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Abstract

Plasmodium falciparum-induced malaria remains a fatal disease affecting millions of people

worldwide. Mainly, the blood stage of malaria is highly pathogenic and symptomatic, rapidly

damaging the host organs and occasionally leading to death. Currently, no vaccines are approved

for use against the blood stage of malaria. In the past, canonical vaccines have selected the most

immunodominant or essential protein to block the parasite's growth. This strategy works

efficiently for low-complexity organisms such as viruses and a few bacteria but has not shown

promising results for a malaria vaccine. Plasmodium has a complex life cycle, and vaccine

candidates, especially during the blood stage, are ineffective due to multiple gene families

showing redundancy, immune evasion, and insufficient antibody titer. Herein, we demonstrate a

novel strategy of combining multiple antigens from the blood stage of Plasmodium falciparum

using only the most immunodominant peptide sequences to tackle polymorphism and

redundancy. We created three chimeric antigens targeting eight PfEMP1 proteins (chimeric varB)

and eight merozoite surface proteins (chimeric MSP and InvP) by selecting and stitching B-cell

epitopes. Our chimeric constructs show naturally circulating antibodies against individual

peptides using epitope-mapping microarray and entire proteins in malaria-infected patients. We

demonstrate that anti-varB antibodies are neutralizing in nature and significantly reduce the

cytoadhesion on an organ-on-chip system with a microfluidic device mimicking physiological

conditions. We have applied a Deep learning-based method to quantify the number of adhered

RBCs under fluidic conditions used to study cytoadhesion. Furthermore, the anti-MSP and InvP

antibodies show complete growth inhibition in a single cycle at a combined concentration of 0.13

mg/ml. Our results show that combining antigenic peptides from multiple antigens can function

as a next-generation vaccine and effectively block the blood stage by reducing cytoadhesion and

inhibiting parasite growth.
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Synopsis

Chapter 1 details the malaria disease and its causative agents, focusing on Plasmodium

falciparum. This chapter highlights the malaria burden, the role of vector control and

antimalarials, parasite biology, host immune response to malaria infection, and possible

interventions through vaccination. It focuses on different stages of vaccine development,

previously considered antigens, and the possibility of next-generation vaccines.

Chapter 2 gives an in-detail overview of how chimeric antigens were generated. We show a

detailed analysis for B cell epitope prediction and generation of peptidome library per protein.

We further selected the highest antigenic peptide stretches from multiple proteins and stitched

them to generate three chimeric antigens– varB, MSP, and InvP targeting the entire blood stage

of Plasmodium falciparum. These antigens were cloned and expressed in the bacterial expression

system and further purified and validated using Mass-spectrometry.

Chapter 3 shows the human immune response towards the designed chimeric antigens. We

show that naturally circulating IgG antibodies present in malaria-infected individuals recognize

the chimeric constructs, and the patients suffering from a severe form of malaria have

significantly higher IgG titers. Through peptide-mapping microarray, we observed the presence

of IgG and IgM response against each peptide taken to design the chimeric antigen. This IgG and

IgM titer also showed heterogeneity of host immune response and further emphasized the need

for a multi-protein vaccine target.

Chapter 4 explores the potential of anti-chimeric varB antibodies in inhibiting the parasite

cytoadhesion. This chapter shows the standardization of primed HBEC-5i cells as a model

system for studying cytoadhesion. We observed the enrichment of var genes upon bonding to

primed HBEC-5i cells. This binding was significantly reduced when the anti-chimeric varB

antibodies were co-incubated with the cytoadhesion assay settings.
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Chapter 5 points to the importance of physiological conditions in determining sequestration

outcomes. Here, we have designed, standardized, and quantified parasite cytoadhesion under

dynamic fluidic conditions. We visualized the classic firm adhesion, weak adhesion, and rolling

phenotypes of parasite affinities for primed HBEC-5i cell networks. When anti-chimeric varB

antibodies were pre-incubated with the parasite culture, we observed a significant reduction in

the parasite firm adhesion phenotype. In collaboration, we have also developed a machine-

learning-based approach for identifying and quantifying the iRBC sequestration in real-time.

Thus, this chapter shows the design of a new tool and its potential use in quantifying parasite

cytoadhesion.

Chapter 6 highlights the action of anti-chimeric MSP and InvP antibodies in inhibiting the

parasite growth. These antibodies were purified and validated using peptide blocking assay and

immunofluorescence of the mature schizont stage. We observe an additive effect of these

antibodies in inhibiting the parasite growth in GIA. The final concentration of 100% inhibition in

a single cycle for both these antigens was calculated to be 0.13 mg/ml.

Chapter 7 concludes the thesis work and points to the prospects for the design of next-

generation chimeric-based multi-component vaccines.
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Chapter 1: Introduction

1.1 History of Malaria

Malaria is regarded as one of the most ancient diseases, appearing in Hindu scripture (sixth

century BC), Egyptian Papyri (1570 BC), Mesopotamia (2000 BC), and Chinese texts (2700 BC).

Although the disease and causative agent were unknown back then, people often identified it

through symptoms such as high fever, spleen enlargement, and prevalence in marshy areas. In

fact, the word malaria comes from the Italian word Mal’aria (Bad air), which is associated with

this disease's prevalence in marshy lands (1, 2). The quest for the causative agent of the disease

gained interest after Antoni Van Leeuwenhoek discovered micro-organisms in 1676, and a new

belief was established that a bacterial infection might cause malaria. Two prominent scientists,

Tommasi-Crudeli and Klebs, claimed to have isolated a malaria agent from the marsh waters,

Bacillus malariae, that caused febrile fevers and enlarged spleens in rabbits upon injection (3, 4).

This belief was challenged by Charles Louis Alphonse Laveran, a French army officer working

in Algeria in 1880. He systematically studied the malaria-infected patient samples with the

philosophy of ‘follow the pigment’ as it was established that pigment formation in the spleen is

observed in malaria-infected individuals. The meticulous study of unstained blood samples from

200 infected patients blood showed the presence of several different forms of the organism,

including a motionless spherical body with pigment, spherical bodies that move, and crescent

shapes outside the corpuscles. He also observed that these organisms grew with time, formed

pigments, and burst out from the corpuscles that had coincided with fever. One of the prominent

observations by Laveran was that quinine removes these organisms from blood. Based on his

observations, he named the causative agent Oscillaria malariae, which later was changed to

Plasmodium (2, 5). Charles Louis Alphonse Laveran was awarded the Nobel Prize in 1907 for

his discovery.

It was fascinating as Plasmodium was the first protozoan parasite discovered to cause infection

to the blood cells. During the same timeline, a Russian physiologist, Vassily Danilewsky, was

studying infections in reptiles and birds and had identified three types of parasite families,

namely, Plasmodium, Haemoproteus, and Leucocytozoon in their blood. Later, his work was
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recognized in 1889, and the hunt for the Plasmodium genus began (6). Marchiafava, Bignami,

Golgi, and Romanowsky also significantly contributed to the field of malaria in identifying

spring (benign tertian) vs summer-autumn (malignant tertian) malaria (2, 7, 8).

Despite discovering the causative agent, the question of transmission to humans was still

unanswered. In 1898, the significant discovery of malaria transmission was made by Ronald

Ross, an army officer in India who began to look at transmissions of infections through vectors.

His experiments of feeding three different types of mosquitoes on infected individuals and later

in zoonotic infection established that mosquitoes were the intermittent hosts for malaria

infections (9). Subsequently, many Italian scientists, specifically Grassi, showed that only female

Anopheline mosquitoes transmit malaria. Within a century, the life cycle of malaria was well

established (10).

1.2 The burden of malaria

Five known species of Plasmodium infect humans, namely, P. falciparum, P. vivax, P. malariae,

P. ovale, and P. knowlesi. This disease remains a major public health threat despite centuries of

discoveries and efforts. In 2022, 249 million incidences and 608,000 deaths were a result of

malaria infection in 85 countries. Four countries, Nigeria, the Democratic Republic of the Congo,

Niger, and the United Republic of Tanzania, reported almost half the malaria-related deaths. The

African nations bear the most malaria cases, with 90% infection incidences, followed by

Southeast Asian (SEA) countries (Figure 1.1) (11).
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Figure 1.1. A world map showing the burden of malaria infections across the globe. Figure

adaptation of World Malaria Report, 2023.

India accounts for 66% of malaria incidences in the SEA region, with almost 46% of all cases

being P. vivax infections. Approximately 88% of the Indian population is at risk of malaria

infection. But presently, 82% of infections happen in a ‘high-risk’ individual group comprising

20% of the population. These ‘high-risk’ zones are 200 regions in Andhra Pradesh, Gujrat,

Jharkhand, Madhya Pradesh, Karnataka, Maharashtra, Odisha, West Bengal, and northeastern

states. Although malaria incidences in India have been reduced drastically from the 2000s to

2020, we still need robust implementation of malaria control to eradicate the disease. A National

Framework for Malaria Eradication program aims to end malaria by 2030 with zero indigenous

cases and maintenance of malaria-free states (12, 13).

Many efforts are devoted to the prevention and treatment of malaria. The endemic regions use

long-lasting insecticide-treated nets (LLINs), residual spraying of insecticides, anti-malaria drugs,

and combination therapies. The recent approval of two vaccines by WHO has increased the

hopes for malaria prevention (14-16).
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1.3 Malaria symptoms

The malaria infection shows symptoms only during the life cycle's intra-erythrocytic (blood

stage) phase. When in the blood, the parasites are exposed to the immune system, which leads to

high cyclic fever (coinciding with the parasite release), headaches, chills, nausea, vomiting, and

weakness. Other uncommon symptoms of malaria are diarrhea and abdominal pains (17). A

classic three-stage symptom or paroxysm can be seen with alternating bouts of normal and

symptomatic periods in malaria infections. The first stage shows extreme cold and shivering,

lasting about 15 to 60 minutes. This is followed by a high fever reaching up to 41 ℃ and lasting

2 to 6 hours, and a third phase of cooling down and sweating—this paroxysm in P. vivax and P.

ovale shows a tertian pattern (fever every 48 hours), while P. malariae shows a quartan pattern

(every 72 hours). The most lethal malaria, P. falciparum, has a tertian pattern but need not

necessarily occur every 48 hours. Splenomegaly and hepatomegaly are common in malaria

infection but do not determine diagnosis (18).

P. falciparum malaria, if left untreated, can lead to severe and complicated forms which can be

fatal. The most severe outcomes are cerebral malaria and anemic conditions. In cerebral malaria,

obstruction in the brain capillaries due to parasite-expressed proteins can be malignant,

and this form often has a mortality rate between 15 to 50%. Other complications include

hyperparasitemia (>3 to 5% of RBCs infected), hypoglycemia, lactic acidosis, shock, seizures,

and hepatic or renal failure. Children below the age of five, pregnant women,

immunocompromised individuals, and older people are at most risk of developing severe malaria

(19, 20).

Although malaria can be fatal, the observations in endemic regions show that the severity of the

infection drops with multiple exposures. The first-time or naive infections can progress to lethal

stages, but the immunity against the parasite also broadens as the number of infections increases.

Over time, the infection bouts become milder or asymptomatic. Interestingly, sterile immunity is

not achieved in the case of malaria infection (21).
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1.4 Malaria prevention and control

There are 30-40 species of Anopheles mosquitoes that transmit malaria to humans. An upward-

pointing abdomen characterizes anopheline mosquitoes (22). Only females consume blood meals

to support the nutritional requirements of proteins for egg production. Of all species, A. gambiae

and A. funestus have a high capacity to transmit malaria (23). Once inside the mosquito, the

parasite takes 10-21 days to complete its sexual life cycle (24). Within this period, the mosquito's

immune system recognizes the foreign parasite and secretes multiple small molecules from the

midgut, hemocyte, and fat bodies (25-27). The parasite also faces harsh conditions in the

mosquito digestive tract and is known to deregulate the expression of certain digestive enzymes.

Many ookinetes are killed in the mosquito gut as the host produces nitric oxide synthase (NOS)

and antimicrobial peptides. Mosquitoes respond via complement activation and phagocytosis of

sporozoites by hemocytes (26, 28-30). The most efficient way of tackling malaria and other

mosquito-borne infections is by using insecticides and bed nets. The

dichlorodiphenyltrichloroethane (DDT) is the most effective insecticide extensively used for

mosquito elimination. However, the emergence of insecticide-resistant mosquitoes has marked

concerns in vector control (31).

In India, six Anopheles species are found, of which A. culicifacies transmits around 65% of

malaria (32, 33). Currently, the National Malaria Elimination Program is responsible for

reducing the transmission burden in endemic regions and maintaining the malaria-free zones in

India. The program aims to eliminate malaria in India by 2030 with zero indigenous cases and no

emergence of new incidences (11, 12).

1.5 Emergence of drug resistance against malaria

Malaria infection therapy presents complications as the parasite in liver cells and blood cells

cannot be treated with the same drug. The tissue schizonticides (liver-stage drugs) are necessary

for P. vivax and P. ovale infections that show liver hypnozoites, while blood schizonticides are

enough to control and treat P. falciparum infection (34). Many drugs have been tried and tested
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against malaria, with artemisinin combination therapy (ACT) being the current gold standard

front-line drug against the blood stage of infection (35).

A major concern in controlling and eliminating malaria is the independent emergence of parasite

resistance towards anti-malarial drugs currently in clinical use. The first report of resistance was

in the 1950s to 1960s against chloroquine drugs in several regions of Southeast Asia and South

America (36, 37). Detailed studies showed multiple mutations in the Pfcrt gene conferring

resistance against chloroquine (38). Resistance to mefloquine, sulfadoxine/ pyrimethamine, and

halofantrine was observed shortly after (39-42). In the late 1990s, a gold treatment standard was

introduced with a combination of artemisinin derivatives and partner drugs (35). By the early

2000s, a decreased parasite response to artemisinin had been reported in Cambodia, and it later

spread to Southeast Asian countries (43-45). In 2021, artemisinin resistance was confirmed for

the African continent (46, 47). Several of these resistance phenotypes are attributed to mutations

in specific parasite genes. For example, a mutation in the PfKelch13 gene is associated with

artemisinin resistance (47-49). It has particular dominance in South Asian countries, while genes

such as Pfcrt, Pfdhfr, Pfmdr1, copy number variations in Pfplasmepsin1, etc., have known

associations with other antimalarials (36, 38, 41, 50). Many reports have found an emergence of

artemisinin tolerance in parasites independent of PfKelch13 mutation, suggesting more than one

pathway for acquiring resistance (45, 51-54). Recent reports also indicate the possibility of co-

existing mutations in the background genome that assist resistant parasites in survival (55, 56).

The first observation of artemisinin resistance in India was made in the Kolkata region of West

Bengal, which also shares a border with Bangladesh (53). Studies have reported several

PfKelch13 mutations in Indian patient isolates from 7 states and the emergence of PfKelch-

independent artemisinin tolerance from central India. The genomic surveillance of 53 isolates

from the West Bengal region showed definitive Pfcrt and Pfmdr mutations with PfKelch13

mutations absent. Nevertheless, a 10-15% ACT-resistant population is seen in this region,

possibly assisted by background mutations in the ubiquitination and vesicular transport pathways

(54).
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Anti-malarial drugs are promising areas for malaria control and treatment. Still, they will work

effectively only when other prevention domains, such as chemoprophylaxis and vaccines,

synergize with the treatment.

1.6 Plasmodium genus

Malarial parasites are unicellular eukaryotes belonging to the phyla Apicomplexan. This phylum

has obligate intracellular parasites such as Plasmodium, Toxoplasma, Cryptosporidium, Eimeria,

Theileria, and Babesia. These are uniquely termed Apicomplexa due to the presence of an

apicoplast organelle and an apical complex (57, 58). This apical complex localized at the apical

pole harbors microneme, rhoptry bodies, and granules storage for invasion-specific proteins.

While the apicoplast has essential pathways such as DOXP for synthesizing isoprenoids and fatty

acids. This parasite carries other organelles such as mitochondria, food vacuoles, nucleus, Golgi

apparatus, and endoplasmic reticulum (59).

The Plasmodium genus comprises over 250 species, with various hosts from primates, rodents,

reptiles, and avians (14, 60, 61). Five known species of Plasmodium infect humans– P.

falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi. P. falciparum is known to be highly

lethal and responsible for significant mortality associated with malaria, while P. vivax is the most

prevalent infection. Falciparum-induced malaria is majorly found in Africa, Asia, and Latin

America, with the highest mortality in Africa (62). Indian subcontinent predominantly has P.

vivax infections, followed by P. falciparum (63). P. ovale is mostly found in Africa and, along

with P. vivax, can show a dormant liver stage called hypnozoites that shows a relapse of

infections (34, 64). P. knowlesi, a parasite known for infecting macaque monkeys, was recently

found in human infection in the Sarawak state of Malaysia (65). Now, the P. knowlesi infection

is found in multiple Southeast Asian countries (66, 67).
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1.7 The life cycle of Plasmodium falciparum

Plasmodium parasite has a complex life cycle involving a human host and a female Anopheles

mosquito wherein asexual and sexual development occurs, respectively (Figure 1.2) (68).

Infected mosquitoes inject motile and infective sporozoites into a human host during a blood

meal. These sporozoites reach the liver using lymphatic and vascular networks. Once inside a

hepatocyte, the parasite remains there for 5-16 days and undergoes schizogony to produce

multiple merozoites, which are then released into the blood vascular system and are capable of

invading RBCs (69). In P. vivax and P. ovale, a dormant form called hypnozoites can persist in

the liver and cause a relapse of parasites months later (34). During this asexual phase, the P.

falciparum parasite remains in RBCs for about 48 hours, going through a dormant and

transcriptionally silent ring stage, which lasts about 18 hours, the trophozoite stage, lasting

roughly 40 hours post-invasion and finally asexually divides into schizont form. Once matured,

parasites egress from the RBCs, releasing multiple invasive daughter merozoites capable of

reinvading into uninfected RBCs (68, 70). Within each intra-erythrocytic cycle, a small

proportion of parasites develop into sexual forms, namely, male and female gametocytes, which

are taken up by mosquito vectors from an infected human. Inside the midgut of Anopheles,

gametocytes mature into gametes and fuse to form a zygote, which later develops into an

ookinete. Within the midgut wall, ookinete matures into an oocyst that releases thousands of

sporozoites that travel to the salivary gland and are ready to infect the next host. Although

gametocytes ensure the further transmission of parasites, they do not contribute to disease

pathology (71-73).
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Figure 1.2. A life-cycle of Plasmodium falciparum parasite. (Adapted from Enomoto et al.,

Plos one, 2012 (68))

1.8 Host immunity against malaria

1.8.1 Host immune response against sporozoite stage

The malaria infection is known to elicit both innate and adaptive responses. The parasites are

introduced to the host dermal lining via a mosquito bite in the form of a sporozoite. These are

recognizable to dendritic cells through PAMP molecules (74). The DCs, upon phagocytosis of

the sporozoites, present it to the CD4+ and CD8+ T cells through MHC class II and MHC class I

molecules, respectively. The CD4+ T cells produce IL-12 and IFN-ɣ, while the CD8+ T cells

produce IFN-ɣ, TNF-α, and iNOS as a line of defense (74-77). Given that naive infections show

a higher frequency of malaria infections, the time taken for the T cell activation is far slower than

required. Also, the gliding rate of sporozoites is estimated to be 1-2 µm/sec, while that of

immune cells is 0.1 µm/sec. This ten-fold higher rate of movement makes it difficult for the

immune cells to capture the sporozoites (78, 79). In semi-immune or vaccinated adults, most

sporozoites are cleared by the B cell-produced cytophilic IgGs (IgG1 and IgG3) by target

neutralizing and marking the sporozoites for antibody-mediated phagocytosis process done by

neutrophils (80, 81).
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1.8.2 Host immune response during hepatocytic invasion

Once the parasites are in hepatocytes, the infection remains asymptomatic but is recognized by

the host immunity. Majorly, the intracellular parasite elicits the type I and II IFNs, which act

further to eliminate the parasite. The parasite RNA molecules act as a PAMP and get recognized

by a pattern recognition receptor (PRR) called MDA-5 (82). This receptor further activates

MAVS (other sets of PRR called mitochondrial antiviral signaling molecules). It leads to the

production of IFN- and IFN- (IFN type I) that subsequently activate the IFN-stimulated genes

(ISGs) (69, 83, 84). The AT-rich parasite DNA stem-loop structures are also identified as

PAMPs in bone marrow cells and are eliminated by a similar mechanism (Figure 1.3) (85). The

IFN-ɣ, a type II IFN, is also essential in clearing the parasite multiplication through noncanonical

autophagy (86).

