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Summary 

 

Malaria is a severe protozoan infection that affects around 200 million people annually, with 

Plasmodium falciparum being the major driver of malaria-related mortality. Treatment of the 

disease mainly relies on antimalarial drugs that target the blood stages of the parasite. However, 

drug-induced toxicity and the development of resistance pose significant challenges. 

Independent cases of multi-drug resistance to Artemisinin Combination Therapies (ACTs) 

have emerged globally, driven by prolonged parasite clearance times, allowing resistant strains 

to emerge. This underscores the need for novel antimalarial agents and targeted drug delivery 

approaches. The erythrocytic cycle of the parasite is a key target for both novel therapies and 

targeted delivery. The ability of the malaria parasite to propagate in blood depends on its 

interaction with uninfected red blood cells (RBCs). The merozoite, an invasive form of the 

parasite, must adhere to and invade uninfected RBCs for erythrocytic schizogony. This process 

involves recognition of sialic acid-rich receptors on the RBC surface, including Glycophorin 

A, B, C, D, and Band 3, through various parasite antigens like the Erythrocyte-Binding 

Antigens (EBAs) and rhoptry proteins. Blocking these receptors with specific antibodies and 

anti-malarial peptides has been shown to disrupt the erythrocytic cycle across multiple parasite 

strains. The Newcastle Disease Virus (NDV) also targets sialic acid-rich receptors on host cells 

through its Hemagglutinin Neuraminidase (HN) spike protein. Similar to the malaria parasite, 

this interaction is vital for viral entry and infection. The affinity of NDV for avian erythrocytes 

suggests potential implications in co-infection scenarios, where the possible engagement with 

the RBCs and malaria parasitized RBCs (PRBCs) could be the key to offering a novel 

therapeutic strategy against human malaria. 
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1. Introduction 

1.1 A Brief History of Malaria 

The etymology of "malaria," derived from the Italian phrase mala-aria or "bad air," reflects 

historical misconceptions about its transmission, tracing back to the mid-18th century [1]. 

References to malaria-like symptoms could be found in ancient Chinese, Indian, and Greek 

texts as early as the third millennium before the common era (BCE) [2]. However, the first 

reliable description of malaria is often attributed to the Roman physician Celsus in the first-

century common era (CE) [3]. The true nature of malaria transmission remained elusive until 

the late nineteenth century when new discoveries fundamentally altered our understanding of 

the disease. The first major breakthrough came in 1880, when Charles Louis Alphonse 

Laveran, a French army surgeon stationed in Algeria, observed parasites in the blood of a 

malaria patient [4, 5]. Laveran identified these parasites as the causative agents of malaria, 

marking the first time where a microorganism was linked to a specific disease in humans. This 

discovery was crucial, as it shifted the focus from environmental theories, such as the "miasma" 

theory, which attributed malaria to bad air or toxic vapours, to a more precise understanding of 

infectious agents [6, 7]. 

Building on Laveran’s work, British medical officer Ronald Ross made a significant 

contribution in the 1890s by identifying the mosquito as the vector responsible for transmitting 

the malaria parasite [8]. While stationed in India, he conducted experiments on the malaria 

parasite's life cycle and, in 1897, successfully demonstrated that the parasite could be 

transmitted from infected birds to mosquitoes and then back to healthy birds. This confirmed 

the role of mosquitoes in the transmission cycle of malaria. The crucial discovery made by 

Ross was particularly important because it provided conclusive evidence that malaria was 

spread through the bite of Anopheles mosquitoes rather than through direct human contact or 

environmental factors. 

Today, we know that the most complicated form of human malaria is caused by 

Plasmodium falciparum, which diverged from P. reichenowi, a parasite infecting chimpanzees, 

approximately five to ten million years ago [2]. This divergence is correlated with the 

evolutionary split between humans and chimpanzees, which further highlights the deep 

evolutionary roots of the disease [9]. Genetic anthropological studies have revealed that the 

most recent common ancestor of P. falciparum likely existed in tropical Africa around 100,000 

years ago. In contrast, other Plasmodium species, including P. vivax, P. ovale, and P. malariae, 

TH-3604_186106017
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are believed to have been transmitted from non-human primates to humans through lateral 

transfer, at the later stages of human evolution (Figure 1.1) [10]. This long history of the 

association between the malaria parasite and the human host proves that the impact of malaria 

on human populations has been profound, exerting one of the strongest selective pressures on 

the human genome. 

 

Figure 1.1: Phylogenetic tree of Plasmodium spp. based on complete mitochondrial genomes. The analysis 

of the phylogenetic tree shows distinct origins of the two most important human malaria parasites, P. falciparum 

and P. vivax. (Source: Escalante et al. [10]) 

It is supported by the overwhelming prevalence of genetic adaptations in humans such as 

sickle-cell trait, thalassemia, and glucose-6-phosphate dehydrogenase deficiency, which 

although provides some resistance to malaria, cause significant health burdens as well [11-13]. 

Thus, the malaria parasite is one of the few pathogens that have shown the potential to alter 

genetic composition of a species through eons of evolutionary arms race.   

1.2 The Global Burden of Malaria 

In modern times, malaria still remains a significant public health challenge, particularly in 

tropical and sub-tropical regions where the disease is the most prevalent [14]. The ability of 
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these parasite to infect and cause disease in humans is linked to the presence of an apical 

complex, which is a specialized structure that facilitates the entry of the parasite into host cells. 

They are hence classified under the phylum Apicomplexa which defines this special feature of 

apicomplexan parasites [15, 16]. Among the five Plasmodium species that infect humans, 

Plasmodium falciparum is responsible for the majority of malaria-related morbidity and 

mortality worldwide [17]. Other species, including P. vivax, P. ovale, P. malariae, and P. 

knowlesi, also contribute to the global burden but typically cause less severe disease and thus 

leads to lesser number of deaths compared to P. falciparum infection [18, 19]. 

According to the World Health Organization (WHO) report of 2023, an estimated 249 

million new cases and approximately 0.4 million deaths were reported in 2022 alone [17]. 

Children, who are aged less than 5 years were the most vulnerable group affected by malaria 

and accounted for 67% (272 000) of all malaria deaths worldwide. Nineteen countries in sub-

Saharan Africa and India carried almost 85% of the global malaria burden. In Africa, P. 

falciparum alone accounted for 99.7% of the estimated malaria cases (Figure 1.2). 

 

Figure 1.2: Geographical distribution of cases related to P. falciparum infection. Areas in a dark hue of purple 

show a high prevalence of P. falciparum infection. The map presents Plasmodium falciparum-related cases for 

all age groups. (Source: Malaria Atlas Project) 

Despite substantial efforts and significant progress towards the treatment and control of P. 

falciparum infection, it continues to exert a heavy toll, particularly in developing countries, 

where it is responsible for over 90% of malaria-related deaths [17]. As of 2022, malaria had 

claimed about 4,05,000 lives. Sub-Saharan Africa is disproportionately affected, accounting 

for the vast majority of these fatalities, largely due to the widespread presence of Plasmodium 

falciparum, the deadliest malaria parasite, and highly efficient Anopheles mosquito vectors, 

such as Anopheles gambiae (Figure 1.3) [20, 21]. 
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Figure 1.3: Plasmodium falciparum-related deaths. Areas in a dark hue of orange show high numbers of 

mortality due to P. falciparum infection. The map presents Plasmodium falciparum-related deaths for all age 

groups (Source: Malaria Atlas Project) 

Malaria, as an infectious disease, is also highly influenced by geographical factors. The 

incidence of the disease is particularly prevalent in regions with environmental conditions that 

favour the breeding and survival of Anopheles mosquitoes. These regions, which include large 

parts of Sub-Saharan Africa, Southeast Asia, and parts of Latin America, often coincide with 

some of the poorest areas of the world [22]. This correlation between malaria incidence and 

economic development has been well-documented, with numerous studies highlighting how 

the burden of malaria can negatively impact economic growth and, conversely, how poverty 

can lead to an increase in malaria transmission [23-26]. For instance, a study in 2018 estimated 

that the African continent incurs direct economic losses of approximately USD 12 billion 

annually due to malaria [27]. These losses are attributed to various factors, including healthcare 

costs, loss of productivity, and the impact of the disease on education and workforce 

participation. Furthermore, the economic burden of malaria extends beyond its direct costs, as 

it also hampers long-term economic growth by affecting human capital. Malaria, particularly 

in its severe forms, such as cerebral malaria (CM) and severe malarial anaemia (SMA), induces 

long-lasting effects on neurodevelopment, especially in children. Studies have shown that 

African children who survive these severe forms of malaria often suffer from long-term 

cognitive impairments and neurodevelopmental deficits [28, 29]. These impairments can lead 

to learning difficulties, reduced academic achievement, and diminished earning potential in 

adulthood, creating a cycle of poverty and disease that is difficult to break. 

1.3 Plasmodium is a genus of intracellular obligate unicellular parasites  

Malaria parasites are obligate unicellular eukaryotic parasites of the genus Plasmodium. There 

are over 200 species of Plasmodium that infect a wide range of animal hosts [30]. Four species 
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of Plasmodium are traditionally recognized to be responsible for human malaria: Plasmodium 

falciparum, P.malariae, P.ovale and P.vivax. However, humans can also be infected with 

various simian species as well, such as P. cynomolgi, P. brasilianum, P. schwetzi, P. inui, P. 

knowlesi and P. simioval [19, 30, 31]. Despite the overwhelming diversity at the species level, 

the malaria parasites universally require two hosts for the successful completion of their life 

cycle, and hence its life cycle is digenetic. 

The malaria parasite exhibits a complex life cycle that involves two evolutionarily 

distinct hosts: the female Anopheles mosquito, which acts as a vector, and the vertebrate host, 

humans [32, 33]. The parasite employs unique defence mechanisms against the host immune 

system and has acquired great genetic and proteomic diversity during the epochs of the 

evolutionary arms race [34]. These molecular diversities also translate into the diversity in their 

cellular structure and physical capabilities. Multiple stages of malaria parasites can be seen 

during its life cycle adapted for infecting specific organs such as the liver and also asexual 

expansion in human RBCs through the erythrocytic schizogony. Interestingly, the motility of 

the malaria parasite through the skin is reported to be ten times faster than the immune cells, 

that counter such pathogens [35]. They also employ camouflage strategies and modulation of 

host immune response, metabolism and behaviour for their survival and transmission [36]. 

Thus, a complex life cycle coupled with a myriad of defence mechanisms makes the parasite 

particularly suitable for infecting its host and continuing its life cycle.     

1.4 The complex life cycle of the Malaria parasite 

The digenetic life cycle of the Plasmodium spp. can be divided into an exogenous sexual phase 

(sporogony) in female Anopheles mosquitoes and an endogenous asexual phase (schizogony) 

in humans (Figure 1.4). In humans, the onset of the asexual phase begins when an infected 

female Anopheles mosquito, harbouring sporozoites in its salivary glands, takes a blood meal 

and injects the malaria parasite into the dermis of the skin. New evidence suggests that the 

sporozoites, after being injected into the dermis of the skin, may also remain in the tissue for 

several hours and are slowly released into blood capillaries [37]. The parasite uses a process 

called gliding motility to find its way to the capillaries with the help of Trap-like proteins, 

which appear to be essential for its exit from the dermis [35, 37]. The sporozoites go through 

the bloodstream and then enter the liver. This process is often termed “traversal” in the liver, 

where the sporozoites finally establish themselves in the parenchymal cells [38]. This tissue 

phase, or pre-erythrocytic schizogony, leads to the development of tissue schizonts. These 
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schizonts contain thousands of merozoites. In P. falciparum, this number can be as high as 

30,000, while in P. vivax and, P. ovale, around 10,000 merozoites are formed [33]. The rupture 

of infected hepatocytes releases thousands of merozoites in parasite-filled vesicles known as 

merosomes. The merosomes provide a protective barrier and act like camouflage to the host 

immune system. 

 

Figure 1.4: The digenetic life cycle of the malaria parasite. The life cycle of the malaria parasite begins when 

an infected mosquito inoculates sporozoites from its salivary glands into the dermis, during a blood meal (1). 

Stages 2 to 5 represents the asexual phase (schizogony) in humans. Stages 6 to 7 represents the sexual phase in 

mosquito (sporogony). (Source: created with BioRender) 

The tissue phase ends in this point in the case of P. falciparum, while it persists in P. vivax and 

P. ovale as hypnozoites. The hypnozoites are the source of malaria relapse in vivax and ovale 

malaria. The merozoites released from the liver find their way to the erythrocytes and the 

process of invasion occurs. While the merozoites are in the bloodstream, prior to RBC entry, 

the Merozoite Surface Proteins, particularly MSP1, which covers the surface of the merozoites, 

are responsible for defence against immune activation [36]. The EBLs (Erythrocytic Binding 

Ligands) and PfRhs (Plasmodium falciparum reticulocyte binding homologs) of the merozoite 

surface are involved in the binding to the RBC surface through sialic acid-containing surface 

receptors, particularly the Glycophorins. Initial binding of the merozoites leads to the formation 

of AMA1-RON complex that marks the reorientation and strong binding phases of invasion. 

This is followed by activation of the Actino-myosin motor in the apical end of the merozoites 

where the parasite forces inside the RBC and is an active process. Resealing of the RBC 
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membrane marks the end of invasion and the formation of parasitophorous vacuole where the 

parasite undergoes further sequential development from Rings to Trophozoites and ultimately 

mature blood Schizonts. The parasite must invade new RBCs for the continuation of 

erythrocytic schizogony [33, 36]. 

 

 

Figure 1.5: Invasion of RBC by merozoites is a multistep process involving specific receptor-ligand 

interaction. Invasion of merozoite into the uninfected RBC is a multistep process and under tight regulation. 

(Source: created with BioRender) 

During the erythrocytic phase the parasite also remodels the host cell and export hundreds of 

proteins to the extracellular environment and RBC membrane. One such notable protein is the 

PfEMP1 (Plasmodium falciparum Erythrocytic Membrane Protein-1) which upon display on 

the RBC membrane surface results in formation of antibodies by the host immune system [39]. 

This follows to the switch of expression of antigenically distinct isoforms of the protein which 

results in evasion from immune destruction. Such Antigenic variation or diversifications are 

processes through which chronic Plasmodium falciparum malaria is established [36, 40]. The 

blood schizonts rupture after being matured and the released merozoites invade new RBCs 

located in the vicinity and the exponential increase of parasitemia is observed in the individual. 

The synchronized release of merozoites by rupturing infected RBCs causes the pathogenicity 

seen in malaria. Some merozoites differentiate into male (microgametocytes) and female 

(macrogametocytes) which through a blood meal is transferred to the female Anopheles and 

marks the beginning of the sporogonic phase which ensures the continuation and survival of 

the malaria parasite [33]. 

Lethality of P. falciparum is multifactorial and some of the basic characteristics that 

differentiate it from other malarial infection include the following: 
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(a) The tissue schizonts of P. falciparum display almost a three-fold increase numbers of 

merozoites. Typical P. falciparum tissue schizonts contains about 30,000 merozoites as 

compared to 10,000 in P. vivax and P. ovale which results in a more aggressive pre-

disposition towards the erythrocytic cycle. 

(b) Higher average parasitemia level in blood, which is due to its ability to infect RBCs of 

all ages, is also another factor which leads to elevated severe anaemic condition due to 

P. falciparum malaria. 

(c) Induction of host inflammatory responses and cytoadherence due to endothelial 

activation causes microvascular obstruction. This leads to metabolic acidosis and more 

importantly local end organ damage mostly in the brain resulting in cerebral malaria. 

Comparatively, P. vivax malaria show low parasitemia and does not undergo extensive 

intravascular sequestering due to which complicated malaria cases leading to deaths are fewer 

as compared to P. falciparum infection [41]. 

1.5 Molecular players involved in invasion of the Merozoite 

Historically, it was postulated that the interaction between the merozoite surface protein 1 

(MSP1) of P. falciparum and specific erythrocyte proteins was indispensable for the successful 

invasion of red blood cells by the parasite. This assumption was grounded in the critical role 

MSP1 was believed to play in the invasion process. However, recent studies have challenged 

this notion, revealing that merozoites which are deficient in surface MSP1 are still capable of 

invading erythrocytes. This observation suggests that the presence of MSP1 is not an absolute 

requirement for erythrocyte invasion. In the pre-invasion phase, P. falciparum merozoites 

engage in a complex series of interactions with the host erythrocyte, leading to actomyosin 

motor-driven deformation of the erythrocyte membrane. This deformation is a crucial step in 

the invasion process and is mediated predominantly by two families of type-1 membrane 

proteins, the P. falciparum reticulocyte-binding protein homologs (PfRhs) and erythrocyte 

binding-like proteins (EBLs). 

These merozoite surface proteins specifically bind to erythrocyte receptors, such as 

complement receptor-1 (CR1) and glycophorin A, B, and C, playing a crucial role in both the 

initial binding and activation of downstream signaling pathways necessary for invasion. Upon 

egress, merozoites are exposed to the low-potassium ion concentrations present in blood 

plasma, which leads to a gradual increase in cytosolic calcium levels [42]. This calcium influx 

triggers the release of erythrocyte binding-like (EBL) family proteins, including EBA-175. The 
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EBA-175 protein specifically binds to the Glycophorin A receptor on erythrocytes, signaling 

the release of invasion-related proteins stored in the rhoptry. 

 

Figure 1.6: Model for the sequence of interactions during P. falciparum invasion of an erythrocyte. The 

molecular players involved in the different stages of merozoite invasion are described along with their known 

inhibitors. (Source: Weiss et al. [47]) 

After the erythrocyte is deformed, the merozoite reorients itself so that its apical end contacts 

the erythrocyte membrane. In this process, an atypical member of the PfRh family, PfRh5, 

plays a critical role by forming a complex with CyRPA (cysteine-rich protective antigen) and 

PfRipr (Rh5-interacting protein) [43]. The binding of PfRh5 to the host receptor basigin is a 

pivotal event in merozoite invasion, which is closely associated with the influx of Ca2+ into the 

host cell [44, 45]. Additionally, the formation of a tight junction between the erythrocyte and 

parasite-derived proteins, particularly involving the AMA1 and RON complexes, leads to the 

irreversible attachment of the erythrocyte and the merozoite. This process involves the 

deposition of the RON complex in the erythrocyte membrane, where RON2 spans the 

membrane and binds to AMA1 on the merozoite surface [46]. Once this attachment is secured, 

the merozoite is propelled into the erythrocyte using force generated by the actomyosin motor 

of the parasite. During this phase, the parasitophorous vacuole membrane is also formed from 

the lipid-rich contents of the rhoptries [47]. 

Once the active invasion phase concludes, the membranes at the posterior end of the 

merozoite fuse, encasing the parasite within both the parasitophorous vacuole and the 

erythrocyte. This process triggers echinocytosis, causing the red blood cell to shrink and 

develop spiky protrusions. Following the successful establishment of infection, the parasite 

begins to replicate, while going through distinct developmental phases, the Ring, Trophozoite 
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and Schizont. Schizonts harbour merozoites and upon maturation releases 16-32 merozoites 

into the bloodstream. These newly released merozoites quickly invade fresh host cells, 

continuing the cycle of infection. This cyclic process of erythrocytic schizogony requires 48 

hours in Plasmodium falciparum. Furthermore, the egress of merozoites is also a tightly 

regulated process involving several protein kinases, including the plant-like calcium-dependent 

protein kinase PfCDPK5 and the cGMP-dependent protein kinase PfPKG [48]. These kinases 

play critical roles in controlling the timing of merozoite egress. Additionally, MSP1 is involved 

in the egress process by facilitating the processing of subtilisin 1 on the merozoite surface, 

enabling it to bind to the erythrocyte membrane protein spectrin [49]. This cyclical destruction 

of red blood cells is responsible for the characteristic symptoms of malaria, including fever, 

chills, anaemia, and splenomegaly, the enlargement of the spleen [50]. The periodic fever 

patterns termed as tertian or quartan fever corresponds to the synchronous rupture of red blood 

cells upon the release of the merozoites into the bloodstream [51]. 

1.6 Antimalarial drugs and development of resistance 

The 20th century witnessed the development of a wide array of antimalarial drugs, with 

Artemisinin and Chloroquine being among the most widely used [52]. These drugs, along with 

others such as sulfadoxine-pyrimethamine and Artemisinin-based combination therapies 

(ACTs), remain the cornerstone of current malaria treatment protocols and are regarded as 

frontline interventions against the disease [53, 54]. However, Plasmodium falciparum, the 

primary causative agent of malaria, has demonstrated a continual ability to develop resistance 

to these therapeutic agents. Development of resistance against classical and frontline 

antimalarial drugs poses significant challenges to malaria control and eradication efforts. 

1.6.1 Classical anti-malarial drugs used for the treatment of malaria 

Classical antimalarial drugs have long played a pivotal role in the treatment of malaria, 

targeting various stages of the Plasmodium life cycle with varying degrees of success. The 

major classical drugs used for the treatment of malaria are discussed as follows. 

(a) Chloroquine is a 4-aminoquinoline, that has historically been the primary treatment for 

malaria due to its ability to inhibit the heme detoxification process of the parasite. By 

interfering with the polymerization of heme into hemozoin, chloroquine causes the 

accumulation of toxic free heme within the parasite, leading to its death. However, the 
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rise of chloroquine-resistant Plasmodium falciparum strains has significantly 

compromised its effectiveness [55, 56]. 

(b) Quinine is derived from the bark of the Cinchona tree, represents another classical 

antimalarial with a long history of use. Quinine operates similarly to chloroquine by 

affecting the heme detoxification process, but it also has a broader spectrum of action 

[57]. Despite its efficacy, quinine is often associated with adverse effects such as 

cinchonism, which includes symptoms like tinnitus, headache, and gastrointestinal 

disturbances. Due to these side effects and the development of resistance, quinine is 

now primarily reserved for severe cases of malaria and is typically administered 

intravenously [58-60]. 

(c) Primaquine which is a quinoline methanol, is utilized specifically for treating the 

hepatic stages of Plasmodium vivax and Plasmodium ovale. It targets the hypnozoites, 

the dormant liver stages responsible for relapses [61]. The ability of this drug to 

eliminate these dormant forms helps in preventing the recurrence of malaria. However, 

its use is restricted in individuals with glucose-6-phosphate dehydrogenase (G6PD) 

deficiency due to the risk of haemolytic anemia, which limits its application in some 

distinct populations [62, 63]. 

In response to the challenges caused by drug resistance and the limitations of classical 

antimalarial treatments, combination therapy has emerged as a crucial strategy in malaria 

management. Combination therapies aim to enhance therapeutic efficacy of the drugs and 

mitigate the risk of resistance by using multiple drugs that act through different mechanisms 

or target different stages of the life cycle of the parasite. 

1.6.2 Artemisinin-based Combination Therapies (ACTs)  

Artemisinin, extracted from Artemisia annua, exhibits rapid and potent activity against malaria 

parasites. It generates Reactive Oxygen Species (ROS) through the cleavage of its 

endoperoxide bridge, causing oxidative damage to critical cellular components of the parasite. 

However, the rapid clearance of parasites by Artemisinin led to the use of a partner drug to 

provide sustained efficacy and address any residual parasites. Partner drugs such as 

lumefantrine, mefloquine, amodiaquine, and piperaquine each offer distinct mechanisms of 

action, complementing artemisinin [53]. For instance, lumefantrine that has a long half-life, is 

maintained at therapeutic levels in the bloodstream, while mefloquine affects the heme-

detoxification process, and piperaquine provides extended antimalarial activity [64]. The use 
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of ACTs represents a significant advancement in malaria treatment, providing a multifaceted 

approach that reduces the likelihood of resistance development [65]. By combining artemisinin 

with other antimalarial drugs, ACTs enhance the overall effectiveness of treatment and ensure 

comprehensive parasite clearance. The World Health Organization (WHO) endorses ACTs as 

the first-line treatment for uncomplicated Plasmodium falciparum malaria, reflecting their 

proven efficacy and safety [66]. 

1.6.3 Emergence of resistance in the malaria parasite 

A thorough analysis of the emergence and spread of drug-resistant P. falciparum strains reveals 

that the origins of resistance can be traced back to Myanmar and other hotspots in Southeast 

Asia [67]. Molecular markers indicative of Artemisinin resistance was detected in P. 

falciparum populations circulating in regions including Thailand, Myanmar, India, and 

Bangladesh. These areas reported alarmingly high treatment failure rates with first-line ACTs, 

with Thailand experiencing a staggering 93% failure rate. Between 2016 and 2018, it was found 

that 80% of the malaria parasites circulating in north-eastern Thailand and Vietnam were 

resistant to widely used ACTs [67]. 

A further complication in the treatment of P. falciparum infections arose with the 

observed decrease in the sensitivity of parasites to Artemisinin derivatives, particularly in 

Cambodia. This decreased sensitivity led to an increase in the time required to clear the 

parasites from patients' bodies, thereby elevating the selective pressure exerted by the drugs 

and providing greater opportunities for the emergence of new resistant strains [68]. 

Investigations into the molecular mechanisms underlying Artemisinin resistance identified 

mutations in the gene encoding the K13 propeller protein as a key factor. These mutations were 

found to contribute to a multi-genetic defence mechanism within the parasite, which not only 

resulted in resistance but also prolonged the clearance time of the parasite [69]. Moreover, 

transcriptional analyses of resistant P. falciparum strains isolated from patients with severe 

malaria revealed that the unfolded protein response was another contributing factor to 

resistance.  

Tracing the geographical origin of various resistant P. falciparum strains consistently 

points to their emergence in Myanmar, Thailand, and the Mekong region of Southeast Asia, 

from where they gradually spread to other parts of the world [70]. This is a classical pattern 

observed in the spread of resistant parasite strains across different human populations, as it was 

for the distribution of resistant parasites against the classical antimalarial drugs [61]. This calls 
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the need for sustained surveillance and the development of new therapeutic strategies to combat 

the evolving threat of drug-resistant malaria. 

 

Figure 1.7: Map showing the emergence of resistant parasite strains. Emerging resistance to ACTs and other 

drugs might lead to widespread distribution of resistant parasites similar to that of chloroquine. (Source: created 

with BioRender, adapted from: https://doi.org/10.1038/nrd1416) 

1.7 Novel therapeutic approaches against malaria 

The emergence of drug-resistant strains, particularly in P. falciparum, have shown that the 

development of new treatment strategies to combat the disease effectively is the need of the 

hour. Recent advances in nanotechnology and targeted drug delivery systems have provided 

promising avenues for improving the efficacy and safety of antimalarial therapies. 

Additionally, the search for an effective vaccine for malaria is an ongoing scientific endeavour 

that has the potential to eradicate the disease. Although, in recent years two vaccines, the RTS, 

S/AS01 (Mosquirix) and R21/Matrix-M were released for public administration, their limited 

efficacy and the inability for a broad-spectrum action demands a continuous search for 

alternative therapeutic interventions [71, 72]. 

Therapeutic interventions against drug-resistant parasite strains includes the search for 

new targets in the parasite, synthesis of novel antimalarial drugs, efficient platforms for 

targeted drug delivery and an anti-malarial vaccine. However, the search for new targets in the 

parasite poses significant challenges including the limited knowledge of the parasite proteome 

and signaling pathways and also the risk of off-target toxicity. Additionally, both the classical 

and the modern antimalarial drugs have shown to induce drug toxicity. It is therefore eminent 
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that any modified versions of the existing drugs could carry the limitations of the previously 

used small molecules. The malaria parasite also has a history of developing novel and effective 

ways to tackle these small molecules, primarily through their efficient drug efflux machinery 

[73]. 

 

Figure 1.8: Novel therapeutic strategies against malaria. The targeted drug delivery (highlighted with green 

dotted line of known antimalarial drugs represents the optimal choice against drug resistant parasite strains. 

Vaccines against malaria (highlighted with blue dotted line) represents long-term solution against drug resistant 

malaria. (Source: Created with BioRender) 

Thus, the targeted delivery of existing antimalarial drugs is an attractive avenue to explore as 

it has the potential to improve the efficacy of the drug while also minimizing their off-target 

toxicity. Developing efficient vehicles for targeted delivery is also a less-time consuming 

process compared to finding a new target or developing new drugs. In the scenario, where the 

emergence of resistant parasite strains is only a matter of time, the drug delivery approach 

seems to be the most rational. Furthermore, the continuous search for an effective vaccine 

against the malaria parasite is required as an effective vaccine could provide the advantage of 

a long-term therapeutic solution and also opens the avenue for complete elimination of the 

disease.   

1.7.1 Passive Drug Delivery of Antimalarial Drugs 

1.7.1.1 Liposomes 

Liposomes are spherical vesicles consisting of one or more phospholipid bilayers, which can 

encapsulate hydrophilic and hydrophobic drugs. They have been extensively studied as drug 

TH-3604_186106017



 28 

carriers due to their biocompatibility, ability to encapsulate diverse drug molecules, and 

potential for surface modification to enhance targeting [74]. 

In the context of malaria treatment, liposomal formulations have shown promise in 

improving the pharmacokinetics and therapeutic efficacy of antimalarial drugs. For instance, 

earlier reports by Peeters et al. have already demonstrated that liposomal encapsulation of 

chloroquine significantly enhanced its antimalarial activity against Plasmodium berghei in 

mice, resulting in improved survival rates compared to non-encapsulated chloroquine [75]. 

Similarly, a comprehensive review on liposomal formulations of artemisinin derivatives 

discusses that liposomal formulations could enhance drug stability and bioavailability, 

reducing the required dose and minimizing side effects [76]. 

1.7.1.2 PEGylated Liposomes 

PEGylation involves the attachment of polyethylene glycol (PEG) chains to the surface of 

liposomes, which imparts "stealth" properties, reducing recognition and clearance by the 

reticuloendothelial system [77]. This modification prolongs the circulation time of liposomes 

in the bloodstream, allowing for more sustained drug release and better targeting of infected 

tissues. In a study by Ma YLu T and group, PEGylated liposomes loaded with artemether-

lumefantrine exhibited prolonged circulation time and enhanced antimalarial efficacy in a 

mouse model of P.berghei. The PEGylated formulation resulted in higher drug concentrations 

in the bloodstream and more effective parasite clearance compared to non-PEGylated 

liposomes [78]. 

1.7.1.3 Solid Lipid Nanoparticles (SLNs) 

Solid lipid nanoparticles (SLNs) are composed of a solid lipid core that can encapsulate 

lipophilic drugs, offering protection from degradation and controlled drug release. SLNs have 

gained attention as carriers for antimalarial drugs due to their stability, biocompatibility, and 

ability to improve drug solubility and bioavailability [79]. Studies into the use of Solid Lipid 

Nanoparticles (SLNs) for oral delivery of arteether has demonstrated notable benefits. In these 

studies, arteether was encapsulated within SLNs, which effectively shielded the drug from 

degradation in the acidic environment of the gastrointestinal tract. This protection resulted in a 

high entrapment efficiency of approximately 69%, significantly reducing the drug's premature 

breakdown and delaying its metabolism in vivo [80]. Additionally, a separate investigation 

focused on combining artemether and lumefantrine within SLNs. The results from in vivo 
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studies showed that this combination achieved substantial reduction in parasitemia after a 14-

day oral administration period [79]. 

1.7.1.4 Nanoemulsions 

Nanoemulsions are colloidal dispersions of oil and water stabilized by surfactants, with droplet 

sizes typically in the nanometer range. They offer advantages such as high drug loading 

capacity, improved solubility of hydrophobic drugs, and enhanced bioavailability. In the 

context of malaria treatment, Nanoemulsions have been explored as carriers for artemisinin 

derivatives. Oral Dihydroartemisinin formulations solubilized in surface modified lipid 

Nanoemulsions showed enhanced activity against murine malaria [81]. The Nanoemulsions 

enhanced drug absorption and prolonged circulation time, leading to more effective parasite 

clearance. 

1.7.1.5 Nanocapsules 

Nanocapsules are vesicular systems with a drug-containing core surrounded by a polymeric 

shell. They offer controlled drug release, protection from degradation, and the ability to target 

specific cells or tissues. A study from Michels and group explores how the surface 

characteristics of polymeric nanocapsules affect the pharmacokinetics and efficacy of quinine, 

an antimalarial drug. The study demonstrated that cationic nanocapsules modified the 

pharmacology of quinine, presenting a potential alternative for malaria treatment [82]. Another 

study deals with the optimization of Curcuma Oil/Quinine-Loaded Nanocapsules where they 

reported significant antimalarial activity and improved bio-efficacy of Quinine loaded on the 

Nanocapsules [83]. 

1.7.2 Targeted Drug Delivery to PRBCs 

1.7.2.1 PSP-Liposomes 

Phosphatidylserine-targeted liposomes (PSP-liposomes) represent a novel strategy for 

targeting parasitized red blood cells (PRBCs). During malaria infection, the membrane of 

infected RBCs becomes altered, exposing phosphatidylserine (PS) on the outer leaflet. PSP-

liposomes are designed to specifically bind to these exposed PS molecules, ensuring targeted 

delivery of antimalarial drugs to PRBCs. Study evaluating PSP-conjugated liposomes using a 

model system of malaria-infected erythrocytes indicated that PSP-liposomes could effectively 

target and bind to malaria-infected erythrocytes, suggesting their potential as a novel drug 
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delivery system for malaria treatment. Although the nanocarriers could deliver a higher 

quantity of drugs to the PRBC, they were found to cause RBC eryptosis [84]. 

1.7.2.2 Antibody-Coupled Nanoparticles 

Antibody-coupled nanoparticles represent a cutting-edge approach for targeted drug delivery 

to PRBCs. In this strategy, nanoparticles are conjugated with antibodies that specifically 

recognize antigens expressed on the surface of infected RBCs, such as P. falciparum 

erythrocyte membrane protein 1 (PfEMP1). The study by Moles and group investigated the use 

of immunoliposomes for targeted drug delivery of weak basic drugs chloroquine (CQ) and 

primaquine to both Plasmodium-infected and non-infected red blood cells. The 

immunoliposomes significantly improved the delivery of antimalarial drugs to the target cells, 

enhancing the efficacy of the treatment. Additionally, by specifically targeting red blood cells, 

the immunoliposomes reduced the systemic toxicity of the antimalarial drugs [85]. Another 

study by Marques and group extensively investigated the potential of targeted delivery using 

immunoliposome-mediated release of new lipid-based antimalarials. The study demonstrated 

that nanocarriers could be adapted to deliver various antimalarial drugs effectively, addressing 

different stages of the life cycle of the malaria parasite including in humans and mosquitoes 

[86]. 

