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Abstract 
 

Worldwide, an estimated 30 million pregnancies are at risk of malaria infection each year. 

In pregnancy, Plasmodium falciparum parasites express a protein called VAR2CSA that mediates 

adherence of infected red blood cells (iRBCs) to chondroitin sulfate A (CSA) in the placenta. 

VAR2CSA antibodies are acquired during infection in pregnancy and are associated with 

protection from placental malaria, which can cause pre-term birth, low birth weight, spontaneous 

abortion, maternal anemia and even infant and maternal mortality. We previously observed that 

men and children in Colombia had antibodies to VAR2CSA, but the origin of these antibodies was 

unknown. We hypothesized that infection with P. vivax elicited antibodies to epitopes that are 

conserved across the structurally related Duffy Binding-like (DBL) domains found in the P. vivax 

antigen, PvDBP, and VAR2CSA. 

We analyzed sera from nonpregnant Colombians and Brazilians exposed to P. vivax and 

monoclonal antibodies raised against the DBL domain of PvDBP (DBPII). We found that over 

50% of individuals had antibodies that recognized VAR2CSA. Affinity-purified DBPII human 

antibodies and a DBPII monoclonal antibody, called 3D10, recognized VAR2CSA, showing that 

PvDBP exposure can give rise to cross-reactive antibodies. Importantly 3D10 also inhibited 

parasite binding to CSA, which is the primary in vitro correlate of protection against placental 

malaria. These data suggest that PvDBP induces antibodies that recognize VAR2CSA and can 

block parasite adhesion to CSA, revealing a novel mechanism of cross-species immune recognition 

to falciparum malaria.  

Next, we investigated the cross-reactive epitopes in PvDBP and VAR2CSA. We 

determined that the epitope which elicits cross-reactive antibodies in PvDBP is contained within 

the subdomain 1 (SD1) region. Notably, human antibodies affinity purified against a synthetic SD1 
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peptide blocked parasite adhesion to CSA in vitro. The epitope in SD1 is subdominant and highly 

conserved in PvDBP, and in turn, SD1 antibodies target cryptic epitopes in P. 

falciparum VAR2CSA. The epitopes in VAR2CSA that are recognized by vivax-derived cross-

reactive antibodies are distinct from those recognized by VAR2CSA immune serum.  

We then attempted to exploit this cross-reactivity to develop a peptide vaccine against 

against VAR2CSA based on the epitope that generated 3D10. We mapped the minimal binding 

epitope for 3D10 to a peptide in SD1. However, this peptide did not elicit cross-reactive 

VAR2CSA antibodies in mice. When we tested 3D10 against a broader, overlapping peptide array 

spanning SD1, we found that it recognized a discontinuous epitope consisting of three segments 

of SD1. To preserve the native structure of the epitope as much as possible, we used a synthetic 

scaffold to conformationally-constrain the SD1 peptide and coupled it to a carrier protein. 

Immunizations with this peptide, SD1CLIPS, elicited antibodies in mice and a rabbit that cross-

reacted with VAR2CSA. However, the cross-reactive antibodies were at low titre in the sera and 

bound to VAR2CSA with low avidity. We then affinity purified the cross-reactive IgG from the 

anti-SD1CLIPS rabbit serum on a column coated with VAR2CSA. The cross-reactive IgG 

recognized native VAR2CSA on the surface of RBCs infected with three different strains of P. 

falciparum. However, the antibodies did not block parasite adhesion to CSA or mediate opsonic 

phagocytosis of iRBCs, in vitro.  

We then tried several approaches to enhance the cross-reactive antibody response elicited 

by SD1CLIPS immunizations. First, we compared three different adjuvants and found that 

formulation with GLA-SE elicited a higher titre of cross-reactive antibodies in mice, compared to 

either GLA-LSQ or Complete Freund’s Adjuvant. Next, we employed a heterologous prime/boost 

strategy, in which mice received a boost with recombinant VAR2CSA following immunizations 
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with SD1CLIPS. However, compared to control mice, a VAR2CSA boost did not enhance the cross-

reactive antibody response. We also tested whether exposure to native VAR2CSA on the surface 

of iRBCs would boost the cross-reactive antibodies generated through SD1CLIPS immunizations. 

