30% and 40% 

Percoll contains mostly schizonts and some trophozoites (black arrowheads). (D) Interphase 

between 40% and 50% Percoll is enriched in early and late trophozoites, with few uninfected 

RBCs (marked with *). (E) Interphase between 50% and 60% Percoll contains mostly uninfected 

RBCs and scarce ring stages (white arrowhead). All micrographs were taken with a bright-field 

light microscope at 1000× magnification and represent a zoomed-in section of the microscope 

field for better visualization of the parasite stages. Diagram created with BioRender. 
 

Enrichment of EVs by differential ultracentrifugation remains one of the most 

widely used and cost-effective methods for concentrating these vesicles into a single pellet 

(159). This protocol was applied to supernatants from P. berghei cultures, which were 

essential as the sole viable source of parasite-specific EVs, as direct isolation from 

infected blood is impractical due to low yield and overwhelming host contamination. 

Following sequential ultracentrifugation and washing steps, a small, reddish pellet with a 

loose, sticky consistency was obtained for both parasite and control cultures (Figure 6.9). 

The pellet was resuspended in filtered PBS and stored at 4°C for up to one week for 

functional or physical characterization assays or at -80°C for protein analysis. 
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 Figure 6.9. Macroscopic appearance of small EVs pellets obtained from P. berghei 

and RBC culture supernatants. P. berghei (left) and control culture of RBCs (right) pellets after 

the washing steps of differential ultracentrifugation. Small, reddish pellets with a loose and tacky 

consistency can be observed at the bottom of the ultracentrifuge tubes, which were maintained on 

ice between centrifugation steps. 

 

6.3. Establishment and characterization of LC3-GFP tEnd.1 stable cell lines as 

autophagy model 

To monitor autophagy dynamics, a stable cell line transduced with a lentiviral 

vector encoding LC3 fused to green fluorescent protein (GFP) was generated by Dr. Jorge 

Arias-Arias. LC3 was selected as a canonical marker because its lipidated form (LC3-II) 

is specifically recruited to both the forming phagophore and completed autophagosome 

double-membrane vesicles of the autophagy pathway (92, 160).  

In this system, cytoplasmic LC3-GFP fluorescence allows for the real-time 

visualization of autophagosome formation and distribution. However, a key limitation of 

this fluorescent reporter is that the GFP signal is quenched upon autophagosome-

lysosome fusion due to the acidic and proteolytic environment of the lysosome (160). 

Consequently, while an increase in LC3-GFP puncta signal can indicate enhanced 

autophagosome formation, it can also result from a blockage in the downstream 

degradation step, leading to the accumulation of undegraded autophagosomes.  

To validate the use of the generated LC3 reporter cell lines derived from tEnd.1 

cells as a model to study autophagy, cells were exposed to a panel of well-characterized 

pharmacological treatments known to either induce or inhibit the autophagy pathway. The 

expression and distribution of LC3 were assessed in the LC3-GFP cell line by 

fluorescence microscopy, allowing for quantification of autophagic vesicle formation or 

accumulation under each condition (160, 161). 
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All treatments with autophagy inducers (rapamycin and starvation), which 

increase autophagosome formation, as well as inhibitors of autophagosome-lysosome 

fusion (bafilomycin A1 and chloroquine), which cause autophagosome accumulation, 

resulted in a significant increase in the LC3-positive area compared to the control. In 

contrast, cells treated with 3-methyladenine, an inhibitor of autophagosome initiation, 

showed no significant difference (Figure 6.10). Collectively, these results demonstrate 

that the LC3-GFP tEnd.1 cell line responds appropriately to autophagy-modulating drugs, 

supporting its validity as a reliable model for monitoring autophagic activity. 

 

A 
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Figure 6.10. Evaluation of the response of LC3-GFP tEnd.1 cells after 6-hour 

exposure to autophagy-related treatments. (A) Fluorescence imaging of LC3-GFP tEnd.1 cells 

after different autophagy-related treatments. Nuclei were stained with Hoechst 33342. Scale bars: 

10 μm. (B) Spread plots show the percentage of cellular area occupied by LC3-positive vesicles 

in LC3-GFP tEnd.1 endothelial cells after treatment to different autophagy-modulating 

treatments, compared to untreated control cells. Each dot represents an individual cell, and 

horizontal lines indicate median values. Data were obtained from at least n = 50 cells per 

condition. Statistical analysis was performed using Kruskal–Wallis with Dunn’s post hoc test. 

Significant differences were observed between all treatments and the control (P < 0.0001), except 

for 3-MA (P = 0.2714). 3-MA: 3-methyladenine (5 mM); RAPA: rapamycin (10 μM); STV: 

starvation; CQ: chloroquine (10 μM); BAF: bafilomycin A1 (100 nM).  

 

To validate that the GFP-tagged LC3 accurately reports the distribution of the LC3 

positive structures, immunofluorescence was performed with an anti-LC3 antibody. The 

high degree of colocalization (yellow in merge) between the GFP signal (green) and the 

antibody staining (red) demonstrated that the reporter correctly localizes to LC3-positive 

vesicles, confirming the specificity of the model (Figure 6.11). This result supports that 

the puncta detected in the transduced cells indeed represent LC3 accumulation, validating 

the use of LC3-GFP tEnd.1 cells as a reliable model for studying autophagy (161). 

B 
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Figure 6.11. Validation of GFP puncta in LC3-GFP tEnd.1 cells. Representative 

images of LC3-GFP tEnd.1 cells stained with an anti-LC3 antibody to confirm the identity of 

GFP-labeled vesicles after treatment with CQ for 6 hours and its respective control. The anti-LC3 

signal (red) colocalized with most GFP fluorescence (green), indicating its correspondence to 

LC3-positive vesicles (yellow in merge). Nuclei were stained with Hoechst 33342. Scale bars: 

10 μm. CQ: chloroquine (10 μM). 
 

6.4. Plasmodium berghei derived stimuli induce time- and dose-dependent LC3 

upregulation in LC3-GFP tEnd.1 cells 

To evaluate the autophagic response of endothelial cells to P. berghei-derived 

stimuli, dose-response and time-course assays were performed using LC3-GFP tEnd.1 

cells. Cells were exposed to increasing concentrations of the stimuli for different 

incubation periods, and the extent of autophagy was quantified by measuring LC3-

positive area relative to total cell area.  

These assays allowed to determine both the concentration- and time-dependent 

effects of P. berghei on endothelial autophagic activity, as well as to identify the optimal 

conditions for LC3 expression to be used in subsequent experiments. The stimuli included 

iRBCs from blood of infected mice, EVs from P. berghei culture, and the corresponding 

EV-reduced supernatant. 

For iRBCs, three RBC to EC ratios (100:1, 500:1, and 1000:1) and three 

incubation times (3, 6, and 24 hours) were tested using blood from three independent 

mice. The results showed that, at a given RBC to EC ratio, the LC3-positive area increased 

over time and in most cases was significantly higher than in the respective controls (Figure 

6.12; Figure S.1; and Figure S.2).  
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Figure 6.12. Time-course analysis of LC3 accumulation in LC3-GFP tEnd.1 

endothelial cells following incubation with P. berghei-iRBCs at a ratio of 500 RBCs per EC. 

(A) Fluorescence imaging of LC3-GFP tEnd.1 cells after 3, 6, and 24 hours of exposure to P. 

berghei iRBCs (500 iRBCs/EC), compared to controls exposed to non-iRBCs. Nuclei were stained 

with Hoechst 33342. Scale bars: 10 μm. (B) Spread plots show the percentage of cellular area 

occupied by LC3-positive vesicles in LC3-GFP tEnd.1 endothelial cells after treatment with 

different incubation times with iRBCs and control RBCs. Each dot represents an individual cell, 

and horizontal lines indicate median values. Quantification was performed across three 

independent experiments, analyzing at least n = 100 cells per condition in total. Statistical 

significance was assessed using the Mann–Whitney U test. All iRBC-treated groups showed 

significantly higher LC3-positive area compared to their respective controls at 3 hours (P < 

0.0001), 6 hours (P < 0.0001), and 24 hours (P < 0.0001). RBC: red blood cell; iRBCs: infected 

RBCs; EC: endothelial cell. 
 

Glucose levels were also measured after 6 hours at the 500:1 ratio to exclude 

nutrient depletion as a confounding factor. Levels were 11.39 ± 0.17 mmol/L (medium 

only), 11.28 ± 0.11 mmol/L control RBCs), and 9.67 ± 0.44 mmol/L (iRBCs), all within 

the physiological range for sustained metabolism. This confirms the autophagic response 

was not driven by glucose exhaustion.  

In addition, when comparing different ratios at the same incubation time, a dose-

dependent effect was observed, with the 500:1 ratio yielding significantly higher LC3 

expression (Figure 6.13). This pattern indicates that the autophagic response reaches a 

maximum at an intermediate exposure level (500 iRBC), while higher concentrations do 

not further enhance the response, suggesting the onset of a plateau effect.  

These collective results indicate that the most suitable conditions to study 

autophagy in this model are achieved with a 6-hour incubation at a 500:1 RBC-to-EC 

ratio, and that the autophagic response is unlikely to be driven by nutrient exhaustion. 

The following section addresses the study of stimuli derived from P. berghei in 

vitro cultures. For EVs, five different time points were evaluated (10 min, 30 min, 60 min 

180 min, and 360 min). The results showed a rapid accumulation of LC3 as early as 30 

minutes after the addition of the EV suspension, both for EVs derived from P. berghei 

and for EVs obtained from cultures of healthy RBCs. A peak in LC3 activation was 

observed at 1 hour of incubation with parasite-derived EVs. After this peak, LC3 intensity 

progressively declined in both groups (Figure 6.14).  

  



 

 

70 
 

 

A 

B 



 

 

71 
 

Figure 6.13. Evaluation of the effect of the iRBC-to-endothelial cell ratio. (A) 

Fluorescence imaging of LC3-GFP tEnd.1 cells after 6 hours of exposure to P. berghei iRBCs at 

three different RBC to EC ratio (100:1, 500:1, and 1000:1), compared to controls exposed to non-

iRBCs. Nuclei were stained with Hoechst 33342. Scale bars: 10 μm. (B) Spread plots show the 

percentage of cellular area occupied by LC3-positive vesicles in LC3-GFP tEnd.1 endothelial cells 

after treatment with different doses of iRBCs and control RBCs. Each dot represents an individual 

cell, and horizontal lines indicate median values. Quantification was performed across three 

independent experiments, analyzing at least n = 100 cells per condition in total. Differences among 

RBC:EC ratios within each group were assessed using the Kruskal-Wallis test followed by 

multiple comparisons. Among iRBC-treated conditions, significant differences were observed 

between 100 and 500 (P < 0.0001), 100 and 1000 (P < 0.0001), and 500 and 1000 (P = 0.0149) 

RBC:EC ratios. In control groups, significant differences were detected between 100 and 500 (P 

= 0.0004) and between 100 and 1000 RBC:EC ratios (P < 0.0001), whereas no significant 

difference was observed between 500 and 1000 RBC:EC ratios (P > 0.9999). RBC: red blood cell; 

iRBCs: infected RBCs; EC: endothelial cell. 
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 Figure 6.14. Time-course evaluation of LC3 accumulation in LC3-GFP tEnd.1 

endothelial cells following incubation with P. berghei-derived EVs (P.b-EVs). (A) 

Fluorescence imaging of LC3-GFP tEnd.1 cells after 10, 30, 60, 180, and 360 minutes of exposure 

to P.b derived EVs (50 µg of protein), compared to controls exposed to EVs from control cultures. 

Nuclei were stained with Hoechst 33342. Scale bars: 10 μm. (B) Spread plots show the percentage 

of cellular area occupied by LC3-positive vesicles in LC3-GFP tEnd.1 endothelial cells after 

treatment with different incubation times with P.b-EVs and control EVs. Each dot represents an 

individual cell, and horizontal lines indicate median values. Quantification was performed across 

three independent experiments, analyzing at least n = 100 cells per condition in total. Statistical 

analysis was performed using Mann–Whitney U test. Significant differences were observed at 30 

minutes (P = 0.0015), 60 minutes (P < 0.0001) and 180 minutes of incubation (P = 0.0073). No 

statistical differences were found at 10 minutes (P = 0.4104) and 360 minutes (P = 0.1114). EVs: 

extracellular vesicles; P.b: P. berghei. 

 

Similarly, a dose-dependent effect was assessed by testing two protein 

concentrations (10 µg and 50 µg) derived from P. berghei EVs and their respective 

controls. The results showed a significant increase in LC3 expression between the two 

protein concentrations for P. berghei EVs, whereas no significant differences were 

observed among control EVs (Figure 6.15). Taken together, these findings indicate that 

the condition yielding the strongest LC3 induction in response to EVs was incubation with 

50 µg of protein for 60 minutes. 
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Figure 6.15. Evaluation of the effect of the protein concentration from P. berghei-

derived EVs (P.b-EVs) in LC3-GFP tEnd.1 cells. (A) Fluorescence imaging of LC3-GFP tEnd.1 

cells after 60 minutes of exposure to P. berghei derived EVs at 10 and 50 µg of protein, compared 

to controls exposed to EVs from control cultures. Nuclei were stained with Hoechst 33342. Scale 

bars: 10 μm. (B) Spread plots show the percentage of cellular area occupied by LC3-positive 

vesicles in LC3-GFP tEnd.1 endothelial cells after treatment with two protein concentrations of 

P.b.-EVs and control EVs. Each dot represents an individual cell, and horizontal lines indicate 

median values. Quantification was performed across three independent experiments, analyzing at 

least n = 100 cells per condition in total. Statistical analysis was performed using Mann–Whitney 

U test. Significant differences were only observed between both concentrations of protein of P.b-

EVs (P = 0.0098). No statistical differences were found between both concentrations of protein of 

control EVs (P = 0.8056). EVs: extracellular vesicles; P.b: P. berghei. 

 

Additionally, the effect of the supernatant obtained after small EV enrichment 

(EV-reduced supernatant) was evaluated to assess the presence and impact of soluble 

parasite-derived factors, distinct from EVs, or of smaller vesicles that may not have been 

removed during ultracentrifugation. Interestingly, a different pattern of LC3 expression 

was observed, characterized by an oscillatory response in which significant time points 

alternated with non-significant ones, with the highest LC3 expression after 1 hour of 

incubation (Figure 6.16).  
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 Figure 6.16. Time-course evaluation of LC3 accumulation in LC3-GFP tEnd.1 

endothelial cells following incubation with P. berghei-derived EV-reduced supernatant (P.b-

SN). (A) Fluorescence imaging of LC3-GFP tEnd.1 cells after 0.5, 1, 3, 6, and 24 hours of 

exposure to P. berghei derived EV-reduced supernatant, compared to EV-reduced supernatant 

from control cultures. Nuclei were stained with Hoechst 33342. Scale bars: 10 μm. (B) Spread 

plots show the percentage of cellular area occupied by LC3-positive vesicles in LC3-GFP tEnd.1 

endothelial cells after treatment with different incubation times with P.b-SN and control SN. Each 

dot represents an individual cell, and horizontal lines indicate median values. Quantification was 

performed across three independent experiments, analyzing at least n = 100 cells per condition in 

total. Statistical analysis was performed using Mann–Whitney U test. Significant differences were 

observed at 1 hour (P < 0.0001), and at 6 hours of incubation (P = 0.0004). No statistical 

differences were found at 0.5 hours (P = 0.0662), 3 hours (P = 0.4993) or 24 hours (P = 0.3434). 

SN: supernatant; P.b: P. berghei. 

 

This oscillatory LC3 expression pattern may be the result of the interaction of 

multiple factors like parasite derived soluble factors and differences in the glucose 

composition of the supernatant derived from Jambou medium compared with the medium 

routinely used for culturing tEnd.1 cells. Because glucose is an important regulator of the 

autophagy pathway (162), glucose levels were quantified in both media and their 

respective supernatants using an enzymatic glucose hexokinase assay. 

The medium used for tEnd.1 cell culture contained (11.3 ± 0.2) mmol/L glucose, 

whereas Jambou medium showed a much higher concentration of (31.7 ± 0.7) mmol/L 

glucose. Although glucose levels decreased in P. berghei (24.5 ± 2.2) mmol/L, and control 

(27.6 ± 1.0) mmol/L supernatants, they remained substantially higher than those in the 

medium used for the other assays. 

Finally, the potential influence of the EV enrichment procedure on the LC3 

expression was assessed. For this purpose, two different fractions of the parasite derived 

culture medium were tested: the crude supernatant, collected prior to ultracentrifugation, 

and the EV-reduced supernatant, obtained after the EVs enrichment by ultracentrifugation. 

By comparing these fractions, it was possible to investigate whether the depletion of EVs 

from the supernatant acted as a determining factor in modulating autophagic activity in 

tEnd.1 endothelial cells (Figure 6.17). 

In both P. berghei derived samples and their corresponding controls, no significant 

differences in LC3 expression were observed between the crude supernatant and the EV-

reduced supernatant. These findings indicate that the removal of small EVs during the 

enrichment procedure did not markedly affect the autophagic response in either condition. 
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Figure 6.17. Evaluation of the effect in supernatant of the EV enrichment process in 

LC3-GFP tEnd.1 cells. (A) Fluorescence imaging of LC3-GFP tEnd.1 cells after 60 minutes of 

exposure to P. berghei derived crude and EV-reduced supernatants, compared to controls exposed 

to those same fractions from control cultures. Nuclei were stained with Hoechst 33342. Scale bars: 

10 μm. (B) Spread plots show the percentage of cellular area occupied by LC3-positive vesicles 

in LC3-GFP tEnd.1 endothelial cells after treatment with two different fractions of P.b.-SN and 

control SN. Quantification was performed across three independent experiments, analyzing at 

least n = 100 cells per condition in total. Statistical analysis was performed using Mann–Whitney 

U test. No significant differences were observed between both fractions of control SN (P = 

0.6488), and P.b-SN (P = 0.8585). SN: supernatant; EV: extracellular vesicles; P.b: P. berghei. 

 

Collectively, the three P. berghei-derived stimuli evaluated in this study induced 

a significant increase in LC3-positive vesicles in endothelial cells in a time- and dose-

dependent manner. This effect was consistently observed at defined exposure times and 

stimulus concentrations, indicating that each stimulus is sufficient to promote an increase 

of LC3-associated vesicular structures under controlled experimental conditions. 

However, at this stage it remains unclear whether this increase reflects enhanced 

autophagosome biogenesis or impaired vesicular degradation due to a defect in autophagic 

flux. 
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6.5. tEnd.1 cells display an adequate autophagic flux response when exposed to 

pharmacological inducers and inhibitors of autophagy  

Once the optimal concentrations and incubation times of the different P. berghei 

derived stimuli were established, as those that yielded the highest percentage of cellular 

area occupied by LC3-positive vesicles, the next step was to characterize the dynamics of 

the autophagic flux under these conditions.  

The aim was to determine if increased LC3 signal resulted from enhanced 

formation or impaired degradation of autophagosomes. For this, tEnd.1 cells were 

transfected with a tandem LC3-GFP-mCherry reporter. This tool exploits differential pH 

sensitivity: GFP is quenched in acidic autolysosomes, while mCherry is stable. 

Consequently, neutral autophagosomes appear as yellow puncta (GFP+mCherry+), while 

acidic autolysosomes appear as red-only puncta (mCherry+ only). This distinction allows 

precise monitoring of autophagic flux (160, 161). 

To establish a reliable quantification method, pharmacological treatments (as 

described in Section 6.4) were applied to design a pipeline for assessing both transfection 

efficiency and cellular response. Based on this approach, autophagic flux was measured 

as the ratio of autolysosomes to autophagosomes per cell. Additionally, autophagic flux 

was quantified as the ratio of autolysosomes to autophagosomes on a per-cell basis. In 

parallel, the percentage of cellular area occupied by autophagosomes and autolysosomes 

was also measured, providing complementary spatial information on vesicle distribution 

and abundance. 

Under these conditions, tEnd.1 cells exhibited an appropriate and consistent 

response to the different treatments used to modulate autophagic flux (Figure 6.18). 