1.7.3 Vaccines against malaria 

Vaccine development against malaria has been a major focus of research, with most efforts 

targeting the erythrocytic stage of the life cycle of the parasite, responsible for the symptomatic 

phase of the disease. RTS, S/AS01, also known as Mosquirix, is the first malaria vaccine to 

receive a recommendation from the World Health Organization (WHO) for widespread use. 

Developed by GlaxoSmithKline (GSK) in partnership with the PATH Malaria Vaccine [87]. It 

consists of a recombinant protein that includes part of the P. falciparum circumsporozoite 

protein (CSP) fused with the hepatitis B surface antigen (HBsAg) to enhance immune response. 

The vaccine is formulated with the AS01 adjuvant, which contains monophosphoryl lipid A 

(MPL) and QS-21, both of which enhance the immune response by promoting strong antibody 

and T-cell production [88, 89]. Upon vaccination, the immune system generates CSP-specific 

antibodies that neutralize sporozoites, preventing them from invading liver cells. Additionally, 

cytotoxic CD8+ T cells are activated to recognize and destroy any liver cells infected by the 

parasite. This dual humoral and cellular response effectively reduces the parasite's ability to 
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cause symptomatic malaria [90]. Although the vaccine provides significant protection, its 

efficacy decreases over time, necessitating booster doses to maintain immunity [91]. 

 

Figure 1.9: The RTS, S vaccine. The vaccine consists of a recombinant protein that includes part of the P. 

falciparum circumsporozoite protein (CSP) fused with the hepatitis B surface antigen (HBsAg) to enhance 

immune response. (Source: created with BioRender, adapted from: 

http://ema.europa.eu/en/documents/outside-eu-assessment-report/mosquirix-public-assessment 

report_en.pdf ) 

Clinical trials have shown that RTS, S/AS01 can reduce the incidence of malaria by about 40% 

and severe malaria by about 30% in children under five years old. The vaccine has been 

implemented in pilot programs in Ghana, Kenya, and Malawi, reaching nearly 2 million 

children and resulting in a significant reduction in severe malaria cases and child mortality [92, 

93]. The R21/Matrix-M malaria vaccine is a promising new candidate that targets the pre-

erythrocytic stage of Plasmodium falciparum, aiming to prevent the parasite from developing 

in the liver. Similar to the RTS, S vaccine, R21 includes a fusion protein composed of part of 

the circumsporozoite protein (CSP) of P. falciparum. However, R21 differs by containing a 

higher proportion of CSP without the hepatitis B surface antigen (HBsAg) fusion, which may 

enhance its immunogenicity. The Matrix-M adjuvant, composed of saponin-based 

nanoparticles, significantly boosts the immune response by enhancing antigen presentation and 

stimulating a robust production of both antibodies and T-cells [94-96]. The R21 antigen is 

taken up by antigen-presenting cells, leading to the generation of high titters of CSP-specific 

antibodies that target the sporozoite stage of the parasite. These antibodies neutralize the 

sporozoites, preventing them from invading liver cells. Simultaneously, the vaccine induces a 

strong T-cell response, particularly cytotoxic CD8+ T cells, which recognize and destroy 
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infected liver cells. This dual action of blocking liver cell invasion and killing of the infected 

cells aims to provide high levels of protection against malaria. Preliminary results indicate that 

R21/Matrix-M can prevent around 75% of malaria episodes when given seasonally in areas 

with highly seasonal transmission [97-99]. 

 

Figure 1.10: The R21/Matrix-M vaccine is a successor of the RTS, S. (Source: created with BioRender, adapted 

from: doi:10.1038/srep46621) 

Other vaccine candidates target different antigens expressed during the erythrocytic stage, such 

as merozoite surface proteins (MSPs), apical membrane antigen 1 (AMA1), and reticulocyte-

binding protein homolog 5 (PfRh5). These vaccines aim to block the invasion of RBCs by the 

malaria parasite, thereby preventing the establishment of blood-stage infection and reducing 

the severity of the disease. For example, a vaccine candidate targeting PfRh5 has shown 

promise in preclinical studies, inducing strong immune responses that block merozoite invasion 

of RBCs. Another candidate, targeting AMA1, has demonstrated partial protection in clinical 

trials, with immune responses correlated with reduced parasite burden [100]. Despite the 

progress in vaccine development, several limitations remain that limit their widespread use and 

effectiveness. One major challenge is the genetic diversity of P. falciparum populations, which 

leads to antigenic variation and immune evasion. The high degree of polymorphism in vaccine 

target antigens, such as CSP and MSPs, can result in reduced vaccine efficacy against different 

parasite strains circulating in endemic regions. Another limitation is the complexity of the 

malaria parasite's life cycle, which involves multiple stages and antigenic targets. Developing 

a vaccine that provides comprehensive protection across all stages of the parasite's life cycle is 

challenging.  

1.8 The malaria parasite interacts with various other pathogens within the human host 

While extensive research has been conducted on the pathogenesis, treatment, and prevention 

of malaria, the interaction between Plasmodium species and other pathogens during co-
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infections has garnered increasing scientific interest. Co-infections, where malaria parasites 

coexist with other pathogens, can significantly impact disease outcomes, immune responses, 

and treatment efficacy.  

1.8.1 Co-Infections with Bacterial Pathogens 

1.8.1.1 Salmonella spp. 

Co-infection of malaria with Salmonella species, particularly non-typhoidal Salmonella (NTS), 

is a well-documented phenomenon, especially in sub-Saharan Africa. Studies have shown that 

children with malaria are at a significantly increased risk of developing invasive NTS 

infections. This increased susceptibility is partly due to malaria-induced hemolysis, which 

releases haemoglobin and heme into the bloodstream, providing a nutrient-rich environment 

for Salmonella proliferation [101]. Additionally, malaria-induced immune dysregulation, 

particularly the impairment of phagocytic function and the suppression of pro-inflammatory 

cytokine responses, further predisposes individuals to bacterial infections [102]. The result of 

this co-infection is often severe, leading to increased morbidity and mortality. For instance, 

Salmonella co-infection in malaria patients is associated with a higher risk of bacteremia, 

septicemia, and death compared to patients infected with either pathogen alone [103]. 

1.8.1.2 Escherichia coli and Other Enterobacteriaceae 

Co-infections of malaria with Escherichia coli and other members of the Enterobacteriaceae 

family, although less studied than Salmonella, also pose significant clinical challenges. The 

interaction between malaria and these bacterial pathogens often results in exacerbated disease 

symptoms, including severe gastrointestinal disturbances, dehydration, and increased 

likelihood of developing systemic infections [104]. The inflammatory response triggered by 

Plasmodium infection may disrupt the gut mucosal barrier, facilitating the translocation of 

these bacteria from the gut into the bloodstream. This can lead to bacteremia and septic shock, 

conditions that require prompt and aggressive treatment [105]. 

1.8.2 Co-Infections with Parasitic Pathogens 

1.8.2.1 Schistosomiasis 

Co-infection of malaria with schistosomiasis, caused by Schistosoma species, is common in 

endemic regions where both parasites coexist. The interaction between these two parasitic 

infections can result in complex immunological and pathological outcomes. Schistosomiasis is 
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known to induce a strong Th2-type immune response characterized by elevated levels of IgE 

and eosinophilia, which contrasts with the Th1-type response typically associated with malaria. 

This immune modulation can affect the host's ability to control Plasmodium infection, 

potentially leading to altered malaria pathogenesis [106, 107]. For instance, studies have shown 

that co-infected individuals may experience more severe anemia and higher parasite loads 

compared to those infected with malaria alone [108]. The presence of schistosome eggs in the 

liver and spleen may also exacerbate organ damage during malaria infection, complicating the 

clinical management of co-infected patients. 

1.8.2.2 Helminths 

Helminth co-infections, particularly with soil-transmitted helminths such as Ascaris 

lumbricoides and Hookworm species, are frequently observed alongside malaria in endemic 

regions [109]. Helminth infections are known to modulate the host immune response through 

mechanisms such as the induction of regulatory T cells and the secretion of anti-inflammatory 

cytokines like IL-10 and TGF-β. This immunomodulation can have both protective and 

detrimental effects on malaria outcomes [110, 111]. On one hand, the anti-inflammatory 

environment created by helminths may reduce the severity of malaria-induced inflammation, 

potentially lowering the risk of severe malaria syndromes such as cerebral malaria. On the other 

hand, the dampened immune response may impair the ability of the host to clear Plasmodium 

parasites, leading to chronic infection and increased transmission potential [112]. Additionally, 

the nutritional deficiencies associated with helminth infections, particularly anemia due to 

hookworm, can compound the haematological complications of malaria, leading to severe 

anemia and increased morbidity [113]. 

1.8.2.3 Leishmaniasis 

Co-infection with Leishmania species, the causative agents of leishmaniasis, and Plasmodium 

can result in a complex interplay between the two protozoan parasites. Both diseases share 

overlapping endemic regions, particularly in South Asia and parts of Africa. The immune 

response to Leishmania infection is predominantly cell-mediated, involving macrophage 

activation and the production of IFN-γ, which contrasts with the humoral response typically 

observed in malaria [114]. This dichotomy in immune responses can influence the clinical 

outcomes of co-infected individuals. Co-infection with Leishmania and malaria can alter the 

progression and severity of both diseases. For example, a study found that co-infection with 

Leishmania braziliensis and Plasmodium yoelii resulted in lower malaria parasitemia, 
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suggesting a protective effect of Leishmania co-infection on malaria progression. Conversely, 

co-infection with Leishmania amazonensis increased malaria parasitemia and mortality [115]. 

The immune response to co-infection can also vary depending on the Leishmania species 

involved. Previous study mentioned that the above observed different cytokine profiles and T-

cell responses in co-infected mice, indicating that the immune modulation depends on the 

specific Leishmania species [115]. Additionally, the co-infection can lead to diagnostic 

challenges, as the symptoms of leishmaniasis, such as fever and hepatosplenomegaly, can 

mimic those of malaria. Clinically, patients co-infected with both parasites may experience 

more severe disease manifestations, including prolonged fever, severe anemia, and increased 

risk of secondary infections [116]. 

1.8.2.4 Trypanosomiasis 

Trypanosomiasis, caused by Trypanosoma species, particularly T. brucei in Africa and T. cruzi 

in Latin America, can also co-occur with malaria, leading to complicated disease dynamics. 

The immune response to trypanosomiasis involves strong polyclonal B cell activation and the 

production of high levels of non-specific antibodies, which can interfere with the immune 

response to Plasmodium [117]. This may result in increased susceptibility to malaria or 

exacerbation of malaria symptoms in co-infected individuals. Moreover, the chronic nature of 

trypanosomiasis, characterized by prolonged parasitemia and immune evasion strategies 

employed by Trypanosoma spp., can lead to sustained immune activation and inflammation, 

which may aggravate malaria pathogenesis [118]. 

1.8.3 Co-Infections with Viral Pathogens 

1.8.3.1 Human Immunodeficiency Virus (HIV) 

The co-infection of malaria with Human Immunodeficiency Virus (HIV) presents a complex 

interplay between two of the most devastating infections affecting global public health. HIV-

positive individuals are at an increased risk of severe malaria due to the immunosuppressive 

nature of HIV, which diminishes the ability of the host to mount an effective immune response 

against Plasmodium infection [119]. A meta-analysis found that co-infection with malaria and 

HIV increases the severity and mortality rates of both diseases. The study reported that patients 

with co-infection had significantly higher odds of severe malaria compared to those with 

malaria alone. This was particularly pronounced in children, who showed a much higher risk 

of severe malaria when co-infected with HIV [120]. Co-infection can also exacerbate immune 

suppression, making individuals more susceptible to both infections. Asymptomatic malaria 
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parasitemia in HIV-infected individuals was associated with abnormal hematological 

outcomes, suggesting that the immune suppression caused by HIV can alter the course of 

malaria infection [119]. Additionally, the interactions between anti-retroviral (ARV) and 

antimalarial drugs can complicate treatment. Some studies have reported reduced efficacy of 

these drugs when used concurrently, raising concerns about optimal treatment strategies for co-

infected patients [121]. The geographical distribution of malaria and HIV infections also 

overlaps significantly, particularly in sub-Saharan Africa. This overlap leads to a high 

prevalence of co-infection, which leads to severe P. falciparum malaria in adults [122]. 

1.8.3.2 Hepatitis B and C Viruses 

Co-infections of malaria with Hepatitis B (HBV) and Hepatitis C (HCV) viruses are 

particularly concerning in regions where these infections are endemic. Malaria can exacerbate 

liver damage in patients co-infected with HBV or HCV due to the additional hepatic burden 

imposed by the parasite [123]. The hepatotropic nature of Plasmodium spp., which involves 

the liver stage of the parasite's lifecycle, can worsen pre-existing liver conditions caused by 

HBV or HCV. Moreover, the immune response to malaria infection, particularly the production 

of pro-inflammatory cytokines, may trigger viral reactivation in patients with chronic HBV or 

HCV infections, leading to acute hepatitis and liver failure [124]. Clinically, co-infected 

patients may present with jaundice, elevated liver enzymes, and a higher risk of developing 

cirrhosis and hepatocellular carcinoma. Such co-infection scenario calls for a careful approach 

to managing both malaria and viral hepatitis, considering the potential for drug-induced 

hepatotoxicity and the need for liver-protective therapies. 

1.8.3.3 Newcastle Disease Virus 

Co-infections of malaria parasites with Newcastle Disease Virus (NDV), an avian virus, have 

not been reported in either avian species or humans. However, studies exploring the use of 

NDV as an immunomodulatory agent have shown that the virus can inhibit the growth of 

Plasmodium berghei in mice and P. gallinaceum in chickens. In mice, NDV was found to be a 

potent inducer of interferons, providing dose-dependent protection against P. berghei infection 

[125]. Conversely, while NDV did not provide in ovo protection against P. gallinaceum in 

chickens, it was still able to reduce parasite growth in chicks through interferon induction 

[126]. 
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1.9 The curious case of viruses with hemagglutinin activity 

Hemagglutinin activity is a characteristic feature of several viruses, particularly those 

belonging to the Orthomyxoviridae and Paramyxoviridae families [127, 128]. This activity 

refers to the ability of viral surface proteins, such as hemagglutinin (HA) or hemagglutinin-

neuraminidase (HN), to bind to sialic acid residues on the surface of host cells, facilitating viral 

attachment and subsequent entry. NDV, which belongs to the Paramyxoviridae family display 

dedicated lectins (HN) in their coat for binding to sialic acids and consequently show strong 

affinity towards sialic acid rich RBCs [129]. 

 

Figure 1.11: The Hemagglutination Assay. Several avian viruses show high affinity towards 

erythrocytes which forms lattices of RBCs. (Source: created with BioRender, adapted from: 

https://doi.org/10.1016/B978-0-12-800838-6.00004-7) 

This property of the virus is routinely used for its detection, quantification and identification 

through the Hemagglutination assay (HA) and the Hemagglutination Inhibition assay (HIA). 

Interestingly, NDV show exceptional affinity for the avian RBCs that are used for the assays. 

As described earlier in section 1.8.3.3, the Newcastle Disease Virus (NDV), exhibited potent 

ant-plasmodial activity against murine malaria and to a degree against avian malaria as well. 

Although the virus was primarily utilized as an immunomodulatory agent against the malaria 

parasite, we began to consider whether its RBC-binding property might also have an impact on 

malaria outcomes. 

Within its host cell or RBC, the survival of the malaria parasite relies on critical 

signaling pathways involving cyclic nucleotides, ATP, and calcium, which are essential for its 

development, egress, and invasion. Host cell-dependent pathways, such as the MAPK pathway, 

and the coordinated release of intracellular calcium are crucial for the parasite to progress 
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through its complex developmental stages. These signaling pathways also play a key role in 

extensively modifying the red cell cytoplasm and membrane. Therefore, an agent that strongly 

interacts with RBCs or PRBCs could carry the potential to disrupt these intricate yet vital 

processes necessary for the malaria parasite's survival. In this context, the natural affinity of 

Newcastle Disease Virus (NDV) for engaging with avian erythrocytes was particularly 

intriguing. 

 

Figure 1.12: A graphical representation of the central idea formulated for the study. The malaria parasite 

and NDV, both display affinity towards sialic acid rich erythrocyte surface. (Source: created with BioRender)   

1.10 Biology of NDV and molecular mechanism involved in cellular recognition 

NDV is a pleomorphic enveloped virus and ranges from 200-300 nm in diameter. It belongs to 

the Paramyxoviridae family of the order Mononegavirales. It carries a non-segmented, negative 

sense, single stranded RNA genome [129].  

1.10.1 Structure and Genomic Composition of NDV 

NDV is an enveloped virus with a pleomorphic shape, typically spherical or filamentous, and 

measures approximately 200-300 nm in diameter [130]. The viral envelope is derived from the 

host cell membrane and contains two critical glycoproteins: the hemagglutinin-neuraminidase 

(HN) and fusion (F) proteins. These proteins are essential for virus attachment and entry into 
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the host cell. NDV has a single-stranded, negative-sense RNA genome that is approximately 

15.2 kb in length. The genome is non-segmented and encodes six major structural proteins in 

the following order: nucleoprotein (N), phosphoprotein (P), matrix protein (M), fusion protein 

(F), hemagglutinin-neuraminidase (HN), and large polymerase protein (L) [127]. Additionally, 

two non-structural proteins, V and W, are produced by RNA editing during P gene transcription 

[129].  

 

Figure 1.13: Diagrammatic representation of the structure of the Newcastle Disease Virus (NDV). (Source: 

Ganar et al., 2014 [127]) 

The function of the different proteins of NDV are discussed below: 

N protein: The N-protein encapsidates the viral RNA to form the ribonucleoprotein (RNP) 

complex, which is crucial for maintaining the integrity of the viral genome and for the 

transcription and replication processes. 

Phosphoprotein (P): The P protein serves as a cofactor for the RNA-dependent RNA 

polymerase (RdRp) and is involved in the formation of the RNA polymerase complex along 

with the L protein. 

Matrix Protein (M): The M protein is located underneath the viral envelope and plays a central 

role in virus assembly and budding. It interacts with the cytoplasmic tails of the glycoproteins 

and the RNP complex to facilitate the packaging of viral components into new virions. 

F-protein: The F protein mediates the fusion of the viral envelope with the host cell membrane, 

a critical step for viral entry. The F protein is synthesized as an inactive precursor (F0), which 

is cleaved by host proteases into two subunits, F1 and F2, to become active. 

Hemagglutinin-Neuraminidase Protein (HN): The HN protein is responsible for virus 

attachment to the host cell by binding to sialic acid receptors on the cell surface. It also 

possesses neuraminidase activity, which facilitates the release of progeny virions from the host 

cell by cleaving sialic acid residues. 
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Large Polymerase Protein (L): The L protein is the catalytic subunit of the viral RNA 

polymerase complex and is responsible for RNA synthesis, including both transcription of viral 

mRNAs and replication of the viral genome [127]. 

 

1.10.2 Mechanism of NDV replication 

The process of virus attachment and entry is a critical initial step in the life cycle of Newcastle 

Disease Virus (NDV), dictating its ability to infect host cells and propagate infection. NDV, 

like other members of the Paramyxoviridae family, employs a complex and highly coordinated 

mechanism involving viral surface glycoproteins and host cell receptors to achieve successful 

entry [131]. NDV has two key surface glycoproteins that mediate the processes of attachment 

and membrane fusion: the hemagglutinin-neuraminidase (HN) protein and the fusion (F) 

protein. These proteins are integral to the viral envelope and are essential for the virus to 

establish infection in host cells. 

The initial step in the NDV life cycle is the attachment of the virus to the host cell 

surface. This is mediated by the HN protein, which specifically recognizes and binds to sialic 

acid-containing receptors on the host cell membrane. It is a type II integral membrane protein 

that forms tetramers on the viral surface. The HN protein binds to sialic acid residues through 

its receptor-binding domain (RBD) [132]. Studies show that the HN protein could target both 

the α2,3-linked and α2,3-linked sialic acids [133]. The HN protein also possesses 

neuraminidase activity, which is critical for cleaving sialic acid residues during the release of 

new virions, preventing self-aggregation and facilitating the spread of the virus [134]. 

Upon binding to the sialic acid receptor, the HN protein undergoes conformational 

changes that are critical for subsequent steps in the entry process (Figure 1.14). These changes 

are thought to facilitate the activation of the F protein, preparing it for the fusion event. The F 

protein mediates the fusion of the viral envelope with the host cell membrane. The F protein is 

initially synthesized as an inactive precursor (F0). Cleavage of F0 into the active F1 and F2 

subunits is required for membrane fusion. This cleavage is typically performed by host cell 

proteases, which can be either extracellular or intracellular, depending on the virus strain. The 

cleavage site of the F protein contains multiple basic amino acids in virulent strains, making it 

susceptible to cleavage by ubiquitous proteases such as furin [135]. The cleavage of F0 exposes 

the fusion peptide located at the N-terminus of the F1 subunit. The fusion peptide is highly 

hydrophobic and plays a critical role in the fusion of the viral and host cell membranes. This 
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insertion of the hydrophobic peptide into the host cell membrane creates a connection between 

the viral envelope and the host cell. The F protein facilitates the merging of the viral and host 

cell membranes, forming a fusion pore. This pore expands, allowing the viral RNP complex to 

pass through and enter the host cell cytoplasm. The energy required for this process is derived 

from the conformational changes in the F protein, which transition from a metastable prefusion 

state to a highly stable post-fusion state [136]. 

 

Figure 1.14:  Schematic representation of the life cycle of paramyxoviruses. NDV transfers its genome into 

the cell cytoplasm where the transcription (facilitated by the viral RNA-dependent RNA polymerase), translation 

(mediated by host ribosomes) and replication of the viral genome and proteome takes place. Following this, the 

newly produced viral components are transported to specific regions of the infected cell's plasma membrane, 

where they undergo assembly and the budding of new virus particles. (Source: created with BioRender) 

Once the viral and host membranes have fused, the viral RNP complex, consisting of the RNA 

genome encapsidated by the nucleoprotein (N), along with associated proteins (P and L), is 

released into the host cell cytoplasm. The fusion pore facilitates the direct release of the RNP 

complex into the cytoplasm. NDV can delivers its genetic material directly into the cytoplasm 
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or enter the cell through caveolae-mediated endocytosis [137]. The transcription and 

replication of the viral genome occur within the cytoplasm, driven by the viral RNA-dependent 

RNA polymerase. Host-ribosome mediated translation leads to the synthesis of the viral 

proteins. Once these viral components are synthesized, they are directed to specific regions of 

the plasma membrane of the infected cell. The final stage of the NDV life cycle is the release 

of progeny virions from the host cell. The newly formed virions are released into the 

extracellular environment, where they can infect neighbouring cells and continue the cycle of 

infection. The release process is facilitated by the HN protein, which cleaves sialic acid 

residues on the host cell surface, preventing the aggregation of virions and ensuring efficient 

release of the virus [129]. 

1.10.3 NDV is a well-established oncolytic virus and a vector for vaccine delivery 

Newcastle Disease Virus (NDV) is increasingly recognized as a potent oncolytic agent due to 

its ability to selectively replicate in cancer cells while causing minimal infectivity in normal 

tissues. This selective tropism is largely attributed to the inherent defects in the interferon 

signaling pathways of the tumor cells, which fails to elicit an effective antiviral response, 

thereby allowing NDV to replicate preferentially within these cells [138]. Upon replication, 

NDV induces direct oncolysis through the destruction of infected cancer cells. Moreover, the 

virus triggers immunogenic cell death, characterized by the release of tumor antigens that 

stimulate a robust anti-tumor immune response. NDV also modulates the tumor 

microenvironment by enhancing the infiltration and activation of immune cells, including 

dendritic cells and cytotoxic T lymphocytes, which further amplify the anti-tumor response. 

Clinical trials have demonstrated the safety and efficacy of NDV in various cancers, such as 

glioblastoma, melanoma, and breast cancer, showing promising results in terms of tumor 

regression and prolonged patient survival [139]. Additionally, NDV has been engineered to 

express therapeutic genes or to enhance its oncolytic properties, making it a versatile tool in 

cancer therapy [140]. NDV is also an attractive platform to develop it as a vector for delivery 

of sub-unit vaccines. The virus shows many desirable characteristics as a potential vaccine 

vector platform which are listed below. 

(a) High titres of NDV can be grown in embryonated chicken eggs and in cell cultures of 

both avian and non-avian species NDV  

(b) NDV has the ability to induce both local and systemic immune response. It can also 

induce cell-mediated as well as humoral immune response. 
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(c) Engineering of the NDV genome is also easy as it harbours only six essential and two 

accessory genes.  

(d) The genome of NDV does not integrate with the host genome and replicate in the host 

cell cytoplasm.  

(e) Genetic recombination in NDV is also very low.  

(f) Stable expression of the inserted foreign gene can be achieved in both in-vitro and in-

vivo settings. 

The ability to attenuate NDV while achieving high immunogenicity is also a desirable quality 

that can be achieved by developing deletion mutants and alteration of F-protein cleavage sites. 

Apart from these innate abilities, recombinant NDV is safe to be administered in humans as it 

is non-pathogenic and attenuates due to natural host range restriction. In brief, its safety, 

efficacy and cost effectiveness qualities make it a potential candidate for the development of a 

viral vectored vaccine in humans. The development of NDV as a potential viral vector for 

vaccine delivery is not a new concept but has been extensively developed mainly to treat human 

viral infections. Its oncolytic properties have also been utilized for therapeutic interventions in 

a wide range of human cancers. However, there are no reports of NDV to be used as a vaccine 

delivery vector in protozoan infections. 

Table 1.1: NDV is used as a vaccine delivery vector for various viral pathogens in humans. The virus 

efficiently delivers sub-unit antigens of pathogenic viruses for triggering an immune response in the host. 

Antigen Reference 

Human influenza virus hemagglutinin protein  DiNapoli et al., 2010 [141]; Ge et al., 2007 [142] 

HIV and SIV Gag protein Lawrence et al., 2013 [143] ; Nakaya et al., 2004 [144] 

HIV glycoproteins Khattar et al., 2011, 2013 [145] [146] 

F glycoprotein of human respiratory syncytial 

virus 

Martinez-Sobrido et al., 2006 

[147] 

HN protein of human parainfluenza virus 3 Bukreyev et al., 2005 [148] 

Spike glycoprotein of SARS-CoV DiNapoli et al., 2007 [149] 

 

Thus, given the clinical significance of NDV as oncolytic agents and a viral vector, the virus 

was selected for our study where the its potential to be used as an anti-malarial agent was 

explored. From our study, we aim to show that viruses like NDV could also be used as active 

therapeutic agents against the malaria parasite, rather than their limited application as vectors 

for vaccine delivery.  
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1.11 Aims and Objectives formulated for the study 

 

1. In-depth study of the impact of NDV on the erythrocytic schizogony of the malaria 

parasite of Plasmodium falciparum.  

1.1 Study the effects of NDV on the erythrocytic cycle of the malaria parasite.  

1.2 Decipher the mechanism of anti-plasmodial action of NDV.  

1.3 Explore the potential of NDV against murine parasite strain.  

 

2. Study the involvement of receptor ligand interaction 

2.1 Binding studies of NDV to RBC/PRBC under different experimental conditions.  

2.2 Study the role of HN: sialic acid interaction in the anti-plasmodial activity of NDV.  

2.3 Explore the potential of purified HN protein in disrupting malaria parasite growth.  

 

3. Modulation of sialic acid binding by specific mutations in the binding pocket of HN  

3.1 Study the sialic acid binding pocket of the NDV HN protein.  

3.2 In silico mutagenesis, docking and MD simulation of selected mutants.  

3.3 Compare the sialic acid binding affinity of wild-type HN and the mutants. 

3.4 Test and compare the activity of mutant against the malaria parasite.  
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1.12 Significance of the study 

The significance of this study lies in its innovative approach of leveraging the Newcastle 

Disease Virus (NDV) and its HN spike protein for exploring novel therapeutic approaches 

against the malaria parasite. The study explores the innate anti-plasmodial activity of NDV. To 

the best of our knowledge, there are no reports that have explored this virus in the context of 

human malaria. The study also highlights two possible therapeutic applications of the virus. 

Firstly, the NDV-HN protein or NDV virus-like particles (VLPs) could be used for the 

development of targeted delivery vehicles, carrying antimalarial drugs. Current drug delivery 

systems, such as liposomes and PEGylated liposomes, have demonstrated efficacy in passive 

drug delivery. However, these systems often face challenges such as non-specific binding or 

toxicity. The study proposes that coupling NDV-HN protein with nanocarriers could enhance 

specificity and efficiency in targeting Plasmodium-infected red blood cells (PRBCs). This 

approach could potentially reduce drug dosages while increasing therapeutic efficacy, 

addressing the limitations of existing drug delivery methods. Secondly, the study underscores 

the potential of NDV-HN protein in developing novel antimalarial peptides. While viruses 

typically do not produce antimicrobial peptides, this study demonstrates that functional 

peptides derived from NDV-HN protein exhibit significant inhibitory effects on malaria 

parasites. This finding opens new avenues for designing peptide-based therapies, which could 

be produced efficiently in prokaryotic systems and may offer a targeted approach to blocking 

parasite invasion of red blood cells. We envision that the innate anti-plasmodial activity of the 

virus coupled with the potential of targeted drug delivery could provide a dual mechanism of 

action against the malaria parasite. 
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Chapter 2 

 

Purification of NDV particles from culture lysate using 

Anion Exchange Chromatography 

 

 

 

 

 

 

 

 

*The contents of this chapter are published as “Neog, S., Kumar, S., & Trivedi, V. (2023). Isolation and 

characterization of Newcastle disease virus from biological fluids using column chromatography. 

Biomedical Chromatography, 37(1), e5527.” 
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Summary 

 

Newcastle disease virus (NDV), classified within the avian orthoavulavirus 1 species, genus 

Orthoavulavirus, and family Paramyxoviridae, causes Newcastle disease in various avian 

species. Apart from its pathogenic effects, NDV has garnered attention for its potential 

applications in oncolytic therapy and as a vector for vaccine delivery. In our study, the virus 

was used for co-infection studies with Plasmodium falciparum, which demanded a very high 

purity of the virus, devoid of cellular contaminants. Traditionally, NDV is purified from 

infected biological sera with the help of density gradient ultracentrifugation. However, it has 

several drawbacks such as a longer processing time and limited sample capacity. We employed 

a column chromatography method for a simpler single-step purification of the virus from 

infected cell lysate while preventing the addition of any added contaminants. Native agarose 

gel electrophoresis and dynamic light scattering (DLS) revealed that the virus carried a net 

negative surface charge. Thus, we employed a HiTrap Q Sepharose Fast Flow (QFF) anion 

exchange column with salt elution to purify the virus. Hemagglutination assay (HA) and plaque 

assay highlighted the efficacy of this approach which yields high-purity NDV particles with 

over 80% recovery. Confirmation of virus purity was achieved through sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis. The hydrodynamic 

volume and 'dry state' diameter measurements with dynamic light scattering and transmission 

electron microscopy suggested that the purified virus was physically intact. Infectivity of the 

purified virus was also tested with in ovo studies and was found to be similar to the crude virus.  

Furthermore, detection of the virus genome was done by amplifying a 423-bp region using a 

reverse transcription-polymerase chain reaction. Our findings offer a simple but efficient 

procedure for isolating pure NDV from infected biological fluid for further experimentation. 
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2.1 Introduction 

High-purity virus particles must be obtained to mitigate the effect of any host cellular impurities 

in the viral preparations before testing the Newcastle disease virus (NDV) against the malaria 

parasite. NDV is propagated in mammalian cells or allantoic fluid and is typically purified with 

ultracentrifugation involving a density gradient of sucrose [1]. NDV-enriched allantoic fluid or 

cell lysate is initially pre-cleared from cell debris by low-speed centrifugation, followed by 

single or multiple rounds of gradient ultracentrifugation to concentrate and purify the virus. 

Studies have shown that chromatographic methods offer a simpler but efficient way to isolate 

viruses from host contaminants as an alternative to classical methods of virus purification. 

Burova and Iofee have reviewed both the classical methods, such as density gradient 

centrifugation, and chromatographic methods, such as anion exchange, gravity-flow columns, 

affinity columns, and others for purification of recombinant adenoviral and adeno-associated 

viral vectors [2]. Purification of adeno-associated virus using metal affinity chromatography 

was described by James et al. (2016). Hydrophobic interaction chromatography was used 

successfully for influenza A and B viruses and foot and mouth disease viruses [3, 4]. Tavern 

and Wildy showed the purification of the herpes simplex virus using calcium phosphate 

columns [5]. Wolff et al. described the purification of modified vaccinia ankara virus using 

pseudo-affinity membrane adsorbers and hydrophobic interaction chromatography [6]. In 

addition, size exclusion chromatography has been used as a standalone or supplemental step 

during viral purification [7, 8]. However, there is limited literature on the use of column 

chromatography for the purification of NDV. 

We tested anion exchange chromatography as a single-step protocol for separating 

NDV from host cellular contaminants. Initially, virus preparations from the host cells were 

subjected to native agarose gel electrophoresis followed by electroelution, where the NDV 

particles were detected with the help of hemagglutination assay (HA) and hemagglutination 

inhibition assay (HIA). The virus particles showed strong mobility towards the positive 

electrode, which suggested that they carried a net negative charge. Considering this 

observation, NDV was purified with a HiTrap QFF anion exchange column and eluted with a 

gradient of NaCl. The viral peak in the chromatogram was identified with the help of HA and 

plaque assay. Over 80% of the virus particles that were loaded in the column were found to be 

recovered. SDS-PAGE and western blot analysis showed that the virus particles obtained were 

of very high purity. To verify the physical integrity of the purified virus particles, the 

hydrodynamic volume and charge were calculated with the help of Dynamic Light Scattering 
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(DLS). The hydrodynamic volume was found to be around 350 nm, while the particles were 

found to carry a net negative charge. Transmission Electron Microscopy (TEM) was used to 

calculate the dry-state diameter and physical integrity of the purified virus particles. The 

purified NDV was found to be within the range of 200-300 nm in diameter, as previously 

described [9]. The replicative potential of the purified virus was also tested by allowing it to 

proliferate in the allantoic fluid. Both the crude and purified NDV showed similar infectivity 

in allantoic fluid and hence deduced to be functionally active. Finally, a diagnostic PCR test 

was run to confirm that the viruses packaged a viable genome. As a result, anion exchange 

chromatography was found to be very effective in isolating NDV particles from the host 

cellular contaminants. 