But, similar to the heterologous recombinant protein boost, injection with iRBCs expressing 

VAR2CSA did not boost the cross-reactive antibodies in mice.  

SD1CLIPS is not a viable vaccine candidate in its current state. However, this work has laid 

a foundation for further immunization studies with second generation SD1CLIPS-based vaccine 

candidates. The fact that immunizations with a peptide from PvDBP elicited antibodies in a rabbit 

that cross-reacted with native VAR2CSA from three different strains of P. falciparum, shows the 

potential of targeting conserved epitopes to elicit strain-transcending immune responses.  
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Chapter 1. Introduction 
 
Portions of this Chapter have been previously published (1). 
 
 
1.1 Malaria epidemiology 

The world has seen unprecedented progress in malaria control over the past two decades. 

In 2019 malaria caused an estimated 409,000 deaths worldwide, compared to 736,000 in the year 

2000 (2). The World Health Organization estimates that since the year 2000, 7.6 million malaria-

related deaths and 1.5 billion malaria cases have been averted, thanks to advances in surveillance, 

prevention, diagnosis and treatment. However, despite continued elimination efforts there has been 

a plateau in progress in recent years and malaria remains one of the most important human parasitic 

diseases in the world. There are a number of biological threats to malaria eradication, including 

the emergence of insecticide resistance in the Anopheles mosquitoes that transmit malaria, deletion 

of the pfhrp2/3 gene(s) which encode the antigens that are detected by most rapid diagnostic tests, 

and mutations in the PfKelch13 gene that confer resistance to first-line antimalarial treatments  (2). 

Furthermore, the on-going SARS-CoV-2 pandemic has caused significant interruptions to malaria 

control efforts in many endemic countries, leading to predictions that malaria morbidity and 

mortality will increase in the coming years.  

There are six species of Plasmodium that cause malaria in humans: P. falciparum, P. vivax, 

P. malariae, P. knowlesi, P. ovae curtisi and P. ovale wallikeri (3, 4). P. falciparum is the most 

virulent malaria species and is responsible for the majority of deaths, most of which occur in 

children under the age of five in sub-Saharan Africa (2). In this region, P. falciparum is the major 

malaria-causing species (Figure 1.1A). P. vivax was historically thought to be absent from most of 

sub-Saharan Africa, with the exception of the Horn of Africa and Madagascar. However, recent 
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studies have reported widespread P. vivax infections in all regions of Africa (Figure 1.1B and C) 

(Reviewed in (5)).   
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Figure 1.1. Worldwide distribution of Plasmodium falciparum and P. vivax. (A) P. falciparum 
and (B) P. vivax incidence rates in 2017. Data are cases per 1000 people per year. Images adapted 
from (6). (C) A composite evidence map detailing indications of the presence of P. vivax in Africa. 
Evidence from vector data, community surveys, clinical case reports, serology and traveller 
infections were weighted and combined. Darker shading signifies greater evidence of P.vivax 
presence, white signifies no evidence and grey indicates unsuitable environmental conditions for 
P. vivax. Image adapted from (5). 
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1.2 Malaria lifecycle 

The malaria parasite is transmitted to humans through the bite of an infected female 

Anopheles mosquito (7, 8). When an infected mosquito takes a blood meal, sporozoites in the 

saliva are injected into the skin and make their way into the bloodstream (Figure 1.2). The 

sporozoites travel to the liver, colonize hepatocytes and undergo multiple rounds of mitosis to form 

multinuclear cells, called schizonts (9). Upon rupture, tens of thousands of merozoites are released 

into the bloodstream and invade red blood cells (RBCs). Once in the RBCs, the parasites again 

undergo several rounds of mitosis to form schizonts. The infected RBCs (iRBCs) then rupture and 

the merozoites invade new RBCs and continue the asexual erythrocytic cycle of the parasite.  
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Figure 1.2. Plasmodium lifecycle. (I) Plasmodium sporozoites are injected into the host in the 
saliva of an infected female Anopheles mosquito. The sporozoites then make their way into the 
bloodstream, where they travel to the liver. (II) Following invasion into hepatocytes, the 
sporozoites undergo many rounds of mitosis, forming thousands of merozoites. (III) The 
merozoites are released into the bloodstream, where they invade red blood cells (RBCs). (IV) In 
the RBC the parasite will again undergo several rounds of asynchronous mitosis to form schizonts, 
which release merozoites that can invade new RBCs. (V) During the erythrocytic cycle, some 
parasites will differentiate into sexual stages of the parasite, called gametocytes. These 
gametocytes are then taken up by mosquitoes during a blood meal. (VI) The gametocytes undergo 
sexual reproduction in the midgut of the mosquito, eventually forming sporozoites that can be 
transmitted to another host. Made with BioRender.com. 
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Invasion into RBCs is a well-orchestrated, sensitive process that relies on specific 