Autophagy inhibitors, such as chloroquine and bafilomycin, induced a pronounced 

reduction in autophagic flux, which was reflected by the accumulation of autophagosomes 

and a relative decrease in autolysosome formation. In contrast, autophagy activators, 

including rapamycin and nutrient starvation, significantly enhanced autophagic flux, 

consistent with increased autophagosome formation followed by efficient lysosomal 

degradation. Meanwhile, treatment with 3-methyladenine did not produce a significant 

effect in tEnd.1 cells when compared with control conditions. 
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Figure 6.18. Evaluation of the response of LC3-GFP-mCherry transfected tEnd.1 

cells after 6-hour exposure to autophagy-related treatments. (A) Fluorescence imaging of 

LC3-GFP-mCherry transfected tEnd.1 cells after 6 hours of different autophagy-related 

treatments. Nuclei were stained with Hoechst 33342. Scale bars: 10 μm. (B) Spread plots show 

the autophagic flux in tEnd.1 cells after 6 hours of different autophagy-modulating treatments, 

compared to untreated control cells. Each dot represents an individual cell, and horizontal lines 

indicate median values (n ≥ 50 cells per condition). Statistical analysis was performed using 

Kruskal–Wallis with Dunn’s post hoc test. Significant differences were observed between all 

treatments and the control (P < 0.0001), except for 3-MA (P > 0.9999). (C) Spread plots showing 

the percentage of cellular area occupied by autophagosomes and autolysosomes in tEnd.1 cells 

after 6 hours of different autophagy-modulating treatments, compared with untreated control cells. 

Each dot represents an individual cell, and horizontal lines indicate median values (n ≥ 50 cells 

per condition). Statistical analysis was performed using the Mann–Whitney U test. Significant 

changes in autophagosome area were observed for all treatments (P < 0.0001), except 3-MA and 

RAPA (P > 0.9999). Likewise, autolysosome area differed significantly for all treatments (P < 

0.0001) except 3-MA (P > 0.9999). 3-MA: 3-methyladenine (5 mM); RAPA: rapamycin (10 μM); 

STV: starvation; CQ: chloroquine (10 μM); BAF: bafilomycin A1 (100 nM).  

 

6.6. Plasmodium berghei derived stimuli impair autophagic flux in tEnd.1 

endothelial cells 

In this section, the stimuli were tested using the concentrations and incubation 

times previously optimized in Section 6.4. For each stimulus, a single concentration and 

three time points were evaluated: the time at which the highest LC3 expression had been 

observed, along with one earlier and one later time point.  
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Figure 6.19. Evaluation of the response of LC3-GFP-mCherry transfected tEnd.1 

cells following incubation with P. berghei infected RBCs. (A) Fluorescence imaging of LC3–

GFP–mCherry–expressing tEnd.1 endothelial cells after 3, 6, and 24 hours of exposure to P. 

berghei iRBCs (500 iRBCs/cell) or to non-infected RBC controls. Nuclei were stained with 

Hoechst 33342. Scale bar: 10 µm. (B) Quantification of autophagic flux in tEnd.1 cells exposed 

to iRBCs across the three incubation times. Each dot represents an individual cell, and horizontal 

lines indicate median values (n ≥ 50 cells per condition). Statistical analysis with Mann–Whitney 

U test showed a significant reduction in autophagic flux at all time points: 3 h (P = 0.0072), 6 h 

(P < 0.0001), and 24 h (P < 0.0001). (C) Quantification of the percentage of cellular area occupied 

by autophagosomes and autolysosomes in tEnd.1 cells exposed to iRBCs across the three 

incubation times. Each dot represents one cell, with median values indicated (n ≥ 50 

cells/condition). Autophagosome area significantly increased in iRBC-treated cells at 3 h (P = 

0.0007), 6 h (P < 0.0001), and 24 h (P = 0.0005). Autolysosome area differed significantly 

between iRBC and control treatments at 6 h (P < 0.0001) and 24 h (P = 0.0472), but not at 3 h (P 

= 0.2523). RBC: red blood cell; iRBC: infected red blood cell. 

 

The effect of a 500 iRBC/EC ratio was evaluated across the three incubation times 

previously tested (Figure 6.19). At all time points, cells exposed to P. berghei iRBCs 

showed lower autophagic flux than cells treated with control RBCs. The autophagic flux 

induced by iRBCs remained relatively unchanged at 3, 6, and 24 hours, whereas control 

RBCs produced a time-dependent increase, with higher values at 6 and 24 hours compared 

with 3 hours (Figure 6.19B). 

Analysis of vesicle composition revealed distinct patterns in autophagy 

progression. Exposure to iRBCs resulted in an accumulation of LC3-positive 
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autophagosomes and a reduction in autolysosome area at all incubation times. A slight 

peak in autophagosome accumulation was detected at 6 hours. In contrast, control RBCs 

maintained a stable autophagosome area over time and promoted an increase in 

autolysosome area at later time points (Figure 6.19C). 

Next, the effect of 50 µg of protein from EVs was assessed (Figure 6.20). EVs 

from P. berghei induced a pronounced reduction in autophagic flux across all incubation 

times, with the greatest decrease observed after 1 hour. Control EVs from RBC cultures 

produced a progressive increase in autophagic flux over time (Figure 6.20B). 

Vesicle distribution analysis showed increased autophagosome area and reduced 

autolysosome area at all time points following incubation with P. berghei EVs. The 

highest autophagosome accumulation was observed at 1 hour, while autolysosome area 

remained similar across time points. In contrast, control EVs produced a peak in 

autophagosome area at 0.5 hours that subsequently declined, whereas autolysosome area 

increased over time (Figure 6.20C). 

 Finally, the effect of P. berghei supernatant was evaluated (Figure 6.21). A 

reduction in autophagic flux was observed at 1 and 3 hours of incubation, although the 

degree of this decrease was less pronounced than that produced by the other stimuli tested. 

In contrast, control supernatant induced a slight increase in autophagic flux at 0.5 hours 

and remained stable at subsequent time points (Figure 6.21B).  

Vesicle distribution analysis revealed a different pattern compared with the 

previous stimuli. No significant differences were found in autophagosome areas at 0.5 h 

and 3 h between P. berghei supernatant and control. A slight peak in autophagosome 

accumulation was observed at 1 hour of incubation. Autolysosome area increased after 

0.5 hour of incubation in both P. berghei and control, and there was no difference between 

both conditions at 0.5 hour incubation (Figure 6.21C).  

Taken together, these results are consistent with those reported in Section 6.4, 

where a time-dependent peak in LC3 expression was observed. The combined analyses 

showing reduced autophagic flux, increased autophagosome area, and decreased 

autolysosome area suggest that this pattern reflects impaired autophagic flux with 

autophagosome accumulation, rather than a stimulation of autophagy. 
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Figure 6.20. Evaluation of the response of LC3-GFP-mCherry transfected tEnd.1 

cells following incubation with P. berghei EVs (P.b-EVs). (A) Fluorescence imaging of LC3–

GFP–mCherry–expressing tEnd.1 endothelial cells after 0.5, 1, and 3 hours of exposure to P. 

berghei EVs (50 µg of protein) or to control EVs. Nuclei were stained with Hoechst 33342. Scale 

bar: 10 µm. (B) Quantification of autophagic flux in tEnd.1 cells exposed to P.b-EVs across the 

three incubation times. Each dot represents an individual cell, and horizontal lines indicate median 

values (n = 50 cells per condition). Statistical analysis with Mann–Whitney U test showed a 

significant reduction in autophagic flux at all time points: 0.5 h (P < 0.0001), 1 h (P < 0.0001), 

and 3 h (P < 0.0001). (C) Quantification of the percentage of cellular area occupied by 

autophagosomes and autolysosomes in tEnd.1 cells exposed to P.b-EVs across the three 

incubation times. Each dot represents one cell, with median values indicated (n = 50 

cells/condition). Autophagosome area significantly increased in P.b-EVs treated cells at 0.5 h (P 

= 0.0030), 1 h (P < 0.0001), and 3 h (P = 0.0015). Likewise, autolysosome area differed 

significantly between P.b-EVs and control treatments at 0.5 h (P = 0.0354), 1 h (P < 0.0001), and 

3 h (P < 0.0001). EVs: extracellular vesicles; P.b-EVs: P. berghei’s EVs. 

 

As observed previously in the LC3-GFP cell line, iRBCs and P.b-EVs produced 

significant differences at the same incubation times evaluated in this section, both in 

autophagic flux and in LC3-positive area corresponding to autophagosomes (Figures 6.12 

and 6.14). For P.b-SN, differences in autophagosome area were detected only at the 1-

hour time point, consistent with the oscillating pattern shown in Figure 6.16. Together 

these findings support that the cellular responses to the different pharmacological and 

biological stimuli are comparable across the two genetically manipulated cell lines. 
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 Figure 6.21. Evaluation of the response of LC3-GFP-mCherry transfected tEnd.1 

cells following incubation with P. berghei supernatant (P.b-SN). (A) Fluorescence imaging of 

LC3–GFP–mCherry–expressing tEnd.1 endothelial cells after 0.5, 1, and 3 hours of exposure to 

P. berghei SN or to control SN. Nuclei were stained with Hoechst 33342. Scale bar: 10 µm. (B) 

Quantification of autophagic flux in tEnd.1 cells exposed to P.b-SN across the three incubation 

times. Each dot represents an individual cell, and horizontal lines indicate median values (n = 50 

cells per condition). Statistical analysis with Mann–Whitney U test showed a significant reduction 

in autophagic flux at 1 h (P < 0.0001), and 3 h (P = 0.0027), while no difference was found at 0.5 

h (P = 0.8022). (C) Quantification of the percentage of cellular area occupied by autophagosomes 

and autolysosomes in tEnd.1 cells exposed to P.b-SN across the three incubation times. Each dot 

represents one cell, with median values indicated (n = 50 cells/condition). Autophagosome area 

significantly increased in P.b-SN treated cells only at 1 h (P < 0.0001), and no differences were 

found at 0.5 h (P = 0.3773) and 3 h (P = 0.2609). Autolysosome area differed significantly between 

P.b-SN and control treatments at 1 h (P = 0.0022), and 3 h (P = 0.0039), but not at 0.5 h (P = 

0.4117). SN: supernatant; P.b-SN: P. berghei’s SN. 

 

Overall, the P. berghei-derived stimuli showed similar effects on autophagic flux 

and LC3 vesicle distribution, but with distinct kinetics. iRBC exposure caused a delayed 

but sustained reduction in autophagic flux. In contrast, P. berghei-derived EVs elicited an 

early and strong response, marked by a rapid decrease in autophagic flux. Treatment with 

P. berghei supernatant also induced an early but more modest response. In parallel, control 

conditions displayed a linear increase in autophagic flux over time, consistent with basal 

autophagy progression under the experimental settings. 
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6.7. Physical characterization of small extracellular vesicles produced by P. berghei 

in vitro show heterogenous size subpopulations  

The physical properties of EV-enriched fraction obtained from both parasite-

infected cultures and control EVs from non-infected RBCs cultures were evaluated. 

Parameters such as size, particle concentration, and zeta potential were determined using 

Dynamic Light Scattering (DLS). 

In both experimental groups, three distinct populations of extracellular vesicles 

were detected, with approximate diameters of 25 nm, 100 nm, and 400 nm. Among these, 

the vesicles around 100 nm constituted the predominant population in terms of signal 

intensity, representing approximately 70% of the total (Figure 6.22A). Nevertheless, the 

25 nm vesicle population exhibited the highest particle concentration per milliliter (Figure 

6.22B). Based on the overall distribution, the mean hydrodynamic size of EVs isolated 

from P. berghei cultures was calculated as 103 ± 12 nm, whereas EVs obtained from the 

control RBC cultures showed a size of 104 ± 17 nm.  

Figure 6.22. Physical characterization of EVs produced by P. berghei (P.b-EVs) and 

RBCs cultures (control EVs) using DLS. (A) Distribution of particle populations; the line 

represents the average signal intensity across different sizes, while the shaded area corresponds to 

the respective standard deviation. (B) Quantification of particle concentration (particles/mL) for 

the three identified subpopulations, showing mean values and standard deviations. A total of n = 

3 independent EVs preparations obtained from separate cultures were analyzed for each condition, 

with each sample measured in triplicate. 
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The polydispersity index (PDI) indicated a heterogeneous EV size distribution. In 

general, PDI values approaching zero reflect a highly monodisperse population, whereas 

values closer to unity indicate increasing polydispersity. Both conditions exhibited 

relatively high PDI values, consistent with substantial heterogeneity in vesicle size 

distribution (Figure 6.22). In addition, the zeta potential measurements revealed values 

close to –12 mV for both groups, which points to a low colloidal stability of the vesicle 

suspensions under the experimental conditions (Table 6.1). No statistically significant 

differences were observed in these parameters between the two conditions. 

 

Table 6.1. Physical characterization of EVs produced by P. berghei (P.b-EVs) and 

RBCs cultures (control EVs) using DLS. Data corresponds to the mean ± standard 

deviation of n = 3 independent samples, each measured in triplicate. P-values were 

calculated using an unpaired two-tailed Student's t-test to compare parameters between 

the two experimental groups. 

Parameter P.b-EVs Control EVs P-value 

Size (nm) 103 ± 12 104 ± 17 0.9377 

Intensity area (%) 73 ± 7 72 ± 6 0.8601 

Polydispersity index 0.56 ± 0.07 0.46 ± 0.06 0.1335 

Zeta potential (mV) –12.2 ± 0.9 –12.55 ± 0.04 0.5379 

 

 To provide direct morphological characterization of the isolated vesicles, air-dried 

samples adsorbed onto freshly cleaved mica were analyzed by Atomic Force Microscopy 

(AFM) operated in tapping mode under ambient conditions. This high-resolution 

technique enabled the visualization of individual small EVs at the nanoscale, offering a 

crucial complement to the ensemble-average size data obtained by DLS.  

Representative AFM images are presented in Figure 6.23. The low-magnification 

topographical map (Figure 6.23A) reveals a heterogeneous population of discrete, 

spherical nanoparticles deposited across the substrate, alongside occasional aggregates 

and residual debris. Subsequent higher-magnification analysis, including a three-

dimensional topographical rendering (Figure 6.23B) and a corresponding high-resolution 

height image (Figure 6.23C), confirms the vesicular morphology and allows for the clear 

resolution of individual particles.  
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Figure 6.23. Atomic force microscopy (AFM) imaging of small extracellular vesicles 

derived from a Plasmodium berghei culture. (A) Representative low-pass filtered AFM height 

image depicting a heterogeneous population of spherical nanoparticles isolated from P. 

berghei culture supernatant. (B, C) Higher-magnification views of the region of interest outlined 

in (A). (B) Three-dimensional topographical rendering of the corresponding AFM height data. (C) 

High-magnification AFM height image resolving individual extracellular vesicles. (D) 

Representative cross-sectional height profiles extracted from the line scans marked in (C). Each 

profile corresponds to an isolated vesicle, with horizontal arrows indicating the full width at half 

maximum (FWHM) for each peak. 

 

The size of EVs was primarily determined from AFM height measurements of air-

dried samples, which are less affected by tip convolution than lateral dimensions. The 

measured vesicle heights ranged from approximately 14 to 49 nm (Figure 6.23D). In 

addition, apparent lateral dimensions were estimated from the full width at half maximum 

(FWHM) of height profiles to provide a comparative measure of vesicle spread and 

interaction with the substrate (163). These FWHM values for the representative vesicles 

shown ranged from approximately 82 to 100 nm. The lateral dimensions are consistently 

larger than the heights, which is expected due to the combined effects of tip-sample 

convolution and the lateral deformation or flattening of soft vesicles upon adsorption and 

drying on the solid support (163, 164). 
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6.8. Proteomic characterization reveals diverse biological functions and subcellular 

origins of small extracellular vesicles produced by P. berghei in vitro 

Following physical characterization, protein profiling of the EV-enriched fraction 

was performed. It should be noted that this approach primarily allows the detection of 

abundant, soluble proteins and is less suitable for the resolution of low-abundance or 

transmembrane proteins, which are often underrepresented. SDS-PAGE was carried out 

on 10% acrylamide gels, and the proteins were visualized using different staining 

methods, including Coomassie Blue R-250 (Figure 6.24A) and silver staining (Figure 

6.24B). Each lane was loaded with 5 µg of protein from either the EV preparations or the 

corresponding EV-reduced culture supernatants (SN) from which the EVs had been 

enriched, in order to compare banding patterns between sample types (EVs vs SN) and 

between experimental conditions (P. berghei vs control). 

The gel images revealed clear differences in the banding patterns between the two 

sample types. In Figure 6.24A, bands around ~95 kDa were observed exclusively in the 

EV lanes and were absent in the corresponding SN lanes. In addition, a higher band density 

was detected in the EV lanes in the upper region of the gel (>170 kDa). A faint band 

between 26 and 34 kDa was also visible in the EV lanes but not in the SN. 

Similarly, in Figure 6.24B, the ~95 kDa band was again detected exclusively in 

the EV samples. Marked differences were also observed in the lower molecular weight 

region (17-34 kDa). Three bands were present in the control EV lane but were absent in 

the corresponding supernatant lane. In contrast, the P. berghei EV lane displayed a single 

prominent band at approximately 34 kDa, while the bands at 17 and 25 kDa were faint or 

not clearly detectable. 

Collectively, the distinct protein profiles observed between EV fractions and their 

paired supernatant samples support the effective enrichment of vesicle-associated 

proteins. However, no clear qualitative differences were detected between control and P. 

berghei-derived EVs, suggesting the need for more sensitive analytical techniques to 

accurately identify potential differences in their protein composition. 
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Figure 6.24. Electrophoretic SDS-PAGE protein profile of EVs and EV-reduced 

supernatants (SN) from P. berghei (P.b) and RBCs cultures (Ctrl). (A) Coomassie blue and 

(B) silver stains showing distinct banding patterns between sample types. Asterisks (*) indicate 

protein bands detected in the EV lanes but absent in their corresponding SN lanes. For both 

staining methods, 5 µg of protein per sample were loaded onto the gels. 

 

Furthermore, proteomic profiling of the enriched small EV fraction was 

undertaken to identify their protein cargo and infer their subcellular origins in the parasite. 

This analysis identified 60 proteins from P. berghei in the small EV fraction. In contrast, 

only 14 proteins were detected in the EV-depleted supernatant. Notably, the majority of 

supernatant proteins (12 out of 14) overlapped with those identified in the small EVs 

(Figure 6.25A). The complete list of identified P. berghei proteins found in small EVs and 

in its corresponding EV-reduced supernatant is provided in Table 6.2 and Table 6.3, 

respectively.  

Conversely, the proteomic cargo was prominently composed of RBC-derived 

proteins. A total of 99 Mus musculus proteins were identified in the EV fraction, compared 

to 32 in the corresponding EV-reduced supernatant, with 26 proteins shared between both  

fractions. Key identifications comprised major cytosolic components (e.g., hemoglobin, 

carbonic anhydrase, heat shock proteins), integral membrane proteins (e.g., Band 3), and 

cytoskeletal elements (e.g., spectrin, ankyrin, actin) consistent with previous reports (165–

167) (Table S.1). 
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Figure 6.25. Proteomic profiling of small extracellular vesicles produced by P. 

berghei in vitro. (A) Venn diagram showing the distribution of P. berghei proteins identified in 

the enriched small EV fraction and their respective EV-reduced supernatant (SN). A total of 60 

parasite proteins were identified in the EV fraction, of which 48 were unique to this fraction. (B-

D) Classification of the 60 P. berghei proteins identified in the small EV fraction based on UniProt 

annotations. Proteins are categorized by (B) their association with membranes, (C) their primary 

biological process, and (D) their predicted subcellular origin within the parasite. (E, F) Gene 

Ontology (GO) enrichment analysis for (E) Biological Process and (F) Cellular Component 

categories. Enrichment analysis was performed using the STRING database (version 12.0), and 

the eight GO terms with the highest signal values meeting the significance threshold (FDR < 0.01) 

are shown. PV: parasitophorous vacuole. 

 

The 60 P. berghei proteins identified in the small EVs were classified by their 

physicochemical properties and biological functions to delineate the nature of the 

vesicular cargo. Based on their association with cellular membranes, the majority of 

proteins (70%) were soluble, with membrane-associated proteins constituting 25% and 

5% remaining unclassified (Figure 6.25B).  

Functional categorization, based on UniProt annotations, revealed a diverse 

proteome with representants of core cellular processes. The largest functional groups were 

involved in proteostasis (e.g., chaperones, proteasome subunits), protein synthesis (e.g., 

ribosomal proteins, elongation factors), and nucleic acid processing (e.g., histones, RNA-

binding proteins). Central energy metabolism (e.g., glycolytic enzymes) was also present. 