2.2 Experimental procedures 

2.2.1 Cells and Viruses 

NDV Lasota vaccination strain, procured from Indoma Marine Private Ltd, Guwahati, Assam 

(Indovax Pvt. Ltd. Hissar, Haryana, India), and NDV R2B was grown in baby hamster kidney 

(BHK-21) cells, maintained in Dulbecco's Modified Eagle's Medium (DMEM, Gibco, 12100-

061, NY, USA), supplemented with 10% fetal bovine serum (FBS) (Himedia, RM9955-

500ML, Mumbai, India) and antibiotics at 37°C under 5% CO2. Post-infection, the virus from 

the infected cells was harvested with the freeze and thaw method followed by passing the lysate 

through a narrow-gauze syringe several times, to ensure complete lysis of the cells. The viral 

titer in the lysates was quantified by HA and plaque assay, and stored at -80°C for further 

analysis. 

2.2.2 Chicken red blood cells 

Chicken whole blood was collected in tubes with Ethylenediaminetetraacetic acid (EDTA) and 

centrifuged at 1500 rpm for 10 min. The plasma and the buffy layer were carefully removed 

using Pasteur pipettes followed by extensive washing of the RBCs with PBS. For HA, a 1% 

RBC solution was obtained by suspending the pelleted RBCs in PBS at the appropriate volume.  

2.2.3 Embryonated chicken eggs 

Nine-day specified pathogen-free (SPF) embryonated chicken eggs were purchased from Lotus 

Chicks’ Hatchery, Guwahati, Assam, India and maintained at 37°C and 60% humidity. The 

eggs were candled to ensure that the embryos were in a viable state. The air sac was located, 

and the chorioallantoic membrane was outlined. The position of the head of the embryo was 
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noted, and an injection point opposite to it was marked for each egg. The eggs were then used 

for propagating different viral fractions in the allantoic fluid.  

2.2.4 Agarose gel electrophoresis of NDV 

NDV-enriched BHK-21 lysate (200 µl) was incubated with 0.5 μg/ml of EtBr for 1 h and loaded 

onto a 0.5% agarose gel slab run at 100 V for 1 h. The contents of the lanes were electro-eluted 

from the excised gel blocks in separate dialysis bags containing 1 ml of PBS for 1 h at 100 V. 

HA, hemagglutination inhibition assay (HIA), and plaque assay were performed to detect the 

presence of the virus. 

2.2.5 Anion exchange chromatography 

Cell lysate (1 ml) containing the virus was loaded on a HiTrap QFF (5 ml) column connected 

to an FPLC system (AKTA pure, GE Healthcare, Chicago, IL, USA). The flow rate was 

maintained at 0.5 ml/min for all the operations, and absorbance at 260 and 280 nm was 

recorded. The column was washed and equilibrated with 10 ml or two column volumes of PBS 

(pH 7.4). After the sample was injected, the column was washed with 10 ml or two column 

volumes of PBS (pH 7.4) to remove the unbound fraction. An initial NaCl gradient (0 - 0.7 M) 

was used to elute the bound fraction. It was followed by 1 M NaCl elution to remove any 

proteins interacting very strongly with the matrix. Fractions of 1 ml were collected from the 

injection point to the end point of elution. All the fractions were tested for the virus using HA. 

Fractions showing HA activity were subsequently analyzed using plaque assay. 

2.2.6 HA and HIA 

HA was performed to confirm the presence of NDV, as described previously [10] . Briefly, a 

two-fold serial dilution of the analyte (50 μl) and the controls was prepared with PBS across 

the wells, and 50 μl of chicken RBCs (1%) was pipetted into each well to make a 100 μl reaction 

volume. The plate was left undisturbed for 15–30 min and checked for hemagglutination. The 

viral titer was expressed as HA units. For HIA, the mouse monoclonal anti-HN antibody (Santa 

Cruz Biotechnology, sc-53562, Texas, USA) was used. A two-fold dilution of the antibody 

starting from 1:25 (antibody: PBS) was prepared across a V-bottom plate and incubated with 4 

HA units of the crude and purified virus. The HIA titer of the antibody was expressed as the 

highest dilution at which hemagglutination of the two fractions was inhibited. 
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2.2.7 Plaque assay 

A monolayer of BHK 21 cells was used for plaque assay, as described previously [11]. Briefly, 

BHK 21 cells were seeded on a 12-well cell culture plate at a confluency of 80–90% and kept 

overnight for adhesion, followed by incubation with 0.4 ml of NDV dilutions in DMEM with 

10% FBS for 1 h. The plates were gently rocked every 15 min to ensure proper spread over the 

monolayer. The infection media was removed, and the cells were washed thrice with PBS and 

gently overlaid with a pre-warmed solid medium (0.3% agarose plaque media). The cells were 

incubated at 37°C and 5% CO2 for 48 h and fixed with 10% paraformaldehyde (PFA) for 30 

min by directly overlaying it in the solid media. The solid agarose layer was removed using 

forceps, and the fixing solution was drained. The cells were washed with PBS and stained with 

1% crystal violet solution for 15 min. The excess stain was then washed off, and the wells were 

allowed to dry before the visible plaques were counted. 

2.2.8 Detection of NDV in fractions using immunoblotting 

The crude NDV, load, and purified fractions of the virus, each 30 μl, were resolved in a 10% 

polyacrylamide gel at constant voltage, 80 V, for 2 h 30 min under denaturing conditions. The 

gel was stained with Coomassie Brilliant Blue R-250 (MB153-25G, Himedia, Mumbai, India), 

and the protein bands were visualized and captured using an imaging station (ChemidocTM MP 

Imaging system, Bio-Rad, California, USA). In a separate 10% polyacrylamide gel, 40 μl of 

each load and the purified NDV fractions were resolved and stained with Coomassie to 

visualize the bands. An identical gel was used to transfer the identified proteins onto a 

polyvinylidene fluoride (PVDF) membrane using a Trans-BlotR TurboTM (Bio-Rad, 

Singapore) system, blocked with 5% bovine serum albumin (BSA), probed with chicken 

polyclonal anti-NDV antibody (raised in-house) [12] at a dilution of 1: 20,000, and detected 

with goat anti-chicken horseradish peroxidase (HRP) (Southern Biotech, 6100-05, 

Birmingham, Alabama, USA) with 1: 5000 dilutions. Chemiluminescence was recorded using 

a ChemiDoc (Bio-Rad) imaging station. 

2.2.9 Dynamic light scattering 

The hydrodynamic size and the zeta potential of NDV were calculated for both the crude and 

purified NDV fractions using a DLS instrument (Zetasizer Nano ZS90, Malvern Instruments, 

Malvern, UK). Both the samples were precleared by centrifuging at 1500 g for 30 min to 

remove any cellular debris or aggregates and diluted with PBS to avoid multiple scattering. 

The particle size was recorded by the detection of the scattering light from a 632.8 nm laser 
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passing through the sample in a quartz cuvette at 175°. The zeta potential was measured by 

loading 0.9 ml of the diluted samples in a DTS1070 cuvette. The average value of five runs for 

each sample and the controls was calculated as the hydrodynamic size and zeta potential. 

2.2.10 Transmission electron microscopy 

Carbon-coated copper TEM grids were treated with 0.01% Poly-L lysine to render them 

hydrophilic. Anion exchange–purified NDV particles were adsorbed onto the dark side of the 

grids for 20 min. Any excess sample was blotted out. The grid was immediately stained with 

0.2% uranyl acetate for 20 seconds, and the extra stain was blotted out. The grids were allowed 

to air-dry and later transferred to a desiccator and kept until analysis. Images were obtained 

using a JEOL-2100F field emission transmission electron microscope. 

2.2.11 In ovo proliferation of purified NDV 

Nine-day SPF eggs were prepared, as discussed earlier in Section 2.2.3. One group of eggs was 

inoculated with the purified NDV, and the other group was injected with the crude virus. A hole 

was made by punching the egg with a sterile needle at the point marked for injection earlier. It 

was used to inject both the crude and purified NDV with a 31-gauge needle and sealed with 

glue. The eggs were incubated at 37°C, and allantoic fluid was collected at 24, 48, and 72 h 

from each group, respectively. To collect the allantoic fluid, the apical end of the eggs was 

sterilized, and the eggshell was broken apart using a pair of sterile forceps. The chorioallantoic 

membrane was removed, and the allantoic fluid was collected using serological pipettes in 15-

ml falcons, precleared by centrifuging at 1500 g for 20 min and then stored at –80°C for further 

analysis. 

2.2.12 Diagnostic PCR test 

To confirm that the purified virus grown in the allantoic fluid is NDV and carries a viable 

genome, a diagnostic PCR was performed using NDV-specific primers. RNA was isolated 

using Trizol, where 300 μl of allantoic fluid containing the virus was mixed with 1 ml of Trizol 

and agitated. The mixture was treated with 200 μl of ice-cold chloroform, mixed vigorously 

for 30 s, and incubated at room temperature for 2–3 min. The solution was centrifuged at 12,000 

rpm for 10 min, and the aqueous phase was collected, followed by the addition of an equal 

volume of chloroform. The step was repeated four to five times, and the final aqueous phase 

was treated with an equal volume of isopropanol. The mixture was agitated gently for 10–15 

seconds, incubated at room temperature for 10–15 min, and centrifuged at 12,000 rpm for 15 
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min. The pellet was washed with 75% ethanol at 14,000 rpm for 5 min. The ethanol was 

discarded, and the pellet was air-dried. It was suspended with 20 μl of nuclease-free water and 

then quantified with a nanodrop. The isolated RNA was used for complementary DNA (cDNA) 

synthesis using random hexamers. The cDNA obtained was used for amplifying a 423-bp NDV-

specific product with the following primers: forward 5’-GCAGCTGCAGGGATTGTGGT-3’ 

and reverse 5’-GGATGTTGGCRGCATTYTGGTTGGC-3’. Separate PCRs with primers for 

influenza (PR8) and JEV were also set up with the cDNA from the purified virus as controls to 

further confirm that the purified virus obtained was NDV and that no cross-contamination had 

occurred. 

2.3 Results 

2.3.1 The surface of NDV is negatively charged 

To assess the overall surface charge of NDV particles, BHK-21 lysate containing the virus was 

subjected to electrophoresis on a 0.5% agarose gel, as outlined in section 2.2.4.  The agarose 

gel was excised into three zones, as shown in Figure 2.1 A, after the run was completed. The 

agarose blocks were further subjected to electro-elution separately by packaging in dialysis 

bags containing 1 ml PBS. Upon HA analysis, NDV was detected in the zone corresponding to 

the second block out of the three gel sections that were excised (Figure 2.1 A, B). The HA titer 

of the NDV recovered from this process was determined to be 4 HA units, in contrast to the 32 

HA units of the initially loaded virus, as indicated in Figure 2.1 B. The depletion in viral titer 

in the recovered sample could be because of two major factors. Firstly, the virus was electro-

eluted in a greater volume (1 ml of PBS) as compared to the load (200 µl) and hence diluted. 

Second, a fraction of NDV could still be trapped inside the gel matrix, which did not get eluted 

from the gel during electro-elution. 

To further validate that the electro-eluted fraction exhibiting HA activity is indeed 

comprised of NDV particles, an HIA was conducted using a specific monoclonal anti-HN 

antibody. As seen in Figure 2.1 C, the HA activity of both the crude and electro-eluted viruses 

was inhibited up to the 1:200 dilutions of the anti-HN antibody. The HIA result thus confirms 

that the electro-eluted virus was NDV. Since the virus migrates towards the positive electrode 

during electrophoresis, we hypothesized that the virus could carry a net negative charge which 

was further confirmed with the help of DLS analysis.  
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Figure 2.1: Agarose gel electrophoresis of NDV (Newcastle disease virus) particles shows that they carry an 

overall negative charge. (A) Agarose gel (0.5%) was cut into three zones (1, 2, and 3) and subjected to electro-

elution separately. (B) HA (Hemagglutination Assay) showing NDV titers of the eluted fractions of the three 

zones. NDV was detected in zone 2. (C) HIA (Hemagglutination Inhibition Assay) of electro-eluted fraction from 

zone 2 of a separate gel, showed that the anti-HN antibody was able to inhibit hemagglutination of the virus up to 

1:200 dilutions in both the crude and purified fractions. It can be concluded that the electro-eluted virus showing 

similar HIA titer with the control (crude NDV) is the NDV. 

2.3.2 NDV can be effectively purified using an anion exchange column 

Given the results from native agarose gel electrophoresis that the virus carried a negative 

surface charge, we employed the HiTrap QFF anion exchange column for the purification of 

NDV. BHK lysate containing NDV was pre-cleared with low-speed centrifugation as described 

previously and passed through a 0.22 µm syringe filter to remove any remaining cell debris. 1 

ml of the lysate was loaded onto the anion exchange column. The unbound fraction was 
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collected for further analysis. The virus was eluted in a linear gradient of NaCl, from 0 mM to 

700 mM M NaCl in 25 ml (rate of increase in NaCl gradient = 28 mM/ml). Following that, the 

column was washed with 700 mM NaCl for an additional two column volumes. A final elution 

step with 1 M NaCl was performed to elute any proteins that were strongly bound to the 

column. Several peaks from 0 to 30 ml were observed in the chromatogram, representing 

various cellular proteins separated from the viral fraction (Figure 2.2 A). Upon HA analysis of 

the peaks from 0 to 30 ml, they did not show any HA activity confirming that the virus was 

absent in these fractions. The HA analysis of the remaining fractions (30 to 80 ml) showed that 

the NDV particles were eluted in the fractions corresponding to peak 4 (Figure 2.2 B). 

 

Figure 2.2: Purification of NDV with anion exchange chromatography. (A) Chromatogram showing that Peak 

4 corresponds to the elution of NDV in a total 3 ml volume (fractions from 46 to 49 ml). (B) HA assay showing 

the hemagglutination pattern of the fractions of peak 4. (C) Plaque assay of the fractions where HA was detected. 

(D) Recovery (%) of the NDV was calculated from the titers observed in the plaque assay. 

The fractions that showed HA activity were used to perform plaque assay for calculating the 

virus titer. Both the crude and the purified viral fractions of the same dilutions (10-5) were used 

for the assay. As depicted in Figures 2.2 C and D, the analysis conducted through the plaque 

assay showed that 82.14% of the virus that was loaded in the column was recovered. The assay 

not only provided insights into the efficiency of NDV recovery but also served as an indication 
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that the anion exchange-purified NDV particles retained their infectivity potential as they could 

form plaques in monolayers of cells. However, further in ovo experiments were conducted to 

validate the observation. 

2.3.3 NDV obtained after anion exchange chromatography were of high purity 

To evaluate the purity of the virus particles, the fractions containing NDV were analyzed with 

SDS-PAGE and western blotting with specific antibodies. 

 

Figure 2.3: SDS-PAGE analysis and western blotting of purified NDV. (A and B) SDS-PAGE analysis of the 

purified virus fractions shows the five major NDV proteins: HN (72 kDa), N (55 kDa), F (52 k Da), P (42 kDa), 

and M (40 kDa). (C) Western blot detection of viral proteins with anti-NDV antibody shows that the purified virus 

is the NDV, and all the major bands observed in SDS-PAGE were of viral origin. 

The fractions showing HA activity (46–49) were resolved on a 10% polyacrylamide gel under 

denaturing conditions (Figure 2.3 A). The SDS-PAGE analysis revealed that the virus fractions 

obtained after anion exchange chromatography were devoid of contaminating proteins from 

the cell lysate as the five major NDV proteins, namely HN (72 kDa), N (55 kDa), F (52 kDa), 

P (42 kDa), and M (40 kDa) were observed in the fractions (Figure 2.3 B). To validate the 

identity of these proteins, a western blot analysis of the fraction 47-48 was performed with the 

help of polyclonal anti-NDV antibody (Figure 2.3 C). It confirmed that the major bands seen 

in the SDS-PAGE were the NDV HN, N, F, and M proteins. Notably, no significant band other 

than those corresponding to NDV proteins was observed, thereby affirming the purity of the 

viral fractions. 

2.3.4 The physical parameters of the purified virus particles were conserved 

The interaction between NDV and the solid matrix of the anion exchange column and 

subsequent elution with high salt concentration might affect the physical integrity of the virus 
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particles. The purified viruses were therefore characterized using DLS and TEM. The 

hydrodynamic diameter of the precleared cell lysate without the virus was calculated to be 

71.88 nm (Figure 2.4 A). The hydrodynamic diameter of the crude and purified NDV was 

found to be 395.8 nm and 353.2 nm, respectively (Figure 2.4 A, ii, and iii). However, it should 

be noted that the hydrodynamic diameter is a measurement of the solvated particles, and thus, 

the size of the virus particles might appear to be larger. To obtain the “dry state” measurement 

of the diameter of the particles, purified NDV was visualized and analyzed with the help of 

TEM. 

 

Figure 2.4: Hydrodynamic diameter and zeta potential of purified NDV were calculated using DLS. The 

hydrodynamic diameter is plotted as particle diameter (nm) versus relative frequency (%) of BHK lysate (A, i), 

crude NDV (A, ii), and purified NDV (A, iii). The zeta potential of the particles, plotted as zeta potential (mV) 

versus relative frequency (%), of BHK lysate (B, i), crude NDV (B, ii), and purified NDV (B, iii). 

The zeta potential and electrophoretic mobility of NDV particles were also determined using 

DLS. It is widely accepted that particles with zeta potential values falling within the range of 

(-) 10 to (+) 10 mV are considered to be electrically neutral. Our findings revealed that the zeta 

potential of NDV particles before and after purification was (-) 14.1 ± 2.7 mV and (-) 12.5 ± 

2.5 mV, respectively, indicating a weakly anionic character of the NDV particles (Figure 2.4 

B, ii and iii). Additionally, the electrophoretic mobility of NDV particles before and after 

purification was calculated to be (-) 1x104 cm2/Vs and (-) 8.8x105 cm2/Vs, respectively. The 

results suggest that during electrophoresis, the NDV particles would migrate toward the 
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positive electrode. This migration behaviour was indeed observed in the native agarose gel 

electrophoresis of the virus. These findings collectively provide insights into the electro-kinetic 

properties of NDV particles and their behaviour under electric fields. Electron micrographs of 

the purified virus particles showed that the physical integrity of NDV was conserved after 

purification. We also measured the diameter of the particles from the micrographs which ranged 

from 200 to 300 nm (Figure 2.5 A and B). The majority of the particles observed were found 

to be intact, with a few disrupted virions associated with the nucleocapsid released from the 

particles (Figure 2.5 C). However, the majority of the virus particles were found to be intact 

in our TEM analysis. Overall, it suggests that the anion exchange–purified NDV particles were 

physically intact and pleomorphic as previously described. Considering these observations, the 

functional characteristics of the purified virus, such as its infective and replicative potential, 

are analysed as discussed hereafter. 

 

Figure 2.5: TEM (Transmission Electron Microscopy) images of the purified NDV particles. (A and B) Intact 

virions with their diameter within the range of 200–300 nm. (C) Disrupted virions showing the release of the 

nucleocapsid. 

2.3.5 Purified NDV is functionally active for experimentation 

To confirm that the replicative potential of the virus was conserved and carried a viable 

genome, the purified NDV particles were inoculated in the allantoic fluid of SPF-embryonated 

chicken eggs and allowed to propagate. Their genome was also detected with the help of PCR 

using viral-specific primers after the preparation of their cDNA. As described in Section 2.2.3, 
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both the purified and crude NDV were injected into 9-day-old embryonated chicken eggs and 

monitored for growth in the allantoic fluid (Figure 2.6 A). 

 

Figure 2.6: Anion exchange purified NDV can be used for downstream applications. (A) Propagation of crude 

and purified NDV in allantoic fluid. (B) HA of the allantoic fluid obtained from the eggs post-infection in 24, 48, 

and 72 h. (C and D) shows the plaque assay of both the purified and crude NDV derived from the allantoic fluid 

and the titers calculated from the assay in 24, 48, and 72 h. The 10-5 dilution was selected for counting the plaques. 

(E) A 423-bp fragment was amplified from the cDNA preparation of the virus particles for detecting the viral 

genome. L: Ladder, Lane 1: PCR product with NDV-specific primers using cDNA prepared from crude virus. 

Lane 2: PCR product with NDV-specific primers using cDNA prepared from the purified virus. Lane 3: PCR 

product with JEV-specific primers using cDNA from purified NDV. Lane 4: PCR product with Influenza-specific 

primers using cDNA from purified NDV. Lane 5: Water control. Lane 6: PCR product with JEV-specific primers 

using cDNA prepared from JEV. Lane 7: PCR product with Influenza-specific primers using cDNA prepared from 

Influenza virus.  

Post-inoculation in the allantoic fluid, the HA of the purified NDV was observed at 24, 48, and 

72 h. As evident from Figure 2.6 B, the HA titer of the purified NDV increased with time as 

the virus multiplied in the allantoic fluid. To compare the replicative potential of the purified 

NDV with the crude virus, we went directly for the plaque assay to determine the rate of 

increase in their titer (Figure 2.6, C). The NDV titers calculated from the plaque assay at three 

time points showed that the purified NDV retained its replicative potential and thus was able 

to multiply in the allantoic fluid. Quantitative estimation from the plaque assay showed that 
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the rate of increase in viral titers from 24 to 72 h was also similar in both purified and crude 

viruses, as shown in Figure 2.6 D. 

Table 2.1: List of primers used in the current study. 

Organism Forward primer (5’ → 3’) Reverse primer (5’ → 3’) Amplicon 

size (bp) 

NDV GCAGCTGCAGGGATTGTGGT GGATGTTGGCRGCATTYTGGTTGGC 423 

JEV GCAGAAAGCAAAACAAAAGAG ACGGATCTCCTGCTTCGCTTG 450 

Influenza 

(PR8) 

TATTCGTCTCAGGGAGCAAAAGCA

GGGTG 

ATATCGTCTCGTATTAGTAGAAACAAGGG

TGTTTT 

900 

 

The crude and purified NDV expanded in the allantoic fluid were used for cDNA preparation 

and subsequently probed with NDV-specific primers to amplify a 423-bp product. Lanes 1 and 

2 show the 423-bp amplified product from the F gene of NDV with specific primers used to 

probe the cDNA of crude and purified NDV respectively (Figure 2.6 E). The cDNA from the 

purified NDV was also probed using JEV and influenza (PR8) primers to further confirm that 

the purified virus is NDV. Lanes 3 and 4 show that there is no amplification from the cDNA of 

the purified NDV with the JEV and influenza-specific primers. Thus, the results confirm that 

the purified virus is indeed NDV and there is no cross-contamination with other viruses. Lane 

5 shows the water control. Lanes 6 and 7 depict the amplified product for JEV (450 bp, E gene) 

and influenza (900 bp, NS gene), with specific primers used with the cDNA of the respective 

species. Thus, it was confirmed that the anion exchange–purified virus was NDV and carried 

an intact genome. 

2.4 Discussion 

Anion exchange chromatography is a widely utilized method for purifying various viruses, 

either in combination with ultracentrifugation or as a standalone procedure [13, 14]. In previous 

studies on NDV, the application of a DEAE-cellulose column for purifying surface proteins 

from disrupted NDV particles was reported [15]. Another investigation utilized a prepacked 

strong anion exchange column to purify long helical capsids of NDV [16]. However, literature 

concerning the purification of intact NDV particles using ion exchange methods with 

traditional column chromatography is currently lacking. Alternative approaches for NDV 

purification have been explored in separate studies, which included the application of 

interference chromatography and a combination of depth filtration, tangential flow filtration 
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(TFF), and density gradient ultracentrifugation [17]. Interference chromatography involves the 

addition of citrate to the NDV stock before passing it through an anion exchange membrane, 

thereby reducing the binding of negatively charged host proteins and DNA onto the membrane 

and obtaining ultrapure virus particles. Membrane filtration techniques like TFF, often used for 

desalting, buffer exchange, and protein concentration, could potentially be applied for virus 

purification. However, removing cellular proteins with membrane filtration may be challenging 

and necessitates downstream processing with chromatography. Density gradient 

ultracentrifugation, while effective, is time-consuming and limited in sample size processing. 

Additionally, a considerable amount of medium may become a contaminant due to the 

equilibration of viral bands in the gradient zone. Subsequent steps typically involve the 

elimination of remnants of CsCl, sucrose, and others from the virus fraction using dialysis [18]. 

In our study, we employed a straightforward approach to obtain purified virus particles 

while minimizing the introduction of additional chemicals or steps. It was essential to develop 

such a procedure as we required NDV of very high purity, without any added contaminants, for 

the co-infection studies with the malaria parasite. Anion exchange chromatography offered a 

simple and efficient procedure to obtain NDV of high purity in significantly less time. It also 

has several advantages over membrane-assisted purification and ultracentrifugation, including 

ease of operation, scalability, and a reduced timeframe for isolating viruses from cellular 

contaminants. Furthermore, these columns are compatible with various protein purification 

systems and can be reused multiple times. Also, another potential benefit could be the co-

elution of different viruses from biological sera with different biochemical characteristics, 

which might lead to the identification of previously undetected but associated viruses. Thus, it 

can potentially aid in our understanding of the disease pathology, particularly in cases of 

coinfection with different virus types. 
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Chapter 3 

 

NDV displays an innate ability to disrupt the erythrocytic 

schizogony of the malaria parasite 
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Summary 

 

Merozoites are extracellular invasive form of the malaria parasite that exploits sialic acids 

present on the surface of RBCs for rapid adhesion and invasion. Notably, the Newcastle 

Disease Virus (NDV) also exhibit a pronounced affinity towards membrane-bound sialic acids 

which calls for an investigation into the effects of this interaction on the malaria parasite 

propagation. Incubation of NDV with the malaria parasites (Plasmodium falciparum 3D7) was 

found to dose-dependently reduce the cellular viability of the parasites. This anti-plasmodial 

activity of NDV was found to be specific, as no significant effect on parasite viability was 

observed upon incubation with other viruses such as JEV, DEV, IBV, and Influenza virus. 

Interestingly, pre-treating the host RBCs with NDV led to an 80% reduction in malaria parasite 

invasion, underscoring the potential role of NDV in perturbation of merozoite invasion. 

Evaluation of the effects of the virus on human RBCs revealed no agglutination of the cells 

and no impact on whole blood clotting, indicating its compatibility with human blood. The 

virus was also tested for any cytotoxic effects on the macrophages. Incubation of NDV with 

macrophages did not elicit any TNF-α release. The results indicate that the virus demonstrates 

an intrinsic ability to perturb the erythrocytic cycle of the malaria parasite and is safe for 

application in human blood. The virus was also tested against the murine parasite strain P. 

yoelii where NDV was able to restrict the parasite growth in vivo, both in pre-treatment and 

post-treatment scenarios. It suggests that the anti-plasmodial activity of NDV is a robust and 

pan-malaria phenomenon. 
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3.1 Introduction 

The erythrocytic cycle of the malaria parasite is an excellent target for therapeutic intervention 

due to its central role in malaria pathogenesis [1, 2]. In the erythrocytic schizogony, the parasite 

exponentially multiplies in the RBCs, during which it undergoes distinct developmental stages. 

Erythrocytic schizogony begins when merozoites, an extracellular form of the malaria parasite, 

invade an uninfected RBC, leading to the development of the ring stage [3]. The rings mature 

into trophozoites and schizonts through continuous cell division. Upon maturation, the 

schizonts harbor numerous merozoites, which, after egress, invade new RBCs. The invasion of 

uninfected RBCs is crucial for parasite propagation and involves complex interactions, 

including adhesion, invasion, and evasion of the host immune system [4]. Merozoites display 

a diverse array of antigens on their surface that utilize sialic acids on the RBC surface for 

invasion. Additionally, parasite survival within the parasitized RBCs relies on essential 

signaling pathways involving cyclic nucleotides, ATP, and calcium, along with host cell-

dependent pathways such as the MAPK pathway [5-8]. These pathways play crucial roles in 

sustaining parasite development, egress, and invasion. Thus, the disruption of these processes 

by an agent that potentially interacts with RBCs or parasitized RBCs could be detrimental to 

parasite survival. 

Viruses such as Orthomyxoviruses, Paramyxoviruses, Adenoviruses, and 

Herpesviruses also exploit sialic acids as receptors for attachment and entry into host cells [9-

12]. The majority of these viruses display dedicated lectins and hydrolases in their coat, such 

as Hemagglutinins, Hemagglutinin Neuraminidase (HN) and Neuraminidase (N) to target host 

cell surface sialic acids. These coat proteins also determine specificity for particular sialic acid 

linkages that influence viral tropism and host range, contributing to the variability of viral 

strains that affect humans, birds, and other animals [13-15]. In this regard, the Newcastle 

Disease Virus (NDV) classified within the avian orthoavulavirus 1 species, genus 

Orthoavulavirus, and family Paramyxoviridae exhibits a natural affinity for avian erythrocytes, 

particularly due to its spike protein HN, which facilitates cell recognition [16, 17]. The HN 

protein contains sialic acid binding sites for docking onto sialic acid-rich cell receptors, 

activating the other coat protein, called the Fusion or F protein, for membrane fusion and entry. 

This correlative interaction between NDV and the malaria parasite towards the sialic acid-rich 

RBC surface suggests that there could be potential implications in co-infection scenarios. Thus, 

we conducted this study to examine if NDV could have any impact on the erythrocytic 

schizogony of the malaria parasite. 

TH-3604_186106017



 76 

In this chapter, the potential of NDV to disrupt the erythrocytic schizogony of the malaria 

parasite is investigated. We conducted in-vitro coinfection studies of the NDV with the malaria 

parasite to study the effect of the virus on the erythrocytic cycle of the parasite. For our initial 

co-infection studies, anion exchange purified NDV at an MOI of 103 was incubated with the 

malaria parasite for 96 hours and the parasite growth was monitored. The parasites were also 

treated with the BHK-lysate to negate the effects of any trace amounts of cellular contaminants 

that could hinder its growth. The initial results show that the virus possessed an innate ability 

to restrict the propagation of the parasite in human RBCs. Upon careful observation of the 

effects of NDV on parasite morphology, it was found that the virus also invokes severe 

cytopathy in the mature stages of the parasite. We also conducted dose-dependent studies 

where the parasite was incubated with different concentrations of NDV. It reveals that the virus 

was able to dose-dependently reduce the cellular viability of the malaria parasite. The influence 

of different incubation periods on the anti-plasmodial activity of NDV was also tested. Notably, 

the anti-plasmodial action of NDV was found to be rapid, as exposing the parasite to the virus 

for just 12 hours led to the disruption of the erythrocytic cycle. 

Incubation of the parasite with other viruses such as Influenza, Japanese Encephalitis 

virus (JEV), Infectious Bronchitis virus (IBV) and Duck Enteritis virus (DEV) did not reduce 

parasite viability which suggests that the anti-plasmodial activity was unique to NDV. 

Furthermore, the mechanism of action of the virus was investigated, where we observed that it 

blocked the invasion of merozoites into uninfected RBCs, thereby disrupting the erythrocyte 

cycle. The impact of the virus on the human RBCs was also tested with the help of agglutination 

and clot retraction assays. NDV was able to cause high-order aggregation of chicken RBCs but 

did not cause any aggregation of human RBCs. Also, the clot retraction time of whole blood 

was not affected in the presence of the virus. To address the effects of NDV on the nucleated 

cells in the blood, the virus was incubated with macrophages at different concentrations and 

incubation periods while monitoring the levels of secreted TNF-α. The virus, even at very high 

concentrations, did not elicit any TNF- α response, suggesting that it was safe for application. 

We also tested the virus against the murine parasite strain P. yoelii, where we found 

that a short treatment of the parasite with NDV, prior to its inoculation in mice, resulted in a 

substantial reduction of parasite growth. Additionally, mice infected with P. yoleii showed a 

marked decrease in parasitemia upon a single intravenous injection of NDV. Thus, the results 

indicate that the anti-plasmodial effect of NDV is a pan-malaria phenomenon and could prove 

to be an excellent platform for developing novel anti-malarial therapeutics. 
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3.2. Experimental procedures 

3.2.1 Malaria parasite culture 

Plasmodium falciparum (3D7) was cultured in RPMI 1640 medium as described previously 

[18]. Human blood group O+ was drawn from healthy volunteers. Subcultures were performed 

by diluting the parasites in fresh RBCs. 

3.2.2 Virus strains and their propagation 

NDV Lasota and R2B strains were propagated in baby hamster kidney (BHK-21) cells (NCCS, 

Pune, India), maintained in Dulbecco’s modified Eagle’s medium (DMEM, Himedia, India) 

supplemented with 10% fetal bovine serum (Gibco, USA). Virus titer was determined by HA 

and Plaque assay as described previously. Different virus concentrations were prepared from 

the stock in RPMI 1640 complete medium. In a few experiments, the virus from allantoic fluid 

was also used. The virus was propagated in the allantoic fluid of Day 9 SPF embryonated 

chicken eggs, purchased from Lotus Chicks’ Hatchery, Guwahati, Assam, India [19].  

3.2.3 Pf3D7 and NDV co-infection studies  

Plasmodium falciparum (3D7) was grown up to 15-20% Parasitemia and synchronized using 

5% D-sorbitol to obtain 6 to 8-hour ring-stage parasites. The Parasitemia was adjusted to the 

1, 2 or 5% of rings or schizonts with fresh RBCs and incubated with NDV at different 

multiplicities of infection (MOI: 10, 102, 103, 104 and 105) prepared in RPMI1640 (Gibco, 

23400-062) complete media for 72-96 hours. Post incubation thin smears were prepared at 24, 

48, 72, and 96 hours and the parasitemia was monitored. To assess the impact of different 

viruses on malaria parasites, Influenza (PR8), Infectious Bronchitis virus (M14), Japanese 

Encephalitis virus (GIII), and Duck Enteritis virus along with NDV were prepared in 

RPMI1640 incomplete media and added to parasite cultures (1% parasitemia) at similar 

concentrations and the growth was monitored till 72 hours. The effect of viral concentration 

and incubation periods was investigated by administering increasing MOIs (10 to 105) of NDV 

to the parasites or incubating NDV with the parasite for different time periods (12, 24 and 48 

hours). Growth was evaluated for 72 hours post incubation. 