Figure 1.3. A schematic of host immune response toward malaria infection during hepatocytic

stage. (Adapted from Ezema et al., Parasitology Research, 2023 (84))
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1.8.3 Host immune response against blood stage of infection

During the blood stage of the infection, the parasites exist in two forms: inside RBCs, wherein

they complete their asexual growth, and outside RBCs, in the form of merozoites. The merozoite

form is more readily recognizable to the immune system and easy to target. The primary route of

merozoite targeting is antibody neutralization and phagocytosis. However, this requires a prior

infection or vaccination with merozoite or merozoite-specific proteins. While there have been

multiple attempts at making a merozoite invasion blocking vaccines, complete protection is not

yet observed, as the merozoites use redundant protein pathways for invasion and polymorphism

(87-91). The merozoites are also known to induce a subset of T cells, which release

granulysin– a merozoite-sensitive cytotoxin (92-94). The iRBCs, on the other hand, are protected

from the immune response as the RBCs do not have MHC molecules and, hence, cannot activate

T cells. Still, DCs are known to identify and engulf the iRBCs by recognizing parasite proteins

and modifications on the RBC surface. This phagocytosis is dose-dependent, but a higher iRBCs

to DCs ratio induces apoptosis in DCs, making this mode of parasite clearance unreliable (92,

95). iRBCs also release multiple molecules that are recognizable– phosphoantigens released in

the DOXP (1-deoxy-D-xylulose 5-phosphate) pathway (activates T cells and release of IFN-ɣ),

hemozoin/heme-containing parasite DNA/RNA (differentiates monocytes into macrophages and

recruitment of DCs), GPI (activates natural killer T cells) (96, 97). The neutrophils show NET

traps, complement-dependent phagocytosis, and ROS (reactive oxygen species) production (92,

98-100).

The iRBCs show altered cellular skeleton and rigidity due to the hemoglobin trafficking and

incorporation of parasite-derived proteins into the host cytoskeleton. The restructuring of RBCs

makes them susceptible to splenic clearance (100, 101). As a defense against the host, this

clearance is avoided by the PfEMP1 proteins (Plasmodium falciparum Erythrocyte Membrane

Protein 1). These variant surface antigens, along with scaffolding proteins, are known to be

trafficked onto the host surface and show affinity for endothelial cell receptors. This interaction

leads to parasite sequestration in the blood vasculature and hides the parasite from clearance (102,

103). The PfEMP1 proteins are immunodominant and are recognized by the B cell receptors,

marking it for neutralization and antibody-mediated elimination (104, 105). However, the

parasite has a repertoire of 60 PfEMP1 genes that show mutually exclusive expression in the
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population with a certain synchronicity. Once the PfEMP1 is recognized, the PfEMP1 switches

to another variant, and parasitemia persists (Figure 1.4) (102, 103, 106). Having an anti-PfEMP1

antibody pool against diverse PfEMP1 proteins is correlated with protection against disease

severity (107). Similarly, PfEMP1 and RIFIN families of proteins induce binding of iRBC with

other uninfected RBCs, called rosette formation. These rosettes again help the iRBCs to evade

the immune response. Together, the protein redundancy, polymorphism, sequestration, and

strategies such as switching enable the malaria parasite to evade the host immune response (103).

Figure 1.4. An innate host immune response towards the blood stage infection of malaria.

(adapted from Dunst et al., Frontiers in Cellular and Infection Microbiology, 2017 (108))

1.9 Vaccines

The quest for a malaria vaccine started when alleviated symptoms were observed in people with

repeated exposures. The initial search for a vaccine was started in 1965 by immunologist Dr.

Ruth Nussenzweig. This initial search was quite disappointing for the scientists as targeting the
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parasite proved difficult owing to the complex life cycle, redundant pathways, immune evasion,

and absence of sterile immunity (109-111). A whole sporozoite vaccine showed promising

results in a mouse malaria model in 1965, which later went in for human trials in 1973 (112-114).

The parasites' scalability was the major obstacle in generating a whole sporozoite vaccine, and

hence, efforts were redirected to developing an antigen-specific vaccine instead of an entire

organism. This led to a hunt for the best possible parasite protein as a vaccine target (115).

A collaborative effort in 1987 between GlaxoSmithKline Pharmaceutical and Walter Reed Army

Hospital resulted in a pre-erythrocytic vaccine against a single recombinant protein of the

sporozoite stage. The circumsporozoite protein on the surface of sporozoites presented as a

promising candidate during pre-clinical studies as the antibody responses were seen to reduce the

infection rate in P. falciparum-induced malaria (116). Multiple attempts led to a monovalent

recombinant vaccine containing truncated central repeat regions having T-cell epitopes fused

with hepatitis surface antigen formulated in lipoprotein particles (RTS,S). This RTS,S

formulation showed robust CD4+ T cell activation and IgG titers reaching 100 mg/ml. RTS,S

with AS01 adjuvant (GlaxoSmithKline formulation - ‘Mosquirix’) was in multiple pilot trials

from 2009 to 2019 and was approved by WHO for use in October 2021 (16, 117-119). However,

the protection against malaria infection was 30-50%, with a decline in the absence of booster

doses. Later, a modified version of RTS,S called R21 formulated in Matrix-M adjuvant was

made by Jenner Institute, Oxford, UK, that showed ~75% protection in CHMI studies (15, 120).

In October 2023, R21/Matrix-M was approved by WHO, marking it as a second vaccine against

malaria (121). Notably, both the approved vaccines are against the pre-erythrocytic stage of

malaria and specific against P. falciparum only. Any escape of parasites from this vaccine

efficacy can still establish a malaria infection.
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Figure 1.5. A schematic representing the different stages of the Plasmodium life cycle and the

vaccines formulated in each stage. (Adapted from Duffy PE and Gorres GP, npj vaccine, 2020

(122))

1.9.1 The anti-infection vaccine (Pre-erythrocytic stage)

The RTS,S, and R21 are two successful examples of anti-infection vaccines that were recently

approved (117, 121). Apart from these two, active efforts are being made to formulate whole

attenuated sporozoite vaccines under phase trials.
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Given that the large-scale production of live sporozoite is a challenging step, Sanaria, a

biotechnology company in 2010, developed a platform that allowed isolation of PfSPZ from

aseptic mosquitoes fed on culture strains. These PfSPZ could be purified and cryopreserved

using the liquid nitrogen vapor phase and could then be considered for trial upon multiple ways

of attenuation (110). Radiation-based attenuation (PfSPZ vaccine), chemo attenuation achieved

in vivo using anti-malarial drugs (PfSPZ-CVac, Chemoprophylaxis vaccine), and genetic

attenuation of sporozoites (PfSPZ-GA1) (123-126). Phase I for these vaccines is done, while

PfSPZ and PfSPZ-CVac are currently in phase II (127). The immunity to these vaccines is strain

and dose-dependent but has shown better efficacy than RTS,S vaccine (122). A cell traversal

protein found on sporozoite and ookinete (CelTOS) has also been tested as a recombinant protein

as a potential pre-erythrocytic vaccine in mice and showed complete sterile immunity to

sporozoite challenge (128).

1.9.2 Transmission Blocking Vaccine (Mosquito Stage)

The mosquito takes up the male and female gametocytes in the human host during a blood meal,

and their fusion happens in the mosquito’s midgut region (72, 129). The idea of a transmission-

blocking vaccine is to inhibit this fusion so that a zygote formation does not occur, block the

oocyst formation of zygote to sporozoite transition, or inhibit the sporozoite entry into salivary

glands (130). The antigens considered in transmission-blocking vaccines are Pfs230, Pfs-25, and

Pfs-48/45, present on the surface of male and female gametocytes. The naturally acquired

antibody responses against these proteins show fusion-blocking activity (131-134). The major

drawback with these vaccines is that they can help reduce the transmission of the disease to the

following individuals but are of no direct use to the infected person. Hence, they are also termed

altruistic vaccines and require community mass vaccinations to reduce the spread of the disease.

Due to this mode of action, these vaccines are not attractive for research or given enough

incentives to improve further. Instead, transmission-blocking coupled with other vaccines may

increase efficiency.
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1.9.3 Blood stage vaccine (Erythrocytic stage)

Significant damage by malaria infection is caused during the blood stage. The exponential

growth of parasites, rupture of RBCs, multiple symptoms, and organ-specific complications

make this stage an attractive target for a vaccine design (103, 135). But exposure to the blood

stage does provide immunity against clinical malaria mediated through parasite specific

antibodies. This is further strongly supported by the fact that IgG transfer from semi-immune

adults cleared the parasite infection in African children and later in Thai adults (136, 137). A

merozoite-rich vaccine preparation shows complete protection in the primate model of P.

falciparum (138). The goal of the blood-stage vaccine is to elicit a threshold of immune response

that can inhibit the entry of the merozoites into the next RBC, thereby leaving the merozoites

free in the blood and flagging them for clearance by the immune system. The major challenge in

using merozoites as a potential target is A. A brief time of action, as most merozoite reinvasion

occurs within ~ 3 minutes. B. Redundancy in the reinvasion pathways. C. antigenic

polymorphism was seen in invasion essential genes, and D. Exponentially growing parasite

number needs targeting (122). As of July 2022, 44 vaccine formulations were tested for efficacy

against the blood-stage P. falciparum malaria. All vaccines (except one) are recombinant protein

formulations with different sets of adjuvants (Clinicantrials.gov). The significant candidates of

blood stage are Rh5, AMA-1, MSP family, SERA-5, EBA-175, and GLURP (87, 88, 139-144).

All these candidates elicited desirable IgG responses and, in the case of MSP-3, showed an

antibody-dependent cellular inhibition, but unfortunately, the CHMI studies did not show

promising evidence of protection (145). The AMA-1 antibodies in vitro had growth inhibition

potential that did not translate in vivo upon homologous challenge (139, 146).

The leading blood-stage vaccine in the trial is currently formulated against RH-5. This protein is

essential for RBC invasion and shows interaction with the basigin receptor. The protein is

relatively conserved and elicits neutralizing antibody responses. The protective efficacy was also

higher in primate infections with heterologous strains (140, 141).

Although the merozoites are attractive and promising targets, the parasites inside the RBCs for

48 hours are not entirely hidden by the immune system. The iRBCs can be detected by the
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splenic macrophages and are cleared off from the circulation. To avoid this detection and splenic

clearance, P. falciparum parasites have 60 PfEMP1 genes that show mutually exclusive

expression and switching phenotype. These proteins, when expressed, are transported to the

surface of the RBCs and show affinity for the receptors of the endothelial cells. The iRBC

remains bound to the endothelial cells of the blood lining and does not actively pass through the

blood circulation. This strategy allows the parasite to evade the immune response. These

PfEMP1 proteins are highly immunodominant, and antibodies elicited against them are

functional in inhibiting the parasite adhesion. Despite them being exposed, available, and

immunodominant, a vaccine attempt against these proteins has not been tried (except for var2csa)

for the following reasons, A. A parasite population shows an expression of only one PfEMP1

protein (although debatable) at a time, while the rest of 59 are epigenetically silenced. B. The

parasite population can show the switching of PfEMP1 genes (with a rate of ~2.5% switch per

generation). C. The PfEMP1 genes are also hotspots for recombination events, increasing the

diversity of the repertoire (102-104, 147).

1.10 The var gene family

Plasmodium falciparum has an extensive repertoire of genes responsible for cytoadherence and

sequestration. Mechanistically, they can impart adhesive qualities through three major

interactions: adherence with endothelial receptors (148), rosetting with uninfected RBCs (149),

and clumping with platelets (150) (Figure 1.6). Furthermore, a particular type of placental

adhesion is observed during pregnancy wherein infected RBCs (iRBCs) adhere to

syncytiotrophoblast cells, causing pregnancy-related severe malaria (150, 151). Since all kinds of

sequestrations require exposing parasite-specific proteins to the outside environment, they are

easily recognized by the host immune system. They are constantly under pressure of immune

clearance. To avoid this, parasites have evolved to harbor multiple antigenic gene families such

as var, rifins, and stevors, of which genes of the var family have been highly associated with

severe forms of the disease. P. falciparum has ~ 60 var genes present in its 14 chromosomes

containing haploid genome, which encodes for Plasmodium falciparum erythrocyte membrane

protein- 1 (PfEMP1) responsible for mediating adhesion (103). Based on their 5’ upstream

promoter sequence and location on chromosome, these var genes are classified into major upsA,
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upsB, and upsC subtypes. upsA subtype var genes are located sub-telomerically, while upsB are

more immediately adjacent to the telomere. The upsC subtype is located internally in clusters

(152). It has been observed that upsA is more related to the severe form of malaria, while the

upsB and upsC subtypes are associated with an asymptomatic form (153, 154). All PfEMP1

proteins are constructed of various combinations of Duffy-binding like (DBL) and cysteine-rich

interdomain region (CIDR) domains present on exon one, which bind to different endothelial

receptors such as CD36, ICAM-1, endothelial protein C receptor (EPCR), and chondroitin-

sulfate A (CSA) (155).

Figure 1.6. A representation of parasite cytoadherence, rosetting, and clumping mediated by

surface-exported PfEMP1 proteins. (Adapted from Rowe JA et al., Expert Reviews in

Molecular Medicine, 2009 (155))

1.11 The var genes and tissue tropism

The var gene organization is fairly similar across all gene repertoire (except for var2csa). Exon I

codes for extracellular multi-domain structures, the DBL, and CIDR domain variants (Figure 1.7
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A), while exon II codes for more conserved intracellular domains. The combination of DBL and

CIDR determines the affinity of var proteins to the endothelial receptors (103, 152, 155).

DBLα/CIDRα and CIDRα 2-6 domains facilitate the binding to CD36 (156-158) and EPCR

binding is facilitated by CIDRα1 associated with DC8 and DC13 (159, 160). The ICAM-1

receptor is also critical in cerebral malaria, and upsA and upsB subtypes show binding to ICAM-

1 through the DBLβ, and DBLβ domain of DC4 (160-163). A recent study in children

developing cerebral malaria showed that these parasites had a binding affinity for both EPCR

and ICAM-1 receptors (160, 163). In contrast, those with uncomplicated malaria showed more

affinity for CD36 receptors (164). The precise affinities of each var gene domain to every

endothelial receptor are unknown.

The sequestration of iRBCs is seen in multiple organ sites such as the brain, kidneys, lungs,

intestine, and bone marrow (154, 165). The endothelial cells and their receptors vary in all these

organs, indicating that the PfEMP1 binding repertoire is higher than just EPCR, ICAM-1, and

CD36 (Fig 1.7 B). A comprehensive map of PfEMP1 and their binding affinities is yet to be

determined.
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Figure 1.7. A. A structure of var gene highlighting the promoter type, exons, and intron.

PfEMP1 protein structure with functional domains. B. Tissue tropism shown by PfEMP1

affinities in different organ sites. (Illustration created using biorender. com)

The immunity toward the PfEMP1 proteins is of keen interest as the presence of antibodies

determines the disease outcome. The severe form of malaria is often seen in children < 5 years of

age and pregnant women. In endemic regions, when malaria is a seasonal infection, children who

have previous exposure tend to have uncomplicated malaria, while adults may get an

asymptomatic form (166). This is owed to anti-PfEMP1 antibodies, which functionally inhibit

the binding of iRBCs to the endothelial lining. This acquired immunity is believed to be achieved

in an orderly manner (167). The expression of var genes in naive infections is more likely to be

severe with the type of PfEMP1s causing sequestration in vital organs with stronger affinities.
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When the breadth of anti-PfEMP1 antibodies increases, the parasites are forced to express other

sets of PfEMP1 proteins that have sequestration in nonvital organs with weaker interactions.

Many endemic region studies and CHMI experiments support this observation (105, 107, 153,

168-170). However, the direct effect of host immunity pressure on switching in experimental

conditions is not well elucidated.

Based on these observations, a PfEMP1-based vaccine is possible. Targeting PfEMP1s will

reduce the disease's severity by inhibiting the cytoadhesion and increase the possibility of

detecting the iRBCs by the immune system or splenic macrophages. The PfEMP1-based vaccine

is already tried for the var2csa type known for binding to chondroitin sulfate (CSA) present on

the endothelial cells of the umbilical cord, leading to pregnancy-associated malaria (171).

Technically, sampling from all PfEMP1 subtypes and the presence of a breadth of anti-PfEMP1

antibodies should work. The extensive repertoire, huge protein sizes (~150-250 kDa), antigenic

variation, and recombination hotspots make these proteins difficult to target as a vaccine target

(104).

1.12 Cerebral Malaria

The complications of severe malaria can lead to cerebral impairments. Yearly, around 50,000

deaths occur due to this severity, while the survivors usually live on with cognitive dysfunctions.

Cerebral malaria (CM) shows symptoms within two weeks of infection with clinical features

such as increased intracranial pressure, retinopathy, swelling, seizures, and breakdown of the

blood-brain barrier (BBB) (172-175). The pathophysiology of cerebral malaria is multifactorial,

with iRBC sequestration, immune inflammation, and loss of blood-brain barrier integrity playing

a significant role in the development of CM (176, 177).

Histopathology reports of individuals deceased of malaria show pigmented late-stage parasites

clogged in the vessels (178). This sequestration is mediated by PfEMP1 proteins that show

affinity towards ICAM-1 and EPCR receptors of the endothelial cells that comprise the blood

vessels (104, 105, 169, 179, 180). This sequestration is thought to be amplified by inflammatory

cytokines such as TNF-⍺ , IFN-ɣ, and IL-1β secreted by activated lymphocytes and microglial
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cells (181, 182). This is followed by the activation of endothelial cells and an increase in the

expression of endothelial receptors. The EPCR receptor disrupts the BBB via thrombin (183).

The binding of PfEMP1 to ICAM-1 leads to rearrangements of tight junctions via

phosphorylation (Rho-dependent) of cytoskeleton proteins, while the VCAM-1 binding induces

stress fibers (160, 180). The CD8+ T cells also induce neuronal apoptosis via cytokine release,

and taken together, the BBB breakdown causes nerve injury (108).

Multiple biomarkers are used to provide an early prognosis of CM—the presence of soluble

EPCR and ICAM-1 correlated positively with the CM progression (179). Similarly, Angiopoietin

-1 and Ang-2 are endothelial activation mediators, and reduction in ang-1 and ang-2 with an

increase of ang-2 to ang-1 ratio are commonly seen in CM patients (184, 185). The recent

emergence of multi-omics studies can better predict CM and non-cerebral severe malaria based

on altered metabolomics and lipidomics (186).

1.13 Merozoite reinvasion

RBCs make a compatible host compartment for the parasite's growth as they lack a nucleus, do

not have MHC molecules, and are slow metabolically. The hemoglobin-rich RBCs provide the

amino acids for the parasite's growth. The RBC surface has an elastic surface skeleton that helps

move through the capillaries and is rich in glycophorin, GPI anchors, Band 3, actin, spectrin,

Kell, Duffy, Rh antigens, etc. The merozoites use all these surface receptors during the

reinvasion process (187-189).
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1.8. A model depicting the events of merozoite attachment, reorientation, and entry into host

erythrocyte. (Adapted from Weiss GE et al., Plos Pathogens, 2015 (189))

1.13.1 Initial attachment of the merozoites

The merozoites contact RBCs through merozoite surface proteins (MSP family, MSP1 to MSP10)

that are abundantly present on their surface. The attachment to RBC is through GPI anchors and

is low affinity, reversible, non-specific, and leads to RBC surface deformity (190, 191). The

immune system recognizes the MSP family and is also a target of neutralizing antibodies. Hence,

these proteins have evolved to be polymorphic with some conserved regions. Given their crucial

role in initial attachments, the MSP family is a well-considered vaccine target (88, 89, 91, 144,

145).

1.13.2 Reorientation to face the apical surface

The merozoites reorient to place the apical end toward the RBC surface and form a high-affinity

interaction through EBL families or RH family proteins. The micronemes secrete the EBL

families, consisting of EBL-175, EBL-140 and EBL-181 (192, 193). These proteins show sialic

acid-dependent binding as the neuraminidase treatment of the RBCs (removes sialylated moieties)

reduces the merozoite entry (189, 194). The RH family of rhoptry origin are PfRH1, PfRH2a,

PfRH2b, PfRH3, PfRH4, and PfRH5, with PfRH3 being a pseudogene (195, 196). The binding
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of PfRh1 to its receptor triggers the release of EBA-175 from the micronemes to the surface. The

EBA-175 interacts with the glycophorin A receptor of RBCs, and this binding triggers the

release of proteins from the rhoptry organelle through cytoplasmic Ca2+ changes (197). The

PfRh5 shows binding with the basigin receptor, and the EBL and RH family is considered

redundant as the RH family shows invasion in the sialic acid-independent pathway (198).