Importantly, proteins with direct roles in pathogenesis were identified, including those 

involved in host cell invasion and adhesion and RBC remodeling. A substantial proportion 

(11.7%) of proteins had no annotated function (Figure 6.25C). 

Supporting this functional profile, Gene Ontology (GO) enrichment analysis of the 

EV-associated proteins confirmed a significant overrepresentation of specific biological 

processes (Figure 6.25E). The most enriched processes included metabolic pathways such 

as glycolysis, as well as protein-related processes including translation, protein 

catabolism, and proteolysis.  

Notably, the analysis confirmed the presence of several protein classes previously 

established as components of Plasmodium EVs. These included ribosomal proteins, 

glycolytic enzymes, heat shock proteins, proteins associated with host cell invasion (e.g., 

MSP1 and MSP9), and factors implicated in RBC remodeling (e.g., Kelch and RESA 

domain containing proteins) as shown in Table 6.2 (166, 167). 
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To gain insight into the potential subcellular origins of the EVs within the parasite, 

the identified proteins were mapped to their primary compartmental localization based on 

UniProt annotations (Figure 6.25D). The analysis revealed that the cytoplasm was the 

predominant source, followed by ribosomal and nuclear compartments. This finding was 

corroborated and supported by GO Cellular Component enrichment analysis, which 

confirmed a significant overrepresentation of cytosolic components, ribosomal 

components, and nucleosome (Figure 6.25F). Additionally, proteins typically destined for 

secretory pathways or localized to parasite-specific organelles, such as the rhoptry and 

food vacuole, were present, though in lower proportions.  

The combined profile of membrane-associated proteins and soluble cargo from 

multiple subcellular compartments indicates a heterogeneous population of EVs. This 

heterogeneity likely reflects vesicles originating from distinct cellular sources or pathways 

within the parasite. Supporting this notion, it was demonstrated that EVs derived from in 

vitro cultured P. falciparum are released throughout all asexual blood stages and originate 

from specific subcellular microdomains (167).  

Collectively, these results establish the first comprehensive proteomic profile of 

small extracellular vesicles from P. berghei. The identified cargo, enriched in core cellular 

components and specific virulence factors, suggests that extracellular vesicles might have 

alternative biogenesis pathways in Apicomplexa due to genomic evidence indicating a 

simplified ESCRT machinery in Plasmodium (168). 

 

Table 6.2. Parasite-derived proteins identified in small extracellular vesicles (EVs) 

enriched from Plasmodium berghei culture. 

UniProt ID Description/Name Biological function 

A0A077XDU3 Elongation factor 1-alpha protein biosynthesis 

A0A509AF83 Tubulin alpha chain cytoskeleton 

A0A509AFB5 Proteasome subunit alpha type proteolysis 

A0A509AGL9 40S ribosomal protein S19, putative translation 

A0A509AGS1 
mRNA-decapping enzyme subunit 1, 

putative 
mRNA processing 

A0A509AGU3 

DNA recombination and repair protein 

Rad51-like C-terminal domain-containing 

protein 

double-strand break repair 

via synthesis-dependent 

strand annealing 

A0A509AHK5 Serine repeat antigen 2 (PbSERA2) proteolysis 
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A0A509AI32 T-complex protein 1 subunit alpha stress response 

A0A509AI36 40S ribosomal protein S11, putative translation 

A0A509AI62 Tryptophan-rich protein unknown 

A0A509AID9 
Probable ATP-dependent 6-

phosphofructokinase 
glycolysis 

A0A509AIJ0 GTP-binding nuclear protein protein transport 

A0A509AIM6 Phosphoglycerate kinase glycolysis 

A0A509AJ75 Tryptophan-rich protein unknown 

A0A509AJG0 Endoplasmic reticulum chaperone BIP stress response 

A0A509AJW1 
Vacuolar protein sorting-associated protein 

9, putative 
vesicle-mediated transport 

A0A509AJX6 Plasmepsin IV proteolysis 

A0A509AK18 26S protease regulatory subunit 6A, putative proteolysis 

A0A509AK78 Heat shock 70 kDa protein stress response 

A0A509AKH1 Uncharacterized protein unknown 

A0A509AKL5 
Cell division cycle protein 48 homologue, 

putative 
cell division 

A0A509AL04 40S ribosomal protein S25 translation 

A0A509ALB0 40S ribosomal protein S15, putative translation 

A0A509ALB2 Merozoite surface protein 1 attachment; invasion 

A0A509ALB6 
Membrane associated histidine-rich protein 

1a 

host erythrocyte 

remodeling & Maurer's 

cleft biogenesis 

A0A509ALD2 Uncharacterized protein unknown 

A0A509ALK9 Rhoptry-associated protein 1 invasion 

A0A509ALN8 rRNA 2'-O-methyltransferase fibrillarin nucleic acid processing 

A0A509ALS9 Kelch domain-containing protein, putative host cell remodeling 

A0A509AMA0 Histone H4 DNA packaging 

A0A509AMG6 
Plasmodium RESA N-terminal domain-

containing protein 
host cell remodeling 

A0A509AMU2 
ABC transporter E family member 1, 

putative 
transport 

A0A509AMZ0 Small ribosomal subunit protein uS10 translation 

A0A509ANB9 Heat shock protein 90, putative stress response 

A0A509ANN1 T-complex protein 1 subunit epsilon stress response 

A0A509APS4 
26S proteasome regulatory subunit RPN11, 

putative 
proteolysis 

A0A509APY8 60S ribosomal protein L27, putative translation 

A0A509APZ5 
Spatacsin C-terminal domain-containing 

protein 
proteolysis 

A0A509AQ04 Glyceraldehyde-3-phosphate dehydrogenase glycolysis 

A0A509AQ68 Enolase glycolysis 
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A0A509AQB1 Elongation factor 2, putative protein synthesis 

A0A509AQF4 Histone H2B DNA packaging 

A0A509AQH1 40S ribosomal protein S4 translation 

A0A509AQP3 Small ribosomal subunit protein eS1 translation 

A0A509AQR5 Histone H2A DNA packaging 

A0A509AQX1 DNA/RNA-binding protein Alba 4, putative nucleic acid processing 

A0A509AR35 Uncharacterized protein unknown 

A0A509AR45 Proteasome subunit beta proteolysis 

A0A509AR46 
Vacuolar import/degradation Vid27 C-

terminal domain-containing protein 
unknown 

A0A509AR47 Uncharacterized protein unknown 

A0A509ASB5 
Vacuolar protein sorting-associated protein 

4, putative 
vesicle-mediated transport 

A0A509ASE6 Histone H3 DNA packaging 

A0A509AT96 Exported protein IBIS1 host cell remodeling 

A0A509ATH3 
26S protease regulatory subunit 10B, 

putative 
proteolysis 

A0A509AU86 DNA/RNA-binding protein Alba 1, putative nucleic acid processing 

A0A509AVK2 Proteasome subunit alpha type-1, putative proteolysis 

A0A509B0Y3 Merozoite surface protein 9, putative attachment; invasion 

P49577 Fructose-bisphosphate aldolase 2 glycolysis 

Q4Z1L3 Actin-1 cytoskeleton 

Q7SI97 L-lactate dehydrogenase glycolysis 

 

Table 6.3. Parasite-derived proteins identified in EV-reduced supernatant (SN) 

from Plasmodium berghei culture. Proteins marked with an asterisk (*) were detected 

exclusively in the EV-reduced supernatant fraction. 

UniProt ID Description/Name Biological function 

A0A077XDU3 Elongation factor 1-alpha protein biosynthesis 

A0A509AGL4 Niemann-Pick type C1-related protein * 
transport; membrane 

biogenesis 

A0A509AGU3 

DNA recombination and repair protein 

Rad51-like C-terminal domain-containing 

protein 

double-strand break repair 

via synthesis-dependent 

strand annealing 

A0A509ALB2 Merozoite surface protein 1 attachment; invasion 

A0A509AMG6 
Plasmodium RESA N-terminal domain-

containing protein 
host cell remodeling 

A0A509AQ04 Glyceraldehyde-3-phosphate dehydrogenase glycolysis 

A0A509AQ68 Enolase glycolysis 

A0A509AQR5 Histone H2A DNA packaging 
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A0A509AR35 Uncharacterized protein unknown 

A0A509AR46 
Vacuolar import/degradation Vid27 C-

terminal domain-containing protein 
unknown 

A0A509ASB5 
Vacuolar protein sorting-associated protein 4, 

putative 
vesicle-mediated transport 

A0A509AYN3 Uncharacterized protein * unknown  

P49577 Fructose-bisphosphate aldolase 2 glycolysis 

Q7SI97 L-lactate dehydrogenase glycolysis 
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7. Discussion 

This study aimed to optimize Plasmodium berghei culture conditions to validate 

it as a robust in vitro model for murine malaria. Then, the effect of blood-stage P. 

berghei stimuli on the autophagy pathway in endothelial cells was evaluated to determine 

its possible involvement in malaria physiopathology. Therefore, a physicochemical 

characterization of P. berghei-derived extracellular vesicles was conducted to analyze 

parasite behavior in vitro and to further validate the convenience of the culture for future 

research.    

7.1. Limited in vitro maintenance of Plasmodium berghei requires defined and 

short-term culture conditions. In vitro pathogen culture has enabled the study of 

numerous infectious diseases in an isolated setting, reducing or eliminating the need for 

host organisms. However, establishing long-term cultures of fastidious microorganisms, 

including many protozoa, remains a significant challenge (169).  

Among Plasmodium blood stages, just a few species have been successfully 

cultured in vitro to date. For human parasites, only P. falciparum and P. knowlesi can be 

maintained in long-term cultures (145, 170). P. falciparum was the first to be cultivated 

in 1976 and has been central in advancing the understanding of parasite biology and 

enabling genetic manipulation (141, 145). Among murine parasites, progress has been 

more limited. Species such as P. chabaudi and P. yoelii have shown varying degrees of 

success in short-term in vitro maintenance, but none has achieved a reliable continuous 

culture system like P. falciparum (145, 170, 171). 

For other human and murine species, including P. vivax and P. berghei 

respectively, cultivation has been restricted to short-term or ex vivo systems sustaining 

only a few replication cycles (172, 173). However, there are claims in the literature of 

long-term P. berghei culture systems being maintained for up to 90 days, and in one 

instance, for 45 weeks (140, 143). 

Under the tested laboratory conditions, P. berghei exhibited short-term growth, 

sustaining viability for approximately four days post-culture initiation across all variables. 

These conditions, selected to optimize parasite’s viability and growth rate, were based on 

established literature and included variations in temperature, gas atmosphere composition, 

and media formulation.  
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The gas atmosphere composition was found to be critical for parasite viability. 

Optimal results were achieved using a controlled gas mixture (90% N2, 5% O2, 5% CO2).  

In contrast, cultures maintained in a candle jar system showed a drastic reduction 

in parasitemia from the first day post-initiation (Figure 6.1). By day two, most parasites 

under this condition exhibited degraded morphology, including condensed nucleus and 

basophilic cytoplasm. Furthermore, a visible difference in the color of the culture 

supernatant, due to its pH indicator, confirmed a sharp distinction in metabolic activity 

and supernatant pH between the two conditions (Figure 6.2), providing an additional 

explanation for the observed loss of viability and cellular degradation in the candle jar 

system.   

The literature on P. berghei culture presents conflicting reports regarding the 

candle jar method, with some authors considering insufficient (174) and others claiming 

successful long-term cultures (140). 

Similar results were reported by (175), who compared the growth rate and 

hemozoin production of P. falciparum in low oxygen (93% N2, 3% O2, 4% CO2) versus 

high oxygen (candle jar) environments. They used blood from donors with normal 

hemoglobin (AA), sickle cell trait (AS), and sickle cell disease (SS). Parasites in AA and 

AS RBCs showed higher growth rates in low oxygen, especially in AA cells. However, 

the opposite effect was observed in SS RBCs. This demonstrates the parasite's adaptability 

to various biological conditions and supports established malaria theory.   

This dependency on a specific microaerophilic environment is consistent with 

Plasmodium's biology. Gas composition is critical for parasite growth and development. 

CO2 plays an essential role in maintaining the CO2/HCO3
⁻ buffering system, which helps 

stabilize the culture pH, as well as for pyrimidine biosynthesis (176). O2 is equally 

important, as blood-stage Plasmodium parasites rely predominantly on anaerobic 

glycolysis for energy production and possess limited antioxidant defenses. Moreover, the 

digestion of hemoglobin generates free heme, which can produce reactive oxygen species 

(ROS) in the presence of oxygen, making the parasite particularly vulnerable to oxidative 

stress (177, 178). As an intracellular protozoan, it is adapted to low oxygen concentrations 

(approximately 3-5%) for optimal growth (178). While the candle jar method is a common 

and inexpensive technique used for cultivating microorganisms like P. falciparum, it only 
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reduces oxygen to approximately 16-18% (175, 179). Furthermore, it offers less precise 

control over the gas composition compared to a regulated gas mixture. 

Today, sophisticated incubation systems are available that provide stable, long-

term control of the atmospheric environment, which is essential for achieving robust and 

reproducible culture results (179). 

Next, the assessment of incubation temperature revealed that lower temperatures 

(28 °C) sustained significantly higher parasitemia for extended periods. In contrast, 

cultures maintained at physiological temperatures (35 °C and 37 °C) showed no 

significant changes in parasite growth (Figure 6.3). Most of existing literature reports 

incubation temperatures ranging from 22 °C to 37 °C, with results showing similar 

tendencies to those observed in this study. 

The study by Ramaiya et al., evaluated the multiplication rate of P. berghei over 

four days at three temperatures (22 °C, 27 °C, and 37 °C) with a 1.0% initial parasitemia. 

Until day three, parasites incubated at 22 °C showed the highest parasitemia (34.50%), 

while those at 37 °C showed the lowest (12.40%). On the following day, the 27 °C 

condition resulted in the highest parasitemia (53.47%) (140). The most frequently used 

temperature for P. berghei culture is 37 °C (143, 144, 174), although some studies 

recommend lower temperatures (32 °C to 34 °C) (144, 180), as they maintain the parasite's 

life cycle duration without apparent changes. 

Temperature is a critical variable for cell growth, regulating the rate of 

biochemical and enzymatic reactions necessary for metabolism and biomass increase. P. 

berghei presents a particular challenge due to its high replication rate and short 

erythrocytic cycle (22-24 hours), which is faster than that of human parasites (ranging 

from 24-48 hours in P. falciparum to up to 72 hours in P. malariae) (27). In a closed in 

vitro system, this rapid growth can quickly deplete nutrients and available host cells, and 

lead to the accumulation of toxic waste products.  

Lower temperatures (20°C to 30°C) are also used to reduce the parasite's 

multiplication rate, allowing for longer observation of specific stages and reducing the 

need for medium changes and new RBCs addition (143). However, this may induce 

important biological changes in parasite growth and metabolism.  
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To highlight temperature relevance on parasite development, one study on P. 

falciparum showed that a mild drop to 34 °C had no significant impact compared to the 

standard 37 °C. Nevertheless, more extreme temperatures were clearly harmful. 

Incubation at 4 °C completely arrested development at the ring stage, and although 

exposure to 40 °C briefly sped up the parasite cycle, sustained high temperatures 

ultimately became lethal (181). 

This temperature-dependent effect on parasite development has also been 

documented in the present experiments. At 28 °C, parasitemia could be maintained for 

longer periods, but the progression through the erythrocytic cycle was noticeably slower. 

This was reflected in the delayed appearance of schizonts, which are typically scarce in 

the peripheral blood of infected mice (182–184). At 35 °C and 37 °C, schizonts were 

detectable within the first 24 hours of culture, whereas at 28 °C they appeared only around 

the third day (Figure 6.4). Such a delay suggests an extension of the asexual cycle from 

the usual 22–24 hours to approximately 60–72 hours. This is consistent with previous 

reports describing temperature-induced alterations in parasite replication, in which 

schizonts are rarely observed during the first 24 hours of culture at lower temperatures 

(185, 186).  

Therefore, 35 °C was selected as the optimal incubation temperature. This 

condition maintained the parasite's normal developmental life cycle, as indicated by shifts 

in the predominant life stages observed on different days. Furthermore, it slightly reduced 

the metabolic rate, thereby preventing nutrient depletion and toxic waste accumulation 

between medium changes. 

Finally, the impact of media formulation was assessed by comparing three 

variations derived from the original P. falciparum culture medium proposed by Trager 

and Jensen (1976). All three formulations were based on RPMI 1640 but differed in their 

supplements: the Trager and Jensen modified medium (1976), the formulation by Janse 

et al. (1984), and the formulation by Jambou et al. (2011). 

The results revealed distinct effects on parasite viability. Parasites cultured in the 

modified Trager & Jensen’s medium and in Jambou’s medium exhibited very similar 

growth dynamics. In contrast, Janse’s medium led to a rapid decline in parasitemia and 

viability, with few to no parasites remaining by day two (Figure 6.5). However, a direct 



 

 

102 
 

comparison of these studies is challenging due to significant variability in their specific 

culture conditions and media formulations.  

While Trager & Jensen's medium was formulated for P. falciparum and the 

Janse’s and Jambou’s media for P. berghei, all three have supported long-term cultures 

in their original studies: up to 53 days, 90 days, and 12 days, respectively (141, 143, 144). 

However, some authors have noted that stable parasitemias are typically maintained for 

only 7 days or less, and that most in vitro cultures are used primarily to generate schizonts 

for transfection (180, 187). In these protocols, cultures intended for schizont production 

are generally maintained only overnight. Following transfection, parasites are generally 

returned to a living host, underscoring the limited ability to sustain continuous culture in 

vitro (180, 187). The durations reported in most studies are considerably longer than the 

4-day viability observed here, likely reflecting the inability to reproduce the same 

physical, chemical, or biological conditions. 

A key difference between formulations is the use of serum. The original Trager & 

Jensen formulation used 10% human serum, while modern modified versions, including 

those of modified Trager & Jensen and Jambou, replace it with AlbuMAX™ (a lipid-rich 

bovine serum albumin) and supplement hypoxanthine as a purine source (141, 142). This 

substitution enhances reproducibility, reduces biological risks, and minimizes batch-to-

batch variability.  

In contrast, Janse’s medium retains 10% fetal calf serum (FCS) instead of 

AlbuMAX™ and does not include exogenous hypoxanthine (143). Plasmodium lacks de 

novo purine synthesis metabolism, so it depends entirely on salvage pathways for 

hypoxanthine or related nucleosides to sustain replication (188, 189). While FCS naturally 

contains variable amounts of salvageable purines, AlbuMAX™-based media require 

explicit hypoxanthine supplementation. This reliance on the inconsistent purine content 

of FCS likely explains the poor performance of Janse’s formulation under these 

conditions. 

Although FCS is a common supplement in other cell culture systems, these results 

demonstrate that it is detrimental to P. berghei growth under these conditions. No 

definitive explanation was found for this anomalous result. One possibility is that there is 

an insufficient supply of purines to sustain parasite replication. The hypoxanthine 
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concentration in FCS has been reported to be approximately 74.7 ± 31.9 µmol/L (190). 

This is far lower than the 200 µmol/L explicitly supplemented in the other two 

formulations, and, as Janse's medium uses only 10% FCS, the final available 

concentration in the culture would be diluted to roughly 7.5 µmol/L.  

This hypothesis, however, presents a paradox: in mice sera, hypoxanthine levels 

are reported to be much lower (1.1 ± 0.8 µmol/L) and could explain Janse’s prolonged 

culture (143, 190). Also, this discrepancy may suggest that the parasite's in vitro purine 

requirement may not be directly comparable to its in vivo environment, possibly due to 

the presence of alternative nucleoside sources in vivo. 

Moreover, these considerations become even more relevant for P. berghei, whose 

erythrocytic cycle (22–24 h) and rapid metabolic turnover impose substantially higher 

purine requirements than those of P. falciparum. A faster DNA replication rate and 

accelerated biomass accumulation likely make P. berghei more sensitive to fluctuations 

in purine availability, particularly in vitro where continuous supply mechanisms are 

absent. 

Such differences between in vivo and in vitro purine availability were illustrated 

by Tewari et al. in P. falciparum, who demonstrated that low hypoxanthine concentrations 

(0.5 µmol/L) are insufficient to sustain long-term parasite viability. After 72 h of 

deprivation, growth could not be restored even when cultures were subsequently 

supplemented with high hypoxanthine levels (90 µmol/L). The loss of viability was 

associated with broad metabolic dysfunction, including alterations in fatty acid synthesis, 

the pentose phosphate pathway, methionine metabolism, and coenzyme A biosynthesis 

(188). 