3.2.4 Parasite invasion assay 

To examine the impact of NDV on invasion, uninfected RBCs were incubated with NDV at a 

MOI of 103 for 1 hour at 37°C and then washed and re-suspended in parasite culture media. 
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The schizonts were not treated with NDV to minimize any effect of the virus on egress of the 

merozoites as we wanted to observe the effects of the virus only on the invasion of the 

merozoites. Thus, a culture of homogenous schizonts was introduced into the virus-treated red 

cells at a final parasitemia of 5% and monitored for growth till 72 hours. The appearance of 

rings in subsequent time points was determined and a quantitative estimation of conversion of 

schizonts to rings was measured.   

3.2.5 RBC agglutination test 

NDV was incubated separately with 1% human and chicken RBC suspensions at an MOI of 

103 for 1 hour at 37⁰C in RPMI1640 complete media. The cells were washed three times with 

PBS followed by fixation with 0.5% Glutaraldehyde for 15 min at RT. Thin smears were 

prepared and stained with JSB staining solutions and viewed under 100x with a bright field 

microscope. Cells that appeared to be in triplets and higher aggregates were expressed as % 

RBC agglutination. 

3.2.6 Clot retraction assay 

The whole blood was separated into plasma and RBC fractions by centrifuging at 1500 rpm for 

10 minutes. NDV was incubated with human RBCs at 0.5% hematocrit with an MOI of 500. 

The plasma was diluted in a 1:20 ratio with PBS and added to the NDV-treated RBCs. The clot 

retraction time was measured and compared between the NDV-treated and untreated RBCs. 

3.2.7 Quantification of TNF-α in macrophages post-treatment with NDV 

Macrophage cells (J774a.1) were seeded on a 96-well plate at a density of 1.5x105 cells per 

well and allowed to set overnight for proper adhesion. The cells were treated with NDV at 

different MOIs for 1 hour and 12 hours. The cells were washed with PBS five times to remove 

the virus and incubated in incomplete media for 18 hours. The supernatant was collected from 

the wells and incubated with the capture antibody for 2 hours at room temperature (RT), pre-

coated on a separate 96-well plate according to the manufacturer’s instructions. The cells were 

washed and incubated in the detection antibody for 2 hours at RT followed by washing. The 

TMB substrate, H2O2 was added followed by treatment with 2N H2SO4 followed by collection 

of absorbance at 590 nm. 
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3.2.8 In vivo testing of NDV against murine malaria 

NDV was incubated with P. yoelii at an MOI = 102 at 40% parasitemia for 3 hours at 37ºC. 

Post-incubation, cells were washed with PBS to remove any unbound virus particles. Parasites 

with the same parasitemia were also incubated with heat-inactivated NDV at the same 

concentration and time period or treated with plain allantoic fluid (AF), without the virus, under 

similar conditions. Post-incubation, P. yoelii-infected blood from each treatment condition was 

injected intraperitoneally into 12-13 weeks-old mice. Tail snips were performed and smears 

were taken from day 0 to day 12 to monitor the growth of the parasite. In another experiment, 

P. yoelii-infected blood (40% parasitemia) was injected intraperitoneally in mice and allowed 

to grow. When the parasitemia reached to 3.28 ± 0.53, mice were injected with NDV from the 

allantoic fluid. Post-NDV challenge, the parasitemia was monitored till day 12 as described 

previously.  

3.3 Results 

3.3.1 NDV has an innate ability to disrupt the malaria parasite propagation:  

The malaria parasite and the Newcastle disease virus (NDV) utilizes sialic acid rich cell 

surfaces for cell adhesion and entry. Consequently, both organisms display a strong affinity for 

the red blood cell, as the erythrocyte surface is rich in sialic acid. Hence, it was an intriguing 

question to investigate if the virus could affect the malaria parasite growth in human red blood 

cells. To answer this question, we conducted co-infection experiments of NDV with the 

parasite. The virus at a MOI = 103 was introduced to ring-synchronized malaria parasites of a 

parasitemia of 1%. In 48 hours, the parasitemia of the untreated culture increased exponentially 

from 1% to 5%, and it continued to grow for 72 hours. A comparison of the growth profile of 

the virus-treated and untreated cultures revealed that the NDV-treated parasites experienced a 

40% reduction in parasitemia after 48 hours (Figure 3.1 A). After 48 hours, the untreated 

parasites were able to maintain parasitemia of roughly 5% till 96 hours, but the virus-treated 

cultures showed a 70% drop in parasitemia. Because the virus was propagated in BHK cells, 

we also investigated the impact of BHK lysate on parasite viability. The parasites were able to 

proliferate effectively in the presence of the lysate, following a similar growth pattern to the 

untreated culture. Thus, our initial results show that NDV has the inherent ability to restrict 

malaria parasite proliferation in human red cells and thus disrupt erythrocytic schizogony. 

We further investigated the morphological changes in the PRBCs in the presence of NDV. The 

experimental samples from Figure 3.1 A were used to prepare thin smears to monitor the 
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morphological changes in the virus-treated parasites (Figure 3.1 B). The untreated parasites 

exhibited characteristic progression from rings to mature stages within red blood cells. The 

rings displayed a thin membrane with a darkly stained chromatin dot. The trophozoites showed 

an increase in cytoplasmic volume and density. Schizonts were significantly larger and often 

multinucleated in composition. It was observed that the ring stage of both the untreated and 

virus-treated parasite did not show any observable morphological aberration. However, 

trophozoites treated with the virus appeared to be smaller in size, while a few of them also 

displayed a defective membrane boundary. Additionally, compared to the untreated schizonts, 

the NDV-treated schizonts exhibited a substantial decrease in their cytoplasmic volume.  

 

Figure 3.1: NDV disrupts the erythrocytic cycle of the malaria parasite in vitro studies. (A) NDV inhibits 

malaria parasite propagation. Growth curves of Pf3D7 with no treatment (untreated), treated with NDV 

propagated in BHK-21 cells or BHK-lysate (BHK lysate). Thin smears were taken every 24 hours, followed by 

JSB staining and calculation of parasitemia. Growth curves of the NDV-treated parasites were compared with 

parasites without any treatment or those treated with the BHK lysate. The mean ± standard deviation (n= 3) is 

shown for all the time points. (B) NDV induces cytopathy in the RBC stages of the parasite. Thin blood smears 

were prepared from the samples presented in (A) for morphological study of the different stages of the parasite 

under 100x magnification. Representative images from the 96-hour time-point of untreated (UT, top left panel) 

and NDV-treated (NDV, bottom left panel) reveal a global decrease of parasitemia in the NDV-treated culture 

compared to the control (UT). Progression of erythrocytic stages of the parasite during cycle 2; untreated and 

NDV-treated parasites show virus-induced cytopathy in different parasite stages. 

They were considerably smaller and failed to demonstrate the same degree of maturity as the 

multinucleated schizonts of the untreated parasite culture. The non-parasitized RBCs of both 

the untreated and the NDV-treated cultures displayed no appreciable change in their structure 

and normal discoid morphology. Thus, it became evident that the virus induces cytopathy in 

PRBCs, which was severe as the parasites reached maturity. 
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3.3.2 The anti-parasitic action was unique to NDV: 

We asked if the anti-parasitic action of NDV is unique to the virus or a phenomenon shared by 

any other virus species, given the similarities in their bimolecular composition and physical 

properties. Hence, we treated the malaria parasites at a multiplicity of infection (MOI) of 103 

with several other virus strains, including Influenza (strain-PR8), Infectious Bronchitis virus 

(IBV, strain-M14), Japanese Encephalitis virus (JEV, strain-GIII), and Duck Enteritis virus 

(Netherlands). Upon examining the growth patterns, we observed that the untreated parasites 

multiplied rapidly, eventually attaining a parasitemia of 4% in the culture medium after 72 

hours. The NDV-treated parasite culture exhibited a decline in parasite growth of over 80% 

when compared to the untreated culture after 72 hours (Figure 3.2). Upon examining the 

growth curves of the parasites treated with the other virus strains (Influenza, IBV, JEV, and 

DEV), we 

 

Figure 3.2: The anti-parasitic action of NDV is specific to the virus. Growth curves of Pf3D7 with no treatment 

(untreated) or treated with different virus strains such as NDV (Lasota strain), Influenza (PR8 strain), Infectious 

Bronchitis virus (IBV, M14 strain), Japanese Encephalitis virus (JEV, GIII strain) and Duck Enteritis virus (DEV, 

Netherlands strain). Thin blood smears were prepared every 24 hours, followed by JSB staining to monitor the 

growth of the parasite in different conditions. The parasitemia was calculated and presented as mean ± standard 

deviation (n= 3) for all the conditions. 

observed that none of the other viruses were able to inhibit the malaria parasite growth. These 

cultures exhibited parasitemia levels of 4-5% at the end of 72 hours, which was equivalent to 
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the untreated parasite culture.  However, it is important to note that all of the viral strains used 

in the study were of avian origin but only NDV inhibited the replication of the malaria parasite. 

Thus, NDV inhibits the malaria parasite growth and disrupts their cellular morphology, and 

these effects are unique to the virus. 

3.3.3 The anti-parasitic effect of NDV is quick and dose-dependent:  

Given that NDV inhibits the growth of the parasite we further investigated if these effects are 

dose-dependent and what could be the effect of different incubation periods on the anti-

plasmodial effect of the virus.  In order to address this, different NDV concentrations 

(MOI=101 to 105) were used to treat parasite cultures (1% parasitemia), and the growth of the 

cultures was tracked as described previously in materials and methods. 

 

Figure 3.3: The anti-parasitic effect of NDV is dose-dependent. Growth curves of Pf3D7 incubated with NDV 

at different multiplicities of infection (MOI=101 to 105). Thin blood smears were prepared every 24 hours, 

followed by JSB staining to monitor the growth of the parasite. The growth of the NDV-treated parasites 

(MOI=101 to 105) was compared with the parasites without any treatment. The growth curves also display the 

mean ± standard deviation (n= 3). (E) The NDV-mediated inhibition of malaria parasite growth needs brief 

exposure. Growth curves of Pf3D7 incubated with NDV (MOI=103) for incubation periods (12, 24 and 48 hours). 

Post-incubation, the parasite cultures were washed, and new culture media without NDV was added to monitor 

the growth with the help of thin smears. Growth curves were presented as mean % parasitemia ± standard deviation 

(n= 3). 

Treatment of the parasite culture with increasing virus concentration was found to inhibit 

parasite development in a dose-dependent manner. At a MOI = 101, the virus reduced parasite 

viability by 40% within 72 hours (Figure 3.3 A). At MOIs of 104 and 105, the parasitemia 

remained below 1%, resulting in a reduction of about 90% after 72 hours. Thus, it was evident 
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that the virus disrupted the viability of malaria parasites in a dose-dependent manner. During 

the erythrocytic schizogony, the malaria parasite multiplies rapidly within RBCs while 

progressing through several developmental stages. Thus, it is crucial to determine the minimum 

exposure duration required for NDV to exert its effects. To answer this question, we exposed 

the parasite culture to NDV (MOI = 103) over various exposure times (12-48 hours). Following 

incubation, the parasites were washed, and new culture media was added. The growth of the 

parasites was monitored for 72 hours (Figure 3.3 B). It was found that incubating the parasite 

culture with NDV for just a period of 12 hours prevents the parasite from growing, resulting in 

a greater than 90% decrease in parasitemia. It indicates that either the virus caused 

unrecoverable damage to the parasites by interacting with the PRBCs during the 12-hour 

incubation period, or that the NDV particles remained associated with the cells even after 

thorough washing, resulting in prolonged interruption of parasite growth. As a result, it became 

vital to explore the nature of the physical interactions between RBCs, PRBCs, and NDV, as 

well as identify the key molecular actors in this process responsible for the reported 

antimalarial effects. 

Based on the data presented in Figures 3.1 to 3.3, a hypothetical model was proposed to 

explain the probable mechanism of the anti-plasmodial action of NDV (Figure 3.4). 

 

Figure 3.4: The proposed model to explain the anti-malarial action of NDV. A hypothetical model was 

proposed to explain the anti-malarial action of NDV. There are multiple possibilities: (a) NDV (green) could block 

the crucial cell surface receptors essential for the merozoites (dark red) to invade the RBC. (b) Also, the binding 

of the virus to these receptors might execute downstream signaling that could interfere with the crucial signaling 

pathways required for merozoite invasion. (c) NDV might enter the PRBC and interact directly with the parasite, 

thereby disrupting the development of the malaria parasite. 
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According to the proposed model:  

(a) Merozoite invasion is linked to the receptor availability on the RBC surface. It is 

possible that the virus particles may be engaging similar receptors/ligands, which will 

result in competition between merozoites and NDV. If this is true, we expected the virus 

to disrupt parasite invasion/egress severely.  

 

(b) Cell surface signaling is crucial for invasion/egress, and NDV interaction with cell-

surface receptors could interfere with downstream signaling required for the 

invasion/egress of merozoites. 

 

(c) The virus may enter the PRBC and disturb the progression of the parasite stages to 

complete erythrocytic schizogony. The questions raised in the hypothetical model are 

being explored in the subsequent investigations. 

 

3.3.4 NDV blocks the invasion of the malaria parasite into RBCs 

According to the hypothetical model shown in Figure 3.4, NDV could be interacting with vital 

receptors on the surface of RBCs to block merozoite entry into uninfected RBCs. If this 

hypothesis is accurate, allowing merozoites to infiltrate RBCs pre-treated with NDV should 

result in the reduction of invasion. In order to address this, we pre-treated red blood cells 

(RBCs) with NDV (MOI=103) for one hour, allowing the virus to engage with receptors on the 

RBC cell surface. The erythrocytic cycle was then triggered by incubating these cells with 

schizonts (5% parasitemia). We anticipated a reduction in the number of rings in the culture if 

NDV interfered with merozoite invasion. At the beginning of the experiment (time = 0 hours), 

the number of schizonts introduced in both untreated and NDV-treated RBCs was comparable, 

but the number of rings was insignificant (Figure 3.5 A). At 24 hours, it was evident that the 

rings in NDV-treated RBCs were more than 50% fewer in number than those in untreated 

RBCs. Also, the difference in the number of rings at the 24-hour time point was reflected 48 

hours later, when the schizonts in the NDV-treated culture were reduced by 50%. When we 

examined the number of rings formed by these schizonts after 72 hours, we discovered that 

NDV-treated RBCs exhibited an 80% reduction in the number of rings compared to untreated 

RBCs (Figure 3.5 A). 
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Figure 3.5: NDV blocks the invasion of merozoites into uninfected RBCs. Schizonts at a final parasitemia of 

5% were incubated with fresh RBCs, either untreated or pre-treated with NDV (MOI=103) for 1 hour at 37°C. 

The parasite culture was monitored for the appearance of rings or schizonts at 24 hours and 72 hours in 3000 

RBCs. (A) Schizonts introduced to untreated RBCs (grey) gave rise to twice the number of rings (white), while 

those introduced to NDV-treated RBCs (black) showed a significant reduction in the appearance of rings (bar with 

lines) at the end of the 72hours incubation. (B) Microscopic observation to monitor the conversion of schizonts 

to rings in cycle 2. The panels on the left show the representative images of schizonts at the start of the experiment 

(time = 0 hours), which were introduced either into the untreated RBCs (top) or NDV-treated RBCs (bottom). 

Panels on the right indicate a global reduction in the number of rings generated after 72 hours in the NDV-treated 

RBCs (bottom), compared to the untreated RBCs (top). The arrow denotes the schizonts (left panel) and rings 

(right panel) present in the images. (C) NDV reduces parasite invasion in the uninfected RBCs. The data from (A) 

was used to calculate the invasion (%) of merozoites into RBCs. Invasion in untreated RBCs in cycle 1 or 2 was 

considered as 100% (white bar) to express the % invasion of merozoites in NDV-treated RBCs (black bar). 

We also studied the cells at high magnification in order to investigate the RBC stages in the 

NDV-treated and untreated RBCs further. In contrast to schizonts incubated with NDV-treated 
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RBCs, which formed fewer rings (Figure 3.5 B, bottom right panel), schizonts in the untreated 

culture (top left panel) had many rings with good morphology (Figure 3.5 B, top right panel). 

We quantitatively assessed the merozoite invasion of the RBCs after closely examining the 

number of rings that formed in the NDV-treated and untreated RBCs. 

In cycle 1, the parasite invasion in the RBCs treated with NDV was less than 50%, while the 

invasion in the untreated RBCs was considered 100% (Figure 3.5 C). Approximately only 

20% of the schizonts in cycle 2 were able to form rings, indicating a further decline in parasite 

invasion of about 80%. (Figure 3.5 C). This notable decline in invasion could be the major 

driver of the anti-plasmodial activity of NDV. Our findings indicate that NDV inhibits the 

growth of malaria parasites by blocking invasion. Thus, it becomes critical to explore any 

cognate receptor: ligand interaction which could drive the observed effects and potentially be 

responsible for the binding of NDV to the RBC or PRBCs. Hence, we conducted binding 

studies to investigate the nature of the NDV-RBC/PRBC interaction, specifically focusing on 

the involvement of any protein: protein or protein: ligand interaction, as discussed in later 

chapters. 

3.3.5 NDV does not cause agglutination of human RBCs 

NDV is known to induce higher-order agglutination in chicken RBCs. As we investigate NDV's 

potential against malaria parasites, it is critical to determine if the virus can promote higher-

order aggregation in human RBCs. To investigate this, human or chicken RBCs were cultured 

with NDV (MOI=103) in the complete medium and visualized as indicated in the materials and 

methods. When we examined the cells at high magnification, we observed that the untreated 

avian or human RBCs were predominantly present as singlets (Figure 3.6 A and B). 

It was found that the cells in the avian RBCs treated with NDV formed higher-order aggregates. 

Human RBCs treated with NDV, in contrast, exhibited little aggregation formation and were 

mostly seen as singlets, resembling untreated RBCs. Based on a quantitative evaluation of the 

data, the avian RBCs treated with NDV and those that were not were aggregated at 3.35 ± 0.56 

and 93.42 ± 1.32%, respectively. In human red blood cells treated with NDV and those left 

untreated, the aggregation was 2.14 ± 0.36 and 2.38 ± 0.4%, respectively. The findings 

demonstrated that, at a multiplicity of infection (MOI) of 103, the virus could agglutinate avian 

red blood cells globally, but did not promote aggregation of human red blood cells. 
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Figure 3.6: NDV does not agglutinate human RBCs. Chicken or human RBCs were treated with NDV 

(MOI=103), and the virus-induced aggregation was measured for both types of cells. Avian RBCs showed 

complete agglutination in the concentration of the virus used. Human RBCs did not show any agglutination with 

NDV at the same virus concentration. 

3.3.6 Clot retraction assay 

The clot retraction assay was used to assess the functionality of platelets, which are crucial 

components of blood involved in clotting. As the clot forms, platelets aggregate, and fibrinogen 

is converted to fibrin, forming a mesh that stabilizes the clot. 

 

Figure 3.7: NDV does not affect the clotting of human blood. (A) The clot retraction time (CRT) in minutes 

was plotted in the Y-axis and compared for in the untreated and NDV treated whole blood. (B) Representative 

images showing clot retraction at the end of the experiment. 

Over time, the clot contracts due to the activity of platelets and the interaction between fibrin 

fibres. Since the effects of NDV on the whole blood remains unreported, we tested if the virus 

could impact such basic functionality of blood. In our experiment we found that the average 

clot retraction time (CRT) was similar for the untreated (19.98 min) and NDV-treated (20.17 

min) blood (Figure 3.7).  
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3.3.7 NDV does not activate murine macrophages 

NDV was incubated with murine macrophages at different concentrations and for two different 

time periods, 1 hour and 12 hours. After the co-culture periods, the levels of tumor necrosis 

factor-alpha (TNF-α), a pro-inflammatory cytokine produced by activated macrophages, were 

quantified using enzyme-linked immunosorbent assay (ELISA). A graphical representation is 

shown where the J774A.1 cells in were treated with NDV (MOI = 10, 50, 100 and 200) for 1 

hour or 12 hours or left untreated (Figure3.8 A). After 12 hours, the supernatant of the cells 

was collected and processed for ELISA as discussed in materials and methods. A standard 

curve was also generated, according to manufacturer’s instructions to estimate the levels of 

TNF-α. 

 

Figure 3.8: NDV does not activate macrophages. (A) Experimental procedure where J774A.1 cells were treated 

with an increasing MOI of NDV (10, 50, 100 and 200) for 1 hour and 12 hours. Post-incubations, supernatant was 

collected and processed for quantitative estimation of TNF-α with the help of ELISA. (B) Standard curve of TNF-

α was generated according to manufacturer’s instructions. (C, D) Levels of TNF-α of the untreated or NDV treated 

cells after 1 hour (C) and 12 hours (D) respectively.   

The results, as depicted in Figure 3.8 C and D of the study, indicated that there was no 

significant correlation between the increasing concentration of NDV and the levels of TNF-α 

at both time points (1 hour and 12 hours). This lack of correlation suggests that NDV did not 
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induce stress signaling in the macrophages, as evidenced by the absence of a robust TNF-α 

response. 

3.3.8 NDV restricts P. yoelii propagation in mice 

We employed a dual approach for testing the anti-plasmodial activity of NDV against P. yoelii. 

In our first approach, P. yoelii (40% parasitemia) was incubated in vitro with NDV (MOI = 

102) for 3 hours in an incubator at 37°C and 5% CO2, before the parasites were injected into 

mice (Figure 3.9 A, i). This pre-treatment of the malaria parasite with the virus was performed 

to maximize the perturbation caused by the virus due to its interaction with the PRBCs and 

RBCs while minimizing the possible immunomodulatory effects of the virus in vivo in the 

mice. Parasites were also incubated with heat-inactivated NDV or with AF without the NDV 

and used as controls. Post-incubation, cells were washed with PBS to remove excess virus 

particles and injected to different groups as mice and parasitemia were monitored as described 

previously in materials and methods. The growth curves of P. yoelii from day 0 to day 12, 

under different experimental conditions were plotted as shown in Figure 3.9 B. Mice injected 

with AF-treated P. yoelii, parasites were detected earliest at day 4 with a parasitemia of 1.65 ± 

0.28%. Mice injected with parasites pre-treated with heat-inactivated NDV also showed 

detectable parasitemia (0.84 ± 0.05%) at day 4. In contrast, mice injected with NDV-treated P. 

yoelii showed detectable parasites only on day 6 with a parasitemia of 0.61 ± 0.22%. This 

suggests that the virus delay the appearance of the parasites in peripheral blood circulation by 

72 hours. Also, the parasite load was over 60% lower in NDV-treated P. yoelii compared to 

the untreated parasites. Monitoring the growth of the parasites indicate that the untreated 

parasites proliferated rapidly, reaching parasitemia of 48.73 ± 4.30% on day 12 whereas NDV-

treated parasites showed a substantial decline in growth with 5.63 ± 1.69% parasitemia, 

revealing over 85% reduction in parasite load. P. yoelii treated with heat-inactivated NDV 

showed similar growth curves to the untreated. These results suggest that NDV could cause a 

substantial reduction in the proliferation of the murine malaria parasite in mice. 

In the second approach (Post-treatment), mice were injected with the same amount of 

P. yoelii as in our first method, and the parasites were allowed to proliferate till the parasitemia 

of 3.28 ± 0.53% (Figure 3.9 C). After determining the parasitemia, mice were challenged with 

NDV (on day 6) and the parasitemia was monitored till day 12. 24 hours post-NDV challenge, 

we observed a substantial drop in parasitemia (0.61 ± 0.12%) with ~80% reduction in parasite 
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load compared to that of day 6. NDV was able to restrict the parasitemia below 1% which 

suggests that the anti-plasmodial effect of the virus was sustained.    

 

Figure 3.9: NDV displays anti-plasmodial activity against P. yoelii in mice. [A(i)] P. yoelii was incubated with 

allantoic fluid (AF) containing no virus, heat-inactivated (HI) NDV or NDV produced in allantoic fluid for 3 hours 

in vitro, followed by washing of the cells and injection into the peritoneum of mice. Thin smears were made from 

tail snips from day 0 to day 12, and stained by Giemsa for calculating parasitemia. [A(ii)] Untreated P. yoelii were 

injected in mice and allowed to grow for 6 days. On day 6, after the calculation of parasitemia, NDV from allantoic 

fluid was administered through the intravenous (IV) route, and parasitemia was monitored till day 12. (B) Growth 

curves of P. yoelii 17XNL treated with allantoic fluid (AF; black curve), HI-NDV (blue curve) and NDV (red 

curve). The mean ± standard deviation (n= 3) for parasitemia calculation from each mouse is shown for all the 

time points. (C) Post-NDV challenge, P. yoelii-infected mice show a substantial reduction in parasite burden. 

Growth curves of P. yoelii before administration of NDV (day 0 to day 6) and post-NDV challenge (day 6 to day 

12). Red arrow indicates NDV administration at day 6 and red squares highlights the reduction in parasitemia, 

post-NDV challenge. (D) (Left to right) Representative images of Giemsa stained thin smears from day 12 of 

mice injected with AF-treated or HI-NDV treated or NDV treated P. yoelii. The last panel represents P. yoelii-

infected mice challenged with NDV, post 6 days of infection. PRBCs are indicated by black arrows.   

Representative images of Giemsa stained thin smears from day 12 are shown in Figure 3.9 D. 

As seen in the panel from left to right, pre-incubation of P. yoelii parasites with AF and NDV-

HI showed a significant number of parasitized RBCs (marked by arrows) as compared to the 

NDV-treated P. yoelii and mice challenged with NDV. Thus, realizing the potent anti-

plasmodial activity of NDV towards both human and murine malaria, we asked if the HN 

protein from the virus coat alone could display similar observations and also looked into the 
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differential engagement of the virus towards RBCs and PRBCs that could highlight its potential 

for targeted delivery as discussed in the later chapters. 

3.4 Discussion 

NDV is a versatile, multifunctional virus that has been extensively used as an oncolytic agent 

and a suitable vector for vaccine delivery against several viral, bacterial and protozoan 

infections [20-23]. The virus has an innate oncolytic ability as it preferentially selects tumor 

cells for replication and lysis [24]. It also displays potent immunostimulatory capabilities, 

which leads to the generation of robust anti-tumor, anti-bacterial and anti-viral immune 

responses. This versatile nature of the virus is primarily the result of its ability to target its host 

cells through its coat proteins selectively. The virus displays two spike proteins (HN and F) on 

its surface. The HN protein recognizes sialic acids on the host cell surface, which helps in virus 

attachment and is thus the major determinant of host cell recognition [25]. 

Interestingly, we have presented for the first time that NDV has the potential to be used 

as an anti-malarial agent against human malaria. Incubation of the virus with P. falciparum 

resulted in perturbation of the erythrocytic schizogony (Figure 3.1, A and B). NDV was also 

unique in its antagonistic relationship with the malaria parasite as the other virus strains 

investigated in our study did not affect the parasite propagation (Figure 3.2). The anti-

plasmodial activity of NDV was quick and also dose-dependent (Figure 3.3, A and B). A 

closer inspection of the different virus strains reveals that although they were of similar 

biomolecular composition, they possessed vastly different surface chemistry. Influenza virus, 

which is a negative-sense, single-stranded RNA virus (Orthomyxoviridae family) has three 

envelope proteins (Hemagglutinin (HA), Neuraminidase (N), and M2). The hemagglutinin 

recognizes sialic acid receptors and facilitates membrane fusion [26, 27]. IBV is a 

gammacoronavirus (Coronaviridae family) with a single positive-sense RNA [28]. The spike 

protein (S) on its surface mediates receptor recognition and Hemagglutination [29]. Both the 

Influenza virus and IBV utilize sialic acid for binding with the host cells [30, 31]. However, 

they were found to be ineffective against the malaria parasite. 

Viruses that utilize host sialic acid also exhibit specificity for the linkage with which 

the terminal sialic acid is bound to the immediate sugar, which is predominantly either α-2-3 

or α-2,6 [11]. Influenza (PR8), which is an avian strain exclusively requires α-2,3 linked sialic 

acids for host-cell interaction [32]. Interestingly, it was a shift in linkage preference from α-2-

3 to α-2,6 that allowed the influenza viruses (A/B) to adapt from animals to humans [33]. In 
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IBV, although the specific linkage type has not been well explored, the virus was reported to 

favor the α-2,3 linked sialic acids on the host cell surface [31]. In contrast, NDV could utilize 

both the α-2,3 and α-2,6 linked sialic acids on the host cell [16]. Human RBCs predominantly 

display α-2,6 linked sialic acids on the outer cell surface [34]. This could explain why NDV 

was able to engage strongly with the PRBCs and disrupt the parasite propagation. DEV and 

JEV do not utilize sialic acids on the host surface for attachment and were also found to be 

ineffective against the malaria parasite [35, 36]. Additionally, our results pertaining from the 

mechanism of action of NDV, we found that the blocking of invasion of the merozoites by the 

virus could be its major mode of its action (Figure 3.5). However, it is also evident that the 

virus at very low MOI of 10 and incubation period (12 hours) was also able to significantly 

reduce parasite viability (Figure 3.3 A, B). This indicates that the virus might also be involved 

in perturbation of signaling pathways crucial for the parasite survival. This indicates that NDV 

could be binding with the RBC or PRBC with the help of receptor: ligand interactions. To 

answer this, we investigated the interaction of NDV with human RBCs and PRBCs with the 

help of binding studies and decipher the involvement of any receptor: ligand interaction, which 

are discussed in the subsequent chapters. 

NDV was also tested in vivo against the murine malaria strain P. yoelii (Figure 3.9). 

Although there is limited literature on the application of the virus against the malaria parasites, 

previous studies have demonstrated that NDV could inhibit the growth of P. berghei and P. 

gallinaceum in mouse and chicken models, respectively [37, 38]. In mice, NDV was found to 

be a potent inducer of interferons, protecting them from P. berghei infection in a dose-

dependent manner. However, in the other study, NDV did not offer any in-ovo protection 

against P. gallinaceum infection but was able to limit the parasite growth in chicks by inducing 

interferons. Although in both studies, the interferon-inducing property of the virus was 

attributed to the observed effects, the possibility of NDV interacting directly with the malaria 

parasite was not investigated. The potential of the virus was explored in the limited context of 

its immunomodulatory role, similar to agents such as statolon and a double-stranded copolymer 

of polyriboinosinicacid and polyribocytidylic acid, which were also used in the study for 

inducing interferons. The virus was also not tested against human malaria in an in vitro system 

which could help to establish any innate anti-plasmodial activity that the virus may possess in 

the absence of its immunomodulatory effects. Thus, we asked whether NDV has any natural 

ability to restrict the erythrocytic schizogony of the malaria parasite, elucidate its mechanism 

of action and identify the key molecular players involved in the process. 
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In our study, we extensively showed that the virus could also act directly on the malaria 

parasite, thereby disrupting the erythrocytic schizogony of P. falciparum. Also, in our in vivo 

study, NDV disrupted the erythrocytic cycle of P. yoelii, although the virus was not able to 

completely restrict the parasite growth (Figure 3.9 B and C). This observation could be the 

result of the clearance of NDV-bound RBCs and PRBCs from blood circulation, resulting in 

new RBCs being available for the small fraction of parasites to invade, which initially survived 

the virus onslaught. However, it cannot be unruled that the immunomodulatory function of the 

virus was not active during this period. We speculate that in an in vivo system, both activities 

of the virus could act simultaneously on the parasite, resulting in the sustained anti-plasmodial 

activity observed in this study. Thus, a rigorous investigation pertaining to these questions is 

essential, particularly in an in vivo system.      
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Chapter 4 

 

The HN: sialic acid interaction mediates the anti-

plasmodial activity of NDV 
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Summary 

 

The Newcastle Disease Virus (NDV), known for its affinity to interact with avian red blood 

cells (RBCs), was investigated for its impact on the erythrocytic schizogony of Plasmodium 

falciparum (Pf3D7) and Plasmodium yoelii. Co-infection experiments demonstrated that NDV 

effectively disrupted the erythrocytic schizogony by preventing merozoite invasion into 

uninfected RBCs. Further investigations revealed that NDV binds rapidly and with higher 

affinity to RBCs infected with the malaria parasite (PRBCs) compared to uninfected RBCs in 

both human and murine malaria strains. This differential binding demonstrates potential 

application of the virus for targeted drug delivery. To elucidate the role of any protein: ligand 

interaction, various treatments including heat treatment, fixatives, and enzymatic processes 

were employed. Exposure of the virus to these conditions resulted in the loss of NDV binding. 

Particularly, removal of sialic acids from the erythrocyte surface significantly diminished NDV 

binding, emphasizing their essential role in virus-PRBC interaction. Blocking the active site of 

HN or using anti-HN antibodies abolished NDV binding to both RBCs and PRBCs and also 

resulted in a dose-dependent reduction in its anti-plasmodial activity. Thus, the interaction 

between the NDV spike glycoprotein HN and sialic acid was identified as a crucial component 

for the anti-plasmodial activity of the virus. Moreover, NDV HN protein was cloned, 

overexpressed and purified from the prokaryotic system. The purified HN protein also disrupts 

malaria parasite schizogony in a dose-dependent manner. This underscores the pivotal role of 

the HN protein in targeting sialic acid-containing receptors on RBCs and PRBCs, thereby 

disrupting malaria parasite proliferation in the blood.  
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4.1 Introduction 

Sialic acids are nine-carbon sugars, typically found as terminal residues on glycoproteins and 

glycolipids on cell surfaces [1]. They act as important receptors for a myriad of human 

pathogens ranging from bacteria and viruses to protozoa [2-5]. Sialic acids play a pivotal role 

in the complex life cycle of human protozoan parasites, such as the malaria parasite [6, 7]. 

During the erythrocytic schizogony, the parasite selectively binds to the erythrocyte surface 

glycophorins, which are rich in sialic acids, to invade the uninfected RBCs. The merozoite 

surface displays a diverse group of antigens that utilize sialic acids containing receptors on the 

RBC surface for adhesion and entry. In the case of P. falciparum, the Erythrocytic Binding-

Like (EBL) proteins facilitate the attachment of merozoites to human RBCs by targeting sialic 

acid-rich receptors, particularly the glycophorins, displayed on the red cell surface. Among the 

four homologs of EBLs characterized in P. falciparum, the EBA-175 merozoite antigen targets 

Glycophorin A (GPA), the EBA-140 recognizes Glycophorin C (GPC) and the EBL-1 binds to 

Glycophorin B (GPB). However, the erythrocyte receptor of EBA-181 remains elusive [8-11]. 