interactions between particular parasite antigens and host proteins. For instance, PvDBP is a 

protein that mediates irreversible binding between P. vivax merozoites and the Duffy Antigen 

Receptor for Chemokines (DARC) on the RBC membrane during invasion (10, 11). The PvDBP 

protein is approximately 140 kDa and is comprised of six extracellular domains, with a Duffy-

binding like (DBL) domain (region II) that binds DARC (12-14). When the invasion process has 

been initiated and PvDBP has been secreted from the merozoite micronemes, it forms a dimer, 

which allows it to bind to a DARC dimer on the RBC surface, mediating invasion (Figure 1.3). 

The specificity of these parasite ligand-host receptor interactions are thought to underpin the RBC 

tropism displayed by malaria parasites (15). Not only do they restrict the parasites to specific hosts, 

but they also restrict the parasites to RBCs of specific ages in the host. P. vivax and P. ovale are 

restricted to the youngest RBCs, reticulocytes, while P. malariae parasites are only found in the 

oldest RBCs and both P. knowlesi and P. falciparum can invade RBCs of any age. 

During the erythrocytic cycle, some of the parasites undergo sexual differentiation to form 

male and female gametocytes. After sequestration and maturation in the bone marrow, the 

gametocytes circulate in the bloodstream of the host and are taken up by mosquitoes during a blood 

meal (16-18). The gametocytes undergo sexual reproduction in the midgut of the mosquito, 

eventually forming sporozoites that can be transmitted to another host. In P. ovale and P. vivax 

infections, a small number of parasites form hypnozoites in the liver, which remain dormant for 

long periods of time and cause relapsing infections if left untreated (19, 20).  
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Figure 1.3. PvDBP binding to DARC. The DBL domains of two PvDBP proteins are shown in 
dimer form binding to a dimer of DARC on the reticulocyte membrane. Based on a figure from 
(21). Created with BioRender.com 
 

 

 

 

 

 

 

 

 

 

 



 8 

The complicated, multi-stage lifecycle of the malaria parasite likely plays a key role in the 

parasites’ success, as it considerably impairs the host immune response to the parasite. The 

parasites express a unique set of antigens at each stage in the lifecycle, with very little antigenic 

overlap between stages (22). This likely contributes to the fact that sterile immunity is rarely 

observed in vaccinated or naturally exposed populations. 

 
1.3 Malaria disease 

The liver stage of malaria is asymptomatic, and symptoms of the disease are only observed 

during the erythrocytic cycle. The classical presentation of uncomplicated malaria is a cyclic 

pattern of fever, chills and sweating, the timing of which is defined by the parasites’ replication 

cycle. P. knowlesi replicates every 24 hours, P. falciparum and P. vivax replicate every 48 hours, 

P. ovale replicates every 50 hours and P. malariae replicates every 72 hours (23). Because of these 

differences, P. falciparum, P. vivax and P. ovale were historically referred to as “tertian” parasites, 

as symptoms occurred every second day in these infections. P. malariae was known as the 

“quartan” parasite because infection with this parasite causes symptoms every three days. Despite 

being accepted as the “classic” presentation of malarial disease, these well-defined cyclic 

symptoms are rarely observed. Rather, patients often present with a combination of fever, chills, 

sweat, headaches, nausea and vomiting, body aches and general malaise (8).  

Severe malaria is a life-threatening disease most commonly caused by P. falciparum but is 

also observed in P. vivax and P. knowlesi infections. Clinical manifestations of severe malaria are 

diverse and can involve cerebral malaria (symptoms include seizures, coma or other neurological 

abnormalities), severe anemia, hemoglobinuria, acute respiratory distress syndrome (ARDS), 

acute kidney injury, metabolic acidosis and abnormalities in blood coagulation (8). Children living 

in high-endemic areas are at highest risk for severe malaria under the age of 5, but generally acquire 
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immunity to severe malaria by the time they reach adolescence (24). However, sterile immunity is 

rarely observed (25). Subsequent malaria infections are usually not lethal in these individuals but 

are still associated with significant morbidity. In endemic areas it is also common for people to 

have chronic low-parasitemia infections that remain asymptomatic. These infections often remain 

undetected and therefore untreated and are an important source of onward transmission (26, 27).  