Additionally, Jambou's medium consisted of a 3:1 mixture of RPMI 1640 and 

DMEM-F12, supplemented with higher concentrations of glucose and NaHCO3, as well 

as calcium, choline, and gelatin. The DMEM-F12 component contributed key nutritive 

elements not present in standard RPMI 1640, including a broader spectrum of amino acids 

(e.g., alanine, cysteine), higher levels of vitamins (such as lipoic acid and thiamin), and 

additional trace elements like iron, copper, and zinc, which can be crucial for parasite 

metabolism and growth. 
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According to the authors, this nutrient-rich formulation and set up were designed 

to address specific challenges in P. berghei long-term culture. Specifically, gelatin was 

included to prevent hemolysis due to mouse RBC instability. For this reason, Jambou's 

formulation was selected for this study, as it represented the most nutrient-rich option, 

designed to fulfill the parasite's established nutritional requirements (144). For this reason, 

Jambou's formulation was selected for this study, as it represented the most nutrient-rich 

option, designed to fulfill the parasite's established nutritional requirements. 

Beyond the nutritional formulation, the physical conditions of culture are critical 

for parasite yield and RBC integrity. While other protocols, such as the one described by 

Janse et al., employ constant agitation using a magnetic stirrer, Jambou et al., 

demonstrated that orbital shaking significantly reduces hemolysis compared to magnetic 

stirring (143, 144). This method facilitates the gentle release of merozoites trapped within 

the RBC membrane while preserving host cell stability. Therefore, an orbital shaker was 

selected as the agitation method for this study to optimize both parasite propagation and 

the maintenance of RBC viability. 

One significant difference between the experimental conditions in this study and 

those in the literature was the source of RBCs. This study utilized RBCs from ICR (CD-

1®) mice, whereas Jambou et al. used CBA/Ca and C57BL/6 mice, and Janse et al. used 

Wistar rat RBCs (143, 144). This is a major variable, as the strain and species of the host 

can significantly influence parasite infectivity due to differences in cell surface receptors 

and RBC stability. Consequently, the use of ICR mouse RBCs remained a key variable 

that could directly affect the outcome and comparability of the culture experiments in this 

study. 

The impact of this biological variable is best demonstrated by Janse's experiments, 

where the shift from mouse to rat RBCs extended the viability of P. berghei cultures from 

only 9 days to a remarkable 90 days (143). This underscores that the host RBC source can 

be an even more critical factor for long-term culture than the nutrient composition of the 

medium itself. 

This differential infectivity has been documented in P. berghei, affecting exo-

erythrocytic stages as well as overall infection progression and mortality across different 

host strains (191, 192). For example, whereas only 50 sporozoites were required to infect 
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all C57BL/6 mice, up to 20,000 were needed to achieve the same effect in ICR (CD-1®) 

mice (191). A similar trend was observed with P. yoelii, the infective dose 50 (ID50) for 

strains like BALB/c, C57BL/6, A/J, and B10BR ranged from 4.9 to 10.6 sporozoites, but 

was 147 sporozoites for ICR (CD-1®) mice (193). This inherent resistance to Plasmodium 

infection of the ICR (CD-1®) mice, the RBC source in this study, likely constitutes a 

major factor behind the limited culture viability observed.  

Several other limitations for long-term P. berghei cultivation, both reported in the 

literature and observed in this study, include low RBC stability, the parasite's specific 

tropism for reticulocytes, and the failure of merozoites to reinvade new host cells (143, 

144). 

Low RBC stability is closely related to media formulation. It has been 

demonstrated that serum-free formulations lacking essential components like cholesterol 

induce significant changes in RBC membrane integrity (194). For this reason, serum 

protein substitutes such as AlbuMAX™ are a standard supplement in Plasmodium culture 

media to provide protein and lipid stability to the RBC membrane (142). This was 

observed in Giemsa-stained smears after three days in culture, where RBCs appeared 

flattened, more fragile, and exhibited an altered staining pattern (Figure 6.6). The absence 

of serum also impairs critical biological processes, such as the export of parasite proteins 

to the RBC membrane (e.g., PfEMP1 in P. falciparum) and the commitment and 

maturation of gametocytes in both P. falciparum and P. berghei (195, 196). 

Additionally, the choice of serum source (FCS, mouse serum, or rat serum) in 

serum-containing media, introduces another layer of variability. These sources differ not 

only in their lipid profiles and nutrient composition but also in the presence of species-

specific antibodies, hormones, and other bioactive molecules like EVs. Consequently, the 

serum component can directly affect parasite invasion, growth rate, and the osmotic 

stability and longevity of the host RBCs in culture. 

To address the issue of hemolysis due to poor RBC membrane stability, gelatin 

was included in Jambou's formulation. Low concentrations of gelatin (0.1%) reduce in 

vitro hemolysis by acting as a protective colloid, increasing medium viscosity, forming a 

hydrated macromolecular layer on the erythrocyte surface, and dampening local 

mechanical and osmotic stresses (144, 197). However, no appreciable differences in RBC 
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stability were observed when compared to gelatin-free media. Therefore, for subsequent 

stimulation assays, iRBCs were isolated directly from mice blood to ensure biological 

relevance. This approach avoided potential alterations to the RBC membrane and surface 

antigen exposure that may arise from in vitro culture conditions. 

A further complication is the distinct tropism of P. berghei for reticulocytes, which 

express the CD71+ receptor, a key ligand for parasite invasion. The proportion of 

reticulocytes in murine peripheral blood is naturally low (approximately 1-5% of total 

RBCs), creating a limited pool of target cells and necessitating the constant addition of 

reticulocyte-rich blood (198, 199). The constant addition of reticulocyte-rich blood, in 

turn requires the use of a larger number of animal donors to sustain the culture. This 

marked tropism was also observed, with newly infected cells being notably larger and 

showing the diffuse basophilia typical of these young RBCs. 

To overcome this, some protocols recommend pre-treating mice with hemolytic 

agents like phenylhydrazine to increase reticulocyte counts, while others consider this 

step unnecessary (140, 143, 144, 200).  

In this study, supplementing cultures every 2 days with fresh blood from 

phenylhydrazine-treated mice did not significantly improve viability, contrary to some 

literature reports (140, 143). This discrepancy could be attributed to the short lifespan of 

mouse reticulocytes (20-40 hours), as they continue to mature in vitro, or to the method 

of supplementation itself, which added the entire RBC population rather than an enriched 

reticulocyte fraction, being insufficient to support parasite growth (201). 

The high demand for fresh reticulocytes is likely directly linked to the failure of 

merozoites to reinvade new RBCs after a few replication cycles (202, 203). This explains 

why supplementation with whole mouse blood in this study did not yield a measurable 

improvement in culture longevity. Furthermore, the ICR (CD-1®) mouse model used here 

may have a lower baseline reticulocyte count or different maturation kinetics compared 

to the strains (e.g., CBA/Ca, C57BL/6) or species (rat) used in more successful protocols. 

Additionally, this loss of infectivity in vitro has been attributed to the absence of 

serum factors in the culture medium, which might be essential for the invasion process 

(204, 205). These factors potentially include lipids, hormones, and specific proteins that 

stabilize the RBC membrane or directly interact with merozoite ligands. However, serum 
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was deliberately excluded from the defined culture medium used in this study to maintain 

a controlled environment. The addition of exogenous serum would introduce a 

confounding variable by providing a complex and undefined mixture of proteins, 

exogenous EVs, species-specific antibodies, and metabolites. 

Regardless of the underlying cause, a consistent loss of invasion capacity after two 

days in culture was observed. This phenomenon, which is well-documented in P. 

berghei blood-stage cultures, was evidenced here by the microscopic accumulation of free 

merozoites attached to RBC membranes and the consequent stagnation or decline in 

parasitemia (Figure 6.6) (144).  This marked the point at which the in vitro system failed 

to sustain the parasite's life cycle, primarily due to the inability of merozoites to 

successfully reinvade new, susceptible host cells. 

To determine whether the loss of infectivity observed in vitro also occurs in vivo, 

ICR (CD-1®) mice were inoculated intraperitoneally with 105 iRBCs collected after 1 to 

2 days in culture. The inoculated mice developed parasitemia by day 3 post-inoculation 

and exhibited a clinical course identical to that of animals infected directly with blood 

stabilates (Figure 6.7). 

These findings are consistent with those of Jambou et al., who reported that CBA/J 

mice inoculated with 106 iRBCs from 12-day cultures developed parasitemia after 7 days 

and coursed with cerebral malaria (144). Collectively, these results demonstrate that P. 

berghei does not lose its infectivity in vivo after a limited number of in vitro replication 

cycles.  

However, it remains to be investigated whether the duration of in vitro 

maintenance correlates with a loss of infectivity in vivo. This is suggested by the findings 

of Jambou et al., where a longer culture time may be associated with a delayed onset of 

parasitemia, despite the use of a more susceptible mouse strain and a higher infectious 

dose. 

Collectively, these results demonstrate that short-term in vitro cultivation of P. 

berghei is achievable under the selected conditions of Jambou’s formulation, at 35 °C and 

within a controlled gas atmosphere. The culture system supported adequate life cycle 

progression and maintained normal parasite morphology throughout the experiment, 

thereby validating its use for further assays. This approach is highly useful for studying 



 

 

108 
 

parasite biology in a controlled setting, avoiding the complexities of in vivo environments 

such as the host immune response and stage sequestration. 

While the method has limitations, its utility depends on the specific research 

question. For instance, the use of serum-free medium, while a limitation for RBC-based 

stimulation assays due to potential membrane alterations, was essential for the clean 

enrichment of parasite-derived EVs, as serum is a significant source of contaminating host 

EVs. 

Finally, the in vivo infectivity assay confirmed that cultured parasites retain their 

ability to invade RBCs. The challenge of sustaining long-term cultures likely stems from 

the high demand for fresh reticulocytes, culture-induced changes in RBC membrane 

integrity, and the absence of serum-derived factors critical for efficient invasion. To 

overcome these hurdles and extend cultivation times, future efforts could focus on using 

more susceptible mouse strains, employing selective reticulocyte enrichment from 

healthy donors, and testing various concentrations of mouse or rat serum instead of fetal 

calf serum. 

7.2. Established cost-effective protocols for the enrichment of biologically 

active P. berghei derived stimuli. The successful enrichment of P. berghei-derived 

stimuli was a prerequisite for investigating the parasite's interaction with tEnd.1 

endothelial cells. For iRBC isolation, density-based gradients using polymers such as 

silica-based Percoll or iohexol-based Nycodenz remain among the most straightforward 

and cost-effective approaches (146). 

To address the limitations of existing protocols, a customized discontinuous 

Percoll gradient with an increased number of concentration steps was established (157, 

158). This modification enabled the reproducible enrichment of iRBC subpopulations 

according to their developmental stage (Figure 6.8). Despite this improvement, a slight 

degree of cross-contamination between fractions was observed, highlighting a persistent 

challenge in achieving absolute purity. 

Several measures can be implemented to minimize this cross-contamination. 

These include increasing the volume of Percoll layers to enhance physical separation and 

further diluting the mouse blood to prevent system overloading, as an excessive number 

of RBCs can impede effective separation. Alternative approaches, such as magnetic-
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activated cell sorting (MACS) based on the paramagnetic properties of hemozoin in the 

parasite's digestive vacuole, offer significant advantages. These include high parasitemia 

yields (>90%), reduced toxicity compared to polymer gradients, and improved recovery 

of mature stages, which contain greater amounts of hemozoin (206, 207). 

For the enrichment of EVs, differential ultracentrifugation was employed, as it 

remains the most widely used and accessible method for this purpose, providing a 

fundamental baseline for EV concentration (159). A key modification to the standard 

protocol was implemented: the supernatant was filtered through a 0.45 and 0.22 µm 

membrane prior to the ultracentrifugation steps. This critical step removed residual 

cellular debris and large aggregates, thereby reducing a major source of co-isolation 

contamination and improving the specificity of the EV pellet. The physical appearance of 

the obtained pellets: a cloudy, floating layer over a compact, gelatinous pellet, which was 

consistent with typical reports for heterogeneous EV populations (208). The slight reddish 

hue observed in the present EV preparation was likely due to residual hemoglobin 

contamination (Figure 6.9). 

While the inclusion of a filtration step probably refined the protocol, several 

additional refinements could further enhance purity and yield in future studies. These 

include: introducing a gentle washing step (resuspension and re-ultracentrifugation in 

filtered PBS) to reduce soluble protein contamination; implementing density gradient 

centrifugation (e.g., iodixanol gradient) as a subsequent step to separate EVs more 

precisely from remaining contaminants based on buoyant density; and optimizing the 

handling and storage conditions of the conditioned medium before ultracentrifugation and 

EV pellet after enrichment (148, 209). Specifically, ensuring immediate processing or 

cryopreservation at -80°C after the medium change is critical to prevent residual cells or 

parasites, not fully removed during prior centrifugation, from remaining metabolically 

active and contributing a confounding source of EVs during storage (148). 

However, the definitive characterization of these vesicles as actual P. berghei-

derived EVs and the exclusion of host-derived contaminants remain essential. This is 

particularly important because ultracentrifugation is susceptible to co-isolating high levels 

of non-vesicular extracellular particles (NVEPs) such as protein aggregates, lipoproteins, 
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and cellular debris, which can constitute the majority of the isolated material and 

confound downstream analyses (159).  

Furthermore, it is critical to consider that P. berghei-derived EVs likely constitute 

a minority within the total EV pellet, as they are likely outnumbered by the abundance of 

RBC-derived EVs, which are known to be remarkably abundant in circulation, with 

concentrations up to approximately 170 EVs/µL of plasma (210). For this reason, the 

implementation of more selective methods is necessary for the specific enrichment of P. 

berghei-derived EVs. This could be achieved through techniques such as affinity columns 

targeting antigens uniquely present on the parasite-derived vesicles (211, 212). 

Storage conditions can represent another critical variable for EV analysis. EVs are 

dynamic, membrane-bound structures susceptible to degradation, aggregation, and 

changes in surface epitope availability over time. For physicochemical analysis such 

as Dynamic Light Scattering (DLS) and Atomic Force Microscopy (AFM), improper 

storage (e.g., at 4 °C for long periods or following repeated freeze-thaw cycles) can lead 

to the formation of large aggregates, artificially skewing the particle size distribution and 

masking the true population of individual vesicles, leading to inaccurate morphological 

assessments.  

Most critically, for functional biological assays, the loss of membrane integrity or 

the inactivation of labile surface proteins during storage can directly diminish or 

completely abrogate biological activity (213, 214). The EV suspensions in this study were 

maintained in particle-free PBS at 4 °C and analyzed or used within a strict 3-day window 

post-isolation for physical characterization or functional assays or stored at -80 °C for 

proteomic analysis.  

Together, these protocols provide an accessible and practical initial approximation 

for stimulation assays. While not ideal, they permit the first functional analyses of the 

roles of iRBCs and parasitic EVs in endothelial autophagy and murine malaria 

pathogenesis. 

7.3. Implementation and validation of genetically modified tEnd.1 models for 

endothelial autophagy. There are various approaches to study autophagy in cell models, 

including fluorescence microscopy, immunohistochemistry, and protein or transcript 

analysis. Among these, fluorescence microscopy is one of the most accessible and direct 
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methods, particularly when using genetically modified cells to express a fluorescent 

autophagy marker (215, 216). This strategy enables real-time, live-cell or fixed-cell 

imaging while bypassing the need for additional techniques like immunostaining, and 

provides specific visualization of autophagic structures with high sensitivity and spatial 

resolution, allowing a more accurate assessment of autophagic flux (160, 217).  

To establish a robust model for studying endothelial autophagy in response to P. 

berghei, this section aimed to establish and validate two genetically modified tEnd.1 cell 

lines: one expressing a single LC3-GFP reporter and another expressing a tandem LC3-

GFP-mCherry construct. Both cell lines were first validated using a panel of 

pharmacological agents which served a dual purpose: first, to confirm the responsiveness 

of the reporter systems, and second, to define the image acquisition and analytical 

parameters necessary for accurate quantification. Subsequently, these validated models 

were employed to assess the autophagic response triggered by biologically relevant P. 

berghei-derived stimuli, including iRBCs, culture supernatants and EVs. 

The tEnd.1 cell line used in this study is an immortalized murine endothelial cell 

population originally derived from a thymic hemangioma induced by the polyomavirus 

middle T (mT) oncogene. Although transformed, these cells preserve several fundamental 

endothelial characteristics, including expression of von Willebrand factor and PECAM-

1/CD31, as well as functional responsiveness to cytokines such as IL-1 and TNF. They 

also display contact inhibition, uptake acetylated LDL, and secrete cytokines like IL-6 

upon inflammatory stimulation, consistent with primary endothelial cell behavior (218, 

219).  

Notably, the oncogenic transformation has conferred tEnd.1 cells with distinct 

functional alterations, including elevated proteolytic activity via increased urokinase-type 

plasminogen activator (uPA) production and a dysregulated nitric oxide synthase (NOS) 

profile, featuring high constitutive and inducible NOS levels. These modifications reflect 

significant remodeling of extracellular matrix interactions and signaling pathways (220, 

221). Nevertheless, the retention of a differentiated endothelial phenotype makes tEnd.1 

cells a valuable and practical model system for mechanistic studies of endothelial function 

and response. 
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One of the most common markers for monitoring autophagy is LC3, a member of 

the LC3/GABARAP protein family. Its lipidated form, LC3-II, specifically associates 

with isolation membranes and autophagosomes, making it the standard marker for these 

structures. The cellular level of LC3-II generally correlates with autophagosome 

abundance. However, an increase in LC3-positive structures does not always correspond 

to a high autophagic activity, as it can also result from a blockage in autophagosome 

degradation (92, 99, 222). 

In fluorescence-based autophagy analysis, two reporter strategies can be 

employed: single-tag constructs (e.g., LC3-GFP) and tandem-tag constructs (e.g., LC3-

GFP-mCherry). The use of a single reporter, such as LC3-GFP, allows for the simple   

visualization of LC3 recruitment in the cytoplasm under a given condition. However, this 

approach has inherent interpretative limitations (215).  

Three primary limitations constrain the interpretation of LC3-GFP reporter assays. 

First, the GFP fluorescent signal is rapidly quenched in the acidic lysosomal environment, 

hiding the actual turnover of autophagosomes. Second, an observed increase in LC3-GFP 

puncta does not definitively indicate enhanced autophagic flux, as it could result from 

either increased autophagosome formation or impaired lysosomal degradation. This 

ambiguity necessitates complementary experimental approaches. Third, the potential 

ectopic recruitment of LC3 to non-autophagosomal membranes, which are not subject to 

lysosomal turnover, adds another layer of interpretive complexity (215, 217, 222, 223). 

Consistent with established principles, treatment of the LC3-GFP cell line with 

various autophagy modulators successfully induced the expected phenotype: a significant 

increase in the LC3-positive vesicle area (Figure 6.10). This result validated the cellular 

model and the imaging assay for detecting perturbations in autophagy. The assay robustly 

captured the common phenotypic endpoint of such perturbations, vesicle accumulation, 

regardless of the specific mechanism of action. For instance, rapamycin (an mTORC1 

inhibitor) and nutrient starvation (an AMPK activator) both induce autophagy upstream, 

while bafilomycin A1 and chloroquine inhibit autophagosome degradation by disrupting 

lysosomal acidification downstream (224). Therefore, while this assay is a powerful tool 

for confirming autophagy modulation, it functions as a downstream readout of net 

autophagic flux. To dissect the precise mechanism, whether an increase in vesicle area 
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stems from enhanced initiation or impaired degradation, complementary assays that 

measure flux, such as the tandem LC3-GFP-mCherry reporter or Western blot analysis of 

LC3-II turnover, are required. 

An additional critical consideration is the fidelity of the reporter system. This 

requires validating that the GFP puncta correspond to authentic LC3-positive structures 

and assessing the relative expression of the exogenous GFP-tagged LC3 versus the 

endogenous protein (217, 225). To address this, immunofluorescence with an anti-LC3 

antibody was performed. The results showed a strong colocalization (yellow signal in 

merge) between the GFP fluorescence (green) and the anti-LC3 immunostaining (red), 

confirming that the GFP-positive structures are indeed LC3-positive autophagic vesicles 

(Figure 6.11). Notably, most puncta were observed co-stained with both fluorescent 

markers for LC3, indicating that the exogenous LC3-GFP was the predominant source of 

LC3 signal in these cells. 