1.13.3 Formation of invasion bridge between parasite and host RBC

The parasite-derived AMA-1 and RON complex proteins form a tight junction with the RBC

surface. This is essential in invasion events, and anti-AMA-1 antibodies have been shown to

block this step with 100% efficacy in in vitro GIA assays (139). Meanwhile, the FMP2.1/AS02a,

an AMA-1 recombinant vaccine, showed only partial efficacy in human trials (139, 146). AMA-

1 promises to be an optimum target when used in multi-component combinations with other

essential invasion proteins. The MTRAP proteins mediate the invasion movement and activate

the actin-myosin motor to propel the parasite further inside the RBC. The initial binding to the

invasion takes only ~60 seconds; hence, the window for antibody-mediated neutralization is

relatively short. The abundance and specificity of the antibodies generated play a crucial role in

invasion inhibition (147).

1.14 Immunodominancy and redundancy in malaria infection

In the entire blood stage of Plasmodium falciparum, the cycle can be divided into two phases

based on the location of the parasite. I. When the parasite is inside the RBC, and II. when outside

the RBC in the form of merozoites. Both these forms are susceptible to immune recognition via

various proteins displayed and are known to be immunodominant. The PfEMP1 proteins are a

great example of immunodominant yet redundant proteins of phase I, and the merozoite surface

proteins also show the immune response, polymorphism, and redundancy (104, 199).

When considered a vaccine target, these proteins fail to elicit complete protection. However,

increasing the breadth of antigens exposed through a vaccine route can mimic the multiple

exposures of the infections and provide stronger immunity (89, 90). Hence, we aim to understand
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if combining a multi-protein approach comprising essential and immunodominant antigens can

work more efficiently than a canonical single-protein vaccine approach. This would require

mixing the antigens from essential pathways in the proper ratios. The parasite proteins are high

molecular weight proteins, and simply mixing the proteins in an adjuvant may not elicit a

uniform immune response against all the proteins as their immunodominance may vary.

Generating multi-protein chimeric vaccine targets would require precise peptide sequences from

the antigens.

1.15 The strategy of chimera generation in infectious diseases

The requirement of multiple exposure, increased breadth of immune response, and the problem

of redundancy are present in many infectious diseases. A new approach of considering multiple

immunodominant epitopes in combined manner has been tried out for certain viral infections. A

few studies have shown success in case of Dengue chimeric construct (Takeda Vaccines Inc.),

Hepatitis, and Zika (VacDZ) vaccine generation (200-202). While, in-silico designing of multi-

protein constructs have shown promising results in other parasitic diseases such as Ascariasis,

Leishmaniasis, and Toxoplasmosis (203-206). Use of multiple antigens (up to four combined)

has been used for the targeting of transmission and blood stages (Pfs48/45, MSP-3,and GLURP)

of Plasmodium through the GMZ2.6 vaccine candidate. This candidate showed adequate

naturally circulating antibodies in the malaria-exposed cohort and seemed to depend on the

number of exposures tolerated (142, 207). These studies open up a new avenue for the design of

chimeric vaccine antigens containing multiple epitopes arising from multiple parasite proteins. A

careful selection of epitopes ensure the presence of highly immunogenic peptides hence reducing

the antigen competition, eliminates the non-functional epitopes, provides the opportunity for

trageting of multiple stages of the infection, and increases the breadth of the antigens presented.

A canonical single protein or subunit vaccines lack the clear advantages provided by this strategy.

In this thesis work, we show that combination of highly antigenic and redundant proteins from

the blood stage of Plasmodium falciparum in the form of chimeric antigens work efficiently in

reducing the parasite severity and multiplicity load.
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Chapter 2: Design and construction of chimeric antigens targeting the blood
stage of P. falciparum

2.1 Introduction

The recognition of a foreign invader takes place by both innate and adaptive immune systems.

The innate system has limited recognition and acts based on identifying PAMPs and other non-

host molecules. In contrast, the adaptive arm of the immune response can precisely identify the

foreign antigens. The vaccine preparation in any model system tries to invoke the adaptive B

(humoral) and T cell (cell-mediated) responses, as these two are essential players in destroying

the pathogen. The B cell receptors (BCRs) recognize the epitopes present on the antigen surfaces

and generate antibodies specific to them. In contrast, T cells identify the epitopes presented on

MHC complexes by other antigen-presenting cells (APCs) and kill the pathogens by release of

cytotoxins (208). These cells identify antigens through specific stretches of peptides, i.e.,

epitopes. Advances in immunoinformatics now allow the detection of epitope sites within a

protein sequence using various parameters. In the 1990s, Kolaskar & Tongaonkar showed that

the occurrence of hydrophobic residues (Cys, Leu, and Val) on the protein surface acts as a

potential antigen. Their antigenic stretch determination method can accurately predict the

epitopes with up to 75% confidence based on these amino acid residues and their frequencies

(209). This has been extensively used for epitope selection in antibody preparation, and many

emerging studies are using these resources for potential vaccine designs. Platforms such as

Immune Epitope Database provide multiple parameters such as antigenicity predictor, beta-turn

propensity, surface accessibility, flexibility, and hydrophilicity to assess the sequence of a

protein (210). Multiple studies have focused on the design of vaccine candidates; however, the

efficacy of such antigens has not yet been tested for malaria.

A Plasmodium parasite also harbors many potential antigens across all three stages of

development. Given the efficacy rates and stage-specific expression of these antigens, a chimeric

approach covering different stages and proteins holds the potential to provide complete

protection against malaria infection. We selected the blood stage of the parasite since it is

symptomatic and highly damaging to the host. Our studies focused on B cell epitopes as the
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immune response to malaria is majorly driven by B cells, and the presence of specific antibodies

correlates positively with a disease outcome specifically during the blood stage. Since malaria

infection does not induce sterile immunity, the ideal vaccine would be a multi-protein antigen

representing multiple phases of blood stage infection. Hence, we screened the important antigens

of the blood stage of Plasmodium falciparum for a B cell epitope targeting the parasite while

being inside as well as outside of the RBC. For this search, we considered the PfEMP1 family

known for causing sequestration, related complications, and merozoite invasion-specific genes.

These gene families are known to be antigenic and proteins of the redundant pathways. The

PfEMP1 proteins mark the iRBCs for immune recognition and hence can be cleared by the

immune system. Similarly, the merozoite forms of the parasite are ideal targets for vaccine

development as they are available for immune recognition before entering into a new host RBC.

This chapter discusses the generation of three chimeric antigens that comprehensively cover the

blood stage of Plasmodium falciparum.

2.2 Materials and Methods

2.2.1 In sillico prediction of antigenic peptides

The eight proteins taken from varB subgroup (PF3D7_1200100, PF3D7_0500100,

PF3D7_1300100, PF3D7_0324900, PF3D7_1100100, PF3D7_0937800, PF3D7_0300100, and

PF3D7_0400100) and AMA-1, MSP-1, MSP-2 and MSP-3 along with EBA-175, Rh-5, SERA-5,

and GLURP were subjected to the analysis in Immune Epitope Database- analysis resource

(IEDB-AR) (210). A total of 6 parameters, including Bepipred Linear Epitope Prediction 2.0

(211), Chou & Fasman Beta-Turn Prediction (212), Emini Surface Accessibility Prediction (213),

Karplus & Schulz Flexibility Prediction (214), Kolaskar & Tongaonkar Antigenicity (209) and

Parker Hydrophilicity Prediction (215) were applied to each protein sequence. The scores for

each amino acid were aligned, and the peptide stretch of 25 amino acids with an average of 0.6

and above were considered. For chimeric varB, chimeric MSP (AMA-1, MSP-1, MSP-2, and

MSP-3) and chimeric InvP (EBA-175, Rh-5, SERA-5, and GLURP) construct a total of 29

peptides, 20 peptides and 24 peptides respectively were stitched together. The stitched sequence

was converted to corresponding DNA sequences using backTransSeq and codon optimized for
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expression in E. coli and cloned into a pET28a+ vector containing 6X histidine tag using NdeI

and XhoI restriction sites.

2.2.2 Chimeric protein expression

The three clones (chimeric varB, MSP, and InvP) were separately transformed into a competent

E. coli BL21DE3 expression system. The culture was grown till the optical density reached 0.6

in 600 nm spectra and induced using 0.5mM of isopropyl-1-thio-β-d-galactopyranoside (IPTG)

at 18℃ for chimeric varB and at 25℃ for chimeric MSP and InvP for 8-10 hours. Only the

bacterial mass was collected by centrifugation at 4000 RPM and sonicated using sonication

buffer (10 mM Tris-Cl pH 7.5, 300 mM NaCl, 10% glycerol, 0.1% TritonX-100, 1X PIC, and 2

mM PMSF) at parameters of 3 sec ON/ 5 sec OFF/ 60% amplitude (Probe sonicator Thomas

Scientific). The supernatant was separated by spinning at 12,000 RPM, and subjected to SDS-

PAGE followed by coomassie staining and western blotting

2.2.3 Western blotting of chimeric antigens

The uninduced and induced supernatants of chimeric varB, MSP, and InvP proteins were used

for western blotting. Briefly, 30 l of supernatant from different conditions (uninduced, induced

with 0.5mM IPTG at 18 ℃ and 25 ℃) were denatured using 6X SDS dye (30% glycerol v/v,

10% SDS w/v, 10% -mercaptoethanol v/v, 0.02% Bromophenol blue w/v, 20mM Tris pH 6.8)

and loaded onto 10% separation SDS-PAGE gel. The gel was transferred to the PVDF

membrane using semi-dry transfer (Biorad) at 25V for 1 hour. The membrane was blocked using

5% skimmed milk made in TBST and probed using anti-his primary antibodies (1:2000 Bio

Bharti Life Sciences BB-AB0010) overnight at 4 ℃. The membrane was washed three times

using TBST and probed using anti-rabbit secondary conjugated with HRP (Biorad 1706515) for

one hour at RT. The blot was developed using the Clarity Western ECL substrate (Biorad) in the

LAS4000 system (GE life science).

2.2.4 Purification of chimeric antigens
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The sonicated supernatant fractions of chimeric varB, MSP, and InvP proteins were subjected to

purification using Nickel affinity chromatography. Briefly, supernatants arising from sonication

of 2 liter culture were separated and Ni-NTA agarose beads (Qiagen 30230) were added to the

lysate and incubated for 4 hours at 4℃. The elutions were taken by adding 50 mM, 100 mM, 150

mM, and 300 mM elution buffer (10 mM Tris-Cl pH 7.5, 150 mM NaCl, 10% glycerol, and

varying imidazole). The elutions were run on 10% SDS-PAGE gel and stained using Coomassie

brilliant blue solution. The elutes containing purified fractions were pooled, dialyzed (10 mM

Tris-Cl pH 7.5 and 150 mM NaCl), and concentrated. The purified protein was re-run on SDS-

PAGE to confirm purity and concentration and stored at -80 ℃.

2.2.5 Confirmation of chimeric antigens using Mass-spectrometry

For validation, the purified proteins were reduced using 10 mM Dithiothreitol, alkylated using 10

mM Iodoacetamide, and trypsinized using sequencing grade modified trypsin (Promega V5113).

The samples were desalted and run on Sciex TripleTOF6600. The peptide identification and

analysis were performed using MaxQuant. The reference proteome file used for analysis was

customized to accommodate E. coli BL21DE3 proteome along with sequence of respective

chimeric antigens.

2.3 Result

2.3.1 Selection of proteins for generating chimeric antigens

To cover the entire blood stage, we divided the stage into two phases: 1. During the iRBC phase

by targeting PfEMP1 and 2. During the merozoite phase, targeting merozoite surface and

invasion proteins. As a selection criteria we considered proteins that are A. surface exposed and

available for immune recognition, B. highly immunodominant and known to have antibody

response in natural infections, C. essential for cytoadhesion or invasion pathway (104, 199). We

re-analyzed the RNA-seq data of 1027 patients (Mok et al., 2015) (48) to identify the clinically

relevant PfEMP1 genes expressed. The expression of var subtype B was dominant in most

patient samples compared to the other subtypes (Figure 2.1). This was partially expected as the
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endemic regions have uncomplicated malaria events that are likely to be mediated by the varB

subtype (167).

Figure 2.1. A heatmap showing expression of PfEMP1 subtypes in P. falciparum-infected

individuals. The subtype B (highlighted in red box) shows higher expression across most

patients. (Reanalyzed from Mok et al., Science, 2015 (48))

As proof of principle, we picked eight proteins (PF3D7_1200100, PF3D7_0500100,

PF3D7_1300100, PF3D7_0324900, PF3D7_1100100, PF3D7_0937800, PF3D7_0300100, and

PF3D7_0400100) belonging to group B, which also had dominant expression in the lab strain
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3D7 (Figure 2.2). This overlap of gene expression made it feasible to use the lab strain for

further downstream experiments.

Figure 2.2. The expression profile of PfEMP1 genes in lab strain 3D7 was identified using

RNA sequencing. The subtype B is highlighted in red and considered for generating the

chimeric varB construct. (Data reanalyzed from Rawat et al., Microbiology Spectrum, 2021

(216))

Similarly, we selected the invasion and merozoite-specific proteins (MSPs) known as

immunodominant and have already validated them as potential vaccine candidates individually.

We focused on the merozoite entry mechanism and divided it into two stages 1) The initial

attachment and reorientation process and 2) formation of invasion complex. The initial

attachment process is mediated by MSP family proteins that show reversible, low affinity for

GPI anchors present on the RBC surface (91, 199). There are multiple MSP proteins known and

they cover the merozoite surface as a thick fibrillar coat of proteins. Being surface-exposed, they

are highly immunodominant and can be blocked through antibodies (191). The MSP-1, 2, and 3

are of particular interest as multiple studies have shown the presence of antibodies against them

correlating positively with disease survival (87, 88, 90, 91, 143-145). Another essential protein



49

AMA-1 is known to form tight junction bridges between merozoite and RBC once the initial

attachment is established and the blocking of this interaction through anti-AMA-1 antibodies is

known to inhibit merozoite entry (139, 146). AMA-1 is also highly immunodominant and its

vaccine formulation in animal models shows complete protection (217, 218). Based on their

early mode of action and essentiality during merozoite attachment, we combined MSP-1, MSP-2,

MSP-3, and AMA-1 in one single chimeric construct.

The invasion process of merozoite can take place through either sialic acid dependent or

independent pathway. Recent reports suggest that parasites may use both these pathways

alternatively to enter the host RBC. Microneme-secreted EBL family proteins mediate the sialic

acid dependent invasion while the rhoptry-secreted RH family mediate the sialic acid

independent pathway of invasion. It is important to target both these pathways simultaneously to

completely inhibit the invasion process. Hence we considered EBA-175 (from EBL family) and

RH-5 (RH family) antigens as they are already proven to be essential in invasion and

individually characterized as possible vaccine candidates (140, 147, 195, 196, 198, 199). Apart

from these two proteins, we have considered SERA-5 protein from the SERA family that helps

in parasite egress and GLURP protein that has recently emerged as a possible vaccine target for

blocking the parasites (142, 143, 219-222). Together, EBA-175, SERA-5, RH-5, and GLURP

were combined in a single chimeric antigen designed to block the merozoite invasion.

2.3.2 Generation of antigenic peptidome library

To construct chimeric varB antigen representing eight of selected PfEMP1 subtype B proteins

(PF3D7_1200100, PF3D7_0500100, PF3D7_1300100, PF3D7_0324900, PF3D7_1100100,

PF3D7_0937800, PF3D7_0300100, and PF3D7_0400100) were subjected to IEDB-AR platform

(210). Herein, we aligned each amino acid of the protein for six different scores– BepiPred, beta

turn propensity, surface accessibility, flexibility, antigenicity, and hydrophilicity (209, 211-215).

The criterion of 0.6 score for BepiPred was set for defining a stretch of amino acids as epitope.

This is slightly stringent that 0.5 score that is regularly used. Followed by BepiPred we gave

priority to beta turn propensity (known to be more antigenic than alpha helices) and surface

accessibility of the epitope. Apart from the antigenicity scores, we considered the functionally
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essential domains of these proteins. An example of score alignment is shown in Figure 2.3. A

stretch of 25 amino acids satisfying all above criteria were marked as epitopes for generation of

chimeric antigens.

Similarly for constructing chimeric MSP, we predicted highly antigenic peptide stretches of 25

amino acids from AMA-1 (PF3D7_1133400), MSP-1 (PF3D7_0930300), MSP-2

(PF3D7_0206800), and MSP-3 (PF3D7_1035400), and stitched them together. A chimeric InvP

(invasion proteins) construct was generated by stitching the highly antigenic peptides from EBA-

175 (PF3D7_0731500), SERA-5 (PF3D7_0207600), RH-5 (PF3D7_0424100), and GLURP

(PF3D7_1035300).

Figure 2.3. An example of amino acid score alignment. For identifying the epitope stretch of

peptides, the scores of BepiPred, beta-turn (Chou & Fasman), surface accessibility (Emini’s),

flexibility (Karplus & Schulz), antigenicity (Kolaskar & Tongaonkar), and hydrophilicity

(Parker) was considered (209, 211-215). The major filter set was for a BepiPred score of 0.6 or

above for calling peptide stretches as epitopes. (Analysis done using IEDB-AR tool (210))

2.3.3 Selection of antigenic peptides

A total of 29 peptides originating from the functional domains of a length of 25 amino acids

were stitched together to create the chimera varB (Table 1). The chimeric MSP antigen was

designed by stitching the 20 peptides belonging to AMA-1, MSP-1, MSP-2, and MSP-3 (Table

2). The chimeric InvP was made by stitching 24 peptides belonging to EBA-175, SERA-5, RH-5,

and GLURP (Table 3). All three chimeric constructs had an average antigenicity score of 0.6 and

above, which marks a stringent criterion for an amino acid epitope stretch. The protein sequence
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was back converted into a codon-optimized DNA sequence, cloned into pET28a+ plasmid with

N-terminal 6X histidine tag, and expressed in the E. coli system under the control of the T7

promoter and used for further assays. The DNA sequence used is presented in Appendix 1. The

alignment of the selected peptides on the 3D structure of protein is present in Appendix 2.

Table 1. A list of proteins and the peptides stretches taken to construct chimeric varB. The

table also denotes the start sites, end sites, and the average antigenicity score for each peptide.

The peptides were stitched in the same order as shown without introducing linker sequences.
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Table 2. A list of proteins and their respective peptide stretches used in constructing chimeric

MSP. The table also denotes the start sites, end sites, and the average antigenicity score for

each peptide. The peptides were stitched in the same order as shown without introducing

linker sequences.
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Table 3. A list of proteins and their respective peptides used in constructing chimeric InvP.

The table also denotes the start sites, end sites, and the average antigenicity score for each

peptide. The peptides were stitched in the same order as shown without introducing linker

sequences.

2.3.4 Expression and purification of chimeric constructs

We cloned and expressed chimeric varB, MSP, and InvP in the bacterial expression system using

a pET28+ vector containing an N-terminal 6X histidine tag. The expected proteins were

validated using anti-his western blotting (Figure 2.4). The chimeric proteins were seen at

precisely double the size owing to the unnatural folding patterns. The originally expected sizes

are 72 kDa, 55 kDa, and 66 kDa for chimeric varB, MSP, and InvP, respectively. The chimeric

proteins in soluble fractions of bacterial lysates were purified using Ni-NTA affinity

chromatography (Figure 2.5). The purified proteins were further used for assays.
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Figure 2.4. An expression profile of A. chimeric varB, B. chimeric MSP, and C. chimeric InvP

antigens induced in the Bl21DE3 expression system using 0.5 mM of IPTG at 18℃ and 25℃.
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The panel represents each antigen's Coomassie gel images (left) and anti-his western blot

images (right) after sonication and separation of supernatant fraction only. The red asterisk

represents the corresponding sizes of the chimeric antigens in Coomassie gel and western blot.

The observed sizes are 140 kDa (chimeric varB), ~120 kDa (chimeric MSP), and ~120 kDa

(chimeric InvP)

Figure 2.5. An SDS-PAGE followed by a Coomassie staining image of A. chimeric varB, B.

chimeric MSP, and C. chimeric InvP antigens after affinity purification using Ni-NTA.The

chimeric InvP construct upon purification show three distinct bands (also corresponding to

western blot using anti-his) which are possible cleaved products.

2.3.5 Mass-spectrometry validation of chimeric antigens
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The purified proteins were validated using mass-spectrometry. The analysis with a 99%

confidence score showed the purified proteins had the highest number of unique peptides and

MS/MS counts (Figure 2.6). A fasta file containing E. coli BL21 proteome combined with the

sequence of the chimeric protein was created to use as a reference proteome file in analysis.