Although most field isolates of the malaria parasite are found to utilize the sialic acid-

dependent invasion pathway, the parasites could also utilize the sialic acid-independent 

pathway for invasion [12]. In the sialic acid-independent pathway, a different set of molecular 

interactions, primarily mediated by the reticulocyte-binding protein homolog (Rh) family is 

employed by the parasite. Rh5 binds to basigin (BSG), a receptor on the erythrocyte surface 

[13]. Other Rh proteins, such as Rh2 and Rh4, also contribute to the invasion process. Rh2 has 

been shown to interact with an unknown receptor on the erythrocyte surface, while Rh4 can 

bind complement receptor 1 (CR1) [14, 15]. However, the exact roles and mechanisms of these 

interactions are still not fully elucidated. 

Additionally, studies have shown that the sialic acid independent pathway is usually 

employed under certain experimental conditions, such as during enzymatic depletion of cell 

surface sialic acids [16, 17]. It shows that the malaria parasite utilizes a diverse set of receptors 

for invading new RBCs for the continuation of the erythrocytic schizogony.  The Newcastle 

Disease Virus (NDV) exhibits a natural affinity for avian erythrocytes, particularly due to its 

coat protein hemagglutinin-neuraminidase (HN), which facilitates cell recognition [18, 19]. 

The HN coat protein of Newcastle Disease Virus (NDV) is a multifunctional glycoprotein 

critical for viral attachment, fusion, and release. The HN protein exhibits both receptor-binding 

(hemagglutinin) and receptor-destroying (neuraminidase) activities [20-22]. On the virus coat, 

the protein exists as a tetramer, each monomer consisting of an ectodomain or receptor binding 
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domain (RBD), a transmembrane domain, and a cytoplasmic tail [23]. The ectodomain harbors 

both the receptor-binding and neuraminidase sites. The receptor-binding site is responsible for 

recognizing and attaching to sialic acid moieties on host glycoproteins and glycolipids, 

initiating the infection process. The neuraminidase site, on the other hand, cleaves sialic acid 

residues, facilitating the release of progeny virions from the infected cell and preventing viral 

aggregation [24]. 

Our results from co-infection studies, as discussed in Chapter III, showed that the virus 

was able to dose-dependently disrupt the erythrocytic schizogony of the malaria parasite 

(Pf3D7) by blocking the invasion of merozoites into uninfected RBCs. Interestingly, NDV was 

also found to cause perturbation of the erythrocytic cycle of the murine malaria parasite P. 

yoelii. Given the central role of sialic acids in the pathogenesis of both organisms, we 

envisioned that the observed anti-plasmodial activity of the virus could be mediated by specific 

protein-ligand interaction. Thus, we began by asking whether NDV was able to engage with 

the human RBCs and PRBCs with the help of binding studies. Additionally, since the virus 

was also tested against P. yoelii, we checked the binding of the virus with both murine RBCs 

and PRBCs as well. Observations from the initial binding studies revealed that NDV was able 

to bind very rapidly with the vessel of the malaria parasite (RBCs) and also with the RBCs 

infected with the malaria parasite (PRBCs). Interestingly, we found a differential engagement 

of NDV with the RBCs and PRBCs. From our binding studies with flow cytometry and 

immunofluorescence imaging we found that the affinity of the virus towards the PRBCs was 

substantially higher as compared to the uninfected RBCs in both the human and murine malaria 

strains. It suggests that the virus might be actively targeting the PRBCs. It thus provides an 

excellent opportunity to explore the potential of NDV for targeted delivery of antimalarial 

drugs directly to the PRBCs. 

To further elucidate the role of protein: ligand interaction, the binding of NDV with the 

erythrocytes was challenged with heat treatment, aldehyde fixatives and enzymatic treatment. 

Exposure of the virus to these conditions resulted in complete loss of binding. Also, the 

cleaving of erythrocyte surface proteins with protease or removal of the terminal sialic acids 

with neuraminidase resulted in a significant loss of NDV binding. It suggests that proteins from 

both the NDV coat and host cell surface were involved in the interaction. Also, the host surface 

sialic acids were indispensable for virus binding. In the case of NDV, the spike glycoprotein 

HN mediates the attachment of the virus with the cell surface by hijacking the host sialic acid 

receptors. Thus, to elucidate the role of the HN coat protein, we blocked its active site by pre-
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treating the virus with an excess of extracellular sialic acid or employed specific anti-HN 

antibodies to hinder its activity. Notably, blocking of the HN protein not only resulted in the 

loss of binding of NDV with the RBCs and PRBCs but also led to a substantial decrease in the 

anti-plasmodial activity of the virus. This suggests that the binding of NDV to the PRBCs 

through the HN: sialic acid interaction is crucial for the virus to exert its anti-plasmodial action 

on the malaria parasite. 

Hence, considering the central role of the NDV HN coat protein, we asked whether the 

protein alone could have any effect on the malaria parasite viability. To answer this, the HN 

gene from NDV was cloned into a prokaryotic expression vector and the protein was 

overexpressed and purified. The structural and functional activity of the purified protein was 

characterized with the help of circular dichroism (DM), Dynamic Light Scattering (DLS) and 

Plaque inhibition assay. Subsequently, the purified HN protein was tested against the malaria 

parasite, where we found that the single protein from NDV was able to dose-dependently 

inhibit the erythrocytic schizogony of the malaria parasite. Thus, it can be concluded that NDV, 

through its HN protein, targets sialic acid-containing receptors on the RBCs and PRBCs, 

leading to the disruption of the malaria parasite proliferation in blood.     

4.2. Experimental procedures 

4.2.1 Disrupting NDV proteome with an aldehyde fixative and heat inactivation 

The binding of NDV with RBCs and PRBCs was examined using flow cytometry under various 

treatment conditions, as follows: The hemagglutinin-neuraminidase (HN) and Fusion (F) are 

the two spike proteins that protrude out from the NDV surface. The viral surface proteins were 

modified with the help of aldehyde fixative and heat treatment to check their involvement in 

NDV-RBC interaction. NDV was treated with 2% glutaraldehyde for 30 minutes at room 

temperature (RT). The unreacted glutaraldehyde in the virus sample was quenched with 2% 

glycine for 30 minutes and the virus preparation was incubated with RBCs for 1 hour at a MOI 

of 102. In another approach, we tested the affinity of heat-inactivated (HI) NDV towards RBCs. 

NDV was incubated at 600C for 1 hour in a water bath, followed by a brief incubation on ice, 

allowing the sample to cool down. Following the treatment, RBCs were incubated with heat-

inactivated virus preparation (MOI=102) and processed for flow cytometry. 

4.2.2 Enzymatic treatment to challenge NDV binding 

Enzymatic removal of the NDV surface proteins was done by incubating the virus with 

Proteinase-K (0.4U/ml) for 1 hour at 37°C, followed by the inhibition of the protease with 1 
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mM PMSF. The virus preparation was incubated with RBCs for 1 hour at an MOI of 103. 

Proteins from the RBC surface were removed by treating the cells with Proteinase-K (0.4U/ml) 

for 1 hour at 37°C. Post-incubations the cells were washed and incubated with NDV at a MOI 

of 103. Sialic acids on the RBC surface were removed by treating the cells with neuraminidase 

(50 mU/ml) for 1 hour at 37°C. Post-incubations the cells were washed and incubated with 

NDV (MOI=103) and processed for flow cytometry. 

4.2.3 Blocking of NDV HN protein with free sialic acid and specific antibody 

To further elucidate the role of HN-sialic acid interaction in the binding of NDV with the 

PRBCs, NDV was treated with different concentrations of sialic acid (10, 100 and 200 µM) for 

1 hour at 37°C. The virus preparations were incubated with malaria parasite culture (MOI=103) 

in complete media for 1 hour at 37°C and further processed for flow cytometry analysis. NDV 

was also incubated with an anti-HN antibody (~0.5µg in 0.5ml) overnight at 4°C under shaking 

conditions. Post-treatment the virus was incubated with parasite culture for 1 hour at 37°C and 

processed further as described below. 

4.2.4 Flow cytometry analysis  

Following the incubation of NDV with RBCs or PRBCs under different treatment conditions, 

the cells were washed with ice-cold PBS followed by fixation with 4% paraformaldehyde and 

0.05% glutaraldehyde for 30 min at RT and permeabilized with 0.1% Triton X-100 for 10 min. 

Blocking was done with 5% BSA for 1 hour at RT followed by incubation with a chicken 

polyclonal anti-NDV antibody (1:2000)[25] or Mouse monoclonal anti-HN (1:2000) (Santa 

Cruz Biotechnology, HN14f, sc-53562) at RT for 1 hour. Cells were washed with PBS and 

probed with an appropriate FITC-conjugated secondary antibody. The PRBCs were 

counterstained with propidium iodide at a working concentration of 50 µg/ml for 20-30 min 

before analyzing the cells in a flow cytometer. A total of 50,000 events were recorded with a 

FACS caliber (Becton Dickinson). All flow cytometry data was analyzed with FCS Express 

version 5. 

4.2.5 Scanning electron microscopy 

NDV particles bound to the human erythrocyte cell surface were visualized with the help of 

scanning electron microscope. NDV was incubated with a MOI of 10 with RBCs for 30 min 

at RT followed by three washes with ice-cold PBS. The cells were adhered to Poly-L lysine-

coated coverslips and fixed with 2% Glutaraldehyde for 15 min at RT. The adhered cells 

were washed four times with PBS and dried with a series of ethanol gradients and kept in the 
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desiccator until imaging. A single layer of gold coating was done before analysing with 

Gemini 500 FE-SEM.  

4.2.6 Binding studies of NDV with P. yoelii-infected RBCs 

Whole blood was collected in tubes with heparin from the tail vein of an anaesthetized mouse 

infected with the knobless parasite strain Plasmodium yoelii (17XNL). The parasitemia was 

calculated with thin blood smears stained with Giemsa, under 100x objective. Infected whole 

blood (100µl of 40% parasitemia) was incubated with NDV at an MOI = 103 for 1 hour at 37ºC, 

followed by washing the cells with ice-cold PBS. Cells were fixed with 4% paraformaldehyde 

and 0.05% v/v glutaraldehyde for 30 min at RT and permeabilized with 0.1% Triton X-100 for 

10 min. Blocking was done with 5% BSA for 1 hour at RT. NDV was probed with a chicken 

polyclonal anti-NDV antibody (1:2000) for 1 hour at RT followed by an hour of incubation 

with an appropriate FITC-conjugated secondary antibody. P. yoelii-infected RBCs were 

segregated from uninfected RBCs with propidium iodide staining (50 µg/ml) for 20-30 min. A 

total of 50,000 events were recorded with a flow cytometer (BD FacsLyric), and data was 

analysed with FCS Express version 7.  

4.2.7 Immunofluorescence imaging 

NDV was incubated with Pf3D7 or P. yoelii infected RBCs at 37°C for 1 hour at an MOI of 

103 and processed for immunofluorescence imaging. The cells were washed with ice-cold PBS 

to remove any unbound virus particles, fixed with 4% paraformaldehyde and 0.05% 

glutaraldehyde for 30 min at RT, followed by washing with ice-cold PBS to remove any 

unbound virus particles. Cells were permeabilized with 0.1% Triton X-100 for 10 min at (RT) 

and blocked with 5% BSA for 1 hour at RT. NDV was probed with a Chicken polyclonal anti-

NDV antibody (1:500) and an appropriate FITC-conjugated secondary antibody. The cells 

were then washed and adhered on coverslips coated with Poly-L-lysine and mounted with Gold 

anti-fade DAPI mounting media. The samples were analyzed at 100x magnification under 

immersion oil with a fluorescence microscope (Nikon Eclipse Ti-S, model: TI-FL) or a 

Confocal microscope (Olympus, FV-3000). During confocal imaging, fifteen optical sections 

of the cells were taken and z-stacking was performed using ImageJ software.  

4.2.8 Cloning and construction of the expression plasmid with the HN gene 

Genomic RNA extraction from NDV was adopted from a previous study[26]. The RNA 

isolated was used for cDNA synthesis using random hexamers. The cDNA was used to amplify 

the extravirion domain using the following primers: Forward (FW) -5'-

TH-3604_186106017



 103 

CGCGGATCCATGGGGGCTAGCACACCTAG-3' and Reverse (RV) -5'- 

CTCAAGCTTCTAGCCAGACCTGGCTTCTCT-3' with BamHI and HindIII restriction sites. 

The amplified product (1611 bp) was resolved in 1% agarose gel and visualized in the Bio-Rad 

chemiDoc system. The HN fragment was eluted from the gel with the help of a silica DNA 

extraction kit from Himedia (MB503-400PR) as per the manufacturer's instructions. The eluted 

product was ligated into a pMD20 T-vector from Takara (T-Vector pMD™20, 3270). The 

construct was subjected to restriction digestion with BamHI and HindIII and finally ligated into 

the expression vector pET-28a (+) (Novagen, EM69864-3). Successful ligation of the HN 

fragment in pET28a was confirmed with restriction digestion with BamHI and HindIII, 

followed by visualization of the released insert in an agarose gel. The resultant construct was 

used to transform E. coli Top 10 competent cells for maintenance and Rosetta (DE3) or BL-

21(DE3) for protein expression. Positive colonies were selected with the help of colony PCR 

with primers described previously.  

4.2.9 Heat shock protocol to obtain soluble expression of HN 

Transformed colonies were initially screened with colony PCR and allowed to grow in 5 ml 

LB media with 50 µg/ml Kanamycin prior to expansion in 250 ml culture medium. A brief heat 

shock at 42°C was given for 15 min, followed by induction with 0.5 mM IPTG at 37°C for 3-

4 hours. The cells were harvested, and suspended in buffer (50 mM sodium phosphate buffer, 

500 mM NaCl, 20 mM Imidazole, pH 8) and lysed using a sonicator in the presence of PMSF 

(1 mM) as a protease inhibitor. The lysate was centrifuged at 13,000 rpm for 30 minutes at 4°C 

to obtain the soluble and the pellet (insoluble) fractions. The protein fractions were analyzed 

with SDS-PAGE and western blot. 

4.2.10 Ni-NTA purification 

The soluble fraction containing the HN protein was incubated with 1ml of equilibrated Ni-

NTA slurry for 1 hour at 4°C, and the flow-through was collected. The slurry was washed with 

10 Column volumes (CV) of binding buffer containing progressively higher concentrations of 

imidazole (20-50mM). The protein was eluted using 250 mM imidazole. All eluted fractions 

were analyzed with SDS-PAGE. The purified HN protein fractions were pooled together and 

concentrated using an Amicon Ultra 4mL concentrator with a 50 kDa cut-off, to a final volume 

of 500 µl. A further polishing step was performed to obtain pure HN protein fractions with a 

Superdex 200 increase 10/300 GL gel filtration column, connected to an FPLC system (AKTA 

pure, GE Healthcare, Chicago, IL, USA). The protein was finally obtained in the gel filtration 
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buffer (50 mM sodium phosphate buffer, 150 mM NaCl, pH 7.4). The concentration of the HN 

protein was estimated with a Bradford assay (Quick Start Bradford 1x Dye Reagent) according 

to the manufacturer's instructions and the purity was analyzed with SDS-PAGE. 

4.2.11 Western blot analysis 

All protein samples were separated in a 10% SDS-polyacrylamide gel and then transferred to 

a nitrocellulose membrane (Bio-Rad, 162-0112) on a Trans-Blot Turbo (Bio-Rad). The blots 

were blocked with 5% BSA for 2 hours at RT followed by incubation with mouse monoclonal 

anti-HN (1:8000) (Santa Cruz Biotechnology, HN14f, sc-53562) overnight at 4°C with 

constant shaking. Blots were washed with TBST and incubated with appropriate HRP-

conjugated secondary antibodies for 1 hour at RT, washed, and developed with Bio-Rad Clarity 

Western ECL substrate kit. Chemiluminescence was captured in the Bio-Rad chemiDoc 

system. 

4.2.12 Circular Dichroism Spectroscopy 

The Circular dichroism (CD) spectrum of desalted HN protein was recorded on a Jasco J1500 

spectropolarimeter and was analyzed with the CDSSTR program in DicroWeb [27]. 

4.2.13 Dynamic Light Scattering 

The hydrodynamic size of the HN protein (0.1mg/ml) was calculated using a dynamic light 

scattering instrument, Zetasizer Nano ZS90 (Malvern Instruments, Malvern UK). The particle 

size was recorded by scattering light from a 632.8nm laser passing through the sample in a 

quartz cuvette, at an angle of 175°. The average value of 10 runs for each sample and the 

controls was calculated as the hydrodynamic size. 

4.2.14 Plaque Inhibition Assay 

Monolayers of BHK-21 cells were incubated with 0.4 ml of different concentrations of purified 

HN protein, diluted in plain DMEM for two hours in the incubator and gently rocked every 15 

min. Cells were washed with plain DMEM, followed by incubation with 0.4 ml of NDV-R2B 

at a MOI of 0.01 in plain DMEM for 1 hour. The infection media was removed and the cells 

were washed three times and gently overlaid with pre-warmed solid medium (0.3% Agarose 

Plaque media). The cells were incubated at 37⁰C and 5% CO2 for 48 hours and fixed with 10% 

PFA for 30 min by directly overlaying it in the solid media. The solid agarose layer was 

removed and the fixing solution was drained. The cells were washed with PBS and stained with 
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1% Crystal violet solution for 15 min. The excess stain was washed off and the wells were 

allowed to dry before counting the visible plaques. 

4.2.15 Treatment of malaria parasite with purified HN protein 

Malaria parasite cultures (Pf3D7) were synchronized with sorbitol to obtain a homogenous 

culture of schizonts at 1% Parasitemia, which was treated with increasing concentrations of the 

purified HN coat protein of NDV (1, 5 and 10 µM). Schizonts were also treated with BSA (10 

µM) or NDV (MOI = 103) or left untreated and used as controls. Parasitemia of the HN protein 

treated and control parasites was monitored every 24 hours till the 96-hour time point. The 

morphology of the parasites was also studied under high magnification, as described before.    

4.3 Results 

4.3.1 NDV binds to human RBCs 

The coinfection studies, as described in Chapter III, showed that NDV carries potent anti-

plasmodial activity against both the human (Pf3D7) and murine (Py17XNL) malaria parasites. 

Both human and murine RBCs are known to have heavily sialylated cell surface glycoproteins 

that the malaria parasite targets during the erythrocytic schizogony. These sialic acid-rich cell 

surfaces could also be targeted by NDV, considering its known hemagglutinin activity against 

the avian erythrocytes. It was thus a curious question of whether the virus was able to bind with 

the human and murine uninfected RBCs or plasmodium-infected RBCs (PRBCs). To test this, 

we initially checked the binding of the virus with the human RBCs without the malaria parasite. 

NDV was briefly incubated with human RBCs followed by multiple steps of washing to 

remove any unbound virus particles as described in materials and methods. The cell surface 

bound NDV particles were probed with specific antibodies and virus bound erythrocytes were 

detected using flow cytometry. As shown in Figure 4.1 A, the NDV-treated RBCs showed a 

strong fluorescence signal (green curve) as compared to the untreated RBCs (black curve) and 

RBCs incubated with only the antibodies (red curve), which negates any possibility of the non-

specific signal. It suggests that the virus was able to bind with human RBCs. 

We also performed Scanning Electron Microscopy (SEM) for direct visualization of the 

virus particles bound on the surface of human RBCs. The electron micrographs were first taken 

at 30,000x magnification where the untreated RBCs showed the typical discoid morphology 

with a smooth surface (Figure 4.1 B). RBCs treated with NDV showed distinct virus particles 

attached to the red cell surface. Also, the dry state diameter of the cell surface bound particles 
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calculated at 30,000x and 100,000x were found to be in the range of 180 to 200 nm, which is 

typical for the NDV particles. Thus, it was confirmed that the virus was able to bind rapidly 

with human RBCs.  

 

Figure 4.1: NDV binds to human RBCs. (A) Human RBCs were incubated with NDV (MOI = 103) for 1 hour 

and processed for flow cytometry as discussed in materials and methods. RBCs were kept untreated or incubated 

with only antibodies and used as controls. The number of cells (counts) was plotted on the Y-axis, and 

fluorescence from NDV-bound RBCs (green fluorescence) was plotted on the X-axis. The graph shows the 

population of untreated RBCs (black curve), RBCs incubated with antibodies (red curve), and RBCs incubated 

with NDV (green curve). (B) Direct visualization of NDV bound to the surface of human RBCs with the help of 

SEM. RBCs without the virus (untreated) showed normal discoid morphology with a smooth surface. RBCs 

treated with NDV (MOI = 10) showed distinct virus particles adhered to the cell surface. The particle size was 

also determined and found to be within the range of 180-200 nm in diameter. 

4.3.2 NDV preferentially targets the Pf3D7 parasitized RBCs 

Based on the binding studies of NDV with human RBCs we tested the binding of the virus with 

the parasitized RBCs as well. The affinity of the virus towards the PRBCs and uninfected RBCs 

was measured with the help of flow cytometry as described in the material and methods. 

Parasite cultures were treated with NDV at a MOI of 103 for 1 hour and then processed for flow 

cytometry as described in materials and methods. The PRBC population was segregated from 

the uninfected RBC population by staining the parasite DNA with propidium iodide (Figure 

4.2 A). The dot blot analysis shows two distinct populations based on the PI signal, where the 

population gated in the red square represents the PRBCs or iRBCs, whereas the populations 

gated in the blue square denote the uninfected RBCs. Following the identification of the PRBC 

population, histograms from the NDV-bound RBCs and PRBCs were recorded. As shown in 

Figure 4.2 B, the fluorescence intensity from the PRBCs (blue curve) was significantly high 

compared to uninfected RBCs (red curve). Quantitative estimations from the histogram 
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analysis showed that the binding of NDV to the PRBC is 2.5-fold greater than that from the 

uninfected RBCs (Figure 4.2 C). This indicates that the virus particles were predominantly 

bound to PRBCs and, therefore might possess a stronger affinity for the plasmodium-infected 

RBCs.  

 

Figure 4.2: NDV preferentially targets the PRBCs. NDV (MOI=103) was incubated with synchronized rings 

and its binding affinity with the RBCs or PRBCs was analyzed with the help of flow cytometry. (A) NDV-bound 

PRBCs population was characterized with propidium iodide staining and separated from the NDV-bound 

uninfected RBCs. (B) The two cell populations were gated (RBCs: blue and PRBCs: red) followed by histogram 

analysis. Cell counts were plotted on the Y-axis, while fluorescence from untreated RBCs (black curve), NDV-

bound RBCs (red curve) or NDV-bound PRBCs (blue curve) was plotted on the X-axis. (C) Mean Fluorescence 

Intensity (MFI) is plotted of NDV-bound RBC (red) and NDV-bound PRBC (blue). 

4.3.3 Immunofluorescence imaging of NDV-bound P. falciparum-infected RBCs 

To further confirm the higher affinity of NDV to PRBCs, we performed immune-localization 

studies using anti-NDV antibodies in conjugation with FITC-labelled secondary antibodies as 

described in the material and methods. DAPI was used for staining the nucleus of the malaria 

parasite. The virus-treated PRBCs showed a strong FITC signal (green fluorescence) localized 

with the cell membrane and a very weak signal inside the cells (Figure 4.3). In comparison, 
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uninfected RBCs showed very weak NDV signals (green fluorescence) on the cell surface. 

These observations agree with our previous results from binding studies with flow cytometry. 

The results confirmed that the NDV has a greater affinity for the PRBCs compared to 

uninfected RBCs and, therefore, are suitable for further application in anti-malarial drug 

delivery. 

 

Figure 4.3: Immuno-localization of NDV on the PRBC and RBC. To visualize the virus bound with the RBCs 

and PRBCs, NDV was incubated with the malaria parasite for 1 hour and processed for immunolocalization as 

described in materials and methods. Parasite DNA was stained with DAPI (blue) and green fluorescence (FITC) 

corresponds to the NDV signal. 

4.3.4 NDV preferentially targets the P. yoelii-infected RBCs 

The binding studies of NDV with the human malaria parasite (Pf3D7) revealed that the virus 

has a greater affinity for the PRBCs compared to the RBCs. Thus, we asked whether this 

differential engagement of the virus could be observed in the case of P. yoelii as well. NDV 

was incubated with P. yoelii infected RBCs (40% parasitemia) at a MOI = 103 for 1 hour and 
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processed for flow cytometry as described in materials and methods. PRBCs were segregated 

from the uninfected RBC population with the help of Propidium Iodide (PI) staining. 

 

Figure 4.4: NDV preferentially targets the P. yoelii-infected RBCs (PRBCs). NDV at a MOI=103 was 

incubated with P. yoelii infected blood and its binding affinity with the RBCs or PRBCs was analyzed with the 

help of flow cytometry. (A) NDV-bound PRBCs population (green gating) was characterized with propidium 

iodide staining and distinguished from the NDV-bound uninfected RBCs (red gating). Y-axis: fluorescence from 

PI (PRBCs), X-axis: fluorescence from FITC (NDV). (B) Histogram analysis of the NDV-bound RBCs and 

PRBCs, where cell counts were plotted on the Y-axis, while fluorescence from NDV-bound RBCs (grey curve) 

or NDV-bound PRBCs (red curve) was plotted on the X-axis. (C) Mean Fluorescence Intensity (MFI) is plotted 

of NDV-bound RBC (grey) and NDV-bound PRBC (black).  

A depiction of the gating of NDV-bound RBC (red gating) and NDV-bound PRBC (green 

gating), with the Y-axis representing PI fluorescence (PRBCs) and the X-axis representing 

FITC or green fluorescence from cell surface bound NDV was plotted (Figure 4.4 A). The 

histograms of NDV-bound RBCs and PRBCs demonstrate that the fluorescence intensity of 

virus-bound PRBCs (red curve) is greater than that of virus-bound RBCs (grey curve) (Figure 

4.4 B). Quantitative estimations from the histogram analysis showed that the binding of NDV 

to the PRBC is 1.7-fold greater than that from the uninfected RBCs (Figure 4.4 C). It 

demonstrates that the NDV particles preferentially target P. yoelii-infected RBCs, which is 

consistent with the results observed for the human malaria parasite P. falciparum (Figure 30). 

4.3.5 Immunofluorescence imaging of NDV-bound P. yoelii-infected RBCs 

Immunolocalization of NDV was performed to examine the binding NDV to Plasmodium 

yoelii-infected red blood cells (PRBCs). NDV was incubated with P. yoelii-infected RBCs at 

37°C for 1 hour and processed for flow cytometry as described in materials and methods. DAPI 

staining was used to stain the Plasmodium yoelii parasite DNA within the red blood cells (blue 

fluorescence). NDV was probed with specific antibodies and detected with a FITC-conjugated 

secondary antibody (green fluorescence). In the untreated parasites, the parasite nucleus shows 
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strong DAPI fluorescence and no virus specific green fluorescence was observed (Figure 4.5). 

In the NDV-treated parasite culture, the co-localization of blue (DAPI) and green fluorescence 

(NDV), suggests that NDV binds to the PRBCs. 

 

Figure 4.5: Immuno-localization of NDV bound to P. yoleii infected RBCs. To visualize the virus bound with 

the RBCs and PRBCs, NDV was incubated with the malaria parasite for 1 hour and processed for 

immunolocalization as described in materials and methods. Parasite DNA was stained with DAPI (blue) and green 

fluorescence (FITC), corresponding to the NDV signal. 

On the right, snippets from the original images depict PRBCs with both blue (DAPI) and green 

(FITC) fluorescence, showing the binding of NDV to the PRBCs. A qualitative inspection of 

the images also shows that the localized green signals from NDV on the PRBCs are 

substantially higher compared to the RBCs. 

4.3.6 The proteinaceous ligands present on RBC surface is crucial for NDV-RBC 

interaction 

To study the involvement of the virus coat proteins in the NDV-RBC interaction, the binding 

of the virus with RBCs was tested under different experimental conditions. It was previously 

reported that heating of NDV particles at 60°C results in the complete loss of the activity of 

the HN protein due to its denaturation. We have explored an alternate strategy to physically 

disrupt the virus by heating. We incubated the virus at 60ºC for 1 hour in a water bath followed 

by a brief incubation on ice to allow the sample to cool down. Following the treatment, RBCs 

were incubated with the heat-inactivated virus preparation (MOI=102) and binding was tested 
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using flow cytometry as described in material and methods. RBCs incubated with the heat-

inactivated NDV give a fluorescence peak (blue curve), which corresponds to the fluorescence 

of RBCs without the virus (black curve) (Figure 4.6 A). This suggests that the capacity of the 

virus for binding to RBCs has been lost due to the heat treatment. The results show that the 

NDV surface proteins are crucial for binding with the human RBCs. 

 

Figure 4.6: Physical disruption of the NDV coat proteins results in the loss of NDV-RBC interaction. The 

proteome of NDV was modified by treating the virus with 2% glutaraldehyde (30 minutes at RT) or a brief heat 

treatment at 60°C for 1 hr. Post-treatment, the ability of the virus to bind with RBCs was tested with the help of 

flow cytometry as described in materials and methods. (A) Number of cells (counts) were plotted on the Y-axis, 

and fluorescence from NDV-bound RBCs (green fluorescence) was plotted on the X-axis. The graph shows the 

population of untreated RBCs (black curve), RBCs incubated with antibodies (red curve), RBCs incubated with 

NDV (green curve), RBCs incubated with fixed NDV (blue curve). (B) Number of cells (counts) were plotted on 

the Y-axis, and fluorescence from NDV-bound RBCs (green fluorescence) was plotted on the X-axis. The graph 

shows the population of untreated RBCs (black curve), RBCs incubated with NDV (green curve), and RBCs 

incubated with fixed NDV (blue curve).  

Additionally, protein cross-linking agents, such as aldehydes were previously shown to 

inactivate the surface proteins of NDV, preventing the attachment of the virus to its host cells. 

For our investigation, we treated NDV with glutaraldehyde. The virus preparation was 

incubated with RBCs and the binding was analyzed with flow cytometry as described in 

materials and methods. The untreated NDV showed robust interaction with the RBCs (green 

curve), confirming that the virus was able to physically bind with the human RBCs (Figure 4.6 

B). RBCs incubated with the aldehyde-fixed NDV showed the fluorescence peak (blue curve) 

corresponding to the RBCs fluorescence (black curve) indicating that the fixation has disrupted 

the interaction between NDV and RBCs (Figure 4.6 B). 
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4.3.7 The surface proteins of RBCs are crucial for NDV-RBC interaction 

Our previous results have shown that physical disruption of the viral proteins results in 

abrogation of NDV-RBC binding. Further confirmation of the involvement of protein-protein 

interaction would require the testing of NDV-RBC binding where the red cell surface has been 

modified. To achieve this, RBCs were treated with Proteinase-K (100 µg/ml) for 1 hour at 

37ºC, washed and incubated with NDV at an MOI of 103, followed by analysis in flow 

cytometry as described in materials and methods. As shown in Figure 4.7 A, NDV was able to 

strongly interact with the untreated RBCs to give strong fluorescence (green curve). However, 

the enzymatic removal of the cell surface proteins from RBCs resulted in a significant loss in 

virus binding, as indicated by the binding curve (cyan curve). To confirm that the proteolysis 

activity of Proteinase-K was responsible for loss in NDV binding, we also incubated RBCs 

with heat-inactivated Proteinase-K. NDV was able to bind strongly with RBCs treated with 

heat-inactivated Proteinase-K (blue curve). Therefore, crucial proteins on the surface of RBCs 

must be acting as ligands for NDV. 

 

Figure 4.7: RBC contributes to NDV-RBC interaction through cell surface proteins. (A) To test whether the 

surface proteins on RBCs were potential ligands for NDV, the cells were treated with Proteinase-K (0.4 U/ml) to 

remove the surface proteins. The binding of NDV with these cells was analyzed with flow cytometry as described 

in materials and methods. Cell counts were plotted on the Y-axis, while fluorescence from NDV-bound RBCs 

was plotted on the X-axis. The graphs show the population of untreated RBCs (black curve), RBCs incubated 

with NDV (green curve), RBCs treated with Proteinase-K and incubated with NDV (cyan curve), RBCs treated 

with heat-inactivated Proteinase-K (B) In another experiment, NDV was also treated with Proteinase-K to remove 

spike proteins present in the virus coat and NDV binding to RBC was analyzed as described in the material and 

methods. The graphs show the population of untreated RBCs (black curve), RBCs incubated with NDV (green 

curve) and RBCs incubated with NDV that was pre-treated with Proteinase-K (blue curve). 
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Since physical or chemical disruption is a non-specific approach to address the role of proteins 

present in the NDV coat to facilitate the interaction with the RBCs, NDV was pre-treated with 

Proteinase-K to further verify the involvement of NDV coat proteins in the binding. NDV was 

incubated with Proteinase-K (0.4U/ml) for 1 hour at 37°C, followed by the inhibition of the 

protease with 1 mM PMSF. The virus preparation was incubated with RBCs for 1 hour at a 

MOI of 103 and the binding was analyzed with flow cytometry (Figure 4.7 B). The treatment 

of NDV with the protease completely abolished the ability of NDV to bind with the RBCs (blue 

curve). It is, however, unclear whether the incubation of the virus with the protease would 

result in the removal of only the surface spike proteins or induce a globalized effect on the 

virus proteome. Nevertheless, the results showed that the binding of the NDV with human RBC 

was mediated by protein-protein or protein-ligand interactions. 

4.3.8 NDV utilizes the hemagglutinin-neuraminidase on its coat for binding with PRBCs 

From our initial binding studies, it was clear that proteins on both the RBC cell surface and 

NDV are involved in their interaction. It is known that the HN spike protein of NDV is the 

primary determinant of host cell recognition. The HN protein recognizes the sialic acids on the 

cell surface and helps in virus attachment. Since, the RBC and PRBC surface is rich in sialic 

acid, we envisioned that the virus could be utilizing these sialic acids for binding. Thus, we 

employed two approaches to explore the role of the sialic acid and HN spike protein in the 

binding of the virus with the RBCs and PRBCs: (i) Removal of sialic acid from the RBC cell 

surface with neuraminidase. (ii) Treating the virus with extracellular sialic acid or with 

antibodies against the HN protein to disrupt its function (Figure 4.8 A). 