To further characterize autophagic flux in tEnd.1 cells and overcome the 

limitations of the single-tag LC3-GFP reporter, cells were transfected with a tandem-tag 

construct (LC3-GFP-mCherry). This system leverages a second, pH-stable reporter 

(mCherry) to bypass two key constraints of the single reporter: the quenching of GFP in 

lysosomes and the inability to directly measure LC3 turnover. Consequently, 

autophagosomes (neutral pH) appear as yellow puncta (GFP+/mCherry+), while 

autolysosomes (acidic pH) appear as red puncta (mCherry+ only) due to GFP quenching 

(160, 215, 217).  

By quantifying the transition from yellow (mCherry+GFP+) to red (mCherry+ 

only) puncta, this assay provides a direct, ratiometric measure of autophagic flux. This 

critical feature allows it to mechanistically distinguish between a genuine upregulation of 

autophagosome formation, reflecting a net activation of the autophagic pathway, and an 

impairment in the downstream lysosomal degradation step, which signifies a disruption 

of autophagic turnover. 

To discriminate between both autophagic states, the tandem-reporter system was 

employed. Treatment with autophagy inducers (rapamycin and starvation) resulted in a 

high autolysosome-to-autophagosome ratio, indicative of increased autophagic flux. 

Conversely, treatment with lysosomal inhibitors (chloroquine and bafilomycin A1) led to 
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an accumulation of undegraded autophagosomes and a relatively low autolysosome area, 

confirming impaired flux due to blocked degradation (Figure 6.18). 

An interesting observation was the lack of significant differences between control 

and 3-methyladenine (3-MA)-treated cells in both reporter systems (Figures 6.10 and 

6.18). While 3-MA is a class III PI3-kinase inhibitor expected to reduce autophagosome 

formation, evidence suggests it has a dual role due to its differential temporal effects on 

PI3K isoforms. 3-MA persistently inhibits class I PI3K (an autophagy inhibitor) while its 

suppression of class III PI3K (an autophagy initiator) is transient. Consequently, under 

prolonged treatment in nutrient-rich conditions, as used here, 3-MA can paradoxically 

promote autophagic flux, explaining why it did not reduce LC3-positive vesicles in our 

assays, despite its ability to inhibit starvation-induced autophagy (224, 226). 

Additionally, a high cell-to-cell variability was observed during quantification and 

statistical analysis. Autophagy is inherently dynamic and heterogeneous, with LC3 puncta 

number, size, and turnover differing even among genetically identical cells under identical 

conditions due to fluctuations in metabolic state, cell cycle stage, and vesicle trafficking 

kinetics. This variability was further amplified by the methodological approach used for 

cell line generation. The stable LC3-GFP cell line was established by pooling puromycin-

resistant cells rather than by isolating single-cell clones via flow cytometry. 

Consequently, the resulting population comprised a mixture of cells with variable 

transgene copy numbers and expression levels. Also, in the transiently transfected tandem 

LC3-GFP-mCherry experiments, variability was also inherent due to differences in 

plasmid uptake and expression efficiency between cells. This heterogeneity has been 

extensively reported in the literature and is considered part of the biological and technical 

limitations of the differential expression patterns in these cells (161, 216). 

tEnd.1 cells present distinct advantages as a model for autophagy research. Their 

robust growth, stable phenotype, and high transfection efficiency render them particularly 

amenable to microscopy-based assays, including the use of LC3 reporters and tandem-tag 

constructs. Furthermore, their retention of critical endothelial receptors and inflammatory 

signaling pathways allows for the investigation of autophagy in a biologically relevant 

context, where it intersects with endothelial activation, pathogen sensing, and vascular 

pathophysiology (218, 219). 



 

 

115 
 

Conversely, this transformed nature also introduces important limitations. The 

expression of the mT antigen profoundly rewires central signaling pathways, including 

PI3K, Src-family kinases, MAPK, and PP2A-dependent cascades, all of which intersect 

with canonical autophagy regulation. Consequently, basal autophagic activity, 

responsiveness to metabolic stimuli, and vesicle trafficking dynamics in tEnd.1 cells may 

differ from those in primary endothelium. Moreover, their elevated proteolytic and NOS 

activity could directly or indirectly influence lysosomal function and redox balance, 

introducing variables not typically present in non-transformed vascular cells (220, 221, 

227).  

The tEnd.1 cell line offers a high-throughput and reliable model for mechanistic 

exploration. To build upon these findings, future confirmation in primary endothelial 

cultures will reinforce the biological validity and translatability of these observations 

within a more native physiological context. 

7.4. Impaired autophagic flux in endothelial tEnd.1 cells exposed to 

Plasmodium berghei blood stages derived stimuli. Dysregulated autophagy in vascular 

endothelial cells has been implicated in the pathogenesis of severe malaria, contributing 

to inflammation, barrier dysfunction, and organ injury (41). While autophagy can serve 

as a protective response during infection, sustained or altered flux may drive endothelial 

maladaptation under pathological stress (116, 117). Building on the validated LC3-GFP 

and tandem LC3-GFP-mCherry reporter systems established in the previous section, this 

study examined the autophagic response of tEnd.1 endothelial cells to biologically 

relevant P. berghei stimuli, including iRBCs from peripheral blood of infected mice, and 

EVs, and EV-reduced supernatants from P. berghei cultures.  

The role of host cell autophagy during the hepatic stages of Plasmodium infection 

has been well established, acting both as a defense mechanism for parasite clearance and 

as a pathway exploited by the parasite to access host resources (126, 133). Since the 

symptomatic blood stage enables systemic dissemination and exposes the parasite to 

diverse tissues, its potential effects on the autophagy pathways of other cell types, such 

as endothelial cells, require investigation. While the primary host cells of this stage, 

unnucleated RBCs, lack an autophagic machinery and serve as inert vehicles for immune 

evasion and circulation, parasites are not entirely silent. They actively remodel the RBC 



 

 

116 
 

membrane and secrete a variety of soluble effectors, potentially influencing systemic host 

responses, including endothelial cells (42, 131).   

The vascular endothelium constitutes the primary tissue interface exposed 

to Plasmodium-derived effectors during the blood stage infection, and vascular 

dysfunction is a hallmark of severe malaria pathology. This dysfunction manifests as 

endothelial activation, impaired perfusion and tissue oxygenation, and ultimately 

contributes to organ failure (41). While numerous studies have documented the impact 

of Plasmodium stimuli on endothelial activation, inflammatory signaling, cellular 

adhesion, sequestration, microvascular dysfunction, and alterations in the nitric oxide 

(NO) pathway, the specific activation and role of autophagy pathways in endothelial cells 

during malaria infection remain unexplored (182, 228, 229). 

The three stimuli analyzed in this study produced a consistent pattern: all induced 

an increase in LC3-positive vesicles accumulation due to a measurable reduction in 

autophagic flux at specific doses and time points. However, interesting differences were 

observed in their temporal kinetics. While the effect of iRBCs was delayed, with the 

maximum response occurring at 6 hours post-stimulation, EVs and EV-reduced 

supernatants triggered a much more rapid response, significantly altering flux within 1 

hour. 

The sustained temporal profile of the endothelial response to iRBCs suggests a 

prolonged engagement, where continuous exposure to parasite-derived components leads 

to a progressive impairment of autophagic flux. Quantitatively, LC3 expression increased 

and autophagic flux decreased in iRBC-exposed cells over time, peaking at 6 hours and 

remaining similar through 24 hours of exposure (Figures 6.12, 6.19, S.1, and S.2). This 

kinetic pattern indicates that extended contact is required to elicit a full autophagic 

response, which could be due to either a contact-dependent mechanism or the time needed 

for the parasite to synthesize and release sufficient soluble factors into the medium.  

Comparable time-dependent alterations in autophagy have been reported in other 

host-pathogen systems, including protozoan parasites such as Toxoplasma gondii and 

Leishmania spp., where sustained exposure or intracellular persistence leads to 

progressive modulation or blockade of autophagic flux rather than an acute response (230, 

231). 
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Interestingly, control RBCs elicited a gradual increase in LC3 expression and 

autophagic flux over time, which may reflect a mild homeostatic response to prolonged 

static contact. However, it is important to note that this in vitro condition differs 

fundamentally from the physiological state, where continuous blood flow prevents 

sustained RBC-endothelial adhesion. The static culture system may introduce 

confounding factors such as localized nutrient diffusion limitations or unphysiological 

mechanical stress, which could contribute to the observed autophagic response and 

represent a limitation of the experimental model.  

A dose-dependent response in LC3 expression was observed, exhibiting a 

characteristic plateau-shaped profile (Figure 6.13). At low doses (100 iRBC:1 EC), the 

limited amount of parasite-derived stimuli elicited a modest autophagic response. An 

intermediate dose (500 iRBC:1 EC) provided an optimal level of parasite signaling, 

effectively inducing autophagosome formation while simultaneously saturating or 

partially impairing lysosomal clearance, resulting in maximal LC3 accumulation.  

At higher doses (1000 iRBC:1 EC), the apparent response slightly declined, likely 

due to the interplay of counteracting processes such as lysosomal overload, increased 

cellular stress, inhibitory inflammatory feedback, and physical constraints on cellular 

uptake or contact area. This plateau or attenuation may suggest saturation of contact-

dependent receptors or adhesion interfaces mediating iRBC-endothelial cell interactions, 

or alternatively the activation of compensatory regulatory mechanisms aimed at limiting 

excessive autophagy and preserving cellular homeostasis. Such non-linear responses have 

been described in contexts of autophagic overload, inflammatory signaling, and impaired 

phagocytosis due to limited physical contact. Importantly, autophagy must be tightly 

regulated, as excessive or dysregulated activation can ultimately promote cell death (232–

235).  

Notably, the magnitude of the difference between 100 and 500 iRBC:1 EC was 

greater than that observed between 500 and 1000 iRBC:1 EC. This reflects the larger 

relative change in parasite load between the former conditions, where the dose increases 

fivefold, compared with only a twofold increase between the latter. A similar pattern was 

observed in control RBC-treated cells, where significant differences were detected only 
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between conditions involving large dose changes (100 vs 500 RBC:1 EC or 100 vs 1000 

RBC:1 EC), but not between the two highest ratios (500 vs 1000 RBC:1 EC).   

Parasites may activate autophagy in endothelial cells through contact-dependent 

mechanisms during iRBC interactions. A primary route involves cytoadhesion, in which 

parasite proteins displayed on the RBC surface bind to host endothelial receptors, 

analogous to the vascular sequestration observed in P. falciparum. P. berghei iRBCs also 

exhibited strong adhesive properties, as evidenced by their resistance to detachment 

during washing steps compared to uninfected RBCs (182, 236). 

This firm adhesion can exert physical or mechanical stress on endothelial cells, 

potentially inducing cytoskeletal reorganization. Given that microtubule and actin 

dynamics are essential for autophagosome transport and fusion, such cytoskeletal 

disruption may directly impair autophagic flux (237, 238). At the molecular level, 

adhesive interactions can initiate signaling cascades. For example, in P. falciparum, the 

binding of PfEMP1 to CD36 triggers phosphorylation of Src family kinases and 

recruitment of actin-regulating proteins (236).  

Notably, Src kinase pathways are reported to be altered in the mT-transformed 

tEnd.1 endothelial cell line used in this study, which may bias adhesion-dependent 

signaling toward sustained Src activation. Prolonged Src signaling has been 

predominantly associated with negative regulation of autophagic flux, mainly through 

activation of the PI3K-Akt-mTOR axis and interference with cytoskeletal and vesicular 

trafficking processes required for autophagosome maturation. In this context, adhesion-

mediated Src activation induced by iRBCs may contribute to the accumulation of LC3-

positive structures (227, 239, 240). 

Alternatively, autophagy may be triggered and/or impaired by the release and 

secretion of parasite-derived stimuli, which are sensed by endothelial cells and elicit 

diverse cellular responses. As indicated by the lower glucose concentration in the 

supernatant after 6 hours of incubation, parasites within iRBCs remain metabolically 

active during co-culture. This viability suggests they can continue their intraerythrocytic 

cycle, potentially leading to the release of soluble effectors, such as pathogen-associated 

molecular patterns (PAMPs) or extracellular vesicles. These factors are known to induce 

inflammatory signaling. 
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Vascular inflammation is a defining feature of severe malaria and is tightly 

associated with endothelial dysfunction, as blood-stage parasites activate endothelial 

inflammatory pathways such as MAPK and NF-κB signaling in both human and murine 

models (241, 242). Parasite-derived factors released from lysed iRBCs, including 

hemozoin (HZ), free heme, nucleic acids, and oxidized lipids, promote inflammasome 

activation and pro-inflammatory cytokine production, while the poor degradability of 

hemozoin contributes to sustained inflammatory responses (243, 244). In this setting, 

inflammation and autophagy are bidirectionally regulated: autophagy normally limits 

excessive inflammation by degrading inflammasome components and inflammatory 

mediators, whereas persistent activation of inflammatory signaling pathways can disrupt 

autophagic flux, shifting autophagy from a protective mechanism to a dysfunctional 

process (233, 245, 246).   

Another related mechanism may involve NO dysregulation. During Plasmodium 

infection, endothelial and immune cells produce elevated levels of NO via inducible nitric 

oxide synthase (iNOS) in response to parasite products and cytokines. While moderate 

NO production exerts anti-parasitic effects and helps maintain vascular homeostasis, 

excessive or sustained NO and its reactive nitrogen species (RNS) can induce oxidative 

and nitrosative stress (247, 248). Pathologically, S-nitrosylation of autophagy proteins 

and regulators such as mTORC1 and cathepsin B has been shown to impair autolysosome 

function, a mechanism implicated in neurodegenerative diseases (249, 250). Given that 

the tEnd.1 cell line constitutively overexpresses NOS isoforms, elevated NO production 

may represent an underlying contributor to the observed impairment of autophagic flux 

(221). 

An important methodological consideration, beyond the static nature of the co-

culture, is that the incubation conditions for iRBCs during stimulation assays differed 

from the optimized culture parameters established earlier for P. berghei. The iRBCs were 

exposed to tEnd.1 cell medium, at 37 °C, and a 5% CO2 atmosphere, rather than the 

selected conditions for P. berghei in vitro growth (Jambou’s medium, 35 °C, and 

microaerophilic gas mixture). This disparity represents an inherent limitation of co-

culture systems involving adherent host cells and intraerythrocytic parasites, as 

simultaneous maintenance of optimal conditions for both cell types is not technically 
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feasible, where incubation parameters are adjusted to prioritize host cell viability and 

functional readouts rather than parasite replication. 

In contrast, the other two stimuli (EVs and EV-reduced supernatant) elicited a 

much more rapid response, with peak LC3 accumulation and minimal autophagic flux 

occurring within approximately one hour of incubation. This early and pronounced effect 

suggests these preparations are enriched in pre-formed, bioactive effectors capable of 

directly impairing autophagy in tEnd.1 cells. Unlike iRBCs, which may require time for 

adhesion, cellular engagement, and de novo synthesis of signaling molecules, EVs and 

their associated soluble factors appear to deliver an immediate signal that disrupts 

autophagic flux. 

Time-course analyses revealed that P. berghei–derived EVs induced a rapid and 

sustained increase in LC3-positive vesicles compared to control RBC-EVs, with 

significant divergence emerging after 30 minutes and peaking at 60 minutes (Figure 6.14). 

While early LC3 recruitment was detectable in both groups, the progressive separation 

between parasite- and control-derived EVs suggests a cargo-dependent effect. 

Concomitant autophagic flux measurements showed marked impairment with P. berghei-

EVs, exhibiting kinetics similar to that of iRBCs: elevated autophagosome area alongside 

low autolysosome area (Figure 6.20).  

A dose-dependent effect was also evident, as P. berghei-derived EVs at 50 µg 

protein induced significantly greater LC3 recruitment than at 10 µg, whereas control 

RBC-EVs showed no dose-related differences (Figure 6.15). Although these studies do 

not specifically address autophagy, the observed response pattern is consistent with 

general dose-dependent cellular effects of EVs reported across multiple in vitro systems, 

where the magnitude and nature of cellular responses scale with EV concentration and are 

strongly influenced by vesicle origin (251–253). 

The early increase in LC3 observed at 10 minutes for both P. berghei-EVs and 

control EVs suggests that EVs, irrespective of their source, are potent bioactive complexes 

rapidly recognized by endothelial cells. This rapid engagement is consistent with their 

role as key intercellular messengers; for instance, uptake of both RBC and P. falciparum-

derived EVs by other RBCs has been demonstrated within 15 minutes (254). Therefore, 

the early LC3 response likely reflects a generalized endothelial reaction to vesicular 
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uptake, while the subsequent, specific impairment of flux may be driven by the unique 

pathogenic cargo of P. berghei-EVs. 

This interpretation fits within the wider understanding of RBC-derived EVs, the 

most abundant vesicle population in circulation. Under physiological conditions, they are 

key modulators of endothelial homeostasis and barrier integrity (165, 255). However, in 

pathological contexts such as diabetes, cardiovascular disease, or, as suggested here, 

malaria, their cargo can become dysregulated and promote endothelial dysfunction (256, 

257). The in vivo importance of this vesicular crosstalk is underscored by studies like that 

of Verweij et al. in zebrafish, where disrupting exosome release impaired vascular 

development, highlighting their essential role in intercellular communication (258).  

The mechanisms underlying autophagic flux impairment by P. berghei-EVs may 

overlap with those of iRBCs, but a key difference is the rapidity of the EV-induced 

response, facilitated by efficient endothelial uptake. One plausible pathway is LC3-

associated phagocytosis (LAP) or its related process, LC3-associated endocytosis 

(LANDO). Unlike canonical autophagy, both involve the direct conjugation of LC3 to the 

single membrane phagosome or endosome, a mechanism that accelerates cargo 

degradation by promoting acidification and fusion with lysosomes. This pathway is 

engaged during the internalization of various cargos, including pathogens, apoptotic 

bodies, and protein aggregates (259, 260). Therefore, the quick LC3 recruitment observed 

with EVs could reflect the initial engagement of this rapid-clearance machinery. 

This mechanism has already been documented in Plasmodium infections. For 

instance, during the hepatic stage of P. vivax, a subset of sporozoites is targeted by a LAP-

like response in hepatocytes, requiring Beclin-1, PI3K, and Atg5 (130). More directly 

relevant to endothelial responses, P. berghei-derived EVs have been shown to be 

internalized by astrocytes via LAP. In this model, inhibition of LAP with 3-methyladenine 

blocks EV uptake, while impairment of lysosomal acidification with bafilomycin leads to 

intracellular accumulation of EVs and prevents cerebral malaria pathology in mice (133, 

134).  

This evidence suggests that the pathogenic effect of P. berghei-EVs depends on 

their efficient internalization, potentially via lipid raft-dependent or LAP-like pathways, 

and the subsequent lysosomal processing of their cargo (261). These findings align with 
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this study model: the rapid LC3 response likely reflects immediate vesicle uptake, while 

the sustained impairment of autophagic flux indicates a failure in the complete 

degradation of internalized contents. This lysosomal impairment could lead to endothelial 

dysfunction through two non-exclusive mechanisms: the intracellular accumulation of 

undegraded material, as seen in some lysosomal storage disorders, or the pathological 

release of pro-inflammatory mediators during incomplete degradation, which can further 

disrupt autophagic flux (262–264).  

Parasite-derived EVs carry a diverse repertoire of bioactive molecules that have 

been implicated in malaria pathogenesis. In P. berghei, EV-associated miRNAs promote 

the release of pro-inflammatory cytokines such as TNF upon uptake by macrophages, 

contributing to inflammatory amplification. Similarly, in P. falciparum, elevated levels 

of circulating parasite-derived EVs correlate with severe disease and vascular 

dysfunction, largely attributed to the presence of miRNA-Ago2 complexes capable of 

modulating host gene expression and altering endothelial barrier function, cytokine 

production, and vascular integrity (167).   

In addition, P. berghei-derived EVs have been shown to exacerbate liver 

pathology during blood-stage infection by driving excessive inflammatory responses and 

promoting macrophage polarization toward a pro-inflammatory M1 phenotype through 

miRNA delivery (265). In contrast, non-canonical autophagy pathways such as LC3-

associated phagocytosis (LAP) have been described as protective and anti-inflammatory 

in other infectious contexts, including fungal infections (266). This contrast raises the 

possibility that EV-induced engagement of autophagy-related pathways during malaria 

may initially serve a homeostatic function but become subverted by pathogenic cargo, or 

alternatively, directly contribute to inflammatory pathology. However, the precise role of 

LAP and related pathways in Plasmodium infection remains unresolved. 