Figure 2.6. A mass-spectrometry analysis of A. chimeric varB, B. chimeric MSP, and C.

chimeric InvP showing highest hit for unique peptides and MS/MS counts.

2.3.6 Additional confirmation of chimeric constructs using linker sequences

Since the chimeric construct showed higher size during SDS-PAGE analysis, we also introduced

linker sequences (GGGSGGGS) in between each peptide in chimeric varB construct to induce

flexibility (223). The sequence for the same is included in Appendix 3. After incorporation of

linker sequences the gene was cloned into a pGEX4T1 vector containing GST tag. The expected

protein size is ~90 kDa with 26 kDa GST tag (total 116 kDa), but in anti-GST western blot we

observed the size to be around 180 kDa (Figure 2.7). The peculiarity of the proteins to run higher

than expected sizes is not due to flexibility.
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Figure 2.7. An anti-GST western blot image showing chimeric varB with linker protein

appearing at 180 kDa. (Expected size is ~ 116 kDa)

2.4 Discussion

The blood stage of malaria infection poses a threat of multiple complications. The exponential

increase in parasitemia per cycle drastically affects the RBC levels and leads to severe anemic

conditions. The cyclic fever along with associated symptoms are a result of merozoite egress and

reinvasion. Many vaccine strategies have tried to disrupt this cycle to alleviate the symptoms and

reduce the parasite burden but till date no vaccine is approved against the blood stage of P.

falciparum infection (21, 92, 122, 135). Similarly, the cytoadhesion and sequestration shown by

late stage parasites contribute to the disease severity by causing organ damage. Both these stages

have been proven to be difficult to target owing to the redundancy of proteins and antigenic

polymorphism. Moreover, the PfEMP1 family causing cytoadhesion shows mutually exclusive

expression with no defined sequence of switching (103). The three chimeras we designed (varB,

MSP, and InvP) target these proteins in a combined fashion and hence increase the breadth of

antigen target and cover the entire blood stage. The chimeric varB antigen can potentially disrupt

the varB mediated cytoadhesion and sequestration. The peptides selected for the generation of

chimeric varB belong to the functional domains known for endothelial receptor affinity (Table 4).

The chimeric MSP antigen holds the potential of inhibiting the merozoite attachment and tight

junction formation while the chimeric InvP can inhibit the parasite invasion into the host RBC.

Other than neutralizing effect, having cytophilic IgG responses towards these antigens can mark

the iRBC or merozoites for antibody-mediated complement activation and phagocytic clearance.



58

We successfully cloned, expressed, and purified these three chimeric antigens. A peculiarity

about these proteins is that they seem to run higher on SDS-PAGE gel and are independent of

flexibility or dimerization (tested through 8M urea denaturation). Hence, we also validated them

through mass-spectrometry analysis. We aligned the peptide hits from mass-spectrometry and

observed the full length proteins being covered proving that the proteins are being expressed.

Given that we have taken only the beta sheets and highly antigenic stretches the folding of the

proteins is unnatural and requires further analysis using structural studies.

Table 4. A list of functional domains considered per subtype B PfEMP1 protein for generation

of chimeric varB.

The approach of reverse vaccinology has allowed scientists to identify the antigens of interest

and further use it for designing vaccines. Many studies, especially in viral pathogens, have

utilized this approach to narrow down multiple essential antigens (202, 204). To generate a

single target representing the pool of selected antigens, only the B-cell and T-cell-specific

peptides are taken and stitched to make a chimera. The advantage of this system is the

simultaneous representation of multiple proteins in a single administration, which cannot be

achieved in canonical vaccine preparations. This approach also gives the flexibility of choosing

the epitope to be displayed to the immune system, reducing the possibility of non-neutralizing,

non-specific, or otherwise unnecessary antibodies (224). Promising results are already shown in

flaviviruses, HPV, monkeypox virus, etc (225-227). At the same time, research is ongoing on
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parasitic diseases such as leishmaniasis, filariasis, ascariasis, and toxoplasmosis (203, 204, 206,

228).

Recent studies have used the IEDB-AR based epitope prediction for identifying the malarial

antigens on whole proteome levels. These findings also show that CSP and LSA-1 protein during

liver stage and MSP family, TRAP, and EMP proteins during blood stage are marked as proteins

containing significantly higher B cell epitopes (205). Interestingly, the AMA-1, MSP-1, PfEMP1

family, and GLURP are also characterized to have potential IL-10 inducing ability which helps

counterbalance the detrimental inflammatory response seen during blood stage infection.

Another study showed MSP-3, EBA-175, and SERA-5 to be highly immunogenic within the

pool of 14 merozoite antigens considered. Interestingly, the SERA-5 disordered region of

sequential serine residues (Table 3, SERA-5 peptide aa 207-231) is also shown as a strong

antigenic region with multiple epitopes by Azimi-Resketi et al in 2022. Their immune simulation

also showed SERA-5 to elicit highest amounts of IgG and IgM responses, but this has not been

validated in natural infections (229). Instead, MSP-3 and EBA-175 are known to have higher

IgG titres in malaria infected individuals (89). The RH-5 protein scored lower than other

invasion proteins in immunoinformatics approaches. Also the IgG titres of naturally infected

individuals against RH-5 antigen was suboptimal as compared to MSP family or AMA-1

proteins. Surprisingly, the vaccine formulation of specific RH-5 stretch has shown promisingly

high IgG responses and neutralizing activity in trials emphasizing on the use of epitopes instead

of whole protein vaccines (140). With our chimeric antigens covering the blood stage

successfully validated, we used them for further assays to confirm their antigenicity and

subsequent functionality.
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Chapter 3: Assessment of human immune responses against chimeric antigens

3.1 Introduction

The Plasmodium infection elicits both innate and adaptive immune responses. The innate

response consists of activation and clearance through the complement system and phagocytosis

through PAMP (27). The adaptive immune response mediated by T and B cells acts through

antigen recognition and subsequent antibody generation. These antibodies, primarily generated

against sporozoites and blood-stage antigens, neutralize the target or help in parasite clearance

through complement activation and antibody-mediated phagocytosis. The number of exposures

to the disease plays a crucial role in building protective immunity over time. Since the population

in endemic regions faces multiple infections, adults usually have a protective repertoire of

antibodies or so-called premunition that lowers the risk of clinical disease but does not provide

sterile immunity. This premunition is acquired slowly over time, is strain-specific, and

predominantly mediated through cytophilic IgG titer (89, 90, 107). Sero-epidemiology studies

involving IgG quantification have consistently proven effective in understanding malaria

transmission, surveillance, correlation of protectiveness, and identifying potential vaccine

candidates (230, 231).

The blood stage of malaria infection presents the parasite to the human immune system in two

distinct phases: i) the infected RBC phase, wherein the virulence proteins are exposed on the

surface of parasitized RBC, and ii) the merozoite phase, where the parasite is yet to invade into a

new RBC. Both these forms elicit an antibody response upon recognition by the human immune

system (104, 199). Mainly, the cytophilic IgG1 and IgG3 responses are known to be protective

and correlate with higher protection against the severity of the disease (87, 232). Recent studies

also demonstrate that IgM responses are crucial in parasite clearance and memory response (233).

During the iRBC phase, antibodies against PfEMP1 proteins show a reduced possibility of severe

malaria by inhibiting the blood capillaries' cytoadhesion, sequestration, and rosetting. A

longitudinal study in Papua New Guinea demonstrated that DBLɑ group-specific antibodies

strongly correlated with disease outcome (107). Although the PfEMP1 proteins are known for
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their diversity and mutually exclusive expression, a unique small subset of antibodies against as

little as 5% of PfEMP1 proteins is enough to keep the infection in a non-severe state. Similarly,

patients with clinical malaria having multiple rosettes show less abundance of anti-PfEMP1

antibodies, while individuals with uncomplicated malaria have relatively higher antibody titer

(105, 107, 147, 167-170). These studies indicate the essential role played by anti-PfEMP1 IgG-

specific antibodies in deciding disease outcomes in two possible ways such as 1) The blocking

of PfEMP1 and endothelial receptors/ RBC proteins adhesion reduces the sequestration and

hence subsequent low blood perfusion to the organs, 2) It likely keeps the iRBCs in circulation

increasing the probability of iRBC destruction via immune recognition and splenic clearance.

However, no evidence exists of higher anti-PfEMP1 antibodies and higher splenic clearance. In

iRBC phase II, the parasite, in the form of merozoite, is directly exposed to the immune system.

Several merozoite surface proteins elicit an immune response, and the generated antibodies for

many of the proteins are known to be neutralizing. IgG response against MSP antigens, AMA-1,

GLURP, SERA family of proteins, RH-5, RAMA, cyRPA, etc, are positive correlates of disease

outcomes, with many validated as potential vaccine candidates (87, 88, 139-145, 195, 222). As

many as 44 blood-stage antigens are considered for vaccine trials, and most of them had shown

promising IgG titers in patient samples upon natural infections (clinicaltrials.gov). However,

now it is well established that the breadth of an immune response against multiple of these

antigens is more important than the abundance of IgG against a single protein (89).

Hence, we wanted to test the IgG and IgM responses to the whole chimeric antigens and their

peptide counterparts.The proteins selected for making the chimeric antigens individually are

known to have neutralizing IgG and IgM responses, but are not considered collectively. IgG and

IgM responses in naturally occurring infections show promise that these antigens will be

functional as potential vaccine candidates.

3.2 Materials & Methods

3.2.1 Sample Collection
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The patient samples were collected from the region of Kolkata (Gautom laboratory), West

Bengal, and Bikaner (S.P. Medical College), Rajasthan—a total of 30 severe malaria samples, 29

of non-severe malaria and 30 samples of unknown severity. As a control, 19 samples of healthy

people who had no infection at the time of collection were also collected.

3.2.2 ELISA Assay

The purified chimeric antigens varB, MSP, and InvP at the concentration of 2 μg in 100 μl of

0.05 M carbonate buffer pH 9.6 (0.293 g NaHCO3 and 0.159 g Na2CO3 in 100 ml) per well were

coated onto the 96-well plate at 37℃ for 1 hour. The wells were blocked using 5% Bovine

Serum Albumin (BSA) made in 0.01 M PBST pH 7.4 for 1 hour at 37℃. The plasma separated

from patient samples was diluted to 1:2000, and 100 μl per well was added and incubated for 1

hour at 37℃. The wells were washed five times using 0.01 M PBST pH 7.4, then probed with

Goat anti-human IgG secondary antibody with HRP conjugated (Invitrogen 62-8420) for 1 hour

at 37℃. The wells were washed five times and developed using TMB substrate solution

(ThermoScientific N301) for 15 minutes in dark conditions. The reaction was quenched using

0.2 M H2SO4, and the absorbance reading was taken at 450 nm in an Ensight plate reader (Perkin

Elmer). A tetanus toxoid positive control and BSA negative control at the concentration of 2 μg

per well were used for every assay. Each antigen was probed in duplicate, and the entire ELISA

assay for patient samples was done at least N=2 times. The OD value was normalized and plotted

using GraphPad Prism 7.

3.2.3 Epitope Mapping Assay

A 16-array slide containing peptides specific to chimeric varB, varA, varC, MSP, and InvP,

along with control HA and polio peptides, was designed by PEPperPRINT Gmbh, Germany. The

peptide sequences for each construct with precise locations are in the Appendix 4. The handling

and protocol were followed as per the manufacturer’s instructions. Briefly, the slides were

hydrated using the wash buffer (0.05% Tween-20 in PBS pH 7.4) for 15 mins at room

temperature, followed by blocking for 30 mins using blocking buffer (Rockland blocking buffer

MB-070). Only secondary antibodies were added and incubated for 45 minutes to capture the

background signal noise (if any). The malaria-infected patient samples were used at dilution

levels of 1:1000 and 1:2000. A total of 19 patient samples that showed higher scores in ELISA
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were taken for this assay. For detection of IgG and IgM-specific antibodies, goat anti-human IgG

with DyLight 650 (Invitrogen SA5-10137) and goat anti-human IgM with DyLight 550

(antibodies-online ABIN612139) secondary at a concentration of 1:100 were used, respectively.

The in-house rabbit-generated antibodies against chimeric varB, MSP, and InvP were probed at a

dilution of 1:500. For IgG detection, goat anti-rabbit IgG tagged with cy3 (Invitrogen A10520) at

the concentration of 1:100 was used. All the primary antibodies were incubated overnight at 4 ℃

at 140 rpm shaking. The secondary antibodies were incubated for 45 minutes at room

temperature at 140 rpm. The images were taken using the Agilent SureScan G2600D system. At

the end of the assay, an anti-HA mouse monoclonal antibody with cy3 at the concentration

1:2000 was added to visualize the control HA peptides. Mapix software was used to analyze

fluorescence intensities. The rabbit-specific anti-varB, MSP, and InvP antibodies were probed

N=2 times on two separate microarray slides.

3.2.4 Epitope Mapping Assay Analysis

During the assay, images were taken three times. 1. After only secondary incubation to detect

any background signal. 2. After primary and secondary incubation. 3. After adding HA-specific

antibodies as technical control. For further analysis, image number 2 was uploaded to Mapix

software in tiff format and aligned to the proper orientation. The grid containing the peptide

location was placed on top of the peptide array, and fluorescence intensity was measured. After

background normalization, the values were plotted as arbitrary fluorescence units in GraphPad

Prism 7.

3.2.5 Immunoprecipitation using malaria-infected human serum

Plasmodium falciparum 3D7 parasites were harvested using the saponin lysis method at 10%

parasitemia and 3% hematocrit. The infected RBCs were washed with 1X PBS buffer, treated

with 0.15% saponin solution made in PBS, incubated at 37℃ for 15 minutes, and vortexed

vigorously. After lysis, the solution was centrifuged at 6000 rpm for 15 minutes at 4℃. The

parasite pellet was collected and further washed with PBS until clear and stored at -80℃ until

use. The pellet was lysed using lysis buffer (250mM Tris-Cl pH 7.5, 1mM EDTA, 1% IGEPAL,

5% glycerol, 1X PIC, 1mM PMSF, 150mM NaCl) by freeze-thawing in liquid nitrogen three

times. The lysed supernatant was separated at 12,000 rpm for 15 minutes at 4℃. The lysate was
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further used for pull-down using human serum. The lysate was pre-cleared by adding Sepharose

protein G beads (Invitrogen 101242) for 1 hour at 4℃. The pre-cleared lysate of 500 μg was then

added to a human serum sample, either infected with malaria at the time of collection or control

(10 μl per tube) and incubated overnight at 4℃ and 8 rpm. For antibody pulldown, protein G

beads at a fraction of 1/20th were added and further incubated for 4 hours at 4℃ and 8 rpm. The

antibody-bound beads were washed using PBS and eluted using 100 mM glycine pH 2.5.

3.2.6 Mass-spectrometry

The elute collected from immunoprecipitation was reduced using 10 mM of dithiothreitol (Sigma

D9779) for 45 minutes at 60℃ and 8 rpm, alkylated using 10 mM Iodoacetamide at room temp

dark condition for 15 minutes (Sigma A3221), and trypsinized using sequencing grade modified

trypsin (Promega V5111) overnight at 37 ℃ and 800 rpm. The trypsinized peptides were

acidified using 1% formic acid and desalted on the C-18 column. The mass-spectrometry run

was done on the Sciex tripleTOF6600 system, and analysis was done on MaxQuant software.

The peptides having a unique peptide count above five and absent in control conditions were

considered as hits.

3.3 Result

3.3.1 The chimeric antigens show the presence of naturally circulating antibodies

The chimeric antigens constructed have the antigenic stretches stitched together to form a protein.

It is essential to validate the exposure of the human immune system to these peptides and

measure the extent of naturally circulating antibodies present against the chimeric antigens. To

understand the human immune response towards these antigens we performed ELISA assay and

quantified the IgG titer against purified chimeric antigens. Malaria-infected individuals react

significantly against chimeric varB, MSP, and InvP compared to healthy controls (Figure 3.1).

The mean OD of malaria-infected individual serum for chimeric varB, MSP, and InvP was

observed to be 0.483, 0.559, and 0.56, respectively. We divided the serum samples based on their

disease severity status into severe malaria (as defined by WHO guidelines), non-severe malaria,

random malaria (where the severity status was unknown), and control group. The severe malaria

samples react significantly more toward the chimeric MSP and InvP construct (Figure 3.2).
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Figure 3.1. The chimeric antigens varB, MSP, and InvP show naturally circulating antibodies

in malaria-exposed individuals. The plots depict OD values of IgG response against chimeric

varB, MSP, and InvP in healthy individuals vs malaria patient samples.

One of the 30 severe malaria patient samples had a significantly higher response toward the

chimeric varB construct. This could be owing to the diversity of PfEMP1 protein expression

during infection. Since the construct has eight PfEMP1 proteins combined in antigenic stretches,

the selected cohort in India may have exposure to the PfEMP1 subtype other than varB. We

validated the constructed chimeric varB, MSP, and InvP antigens through ELISA and observed a

significant titer of naturally circulating IgG antibodies.

Figure 3.2. Chimeric antigens show the presence of significant IgG titers in severe forms of

malaria. The plot depicts the OD of IgG responses against the chimeric varB, MSP, and InvP
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antigens in healthy individuals compared with malaria-exposed individuals categorized in

non-severe and severe malaria. (Unknown severity are patients diagnosed with P. falciparum

infection, but the severity status was undefined)

3.3.2 Individual peptides show the heterogeneity of immune response

The ELISA assay accounts for the immune response to the entire chimeric construct but not at

the peptide level. The precise contribution of each selected peptide in the immune response seen

is crucial to understanding the immune response against these chimeric constructs. We

performed epitope mapping peptide-microarray to achieve a peptide-level resolution of antibody

responses, allowing the in-depth understanding of antibody responses against unique peptides

and heterogeneity seen in the human immune response. The 16-array slide containing 20-mer

peptides of chimeric varB, MSP, InvP, varA, and varC, along with HA and polio control, were

probed with serum of malaria-infected individuals (Figure 3.3).

Figure 3.3. A single array image containing peptides against chimeric varB, MSP, InvP, and

control varA and varC, along with HA and polio peptides. Once the image is captured, a grid

containing peptide coordinates is aligned on top of the image, and fluorescence intensity is

taken.
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We observed the human IgG and IgM responses against the selected peptides through the assay.

As expected, a wide range of reactivity was observed, positively correlated with the ELISA assay.

All the peptides selected had IgG reactivity against them with maximum towards the peptide

from proteins PF3D7_1300100 and PF3D7_1200100 belonging to chimeric varB (Figure 3.4).

The average IgG and IgM response shows a wide range of heterogeneity, which was expected

since the PfEMP1 genes are known to switch and have diverse expression in natural infection

settings. Since not all PfEMP1 proteins are expressed in all individuals, a combined approach is

more relevant and covers multiple virulent proteins.

Figure 3.4. A peptide mapping microarray against chimeric varB peptides shows a

heterogeneity of IgG responses in patient samples. A graph on the right shows cumulative IgG

response per protein in each patient sample.

The chimeric MSP construct showed uniform reactivity across the peptides selected (Figure 3.5).

Four patient samples showed reactivity against 75% of the peptides used, while a broad range of

reactivity was seen against the peptides belonging to AMA-1 and MSP-3. The average IgG

response per protein showed a trend where AMA-1, MSP-1, and MSP-2 showed the highest IgG
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peaks in different patient samples with no overlap. While MSP-3 antibodies were present in

lower titres, they were present across all 19 patient samples (Figure 3.5).

Figure 3.5. Peptide mapping microarray showing the heterogeneity of IgG response against

chimeric MSP protein. A graph on the right indicates cumulative IgG responses per patient

against individual proteins taken in the design of chimeric MSP.

The peptides of the chimeric InvP construct had a steady IgG reactivity across. The peptides

belonging to RH-5 and SERA-5 proteins showed maximum reactivity in 8 out of 19 patients

(Figure 3.6). After analyzing the average IgG per protein approach, we saw one dominating

protein being recognized in the patient samples. The patient samples with the highest SERA-5

antibodies show a lower recognition by other proteins. Similarly, where the expression of EBA

175 or RH-5 was maximum, the IgG response to other proteins was lower (Figure 3.6).
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Figure 3.6. Peptide mapping microarray showing heterogeneity of IgG responses against

peptides of chimeric InvP. A graph on the right indicates a cumulative IgG response per

protein in individual patient samples.