For our first approach, the sialic acids from the cell surface were enzymatically 

removed with the help of neuraminidase. RBCs were treated with neuraminidase (50 mU/ml) 

for 1 hour at 37°C and binding of NDV was analyzed with flow cytometry as described in 

material and methods. It was observed that there was a significant reduction in the binding of 

NDV with the neuraminidase-treated RBCs (Figure 4.8 B, blue curve) when compared with 

untreated (Figure 4.8 B, green curve) RBCs. In our second approach, ring synchronized 

PRBCs were treated with NDV pre-incubated with different concentrations of sialic acid (10, 

100, and 200 µM) and virus binding was measured by flow cytometry as described in material 

and methods. Contour plots describe the uninfected RBC and PRBC population distinguished 

by staining of parasite DNA with Propidium iodide, and the binding of NDV with the PRBCs 

was analyzed [Figure 4.8 C (i)]. The PRBCs incubated with NDV in a complete medium give 
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a strong signal, as seen in Figure 4.8 C (ii). In comparison, NDV pre-incubated with sialic acid 

showed a gradual decrease in the virus-bound PRBC population with the increase in sialic acid 

concentration [Figure 4.8 C (iii, iv, v)]. 

Figure 4.8: HN-sialic acid interaction is crucial for NDV-PRBC binding and mediates the anti-malarial 

action of NDV. (A) A graphical illustration of the approaches used to investigate the role of the HN-sialic acid 

interaction in the anti-malarial action of NDV. (B) NDV binds weakly with neuraminidase-treated RBCs. 

RBCs were treated with neuraminidase to remove surface sialic acids. NDV binding to sialic acid-depleted RBCs 

was assessed using flow cytometry. Cell counts were plotted on the Y-axis, while fluorescence from NDV-bound 

RBCs was plotted on the X-axis. The graph shows binding curves of untreated RBCs (black curve), RBCs 

incubated with NDV (green curve), and Neuraminidase treated RBCs incubated with NDV (blue curve). (C) Pre-

incubation of NDV with sialic acid reduces its binding with the PRBCs. NDV was pre-incubated with different 

concentrations of sialic acid (10, 100, and 200 µM) and virus binding to PRBCs was analyzed by flow cytometry. 

(i) RBC and PRBC populations were distinguished by staining the parasite DNA with Propidium iodide. Contour 

plots represent the NDV-bound RBCs and NDV-bound PRBCs as two separate populations. (ii) Characterization 

of the NDV-bound PRBCs based on PI and FITC fluorescence signal. (iii-v) NDV-bound PRBCs where the virus 

was pre-incubated with 10, 100, and 200 µM sialic acid. (vi) The percentage of NDV-bound PRBCs in the parasite 

cultures incubated with NDV or different concentrations of sialic acid (10-200 µM) treated NDV. (D) The 

treatment of NDV with an anti-HN antibody inhibits the virus from binding to the PRBCs. NDV was pre-

incubated with the anti-HN antibody (~0.5 µg in 0.5 ml), and the binding of the virus to PRBCs was analyzed by 

flow cytometry. (i) Contour plots display the NDV-bound PRBCs population. (ii) PRBCs incubated with NDV 

pre-treated with anti-HN antibody. (iii) Percentage of NDV-bound PRBCs in parasite cultures incubated with 

untreated NDV (white bar) or NDV treated with anti-HN antibodies (black bar). 
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Quantitative estimation of NDV binding indicates gradual loss of NDV affinity towards PRBC. 

Considering the binding of NDV to untreated PRBC as 100%, sialic acid pre-incubated NDV 

loses its binding affinity with almost 70% reduction in NDV bound population at 200 µM 

(Figure 4.8 C, vi). Thus, the recognition of cell surface sialic acid through the HN spike protein 

of NDV is crucial for binding of the virus to the PRBCs. To further confirm the role of HN-

sialic acid interaction, NDV was pre-incubated with a monoclonal anti-HN antibody to block 

HN present on the virus and its ability to bind the ring synchronized PRBCs was determined 

by flow cytometry as described in material and methods. The treatment of the virus with an 

anti-HN antibody resulted in a pronounced reduction in the NDV-bound PRBC population 

(Figure 4.8 D, (ii)) when compared to PRBCs incubated with untreated NDV (Figure 4.8 D, 

(i)). Quantitative estimation of the NDV-bound PRBC population indicates more than 80% loss 

of NDV binding to the PRBC in the presence of anti-HN antibodies (Figure 4.8 D, (iii)). 

4.3.9 NDV exploits RBC surface sialic acid to exhibit its anti-plasmodial activity 

The binding assays of NDV with the PRBC suggested that the HN present on the virus coat 

and sialic acid present on the RBC surface are indispensable for the NDV interaction with the 

PRBC. To elucidate whether the loss in the HN-mediated binding of the virus with the PRBC 

could abrogate the anti-parasitic activity, the virus was pre-incubated with different 

concentrations of sialic acid (0, 10, 100, and 200 µM) and anti-malarial activity was measured 

as described in material and methods. As expected, NDV was able to block the proliferation of 

the malaria parasite, whereas NDV pre-incubated with sialic acid (10 µM) abolishes its activity 

by 50% (Figure 4.9 A). As we increased the concentration of sialic acid, it was observed that 

the anti-malarial activity of NDV reduced in a dose-dependent manner, and there was a 

complete reversal at 100 µM. To further verify the role of the HN protein in the process, the 

virus was pre-incubated with a monoclonal anti-HN antibody (~0.5µg in 0.5ml) to block the 

HN protein, and its anti-plasmodial activity was measured as described in material and 

methods. NDV pre-incubated with anti-HN antibodies abolished the anti-malarial activity of 

NDV. The parasites incubated with anti-HN treated NDV only showed around a 30% decrease 

in parasite viability at 96 hours (Figure 4.9 B). On the other hand, untreated NDV successfully 

restricted the growth of the parasites with about an 80% decrease in parasitemia. The results 

suggested that the blocking of the HN protein severely reduced the ability of NDV to restrict 

the parasite growth and that the NDV-PRBC interaction through sialic acid is crucial for the 

anti-parasitic activity of the virus. 
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Figure 4.9: Blocking of NDV HN protein with extracellular sialic acid and anti-HN antibody renders the 

virus ineffective against the malaria parasite. (A) Pre-incubation of NDV with sialic acid eliminates the 

anti-parasitic effect of NDV. NDV was treated with different concentrations of sialic acid (10, 100, or 200µM) 

followed by incubation with Pf3D7 (MOI=103) and parasite growth was monitored for 96 hrs. Growth curves of 

the parasites treated with NDV and sialic acid-treated NDV are shown with their mean ± standard deviation (n= 

3). Growth curves of the parasites without any treatment (black curve) and parasites incubated with sialic acid-

treated NDV; 10µM (blue curve), 100µM (pink curve), 200µM (green curve) show a dose-d1ependent reduction 

in the anti-malarial action of NDV when compared with the untreated NDV (red curve). (B) Treatment of NDV 

with anti-HN antibody inhibits its anti-parasitic action. NDV was pre-incubated with a monoclonal anti-HN 

antibody (0.5µg in 0.5ml) and its anti-plasmodial activity was assessed. Growth curves of the parasites without 

any treatment (black curve) and parasites incubated with NDV (red curve) or NDV pre-treated with anti-HN 

antibody (blue curve). 

4.3.10 Cloning of NDV_HN protein in prokaryotic expression vector 

The extravirion domain or Receptor Binding Domain (RBD) was amplified through RT-PCR 

using specifically designed primers as described in materials and methods. Subsequently, the 

amplified fragment was extracted from the agarose gel and cloned into a T/A cloning vector. 

Verification of the HN gene fragment in the pMD20 vector was carried out by enzymatic 

digestion with Bam HI and Hind III and also specific amplification from the vector with PCR, 

which confirmed the insert of 1.6 kb (Figure 4.10 A, Lane 2 and 3). Following the successful 

T/A cloning, the HN gene fragment was sub-cloned into the pET-28a (+) expression vector 

pre-digested with Bam HI and Hind III (Figure 4.10 A, Lane 5). The successful cloning of 

HN_RBD into pET-28a (+) was confirmed with restriction digestion, where the release of the 

1.6 kb gene fragment was observed as shown in Figure 4.10 B, Lane 2. 
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Figure 4.10: Cloning of NDV_RBD into a prokaryotic expression vector. (A) The 1.6 kb HN_RBD gene was 

amplified from cDNA preparations of the NDV R2B strain. The gene segment was initially ligated into the PMD20 

vector by Topo TA cloning and sub-cloned into the pET-28a (+) expression vector. Lane 1: DNA ladder, Lane 2: 

Restriction digestion of recombinant PMD20 vector showing the release of 1.6 kb insert. Lane 3: PCR 

amplification of HN_RBD gene from recombinant PMD20. Lane 4: Undigested PMD20 vector with insert. Lane 

5: Empty pET-28a (+) vector digested with BamHI and HindIII. Lane 6: Undigested pET-28a vector. (B) 

Restriction digestion of pET-28a showing the release of 1.6 kb insert. Lane 1: DNA ladder. Lane 2: Restriction 

digestion with BamHI and HindIII. Lane 3: PCR amplification of HN_RBD gene from recombinant pET-28a. (C, 

D) Colony PCR to confirm the positive colonies containing the recombinant pET28a-HN_RBD. 

The ligated products were used to transform the Top 10 bacterial strain (maintenance strain), 

and positive colonies were screened with the help of colony PCR (Figure 4.10 C). Positive 

colonies were expanded in a 5 ml LB medium with appropriate antibiotics and used for 

amplification of the recombinant pET-28a-HN vector. Isolation of the recombinant vector with 

the HN gene was done and used to transform E. coli expression strains, such as Rosetta (DE3) 

and BL21(DE3). Positive clones were selected with colony PCR using the cloning primers as 

described previously (Figure 4.10 D). 

Positive colonies were expanded in 5 or 250 ml LB for overexpression studies and protein 

purification. By analyzing the nucleotide sequence of the HN gene, an open reading frame 

(ORF) of 1611 base pairs was identified, which encodes a protein consisting of 536 amino 

acids. It should be noted that when considering the N-terminal tags and elements of the vector, 

the total length of the HN protein was calculated to be 564 amino acids. The molecular mass 

of the recombinant protein was predicted to be 61.64 kDa, with a theoretical isoelectric point 

(pI) of 8.14 calculated with the help of the ExPASy server (https://web.expasy.org/cgi-

bin/compute_pi/pi_tool). 
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4.3.11 Expression and purification of HN protein in prokaryotic system 

The recombinant pET-30a vector, harboring the HN gene was used to transform competent 

BL21 (DE3) and Rosetta (DE3) E. coli expression strains. The transformed cells were induced 

with 0.5 mM IPTG at 370C for 4 hours. Analysis of the uninduced and induced culture fractions 

through SDS-PAGE and Coomassie blue staining showed a prominent overexpressed protein 

band with an approximate molecular weight of 60 kDa between the 75 and 50 kDa markers in 

the pellet fraction in both BL21 and Rosetta (Figure 4.11 A and B). However, it was observed 

that the expression of the protein in Rosetta (DE3) was significantly higher than in BL-21 

(DE3). Western blot analysis was also performed to confirm that the overexpressed protein was 

HN_RBD. Following the transfer of proteins onto nitrocellulose membranes, the blot was 

probed with a monoclonal anti-HN antibody. The antibody specifically detected the 

overexpressed protein band, as depicted in Figures 4.11 A and B. However, in BL21 (DE3) a 

prominent truncated version of the protein was observed just above the 37 kDa marker. It is 

highly probable that the corresponding band was a truncated version of the protein, not detected 

in the transformed Rosetta strain. Consequently, the Rosetta (DE3) strain was selected for 

further optimization of the overexpression and, subsequently, purification of the protein from 

larger culture volumes. It was further observed that the overexpressed HN protein was localized 

in the insoluble fraction or the pellet. Thus, a heat shock protocol was employed to obtain 

soluble expression of the HN protein with high yield. 

Previous studies have suggested that subjecting a recombinant bacterial culture to a 

brief period of heat shock at 42°C before induction could enhance the yield of recombinant 

protein in the soluble fraction. In the case of the HN protein, it was observed that a brief heat 

shock at 42°C for 20 minutes prior to induction led to a significant increase in the amount of 

soluble protein. Two 5 ml cultures of transformed Rosetta with the pET-28a-HN construct were 

induced with 0.5 mM IPTG at 370C for 4 hours. As shown in Figure 4.11 C, one of the cultures 

was given a heat shock before induction (right) while the other was not (left). The supernatant 

fractions of both cultures were incubated with 100 µl of charged Ni-NTA beads to observe the 

binding of the HN protein to the beads, if present. A thick protein band could be observed in 

the fractions eluted with 250 mM imidazole in the supernatant from the heat shock bacterial 

cells and is absent in the supernatant of other bacterial cultures. The soluble HN protein was 

also probed with the monoclonal anti-HN antibody which specifically recognized the HN 

protein in the supernatant fraction as shown in the Figure 4.11 C. 
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Figure 4.11: Overexpression and western blot analysis of the HN protein. (A) Overexpression of HN protein 

in BL21 (DE3). Left: SDS-PAGE analysis. M: protein ladder, Lane 1: uninduced, Lane 2: induced, Lane 3: pellet, 

Lane 4: supernatant. Induction was done with 0.5 mM IPTG. Right: Western blot analysis where the overexpressed 

HN protein was probed with a monoclonal anti-HN antibody. Lane 1: uninduced, Lane 2: induced, Lane 3: pellet, 

Lane 4: supernatant. (B) Overexpression of HN protein in Rosetta (DE3). Left: SDS-PAGE analysis.  M: protein 

ladder, Lane 1: uninduced, Lane 2: induced, Lane 3: pellet, Lane 4: supernatant. Induction was done with 0.5 mM 

IPTG. Right: Western blot analysis with monoclonal anti-HN antibody. Lane 1: uninduced, Lane 2: induced, Lane 

3: pellet, Lane 4: supernatant. (C) Heat shock method and soluble expression of HN protein. Left: SDS-PAGE 

analysis. M: protein ladder, L: Load, FT: Flow-through, W: wash with 50 mM imidazole, F1, F2 and F3: eluted 

fractions with 250 mM imidazole. Right: Western blot detection of soluble HN protein with monoclonal anti-HN 

antibody. (D) Ni-NTA purification of HN. M: protein ladder, Lane 1: Load, Lane 2: Flow through, Lane 3: 20 

mM imidazole, Lane 4: 50 mM, Lane 5: 80 mM, Lane 6: 100 mM, Lane 7-14: 250 mM elution fractions. 

The HN protein in the supernatant obtained from a 250 ml induced Rosetta culture was 

subjected to Ni-NTA purification under native conditions. As shown in Figure 4.11 D, it was 

observed that the protein was successfully bound to the column. During the washing step with 

20-100 mM imidazole (Lanes 3-6), several non-specific proteins, including a small amount of 

the HN protein, were eluted. The fractions collected from the elution with 250 mM imidazole 

contained the majority of the HN protein. 

4.3.12 Purified HN protein from the prokaryotic system is functionally active 

To achieve a higher level of purity of the HN protein, a subsequent polishing step was 

performed using a gel filtration column, after Ni-NTA purification. The eluted fractions 
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obtained with 250 mM imidazole were pooled together and concentrated to a final volume of 

500 µl and loaded in a gel filtration column. Analysis of the size exclusion chromatogram 

revealed that the HN protein eluted as a single peak (Figure 4.12 A). 

 

Figure 4.12: Characterization of the purified HN protein. (A) Size exclusion profile of concentrated HN 

protein after Ni-NTA purification. (C) Left: SDS-PAGE gel stained with Coomassie, showing the protein fractions 

from 8-13 ml collected during gel filtration. M: protein ladder, Lane 1: 8-9 ml, Lane 2: 9-10 ml, Lane 3: 10-11 

ml, Lane 4: 11-12 ml, Lane 5: 12-13 ml. Right: SDS-PAGE analysis of the purified HN protein. M: protein ladder, 

Lane 1: Purified HN showing a single protein band. (D) CD spectra of HN. (E) DLS of HN showing a single peak 

at corresponding to 10 nm particle size. (F) Plaque inhibition assay showing a 3-fold reduction in the number of 

plaques in cells pre-treated with the purified HN protein. 

SDS-PAGE analysis of the eluted fractions (from 8-13 ml) showed that a single protein band 

corresponding to the HN protein was successfully obtained in a final volume of 1 ml (Figure 

4.12 A). The HN protein from the fraction was run in an SDS-PAGE to confirm a single protein 

band (Figure 4.12 A). The concentration of the protein was estimated with the Bradford assay 

and was found to be in the average of 600 µg/ml. Thus, with the pET28a-HN construct through 

the heat shock protocol, a high yield of purified HN protein was achieved with an average 

concentration of 600-700 ng/µl from 250 ml cultures, which is significantly higher than 

previously reported, as discussed in section 4. The secondary structure of the purified protein 

was analyzed with the help of CD spectroscopy as shown in Figure 4.12 B. In our analysis, the 

HN protein was found to possess 45 % α-helix, followed by 30% β-sheets and 25% loops 

confirming that the secondary structure of the protein was conserved. The hydrodynamic size 

of the purified HN was also determined with DLS analysis and was found to be 10 nm, which 

is also consistent with previous findings (Figure 4.12 C). 
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In order to verify that the purified HN protein was active, we conducted a plaque 

inhibition test. Monolayers of BHK-21 cells were incubated with the HN protein before giving 

an infection with the NDV (MOI = 0.01). We hypothesized that an active HN protein could 

cleave the sialic acid residues on the cell surface through its neuraminidase activity, resulting 

in a reduction in subsequent infection with the ND virus. Also, a fraction of the HN protein 

could remain bound with the cell surface resulting in the blocking of crucial sialic acid 

receptors needed for NDV to establish an infection. Consequently, a reduction in the number 

of plaques observed in the HN-treated cells would serve as confirmation of the protein's 

activity. The plaque inhibition test showed that there was a 3-fold reduction in the number of 

plaques in the cells that were pre-treated with the HN protein (Figure 4.12 D). Thus, it can be 

concluded that the recombinant HN protein showed structural integrity and was functionally 

active.  

4.3.13 The HN protein from the NDV coat exerts anti-parasitic activity 

Following the characterization of the purified HN protein, synchronized schizonts at a 

parasitemia of 1% were incubated with increasing concentrations of HN (1, 5, and 10 µM) for 

96 hours and parasite viability was monitored as described in materials and methods. During 

the course of the experiment, the parasites multiplied exponentially, reaching a maximum 

parasitemia of around 8% in 96 hours (Figure 4.13 A). The HN protein at 5 and 10 µM 

concentrations showed a substantial reduction in parasitemia. We also treated the parasites with 

BSA (10 μM) to negate any non-specific action on the parasite due to the presence of another 

protein (Figure 4.13 A). Upon analysis of the parasitemia at the end of the experiment (96 

hours), the HN protein-treated parasites show a dose-dependent reduction in parasite growth 

with more than 50% reduction in parasitemia at 10 µM, which was the highest concentration 

of HN used in our experiment (Figure 4.13 B). At 1 μM and 5 μM of HN protein concentration, 

the parasitemia was reduced by 10% and 30% respectively. 

Under a similar assay setup, NDV was found to induce more than an 80% reduction in 

parasitemia, which coincided with our previous experimental results (Figure 4.13 A). The 

observed differences could be either due to the higher affinity of virus-bound HN towards sialic 

acid or a localized concentration of the protein in the viral coat. Black arrows indicate the 

addition of the purified HN protein into the parasite culture. Thin smears showing rings from 

the 96-hour time-period of untreated (UT), HN-treated (10 μM) and NDV-treated (NDV) are 

shown in Figure 4.13 C. Representative images of untreated or HN-treated (10 μM) rings, 
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trophozoite and schizonts from Figure 4.13 D clearly indicate cellular damage and perturbation 

of parasite erythrocytic schizogony. The results demonstrated that with a single protein from 

the virus, the proliferation of the malaria parasite could be severely disrupted. The 

concentration of the HN protein could be a crucial factor in achieving complete inhibition of 

parasite growth. Additionally, the stability of the purified HN protein in complete media 

remains unclear. Nevertheless, the HN spike protein, even at a much lower concentration, was 

found to elicit significant anti-plasmodial activity. 

 

Figure 4.13: Purified HN protein restricts malaria parasite growth. (A) The HN protein dose-dependently 

reduces parasite propagation in RBCs. Schizonts at a final parasitemia of 1% were incubated with increasing 

concentrations of pure HN protein (1, 5, or 10µM) for 96 hours, and parasite growth was monitored as described 

in the material and methods. Black arrows represent the introduction of the HN protein in the parasite culture. 

Culture media was replenished at 72 hours. (B) 96-hour Parasitemia of the HN treated cultures (1, 5 and 10 µM) 

was plotted, which shows a dose-dependent inhibition of the malaria parasite growth. (C) Representative thin 

smears at 96-hours of untreated parasites (UT), parasites treated with HN (10 µM) and parasites treated with NDV 

(MOI = 103). (D) Purified HN protein induces cytopathy in the RBC stages of the parasite. Thin smears of the 

parasite culture treated with 10µM of HN protein were used to study cellular morphology. The HN protein also 

induced morphological aberrations in different parasite stages.\ 

4.4 Discussion 

Our binding studies of NDV with RBCs and PRBCs reveal that a brief exposure to the virus is 

enough for it to interact with the uninfected RBCs or parasitized human RBCs (PRBCs) (Figures 

4.1 and 4.2). Interestingly, in the case of both human and murine malaria, NDV was found to 

have a greater affinity for the PRBCs compared to the uninfected RBCs, which could have 

potential implications for targeted delivery of antimalarial drugs directly to the PRBC (Figures 
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4.2 to 4.5). We also demonstrated that the interaction between NDV and human RBCs/ PRBCs 

could be mediated by specific protein: protein or protein: ligand interactions (Figures 4.6 and 

4.7). Upon further investigation, it was revealed that the virus utilizes its HN receptor for high-

affinity interaction with sialic acids present on the RBC and PRBC as blocking the activity of 

this capsid protein with an excess of free sialic acid and specific antibodies abrogates the binding 

of the virus (Figure 4.8). However, it should be noted that a complete reversal in virus binding 

was not observed when we removed the sialic acids present on the RBC surface with the help 

of neuraminidase (Figure 4.8 B). There is a possibility that the neuraminidase treatment was 

inadequate for the removal of all the sialic acid from the cell surface. However, a quantitative 

estimation of the residual sialic acid on the RBCs was beyond the scope of this study. 

Alternatively, the virus could also be using some other ligand/receptor for interacting with the 

RBCs. Also, the specificity of HN towards sialic acid is unclear as the virus may recognize 

other terminal sugars for binding with the RBC surface.  

Furthermore, the blocking of the HN coat protein of NDV resulted in a substantial 

reduction of its anti-plasmodial activity (Figure 4.8). Our results demonstrated that the HN-

sialic acid interaction was crucial for NDV to exert its anti-parasitic effect by binding with both 

the RBC and PRBC. To test whether the HN protein alone could have similar effects on the 

parasite, the viral surface protein was cloned into a prokaryotic expression vector (Figures 4.10 

to 4.12). The HN protein alone could also restrict the parasite propagation in a dose-dependent 

manner (Figure 4.13). We demonstrated that a high yield of functionally active HN protein 

could be produced in the bacterial expression system. It could have potential applications, such 

as in vaccine development, where the protein could be used to immunize avian species and 

challenge NDV infection. We also intend to use this protein to further study its biochemical 

and biophysical properties. Some of the potential applications of this study could be to exploit 

NDV or its HN spike protein for developing efficient anti-malarial drug delivery platforms. 

Classical drug delivery vehicles such as liposomes or PEGylated liposomes have been used for 

passive drug delivery of several drugs including Artemisinin, Dihydroartemisinin, and 

Artesunate [28]. Active drug delivery vehicles with better efficacies made use of various 

receptors that could target specific ligands on the PRBC surface. Tagami and group developed 

the Phosphatidylserine (PS) specific peptide-conjugated liposomes (PSP-liposomes) to target 

specifically the PRBCs. Although the nanocarriers could deliver a higher dose of drugs to the 

PRBC, they were found to cause RBC eryptosis [29]. In another study, antibodies against 

Glycophorin A were decorated on the surface of liposomes and PEG liposomes for targeting 
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the RBCs. However, the antibodies could not distinguish between the RBC and PRBC [30, 31]. 

In this regard, Nano-carriers coupled with the NDV-HN spike protein could be developed for 

specifically targeting the PRBCs. Also, the whole virus in the form of NDV-VLPs could be 

used as Nano-carriers, possibly without the need for any surface modifications to test and 

compare their capacity for targeted delivery of antimalarial drugs into the PRBCs [32]. This 

could result in the reduction of dosage while also improving their efficacy. 

Another application may include the development of novel anti-malaria peptides from 

the NDV-HN protein. Although viruses are not known to produce antimicrobial peptides 

naturally within their host cells, active peptides could be derived from their functional proteins. 

This was illustrated in a study by Bianchin et al. where they described the screening of 

antimalarial peptides from the plasmodium and human proteome to derive peptides that could 

block the invasion of RBCs by merozoites [33]. Specifically, peptides that were derived from 

proteins actively involved in the invasion from both the parasite and human counterparts were 

the most effective. In our study we have demonstrated that the HN protein was functionally 

active and was able to inhibit the growth of the malaria parasite (Figure 4.13). Thus, the active 

HN protein could be an excellent source of antimalarial peptides that could potentially be 

produced in a good yield in the prokaryotic system. In conclusion, the study demonstrates that 

NDV is a potent antimalarial agent and a viable platform for targeted antimalarial drugs using 

NDV-VLPs or HN-conjugated nanocarriers. This dual role of the virus might offer significant 

therapeutic promise against malaria.  
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 Summary 

 

Sialic acids are nine-carbon sugars found at the terminal position of glycan chains on 

glycoproteins and glycolipids in mammalian cells, playing a critical role in viral attachment 

and entry into host cells. Various pathogenic viruses use viral lectins, such as Hemagglutinin 

(HA), Neuraminidase (NA), and Hemagglutinin Neuraminidase (HN) to target host cell-

surface sialic acids. The HA protein of influenza viruses binds to sialic acid residues, while NA 

cleaves these residues to facilitate the release of progeny virions and prevent viral particle 

aggregation. In contrast, the HN protein of Newcastle Disease Virus (NDV), a clinically 

significant member of the Paramyxoviridae family, combines receptor binding and 

neuraminidase activity in a single protein. The HN protein of NDV has been shown to target 

sialic acids on malaria parasitized red blood cells (PRBCs), leading to reduced parasite 

viability. Comparative structural analyses revealed that HN has a Type-IV sialic acid-binding 

module, characterized by fewer interactions with sialic acid functional groups compared to the 

Type-I module found in NA. A specific mutation (I175Y) in HN was designed to enhance sialic 

acid interaction, transforming the binding module from Type-IV to Type-I and resulting in a 

2.8-fold increase in binding affinity. The mutant exhibited significantly greater plaque 

inhibition and viral blocking activities, as well as a 30% increase in anti-plasmodial activity at 

specific concentrations compared to the wild type. These findings suggest that targeted 

mutations in HN can enhance its sialic acid binding affinity and biological activity, offering 

potential for improved therapeutic strategies. 
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5.1 Introduction 

Complex carbohydrates, often found as glycoproteins or glycolipids on cell surfaces, are 

crucial for cell-cell recognition due to their diverse and specific sugar moieties. These terminal 

carbohydrates serve as recognition sites for lectins, which are sugar-binding proteins that 

mediate cell-cell interactions [1-3]. However, they can also act as important ligands for a 

myriad of pathogenic organisms. Among the various sugar moieties, sialic acids are particularly 

recognized for their involvement in various infectious diseases [4-6]. These terminal sugars are 

a family of nine-carbon sugars located at the terminal position of glycan chains on 

glycoproteins and glycolipids in mammalian cells [6]. In the case of viruses, they play a crucial 

role in viral attachment and subsequent entry into the host cells. Several pathogenic viruses 

from diverse families, such as the Orthomyxoviruses, Paramyxoviruses, Adenoviruses, and 

Herpesviruses display dedicated lectins and hydrolases in their coat to target host cell-surface 

sialic acids [7-9]. The Hemagglutinins (HA), Neuraminidase (NA) and Hemagglutinin 

Neuraminidase (HN) are major sialic acid-binding lectins employed by these viruses [5, 9-11]. 

Among these viral lectins, the HA coat protein from the Influenza viruses is responsible for 

recognizing and binding to sialic acid residues on the surface of host cells. Neuraminidase 

(NA), the other coat protein, is primarily involved in cleaving sialic acid residues from the host 

cell surface and newly synthesized viral glycoproteins. The neuraminidase activity facilitates 

the release of progeny virions from the infected cell and prevents aggregation of viral particles. 

This role of NAs in sialic acid removal complements HA’s binding function [12, 13]. In 

contrast, the Hemagglutinin Neuraminidase (HN), from the Newcastle Disease Virus (NDV) 

and other members of the Paramyxoviridae family, display [14] both receptor binding and 

neuraminidase activity in a single protein.  

The Newcastle Disease Virus (NDV) is a clinically significant member of the 

Paramyxoviridae family as it is a well-studied oncolytic virus and has been used extensively 

as a platform for vaccine delivery [15-18]. Although in the context of protozoan diseases, the 

clinical relevance of NDV is minimally explored, few studies have highlighted its potential to 

be used as an immunomodulatory agent in the case of murine and avian malaria [19, 20]. 

Interestingly, our group have shown for the first time that the virus has an innate potential to 

restrict human malaria parasite growth as well [14]. One of our major findings highlights the 

central role of HN in disrupting malaria parasite propagation. Results show that the virus 

through its HN protein targets sialic acids present on the malaria parasitized RBCs (PRBCs), 

leading to the loss of parasite viability. This HN: sialic acid interaction is essential for the anti-
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plasmodial activity of the virus. Additionally, NDV displays a stronger affinity for the PRBCs 

compared to the uninfected RBCs, which provides an excellent opportunity for targeted 

delivery. Thus, realizing the crucial role of the NDV-HN coat protein we undertook further 

investigations to gain a thorough understanding of the molecular intricacies involved in its 

sialic acid recognition. Additionally, we asked whether the sialic acid binding pocket of HN 

could be modulated to augment its affinity for its ligand. 

Comparative structural analyses of the hemagglutinin-neuraminidase (HN) and 

neuraminidase (NA) coat proteins from different virus species elucidated a conserved six-

bladed β-propeller architecture across both protein families. Although both HN and NA share 

a conserved fold, the sialic acid-binding pockets in both the families differ significantly. The 

NAs were found to have a Type-I sialic acid binding module while the HNs possessed a Type-

IV binding module, which is characterized by lesser number of interactions with the different 

functional groups of sialic acid. Independent studies regarding the affinity of H9N and NAs 

towards sialic acids have shown that the NAs possessed significantly higher binding affinities 

and thus showed greater Hemagglutination activity. This could be the result of multiples 

interactions of amino acid residues, within the biophore of NAs, with all the available 

functional groups of sialic acid. Conversely, in the sialic acid binding biophore of HN, the 

hydroxyl group at C4 and the acetamido group at C5 of sialic acid remains free. This raises an 

interesting question regarding the potential of specific mutations in the binding site of HN to 

engage all the functional groups of sialic acid. Such modifications could enhance the affinity 

of HN towards its ligand by potentially altering the type of sialic acid binding module. 

To address this, we identified key sites for mutagenesis, located spatially within 5 Å 

from the free hydroxyl and acetamido group of sialic acid. Initial screening of mutants using 

in-silico tools such as Docking and Molecular Dynamics (MD) simulation revealed that a 

substitution of Isoleucine (I) to Tyrosine (Y) at 175 position led to a significant increase in the 

binding affinity. Further analysis showed over 1.5-fold increase in the number of average 

hydrogen bonds (H-bonds), while 2-D residue interaction analysis revealed its transformation 

from a Type-IV to Type-I sialic acid binding module. Following the in-silico results, we 

performed site directed mutagenesis to generate the I175Y mutant of HN. Both the wild type 

and mutant, were overexpressed and purified successfully from the prokaryotic expression 

system. Isothermal Titration Calorimetric (ITC) measurements with 6-sialolactose showed a 

2.8-fold decrease in Kd value of the I175Y mutant compared to the wild type, indicating a much 

stronger binding. The biological activity of the mutant and wild type HN was also compared 
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with the help of Plaque Inhibition Assay (PIA), cell-based assays and in-ovo studies. At 

equivalent protein concentrations, the I175Y mutant exhibited approximately 25% greater 

Plaque Inhibition activity compared to the wild type. Similar results were also obtained when 

NDV was allowed to infect monolayers of cells, pre-treated with the HN-WT and HN-I175Y, 

where the mutant displayed around 30% and 20% greater potential to block the virus infection 

based on western blot and real time PCR quantification respectively.  

In in-ovo studies, both the wild type and I175Y mutant showed significant ability to 

hinder the replication of NDV in allantoic fluid. Pre-inoculation of the mutant in the allantoic 

fluid yielded a 10 % lesser titer of NDV compared to the wild type which indicates that the 

rationale driven mutagenesis of the HN protein could indeed show enhanced biological activity. 

Furthermore, both the wild type and the I175Y mutant of HN were tested for their anti-

plasmodial activity against the malaria parasite. The HN proteins dose-dependently reduced 

the malaria parasite viability. Upon comparing the anti-plasmodial potential of the HN-WT and 

HN-I175Y, we observed that both the proteins exhibit significant anti-plasmodial activity 

across different concentrations. However, at 5 µM protein concentration, the I175Y mutant 

showed about 30% more reduction in parasite viability compared to the wild type HN. Also, 

quantitative estimation of the IC50 values for both the proteins suggests that the I175Y mutant 

shows better anti-plasmodial activity against the malaria parasite. In summary, our results 

demonstrate that the sialic acid binding affinity of HN could be augmented by specific 

mutations that alters the binding module type of the protein.      