However, it is critical to acknowledge that the properties of EVs secreted by 

parasites or host cells are highly dependent on their metabolic state and the specific culture 

conditions. Consequently, EV preparations are inherently heterogeneous, comprising 

subpopulations that vary in size, molecular composition, and biophysical properties. For 

instance, studies in P. falciparum have identified at least two distinct EV subpopulations 

with different sizes, protein profiles, membrane rigidity, and fusion capacities, indicating 
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they may have specific cellular targets and functions (83, 267). This intrinsic 

heterogeneity poses a significant challenge for ensuring strict reproducibility between 

experiments and complicates the attribution of biological effects to a single, defined 

vesicular entity. 

Therefore, two important considerations should be noted regarding these EV 

preparations. First, the P. berghei-EV fraction represents a mixture of vesicles derived 

from both the parasite and the host RBC, as well as NVEPs, as no specific purification 

step was used to isolate exclusively parasite-derived EVs. Consequently, the observed 

effects may result from a combined or dominant influence of RBC-EVs or NVEPs, and 

the relative contribution of genuine parasite EVs remains unclear. Second, the method of 

dosage itself presents a challenge. Dosing by total protein concentration, while common, 

may not accurately reflect bioactive cargo, as it can underestimate non-protein 

components (e.g., lipids, nucleic acids) and be contaminated by residual medium proteins 

or batch variability. The use of particle concentration is increasingly recommended to 

standardize EV dosing and improve reproducibility in future studies (148, 253, 268). 

Finally, the culture supernatant derived from P. berghei-iRBCs represents one of 

the most complex and heterogenous fractions examined in this study. In contrast to intact 

iRBCs or enriched EVs, it contains only soluble molecules, ranging from small 

metabolites and inflammatory mediators to lipid byproducts and low-molecular-weight 

proteins released during parasite growth and RBC lysis, as well as smaller EVs. Its 

inherent heterogeneity results in a dynamic and multifaceted cellular response, thereby 

enabling the exploration of a distinct dimension of host-parasite communication.  

Similar to the other two tested stimuli, the P. berghei-derived supernatant 

increased LC3-positive vesicles and reduced autophagic flux. This response occurred 

rapidly, like the effect of EVs. However, the supernatant elicited a distinct and irregular 

kinetic profile. Unlike the more consistent responses to iRBCs or EVs, the difference 

between the parasite-derived and control supernatants showed an oscillatory pattern over 

time, with periods of statistical significance alternating with periods of no significant 

difference. Importantly, this oscillatory behavior was reproducible across both tEnd.1 

reporter cell lines (LC3-GFP and the tandem LC3-GFP-mCherry) as shown in Figures 

6.16 and 6.21, respectively. 
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A primary explanation for the distinct kinetic response may lie in the 

compositional difference between the culture media. tEnd.1 cells were maintained in 

standard RPMI, while the applied supernatant was derived from P. berghei cultures 

grown in the nutrient-rich Jambou’s formulation (a mixture of RPMI and DMEM-F12 

supplemented with glucose, sodium bicarbonate, calcium, choline, gelatin, and 

hypoxanthine) (144). Beyond adjustments for pH and serum, the glucose concentration is 

substantially higher in Jambou’s medium.  

Glucose is a critical regulatory metabolite in autophagy, as high concentrations 

can suppress the pathway by inhibiting AMPK and by inducing osmotic and oxidative 

stress, potentially triggering an adaptive response in endothelial cells (162). In the context 

of the P. berghei supernatant, the autophagic outcome likely represents the net effect of 

competing signals. Pro-inflammatory factors released from lysed iRBCs, such as 

hemozoin and oxidized lipids, may stimulate the pathway, while the high glucose content 

of Jambou's medium may simultaneously exert an inhibitory force (241, 244, 245).  

This dynamic interplay between inducer and suppressor molecules within the 

complex supernatant could explain the oscillatory and less predictable autophagic 

response observed. This presents an intriguing question: does this fluctuation represent an 

adaptive cellular response to multiple soluble signals, or does it reflect inherent instability 

in the autophagic signaling pathway under these “different” conditions? 

Several studies investigating the effects of Plasmodium’s secretome in clinical 

samples, particularly from patients with complicated and uncomplicated malaria, have 

demonstrated that direct contact with iRBCs is not required to elicit a proinflammatory 

response in endothelial cells. For instance, serum from P. falciparum-infected patients 

has been shown to upregulate inflammatory cytokines and significantly affect key 

endothelial processes such as cell migration, proliferation, and tube formation. This 

inflammatory phenotype is often accompanied by cytoskeletal reorganization, leading to 

increased vascular permeability (269–271). 

Notably, this effect on endothelial integrity has been partly attributed to kinins 

secreted into P. falciparum-conditioned medium, which act via bradykinin B2 and/or B1 

receptors. These mediators not only enhance iRBC adhesion to the endothelial monolayer 

but also impair endothelial junctional proteins such as zonulin and β-catenin, thereby 



 

 

125 
 

compromising blood-brain barrier (BBB) integrity (271, 272). These findings highlight 

the potent role of soluble parasitic factors in driving endothelial dysfunction and vascular 

pathology during malaria infection. 

On the other hand, an interesting comparison was made between the crude 

supernatant (collected before EV enrichment) and the EV-reduced supernatant (obtained 

after ultracentrifugation). The expectation was that the crude supernatant would induce a 

stronger LC3 recruitment, given that it contains the full spectrum of EVs, which alone 

have been shown to significantly increase LC3-positive vesicles. However, no significant 

differences in LC3 expression were observed between these two fractions, neither in 

the P. berghei-derived samples nor in their corresponding controls (Figure 6.17). 

This result suggests that soluble factors present in the supernatant, rather than 

EVs, may be the primary mediators of the autophagic modulation observed under these 

conditions. One possible explanation is that the concentration of EVs in the crude 

supernatant was insufficient to elicit a detectable response beyond that induced by soluble 

components, especially when compared to the highly enriched EV preparations used in 

earlier experiments. Alternatively, the complex composition of the supernatant, 

particularly the marked difference in medium formulation and the potential balance 

between autophagy activators and inhibitors, could have masked or modulated EV-

specific effects. Such a dynamic equilibrium of stimulatory and suppressive signals might 

explain why EV partial removal did not significantly alter the overall autophagic 

response. 

The impact of EV-reduced culture media has been investigated in various cellular 

systems, particularly concerning FCS, which in standard conditions constitutes a 

significant exogenous source of EVs. In EV research, it is recommended to use EV-

depleted FCS to avoid confounding effects, a limitation in the present study, as non-

depleted FCS was employed throughout all stimulation assays. Importantly, while serum-

derived EVs have been reported to modulate general cellular signaling, there is no 

consistent evidence that FCS-derived EVs alone induce sustained autophagic flux 

activation or impairment (148, 273).  

Importantly, the use of EV-reduced media has been shown to alter endothelial cell 

physiology: it increases apoptosis rates, elevates IL-8 secretion, reduces IL-6 production, 
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and modifies the protein profile of endothelium-derived EVs toward pathways related 

to cell adhesion and platelet activation (274). These findings underline that EV content in 

culture media can actively shape cellular responses, and thus, the presence of serum-

derived EVs in these supernatant preparations may have influenced the autophagic and 

inflammatory outcomes observed.  

However, the specific impact of EV enrichment on the biological activity of the 

original matrix, especially in the context of parasitic infections, has not been explored. To 

better distinguish between the roles of soluble factors and EVs in our model, future 

experiments should use EV-depleted culture media. This would help clarify whether the 

effects we observed come from P. berghei-derived soluble molecules, host or serum-

derived EVs, or a combination of both. 

Altogether, the present results indicate that P. berghei-derived stimuli do not 

enhance autophagic activity, but rather trigger a state of impaired autophagic flux, 

characterized by autophagosome accumulation without progression to lysosomal 

degradation. This impairment manifested distinctly depending on the stimulus: iRBCs 

induced a sustained, moderate, and likely adhesion-dependent response; EVs triggered a 

rapid and potent inhibition of autophagic flux, possibly due to their efficient uptake and 

specific targeting of LC3-related pathways; while the supernatant elicited an inconsistent 

and temporally variable effect, likely influenced by differences in medium composition 

and the presence of soluble regulators. The main upstream triggers associated with these 

effects are summarized in Figure 7.1A, while the downstream cellular mechanisms 

proposed to interfere with autophagic flux are depicted in Figure 7.1B. 

Although this experimental approach allowed the individual contributions of each 

stimulus to be dissected, under physiological conditions endothelial cells are 

simultaneously exposed to a combination of all these factors which may amplify or 

modulate the observed autophagic response observed in this study.  

These findings suggest that endothelial autophagic pathways may represent an 

underappreciated mechanism in the vascular complications associated with malaria. 

However, whether autophagy serves a protective or pathological role in endothelial cells 

during the blood stage of the disease remains to be elucidated, as does the nature of the 
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crosstalk between autophagic and inflammatory signaling pathways in the context of 

malaria, as conceptually framed by the trigger-mechanism model presented in Figure 7.1. 

 

 

A 

B 
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Figure 7.1. Proposed triggers and mechanisms underlying autophagic flux 

impairment in tEnd.1 endothelial cells exposed to Plasmodium berghei-derived stimuli. 

(A) Schematic representation of the putative triggers derived from P. berghei’s iRBCs, EVs, and 

SN that may interfere with endothelial autophagic flux. (B) Mechanistic framework connecting 

P. berghei-derived stimuli to impaired autophagic flux. iRBCs display parasite-exported proteins 

on the RBC membrane that enable adhesion to endothelial cells ①, generating mechanical stress 

that activates Src signaling cascades. This leads to cytoskeletal remodeling and ultimately impairs 

vesicular trafficking. In parallel, parasite egress from iRBCs results in the release of soluble and 

virulence factors, such as hemozoin ②, which drive chronic inflammation, NO dysregulation, 

and nitrosylation of key autophagy regulators, including mTOR and cathepsins. In addition, 

parasites secrete EVs ③, which are rapidly internalized through LAP/LANDO-like pathways ④. 

Once internalized, EVs become LC3-coated and are targeted for lysosomal degradation, 

potentially overwhelming lysosomal capacity and enabling cargo release. EV cargo includes 

proteins that promote inflammation, similar to soluble factors, and miRNAs that modulate host 

gene expression. The parasite-derived SN may also contain residual EVs ⑤ and soluble factors 

⑥ acting through comparable mechanisms. Importantly, high-glucose culture conditions ⑦, 

independent of parasite-derived stimuli, suppress autophagy via AMPK inhibition and induce 

oxidative stress, leading to mitochondrial dysfunction. Collectively, these mechanisms converge 

on impaired autophagic flux. RBC: red blood cell; iRBC: infected RBC; EV: extracellular vesicle; 

SN: supernatant; NO: nitric oxide. 

 

7.5. Decoding P. berghei EVs: first evidence of protein cargo enriched in 

virulence factors and cellular machinery. Extracellular vesicles (EVs) have emerged as 

crucial mediators of intercellular communication in malaria, as well as for other infectious 

and chronic diseases, potentially influencing parasite biology, host cell remodeling, and 

disease pathogenesis (79, 84, 166, 208). While EVs from the human malaria parasite P. 

falciparum have been relatively well-studied, the physical and molecular characteristics 

of EVs from rodent malaria models, such as P. berghei, remain less defined. This study 

provides the first integrated analysis of small EVs produced by P. berghei from in vitro 

cultures, combining physical characterization with proteomic profiling.  

According to the MISEV guidelines, the rigorous physical and molecular 

characterization of enriched vesicle preparations is essential to define the studied 

population, ensure reproducibility, and allow for meaningful cross-study comparisons 

(148, 209). A cornerstone of this characterization is the assessment of vesicle size 

distribution and concentration, parameters that define the "extracellular vesicle" umbrella 

term which distinctions exosomes and ectosomes, from other extracellular particles. 

In this study, Dynamic Light Scattering (DLS) was employed as a primary 

technique to determine the hydrodynamic size distribution and particle concentration of 

vesicles isolated from P. berghei-infected and control RBCs cultures. DLS provides a 
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robust, ensemble-averaged measurement of particles in suspension, which is 

recommended for initial population profiling (148, 275). The results revealed a 

heterogeneous population with three modal sizes with approximate diameters of 25 nm, 

100 nm, and 400 nm (Figure 6.22), a finding that underscores the complexity of EV 

preparations even from defined in vitro systems. 

It is important to note that DLS provides reliable size measurements primarily for 

monodispersed suspensions. In highly polydisperse samples, the accuracy is reduced 

because larger particles disproportionately scatter light, skewing the intensity-weighted 

distribution (275). To mitigate this inherent limitation and obtain more representative 

data, the EV suspension was prepared in filtered PBS and passed through a 0.22 µm filter 

immediately prior to analysis.  

However, polydispersity index (PDI) values exceeding 0.4 in both conditions 

indicate a high degree of polydispersity. In DLS analyses, PDI values ≤0.1 are considered 

highly monodisperse, values between 0.1 and 0.4 indicate moderate polydispersity, and 

values >0.4 reflect highly polydisperse samples (276, 277). This degree of heterogeneity 

suggests substantial size variability and is consistent with the potential co-isolation of 

vesicle aggregates or non-vesicular material, a common limitation in EV preparations 

derived from complex biological sources. 

Furthermore, the difference between the intensity-weighted size distribution and 

the particle concentration profile (Figure 6.22) is a well-documented phenomenon in DLS 

analysis of polydisperse samples. Because the intensity of scattered light is proportional 

to the particle diameter, larger vesicles (100 nm and 400 nm) dominate the intensity signal 

even if they are less abundant numerically (278, 279). Conversely, the concentration plot 

reveals the true numerical predominance of smaller nanoparticles (25 nm), which scatter 

light weakly. This pattern has been consistently observed in EV studies, using different 

techniques, where intensity-based measurements often highlight a population of 

exosome-sized vesicles, while concentration-based techniques uncover a greater 

abundance of smaller particles, co-isolates, and/or aggregates (152, 280). Therefore, both 

parameters provide a more comprehensive representation of the heterogeneous EV 

preparation. 
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Based on this information and previous reports, the size distribution of EVs 

isolated from P. berghei cultures aligns with the heterogeneous populations documented 

in studies of both Plasmodium and RBCs. The predominant population, centered around 

100 nm, corresponds to small exosome-like vesicles commonly described in P. 

falciparum cultures and released from human RBCs using various techniques (83, 281, 

282). In contrast, the larger population (400 nm) likely represents in situ vesicle 

aggregates, as individual vesicles of this size should have been removed during the 0.22 

µm filtration step. This finding is consistent with the high PDI and the low magnitude of 

the zeta potential, which indicates limited electrostatic repulsion between particles. The 

minor peak at 25 nm may correspond to very small EVs, co-isolated lipoproteins and other 

NVEPs, or debris, a known consideration in EV studies from blood-derived samples (211, 

283). 

Another DLS study of murine malaria analyzed EVs isolated from the plasma of 

P. yoelii-infected mice. The study measured the size of EVs from infected and control 

mice on days 7, 8, and 9 post-inoculation, reporting mean sizes of 145.1 nm, 162.2 nm, 

and 138.7 nm for the infected group, and 141.3 nm, 136.7 nm, and 129.4 nm for the 

control group, respectively. The study also reported high PDI values, ranging from 0.309 

to 0.685 for infected mice and from 0.706 to 0.709 for the controls (284). It is important 

to note that, unlike EVs from culture systems, which originate almost exclusively from 

RBCs and parasites, plasma-derived EVs constitute a heterogeneous population 

originating from many cell types throughout the organism. 

Nanoparticle Tracking Analysis (NTA) studies of P. falciparum cultures have 

consistently identified heterogeneous EV subpopulations. For example, Vimonpatranon 

et al. reported two distinct vesicle populations with mean sizes of (97.9 ± 8.1) nm for 

exosomes and (159.7 ± 27.2) nm for microvesicles (285). Furthermore, Opadokun et al. 

demonstrated that EV size distributions vary with the parasite's developmental stage, 

reporting mean diameters of 159.7 nm for rings, 116.9 nm for trophozoites, 148.6 nm for 

schizonts, and 134.6 nm for control RBCs (281). Complementary data from Tunable 

Resistive Pulse Sensing (TRPS) of RBC cultures also reveal a bimodal distribution, with 

populations centered around 80-100 nm and 160-200 nm (282). Collectively, these reports 
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corroborate the DLS findings of multiple EV populations and underscore the inherent size 

heterogeneity of vesicles released from both infected and non-infected RBCs.  

Additionally, the measured zeta potential of approximately -12 mV for both P. 

berghei-derived and control EVs indicates low to moderate colloidal stability in PBS, 

suggesting a propensity for vesicle aggregation over time. This negative surface charge, 

typical of biological nanoparticles, originates from ionizable groups on membrane lipids 

and adsorbed proteins. It is important to note that buffer composition significantly 

influences zeta potential; higher ionic strengths are known to compress the electrical 

double layer, shifting values toward less negative potentials (286). In the present study, 

zeta potential was therefore measured in isotonic PBS to preserve EV integrity. Although 

a 1:5 dilution of PBS in deionized water was initially tested in an attempt to reduce ionic 

strength, this condition led to osmotic lysis of the EVs. 

Reported values for EVs from human RBCs vary, with some studies indicating 

potentials around (-36 ± 8) mV and others around -19 mV (287, 288). In case of 

Plasmodium, there is no data available on zeta potential measurements in EVs produced 

by the parasite, since literature reports that include zeta potential values of EVs of parasitic 

origin are very scarce, particularly for obligate intracellular protozoa. The limited 

available data for other parasites include values such as (-12.2 ± 4.8) mV for Naegleria 

fowleri; (-16 ± 4) mV and (-18 ± 8) mV for trypomastigote and epimastigote forms 

of Trypanosoma cruzi, respectively; and a range of -0.86 to -6.38 mV for EVs isolated 

from the plasma of P. yoelii-infected mice (147, 284, 289). 

However, it is known that P. falciparum infection alters the RBC membrane 

potential; for example, Tokumasu et al. reported a shift from -15.7 mV in healthy RBCs 

to -14.6 mV in iRBCs (290). Because Plasmodium-derived EVs are enveloped by the host 

RBC membrane, such infection-induced changes could moderately influence their zeta 

potential and potentially affect EV-cell interactions and uptake, although the functional 

consequences of these alterations remain largely unexplored. 

EVs isolated from P. berghei-infected cultures exhibited mean hydrodynamic size 

and zeta potential values comparable to those of control RBC-derived EVs (Table 6.1), in 

agreement with previous DLS- and NTA-based studies. Similar overlap in size and 

surface charge has been reported for P. yoelii-derived EVs, with minimal differences 
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between control and infected samples at early stages of infection, although more 

pronounced changes emerge at later time points (284). Likewise, EVs from P. falciparum-

iRBCs display broad, stage-dependent size distributions that substantially overlap with 

control EV populations, highlighting the limited discriminatory power of bulk physical 

parameters alone (281). 

The similar mean hydrodynamic sizes and zeta potentials measured for both P. 

berghei-derived and control EVs by DLS likely result from a combination of 

methodological and biological factors. Discrepancies with sizes reported in other studies 

can be attributed to differences in isolation and measuring techniques (e.g., sucrose 

cushion vs. ultracentrifugation or NTA vs DLS), the measurement principle of DLS, 

which is biased toward larger particles in polydisperse suspensions, and inherent 

biological variations between parasite species (P. berghei, P. yoelii or P. falciparum).  

Furthermore, several specific scenarios may explain the observed similarity in 

physical parameters such as size and zeta potential. First, given that the cultures had a 

parasitemia of approximately 3-5%, EVs originating from the vastly more numerous 

uninfected RBCs could have dominated the suspension. In such a polydisperse mixture, 

DLS lacks the sensitivity to resolve and quantify distinct subpopulations, potentially 

masking a less abundant, specific population of parasite-induced vesicles (278, 279). 

Second, since P. berghei-derived EVs are enveloped in the host RBC membrane, their 

fundamental physical properties, such as size and surface charge, may not differ notably 

from those of EVs budded directly from healthy RBCs. This shared membrane 

architecture could result in overlapping hydrodynamic and electrokinetic profiles, making 

the two populations indistinguishable by bulk measurement techniques like DLS. 