We also looked for IgM responses against the antigens and observed a trend similar to that of

IgG (Figure 3.7). The IgM response in chimeric varB was higher in peptides belonging to

PF3D7_1300100, PF3D7_1200100, and PF3D7_0937800 (Figure 3.7 A). The heterogeneity

expected in the exposure to the PfEMP1 proteins was seen across IgG and IgM response to the

chimeric varB construct. Specific patient samples had antibodies against all of the peptides used

in the construct, while others showed very protein-specific responses. IgM response against

chimeric MSP showed higher breadth towards AMA-1 peptide followed by MSP-1. Around 10

samples out of 19 had strong IgM responses against all peptides used (Figure 3.7 B). For

chimeric InvP, the IgM response was higher in peptides of RH-5, one peptide in SERA-5, and

GLURP (Figure 3.7 C). All the proteins selected for the chimeric construction are known for
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their polymorphic nature; hence, the immune response variation was as expected. Thus, a

comprehensive analysis revealed extensive IgG and IgM responses in patient samples targeting

the full spectrum of peptides incorporated into chimeric antigens and that every host produces

varied levels of IgG responses against different proteins. This result clearly indicates why a

single protein vaccine works only on a subset of the population and fails to elicit a protective

antibody response in all individuals. To achieve a threshold of protective immune response

considering multiple antigens is a necessity. This underscores the imperative to shift from

singular protein candidates to multi-protein chimeric antigens when developing vaccines. This

necessity arises from the intrinsic polymorphic diversity inherent in antigens, showcasing the

essentiality of a broader immune response for effective vaccination strategies.
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Figure 3.7. Peptide mapping microarray showing the heterogeneity of IgM responses against

chimeric varB (A), MSP (B), and InvP (C).

3.3.3 Proteins selected for chimeric antigens are exposed to the Indian malaria-exposed

cohort

We also performed Immunoprecipitation followed by mass-spectrometry of parasite lysate using

serum samples of malaria-infected individuals of the Indian cohort. The selected eight proteins

were also exposed in the patients during natural infection, confirming our selected chimeric

antigens. The heterogeneity of var proteins expression and antibody titer was clearly seen within

these candidates (Figure 3.8). A consistent immune response was observed against

PF3D7_0300100, PF3D7_1133400, PF3D7_0206800, and PF3D7_1035400 across three patient

samples selected. It is well known that cytophilic IgG antibodies against the proteins considered

in the generation of chimeric antigens are known to be protective and correlate positively with

disease survival. Hence, the IgG response against the designed antigens is also very likely to be

highly protective against the infection.

Figure 3.8. A mass-spectrometry analysis of patient serum IP shows the presence of IgG

antibodies against the proteins taken for constructing chimeric varB, MSP, and InvP antigens.
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The heatmap shows the presence or absence of IgG antibodies. The analysis considered a

unique peptide count of 5 and above with a confidence score of 95%.

3.4 Discussion

The adaptive immune response towards the malaria antigen has been the basis of malaria

detection, diagnosis, elimination, and vaccine preparations. The presence of cytophilic IgG and

IgM often indicates that the antigens are immunodominant and are a point of target for immune

clearance (232, 233). The proteins taken for designing chimeric antigens in their full-length

expressed form are already known vaccine targets. The IgG responses against them are known to

be functional either for neutralization or by antibody-dependent phagocytosis (87, 88, 90, 140,

142-146, 195, 219, 222). In our study, we see that the chimeric fusion of these proteins is well-

recognized by the human immune system. The epitopes on the antigen surface show naturally

circulating IgG (all subclasses) antibodies against them in patient sera. The titer of IgG

antibodies was significantly higher in individuals diagnosed with severe malaria. This

emphasizes that the epitopes selected are more exposed in severe malaria infection cases than

non-severe, and hence, having antibodies against them can act as a severity-determining factor.

An entire chimeric antigen can have specific epitopes that are sterically unexposed. A better

conclusion can be drawn when the human immune response is observed against individual

peptides selected. The peptide mapping microarray showed that each selected peptide had IgG

and IgM response in patient sera, confirming that the selected peptides were immunodominant.

We also observed the heterogeneity in the titer of IgG and IgM against the peptides. This shows

that not all proteins are exposed to the immune system with the same intensity, and parasite

redundancy plays a role in determining the antibody responses. Especially in the chimeric varB

construct, the DBL domain of PF3D7_1300100 had highest IgG reactivity and was present

across 14 patient samples out of 19, followed by DBL domain of PF3D7_0324900 and

PF3D7_0300100 having IgG response in 6 and 5 patient samples out of 19 respectively. The

CIDR domain has a prominent IgG response in 3 patient samples. These domains are crucial in

the process of cytoadhesion and having antibodies against them can potentially reduce the

disease severity. The chimeric InvP construct showed a mutually exclusive group of patient

samples that show IgG reactivity against SERA-5 and RH-5 indicating that either one antigen



74

was presented to the host system (Figure 3.9). While the seroreactivity to EBA-175 and GLURP

was lower in most patient samples. We observed the IgM response to be more prominent than

IgG in terms of abundance as well as the breadth of antibody responses. Since, the clinical data

of sample collection time, stage of infection, age, and previous exposure status was unknown to

us we could not conclude further regarding the difference in IgG and IgM responses. Most

possibly these patient samples are early in the infection cycle (2-3 weeks) based on higher titer

and breadth of IgM antibodies than IgG.

Figure 3.9. A graph showing normalized fluorescence intensity arising from each protein

considered in generation of chimeric InvP across 19 patient samples. A clear mutually

exclusive IgG reactivity is seen against SERA-5 and RH-5.

Our peptide mapping microarray considered only the in silico selected peptides of the selected

antigens. The presence of antibodies against these antigens in their native form was also

observed in IP-MS analysis of three patient samples. A comprehensive peptide mapping array of

all immune-exposed blood stage antigens in their native conformation along with an IP-MS of

higher patient cohort number can provide a better list of epitopes for future studies. Nevertheless,
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the heterogeneity we observed with our selected peptides emphasizes the need for a vaccine that

targets more proteins of essential pathways such as immune evasion and parasite reinvasion.

Covering multiple epitopes may confer enough protectivity to keep the disease asymptomatic.

Although we see the presence of IgG and IgM, it will be interesting to determine if these

antibodies are functional through neutralization, antibody-dependent FCɣR activation, and

phagocytosis.



76

Chapter 4: Anti-chimeric varB antibodies can inhibit cytoadhesion

4.1 Introduction

During its erythrocytic stage, the parasite synthesizes and exports a large polymorphic antigenic

protein PfEMP1. This protein expression is seen 18 hours post-invasion with abundant mRNA at

the late ring stage (16-18 hpi) (234). Expressing these proteins renders two key phenomena to the

parasite, i.e., cytoadhesion and rosetting. The cytoadhesion process allows the parasite to remain

bound deep within capillaries and is absent from peripheral circulation. These late-stage

deformed iRBCs hence can avoid the splenic clearance. Similarly, the rosette structure allows the

iRBCs to remain sterically hindered by immune cells, delaying immune detection. This

sequestration of iRBCs obstructs blood vessels and can lead to organ failure. Although the

parasite is hidden well within the RBC, these PfEMP1 proteins are surface-exposed, recognized

by the immune system, and cleared from circulation. A small proportion of parasites can switch

the isoform of PfEMP1 protein and persist in the infection cycle—a typical lab strain of P.

falciparum harbors around 60 var genes that act as switching repertoire (235). An additional

complication of PfEMP1 is that they show mutually exclusive expression, which means a

population of parasites majority expresses a single var gene at any given time. The synchronicity

of the PfEMP1 expression and the mechanism behind switching are still being explored in the

field.

The PfEMP1 isoforms have defined structural domains and are huge proteins (200-350 kDa).

The var gene typically shows two exons, with one encoding the polymorphic extracellular

domain and two encoding the more conserved intracellular domain. The extracellular domain

contains semi-conserved N terminal sequences (NTS) followed by variable DBL, CIDR, and C2

domains. The NTS operates to transport the protein beyond the parasitophorous vacuole into the

host RBC, while the DBL and CIDR domains show adhesive phenotype against the endothelial

receptors. Further, the DBL domain is classified into α, β, γ, δ, ε and χ with each domain further

classified into ten semi-conserved (A to J) and ten variable (1-10) blocks which impart the

presumed affinity for binding. The CIDR domain is also classified into α, β, and γ. The

arrangement of certain DBL and CIDR domains make up the domain cassettes (DC) that show
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specificity in receptor affinity (Figure 4.1). The ATS is a relatively conserved region and is

believed to function as an anchor for placing the PfEMP1 protein into the RBC cytoskeleton with

the help of KAHRP proteins. The arrangement of PfEMP1 is such that NTS is always followed

by DBL1α and can contain additional one to six DBL domains and one to two CIDR domains

(152, 236-238). These domain structures in combination show affinity for CD36, ICAM-1,

EPCR, VCAM-1, PECAM-1, thrombospondin, ELAM, E-selectin, and P-selectin, While CSA,

hyaluronic acid and IgG are mediating molecules for placental malaria (154).

Figure 4.1. A schematic representing the PfEMP1 protein structure, domains present, and the

possible receptor interaction. (Adapted from Jensen et al., Immunol Review, 2020 (104))

Out of all the endothelial recpetor ICAM-1 is a receptor of particular interest in the context of

severe malaria. It is receptor belonging to the immunoglobulin superfamily and present on

diverse cell types such as endothelial cells, leukocytes. It is a membrane glycoprotein of 85-110

kDa size and contains five IgG-like domains (239). It is known to be expressed on the

endothelial cells of brain microvasculature and is known to get upregulated upon

proinflammatory conditions such as the presence of TNF-⍺ cytokine (240). The ICAM-1

expression was seen to be upregulated upon CM conditions and there was an evident

colocalization of ICAM-1 expressing cells with sequestered iRBCs in patient autopsy samples

(241).

It is observed that multiple exposures to malaria infection do not confer sterile immunity but

instead reduce the severity of the infections, and the presence of anti-PfEMP1 antibodies is a

significant contributing factor in the disease outcome. The acquisition of immunity against
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PfEMP1 proteins causing severe malaria is believed to happen within a few exposures (early in

life), probably because these genes are antigenically conserved. The PfEMP1 genes causing

uncomplicated malaria are diverse, and acquiring immunity against these proteins takes many

exposures and a higher breadth of antibodies against diverse PfEMP1s (107, 167).

It is shown that DBL⍺ group 1-3 play a significant role in causing cerebral malaria through

ICAM-1 and EPCR binding, and the presence of anti-DBL antibodies correlates positively with

disease outcome (170, 242). Similarly, the CIDR domains show binding for CD36 receptors, and

antibodies can inhibit this binding (168). Active efforts are being put into designing a vaccine for

the var2csa gene that shows an affinity for chondroitin sulfate during pregnancy. Since this is a

one-gene-one receptor interaction, it is easier to target as a vaccine. Variations in var2csa are still

challenging, making a strain-transcending vaccine strategy difficult (171). Theoretically, an

epitope mix vaccine covering the PfEMP1 repertoire should mimic the multi-exposure

conditions. The idea is to build enough anti-PfEMP1 antibody breadth through vaccination to

reduce the sequestration and, thereby, the severity of the infection. The chimeric varB antigen

covers multiple DBL , CIDR , and DBL domains through the most antigenic B-cell epitopes.

An immune response comprising antibodies against these peptides should be neutralizing in

nature during the cytoadhesion process. To understand the blocking efficiency of chimeric varB

antigen, we generated a polyclonal antibody response against the antigen in rabbits. The IgG

fraction was purified and used in a cytoadherence assay. We find that the anti-chimeric varB

antibodies can inhibit the ICAM-1 mediated cytoadhesion to human brain endothelial cells.

4.2 Materials & Methods

4.2.1 Generation of polyclonal antibodies
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500 μg of purified chimeric varB antigen was loaded onto 10% SDS-PAGE gel and separated

(this was done to separate only the antigen), and the band corresponding to varB was cut out.

The gel pieces were crushed into a fine powder in a mortar and pestle by repeated freeze-thawing

in liquid nitrogen. The fine powder was resuspended in 1x PBS mixed with an equivalent volume

of Freund’s complete adjuvant (Sigma F5881) and injected in a New Zealand white male rabbit

sub-cutaneously (age ~ one year and four months, weight 3.4 kg). A pre-immune serum was

collected just before the injection. A booster schedule of 3 weeks was maintained with 300 μg of

protein injection with Freund’s incomplete adjuvant (Sigma F5506) and bleed collection every

two weeks. A total of five boosters were given, and five bleeds were collected. The antibody

generation was done at National Facility for Gene Function in Health and Disease, IISER, Pune.

4.2.2 Purification of varB IgG fraction

The bleed 4 and 5 fractions were diluted in 1X PBS, passed through 0.2 μm filters, and incubated

with sepharose protein G beads (Invitrogen 101242) overnight at 4℃ and 8 rpm. The supernatant

was removed by centrifuging at 1200 rpm, and the beads were washed with 1x PBS thrice. The

antibodies were eluted using 100 mM Glycine with pH 2.5, dialyzed against 1x PBS, and stored

with 25% glycerol.

4.2.3 A) Plasmodium falciparum culturing

The 3D7 strain of Plasmodium falciparum was cultured as per the protocol given in (243). The

culture was maintained in RPMI-1640 base media (Sigma R6504) having 0.5% AlbuMAX I

(Gibco 11020021), HEPES 25mM, hypoxanthine 100 μM (Sigma H9636), Sodium bicarbonate

1.77 mM, glucose, 12,5 μg/ml of gentamicin and incubated in 37℃ humidified incubator having

5% CO2. The parasitemia was maintained at 5% with 3% hematocrit using O+ human RBCs

taken from random healthy donors (KEM hospital, Pune). The parasites were synchronized at the

ring stage using 5% sorbitol and at matured schizont using percoll gradient at 63%.

B) Freezing and thawing of P. falciparum culture
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For freezing the parasite lines, synchronized ring stage culture showing healthy growth for the

last 3 cycles was pelleted down and media supernatant was removed. The pellet was mixed with

equivalent volume of freezing solution (0.28% glycerol, 0.03% sorbitol, and 0.0065% NaCl) and

immediately aliquoted in freezing vials. The vials were snap frozen in liquid nitrogen and stored.

For thawing the parasite line the cryovial was incubated at 37℃ for one minute for a quick thaw.

The pellet was transferred to a falcon and added with equivalent volume of sterile 3.5% NaCl

solution drop-wise. The suspension was swirled well and incubated for exactly one minute at

room temperature and immediately quenched by adding 5 ml of complete media. The suspension

was centrifuged at 300 rcf for 5 minutes and the pellet was resuspended in complete media at the

hematocrit of 3%. The growth was monitored everyday till ring forms were seen.

4.2.4 Endothelial cell culture

The human brain endothelial cells (HBEC-5i) were kindly gifted by Dr. Hem Chandra Jha

(Indian Institute of Technology, Indore). The cells were always passaged between four and seven

for cytoadhesion experiments. For cell growth and maintenance, DMEM-F12 with L-glutamine

(HiMedia AL139A), 10% Fetal Bovine Serum (HiMedia RM 9955), and 0.04 mg/ml Endothelial

cell growth factor (ECGS) (Sigma 02-102) were used. For sub-culturing, the cells were washed

with DPBS solution trypsinized using 1X trypsin-EDTA; the confluency was kept between 70-

90%, and the plates were coated with 0.1% gelatin before the seeding. The cells were incubated

at 37℃ humidified incubators with 5% CO2.

4.2.5 Western blotting

For inducing proinflammatory-like conditions, the cells were treated with 10 ng/ml of TNF-ɑ

(Invitrogen A42552) for 6-8 hours. The cells were harvested by trypsinization and lysed using a

lysis buffer. For control, HEK-293T cells were used. Equal amounts of lysates were loaded and

separated at 10% polyacrylamide gel and transferred to the PVDF membrane using a semi-dry

transfer method using Towbin buffer. The blot was probed using anti-ICAM-1 antibody

(Invitrogen PA596365),anti-CD 36 (Invitrogen PA527236), and anti-gamma tubulin (Sigma

T6557).
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4.2.6 Static cytoadhesion assay

The HBEC-5i cells at 70-90% confluency were washed with DPBS and later with RPMI-1640

complete media. The 3D7 parasite culture of 5% parasitemia and 3% hematocrit at trophozoite

and schizont stage was added onto the HBEC-5i cells and incubated with or without anti-varB

antibodies for 1 hour at 37℃ with intermittent shaking. The cells were washed with 1X PBS

three times to remove unbound iRBCs. The bound cells were fixed using 1% glutaraldehyde and

stained with 10% Giemsa solution for 20 minutes at room temperature. The bound iRBCs were

visualized under 20X on a Leica DM750 microscope with a Flexacam C3 color camera. For

analysis, 15-20 random fields were taken, and the number of HBEC-5i cells and iRBCs were

counted. The data is plotted as a ratio of iRBCs to HBEC-5i cells.

4.2.7 RNA-sequencing

The iRBCs showing strong adhesion to HBEC-5i cells were removed with 1X PBS (stringent

washes) and passed through cellulose-packed column filters. This separates the iRBCs from

HBEC-5i cells. The enriched iRBCs were added to trizol (TAKARA RNAiso 9109), and total

RNA isolation was done by adding 0.2X volume of chloroform to the trizol fraction and

centrifuged at 13,000 rpm for 30 minutes at 4℃ followed by precipitation using 0.8X

isopropanol for 30 minutes at room temperature. The RNA pellet was separated at 13,000 rpm

and washed using 70% ethanol and eluted in 20 μl of nuclease free water. The RNA amount was

tested using the Qubit fluorometer (Invitrogen). For mRNA enrichment, the NEBNext poly(A)

mRNA magnetic isolation module (NEB E7490S) was used per the manufacturer's instructions.

The RNA library prep was done using the NEBNext Ultra II RNA library prep kit (NEB E7775).

The sequencing was done on the Illumina 550 platform with a high-output 75-cycle paired-end

kit.

4.2.8 RNA sequencing data analysis
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The raw files were demultiplexed using bcl2fastq. The paired-end files were subjected to quality

control using FastQC. The adapter sequence was removed using TrimGalore. The sequences

were aligned to the Plasmodium genome using HiSAT2 and converted to count files. All genes'

transcript per million (TPM) were generated using StringTie. The TPM for var genes was plotted

from highest to lowest using GraphPad Prism 7.

4.2.9 Rosetting assay

A) Wet Mounting

The 3D7 parasite culture was maintained at 5% parasitemia, and 3% hematocrit was

supplemented with heat-inactivated A+ serum at 65℃ to facilitate the rosette formation. The

Culture was incubated with or without anti-varB antibodies or heparin in a total of 500 μl of

suspension at 37℃ for 1.5 hours at 8 rpm. For staining the rosettes, the suspension was added

with acridine orange (HiMedia TC262) solution in equivalent volume and incubated for 20

minutes at room temperature at 8 rpm. A wet mounting was done under a coverslip, and rosettes

were observed in an EVOS fluorescence microscope (at 488 excitation). Randomly, five fields

per condition were taken, and a rosette was defined as a cluster of two or more RBCs

surrounding a fluorescent positive RBC.

B) Flow cytometry

The protocol for counting rosettes by FACS was adopted from Chapter 37 (Malaria Immunology)

(244). Briefly, the culture was maintained as mentioned above for rosette formation and stained

with 1X DAPI and Dihydroethidium (DHE) for 1 hour at room temperature. The stained culture

was split into aliquots of 500 μl and treated with or without anti-varB antibodies or heparin. The

sorting was done based on area vs width, and the multiplet population was counted. The

experiment was done N = 3 times and plotted as a comparison with the control condition, which

had no antibody addition.

4.3 Results



83

4.3.1 HBEC-5i cells express the ICAM-1 receptor upon inflammatory conditions

The parasites show adhesion to host endothelial receptors using the virulence genes. Herein, we

have used the model of HBEC-5i cells derived from the endothelial lining of human brain tissues.

The sequestration of iRBCs in the brain microvasculature is known to cause obstruction and

damage and is also the leading cause of cerebral malaria. The primary receptor for the PfEMP1

interaction during cerebral malaria is ICAM-1. Many reports suggest that fever-like conditions

and inflammatory response during the malaria infection help in the process of cytoadhesion. Pro-

inflammatory cytokines are known to increase specific endothelial receptors' expression and lead

to vascular integrity loss. These changes further aid the parasite in adhering to the endothelial

cells. One cytokine, TNF-ɑ, is known to upregulate the expression of ICAM-1 by creating pro-

inflammatory-like conditions (105, 169, 240, 241). To mimic these conditions, the HBEC-5i

cells were primed with TNF-ɑ, as previous reports suggest (245). Upon treatment, we observed

the expression of the ICAM-1 receptor on the HBEC-5i cells, which was absent/not detectable

without the TNF-ɑ. We also checked for the expression of the CD36 receptor (known to be

absent on HBEC-5i cells) and, as expected, could not detect the expression (Figure 4.2). We

considered HEK-293T cells as a technical negative control for expression of ICAM-1 and CD36

as these receptor are known to be absent in HEK-293T cells.Therefore, the primed HBEC-5i

cells can be further used for the cytoadherence assay.