 5.2 Experimental Procedures 

5.2.1 Comparative analysis of sialic acid binding pocket 

A data set consisting of the crystal structures of sialic acid bound neuraminidase (12) and 

hemagglutinin-neuraminidase (11) from different virus species was generated. The sialic acid 

binding pocket of the proteins was analyzed using Discovery Studio Visualizer to determine 

the spatial arrangement of key residues interacting with the ligand. Finally, the 2-D residue 

interaction maps were generated to determine the amino acid residues involved in hydrogen 

bond formation with different functional groups of sialic acid.  

5.2.2 Receptor and Ligand preparation 

Sialic acid was downloaded from PubChem in SDF format which were later converted into 

Mol2 format after their energy minimization in Chem3D pro software. The suitable PDB files 
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for the protein targets obtained were downloaded from RCSB PDB (https://www.rcsb.org/) and 

listed in Table 5.3. All the protein PDB files were subjected to energy minimization in Swiss-

PDB viewer. 

5.2.3 Molecular Docking 

The amino acid residues I175, K236, S237 and Y299 were mutated with Chimera X software 

followed by energy minimization and addressing of any unfavorable contacts due to the 

mutations. The β-anomer of sialic acid was chosen as the ligand and also energy minimized 

with spdv software. Docking of the ligand was performed in the sialic acid binding pocket of 

HN-protein (wild type and mutants) with the help of Autodock 4.2 [21]. The rank 1 with 

maximum cluster number was chosen as the best fit and used for binding energy derivation and 

2D-interaction plot analysis with Discovery studio. 

5.2.4 Molecular Dynamics (MD) simulation 

The molecular dynamics simulation of the HN proteins in complex with sialic acid were 

performed using GROMACS 2018.1. The topology files were generated using CHARMM-

GUI server(https://charmm-gui.org/) and the force fields were generated using CHARMM36. 

The system was neutralized with sodium and chloride  ions wherever necessary and the energy 

minimization was done with Lincs algorithm [22]. Solvation of the complexes was done in a 

dodecahedron box with a 1 nm distance from the edges of the resultant solvated box. The 

temperature and the pressure of the system were set to 300 K and 1 atmospheric pressure.  The 

vanderwaals distance cut off was set to 1.2 nm. Hydrogen bonds, electrostatic interactions, and 

Vander Waals interactions were each constrained using the LINCS algorithm, particle-mesh 

Ewald (PME), and Verlet algorithms, respectively. The 100 ns MD simulation run was 

performed with integration step of 2fs under NVT thermal equilibration conditions followed 

by isothermal-isobaric (NPT equilibrations) equilibrations under same temperature conditions. 

The quality and stability of molecular dynamics (MD) simulations were assessed using 

commonly employed MD simulation parameters. Radius of gyration (Rg) indicated protein 

compactness, while root mean square deviation (RMSD) measured structural deviation from a 

reference structure (protein backbone). Root mean square fluctuation (RMSF) determined 

residue flexibility, and hydrogen bond count evaluated stability. GROMACS software 

facilitated these analyses, providing insights into simulation dynamics and protein-ligand 

interactions.  The results obtained were analyzed and the images were developed Origin Pro 9. 
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5.2.5 Site directed mutagenesis (SDM) 

SDM was performed with the help of mega primer method involving two PCR reactions [22]. 

The first PCR was used to generate the mega primer using the cloning forward and the mutated 

reverse primer using the wild type pET-HN construct as a template. The amplified product was 

run in a 1% Agarose slab and gel eluted. The purified mega primer was used in the second PCR 

reaction with the reverse cloning primer to generate full length mutated HN gene. The full-

length mutated gene was gel extracted, purified and digested with BamHI and HindIII, 

followed by ligation with pET-28a. Confirmation of mutants was done by restriction digestion 

with KpnI. Primers used for mutagenesis are shown below: 

Table 5.1: Sequence of the primers used for site directed mutagenesis in the I175 position of NDV-HN 

protein. KpnI site was inserted into the primers for verification of the mutants. 

Mutation Primers (5’→3’) %GC Tm (°C) Length Restriction site 

I175Y_FW CTGCACTCGGTACCCCTCGTTCG 61 62.5 23 KpnI (GGTACC) 

I175Y_RV CGAACGAGGGGTACCGAGTGCAG 61 62.5 23 KpnI (GGTACC) 

 

5.2.6 Overexpression and Western blot analysis 

Transformed CD41 (DE3) colonies were initially screened with colony PCR and allowed to 

grow in 5 ml LB media with 50 µg/ml Kanamycin prior to expansion in 250 ml culture medium. 

It was followed by induction with 0.2 mM IPTG at 37°C for 3-4 hours. The cells were 

harvested, and suspended in buffer (50 mM sodium phosphate buffer, 500 mM NaCl, 20 mM 

Imidazole, pH 8) and lysed using a sonicator in the presence of PMSF (1 mM) as a protease 

inhibitor. The lysate was centrifuged at 13,000 rpm for 30 minutes at 4°C to obtain the soluble 

and the pellet (insoluble) fractions. The protein fractions were analyzed with SDS-PAGE and 

western blot. All protein samples were separated in a 10% SDS-polyacrylamide gel and then 

transferred to a nitrocellulose membrane (Bio-Rad, 162-0112) on a Trans-Blot Turbo (Bio-

Rad). The blots were blocked with 5% BSA for 2 hours at RT followed by incubation with 

mouse monoclonal anti-HN (Santa Cruz Biotechnology, HN14f, sc-53562), NDV polyclonal 

or anti-His antibody (Bio Bharati Life Science, Cat# BB-AB0010S) overnight at 4°C with 

constant shaking. Blots were washed with TBST and incubated with appropriate HRP-

conjugated secondary antibodies for 1 hour at RT, washed, and developed with Bio-Rad Clarity 

Western ECL substrate kit. Chemiluminescence was captured in the Bio-Rad chemiDoc 

system. 
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5.2.7 Ni-NTA purification 

The soluble fraction containing the HN protein was incubated with 1ml of equilibrated Ni-

NTA slurry for 1 hour at 4°C, and the flow-through was collected. The slurry was washed with 

10 Column volumes (CV) of binding buffer containing progressively higher concentrations of 

imidazole (20-50mM). The protein was eluted using 250 mM imidazole. All eluted fractions 

were analyzed with SDS-PAGE. The purified HN protein fractions were pooled together and 

concentrated using an Amicon Ultra 4mL concentrator with a 50 kDa cut-off, to a final volume 

of 500 µl. A further polishing step was performed to obtain pure HN protein fractions with a 

Superdex 200 increase 10/300 GL gel filtration column, connected to an FPLC system (AKTA 

pure, GE Healthcare, Chicago, IL, USA). The protein was finally obtained in the gel filtration 

buffer (50 mM sodium phosphate buffer, 150 mM NaCl, pH 7.4). The concentration of the HN 

protein was estimated with a Bradford assay (Quick Start Bradford 1x Dye Reagent) according 

to the manufacturer's instructions and the purity was analyzed with SDS-PAGE. 

5.2.8 Characterization of wild type HN and mutants 

After purification of both the wild type and I175Y-mutant of HN with affinity chromatography, 

we performed analytical gel filtration with a Superdex 200 (16/600) column in order to 

determine the molecular weight, oligomeric status and proper folding of the proteins. 

Table 5.2: List of standards used for analytical gel filtration. 

 

Standards 

 

Molecular 

weight (kDa) 

 

Concentration 

(mg/ml) 

 

Injection volume (µl) 

1. Blue dextran 2000 0.8 500 

2. Β-Amylase (sweet potato) 200 0.5 500 

3. Alcohol dehydrogenase (Yeast) 150 0.6 500 

4. Bovine Serum Albumin (BSA) 66 5.25 500 

5. Cytochrome c (Horse) 12.4 0.3 500 

 

The protein standards used for the experiment are listed in Table 5.2. Following gel filtration 

chromatography of the standards, 500 µl (1 mg/ml) of HN proteins, wild type or mutant, was 

loaded into the column and the chromatograms were generated. The elution volumes of both 

the wild type and mutant HN was calculated and used for molecular weight determination with 

the help of the standard plot. 
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5.2.9 Isothermal Titration Calorimetry 

The binding of HN (wild type and mutant) with 6-sialolactose was analyzed with the help of 

ITC. Proteins were kept in the sample cell and the ligand was loaded in the syringe. The 

reference power was set to 5 μW, and 19 injections with 2 μl injection volume, 180-sec initial 

delay, and 150-sec time spacing were injected at a stirring speed of 1000 rpm. The obtained 

isotherms were analyzed in the instrument software and the dissociation constants were 

determined. Control experiments, including protein-buffer and ligand-buffer titrations, were 

also performed and subtracted before the binding was analyzed. 

5.2.10 Virus Titration and Infection 

The NDV (strain R2B) stock was prepared by inoculating it in nine-day-old specific-pathogen-

free embryonated chicken eggs. Allantoic fluid containing NDV was collected 48 hours post-

inoculation, and its presence was confirmed by Hemagglutination assay using 1 % chicken 

RBC. The virus titer was determined by plaque assay as per the standard procedure. The 

recombinant NDV expressing GFP available in the laboratory was used for the fluorescent-

based study. 

5.2.11 Plaque inhibition assay 

A monolayer of BHK 21 cells was used for plaque assay as described previously [14]. Briefly, 

BHK-21 cells were seeded on a 12-well cell culture plate at a 70-80% confluency and kept 

overnight for adhesion. The cells were incubated with 0.4 ml of different concentrations of 

purified HN protein diluted in plain DMEM for two hours in the incubator and gently rocked 

every 15 min. Following the incubation, the excess protein was removed by three washes with 

media, followed by incubation with 0.2 ml of NDV-R2B at an MOI of 0.01 in plain DMEM 

for 1 hour. The infection media was removed, and the cells were washed three times with media 

and gently overlaid with a pre-warmed methylcellulose medium. After removing the 

overlaying media, the cells were incubated at 37°C and 5% CO2 for 48 hours and fixed with 

methanol for 30 min. The cells were washed with PBS and stained with 1% Crystal violet 

solution for 15 min. The excess stain was washed off, and the wells were allowed to dry before 

the visible plaques were counted. 

5.2.12 Cell-based assays 

To study the effects of the HN protein on NDV replication, monolayers of BHK-21 cells at 

around 80% confluency were incubated with either wild type or mutant HN protein at a 

concentration of 100 nM, followed by a washing step to remove unbound protein. Following 
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the treatment, NDV at an MOI of 0.01 was incubated for 1 hour at 37°C for virus adsorption. 

The unbound virus particles were removed by washing the cells monolayer with PBS twice. 

Infection was allowed to proceed over a 72-hour period in Dulbecco's Modified Eagle Medium 

(DMEM) supplemented with 2% fetal bovine serum (FBS) to support viral replication while 

limiting cell overgrowth. Virus titration assays were conducted to quantify viral replication, 

while virus reduction studies were performed using Western blotting to assess viral protein 

expression levels. Quantitative PCR (qPCR) was also employed to measure viral RNA levels. 

5.2.13 Gene expression analysis 

Total cellular RNA was extracted 72 hours post-infection using TRIzol reagent (Invitrogen, 

USA) following the manufacturer's instructions. For cDNA synthesis, 1 μg of purified RNA 

was reverse transcribed using a high-capacity cDNA reverse transcription kit (Thermo 

Scientific, USA). The gene expression was studied from cDNA by qPCR using PowerUp 

SYBR Green Master Mix (Applied Biosystems, USA). The gene expression study was done 

using host and NDV gene-specific primers (Sequences of primers are available upon request). 

The relative mRNA expression levels in treated versus untreated samples were calculated by 

the 2^(−ΔΔCt) method using GAPDH as an internal control for normalization [23]. 

5.2.14 Protein Expression Analysis 

The NDV-infected BHK-21 cells were lysed with Laemmli buffer and subjected to protein 

estimation with the help of TCA analysis. An equal quantity of proteins was loaded in SDS-

PAGE gels and transferred to a nitrocellulose membrane. Membranes were blocked with 5% 

BSA and NDV proteins were probed with the chicken NDV polyclonal antibody available in 

the laboratory, anti-β-actin antibody and subsequently with the appropriate horseradish 

peroxidase (HRP)-conjugated secondary antibodies (Invitrogen, USA). The blots were 

developed using the ECL reagent (BioRad, USA). The density of the bands was analyzed by 

ImageJ software (NIH). 

5.2.15. In ovo studies 

Nine-day-old specific-pathogen-free embryonated chicken eggs were used in the study, where 

the wild type or the I175Y-HN proteins, each at 1µM concentration, were injected into the 

allantoic fluid 1 hour prior to NDV inoculation. After inoculation with NDV, the eggs were 

incubated at 37°C for 48 hours. The allantoic fluid from each group was collected, and the 

NDV was titrated by HA and plaque assay. The allantoic fluid from each group was also 

subjected to western blot analysis for protein expression studies as described earlier. The 
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embryo tissue samples were also collected from the respective groups and used for gene 

expression studies with the help of Quantitative PCR as described earlier. 

5.2.16 SYBR green assay 

To investigate the anti-plasmodial effects of the wild type HN protein and its I175Y mutant, 

synchronized schizonts at a parasitemia of 1% were treated with increasing concentrations of 

the proteins, ranging from 1 to 50 µM. After a 48-hour incubation period, parasite viability was 

assessed using the SYBR green assay. Media was not replenished during the incubation. After 

incubation of 48 hours, 100 μl sample containing parasites was mixed with 100μl of Lysis 

buffer (20mM Tris pH 7.5, 5Mm EDTA, 0.008%-gram Saponin, 0.08% ml TritonX-100) and 

SYBR green dye at a dilution of 1: 10,000 and incubated in dark at room temperature for 3 

hours. Following the incubation, fluorescence intensity was measured at 485 nm excitation and 

528 nm emission using a microplate reader. 

5.2.17 Statistical analysis 

All the statistical analyses in the study were performed using the one-way ANOVA with 

Tukey’s HSD. The significant differences among the different groups were indicated as *, **, 

and *** when p < 0.05, p < 0.01, p < 0.001, respectively. 

5.3 Results 

5.3.1 Comparative analysis of sialic acid binding pocket in viral coat proteins 

The HN coat protein of NDV is a sialic acid binding lectin employed by the virus to target 

sialic acid-rich host cell surface for initial binding and subsequent entry. Previous studies have 

suggested that the protein has a central sialic acid binding domain that shows both 

hemagglutinin (sialic acid binding) and neuraminidase (sialic acid cleaving) activities. To gain 

further insight into the sialic acid biophore of the protein, we did a comparative analysis of HN 

from different viral species and also the NAs, which are a closely related class of proteins. Our 

analysis of HNs and NAs from different virus species elucidated a conserved six-bladed β-

propeller architecture across both protein families. The β-propeller structure, characterized by 

six radially arranged β-sheets, forms a toroidal configuration that serves as a fundamental 

scaffold supporting the sialic acid binding pocket of these glycoproteins (Figure 5.1 A). 

Despite the shared three-dimensional fold, significant differences are evident in the 

configuration of the sialic acid-binding pockets within HN and NA proteins. 
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Table 5.3: List of available crustal structure of viral lectins complexed with sialic acid was used for 

comparative analysis of the sialic acid biophore between the HN and NA. 

S.N. Organism PDB ID Functional family Structural Domains 

1 Human respirovirus 3 1V3D Hemagglutinin-neuraminidase 6-beta propeller 

2 Human respirovirus 3 1V3C Hemagglutinin-neuraminidase 6-beta propeller 

3 Mammalian orthorubulavirus 5 1Z4X Hemagglutinin-neuraminidase 6-beta propeller 

4 Mammalian orthorubulavirus 5 1Z4Z Hemagglutinin-neuraminidase 6-beta propeller 

5 avian paramyxovirus 1 1USR Hemagglutinin-neuraminidase 6-beta propeller 

6 avian paramyxovirus 1 1USX Hemagglutinin-neuraminidase 6-beta propeller 

7 avian paramyxovirus 1 1E8U Hemagglutinin-neuraminidase 6-beta propeller 

8 avian paramyxovirus 1 1E8V Hemagglutinin-neuraminidase 6-beta propeller 

9 Mumps orthorubulavirus 5B2D Hemagglutinin-neuraminidase 6-beta propeller 

10 Mumps orthorubulavirus 6JJM Hemagglutinin-neuraminidase 6-beta propeller 

11 Mumps orthorubulavirus 6JJN Hemagglutinin-neuraminidase 6-beta propeller 

12 Influenza A virus (A/Tokyo/3/1967(H2N2)) 2BAT Neuraminidase (N2) 6-beta propeller 

13 Influenza A virus (A/Moscow/10/1999(H3N2)) 8DWB Neuraminidase (N2) 6-beta propeller 

14 Influenza A virus H3N2 subtype 4GZQ Neuraminidase (N2) 6-beta propeller 

15 Influenza A virus H3N2 subtype 4GZX Neuraminidase (N2) 6-beta propeller 

16 Influenza A virus H3N2 subtype 4GZW Neuraminidase (N2) 6-beta propeller 

17 Influenza A virus (A/RI/5+/1957(H2N2)) 4H53 Neuraminidase (N2) 6-beta propeller 

18 Influenza A virus 1W20 Neuraminidase (N6) 6-beta propeller 

19 Influenza A virus 1MWE Neuraminidase (N9) 6-beta propeller 

20 Influenza A virus 2QWB Neuraminidase (N9) 6-beta propeller 

21 Influenza A virus (A/Shanghai/02/2013(H7N9)) 5L18 Neuraminidase (N9) 6-beta propeller 

22 Influenza A virus 2C4A Neuraminidase (N9) 6-beta propeller 

23 Influenza B virus (STRAIN B/BEIJING/1/87) 1NSC Neuraminidase 6-beta propeller 

 

 

The predominant form of sialic acid in humans is N-acetylneuraminic acid (Neu5Ac), which 

features a carboxyl group (-COOH) at C1, a hydroxyl group (-OH) at C4, an acetamido group 

at C5, and a three-carbon chain at C6 with hydroxyl groups (-OH) at C7, C8, and C9 [24]. In 

hemagglutinin-neuraminidases (HN), Arginine forms H-bonds with the carboxyl group at C1, 

while Glutamate, Tyrosine, or Arginine engage with the hydroxyl groups at C7, C8, and C9 

(Figure 5.1 B). The hydroxyl group at C4 and the acetamido group at C5 of sialic acid remains 

free. Conversely, in neuraminidases (NAs), the sialic acid binding pocket primarily consists of 

Arginine and Glutamate residues which interacts with all the functional groups of sialic acid at 

C1, C4, C5, and C7-9 through hydrogen bonds (Figure 5.1 C).  
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Figure 5.1: The NDV-HN protein has a Type-IV sialic acid binding module. (A) The Neuraminidases (NAs) 

and the Hemagglutinin-Neuraminidases (HNs) share a conserved six-bladed β-propeller fold. The receptor 

binding and catalytic site of the protein is shown in a black circle. (B) 2-D residue interaction analysis of the HN 

protein showing key residues interacting with different functional groups of sialic acid (grey). Arginine residues 

(red) stabilizes the carboxyl group at C1 while Glutamate, Tyrosine and Arginine (blue) forms H-bonds with the 

hydroxyl groups at C7, C8 and C9. No residues from the sialic acid biophore interacts with the Hydroxyl group at 

C4 and the acetoamide group at C5. (C) 2-D residue interaction analysis of the NA protein showing key residues 

forming H-bonds with different functional groups of sialic acid (grey). Similar to the HN biophore, arginine 

residues (red) stabilizes the carboxyl group at C1 while Glutamate engages with the hydroxyl groups at C7, C8 and 

C9. Glutamate (cyan) forms H-bonds with the hydroxyl group at C4 and Arginine (green) stabilizes the acetoamide 

group at C5. Multiple residues from the NA biophore interacts with all the functional groups of sialic acid. (D and 

E) Residues selected for mutagenesis (F) In-silico studies involving docking and MD simulation. 

While there is currently no comprehensive study in the literature that examines sialic acid 

binding across different viral lectins, using standard biochemical techniques such as Isothermal 

Titration Calorimetry (ITC) or Surface Plasmon Resonance (SPR), it is conceivable that 

Neuraminidases (NAs) might exhibit a stronger affinity for sialic acid compared to 

Hemagglutinin-Neuraminidases (HNs). This potential difference in binding affinity could be 

the results of the extensive interactions that NAs have with sialic acid, as opposed to the 

relatively fewer interactions observed in HNs (Figure 5.1 B and C). Thus, we asked if specific 
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mutations could be carried out in the active site of HN to accommodate the free groups of sialic 

acid, potentially leading to an increased number of interactions that could result in a greater 

affinity for sialic acid. To achieve this, we identified key sites for mutagenesis, located spatially 

within 5 Å from the free hydroxyl and acetamido group of sialic acid in the sialic acid binding 

biophore of HN (Figure 5.1 D and E). In-silico mutagenesis of the selected amino acid 

residues Ile 175, Lys 236, Ser 237 and Tyr 299 to Arg, Glu, Asp, Lys, Tyr, Asn, Gln and His 

was performed. The binding of the wild type HN and respective mutants to sialic acid was 

analyzed with the help of docking and MD simulation (Figures 5.2 and 5.3). Following the in-

silico analysis, mutants that showed greater affinity towards sialic acid were selected for further 

analysis.            

5.3.2 In-silico mutagenesis of key amino acid residues showed greater affinity for sialic 

acid 

Based on our analysis of the sialic acid binding biophore within the NDV-HN protein, we 

hypothesized that altering specific residues in the binding module could enhance the binding 

affinity of HN for sialic acid. To test this hypothesis, we performed in-silico site-directed 

mutagenesis on four key residues: I175, K236, S237, and Y299. Each residue was mutated to 

one of the following amino acids: R, D, E, K, Y, Q, N, or H based on our comparative analysis. 

We used the Autodock suite to conduct molecular docking simulations and evaluate the binding 

energies of these mutants with sialic acid. Validation of the docking protocol was established 

by superimposing the sialic acid from the crystal structure and docking, which yielded an 

RMSD of 0.81 (Figure 5.2 A).   The wild type HN protein exhibited a binding energy of -3.98 

kcal/mol with sialic acid, which served as our reference point (Figure 5.2 B). Among the 

mutants, the I175Y substitution demonstrated the most significant improvement, resulting in a 

binding energy of -4.31 kcal/mol. This suggests a stronger interaction between the mutant 

protein and sialic acid compared to the wild type. Similarly, the I175D mutant also exhibited 

enhanced binding affinity, with a binding energy of -4.23 kcal/mol. Other notable mutations 

included K236N and K236H, both of which showed binding energies of -4.13 kcal/mol, and 

the S237D mutant, which yielded a binding energy of -4.15 kcal/mol. These results indicate 

that these specific mutations may confer subtle improvements in binding affinity. However, it 

is important to note that mutations at the Y299 position did not result in any favorable changes 

in binding energy, suggesting that this residue may be less responsive to modifications that 

enhance sialic acid binding. Overall, our findings indicate that targeted mutations, particularly 

at the I175 position, can significantly improve the binding affinity of HN for sialic acid. Thus, 
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based on these initial results, we tested the binding of the mutants to sialic acid under dynamic 

conditions with the help of MD simulation.   

 

Figure 5.2: Docking of the NDV-HN and its mutants with sialic acid. (A) Superimposition of sialic acid from 

the crystal structure (blue) and docking (red) shows that post-docking the ligand was bound in the correct 

orientation in the pocket. (B) The binding energy of the wild type HN and its mutants. Red squares represent the 

mutants showing better binding with sialic acid and hence selected for further analysis with Molecular Dynamics 

Simulation studies. 

5.3.3 The substitution of I175 with Y resulted in a greater affinity for sialic acid 

Molecular dynamics (MD) simulations were conducted to assess the stability of sialic acid 

binding in both the wild type and mutant HN proteins over a 100 ns timeframe. These 

simulations aimed to validate the docking predictions and further explore the dynamic behavior 

of the protein-ligand interactions. Ligand-bound structures were extracted at 0, 25, 50, 75, and 

100 ns, as illustrated in Figure 5.3 A. Among the five mutants predicted from the docking 

studies, only two demonstrated stable binding to sialic acid throughout the 100 ns simulation. 

Contrary to initial docking predictions, the I175D mutant (depicted in green), which initially 

showed promising binding affinity, was found to form an unstable complex with sialic acid 

during the MD simulation. Similarly, the K236H (dark grey) and K236N (orange) mutants also 

exhibited unstable binding, as confirmed by the 3D structural analysis of the binding pocket 

and the pair distance analysis (Figure 5.3 A and B). In contrast, the I175Y (blue) and S237D 

(cyan) mutants maintained stable binding of sialic acid, with pair distance graphs closely 

resembling those of the wild type protein. 
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A more detailed analysis of hydrogen-bonded residues (marked in red) and residues involved 

in van der Waals interactions (marked in yellow) revealed a greater degree of interactions 

between sialic acid and the binding pocket in the I175Y and S237D mutants compared to the 

wild type (light grey) (Figure 5.3 A). However, it is important to note that in the S237D mutant, 

the pair distance analysis indicated an abrupt dissociation of the ligand-receptor complex at 

around 70 ns, as evidenced by spikes in the graph (Figure 5.3 B, iv). This instability suggests 

potential challenges in maintaining a stable interaction over time. Based on these findings, the 

I175Y mutant emerged as the most promising candidate for further investigation, given its 

stable binding profile and enhanced interaction with sialic acid compared to the wild type 

protein.  

 

Figure 5.3: Molecular Dynamics (MD) Simulation of wild type HN and its mutants with sialic acid reveals 

the I175Y mutant to be the most promising candidate. (A) Ligand bound structures were extracted at 0, 25, 

50, 75 and 100 ns. Residues interacting with sialic acid through H-bonds are colored in red while those involved 

with hydrophobic interactions are colored in yellow. (B) Pair distance (PD) graph showing the distance between 

the protein and ligand in nanometers (nm). X-axis: MD simulation period in picoseconds (ps), Y-axis: distance 

in nm. 

We also assessed key parameters such as Root Mean Square Deviation (RMSD) and Radius of 

Gyration (Rg) for both the wild type and mutant proteins. The analysis revealed no significant 
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variations in RMSD and Rg between the wild type and mutant structures (Figure 5.4 A and 

B), indicating that the mutations introduced did not compromise the overall structural stability 

of the proteins. Further analysis focused on the Root Mean Square Fluctuation (RMSF) of the 

sialic acid-bound complexes, which provided insights into the flexibility of individual residues 

within the proteins. The RMSF comparison between the wild type and the I175Y mutant 

revealed notable differences, particularly in two regions: residues 340-350 and 450-460. In the 

I175Y mutant, these residues exhibited significantly higher fluctuations from their mean 

positions (Figure 5.4 C). This increased flexibility suggests that the I175Y mutation may 

induce altered dynamics in these regions, potentially leading to a shift in the overall protein 

conformation. Such a conformational change could affect the configuration of the sialic acid 

binding site, potentially enhancing or modifying its interaction with the ligand. Hydrogen 

bonding (H-bonding) analysis further supported the distinction between the wild type and 

I175Y mutant. 

 

Figure 5.4: The HN-I175Y mutant showed greater number of average hydrogen bonds with sialic acid 

compared to the wild-type protein. (A) Root Mean Square Deviation (RMSD) of wild type and different mutants 

HN. X-axis: MD simulation period in ns, Y-axis:  RMSD in nm (B) Radius of gyration (Rg) of wild type HN and 

its mutants. X-axis: MD simulation period in ps, Y-axis: Rg in nm. (C) Root Mean Square Fluctuation (RMSF) 
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of the residues in wild type HN (black curve) and the I175Y mutant (red curve). X-axis: Residue number, Y-axis: 

RMSF in nm. (D) Hydrogen bonds (H-bonds) between sialic acid and amino acid residues in the binding pocket 

throughout the MD simulation. H-bonds formed by the wild type HN is depicted in black while those by the I175Y 

mutant in red. 

The average number of H-bonds in the wild type complex was found to be 4.174, while the 

I175Y mutant exhibited higher average of 6.515, respectively (Figure 5.4 D).  The I175Y 

mutant consistently maintained a higher number of H-bonds with sialic acid throughout the 

simulation, suggesting a more stable and stronger interaction. Given the consistent higher H-

bonding observed in the I175Y mutant, we selected this variant for further 2-D residue 

interaction analysis to gain deeper insights into the nature of its interaction with sialic acid. 

This analysis could help elucidate the specific interactions and potential structural alterations 

that contribute to the enhanced binding affinity observed in the I175Y mutant, making it a 

promising candidate for further study. 

5.3.4 The I175Y mutation induces a transition from a Type-IV to a Type-I sialic acid 

binding module, resulting in enhanced affinity for sialic acid 

The 2-D residue interaction analysis was conducted to identify the key amino acid residues 

involved in hydrogen bonding with the different functional groups of sialic acid during the 100 

ns molecular dynamics simulation. This analysis provided insights into the dynamic 

interactions between the HN protein and sialic acid in both the wild type and the I175Y mutant.  

The amino acid interaction timeline, illustrated in Figure 5.5 (A and B), displays the temporal 

interaction of critical residues with sialic acid. The depth of the orange hue represents the 

intensity of these interactions, highlighting the multiple contact points that certain residues 

maintain with the ligand. In the wild type HN (Figure 5.5 A and C), residues R498 and R416 

exhibit persistent interactions with sialic acid, engaging with the carboxyl group at the C1 

position of approximately 85% and 83% of the time, respectively. Additionally, residues T467, 

G468 and S452 residues interacts with the multiple hydroxyl (-OH) groups of C7, C8 and C9 

approximately 54%, 37% and 35% of the time, while the hydroxyl group at C4 and the 

acetamido group at C5 remained free. It agrees with the results obtained from our comparative 

analysis which suggested a Type-IV sialic acid binding module in NDV-HN (Figure 5.1 B). 

This indicates that in the wild type HN, certain functional groups of sialic acid are not occupied, 

potentially limiting the overall binding affinity of the protein for its ligand. It is also important 

to note that the I175 residue is not involved in any interaction with the sialic acid in the wild 

type HN protein. 
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Figure 5.5: The 2-D residue interaction analysis reveals an altered binding module in mutant HN sialic acid 

binding module. (A and B) Amino acid interaction timeline during the 100 ns MD simulation. Positive 

interactions are depicted by a vertical line, while a gradient of orange depicts the number of interactions made by 

the residue with sialic acid. (C and D) 2-D residue interaction map depicting the most prominent residues involved 

in H-bonding in the wild type (C) and I175Y mutant (D). Analysis show a transition of the binding module from 

Type-IV to Type-I in the I175Y mutant. 

The amino acid interaction timeline of the I175Y mutant of HN reveals a significantly altered 

interaction profile compared to the wild type. In this mutant, residue R498 continues to 

maintain persistent interactions with the carboxyl group at the C1 position of sialic acid 

approximately 80% of the time, similar to the wild type protein (Figure 5.5 B and D). This 

consistency underscores the importance of R498 in anchoring the sialic acid molecule to the 

HN protein. However, notable differences arise in the interactions of other residues with the 

functional groups of sialic acid. In the mutant, residue E401 interacts with the hydroxyl groups 

at positions C7, C8, and C9 approximately 90% of the time, while G468 engages with these 

groups around 56% of the time. These interactions suggest an enhanced stabilization of the 

hydroxyl groups compared to the wild type. More importantly, the mutant introduces new and 

critical interactions that were absent in the wild type HN. Residues Y526 and the substituted 

residue Y175 engage with the acetamido group at C5 and the hydroxyl group at C4 

approximately 69% and 47% of the time, respectively. This marks a significant shift from the 

wild type, where these functional groups remained free. The substitution of isoleucine at 
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position 175 with tyrosine not only altered the interaction profile but also expanded the range 

of stabilizing contacts between the protein and sialic acid, thus transforming the binding 

module to a Type-I from a Type-IV. 

5.3.5 Site-directed mutagenesis, overexpression and purification of HN protein 

Based on the in-silico predictions indicating enhanced binding affinity and altered interaction 

profiles of the I175Y mutant of HN, we proceeded to generate this mutant using site-directed 

mutagenesis. The I175Y mutation was introduced using the megaprimer method, which 

involves a two-step PCR process. Complementary pairs of mutagenesis primers were designed 

to specifically introduce the I175Y substitution into the HN gene (Table 5.1). The pET-28-HN 

construct, containing the wild type HN gene, served as the template for mutagenesis. 

The presence of the wild type HN gene, approximately 1.6 kb in size, was confirmed 

through restriction digestion and PCR analysis (Figure 5.6 A). This confirmation ensured that 

the template was suitable for subsequent mutagenesis steps. To generate the mutant 

megaprimer, a 403 bp fragment containing the I175Y mutation was amplified using the cloning 

forward primer and the mutated reverse primer in a gradient PCR (Figure 5.6 B). Following 

PCR amplification, the mutant megaprimer was purified through gel elution. This purified 

megaprimer was then used as a template in a second round of PCR to amplify the full-length 

mutated HN gene (Figure 5.6 C). The resulting full-length I175Y HN gene was subsequently 

ligated into the pET-28a expression vector. The recombinant pET-28a-HN-I175Y construct 

was then transformed into Top10 and later into the C41(DE3) strain for protein expression. 

Both the wild type and I175Y-HN proteins were overexpressed in transformed C41(DE3) by 

induction with 0.2 mM IPTG at 37°C for 4 hours. The soluble expression of these proteins was 

assessed using SDS-PAGE and western blot analysis. As shown in Figure 5.6 G, analysis of 

uninduced and induced fractions by SDS-PAGE revealed a prominent protein band 

corresponding to the overexpressed HN protein, with a molecular weight of 60 kDa in the 

soluble fraction. To further confirm the identity of the overexpressed proteins, they were 

transferred onto a nitrocellulose membrane and probed with specific antibodies (NDV 

polyclonal, anti-HN and anti-His), as described in the materials and methods section. 

The western blot analysis confirmed the presence of the HN protein by detecting the 

overexpressed band specifically, validating the expression of the protein (Figure 5.6 G). 