Dynamic Light Scattering is a widely accessible technique recommended by 

MISEV guidelines for initial particle size profiling, providing a rapid assessment of the 

mean hydrodynamic diameter and polydispersity of EV suspensions in their native state 

(68, 148). However, its significant limitation is an intensity-based bias that overrepresents 

larger particles due to the light-scattering dependence, making it less suitable for 

determining absolute concentration or resolving complex subpopulations in polydisperse 

samples (278). For this reason, the MISEV guidelines recommend complementing DLS 

with single-particle analysis techniques. NTA would enable a direct visual count and 
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concentration measurement of individual vesicles, while TRPS could offer higher-

resolution size data and concurrent zeta potential analysis on a particle-by-particle basis 

(280). Employing an integrated approach would be essential to accurately quantify 

subpopulations, ascertain the true concentration of parasite-specific EVs, and achieve a 

better understanding of the physical heterogeneity in Plasmodium EV preparations. 

Simultaneously, Atomic Force Microscopy (AFM) was employed to provide 

direct and high-resolution topographical imaging of individual vesicles (291, 292). Unlike 

ensemble or diffusion-based methods, AFM enables the physical visualization and 

morphological validation of EVs adsorbed onto a substrate, offering information like 

their spherical morphology, structural integrity, and the presence of possible aggregates 

or non-vesicular contaminants that may remain undetected by light-scattering techniques 

(292). This approach allows for the corroboration of the size profiles obtained by DLS 

with direct imaging at the single-particle level, thereby addressing two key limitations of 

DLS in polydisperse EV samples: first, the intensity-based bias that overrepresents larger 

particles due to their stronger light-scattering signal; and second, size overestimation due 

to the fact that DLS measures the hydrodynamic diameter (278, 279, 292). 

The low-magnification topographical map (Figure 6.23A) provided the first direct 

visual evidence of a heterogeneous population of isolated nanoparticles deposited across 

the mica substrate. This image confirmed the successful isolation of a particulate fraction 

and supports the high PDI observed in DLS. Beyond confirming vesicular morphology 

and structural heterogeneity, the AFM topographs may reflect underlying biological 

diversity in vesicle biogenesis and cargo loading as previously reported in P. falciparum 

(83). The presence of vesicles with varying degrees of lateral spreading and cap geometry 

suggests differences in membrane composition, rigidity, or surface protein density, which 

could influence their interaction with the substrate and, by extension, with target cells in 

vivo (293). Subsequently, the three-dimensional rendering (Figure 6.23B) offered 

unambiguous confirmation of the spherical, cap-shaped morphology typical of EVs 

adsorbed onto a solid support, allowing a single-particle, morphological verification 

(294). 

The direct height measurements obtained by AFM of individual EVs revealed that 

the adsorbed vesicles ranged from approximately 14 to 49 nm (Figure 6.23D). 
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Importantly, these height values are notably lower than the mean hydrodynamic diameter 

of approximately 100 nm determined by DLS (Figure 6.22, Table 6.1). This discrepancy 

is expected and well-documented when comparing dry-state AFM measurements with 

solution-based light scattering techniques (295). The DLS intensity-based bias causes the 

signal from larger vesicles to disproportionately influence the size distribution, in 

polydisperse samples (278). Furthermore, the hydrodynamic diameter encompasses 

contributions from the particle core as well as its hydration shell, thereby overestimating 

the particle size by up to 20 nm compared with the physical dimensions (296). 

In contrast, AFM performed on air-dried samples captures the physical height of 

the vesicle core after dehydration and adsorption onto a solid substrate. This process leads 

to vesicle collapse, flattening, and the loss of the solvation layer, resulting in smaller 

measured dimensions. The electrostatic forces that immobilize EVs on the mica surface 

also distort their shape from globular geometry to a cup-shape geometry, which is 

recognized as a sample preparation artifact (297).  

Hence, the measured height of the EVs represents a conservative, but 

underestimate of their native vertical dimension due to deformations induced during 

sample preparation and imaging (297). Furthermore, even when operating in tapping 

mode to minimize vertical force, the finite tip-sample interaction can induce additional 

nanoscale compression of the EVs’ upper membrane, particularly for highly deformable 

structures (298, 299).  

In contrast, the width of the EVs were approximated from the full width at half 

maximum (FWHM) of the cross-sectional height profiles, yielding values between 82 and 

100 nm (Figure 6.23D). These values are larger than the height measurements and are 

close to the dimensions obtained by DLS analysis. However, these lateral dimensions are 

predominantly enlarged by the tip convolution effect, a well-characterized artifact in 

AFM. The imaging tip, with a finite radius of curvature, interacts with the sides of the 

nanoparticle before reaching its apex, resulting in a broadened topographic profile that 

overestimates the true particle width (163). The degree of broadening depends on tip 

geometry and particle height. Additionally, the soft, adhesive nature of EV membranes 

promotes lateral spreading on the hydrophilic mica surface, further contributing to an 

increased footprint (293, 300). 
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Thus, while height is preferable for reporting vesicle size in the dry state, neither 

metric alone accurately captures the native hydrodynamic diameter; instead, they should 

be interpreted together as indicators of vesicle morphology, deformability, and adsorption 

behavior, ideally complemented by solution-based techniques such as DLS or NTA (148, 

297).  

For instance, AFM analysis of two subpopulations (F3 and F4) of P. falciparum-

derived EVs isolated from culture was reported by Abou Karam et al. AFM measurements 

performed in liquid (PBS) revealed average diameters of (26 ± 14) nm for F3-EVs and 

(69 ± 46) nm for F4-EVs. In comparison, cryo-TEM yielded slightly larger average 

diameters of (55 ± 11) nm for F3-EVs and (108 ± 53) nm for F4-EVs (83). Collectively, 

these findings demonstrate that methodological variations in sample preparation, imaging 

conditions, and inherent resolution among microscopy platforms can introduce systematic 

discrepancies in the reported dimensions of EVs (292). This underscores the necessity for 

a multimodal analytical framework to accurately resolve vesicle size and ultrastructure. 

Consequently, the application of DLS and AFM has provided a complementary 

and multi-faceted first physical characterization of P. berghei-derived small EVs. DLS 

established the bulk hydrodynamic profile of the EV suspension, revealing a polydisperse 

population with a mean hydrodynamic diameter of approximately 100 nm and a low 

surface charge consistent with colloidal vesicles in a biological buffer. Conversely, AFM 

provided the essential nanoscale morphological validation, confirming the isolation of 

discrete, spherical nanoparticles and providing direct, single-particle measurements that 

avoid the intensity-based bias inherent to light-scattering techniques. Notably, the 

dimensions obtained by AFM (heights of 14-49 nm; width of 82-100 nm) were 

consistently smaller than those reported by DLS, a direct consequence of fundamental 

methodological differences. This orthogonal strategy aligns with MISEV guidelines for 

initial EV characterization (68, 148) and establishes that the isolated material comprises 

a heterogeneous population of nano‑sized, membranous structures morphologically 

consistent with small EVs.  

Once the physical and morphological identity of the isolated nanoparticles was 

established as being consistent with small EVs, confirming their enrichment from the P. 

berghei culture supernatant, their protein composition and biological cargo were 
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subsequently characterized to gain insight into their potential functional roles. 

Accordingly, biochemical and proteomic profiling was performed, beginning with 

comparative SDS-PAGE analysis of EV fractions relative to their corresponding 

supernatants, followed by liquid chromatography-tandem mass spectrometry (LC-

MS/MS) to comprehensively identify P. berghei-derived proteins within the EVs 

enrichment fraction. 

The initial biochemical characterization was performed using SDS-PAGE, which 

provided a first-level assessment of their protein content and purity relative to the source 

supernatant. The electrophoretic profiles (Figure 6.24) revealed distinct banding patterns 

between the EV-enriched fractions and their corresponding EV-reduced supernatants, 

further confirming the successful enrichment of a protein-rich vesicular fraction. Notably, 

a prominent band at approximately 95 kDa was consistently observed exclusively in the 

EV lanes from both P. berghei and control RBC preparations (Figures 6.24A and 6.24B). 

In addition, a differential banding pattern was evident in the lower molecular weight 

region (17-34 kDa), where several distinct bands were present in the control RBC-EV 

lane but appeared reduced or absent in the P. berghei EV lane. The absence of these bands 

in the corresponding supernatant lanes strongly suggests preferential association with EVs 

rather than co-isolation of soluble proteins, supporting the vesicular nature of the 

preparation. 

Some potential protein candidates corresponding to these EV-exclusive bands can 

be proposed based on their apparent molecular weight and reported association with EVs. 

In the ~95 kDa region, possible candidates include conserved vesicle-associated proteins 

such as heat shock proteins (e.g., HSP90), which are frequently enriched in EVs across 

diverse biological systems; the ESCRT-associated protein Alix, a well-established 

exosome marker; or the RBC membrane structural protein Band 3, which has previously 

been identified in RBC-derived EVs (68, 148). For the 17-34 kDa molecular weight range, 

potential candidates include canonical exosome-associated proteins such as tetraspanins 

(e.g., CD63, CD81), as well as other RBC-related proteins, including annexins or 

glycophorins, which are commonly reported in RBC-derived EVs (68, 148, 301, 302). 

However, the presence of classical exosome markers as defined by the MISEV 

guidelines is unlikely in EVs derived from mature RBCs, as these enucleated cells lack 
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the endosomal trafficking machinery required for canonical exosome biogenesis (301). 

Furthermore, comprehensive genomic and proteomic analyses have thus far failed to 

identify homologs of key ESCRT-related proteins, including tetraspanins and Alix, in 

Plasmodium genome (303). This observation reinforces the growing evidence suggesting 

that EV biogenesis pathways in protozoan parasites diverge significantly from the 

canonical models established in most eukaryotic cells, especially those of mammalian 

origin (80, 168). 

While the SDS-PAGE analysis revealed differential banding patterns from EV 

fraction and their corresponding supernatants, this technique possesses inherent 

limitations that constrain a deeper biological interpretation. Primarily, SDS-PAGE 

provides solely a separation based on molecular weight, offering no information on 

protein identity, post-translational modifications, or relative abundance beyond visual 

band intensity (304). Consequently, any proposed protein assignments remain speculative 

and rely exclusively on apparent molecular weight, a parameter that can be influenced by 

factors such as protein complex formation or detergent binding (305). Furthermore, the 

limited sensitivity of gel-based protein detection methods, on the order of 10-100 ng for 

Coomassie staining and 1-10 ng for silver staining, particularly for low-abundance 

proteins, suggests that the observed gel profiles likely reflect only the most abundant EV-

associated proteins, potentially overlooking critical low-abundance regulators or parasite-

derived effectors. Finally, the presence of background bands, particularly in silver-stained 

gels, can complicate the distinction between genuine EV cargo and co-isolated 

contaminants (306). 

To overcome these limitations and advance to definitive molecular identification 

and quantification, LC-MS/MS, an unbiased and high-sensitivity proteomic approach, 

was employed. This analysis was designed to comprehensively catalogue the protein 

cargo of P. berghei-derived EVs, validate the presence of hypothesized protein 

candidates, identify parasite-specific components, and functionally classify the vesicular 

proteome in order to infer its biological origin and potential roles.   

The LC-MS/MS analysis provided evidence of successful enrichment of an EV-

associated proteome. A marked disparity in protein identifications was observed between 

the small EV fraction and the corresponding EV-reduced supernatant. Specifically, 60 P. 



 

 

138 
 

berghei proteins were identified in the small EV fraction, compared to 14 in the matched 

supernatant (Figure 6.25A). Notably, 48 of the EV-associated proteins (80%) were 

detected exclusively in the EV fraction, corroborating the electrophoretic observations of 

EV-specific protein bands. Importantly, only two proteins were exclusively detected in 

the EV-reduced supernatant, including a Niemann-Pick type C1-related protein involved 

in lipid transport and membrane biogenesis and one uncharacterized protein. 

A similar pattern was observed for host (M. musculus) proteins, with a total of 105 

proteins identified, of which the majority (70%) were exclusive to the EV fraction (Figure 

S.3A). The limited overlap of shared proteins likely reflects a subset of highly abundant 

host proteins present in both fractions and/or, a minor contribution from residual small 

EVs remaining in the supernatant.  

Briefly, characterization of the host-derived protein component in P. berghei EV 

preparations revealed multiple M. musculus proteins previously reported as markers or 

common constituents of RBC-derived EVs (Tables S1 and S2). These include canonical 

RBC membrane and cytoskeletal proteins such as band 3, ankyrin-1, protein 4.1, α- and 

β-spectrin, and dematin, which play crucial roles in maintaining membrane integrity and 

mechanical properties. Additionally, cytoplasmic proteins highly abundant in RBCs, like 

hemoglobin subunits, carbonic anhydrase 1, heat shock proteins, and peroxiredoxin-2, 

were also identified, aligning with their frequent presence in RBC-derived EV cargo due 

to their high intracellular concentration (165–167). While mature RBCs and Plasmodium 

parasites lack the canonical endosomal machinery for classical exosome biogenesis, 

previous studies have reported the presence of tetraspanins in EVs derived from P. 

falciparum cultures (281). 

Gene Ontology (GO) enrichment analysis of the M. musculus proteins identified 

in the EV fraction provided functional and origin-related insights. The most significantly 

enriched biological processes were associated with hemostasis and responses to vascular 

damage, including “regulation of blood coagulation,” “regulation of wound healing,” 

“platelet aggregation,” and “platelet activation” (Figure S.3B). In addition, the enrichment 

of processes such as “proteasome core complex” (Figure S.3C) suggests the presence of 

protein degradation machinery within or associated with the vesicles. These findings are 
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consistent with previous reports describing RBC-derived EVs as functionally linked to 

hemostasis, coagulation, and proteasome-related activity (255, 307, 308). 

On the other hand, the proteomic profile of P. berghei-derived EVs remains 

largely uncharacterized, with no published data available from either in vivo or in vitro 

studies during blood stage. In contrast, most of the existing knowledge is derived from 

research on P. falciparum, though the reported EV proteomes vary considerably across 

studies, both in terms of the number and identity of proteins identified. For instance, the 

reported number of P. falciparum proteins in EVs ranges from as few as 20 to as many as 

387, while host (human) proteins identified in the same preparations vary from 

approximately 80 to over 300 (83, 166, 285, 301, 307, 309, 310). These studies analyzed 

EVs isolated from culture supernatants via ultracentrifugation and employed different 

parasite strains (e.g., 3D7, NF54, CS2), further complicating cross-study comparisons due 

to potential strain-specific variations in EV cargo. Notably, these published works 

restricted their analysis to the EV fraction itself, without examining the corresponding 

EV-depleted supernatants, limiting the ability to distinguish between genuine vesicular 

cargo and co-isolated soluble proteins or NVEPs. 

In murine malaria models, only one proteomic study of EVs has been reported to 

date: De Sousa et al. characterized EVs isolated from plasma of mice infected with P. 

yoelii 17XNL, identifying 40 parasite proteins, 23 of which were uncharacterized, and 

360 host proteins (284). However, plasma represents a highly complex biological matrix 

containing EVs derived from diverse host cell types, which complicates the enrichment 

and characterization of EVs originating exclusively from iRBCs. This highlights a major 

gap in the field, namely the lack of systematic proteomic studies of EVs from rodent 

malaria species, especially using in vitro systems. Such controlled settings allow parasite-

derived EVs to be examined against a defined supernatant background, making it easier 

to confidently attribute vesicular cargo to the parasite during the blood stage of infection. 

Protein classification based on UniProt annotations show that most proteins (70%) 

were classified as soluble while membrane-associated proteins constitute a smaller, yet 

significant, proportion (25%); and the remaining 5% were unclassified (Figure 6.25B). 

Although protein solubility is not a common classification criterion in other studies, the 

high percentage of soluble proteins aligns with several proteomic analyses of Plasmodium 
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EVs. For instance, studies of EVs from iRBCs frequently report a substantial proportion 

of cytosolic proteins, such as metabolic enzymes, chaperones, ribosomal proteins, and 

translation factors (83, 166, 284, 301, 310). In contrast, other authors report a higher 

proportion of membrane-associated proteins. These include GPI-anchored proteins like 

MSP-1, proteins associated with apical organelles (rhoptries, micronemes, dense 

granules), and proteins involved in RBC remodeling localized to structures such as 

Maurer’s clefts (307, 309).  

While the classification in Figure 6.25B indicates that soluble proteins constitute 

the majority of the identified P. berghei EV proteome, it is crucial to consider the 

methodological biases inherent to the proteomic workflow. The standard sample 

preparation for LC-MS/MS typically involves protein solubilization and digestion in 

aqueous buffers, a process that is notoriously inefficient for integral membrane proteins, 

particularly those with multiple transmembrane domains. These hydrophobic proteins are 

often under-represented or entirely missed due to poor extraction, solubility, and digestion 

efficiency (311, 312). Consequently, the relatively low percentage of membrane-

associated proteins reported here may not fully reflect their true abundance in the EV 

membrane.  

Then proteins were classified based on the biological process they participated in 

using UniProt annotations (Figure 6.25C) and GO enrichment analysis (Figure 6.25E). 

The classification in Figure 6.25C reveals a diverse functional repertoire dominated by 

proteins involved in proteostasis, protein synthesis, metabolism, and nucleic acid 

processing. Additionally, proteins involved in pathogenesis, including host cell 

invasion/adhesion and RBC remodeling were also found in less amounts. The GO 

enrichment analysis (Figure 6.25E) statistically validates and refines these functional 

insights. The most significantly enriched processes include glycolysis and protein-related 

processes such as translation, protein catabolism, and proteolysis. 

Glycolytic enzymes have been consistently reported in multiple P. falciparum 

proteomic studies of extracellular vesicles. The most frequently identified enzymes 

include enolase, aldolase, and GAPDH, with LDH and pyruvate kinase reported less 

frequently (83, 166, 285, 307, 309). In the present study, all of these enzymes except 

pyruvate kinase were detected (Table 6.2). Consistently, the glycolytic process itself has 
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also been reported as significantly enriched in GO analyses of Plasmodium-derived EV 

proteomes (83, 285). 

The strong enrichment of glycolytic enzymes is particularly noteworthy. 

Glycolysis constitutes the primary energy pathway for intra-erythrocytic Plasmodium 

parasites, making these enzymes highly abundant cytosolic components (313). However, 

this selective enrichment in EVs could be explained by the phenomenon of moonlighting, 

wherein a single protein performs multiple, often mechanistically distinct functions. Many 

glycolytic enzymes are paradigmatic moonlighting proteins across pathogens, with 

documented roles in adhesion, immune modulation, and transcriptional regulation (314, 

315).  

Several glycolytic enzymes identified in Plasmodium-derived EVs are well-

established moonlighting proteins that perform essential non-metabolic functions during 

parasite invasion and host interaction (315). For example, aldolase plays a central 

structural role in the invasion machinery by providing an unconventional binding 

interface between the actin cytoskeleton and TRAP, thereby mechanically coupling 

parasite adhesins to actin-driven motility independently of its catalytic activity (316, 317). 

Enolase, on the other hand, is expressed on the parasite surface despite lacking a signal 

peptide and functions as a plasminogen-binding protein through conserved lysine motifs. 

This interaction promotes localized generation of plasmin, facilitating extracellular matrix 

degradation and enhancing host cell invasion (313, 314). GAPDH has also been identified 

on the surface of Plasmodium sporozoites, where it has been proposed to contribute to 

liver-stage invasion through interactions with host cell components (317, 318).  

Alongside glycolysis, GO enrichment analysis revealed a significant 

overrepresentation of processes related to protein dynamics: translation, protein 

catabolism, and proteolysis (Figure 6.25E). The presence of these cytosolic abundant 

ribosomal proteins, elongation factors, proteasome subunits, and chaperones in the EV 

cargo corroborates this functional signature (Figure 6.25C and Table 6.2). Consistent with 

this study, ribosomal proteins (RPs) from both the 40S (S19, S4, S11, S15) and 60S (L27) 

subunits, as well as elongation factors (EF-1α and EF-2), proteasome subunits (α and β), 

and heat shock proteins (HSP70 and HSP90), have previously been reported in P. 

falciparum-derived EVs  (83, 166, 285, 307, 309, 310). Moreover, several of these 
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processes have also been identified as significantly enriched in GO analyses of 

Plasmodium-derived EV proteomes in independent studies (83, 285, 307). 