Figure 4.2. A western blotting image of HBEC-5i cells with and without TNF- treatment.

Left blot (probed with anti-ICAM 1 antibodies) shows expression of ICAM-1 (85 kDa) upon
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TNF- . Right blot probed with anti-CD36 shows absence of CD36 (expected size 53 kDa) in

HBEC-5i cells. HEK293T cell lysate used as a negative control. Actin probing in all

conditions show an equal loading.

4.3.2 Standardization of cytoadhesion assay

The primed HBEC-5i cells were co-incubated with healthy RBCs as control (at 3% hematocrit)

or 3D7 parasite culture. The healthy, uninfected RBCs showed no affinity towards the HBEC-5i

cells. The iRBCs were clearly seen to be adhering to the HBEC-5i cells (Figure 4.3 A). To

further confirm that the bound RBC harbors a parasite within it, we stained the cells and

observed them under 100X objective and could clearly observe parasites inside the RBCs

displaying the cytoadhesion phenotype (Fig 4.3 B). It was evident that the 3D7 parasite line does

show cytoadhesion to the primed HBEC-5i cells, and it can be further used to test the efficacy of

anti-varB antibodies.

Figure 4.3. Static cytoadhesion assay done using co-incubation of primed HBEC-5i cells and

iRBC culture A. Images showing the affinity of iRBCs for primed HBEC-5i cells while uRBCs

do not show any affinity. B. A 1000X magnified image of cytoadhered iRBC showing harbored

trophozoite. The cells were fixed and stained with 10% Giemsa and capture on Leica DM750

with Flexacam C3 color camera system. (Scale bar: 80μm)

4.3.3 RNA sequencing shows enrichment of chimeric varB specific PfEMP1 genes
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We could mimic the cytoadhesion using the primed endothelial cells, but the parasite is known to

have a repertoire of 60 virulence genes that can mediate the cytoadhesion. To understand the var

gene expression in the bound iRBC pool, we did RNA-sequencing of the adhered iRBCs. The

bound iRBC sample showed 80.60 % mapping to the Plasmodium genome. Our primary interest

was to observe if the genes selected in constructing chimeric varB are expressed in the bound

iRBCs pool. As compared with the unbound 3D7 parasites, the adhered iRBC pool showed

enrichment of varB genes. The most enriched gene was PF3D7_0420700, followed by

PF3D7_0412400. Both genes belong to the subclass varC. The genes used in constructing

chimeric varB appear to be enriched in the population, with PF3D7_1200100 being the third-

most expressed. Pf3D7_0937800, Pf3D7_0400100, Pf3D7_0300100, and Pf3D7_0500100 were

also expressed in the bound population (Figure 4.4 B). While in control, where parasites are not

enriched, the most expressed genes were PF3D7_0711400, PF3D7_0412400, and

PF3D7_1240600 (Figure 4.4 A). The genes selected for chimeric varB were among the least

expressed in the non-enriched culture. Since the approach used is bulk RNA sequencing, the

effect seen is an average of the population, and individually, a tiny subset of parasites may still

express diverse var genes. With this RNA sequencing, we confirmed that our genes of interest

are expressed in the adhered population, and the assay setup of cytoadhesion can be used to test

the efficacy of anti-chimeric varB antibodies in inhibiting this interaction further.
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Figure 4.4. Transcript per million (TPM) of PfEMP1 genes in A. Control 3D7 line with no

enrichment on HBEC-5i cells. B. 3D7 cells after enrichment for affinity against primed

HBEC-5i cells. The genes considered in the generation of chimeric varB construct are

highlighted in red bars.
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4.3.4 Anti-varB antibodies show inhibition of cytoadhesion

To test the efficacy of the raised antibodies against the chimeric varB antigen, we co-incubated

the cytoadherence assay setup with a range of anti-varB antibodies. An evident decline in the

adhered parasites was seen in a range of 2.5 μg to 20 μg per 500 μl of culture (Figure 4.5).

Surprisingly, the decline was not antibody-concentration-dependent as 2.5 μg and 20 μg showed

more or less the same amount of inhibition. Moreover, we did not observe complete inhibition of

cytoadhesion. Since the population expressed var genes other than those selected in chimeric

varB, it is intuitive that baseline cytoadhesion may still exist.

Figure 4.5. A boxplot showing the ratio of iRBCs per HBEC-5i cells across the anti-chimeric

varB antibody concentrations seen in a cytoadherence inhibition assay. One-way ANOVA,

Multiple comparison test P< 0.0001.

4.3.5 Anti-varB antibodies show inhibition of rosette formation

Apart from cytoadhesion, the virulence genes also show the ability to bind to uninfected RBCs.

This rosetting phenomenon helps the iRBCs avoid immune detection. The PfEMP1 genes are

known to form these rosette structures by interacting with the RBC receptors. The rosette

structures were induced using 10% human serum addition, as mentioned in (244). The rosette

structure of multiple uninfected RBCs surrounding the iRBC was clearly visible (Figure 4.6 A).

The counting of rosettes was done using FACS sorting, where the area versus width of a rosette
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cluster was considered (Figure 4.6 C). The uRBC control was set to demarcate the singlets; any

deviation to the area versus width ratio was considered multiplets (Figure 4.6 B).

Figure 4.6. Experimental approach for identifying and quantifying the rosette structures. A. A

3D7 parasite line showing loose rosette formation in 10% human A+ serum. Central iRBC is

stained using acridine orange dye. (Scale bar: 80 μm) B. A gating was done using uRBC

control. C. iRBCs positive for DAPI and DHE (Q2 quadrants) were subjected to width vs area

analysis and gates based on low (singlet) and high (multiple) areas. (Method adapted from

Quintana & Ch’ng, Malaria Immunology: Targeting the Surface of Infected Erythrocytes,

Methods in Molecular Biology, vol. 2470, Chapter 37, 2022 (244))

An evident decline in rosette structures was seen after treating the culture suspension with anti-

varB antibodies (Figure 4.7). For analysis, the rosettes formed in iRBCs without any treatment

were considered 100%, and the test conditions were compared with this control. However, we

did not see a complete decline dependent on antibody concentration. Since PfEMP1 proteins

other than the chimeric varB family rifins and stevors are known to form rosettes, it is expected

that rosette formation would not be affected entirely (103). Overall, we observe a decline in

rosette formation when treated with anti-varB antibodies.
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Figure 4.7. A plot showing % of rosettes formed in anti-chimeric varB antibody addition

across different conditions. One-way ANOVA, Multiple comparison test P<0.05.

4.3.6 Rabbit IgG fraction is specific to chimeric varB peptides

As a further confirmation of rabbit IgG specificity for the chimeric varB antigen, we used the

array designed in the peptide mapping microarray. We observed these IgG antibodies to be

specific towards peptides of chimeric varB antigen (Figure 4.8). The intensities of chimeric varB

specific antibodies were normalized to the intensities of only rabbit IgG control. All 29 peptides

showed a presence of IgG fluorescence spot with 6 peptides showing higher intensity of immune

response against them. These 6 peptides in comparison were more immunodominant and

belonged to the PF3D7_1200100, PF3D7_1300100, and PF3D7_0400100 proteins.
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Figure 4.8. A plot showing the normalized fluorescence intensity of anti-chimeric varB

antibodies (polyclonal IgG response of immunized rabbit) against the peptides used in the

construction of chimeric varB antigen. All peptides are spotted in duplicate and plotted side-

by-side.

4.4 Discussion

The cytoadhesion and sequestration led by the PfEMP1 proteins are majorly responsible for the

severity associated with malaria. Specifically, the ICAM-1 and EPCR binding of parasite lead to

sequestration in brain microvasculature and obstruction to blood flow (103, 154). It is well

known that acquired humoral immunity to various PfEMP1 proteins correlates with reduced

severity. Hence, the breadth of antibody response plays a major role in disease outcome (107).

The varA subtype is more confidently associated with cerebral malaria and is thought to acquire

immunity faster with the first few exposures (105, 246). Subtypes B and C appear later and

manifest as uncomplicated malaria, and an antibody response is gradually built (167). In our

construct, we have taken the functional domains belonging to varB as proof of principle. The

antigenic peptides stitched originated from DBL⍺ , CIDR⍺ , and, majorly, DBLẟ.
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The 3D7 strain showed efficient binding to the primed HBEC-5i cells through the PfEMP1 genes

selected to construct chimeric varB antigen. We observed that this binding was significantly

reduced when the anti-chimeric varB IgG fraction was co-incubated with the cytoadhesion assay.

The IgG antibodies generated in rabbits were specific to the chimeric varB antigen, confirmed

using a peptide mapping array experiment (details of the method are in Chapter 3). Herein, we

observed the inhibition of cytoadhesion with the ICAM-1 receptor, an interaction well known for

causing sequestration in cerebral malaria cases. However, given that the peptides are taken from

varB subtypes with higher affinity towards CD36, we predict these inhibitions will be enhanced

CD36 receptor interactions. The antibodies could also partially inhibit the rosette formations, but

the effect was not seen to be significant.

A combined approach in targeting the PfEMP1 proteins will help tackle the severity of malaria

infection. The tissue-specific sequestration shown by different var proteins leads to severity in

different organs. This tissue tropism is aided by differences in the endothelial receptors and var

genes expressed. There are multiple significant sequestration sites, such as the brain, skin,

kidneys, intestines, etc., that lead to complications during malaria (154). The PfEMP1 subtypes

that are known to interact with these receptors also vary—a comprehensive map of the PfEMP1

subtype to endothelial receptor binding is still not elaboratively made in the field.

The major drawback with these cytoadherence assays is that the PfEMP1 to receptor affinities

are tested in static conditions. A co-incubation in a culture plate fails to represent the

complexities present in the human vasculature. The interactions are highly dependent on the

lumen diameter, shear stress, and fluid rate, and it is essential to test the affinities and their

subsequent inhibitions in the best physiological conditions possible.
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Chapter 5: Anti-chimeric varB antibodies significantly inhibit cytoadhesion
under physiological conditions

5.1 Introduction

The sequestration of parasites in blood vessels, blocking of microvasculature, and subsequent

organ failure are the hallmarks of falciparum malaria (154, 178). The pathogenesis of

sequestration caused by these PfEMP1 proteins interacting with various endothelial receptors is

complex and highly dependent on host vascular biology. The PfEMP1-mediated pathogenesis is

not replicable in any animal model with scalable results. Hence, designing and modeling a

quantitative method of generating PfEMP1 interaction under human physiological conditions is

essential. The dynamic nature of human blood circulation consists of vessel dimensions,

endothelial cell receptors, microvascular niche, blood pressure, and flow rate, which are essential

in determining sequestration outcomes (181, 247-249). Indeed, the binding affinities of PfEMP1

proteins are not uniform across different tissues. The preferential cytoadhesion or tissue tropism

is exhibited based on endothelial receptors expressed, particularly the PfEMP1 protein present on

the iRBC surface, and the fluid dynamics involved (154). A higher percentage of cytoadhesion is

observed in smaller capillaries having a diameter lesser than 50μm and a fluid pressure between

4 to 40 mbar. Activating endothelial cells by pro-inflammatory cytokines also aids in the process

of cytoadhesion by disrupting the vessel integrity and upregulating the endothelial receptors

(250). Hence, static assays showing the one-dimensional affinity of endothelial cells and

PfEMP1 proteins are not a suitable model for studying the effects of anti-PfEMP1 antibodies.

A better mimic of human vasculature has been demonstrated by Bernabeu et al., in which

branched structures of capillaries having similar lumen diameters and perfusion rates was

maintained. The cytoadhesion was indeed dependent on the flow rates of micro capillaries (181).

Understanding the antibody-mediated blocking of this cytoadhesion would require not only the

mimicking of microcapillaries but also a method to quantify the bound RBCs in real time. For

this, we coupled an organ-on-chip system with a microfluidics device that can be mounted

directly onto the microscope and visualize the cytoadhesion in real-time. The organ-on-chip

system was lined with primed HBEC-5i endothelial cells, and the culture was perfused with
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physiological parameters. The cytoadherence events were captured in a series of videos and

further analyzed using machine-learning approaches. We observed slow rolling, firm adhesions,

and weak interactions of iRBCs with HBEC-5i cells. We focused more on firm adhesion

phenotypes for quantification as they are more likely to cause sequestration and blood clots.

When tested under physiological conditions, the anti-chimeric varB antibodies inhibited the

parasite sequestration by up to 90%. This quantitative microfluidic cytoadhesion assay is a newly

developed tool that shows potential in detecting and quantifying cytoadhesion phenotypes in

better mimicking conditions.

5.2 Materials and Methods

5.2.1 Seeding of HBEC-5i cells for generation of the capillary structure

The HBEC-5i cells in passages four to seven were grown to an 80-90% confluency. The cells

were trypsinized and resuspended in 25 μl media (cell count ~ 180,000). The Be-on-Chip

microfluidic chip was precoated with 0.1% gelatin for 1 hour at 37℃. The resuspended cells

were seeded into the lane and allowed to adhere for 12 hours. The media was changed after

adherence, and cells were supplied with fresh media added with TNF-⍺ 10 ng/ml for 6 to 8

hours at 37℃. After 24 hours of seeding, the capillary meshwork was checked under a

brightfield microscope. Once the capillary meshwork was adequately made (Figure 5.1), the

capillary lane was used for the cytoadherence assay.

Figure 5.1. Seeding of primed HBEC-5i cells forming capillary meshwork. A. Inadequate

meshwork formation due to lower seeding. B. Proper capillary meshwork formed with a
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standardized number of primed HBEC-5i cell seeding. (Image capture at 4X magnification

using Leica DM750 with Flexacam C3 system). (Scale Bar: 1000μm)

5.2.2 Preparation of iRBCs for the dynamic cytoadherence assay

The infected RBC culture at the 5% matured trophozoite and schizont stage was diluted to a

hematocrit of 0.75%. This hematocrit was adjusted to a lower-than-usual percentage to allow

visualization of the cytoadhesion during live tracking. The anti-varB antibodies were added to

the 0.75% hematocrit diluted culture at the concentration of 10 μg and 20 μg per 500 μl of

culture (final 5 ng/μl and 10 ng/μl respectively) and incubated at 37℃ for 10 minutes before

passing through the chip.

5.2.3 Microfluidic Setup

The entire dynamic microfluidic assay setup was set as shown in (Figure 5.2). The Fluigent

pressure generator and controller were used to create and maintain the pressure of 25 mbar. The

culture (control or treated) was loaded onto the reservoirs and connected with one end of a

microfluidic chip. The cells were passed at 25 mbar pressure and a flow rate of approximately

236 μl/minute.
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Figure 5.2. A model depicting the microfluidic setup. A. A culture suspension reservoir. B.

Pressure generator and controller system. C. Tubings necessary for the flow of the culture to

the chip. D. Organ-on-chip system containing the seeded meshwork of primed HBEC-5i cells.

E. Culture discard container. (Illustration made using Biorender.com)

Dynamic viscosity of the culture media at 37℃ = 0.8 mPa

Channel height = 372 μm

Channel width = 1.5 mm

Channel length = 45 mm

Channel volume capacity = 31 μl (max)

Resistance in the channel = 0.076 mbar.min/ μl

Tubing diameter = 500 μm

Tubing length = 1000 mm

Tubing resistance = 0.086 mbar.min/μl

Reynolds number = 4.399

The final flow rate in the capillary = 236.67 μl/min

The final shear stress = 1.095 dyn/cm2 or 0.1 pascal

While the cells were passing, a series of videos 2-3 minutes apart (Figure 5.3) were taken using a

Flexacam C3 color camera mounted on a Leica DM750 microscope. Each video was 1 minute

long and divided into 1800 frames (the camera speed was 30 fps, so 60 seconds X 30 frames =

1800 frames). These frames were used for further quantification of the cytoadhered RBCs.
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Figure 5.3. The figure shows a paradigm selected for video capture and analysis, along with

the representative image of a frame showing capillary meshwork with iRBC suspension being

passed. Please refer to addendum video 1 for visualizing the cytoadhesion. (Magnification

using 10X lens on Leica DM750 with Flexacam C3 system)

5.2.4 Quantification of the adhered RBCs

We generated an in-house detection and quantification pipeline to identify the adhered RBCs

(done by Dhruv Khatri, Prof. Chaitanya Athale Lab, IISER Pune). The videos were broken down

into a series of 1800 frames. Since the RBCs in the microfluidic series of experiments show high

contrast in the center, as previously described by (251), a Laplacian of Gaussian (LoG) filter was

applied to enhance the local contrast. Furthermore, image binarization and centroid detection

were done to identify the RBC coordinates. If the RBC coordinates remain the same across five

consecutive frames, it is considered a stationary RBC. Further, to remove the background noise

of RBC vs non-RBC objects, a CNN (Convolution Classification Network) was utilized to select

the “in-focus RBCs” and discard the rest of the noise. This CNN network was manually trained

by feeding 1000 images of in-focus RBCs and 1000 images of spurious background detections

with a probability threshold of 0.93. With this classifier training, we achieved a confidence score

of 95.57% in validation data. This pipeline was used on control and test conditions to detect and

quantify the adhered RBCs in control vs test conditions.
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5.3 Results

5.3.1 Standardization of dynamic microfluidic cytoadherence assay

To observe the efficiency of cytoadhesion, we first passed iRBC and uninfected RBC suspension

at the hematocrit of 0.75%. The culture was loaded onto the reservoir and passed through the

microfluidic chip. As expected, uninfected RBCs do not interact with the endothelial cell lining,

and most RBCs simply pass along with the flow of the capillary. The iRBC suspension, when

passed through the capillary, showed three types of interactions– 1) a tight adherence with the

endothelial cells marked by complete stationary fixing of the iRBC, 2) a loose interaction

wherein the iRBC was seen slowly rolling on the endothelial cell, 3) a momentary contact with

the endothelial cell where iRBCs contact for a few seconds and detach (Addendum video 1 ).

These are the different cytoadherence phenotypes previously mentioned and known to bind

through solid and weak affinities of PfEMP1 proteins. Out of the three interactions, we were

interested in quantifying the tight adhesion where iRBCs remained stationary for longer.

5.3.2 Detection of adhered iRBCs

The dynamic cytoadherence experiment was recorded as a 1-minute video series from

subsequent time points after passing the iRBC suspension. These videos were further broken

down into 1800 frames, and the movement of each RBC across the frames was tracked. Firstly,

the images were fed to LoG filters to detect a local contrast in the image. Then, a CNN classifier

was trained with images of in-focus RBCs vs non-RBC backgrounds. A confidence score of

95.57% was achieved in validation data in detecting the RBCs (Figure 5.4). The stationary RBCs

present per five consecutive frames were plotted across the time series.
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Figure 5.4. The workflow used for detection of adhered RBCs. (The analysis was done by

Dhruv Khatri and Prof. Chaitanya Athale, IISER, Pune, India.)

5.3.3 Anti-varB antibodies inhibit the cytoadhesion significantly in dynamic conditions

In the iRBC suspension, a significant reduction in adhered RBCs was observed when pre-

incubated with anti-varB antibodies at the final concentration of 0.02 mg/ml and 0.04 mg/ml.

Visually, the control condition showed a cluster of adhered RBCs that did not move across the

time and remained adhered for a long time. These firm-adhered RBCs were measured using the

protocol mentioned above. We also observed loose binding/rolling RBCs on the endothelial cells

that were not quantified. As for the anti-varB treated iRBC suspension, we observed that most

RBCs passed by with the speed of the flow and did not show any interaction with the endothelial

cells. An apparent decrease in the cytoadhesion was seen upon quantifying the RBC adherence.

During a series of three videos (each video 2-3 minutes apart), an increase in the number of

cytoadhered RBCs was seen in the control condition. This was as expected since more cultures

would be passed through the capillary, increasing the load of the iRBCs over the endothelial cells.

As for the anti-varB pre-incubated culture, we did not see an increase in cytoadherence RBCs.