The biological mechanisms underlying the progression from uncomplicated to severe 

malaria is complex and challenging to delineate. This is likely due to the fact that the host immune 

response plays a vital role in the pathogenesis of severe malaria and disease progression is 

dependent on host, as well as parasite factors. The situation is further complicated by the large 

number of cytokines involved and the fact that their effects are often context and concentration 

dependent. A balance must be maintained between proinflammatory and anti-inflammatory 

cytokines for an effective anti-malaria response that does not endanger the host. Excessive 

proinflammatory cytokine production can result in host tissue damage, severe disease and even 

death, while an insufficient proinflammatory response can result in unregulated parasite growth. 

For instance, tumor necrosis factor (TNF) is protective at moderate serum concentrations. 

However, if the TNF levels are dysregulated and become too high, they are associated with severe 

disease (28, 29). Cytokine-mediated pathologies are often prevented by immunoregulatory 

components of the immune system, such as interleukin 10 (IL-10). The immunomodulatory effects 

of IL-10 are primarily exerted through suppressed production of proinflammatory cytokines, such 

as TNF-α, by monocytes and macrophages (Reviewed in (30)). This suppression helps to ensure a 

balance is maintained to facilitate parasite clearance while minimizing tissue damage. As is the 

case with all cytokines, too much IL-10 can impair the parasite-killing functions of innate immune 

cells, resulting in unchecked parasite growth and host death. The importance of maintaining this 
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delicate balance has been observed with many other cytokines, including IFN-γ, IL-1β, IL-6 and 

IL-12 (31, 32).  

Importantly, there are also specific cytokine profiles that have been associated with 

different clinical syndromes (33). For example, low IL-10 levels have been associated with severe 

malarial anemia (34), whereas high IL-10 levels are observed in patients with respiratory distress 

(35). These studies, and many others, revealed the complex and delicate balance between pro- and 

anti-inflammatory host responses that must be maintained during malaria infection. However, it is 

important to note that parasite virulence factors also play a central role in dictating disease severity.  

 
1.4 Malaria vaccines and host immunity 

A malaria vaccine would have a tremendous impact on vulnerable populations, with the 

potential to save nearly half a million lives annually and prevent over 200 million cases (36). Yet 

the development of an efficacious vaccine remains elusive. As mentioned above, the parasite 

expresses antigens that are largely stage-specific during its lifecycle and no single defining vaccine 

target or even whole organism vaccine can protect against all stages. Despite this, there are 

multiple opportunities for vaccines to interrupt the parasite lifecycle (37). A vaccine that prevents 

sporozoite colonization of hepatocytes could protect individuals from Plasmodium infection, while 

a vaccine targeting blood stage antigens could curb the clinical manifestations of disease, and a 

gametocyte-targeting vaccine could block transmission to mosquitoes.  

P. falciparum causes the largest burden of disease worldwide, which is why much of the 

research and vaccine development efforts have focused specifically on this species. As a result, 

most of what is known about immune responses to the parasite and vaccine candidates is from 

studies of P. falciparum. Thus, the following discussion focuses primarily on P. falciparum 

immunity.  
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It is generally accepted that innate and adaptive cellular immune mechanisms are largely 

responsible for the protection against sporozoites and intrahepatic parasites, whereas the humoral 

arm of the immune system is the primary defender against the intracellular blood stage parasites. 

However, there is evidence that both humoral and cell-mediated immunity play roles in the 

immune response against all stages of the parasitic infection. For example, complement-fixing 

antibodies targeting a sporozoite antigen were associated with protection against clinical P. 

falciparum infection in children (38). Although overall the high level of these antibodies associated 

with protection were only observed in a subset of sera samples (20%). It should also be noted that 

results from studies investigating the contribution of anti-sporozoite antibodies to clinical 

protection have been inconsistent. This is likely because the sporozoites travel from the skin to the 

liver within minutes where they invade hepatocytes and become inaccessible to antibodies. 