The incorporation of core components of the translational machinery, including 

ribosomal proteins and elongation factors, into EVs has been reported in a variety of 

pathogens as well as in cancer cells. Although these proteins have traditionally been 

considered strictly intracellular, accumulating evidence from other biological systems 

suggests that translation-related factors can be exported within EVs and may exert 

regulatory functions in recipient cells (319). In P. falciparum, the selective packaging of 

evolutionarily conserved RPs, such as RPS3, into host-derived EVs has been proposed to 

contribute to immune evasion and host cell modulation, potentially through molecular 

mimicry. By exploiting structural and functional similarities between parasite and host 

RPs, such vesicular cargo may interfere with host cellular pathways, including 

translational control, NF-κB signaling, and apoptotic responses (320). Similarly, in P. 

berghei, EVs have been shown to contain EF-1α, which has been implicated in 

immunomodulatory activity, including the inhibition of antigen-specific T-cell activation, 

thereby contributing to immune evasion and the establishment of persistent infection 

(321). 

Likewise, Dekel et al. demonstrated that P. falciparum exports functional 20S 

proteasome complexes within EVs as part of a pre-invasion virulence strategy. These EVs 

deliver active proteolytic machinery and parasite kinases to uninfected RBCs, resulting in 

the phosphorylation and subsequent degradation of key cytoskeletal linker proteins, 

including β-adducin, ankyrin-1, dematin, and Epb4.1. This targeted remodeling disrupts 

the connection between the plasma membrane and the spectrin network, increasing 

membrane deformability and reducing cellular stiffness. As a result, uninfected RBCs are 

mechanically predisposed to facilitate subsequent merozoite invasion (310). Finally, 

HSPs have been consistently reported in Plasmodium-derived EVs and part of the 

parasite’s exportome (83, 166, 285, 307, 309). In P. falciparum, HSPs are involved in the 

formation of knobs, which facilitate cell adhesion and immune evasion (322). 

Therefore, the selective incorporation of moonlighting proteins and core cellular 

machinery into EVs supports a model in which the parasite functionally extends its 

biological interface with the host, enabling long-range interactions that modulate host cell 



 

 

143 
 

signaling, metabolism, and immune responses beyond the constraints of direct cell-cell 

contact. Other biological processes of interest identified in this study include nucleic acid 

processing and packaging, reflected by the presence of histones (H2A, H2B, H3, H4) and 

the DNA/RNA-binding protein Alba-1/-4; parasite adhesion and invasion, represented by 

MSP-1, MSP-9, and rhoptry-associated protein 1; and host red blood cell remodeling, as 

suggested by the enrichment of Kelch- and RESA-domain–containing proteins (Table 

6.2).   

Notably, some GO enrichment analyses have revealed a significant presence of 

nucleic acid-binding proteins within Plasmodium EV proteomes, including parasite 

histones, which have been detected within EV preparations from P. falciparum-iRBCs 

(83, 307, 309). In these vesicles, histones co-localize with EV-associated genomic DNA, 

suggesting that nucleosomal structural units are selectively packaged rather than arising 

from nonspecific cellular disruption. Such nucleosomal cargo has been implicated in 

parasite-parasite genetic exchange and in host-pathogen interactions, where parasite-

derived DNA can act as a virulence-associated signal sensed by host cytosolic immune 

receptors (167, 323). In addition, members of the Plasmodium Alba protein family are 

evolutionarily conserved DNA/RNA-binding proteins that directly interact with both 

genomic DNA and RNA and have been shown to modulate the expression of virulence- 

and stage-specific transcripts (324, 325). Although members of this protein family have 

been reported in P. falciparum-derived EVs, the functional relevance of their potential 

EV-associated localization remains to be fully elucidated (309). 

Additionally, parasite proteins classically associated with RBC adhesion, 

invasion, and remodeling, including merozoite surface proteins (e.g., MSP-1, MSP-3, 

MSP-7, MSP-9), apical membrane antigen 1 (AMA1), and other apical complex ligands 

such as EBA-175 and rhoptry-associated proteins (e.g., RAP1, RAP2), as well as RBC 

remodeling proteins involved in knob formation and Maurer’s clefts organization (e.g., 

RESA, KAHRP, MAHRP) are consistently identified within EVs subpopulations (166, 

285, 307, 309). Their presence has potential biological significance; functional studies 

indicate that EVs can modulate invasion dynamics and parasite density-dependent 

behavior (326, 327). Moreover, the encapsulation of invasion and remodeling ligands 

within EVs supports a role for parasite EVs in inter-parasite communication and in the 
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modulation of host cell susceptibility and immune recognition. Through interactions with 

host receptors or presentation to immune effectors, EV-delivered ligands may contribute 

to parasite survival, sequestration, cytoadherence, and evasion of splenic clearance, 

thereby reinforcing the multifaceted role of EVs in malaria pathogenesis (167, 328, 329). 

While the functional analysis of the P. berghei EV proteome reveals a cargo 

enriched in virulence-associated and core cellular proteins, it also provides indirect 

insights into the otherwise elusive biogenesis pathways of EVs in Plasmodium. 

Understanding the subcellular origins of EV cargo is particularly significant given the 

parasite's unique cellular biology and the genomic evidence suggesting a simplified 

ESCRT machinery (168, 303). The subcellular localization analysis (Figure 6.25D), 

supported by GO Cellular Component enrichment (Figure 6.25F), indicates that most of 

the identified parasite proteins originate from cytoplasmic, nuclear, and ribosomal 

compartments. This distribution is consistent with complementary findings showing that 

most proteins are soluble and with the enrichment of biological processes related to 

glycolysis, protein synthesis, and protein degradation, which are predominantly 

cytoplasmic and ribosomal pathways. In addition, the detection of nucleosome-associated 

components further supports a contribution from nuclear compartments, collectively 

reinforcing the intracellular origin of the EV protein cargo.   

These findings are also consistent with previously reported GO Cellular 

Component enrichment analyses, in which cytoplasmic, nuclear, and ribosomal 

compartments are the predominant contributors to the EV proteome. Additional enriched 

cellular component categories include extracellular or host cell-exported proteins, as well 

as proteins associated with rhoptries, highlighting the potential heterogeneous subcellular 

origins of parasite-derived EV cargo (166, 285, 309).  

Moreover, canonical exosome markers recommended by the MISEV guidelines 

were not detected in this study and therefore do not provide direct evidence for a classical 

endosome-derived exosome biogenesis pathway. As discussed above, this likely reflects 

methodological constraints associated with bulk protein profiling approaches, and 

biological particularities of the parasite, including EV biogenesis pathways that remain 

incompletely characterized and likely differ from those of other eukaryotic systems. 

Consequently, the absence of these markers should not be interpreted as evidence against 
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the presence of exosome-like vesicles, but rather as a limitation in conclusively assigning 

their biogenetic origin. 

Notably, despite these limitations, a protein related to vacuolar protein sorting-

associated protein 4 (VPS4; A0A509ASB5) was detected for the first time in a 

Plasmodium EV proteome. VPS4 homologs in P. falciparum and Toxoplasma gondii have 

been shown to participate in multivesicular body formation, a key step in exosome 

biogenesis in eukaryotic cells. In Plasmodium, several VPS components are part of a 

reduced ESCRT-III associated machinery that has been implicated in EV formation and 

parasite protein export, suggesting that endosome-related pathways may contribute to EV 

biogenesis in this system, even if classical exosome markers are not readily detectable. 

(303, 326, 330).  

Although the presence of this protein alone cannot be considered definitive proof 

of canonical exosome enrichment, its detection provides biologically relevant support for 

the involvement of ESCRT-related mechanisms in EV biogenesis within the unique 

cellular context of Plasmodium, offering a more realistic framework for interpreting 

exosome-like vesicle formation in this parasite. 

In summary, this research provides the first comprehensive proteomic 

characterization of P. berghei-derived EVs released by blood-stage parasites using an in 

vitro system. The strong overlap between the proteins identified here and those previously 

reported for P. falciparum supports the successful enrichment of an EV fraction. Although 

canonical markers of classical exosome biogenesis were not detected, the presence of an 

ESCRT-related protein, namely a VPS4 homolog, provides a plausible mechanistic link 

to EV formation in Plasmodium. Collectively, these findings advance our understanding 

of EV biology in rodent malaria models and highlight the potential role of EVs as 

mediators of host-parasite interactions, immune modulation, and malaria pathogenesis. 
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8. Conclusions 

The present research established and validated an in vitro system for the study of 

Plasmodium berghei and its interaction with endothelial cells, with a specific focus on the 

characterization of parasite-derived stimuli and their impact on vascular autophagy. Based 

on the obtained results, it is concluded that short-term maintenance of P. berghei under 

defined culture conditions is feasible, providing a controlled model that preserves parasite 

viability and infectivity. This model enabled the implementation of accessible protocols 

for enriching biologically active stimuli, like extracellular vesicles (EVs), which were 

subsequently used in functional assays. 

The establishment of genetically modified tEnd.1 endothelial cell lines expressing 

LC3 fluorescent reporters provided a robust and validated tool for dynamically 

monitoring autophagic activity. Using these models, it was demonstrated that P. berghei-

derived stimuli (iRBCs, EVs, and EV-reduced supernatants) consistently induce a state of 

increased LC3 positive structures with impaired autophagic flux in endothelial cells. This 

impairment is characterized by the accumulation of autophagosomes without effective 

progression to lysosomal degradation, a dysregulation that manifests with distinct 

temporal kinetics depending on the stimulus. These findings position the dysregulation of 

endothelial autophagy as a novel and plausible cellular mechanism contributing to the 

vascular dysfunction characteristic of severe malaria. 

Furthermore, this work provides the first integrated biophysical and proteomic 

characterization of small EVs released by blood-stage P. berghei in an in vitro system. 

The isolated vesicular population was confirmed to be heterogeneous and with an average 

size of approximately 100 nm. Its proteomic cargo was dominated by soluble, cytosolic 

proteins associated with core metabolic pathways such as glycolysis, protein synthesis, 

and turnover. The significant presence of established moonlighting proteins and virulence 

factors within the EVs supports a model in which the parasite strategically packages its 

biomolecules to extend its biological interface with the host. Concurrently, the host-

derived protein component within the EV preparations, enriched for markers of RBC 

cytoskeleton and hemostasis pathways, underscores the complex dual origin of these 

vesicles and suggests their potential involvement in coagulopathic responses during 

infection.  
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Although canonical exosome biogenesis markers were not detected, this is 

consistent with the predominantly membrane-associated or transmembrane nature of 

many of these proteins, which are unlikely to be efficiently captured or resolved by the 

bulk proteomic strategy employed in this study. In this context, the proteomic detection 

of an ESCRT-related protein, specifically a VPS homolog-related protein, offers initial 

mechanistic support for the involvement of conserved vesicle formation pathways in 

Plasmodium, even within its unique cellular context. Collectively, the findings of this 

study not only fill a critical gap in the understanding of EV biology in rodent malaria 

models but also delineate a novel axis of host-pathogen interaction centered on endothelial 

autophagic flux. This work provides a foundational framework and valuable tools for 

future investigations into the role of vesicular communication and cellular homeostasis 

pathways in the pathogenesis of malaria. 
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10. Supplementary material 

Figure S.1. Time-course analysis of LC3 accumulation in LC3-GFP tEnd.1 

endothelial cells following incubation with P. berghei-iRBCs at a ratio of 100 RBCs per EC. 

Spread plots show the percentage of cellular area occupied by LC3-positive vesicles in LC3-GFP 

tEnd.1 endothelial cells after treatment for 3, 6 and 24 hours with 100 iRBCs and control RBCs 

per endothelial cell. Each dot represents an individual cell, and horizontal lines indicate median 

values. Quantification was performed across three independent experiments, analyzing at least n 

= 100 cells per condition in total. Statistical significance was assessed using the Mann–Whitney 

U test. All iRBC-treated groups showed a higher LC3-positive area compared to their respective 

controls; however, statistically significant differences were only observed at 6 hours (P = 0.0021) 

and 24 hours (P < 0.0001), whereas no significant difference was detected at 3 hours (P = 0.0683). 

RBC: red blood cell; iRBCs: infected RBCs; EC: endothelial cell. 

 

 

 

 

 

 

 

 



 

 

176 
 

 

 

Figure S.2. Time-course analysis of LC3 accumulation in LC3-GFP tEnd.1 

endothelial cells following incubation with P. berghei-iRBCs at a ratio of 1000 RBCs per EC. 

Spread plots show the percentage of cellular area occupied by LC3-positive vesicles in LC3-GFP 

tEnd.1 endothelial cells after treatment for 3, 6 and 24 hours with 1000 iRBCs and control RBCs 

per endothelial cell. Each dot represents an individual cell, and horizontal lines indicate median 

values. Quantification was performed across three independent experiments, analyzing at least n 

= 100 cells per condition in total. Statistical significance was assessed using the Mann–Whitney 

U test. All iRBC-treated groups showed a higher LC3-positive area compared to their respective 

controls, statistically significant differences were observed at 3 hours (P < 0.0001), 6 hours (P < 

0.0001) and 24 hours (P = 0.0002). RBC: red blood cell; iRBCs: infected RBCs; EC: endothelial 

cell. 
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Figure S.3. Proteomic profiling of small extracellular vesicles produced by RBCs in 

a P. berghei culture. (A) Venn diagram showing the distribution of Mus musculus proteins 

identified in the enriched small EV fraction and their respective EV-reduced supernatant (SN). A 

total of 99 host proteins were identified in the EV fraction, of which 73 were unique to this 

fraction. (B, C) Gene Ontology (GO) enrichment analysis for (B) Biological Process and (C) 

Cellular Component categories. Enrichment analysis was performed using the STRING database 

(version 12.0), and the eight GO terms with the highest signal values meeting the significance 

threshold (FDR < 0.01) are shown. 
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Table S.1. Host-derived proteins identified in small extracellular vesicles (EVs) 

enriched from Plasmodium berghei culture. 

UniProt ID Description/Name 

C0HKE5 Histone H2A type 1-G 

E9PV24 Fibrinogen alpha chain 

O08529 Calpain-2 catalytic subunit 

O54890 Integrin beta-3 

O55222 Integrin-linked protein kinase 

O55234 Proteasome subunit beta type-5 

Q812C9 Amine oxidase [copper-containing] 2 

O70435 Proteasome subunit alpha type-3 

O88685 26S proteasome regulatory subunit 6A 

P00920 Carbonic anhydrase 2 

P01649 Ig kappa chain V-V regions 

P01837 Immunoglobulin kappa constant 

P01872 Immunoglobulin heavy constant mu 

P01942 Hemoglobin subunit alpha 

P02088 Hemoglobin subunit beta-1 

P02089 Hemoglobin subunit beta-2 

P84244 Histone H3.3 

P04919 Band 3 anion transport protein 

P05064 Fructose-bisphosphate aldolase A 

P05213 Tubulin alpha-1B chain 

P06151 L-lactate dehydrogenase A chain 

P07724 Albumin 

P08032 Spectrin alpha chain 

P08226 Apolipoprotein E 

P09528 Ferritin heavy chain 

P10126 Elongation factor 1-alpha 1 

P10518 Delta-aminolevulinic acid dehydratase 

Q8CGP2 Histone H2B type 1-P 

P11087 Collagen alpha-1(I) chain 

P11276 Fibronectin 

P11352 Glutathione peroxidase 1 

P15105 Glutamine synthetase 

P15327 Bisphosphoglycerate mutase 

P15508 Spectrin beta chain 

Q01768 Nucleoside diphosphate kinase B 

P15864 Histone H1.2 

P16858 Glyceraldehyde-3-phosphate dehydrogenase 

P20152 Vimentin 

P24270 Catalase 
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P24549 Aldehyde dehydrogenase 1A1 

P26039 Talin-1 

P28654 Decorin 

P29391 Ferritin light chain 1 

P29788 Vitronectin 

P32261 Antithrombin-III 

P34884 Macrophage migration inhibitory factor 

P48193 Protein 4.1 

P49722 Proteasome subunit alpha type-2 

P52480 Pyruvate kinase PKM 

P53657 Pyruvate kinase PKLR 

P63260 Actin 

P62806 Histone H4 

P63017 Heat shock cognate 71 kDa protein 

P68368 Tubulin alpha-4A chain 

P68372 Tubulin beta-4B chain 

P70195 Proteasome subunit beta type-7 

P80314 T-complex protein 1 subunit beta 

P80316 T-complex protein 1 subunit epsilon 

P99026 Proteasome subunit beta type-4 

Q00623 Apolipoprotein A-I 

Q01149 Collagen alpha-2(I) chain 

Q01853 Transitional endoplasmic reticulum ATPase 

Q02053 Ubiquitin-like modifier-activating enzyme 1 

Q02357 Ankyrin-1 

Q3UDE2 Tubulin--tyrosine ligase-like protein 12 

Q9D3R6 Katanin p60 ATPase-containing subunit A-like 2 

Q3UVK0 Endoplasmic reticulum metallopeptidase 1 

Q571I9 Aldehyde dehydrogenase family 16 member A1 

Q60605 Myosin light polypeptide 6 

Q60692 Proteasome subunit beta type-6 

Q61171 Peroxiredoxin-2 

Q61646 Haptoglobin 

Q61838 Alpha-2-macroglobulin 165 kDa subunit 

Q62351 Transferrin receptor protein 1 

Q64523 Histone H2A type 2-C 

Q7TMM9 Tubulin beta-2A chain 

Q8K0E8 Fibrinogen beta chain 

Q8K1B8 Fermitin family homolog 3 

Q8K274 Ketosamine-3-kinase 

Q8R016 Bleomycin hydrolase 

Q8R146 Acylamino-acid-releasing enzyme 

Q8VCM7 Fibrinogen gamma chain 
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Q8VDD5 Myosin-9 

Q8VDM4 26S proteasome non-ATPase regulatory subunit 2 

Q8VE10 N-alpha-acetyltransferase 40 

Q921I1 Serotransferrin 

Q922D8 C-1-tetrahydrofolate synthase 

Q99J99 3-mercaptopyruvate sulfurtransferase 

Q99JI6 Ras-related protein Rap-1b 

Q9CWJ9 Bifunctional purine biosynthesis protein ATIC 

Q9ESB3 Histidine-rich glycoprotein 

Q9QUM9 Proteasome subunit alpha type-6 

Q9R1P0 Proteasome subunit alpha type-4 

Q9R1P3 Proteasome subunit beta type-2 

Q9R1P4 Proteasome subunit alpha type-1 

Q9WV69 Dematin 

Q9Z2U0 Proteasome subunit alpha type-7 

Q9Z2U1 Proteasome subunit alpha type-5 

Q9Z2W0 Aspartyl aminopeptidase 

 

Table S.2. Host-derived proteins identified in EV-reduced supernatant (SN) from 

Plasmodium berghei culture. Proteins marked with an asterisk (*) were detected 

exclusively in the EV-reduced supernatant fraction. 

UniProt ID Description/Name 

C0HKE5 Histone H2A type 1-G 

E9PV24 Fibrinogen alpha chain 

P00920 Carbonic anhydrase 2 

P01942 Hemoglobin subunit alpha 

P02088 Hemoglobin subunit beta-1 

P02089 Hemoglobin subunit beta-2 

P84244 Histone H3.3 

P04919 Band 3 anion transport protein 

P05064 Fructose-bisphosphate aldolase A 

P06151 L-lactate dehydrogenase A chain 

P07724 Albumin 

P10126 Elongation factor 1-alpha 1 

P11087 Collagen alpha-1(I) chain 

P13634 Carbonic anhydrase 1* 

P15327 Bisphosphoglycerate mutase 

Q01768 Nucleoside diphosphate kinase B 

P16858 Glyceraldehyde-3-phosphate dehydrogenase 

P17751 Triosephosphate isomerase * 

P24270 Catalase 
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P32261 Antithrombin-III 

P63260 Actin 

P68510 14-3-3 protein eta * 

Q00623 Apolipoprotein A-I 

Q01149 Collagen alpha-2(I) chain 

Q03265 ATP synthase subunit alpha * 

Q3UVK0 Endoplasmic reticulum metallopeptidase 1 

Q61171 Peroxiredoxin-2 

Q61838 Alpha-2-macroglobulin 165 kDa subunit 

Q8VCM7 Fibrinogen gamma chain 

Q921I1 Serotransferrin 

Q923D2 Flavin reductase (NADPH) * 

Q99KK7 Dipeptidyl peptidase 3 * 

 

 