Following confirmation of expression, the HN proteins were purified using Ni-NTA affinity 

chromatography under native conditions. During the purification process, it was observed that 
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the HN proteins effectively bound to the Ni-NTA column, as shown in Figure 5.6 H and I. In 

the washing step with 50 mM and 80 mM imidazole (Figure 5.6, H and I, Lanes 4 and 5), 

several non-specific proteins were eluted. The majority of the HN protein was successfully 

eluted in fractions collected with 250 mM imidazole (Figure 5.6, H and I, Lanes 6 to 11). The 

purified protein fractions were pooled together and subjected to dialysis for removing the 

imidazole and concentrated with a protein concentrator of 50 kDa cut-off and further polishing 

step was performed with gel filtration. Analytical gel filtration was carried out to check the 

molecular weight, oligomeric status and proper folding of the HN protein. Both the wild type 

and mutant HN proteins were first purified using Ni-NTA affinity chromatography, ensuring 

that the samples were of high purity and suitable for SEC analysis. The purified proteins were 

then subjected to analytical gel filtration on a calibrated SEC column, pre-equilibrated with an 

appropriate buffer to maintain native conditions. The column was calibrated using a series of 

molecular weight standards (Figure 5.6 J), which provided reference elution volumes 

corresponding to proteins of known molecular weights. 

 

Figure 5.6: The I175Y mutant of HN was generated by the megaprimer method followed by its 

overexpression and purification. (A) Restriction digestion of the pET28a-HN construct to confirm the presence 

of insert along with amplification of the cloned fragment with PCR. Lane 1: Ladder, Lane2: Restriction digestion 

with BamHI and HindIII showing the release of 1.6 kb insert, Lane3: PCR amplification of the 1.6 kb HN fragment 

with cloning forward and reverse primers. (B) First PCR reaction of the megaprimer method for the generation of 
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the 403 bp long megaprimer containing the mutant fragment. The cloning forward and the mutated reverse primers 

were used to amplify the megaprimer with pET28a-HN construct as a template. Lane 1: Ladder, Lane 2 to 5: 

Gradient PCR for synthesizing the megaprimer (C) Second PCR reaction to generate full length mutated HN gene. 

The cloning reverse and the megaprimer (403 bp) generated from the first PCR reaction was used. Lane 1: ladder, 

Lane 2 and 3: Two PCR reactions generating the full length I175Y mutant gene. The mutated gene was digested 

with BamHI and HindIII and ligated into an empty pET-28a digested with the same enzymes. The product of the 

ligation reaction was used to transform Top10 cells for plasmid confirmation and expansion. (D) Colony PCR 

confirming the presence of the pET-28-HN (I175Y) construct. Lane 1: Ladder, Lane 2-5: colony PCR product 

showing the amplified HN-I175Y mutant gene fragment. (E) Digestion of the pET-28-HN (I175Y) construct with 

KpnI to confirm the presence of the I175Y mutation. Lane 1: Ladder, Lane 2: pET28-HN (wild type) digested 

with KpnI shows no enzymatic activity, Lane 3: KpnI digestion linearizes the mutant plasmid. (F and G) 

Overexpression of wild type HN and mutated protein in C41(DE3) shows that the overexpressed proteins were 

present both in the insoluble (F) and soluble (G) fractions. Western blot analysis was done to confirm that the 

overexpressed protein was NDV-HN with NDV polyclonal, anti-HN and anti-His antibodies. (H and I) 

Purification of the wild type (H) and mutated (I) proteins with the help of Ni-NTA chromatography. (J) 

Chromatograms of the standards used for analytical gel filtration. (K) Chromatograms of wild type HN (black) 

and I175Y mutant (red). (L) Standard curve was plotted with the help of the standards and the equation obtained 

was solved for ‘‘y’’ to obtain the molecular weight of the HN proteins. (M) Purity of the wild type HN and I175Y 

mutant was confirmed with SDS-PAGE analysis along with western blot analysis with anti-HN antibodies.        

For both the wild type and I175Y mutant proteins, the elution profile revealed a distinct peak 

corresponding to the major protein species in solution (Figure 5.6 K). By comparing the 

elution volumes with the calibration curve generated from the molecular weight standards, the 

approximate molecular weight of the both the wild type and mutant HN was calculated to be 

around 60 kDa (Figure 5.6 L). 

Table 5.4: Table showing the elution volumes obtained for each standard after gel filtration and the Log of 

their molecular weight, which were used for obtaining the standard plot.   

 

Standards 

 

Molecular 

weight (kDa) 

 

Log of Molecular 

weight 

 

Elution volume (ml) 

1. Blue dextran 2000 3.3 46.2 

2. Β-Amylase (sweet potato) 200 2.3 68.7 

3. Alcohol dehydrogenase (Yeast) 150 2.18 73.2 

4. Bovine Serum Albumin (BSA) 66 1.82 80 

5. Cytochrome c (Horse) 12.4 1.1 98.6 

 

This indicated that the HN proteins existed primarily as monomers in the solution and were 

properly folded. The eluted proteins were further concentrated and checked for their purity with 
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the help of SDS-PAGE and western blot analysis with anti-HN antibody (Figure 5.6 M). 

Following the biochemical characterization of the proteins, the binding of the wild type and 

I175Y mutant was checked with sialic acid with the help of Isothermal Titration Calorimetric 

(ITC) and the biological activity of the protein was also evaluated with standard assays. 

5.3.6 ITC analysis reveals a stronger affinity of HN-I175Y with 6-sialolactose 

In an isothermal titration calorimetry (ITC) study, the binding affinities of the wild-type 

hemagglutinin-neuraminidase (HN) protein and its I175Y mutant to the ligand 6-sialolactose 

were quantitatively analyzed. The ITC results indicated that the I175Y mutant demonstrated a 

significantly enhanced binding affinity, with a dissociation constant (Kd) of 53.9 µM, compared 

to the wild-type HN protein, which had a Kd of 155 µM (Figure 5.7 A). This 2.8-fold reduction 

in the Kd value signifies a more robust interaction between the I175Y mutant and 6-sialolactose, 

indicates that the mutation strengthens the binding of the protein to the ligand. The enhanced 

binding affinity observed in the I175Y mutant can be attributed to a change in the structural 

characteristics of the binding module within the protein. Specifically, the I175Y mutation alters 

the binding module from a Type-IV to a Type-I conformation as observed in our computational 

studies. Thus, given that the I175Y mutant showed greater affinity for sialic acid, we did 

additional experiments to determine the consequences of this mutation on the biological 

activity of the protein. 

5.3.7 The HN-I175Y mutant displays enhanced biological activity compared to HN-WT 

The sialic acid binding and neuraminidase activity of the HN protein depends on the degree of 

interactions between the amino acid residues of the central active site of the protein and the 

functional groups of sialic acid. Interestingly, the neuraminidase activity of the HN protein 

involves cleaving the glycosidic bond between sialic acid and the adjacent sugar in 

glycoproteins and glycolipids. For efficient catalysis, sialic acid must undergo a conformational 

change from its stable chair form to a distorted form, such as a boat or skew-boat. Amino acid 

residues in the active site of the HN protein facilitates this distortion, stabilizing the transition 

state and lowering the activation energy needed for bond cleavage. Therefore, an increased 

number of interactions towards sialic acid could help elevate both the sialic acid binding and 

neuraminidase activity of the protein. To address this, we initially tested the ability of the wild 

type and I175Y-HN protein to inhibit plaque formation by NDV on monolayers of cells. The 

cells were pre-incubated with either the wild-type or mutant HN protein at varying 

concentrations, allowing the proteins to interact with sialic acid residues on the cell surface. 
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This interaction potentially blocks the sialic acids from being recognized by NDV, thereby 

preventing viral attachment and entry. Additionally, the neuraminidase activity of HN could 

cleave terminal sialic acids, further reducing the availability of viral receptors on the cell 

surface. Quantitative analysis of plaque formation by NDV revealed that both the wild-type 

and I175Y mutant HN proteins significantly reduced the number of plaques, indicating 

effective inhibition of viral infection (Figure 5.7 C). Specifically, the wild-type HN protein at 

a concentration of 100 nM reduced plaque formation by over 50%, and at 500 nM, plaques 

were nearly undetectable (Figure 5.7 C). In comparison, the I175Y mutant demonstrated 

enhanced inhibitory activity, with over a 75% reduction in plaque formation at 100 nM and a 

complete absence of plaques at 500 nM. These results indicate that the I175Y mutant possessed 

greater affinity for sialic acid thereby delivering approximately 25% greater plaque inhibition 

than the wild-type protein at equivalent concentrations. This enhanced activity may be 

attributed to the increased affinity of the mutant for sialic acid residues or altered 

neuraminidase activity, leading to more effective blocking and cleavage of sialic acids on the 

cell surface.  

In a subsequent experiment, monolayers of cells were incubated with either wild type 

or mutant HN protein at a concentration of 100 nM, followed by a washing step to remove 

unbound protein. Following the treatment, NDV at an MOI of 0.01 was used for infecting the 

cells. Post-infection at 72 hours, cells were processed for quantitative estimation of NDV 

infection with the help of western blot analysis and real time PCR. Brightfield images of cells 

at 72 hours post infection are shown in Figure 5.7 D, where robust infection of NDV could be 

seen in the untreated cells based on the observed cytopathic effects. Cells treated with the wild 

type or the I175Y mutant HN protein showed a marked decrease in NDV-induced cytopathy. 

The control cells without any protein treatment or NDV infection appeared to be of normal 

morphology. To track the level of infection with NDV, we probed the HN protein of the virus 

with the help of western blotting (Figure 5.7 E). Quantitative estimation from the blots showed 

a 50% decrease (0.5-fold) in the levels of NDV-N protein in the cells treated with wild type 

HN (Figure 5.5 F). On the contrary, in the cells treated with the I175Y mutant, an 80% decrease 

(0.8 fold) in NDV-N protein was observed. To verify the results, we also did quantitative PCR 

for estimation of the Ct values in the untreated and HN treated cells. Similar to the results from 

western blotting, NDV-N protein showed over 90% reduction in the RNA level in the cells 

treated with the HN protein (Figure 5.5 G). Furthermore, between the wild type and I175Y-HN 

treated cells, a difference of 10% was observed in the RNA levels of NDV-N protein. 
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A similar experimental set up was used to directly visualize NDV infection post-treatment with 

the proteins with the help of an NDV-GFP construct. As shown in Figure 5.7 H, NDV was 

able to infect the untreated cells efficiently, as evident from the fluorescence from GFP, which 

directly correlates with the expression of the viral genomic cassette. The cells treated with 100 

nM of wild type HN showed a marked decrease in GFP expression, which suggests that the 

protein was able to reduce NDV infection substantially. A comparison between the GFP 

expression in the cells treated with the wild type HN and I175Y mutant shows that the mutant 

protein in equivalent concentration was able to further impede the NDV replication in the cells, 

suggesting enhanced ability to restrict infection of the virus. Thus, it was clear that the I175Y 

mutant of the HN protein showed enhanced biological activity compared to the wild type 

protein. 

 

Figure 5.7: The I175Y mutant of HN shows greater affinity for its ligand and also displays higher biological 

activity compared to the wild type protein. (A) Isothermal Titration Calorimetry of wild type and (B) mutant 

HN with 6-sialilactose. (Upper) Raw titration data, (Lower) Integration plot of the titration data. (C) Plaque 

H 
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inhibition assay (PIA). (Upper) Visible plaques post-72 hours used for viral titer calculation. (Lower) Number of 

plaques were calculated for each group. Considering the untreated (NDV) as 100%, percentage of plaques formed 

in the protein treated samples was calculated. (D) Brightfield images of BHK-21 cells without any treatment or 

NDV infection (Control), without any treatment but incubated with NDV (Untreated), treatment with wild type 

HN prior to NDV infection (HN-WT) and treatment with mutant HN before NDV infection (HN-I175Y). (E) 

Western blot analysis of the cell lysates to quantify the NDV infection. (F) Densitometry analysis of the bands 

and fold-change in expression of the HN protein between different groups. (G) Quantification of viral RNA in 

different treatment groups and expressed as relative fold-change. (F) Recombinant NDV-GFP virus was used to 

directly visualize its replication in the wild type HN treated and I175Y mutant treated cells. Levels of GFP 

expression correlates positively with NDV infection.    

5.3.8 In ovo studies highlight the protective role of HN protein against NDV infection 

We evaluated the protective effects of the I175Y mutant of hemagglutinin-neuraminidase (HN) 

protein, compared to the wild-type HN, against Newcastle disease virus (NDV) infection using 

an in ovo model. Following promising results from our cell-based assays, where the I175Y 

mutant exhibited enhanced activity against NDV infection, we proceeded to test these proteins 

in embryonated chicken eggs. Equivalent concentration (1µM) of the wild type or I175Y-HN 

were injected into the allantoic fluid (AF) of Day-9 SPF eggs and incubated for 1 hour. Post-

treatment, 100 µl of plain NDV was injected into the allantoic fluid and the virus was allowed 

to replicate for 48 hours. The allantoic fluid from each group was collected and the virus titer 

was determined with the help of plaque assay. Embryos that were infected with NDV but 

received no HN treatment exhibited severe hemorrhaging and were non-viable at the 48-hour 

time point (Figure 5.8 A). In contrast, embryos treated with either wild-type or I175Y-HN 

proteins were viable and demonstrated significantly reduced hemorrhaging. Quantitative 

analysis revealed a 2.51-fold reduction in NDV titer in the wild type HN-treated group, whereas 

the I175Y-HN treated group exhibited an even greater reduction, with a 3.71-fold decrease in 

viral titer (Figure 5.8 B). To further validate the results, allantoic fluid from different groups 

was used from western blot analysis. Quantitative estimation from the blots showed a 20% 

decrease in the levels of NDV-N protein in the AF treated with wild type HN (Figure 5.8 C). 

On the contrary, in the embryos treated with the I175Y mutant, a 40% decrease in NDV-N 

protein was observed. 

Additionally, tissue samples from the embryos were collected for RNA isolation, followed by 

cDNA synthesis and quantitative PCR to assess the NDV-N gene mRNA expression. The 

mRNA levels in both the wild-type and I175Y-HN-treated groups showed an approximately 

80% reduction compared to the untreated control group (Figure 5.8 D). While a further 
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reduction of around 17% in NDV-N mRNA levels was observed in the I175Y-HN-treated 

group compared to the wild-type HN, this difference was not statistically significant. These 

results collectively suggest that the I175Y mutant of the HN protein confers greater protective 

effects against NDV infection compared to the wild type protein. Thus, given the enhanced 

biological activity of the mutant, we next tested its anti-plasmodial activity against the malaria 

parasite and compared it with the wild type HN protein.  

 

Figure 5.8: The I175Y mutant of HN shows a greater protective effect against NDV in chicken embryo. (A) 

Proteins (wild type and I175Y HN) at equal concentration (1 µM) were injected into the allantoic fluid (AF), 1 

hour prior to injection of NDV into the AF. Untreated: No protein treatment or injection of NDV. NDV: No 

protein treatment but injected with NDV. HN-WT: Treated with wild type HN prior to NDV injection. HN-I175Y: 

Treated with mutant HN prior to NDV injection. (Upper) Images of chicken embryos after termination of the 

experiment at 48-hour time point. (Lower) Plaque assay for NDV quantification in AF. (B) NDV titer in the 

untreated (NDV), HN-WT treated and HN-I175Y treated groups are expressed as plaque forming units (pfu) per 

ml. (C) (Upper) Western blot analysis of the AF to quantify the NDV infection. (Lower) Densitometry analysis 

of the bands and fold-change in expression of the NP protein between different groups. (D) Quantification of viral 

RNA in tissues obtained from the embryos in different treatment groups and expressed as relative fold-change.  

5.3.9 The anti-plasmodial activity of HN-I175Y is higher compared to HN-WT 

Building on our previous findings that the hemagglutinin-neuraminidase (HN) protein from 

Newcastle disease virus (NDV) could disrupt the erythrocytic schizogony of the malaria 
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parasite (Chapter IV, Figure 4.), we explored the therapeutic potential of this viral coat 

protein. Given its potential for targeted delivery for malaria, we sought to determine whether 

the biological activity of the HN protein could be modulated to enhance its efficacy. This led 

to the development of the I175Y mutant of the NDV-HN protein, designed with the hypothesis 

that specific mutations could enhance its biological activity. Our preliminary investigations 

revealed that the I175Y mutant indeed exhibited greater biological activity compared to the 

wild-type HN protein. To further understand the potential of this mutant, we first assessed the 

binding affinity of both the wild-type and I175Y mutant proteins to human red blood cells 

(RBCs) and parasitized red blood cells (PRBCs). This binding study was crucial to confirm 

that the mutation did not adversely affect the ability of the protein to interact with red cell 

surface, a key factor in its anti-plasmodial activity. Following these binding studies, we 

evaluated the anti-plasmodial activity of both the wild-type and I175Y mutant HN proteins 

using the standard SYBR Green assay. 

The binding of the wild type and I175Y-HN with human RBCs and PRBCs was 

checked with the help of flow cytometry. Briefly, malaria parasite cultures were incubated with 

wild type HN or I175Y-HN at a concentration of 1 µM for 1 hour and processed for flow 

cytometry. HN- bound PRBCs were segregated from the RBCs with the help of propidium 

iodide staining as discussed before (Chapter IV, Figure 4.). Figure 5.9 A shows the HN-

bound RBC gated in blue and HN-bound PRBC population gated in red. Subsequent analysis 

focused on the HN-bound PRBC population, using histogram analysis to compare the binding 

affinities of the wild-type and I175Y-HN proteins (Figure 5.9 B). A total of 50,000 events 

were recorded during the flow cytometry experiments, and the resulting histograms are 

presented in Figure 5.9 C. Analysis of the binding curves reveals that the I175Y-HN mutant 

at equivalent concentration shows substantially higher binding with the PRBCs compared to 

the wild type HN protein. 

Given that the binding of HN to sialic acid residues on the host cell surface is a critical step for 

its anti-plasmodial activity, we hypothesized that the enhanced binding observed with the 

I175Y-HN mutant might correlate with increased anti-plasmodial efficacy. To test this 

hypothesis, we conducted a dose-response study to evaluate and compare the anti-plasmodial 

activity of both the wild-type and mutant HN proteins against the malaria parasite. To further 

investigate the anti-plasmodial effects of the wild-type HN protein and its I175Y mutant, 

synchronized schizonts at a parasitemia of 1% were treated with increasing concentrations of 

HN, ranging from 1 to 50 µM. After a 48-hour incubation period, parasite viability was 
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assessed using the SYBR green assay. The results showed a dose-dependent reduction in 

parasite viability for both the wild-type and I175Y-HN proteins (Figure 5.9 D and E). 

Interestingly, the I175Y mutant consistently exhibited greater anti-plasmodial activity across 

all the tested concentrations. Specifically, at a concentration of 10 µM, the wild-type HN 

protein induced approximately a 20% reduction in parasite viability, while the I175Y mutant 

achieved a 50% reduction, indicating a 30% enhancement in its activity over the wild-type 

protein. However, at higher concentrations, the difference in anti-plasmodial activity between 

the wild-type and mutant proteins became less pronounced. To quantify the comparative 

efficacy, the IC50 values were calculated for both proteins. The I175Y mutant HN gave an IC50 

value of 4.16 µM, whereas the wild-type HN protein exhibited an IC50 of approximately 6.9 

µM. The lower IC50 value of the I175Y-HN mutant signifies enhanced anti-plasmodial activity 

compared to the wild-type protein. This highlights the potential of this mutation to enhance the 

therapeutic efficacy of HN against malaria parasites and provides an additional variant of the 

protein that could be used for targeted drug delivery. 

 

Figure 5.9: The anti-plasmodial activity of the I175Y-HN is greater than the wild type protein. (A) Flow 

cytometry analysis was done to check the binding of both the wild type and mutant HN with the PRBCs. Dot plot 

showing the HN-bound malaria culture where the protein-bound PRBCs are gated in red and protein-bound RBCs 

in blue. PRBCs were segregated from the RBCs with Propidium Iodide (PI) staining. (B) Histograms were 

obtained from the HN-WT and HN-I175Y bound PRBCs. X-axis: Fluorescence (FITC) signal from the HN protein 

(wild type or mutant), Y-axis: Counts or number of cells. (C) Overlay of histograms showing the fluorescence 

curve of wild type HN bound PRBCs (green) and I175Y-HN bound PRBCs (red). Untreated PRBCs did not show 

any signal (black). (D and E) SYBR green assay was performed to determine the anti-plasmodial activity of the 
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wild type and I175Y mutant HN protein at increasing concentrations (1, 10, 20, 30, 40 and 50 µM) respectively. 

IC50 was calculated by fitting the graphs in Origin 9 software. 

5.4. Discussion 

The HN protein of NDV uniquely combines receptor binding and neuraminidase activity, 

targeting sialic acids on malaria-parasitized red blood cells (PRBCs) and reducing parasite 

viability. A mutation (I175Y) in HN, designed to enhance sialic acid interaction, transformed 

its binding module, increasing its affinity for sialic acid which resulted in enhanced anti-

plasmodial and viral inhibition activities. Our comparative studies on the HN protein across 

different members from the Paramyxoviridae family shows that residues constituting the sialic 

acid biophore are highly conserved (Figure 5.1 B and C). A previous report dealing with an 

in-depth analysis of an exhaustive list of sialic acid binding proteins from various organisms 

have shown that majority of the lectins could be grouped into six different categories based on 

the composition of key residues in the binding pocket. Upon analysis of the sialic acid biophore 

of HN, we found that it belongs to the Type-IV binding module (Figure 5.1 B). 

Crystallographic studies of the NDV HN protein by independent groups have shown 

that the R416, E401 and Y526 appeared to be the most important residues for sialic acid binding 

[25, 26]. Other notable residues important for receptor binding included the R498, E258, Y317 

and K236. The R416 and R498 were found to be the most crucial residues that forms hydrogen 

bonds with the carboxyl group at C1 of sialic acid, tethering the molecule in the active site. 

Residues Y526, Y317 and E401 were shown to stabilize the three-carbon arm, comprising of 

C7, C8 and C9, by forming H-bonds with the hydroxyl (-OH) groups of these carbons. In our 

study, we obtained similar results where the wild type HN protein, through the 100 ns 

simulation utilized R498 and R416 extensively (Figure 5.5 A and C). However, in the wild 

type protein, E401, Y526, E258 were found to minimally engage with sialic acid. Moreover, 

similar to our in-silico analysis, the hydroxyl group at C4 and the acetamido group at C5 of 

sialic acid remains unoccupied. In the I175Y mutant of HN, apart from E258 which was 

engaged with the receptor for only 18% of the time, other crucial residues such as E401, R498, 

Y526, R416 and Y317 were involved for 90%, 80%, 69%, 30% and 27% of the time, forming 

H-bonds with specific functional groups of sialic acid (Figure 5.5 B and D). Apart from these 

known residues, G468 and R363 represent novel additions that interacted with sialic acid for 

56% and 35% during the simulation period. This shows that a single mutation could potentially 

increase the number of residues interacting with all the functional groups of sialic acid. It 
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further validates our analysis that the modification of the biding module from a Type-IV to 

Type-I could drastically alter the architecture of the sialic acid biophore. 

To modulate the binding of sialic acid by the HN protein, it was important to understand the 

effect of mutations on different amino acid residues that constitute the binding pocket. Several 

studies have reported the effect of mutations on the key residues of the sialic acid biophore. In 

particular, the study by Connaris and group wherein they have mutated 10 important residues 

from the binding pocket of HN, led to the identification of the key residues mentioned earlier 

[25]. Results indicate that the triarginyl cluster comprising of R174, R416, and R498 were the 

most sensitive to mutations, and hence most important. The next most deleterious mutations 

appeared to be in the positions E401, E258, Y317 and K236. On the contrary, mutations of the 

I175 position appeared to be the least disruptive. According to their structural analysis, 

Isoleucine at 175 performs a cushioning role for the Tyrosine at 526. Mutagenesis of I175 to 

Leucine did not affect the neuraminidase (NA) activity of the protein but the hemadsorption 

(HAd) activity was reduced to 50%. Substitution of I175 to Glutamate resulted in a significant 

increase in NA activity but the HAd activity was merely 10-30% of the wild type. Mutation to 

a Threonine had no significant effect on either NA or Had activity. Despite these differences, 

none of the I175 mutations appeared to have significantly affected the expression levels and 

overall biological activity of the mutant viruses. Another study that reported the effect of 

mutation of an Isoleucine dealt with the I192 position, where the I192M in a mutant showed a 

lesser NA activity [27]. The mutant virus, however, was able to cause infection without any 

decline in infectivity and replicative potential. Other notable mutations reported for the HN 

protein delve into substitution in residues that, although they are not in the active site of the 

protein, result in altered activities. Substitution of A430 to Threonine resulted in weak HAd 

activity but the NA activity remained unaffected [28]. Mutagenesis of A89 to Asparagine and 

L94 to Alanine resulted in a little over 50% reduction in HAd activity, while P93 to Alanine 

resulted in an over 80% decrease in NA activity [29]. Substitution of S315 to Phenylalanine 

and I369 to Valine resulted in higher HAd and F-activity and also increased the thermostability 

of the HN protein [30]. Interestingly, the I175Y mutation in the NDV-HN protein, discussed 

in this study, represents a novel alteration that has not been previously reported. 

The central core of the 6-bladded beta propeller scaffold that gives rise to the sialic acid 

binding pocket of HN is not the only site through which the protein interacts with sialic acid. 

Although previous studies have proposed the central catalytic site, in the globular head of HN, 

to be solely responsible for sialic acid binding and hydrolysis, few studies have stated 
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otherwise. It is now well-recognized that the NDV-HN protein has two sialic acid binding sites 

[26]. Site-I is the classical central biophore that is involved in receptor engagement via sialic 

acid. It triggers the interaction of the HN protein to the Fusion (F) protein, initiating the fusion 

of the NDV and host cell membrane. Site-II for sialic acid binding is located in the interface 

between two dimers and helps to maintain high avidity receptor binding during the fusion 

process [31]. We focused on the modulation of the Site-I of sialic acid binding as it is the initial 

and primary site of contact with host cell surface sialic acid and carries both HAd and NA 

activities. Moreover, our biochemical characterization of the prokaryotically expressed HN 

protein revealed that the proteins existed mostly as monomers in soluble form and thus Site-II, 

which is located at the dimer interface, might not exist in this scenario. 

Generating a virus harboring the I175Y mutation could provide critical insights into the 

altered biological activity that a single amino acid substitution might induce. By characterizing 

the I175Y variant, we can better understand how this mutation impacts the overall infectivity 

and pathogenicity of the whole virus. Another aspect would be to characterize the effects of 

this mutation separately on the Neuraminidase (NA) and Hemadsorption (HAd) activities of 

the protein. Furthermore, while it is established that the HN protein of NDV interacts with both 

3-sialolactose and 6-sialolactose, the precise differences in its binding affinity toward these 

ligands remain poorly characterized. In our study, we were able to compare the wild-type and 

I175Y-HN proteins based on their binding only with one of the ligands, 6-sialolactose. Thus, 

it would be essential to perform a comparative analysis between the wild type and mutant based 

on their binding with 3-sialolactose as well.  

Mutations such as the I175Y of the HN protein, associated with increased biological activity, 

must also be handled with care, particularly in the scenario of generating whole virus mutants. 

Nevertheless, few studies have shown that such alternative forms of the HN protein could also 

be of significant therapeutic value. For instance, mutation of S519 to Glycine in the NDV-HN 

protein was found to increase the specificity of the mutant virus towards the colorectal cancer 

cells (HCT116), thereby increasing the oncolytic selectivity of the mutant virus [32]. For our 

application, we envision that both the wild type HN and the I175Y mutant could be explored 

further in the context of targeted delivery against the malaria parasite and other protozoan 

diseases.  
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6.1 Conclusions 

From our co-infection studies, investigation into the anti-plasmodial potential of Newcastle 

Disease Virus (NDV) reveals compelling evidence of its effectiveness in disrupting the 

erythrocytic schizogony of malaria parasites. The in vitro co-infection studies, where NDV was 

incubated with malaria parasites showed significant restriction of parasite growth in human 

RBCs. Initial results demonstrated that NDV not only restricted parasite propagation but also 

induced severe cytopathic effects, particularly in the mature stages of the parasite. The dose-

dependent studies further confirmed that NDV reduces parasite viability in a concentration-

dependent manner, with notable anti-plasmodial activity observed after just 12 hours of 

exposure. These findings suggest that NDV rapidly affects the erythrocytic cycle of the malaria 

parasite. 

Moreover, when compared to other viruses such as Influenza, Japanese Encephalitis 

Virus (JEV), Infectious Bronchitis Virus (IBV), and Duck Enteritis Virus (DEV), NDV was 

uniquely effective in reducing parasite viability, underscoring its specific anti-plasmodial 

activity. NDV was also observed to block the invasion of merozoites into uninfected RBCs, 

disrupting the erythrocyte cycle and preventing parasite proliferation. Agglutination and clot 

retraction assays indicated that while NDV caused high-order aggregation of chicken RBCs, it 

did not affect human RBC aggregation or clot retraction times, suggesting minimal adverse 

effects on normal blood components.  Furthermore, testing the virus against the murine malaria 

strain P. yoelii demonstrated that pre-treatment with NDV or intravenous administration post-

parasite inoculation significantly reduced the parasitemia. These comprehensive findings 

highlight the broad-spectrum anti-malarial activity of the virus. 

From our molecular studies, we found that the Newcastle Disease Virus (NDV) exhibits 

a rapid and preferential binding to parasitized red blood cells (PRBCs) compared to uninfected 

red blood cells (RBCs) in both human and murine malaria strains. This differential engagement 

indicates that NDV may specifically target PRBCs, presenting a promising opportunity for 

targeted delivery of anti-malarial drugs. Binding studies using flow cytometry and 

immunofluorescence imaging demonstrated that affinity of the virus for PRBCs is significantly 

higher, suggesting a specific interaction with the malaria-infected RBCs/ PRBCs. Further 

investigations into the binding mechanism showed that heat treatment, aldehyde fixatives, and 

enzymatic treatments completely abolished NDV binding, indicating the involvement of both 

viral and host cell surface proteins, with host sialic acids being crucial for interaction. The spike 
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glycoprotein HN of NDV was identified as a key mediator in binding, as blocking its active 

site or using anti-HN antibodies led to a loss of virus binding and a substantial decrease in anti-

plasmodial activity. This highlights the critical role of the HN protein in the anti-malarial action 

of the virus. To explore the potential of the HN protein alone, we cloned and overexpressed it, 

and found that the purified HN protein could dose-dependently inhibit the erythrocytic 

schizogony of the malaria parasite. These results confirm that NDV targets sialic acid-

containing receptors on RBCs and PRBCs through its HN protein, leading to effective 

disruption of malaria parasite proliferation. Overall, the NDV-HN protein holds significant 

promise for developing targeted anti-malarial therapies, emphasizing the potential of the virus 

as a valuable tool in malaria therapeutics. 

Furthermore, our investigation into the Newcastle Disease Virus (NDV) 

hemagglutinin-neuraminidase (HN) coat protein reveals significant insights into its sialic acid 

binding mechanisms and the impact of targeted mutations. Structural comparisons of HN and 

neuraminidase (NA) proteins from various virus species identified a conserved six-bladed β-

propeller fold but distinct sialic acid-binding modules, with HN exhibiting a Type-IV module 

and NA a Type-I module. The Type-IV module of HN interacts less extensively with the 

functional groups of sialic acid compared to the Type-I module of NA, which contributes to 

higher binding affinity and hemagglutination activity. 

To enhance the binding affinity of HN, we focused on specific mutations, identifying 

the I175Y mutation as a promising candidate. In silico analyses showed that this mutation 

significantly increased binding affinity by altering the binding module from Type-IV to Type-

I, as evidenced by a 1.5-fold increase in hydrogen bonds. Experimental validation of the I175Y 

mutant through Isothermal Titration Calorimetry (ITC) revealed a 2.8-fold decrease in the Kd 

value compared to the wild type, indicating stronger binding to sialic acid. Biological assays 

demonstrated that the I175Y mutant exhibited approximately 25% greater plaque inhibition 

activity and showed enhanced efficacy in blocking NDV infection in cell monolayers, with a 

10% reduction in viral titer in in ovo studies. Additionally, the I175Y mutant displayed superior 

anti-plasmodial activity, with a 30% greater reduction in malaria parasite viability at 5 µM 

protein concentration compared to the wild type. These findings underscore that specific 

mutations in HN can effectively augment its sialic acid binding affinity, enhancing its 

biological and therapeutic potential. 
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6.2 Future directions 

The outcome of this thesis could be extended into future investigations such as: 

1. In Vivo Validation: To conduct extensive in vivo studies to confirm the efficacy of NDV 

and the HN-I175Y mutant in animal models of malaria. This would provide deeper insights 

into the therapeutic potential and safety of NDV-based treatments. 

2. Mechanistic Studies: To investigate the detailed molecular mechanisms underlying the 

interaction of with PRBCs and its anti-plasmodial effects though possible modulation of 

signaling pathways and cellular processes disrupted by NDV. 

3. Optimization of HN Mutants: To further explore additional mutations in the HN protein 

to enhance its binding affinity and anti-plasmodial activity. Systematic mutagenesis studies 

could identify other key residues that improve the efficacy of the HN protein. 

4. Combination Therapies: To evaluate the potential of combining NDV or the HN-I175Y 

mutant with existing anti-malarial drugs to assess synergistic effects and improve therapeutic 

outcomes. 

5. Targeted Drug Delivery: To develop and test NDV-based delivery systems for targeted 

delivery of anti-malarial drugs to PRBCs, leveraging NDV’s natural tropism for these cells. 

6. Broader Pathogen Testing: To access the anti-pathogenic activity of NDV and the HN-

I175Y mutant against other protozoan parasites or pathogens to explore their broader 

therapeutic potential. 

7. Structural Studies: To perform high-resolution structural analyses of NDV-HN in complex 

with sialic acid and other ligands to gain a more detailed understanding of the binding 

interactions and refine the design of enhanced variants. 

8. Human Cell Line Studies: To conduct studies in human cell lines to evaluate the safety and 

efficacy of NDV and HN proteins, addressing potential differences in response compared to 

murine or avian models. 

9. Clinical Translation: To initiate preclinical and clinical trials to evaluate the safety, 

efficacy, and pharmacokinetics of NDV-based therapies in humans, aiming for eventual 

clinical application. 
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10. Immunogenicity Assessment: To investigate the immunogenicity of NDV and its mutant 

proteins to understand potential immune responses and address any adverse effects in 

therapeutic contexts. 

11. Other viruses: To conduct similar studies including other strains of viruses and explore its 

effects on the malaria parasite in both in vitro and in vivo experimental settings. 
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