This suggests that the inhibition is constant even when more culture is passed through the

capillary (Figure 5.5). Our experiment consisted of tracking the iRBCs for 9 to 10 minutes, with
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results showing consistency across time. With this assay, we further affirm that anti-varB

antibodies, when pre-incubated at concentrations of 0.02 mg/ml and 0.04 mg/ml, can efficiently

inhibit the binding of iRBCs to the primed endothelial cells under physiological conditions.

Figure 5.5. A graph showing the number of adhered RBCs present per frame across the time

series of the dynamic microfluidic assay. A significant reduction in adhered RBCs can be seen

when anti-chimeric varB antibodies are added. A table at the right corner shows the statistical

significance of each condition. One-way ANOVA, Multiple comparison test applied with P

value < 0.0001. (Analysis was done on the adhered RBC dataset with Dhruv Khatri and Prof.

Chaitanya Athale, IISER, Pune, India.)

5.4 Discussion

The cytoadhesion and sequestration process is highly dependent on human vasculature

parameters, and canonical static assays fail to consider the dynamic nature of these cell-cell

interactions (247, 249, 250). A system mimicking the physiological conditions is necessary to

understand the efficacy of anti-PfEMP1 response fully. A few studies have demonstrated using a

3D microenvironment of the blood-brain barrier that shows affinities to be flow-dependent (181).

These tools are very crucial in understanding the cytoadhesion process. Many recent studies use
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matrices made of collagen and other stiffness-inducing materials to understand the receptor

interactions (252). Our developed tool mimics a capillary's pressure, shear stress, flow rate, and

real-time quantification of adhered RBCs. This tool can be essential to visualize and quantify the

cytoadhesion properties of PfEMP1 proteins against multiple receptors and cells.

The antibodies against the chimeric varB construct showed decreased cytoadhesion during static

assays. However, this inhibition was not seen to be concentration-dependent. The dynamic

cytoadhesion assay shows a more prominent inhibition due to the inclusion of physiological

parameters. The construct contains the peptide stretches against DBL , CIDR , and the majority

of DBL domains. All these domains are known to be essential for receptor binding. Our assay

shows the effect on ICAM-1 expressing cells. However, given that the peptides were taken from

the group B-specific PfEMP1 genes, a better affinity and inhibition can be seen with the CD36

receptor. Also, it will be interesting to see the inhibition potential of these antibodies against

other endothelial receptors using the microfluidic assay.
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Chapter 6: Anti-chimeric MSP and InvP antibodies show growth inhibition of
P. falciparum

6.1 Introduction

The clinical manifestation of the disease begins in the blood stage of the parasite life cycle,

wherein parasites multiply rapidly in the host erythrocyte. The exponential growth of parasitemia

is maintained through continual cycles of parasite reinvasion. This invasion process is crucial in

parasite survival and has evolved into an elaborate process. This sophisticated and multistep

process is entirely driven by parasite-derived proteins that orchestrate efficient binding,

reorientation, and invasion. Multiple parasite ligands are known to be expressed and bind

different receptors on the host erythrocyte through sialic acid-dependent and independent

pathways. The merozoite surface proteins and ligands associated with the invasion process show

redundancy and polymorphism. The diversity of these proteins and multiple ligands performing a

similar binding pattern allow for a successful invasion in a short time (199).

The phylum Apicomplexa means the presence of specialized compartments that help in the

invasion process. The Plasmodium species have micronemes, rhoptry organelles, and dense

granules that are present towards the apical tip and serve the function of attachment and entry

into the host RBCs (57). The merozoites have a coat of merozoite surface proteins (MSP family)

that help in the initial attachment to the RBCs by interacting with heparin, band 3, and

glycophorin moieties. After this initial attachment, the merozoites get reoriented so that the

apical tip faces the RBC surface (199). At the beginning of the invasion process, micronemes

release the erythrocyte binding ligands (EBL family proteins) that comprise EBA-175 (binds to

glycophorin A), EBA-140 (binds to glycophorin C), EBA-181 (binds to W, and Band 4.1), and

EBL-1 (binds to glycophorin B) (189). The glycophorin receptors on the RBC surface are

sialylated, and cleavage of sialic acid moieties using neuraminidase treatment drastically inhibits

the function of EBL family proteins, leading to a nine-fold decrease in invasion efficiency. The

EBL family mainly carries this sialic acid-dependent invasion, making it an attractive vaccine

target (253).
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The rhoptry organelles release Reticulocyte Homologue (RH family) proteins such as RH-1

(binds to a putative Y receptor), RH2a, RH2b (binds to Z receptor), RH-3 (pseudogene with a

missense mutation), RH-4 (binds to CR1 receptor), and RH-5 (binds to a basigin receptor in a

complex comprising of P113, RiPR, and CyRPA). These proteins show invasion through the

sialic acid-independent pathway. The EBL and RH family proteins carry out the invasion process

in synergy (189). Currently, RH-5 is the leading vaccine candidate for the blood stage of

infection, showing promising results in the clinical trial phase (140, 141).

The invasion bridge made for entering the RBC is entirely parasite-driven. The AMA-1 proteins,

along with the RON complex, form the irreversible bridge of invasion. Several studies show that

targeting AMA-1, either full-length or in domain forms, inhibits parasite invasion. The FMP2.1/

ASO2a recombinant AMA-1 vaccine candidate shows partial, strain-specific efficacy (139, 218).

All these candidates, AMA-1, MSP-1, MSP-2, EBA-175, RH-5, SERA family, and GLURP,

have been individually considered as potential vaccine candidates (88, 139, 142, 143, 145, 219,

222). Previous vaccine formulations have not succeeded due to the complexity, redundancy, and

polymorphism present in these proteins. The sialic acid-dependent and independent pathways

also further increase the probability of the parasite invasion.

Considering these complications, a multi-protein antigen is also necessary for targeting the blood

stage of Plasmodium. We generated chimeric MSP antigen comprising antigenic peptides from

AMA-1, MSP-1, MSP-2, and MSP-3, targeting the initial attachment and bridge formation in the

merozoite invasion process. The second chimera, InvP construct, has dominant antigenic

peptides from EBA-175, SERA-5, GLURP, and RH-5, targeting both sialic acid-dependent and

independent pathways—these two chimeras in combination cover most of the invasion process

of Plasmodium falciparum. The design and construction of these chimeric antigens are discussed

in Chapter No. 2 in detail.

Our primary interest is specific to two chimeric antigens, i.e., chimeric MSP and chimeric InvP,

to observe the efficacy of the anti-MSP and anti-InvP antibodies in inhibiting parasite growth.

Given that they have a broad range of action during invasion, we expected the efficiency to be
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higher in combination with antigens. We observed that, indeed, when antigenic stretches of

multiple proteins are combined, the growth inhibitory efficiency is significantly higher.

6.2 Materials & Methods

6.2.1 Generation of polyclonal antibodies against chimeric MSP and InvP antigens

The purified chimeric MSP antigen was loaded onto 10% SDS-PAGE and separated. The

corresponding band was cut and crushed using liquid nitrogen. A 500 μg antigen mixed with an

equivalent volume of Freund's complete adjuvant was injected into a New Zealand white male

rabbit (age = 8 months, Weight = 6.485 kg ). For the chimeric InvP antigen, a purified soluble

protein of 500 μg was mixed with an equivalent volume of Freund’s complete adjuvant and

injected subcutaneously in male rabbit (age = 6 months, weight = 4.36 kg). The rest of the

antibody generation protocol is mentioned in the generation of chimeric varB antibodies.

6.2.2 Purification of anti-MSP and anti-InvP antibodies

We purified antigen-specific antibodies for anti-MSP and anti-InvP serum bleeds 3,4 and 5. For

generating antigen-specific columns, we used sulfolink coupling resins (Thermo Scientific 20401)

for the irreversible binding of chimeric MSP and InvP antigens. Briefly, the antigens were

reduced using TCEP and allowed to bind to sulfolink coupling resins to form a covalent thioether

bond between the cysteine molecule and the resins. The coupled resin columns were washed and

allowed to attach with diluted serum overnight at 4℃ and 8 rpm. The column was washed using

10 mM Tris-Cl pH 7.4 and eluted using 100 mM Glycine pH 2.5. The elutes were pooled and

dialyzed against 1X PBS and stored in 25% glycerol.

6.2.3 Peptide blocking assay
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As a part of validating, the anti-MSP and anti-InvP antibodies were tested using peptide blocking

assay. A late-stage schizont lysate was equally loaded and separated using 10% SDS-PAGE,

transferred using semi-dry transfer on a PVDF membrane. The blot was cut into two parts. One

part was probed with 1:500 dilution of purified antibodies (either chimeric MSP or chimeric

InvP), and the other was probed with antibody dilution + 5 μg of purified antigen (either

chimeric MSP or InvP) overnight at 4°C. Blots were washed using 1XTBST solution, and anti-

rabbit HRP-conjugated secondary (Bio-Rad 1706515) was added at a dilution of 1:4000 for one

hour at room temperature. The blots were developed using Clarity Max ECL western blotting

substrate (Bio-Rad 1705062) on ImageQuant LAS 4000 system (GE Healthcare).

6.2.4 Immunofluorescence assay

Late-stage 3D7 parasites were washed and re-suspended in 1X PBS and fixed using 4%

paraformaldehyde with 0.0075% glutaraldehyde at 37℃ for 20 minutes. Permeabalization was

done using 0.1% TritonX-100 solution for 10 minutes at room temperature. Freshly prepared 3%

Bovine serum albumin (in 1X PBS) was used for blocking for 1 hour at room temperature.

Primary antibodies (purified chimeric antibodies) at concentration 1:500 were added to the

suspension, incubated overnight at 4°C/ 8 rpm, and washed using 1X PBS five times. Anti-rabbit

Alexa Fluor 488 (Invitrogen A32731) secondary antibodies were added at the dilution 1:500 for

1 hour at room temperature. Imaging was done on the Zeiss Multiphoton microscope.

6.2.5 Growth Inhibition Assay

Parasites at 1% parasitemia (synchronized ring stage) maintained at 3% hematocrit were seeded

onto a 96-well plate with an indicated range of purified anti-chimeric MSP and anti-chimeric

InvP antibodies (either alone or in addition). This was done over two cycles of invasion (media

change with the addition of antibodies). At the end of the second invasion, the plate was

processed for lysis (100 mM Tris-Cl pH 7.5, 25 mM EDTA, 0.05% Saponin, 0.5% TritonX-100,

and 1X sybr green dye) for 40 minutes in room temperature/dark conditions. The fluorescence

readings were taken at 497 nm excitation and 520 nm emissions. Fluorescence intensity was

normalized to the readings of uninfected RBCs and plotted using GraphPad Prism 8. The GIA
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was done using active and inactive bleeds (data not shown) and purified antibodies in total N=9

times.

6.3 Results

6.3.1 Rabbit-generated antibodies recognize the parasite antigens

Similar to chimeric varB, we wanted to assess the neutralizing abilities of anti-chimeric MSP and

InvP antigens. These two constructs contain the peptides of eight proteins that have a crucial role

in merozoite’s initial attachment to the new RBC, its reorientation to align the apical side, and

finally, form a bridge for the invasion process. We generated polyclonal antibodies against these

constructs in rabbits and further used them to assess their ability to block merozoites. The bleeds

were purified using immobilized antigens as affinity columns and further validated using peptide

blocking assay and immunofluorescence. Using purified antibodies, we observed multiple bands

for chimeric MSP-specific antibodies precisely, three bands between size 135 to 180

(corresponding to MSP-1), a band near 68 kDa (AMA-1), and near 48 kDa. For chimeric InvP-

specific antibodies, a strong band was observed near 135 kDa (GLURP), 100 kDa (SERA-5),

and multiple bands between 63 and 75 kDa. However, all the bands observed were specific to

antigens as they were efficiently blocked by adding native antigens during probing (Figure 6.1).

Since both the constructs target the merozoite surface, we performed an immunofluorescence

assay at the mature schizont stage. We observed the signal on the surface of developing

merozoites for both antibodies (Figure 6.1). We used these antibodies to assess their growth

inhibitory potential alone and in combination.
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Figure 6.1. Validation of anti-chimeric MSP and InvP antibodies in parasite 3D7 line using

peptide blocking assay and immunofluorescence. The top panel is anti-chimeric MSP, and the

bottom is anti-chimeric InvP validation.

6.3.2 Anti-MSP and InvP antibodies inhibit the parasite growth

In single cycle GIA on the 3D7 strain, we used the antibodies in the final concentration range of

0.06 mg/ml (12.5 μg) to 0.5 mg/ml (100 μg) for both the chimeric antibodies. For chimeric MSP

antibodies, 0.06 mg/ml concentration showed inhibition of around 35.7%, 0.125 mg/ml showed

62.41% inhibition, and 0.25 mg/ml concentration inhibited the parasite growth completely. For

chimeric InvP antibodies, 0.06 mg/ml concentration showed inhibition of 36.45%, 0.125 mg/ml

showed 57.82% inhibition, and complete inhibition at 0.25 mg/ml. When we added both the

chimeric MSP and InvP antibodies in equivalent concentrations, the growth inhibition potential
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was amplified—the 0.06 mg/ml mix concentration yielded the inhibition of 70.1%, and 0.125

mg/ml yielded 94.55% inhibition (Figure 6.2). The chimeric MSP and InvP constructs show

complete inhibition with their additive effect. This shows a potent neutralizing effect of the

generated antibodies in a combination.

Figure 6.2. A Graph depicting the GIA values in % inhibition for chimeric MSP, chimeric

InvP, and an equivalent mixture of both antibodies.

6.4 Discussion

The chimeric MSP and InvP antigens were designed to include AMA-1, MSP-1, MSP-2, MSP-3,

and EBA-175, SERA-5, GLURP, RH5, respectively. This combination of proteins was

considered based on the redundancy, polymorphism, and involvement in sialic acid-dependent

and independent invasion pathways. The antibodies generated against the chimeric constructs

were validated using peptide blocking assay and immunofluorescence assay on matured

schizonts. We observed that the antibodies could identify native proteins, and the generated

antibodies were chimera-specific. The antibodies showed inhibition of parasite invasion in GIA.

As expected, the chimeric MSP and InvP construct antibodies had additive effects. Combining

both the chimeric antigens yielded a 95% inhibition at 0.125 mg/ml– an antibody titer much

lower than current vaccine candidates in the field.
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The antigens gave much higher inhibitory concentrations when tested individually in different

studies across different strains. The AMA-1 antibodies inhibited the 3D7 lab promisingly, but the

efficacy during the phase 1/2a trial was disappointing as it did not translate into efficient

protection (139). The MSP-1 immunization of either 3D7 or FVO strain in Aotus nancymai

monkeys showed growth inhibition <30% when infected with P. falciparum FVO strain (254).

Similarly, the EBA-175 and RH5-specific antibodies raised in mice showed 84% and 73%

inhibition in GIA. Meanwhile, the combination of EBL-175 and RH-5 showed synergistic

inhibition till a particular antibody concentration (255). The leading candidate, ChAd63-MVA

RH-5, has the highest GIA of > 60% at 2.5 mg/ml concentration of antibodies in children aged 6-

11 months (256). The attempts to make an antigen combination have always been limited to two

combined antigens. In our study, for the first time, we show a combination of eight proteins in

two different chimeric constructs showing a GIA inhibition of 95% at the concentration of 0.1

mg/ml– a concentration drastically lower than reported for any individual blood stage antigen.

While immunization with an antigen can elicit an antibody titer range of 100-500 ug/ml, the

antibody concentration required for complete inhibition using chimeric MSP and InvP antigens is

within the physiological range of titer.

The journey of vaccine antigens from the bench to bed is always elaborate, often tricky, and

sometimes not equivalently significant during clinical trials. We made the chimeric constructs

specific to the P. falciparum 3D7 strain and tested them on the same homologous strain. The

strain-transcending test, animal model studies, and safety and toxicity tests are the intuitive next

steps before the efficiency in humans can be commented upon. However, given the protein

selection, antigen combinations, and the promising amount of antibodies required, this

combination is more likely to produce desirable clinical trial results.
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Chapter 7: Conclusion and Prospects

Effectively targeting malaria infections remains a high-priority problem despite decade-long

efforts. Research on other infectious diseases has attempted to construct a candidate with a broad

antigen-targeting range. With a complex stage-specific disease, such as malaria, there is an

urgent need for multi-target antigens. Here, we present a combined approach of multi-peptide, a

multiprotein candidate for effectively targeting the blood stage of malaria. The selected proteins

are well-known immunodominant targets verified in several seroepidemiological studies, CHMI

experiments, and clinical trials (89-91, 139, 142, 143, 145, 146, 254, 256). Many infectious

disease studies have used the chimeric design of multiple antigens with IEDB resources to select

antigenic stretches (203, 204, 206, 226, 227). Our chimeric antigens were designed using six

different parameters of IEDB resources to select B-cell epitope sequences confidently. They

were successfully stitched, cloned, expressed, and validated. The human immune response

recognized these chimeric antigens. The epitope mapping showed heterogeneous IgG and IgM

responses that were expected in polymorphic genes and were present across all the peptides

selected, validating our original antigen design. This further predicts that the chimeric antigens

may successfully elicit an immune response in humans and can be sustained as circulating

antibodies.

PfEMP1 proteins are known for their mutually exclusive expression, antigenic variation, and the

vast number of endothelial receptors with which they interact (103, 235). Due to their epigenetic

switching and endothelial receptor specificity, targeting any particular PfEMP1 protein is

difficult. Acquired immunity in endemic regions is believed to occur in an orderly, starting from

PfEMP1, causing cytoadhesion in vital organs with stronger receptor interaction. As the breadth

of immunity increases, parasites are likely forced to express PfEMP1 proteins that interact

comparatively weakly and sequester in non-vital organs (167). In some cases, multiple rounds of

exposure to a sufficient antibody repertoire against PfEMP1 proteins are built to keep the disease

asymptomatic (107). Sampling all PfEMP1 proteins in their epitope form, irrespective of the

subclass, can theoretically protect against cytoadhesion. With antibodies specific to chimeric

varB, we observed a reduction in the number of adhered RBCs in static assays and a further

significant decrease in fluid-based dynamic cytoadherence assays. Our data emphasize the role
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of flow dynamics in the process of cytoadhesion, as previously shown in other studies, and show

that anti-PfEMP1 antibodies can inhibit the sequestration at physiological conditions. We also

demonstrated using a fluid-based cytoadhesion assay in real-time and a quantification method to

determine the binding of iRBCs per minute. This method is helpful for precisely assessing

cytoadhesion and can be used with endothelial cell lines and receptors. The pan anti-PfEMP1

antibody pool, when used as a passive immunization in patients with severe malaria, will serve

as an essential additional therapeutic in managing the malaria outcome. The field has yet to

explore the tissue tropism in malaria infection comprehensively. Knowing the exact PfEMP1

domain organization and predicting the organ site of sequestration remains a topic of study, with

a few reports suggesting a role of sub-type A with DC8 being majorly involved in cerebral

malaria through ICAM-1 binding (154). Meanwhile, sub-type B is primarily seen in

uncomplicated malaria (158). These reports vary in their results, and an intensive analysis of

binding affinities has yet to be done. The knowledge of the PfEMP1 sub-type and their

endothelial receptor affinities can further equip us with identifying the right pool of anti-PfEMP1

antibodies for passive immunization.

The blood-stage vaccine candidates in phase trials mainly target the merozoite surface proteins to

either block entry into the new RBC or function by activating the Fc-mediated innate immune

response (199). The current leading candidate, RH5, is shown to have neutralizing potential,

while candidates such as MSP1 show clearance via activation of the complement pathway or

opsonization (88, 256). Many of the blood-stage candidates have failed the phase trials for

multiple reasons. The antigenic polymorphism and redundancy are the main bottlenecks for

selecting antigens, along with a low time window of invasion and exponentially growing parasite

count. Our study addresses it using a combination of multiple peptides from different proteins. It

shows an additive effect in GIA imparted by the mixture of antibodies specific against chimeric

MSP and InvP construct. In a single cycle GIA, the mixture of antibodies works much more

efficiently at the concentration of 0.13 mg/ml compared to using antibodies separately. In a

natural infection setting, having antibodies against multiple antigens belonging to important

functional pathways may outweigh the effect of having a higher antibody titer against just one

antigen.
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Collectively, we show that, as a proof of principle, multi-protein candidates work more

efficiently using multi-epitope than their single counterparts. An effective strategy against

malaria will involve a combination of interventions against multiple stages with antimalarial

drugs. Targeting the blood stage in a chimeric fashion will help reduce parasitemia, alleviate

symptoms, inhibit or reverse cytoadhesion (making iRBCs more susceptible to immune

clearance), and help reduce transmission to the next cycle.

Prospective experiments:

1. The epitope mapping microarray is a potent tool for identifying the antigenic epitope in

synergy with the in-silico prediction. A comprehensive mapping of all surface exported

antigens (irrespective of their known function) can be done to identify previously

unknown, and putative vaccine targets.

2. The current project explores only the PfEMP1 subtype B through antigenic peptides of

certain important binding domains. This can be expanded onto other PfEMP1 subtypes

with more emphasis on antigenic stretches coming from domain cassettes and validated

by large-scale patient sera microarray studies.

3. The cytoadhesion assay employed the use of HBEC-5i cells and showed a significant

inhibition by anti-chimeric varB antibodies. This study can be further expanded to

multiple other known receptors of human endothelial cells. A systematic study of various

anti-PfEMP1 antibodies to endothelial receptor inhibition under physiological conditions

can help design better therapeutics against cytoadhesion in P. falciparum.

4. We observed the anti-chimeric MSP and InvP antibodies to be highly potent with

additive effect. It will be interesting to observe the strain transcending effect of these

antibodies in sialic acid dependent strains and other heterologous strain inhibitions

(especially in culture adapted lines of Indian isolates).

5. The formulation of chimeric antigens used here were in a protein form injected with an

adjuvant. This can be further standardized with viral vector based techniques to ensure

better peptide display to the humoral immune system.

APPENDIX



112

1. DNA sequence of chimeric genes used.

Chimeric

Gene

Codon optimized sequence

Chimeric
varB

ACCAGCGATAAAGGTAGTGAACCGACCGCACGCGGTCATAGCCATGTTG

CCCGCAGCGCAGATGGTGCACCGAGCCCTAATGGTAATCCGCTGCCGCA

GCCGGGCACCAATGGCACAAGCAATGAACCGATTAGCCAGTATCAGTAT

GATAATACCACCGCAAGCGGTAATAATACCACCGCGAGCGGCAAAAAT

ACCCCGAGTGATACCCAGAATGATATTCCGAGTACCAGCGGTAATAAGC

ATAGCGATATTCCGTCAGGTAAACTGAGCGATACCCCGAGTGACAATAA

TATTCATACCACCCAGGTGGAAACCCAGGCCAGCGGTGGTAATACCGAA

ACCAGCCAGGTGAGTGGCGAAACCACCCCGCAGGGTCAGACCCCGAGT

GAAAGCGAAGCACAGACCGCAAGCCAGGATACCAAACGCCAGAGCGTT

CTGCCGCTGCTGGAACCGATTAATGGCGATACCATTAGTGATGATAATA

ATCCGGAAAATACCACCGCTAGTGGTAATAATACAACCGCAAGCGATAC

CCAGAACGATATTCAGAATGATGGCATTCCGAGCACCGAAGCCCAGGCA

GGCGGCGATGAAGCAACCGAAGCAAGCGTGCCGCTGGGTGACGGCGTT

AGTAAAAATCCGAAAGAAAAAGAAGAGCGCGAACGTGAAAATGCAGGC

CTGGATCCGTTTGGCGGTAGCGTGGATGATGAAGCCAGTACCACCGCCA

GCGGTAAAAATACCCCTAGTGATACCCAAAATGATATTCAGAGCGATGA

TATTCCGAGCAGCAAGTTGATAGCAATCCGAATCAGGTTGATGATACCT

ATGTGGATAGCAATCCTGATAATAGCAGTATGGATACCATTGAACAGGA

AGAAGAAGAAAAAGGTGCCGGTGAAGATGAAGCCGCAAGTGAAGCAGA

AGCCAGTGGTCCGAAAGTTACCAAACAGAATGATAGCGAAGGTAGTGA

AGGTGGTCATCGCAGTAAACGCCATACCGAAAGTAGCGATAGCACCACC

ACCGCCAGTGGCAATAATACCACAGCAAGTGGTAATAACACCACCGCCT

CTGGCAAAAATACACCGAGTGATAAAAAAGCATACGGCAAAAATGGTA

CCACCACCAAAGAAACCAGTAATGGCCCGATTAATAATCTGTATGTGGG

TGGTGGCGGCAATACCGCCGCAAGCCAGGGCAGTGGCGAAGCCGCACA
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GCCGGTGACCGTGACCCAGCCTCAGGCCAGCGGCGGTAATACCCAGGTT

GCCGTTAGCCCGGGCGGTGCAGCCAGTACCAGCACCACCGATTTTAAAA

ATGTGAATAGTAGTAGCGGCAGCGGTGGCGGTGAAGGCAGCAATAAGA

CCTTTAGCCATACCGAAGGCAATAGCGTGGTTAGTAGCAGTAGTGCACG

TGGCAATGGCGCCAGCCGTGATAAAAATGGCGGTAGCGATAGCGATAAT

ACCAATGGCGGCCCGCCGACCCAGGATGGTGAAGTTAAAAATGCACTGC

TGGATGATAATAACAAACCGCGCAGCACCAGCGTTGAAATGAAAGCACT

GAGCGGCGCAGGCGGCGGTCCGGAGTTAACCGGTAGCGGCAGCGATAA

TACAACCGCGAGTGGTAATAATACGACCGCCAGCGGCAATAATACAACA

GCCAGTGGTAATAATACTACCGCAGATATTCCGAATGATTATACCAGCG

GCACCATTCCGACCAATACCAATATTACCACCACCAGCCGCCATAATGTT

AATGATCTGTATAATGGTAAAAACAACCTGTATAGTGGTCAGAATAATG

TGTATAGTGGTATTGATCCGACCAGTAAAGGCAGCAAAAGTCAGGAAAG

TGGTAAAGCAGAAGGCACCAGTGAAAGCAGTGGCAGTGAAGCAAGTAG

CCCGCTGGATGAAAAGAAAAAACAGCAGCGTGAAAGTGGCCTGGTGGG

CGCACTGGATGGCAATAGTGGCAATGTTGATACCGCAAGCGGCAATAAC

ACCACAGCAAGCGGCAACAATACCACCGCCTCAGGCAATAATACGACA

GCAAGCGGTTATAATGGCAAAAATAATCTGTACAGTGGTCAGAACAATG

TGTATTCAGGCATTGATCCG

Chimeric
MSP CTGCCTACCGGCGCATTCAAAGCCGATCGTTATAAAAGTCATGGTAAAG

GTTATAACTGGGGTAATTATAATACCGATGAAATTATGAAGGAGATCGA

ACGCGAAAGTAAACGTATTAAGCTGAATGATAACGATGATGAAGGCAAT

AAGGGCAATGCAGAAAAATATGATAAGATGGATGAGCCGCAGGATTAT

GGTAAAAGTAATAGCCGCAATGATGAAATGACCAAAGGCGCAAGTGCC

CAGAGCGGCGCAAGTGCACAGAGCGGTGCCAGTGCACAGAGTGGCGCC

AGTGCCCAGGCCCAGAGCGGTACAAGCGGTCCGAGCGGCCCGAGTGGC

ACCTCACCTAGCAGTCGCAGCAATACCCTGCCGCGTGAAGATGGTGGCC

ATAGTACCCATACCCTGAGTCAGAGTGGCGAAACCGAAGTTACCGAAGA
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AACCGAAGAAACAGAAGAACAGAAACAGATTACCGGCACCAGTAGCAC

CAGCAGTCCGGGCAATACCACCGTTAATACCGCCCAGAGCGCAACCCAT

AGTAATAGTCAGAATCAGCAGAGCAATGCCAGCAGCACCAATACCCAG

AATGGTGTGGCCGTTAGTCATGATCCGCTGACCGTTCTGAGTATTAGCAA

TGATCTGAAAGGTATTGTTAGCCTGCTGAATCTGGGTAATAAGGATGTTA

CCCCGAGTCCGCTGAGTGTGCGCGTTAGTGGTAGCAGCGGTAGCACCAA

AGAAGAAACCCAGATTCCGATTCGTCGTAGCATGGCCGAAAGCAAACCG

AGCACCGGTGCCGGTGGTAGTGCCGGTGGTTCAGCCGGCGGTAGTGGTA

GTGCCGGCGGCAGTGCAGGCGGTAGCGCTGGTAGCGGCGATGGCAATG

GCGCAGATGCCGAAGGTAGTAGCACCACCAATGATGCAGAAGCAAGCA

CCAGCACCAGCAGCGAAAATCCGAATCATAAAAATGCAGAAACCAATC

CGAAAGGTAAAGGTGAAGTGCAGGAACCGAATCAGGCCAATAAGGAAA

CCCAGAATAATAGCAATGTGCAGCAGGATCAGACCAAAAGTAATGTGCC

GCCGACCCAGGATGCCGATACCAAAAGTCCGACCGCACAGCCGGAACA

GGCAGAAAGCGCACCGACCGCCGAACAGACCGAAAGCCCGGAACTGCA

GAGTGCCCCGGAAAATAAGGGCACCGGCCAGCATCATGGCAGTCGCAAT

AATCATCCGCAGAATACCAGCGATAGTCAGAAAGAATGTACCGATGGTA

ATAAGGAAAATCTGAATAATAACAGCCAGATTGAAAACGAAGAAAATG

TTAATACCACCATTACCGGCAATGATTTTAGTGGCGGTAATGCATACGA

AAAAGCAAAAAATGCCTATCAGAAAGCAAATCAGGCCGTGCTGAAAGC

CAAAGAAGCAAGCAGTGAAGAAGAAAATGATAAAAAGAAAGAGCAGG

AAAAGGAACAGAGCAATGAAAATAATGATCAGAAAAAGGACATG

Chimeric
InvP GATAGCCGTATTAATAACGGCCGCAATACCAGTAGCAATAATGAAGTTC

TGAGTAATTGTCGTGAAAAACGCAAACTGGTGAAAAGCGTGCTGAATGG

TAATGATAATACCATTAAGGAAAAGCGTGAACATATTGATCTGGATGAT

TTTAATAACGAGCAGACCAGCCAGGAAGCAGTGCCGGAAGAAAGTACC

GAAATTGCCCATCGTACCGAAACCCGCACCGATGAACGCAAAAATCAGG
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AACCGGCAAATAAGGATCTGAAAAATCCGCAGCAGAGCGTTGGCGAAA

ATGGTACCGGTGTGAATCATGGCATTCCGAAAGGTGAAGATCAGACCCT

GGGCAAAAGCGATGCAATTCCGAATATTGGCGAACGTAGTCAGATTAAT

CATAGTCATCATGGTAATCGCCAGGATCGTGGTGGCAATAGTGGTAATG

TTCTGAATATGCGTAGTAATAATAACAACTTCAACAACATCCCGAGTCGT

TATAATCTGTATGATAAAAAACTGGACCTGGATCTGAATACCGGTGGTG

GCCAGGCAGGTAATACCGGCGGTGACCAGGCAGGTAGCACCGGTGGTA

GCCCGCAGGGTAGTGTGAGCGTGAGTCAGACCAGCACCAGTAGCGAAA

AACAGGATACCATTCAGGTTAAAAGCGCCCTGCTGAAAGATAGCAGTAG

TAGTAGCAGCAGTAGTAGCTCAAGCAGCAGCAGTTCAAGCAGCTCAAGC

AGTAGTTCAAGTAGCAGTCATGTTGATACCACCCTGGAAAAAGAAGATA

CCCTGAGCTATGATAATAGCGATAATATGTTTTGCAACAAGGAAGAACA

GTGTCCGAAAGTTGAAGATCATTGGATGAATCTGTGGGATAATGGTAAA

ATTCTGCATAATAAGAACGAGTATTTCAAGAATTTCAACGTGGGCAAAA

AGAATCTGTTTAGTGAAAAAGAAGACAACGAAAATAACAAGAAGCTGA

ATTATATCATCTTCGGTCAGGATACCGCCGGCAGTGGTCAGAGCGGTAA

AGAAAGCAATACCGCCCTGGAAAGTATTAAGAAAGAAATTGATAACGA

CAAGGAGAATATCAAAACCAATAATGCCAAAGATCACAGCACCTATATT

AAGGAACATCCGTATGATATTAACAACAAAAACGATGATAGCTACCGCT

ATGATATTAGCGAAGAAATTGATGATAAGGATGAAACCGAAGAAGTTG

AAGATAGCATTCAGGATACCGATAGCAATCATACCCCGAGTAATAAGAA

AAAGAATAATGAAAGCAGCGACATTATCAGCGTTAATAATAAGAGCAAT

AAGGTTCAGAACCATTTTGAAAGTCTGAGCGATACCCAGATTCATAAAG

ATTATAAAGAGAAGAACCTGATCAACGAAGAAGATAGCGAACCGTTTCC

GCGTCAGAAAGAACATATTGACCAGAGTCAGCATAATATTAATGTGCTG

CAGGAAAATAACATCAATAATCATCAGCTGGAACCGACCGTGAGCCAGG

AAAGCAATCCGGAAAAAGCCGATAATGATGGTAATGTGAGCCAGAATA

GTAATAATGAACTGGAAAGCAGTCTGGAAGAAGGTCATCATGAAGAAA

TTGTTCCGGAACAGAATAATGAAGAAAGCGGTGAAAGCAAAGAATTTG

AACCGGATCAGAATGATAGCGAACTGAGCGAAAATGAACTGGTTGAAA
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GCGAAAAAAGTGTTAGTGAAGAAGTGAAAGAAAAGGAAAATGTTAGCG

AAGTGGTTGAAGAAAAACAGAATAGTCAGGAAAGCGTTGAAGAAATT

2. Alignment of antigenic peptides on their respective protein (3D structure)

For generation of chimeric varB antigen, peptides belonging to eight PfEMP1 proteins were

selected (peptide stretches given in Table 1). The red colored stretch shows the location of these

peptides in the 3D structure of selected PfEMP1. Similarly, the peptides taken for chimeric MSP

(Table 2) and chimeric InvP (Table 3) are show in panel B and C respectively.
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Alignment of peptides from chimeric varB on their respective proteins
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Alignment of chimeric MSP peptides on their respective proteins
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Alignment of chimeric InvP peptides on their respective proteins

3. The codon-optimized DNA sequence of chimeric varB with linkers

ACCAGCGACAAGGGCAGCGAGCCGACCGCGCGTGGTCACAGCCATGTTGCGCGTAG

CGCGGACGGTGCGCCGAGCGGTGGTGGTAGCGGTGGCGGTAGCCCGAACGGTAACC

CGCTGCCGCAGCCGGGCACCAACGGCACCAGCAACGAGCCGATCAGCCAGTACCAA

TATGATGGCGGTGGCAGCGGTGGCGGTAGCAACACCACCGCGAGCGGCAACAACAC

CACCGCGAGCGGTAAAAACACCCCGAGCGACACCCAAAACGATATTCCGGGCGGTG

GCAGCGGTGGCGGTAGCAGCACCAGCGGTAACAAACACAGCGACATCCCGAGCGGT

AAGCTGAGCGACACCCCGAGCGATAACAACATTCACGGCGGTGGCAGCGGTGGCGG

TAGCACCACCCAGGTGGAGACCCAAGCGAGCGGCGGTAACACCGAAACCAGCCAG

GTTAGCGGCGGTGGCGGTAGCGGCGGTGGCAGCGAGACCACCCCGCAGGGTCAAAC
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CCCGAGCGAGAGCGAAGCGCAGACCGCGAGCCAAGATGGTGGCGGTAGCGGCGGT

GGCAGCACCAAACGTCAAAGCGTGCTGCCGCTGCTGGAGCCGATCAACGGTGACAC

CATTAGCGACGATAACAACCCGGAAGGTGGCGGTAGCGGCGGTGGCAGCAACACCA

CCGCGAGCGGTAACAACACCACCGCGAGCGACACCCAGAACGACATCCAAAACGA

CGGTATTCCGAGCGGTGGCGGTAGCGGCGGTGGCAGCACCGAAGCGCAGGCGGGTG

GCGATGAGGCGACCGAAGCGAGCGTGCCGCTGGGCGACGGTGTTAGCAAGAATCCG

GGTGGCGGTAGCGGCGGTGGCAGCAAAGAGAAGGAGGAACGTGAGCGTGAAAACG

CGGGTCTGGACCCGTTCGGTGGCAGCGTGGACGATGAAGCGAGCGGTGGCGGTAGC

GGCGGTGGCAGCACCACCGCGAGCGGTAAAAACACCCCGAGCGATACCCAGAACG

ACATCCAAAGCGACGATATTCCGAGCAGCAAGGGTGGCGGTAGCGGCGGTGGCAGC

GTTGATAGCAACCCGAACCAGGTGGACGATACCTATGTTGATAGCAACCCGGACAA

CAGCAGCATGGACACCATCGGTGGCGGTAGCGGCGGTGGCAGCGAGCAAGAGGAA

GAGGAAAAGGGCGCGGGTGAGGATGAAGCGGCGAGCGAGGCGGAAGCGAGCGGTC

CGAAAGTTGGTGGCGGTAGCGGCGGTGGCAGCACCAAGCAGAACGATAGCGAGGG

TAGCGAAGGTGGCCACCGTAGCAAACGTCACACCGAAAGCAGCGACAGCACCGGTG

GCGGTAGCGGCGGTGGCAGCACCACCGCGAGCGGCAACAACACCACCGCGAGCGG

TAACAACACCACCGCGAGCGGCAAGAACACCCCGAGCGACGGTGGCGGTAGCGGC

GGTGGCAGCAAGAAAGCGTATGGCAAAAACGGCACCACCACCAAGGAGACCAGCA

ACGGTCCGATTAACAACCTGTACGTGGGTGGCGGTGGCAGCGGTGGCGGTAGCGGC

GGTGGCAACACCGCGGCGAGCCAGGGCAGCGGTGAAGCGGCGCAACCGGTGACCG

TTGGTGGCGGTAGCGGCGGTGGCAGCACCCAGCCGCAAGCGAGCGGTGGCAACACC

CAGGTGGCGGTTTCTCCGGGTGGCGCGGCGAGCACCAGCACCACCGGTGGCGGTAG

CGGCGGTGGCAGCGATTTCAAAAACGTGAACAGCAGCAGCGGCAGCGGTGGCGGTG

AGGGTAGCAACAAGACCTTTAGCCACACCGAAGGCGGTGGCAGCGGTGGCGGTAGC

GGTAACAGCGTGGTGAGCAGCAGCAGCGCGCGTGGCAACGGTGCGAGCCGTGATAA

AAACGGCGGTAGCGACAGCGGCGGTGGCAGCGGTGGCGGTAGCGATAACACCAAC

GGCGGTCCGCCGACCCAGGACGGTGAAGTGAAAAACGCGCTGCTGGACGATAACAA

CAAGCCGGGTGGTGGCAGCGGTGGCGGTAGCCGTAGCACCAGCGTTGAGATGAAGG

CGCTGAGCGGTGCGGGCGGTGGCCCGGAACTGACCGGCAGCGGTAGCGACGGTGGC

GGTAGCGGCGGTGGCAGCAACACCACCGCGAGCGGTAACAACACCACCGCGAGCG
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GCAACAACACCACCGCGAGCGGTAACAACACCACCGCGGGTGGCGGTAGCGGCGGT

GGCAGCGACATCCCGAACGACTATACCAGCGGCACCATCCCGACCAACACCAACAT

TACCACCACCAGCCGTCACAACGTGGGTGGCGGTAGCGGCGGTGGCAGCAACGATC

TGTACAACGGCAAAAACAACCTGTATAGCGGTCAGAACAACGTTTACAGCGGTATT

GACCCGACCAGCGGTGGCGGTAGCGGCGGTGGCAGCAAAGGTAGCAAGAGCCAAG

AGAGCGGCAAGGCGGAGGGCACCAGCGAAAGCAGCGGTAGCGAGGCGAGCAGCCC

AGGTGGCGGTAGCGGCGGTGGCAGCCTGGACGAGAAGAAAAAGCAGCAACGTGAA

AGCGGCCTGGTGGGTGCGCTGGATGGCAACAGCGGTAACGTTGACGGTGGCGGTAG

CGGCGGTGGCAGCACCGCGAGCGGTAACAACACCACCGCGAGCGGTAACAACACC

ACCGCGAGCGGTAACAACACCACCGCGAGCGGTGGCGGTGGCAGCGGTGGCGGTA

GCTACAATGGTAAAAACAACCTGTATAGCGGCCAAAACAACGTGTATAGCGGTATT

GACCCGTAA

4. Epitope Mapping microarray peptide map

5 Immunofluorescence of late-stage schizont using pre immune sera (Control for chimeric
MSP and InvP antibodies)



122

Addendum Video 1: A video depicting the cytoadhesion of iRBCs on HBEC-5i cells under 25

mbar pressure. (Video taken on Leica DM750 with Flexacam system using 10X magnification)
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