Therefore, it is probable that a high concentration of specific immunoglobulin would need to be 

present in the bloodstream at the time of infection to offer antibody-mediated immunity. This likely 

explains why anti-sporozoite antibodies are often reported to be effective in vitro but are 

inconsistently associated with clinical protection to malaria in naturally-exposed populations.   

T cell mediated immune responses are thought to be primarily responsible for pre-

erythrocytic immunity. The importance of T cells, particularly CD8+ T cells, to pre-erythrocytic 

immunity has been underscored by a number of studies using experimental animal models (39-

41). Infected hepatocytes present parasite-derived antigens on their surface using MHC class I and 

II molecules, which are recognized by CD8+ and CD4+ T cells, respectively (42). Studies in 

animal models suggested that once the T cells are activated, they produce interferon-γ (IFNγ) that 

kills the intrahepatic parasites (43). However, there is limited evidence for naturally-acquired T 

cell mediated immunity in human populations (Reviewed in (22)). This is likely a result of the 
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relatively low number of sporozoites that are injected by infected mosquitoes (10-100), which may 

not provide sufficient antigen to generate a strong immune response. Therefore, much of our 

knowledge about pre-erythrocytic immunity in humans comes from vaccine studies.  

In fact, immunizations with whole inactivated or attenuated sporozoites have yielded 

promising results in human trials. For instance, intravenous injection of attenuated whole 

sporozoites conferred a high degree of protection in human challenge experiments with 

homologous P. falciparum strains (44-51). In a recent phase 1 trial of the whole sporozoite vaccine 

candidate, PfSPZ, in Mali, the vaccine was safe, well tolerated and offered some protection against 

natural P. falciparum infection (hazard ratio: 0.517, 95% CI 0.313–0.856) (52). Although the high 

levels of sterile immunity that were reported in some experimental human challenge models were 

not observed in this trial, the vaccine protected a significant proportion of vaccinees over an entire 

malaria season. Unfortunately, there are a number of challenges that these vaccine candidates must 

overcome before they could ever be implemented at scale. These include cold-chain storage (in 

some cases liquid nitrogen is required), intravenous inoculation and manufacturing scale-up (53). 

Nevertheless, these studies provide important insight into the human immune response 

against pre-erythrocytic malaria parasites. In many of these studies, the levels of vaccine-induced 

cytotoxic CD4+ T cells in peripheral circulation were associated with protection (46-51). 

Interestingly, both the induction of CD8+ T cells and the associated protection were less consistent 

in these trials. For instance, following vaccination with PfSPZ, vaccine-specific CD8+ T cells were 

observed in the peripheral blood of some protected individuals, yet were completely absent in 

others (49). However, studies in nonhuman primates may offer an explanation for these findings. 

Following immunizations with PfSPZ, the levels of vaccine-specific CD8+ T cells were 3-4 log 

units higher in the liver than in peripheral blood samples (Reviewed in (54)). These data have led 
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to the hypothesis that following vaccination, the CD8+ T cells are primed in secondary lymphoid 

organs and immediately migrate to the liver, often preventing their detection in peripheral blood 

samples.  

In support of this hypothesis, there is accumulating evidence for the importance of liver 

tissue-resident memory T cells (TRM cells) in the immune response to malaria. TRM cells are highly 

specialized CD8+ T cells that withdraw from circulation in the liver, where they patrol sinusoids 

for specific pathogens (Reviewed in (54)). These cells were found to be potent mediators of 

protection against intrahepatic malaria parasites following immunizations with attenuated 

sporozoites in mice (55, 56). As a result, studies are currently underway using a vaccination 

strategy aimed at specifically inducing a TRM cell response in the liver. However, given that these 

cells are, by definition, not present in peripheral blood, accurately measuring their levels in human 

immunization trials could be a significant hurdle to the progress of these vaccines.  

In addition to immunizations with whole sporozoites, a number of subunit vaccines 

targeting pre-erythrocytic parasites have been developed. In fact the only licenced malaria vaccine, 

called RTS,S, which is currently undergoing pilot rollout in three African countries, is based on 

the circumsporozoite surface protein (CSP) antigen from P. falciparum sporozoites (57). 

Unfortunately, this vaccine offers only partial protection that wanes significantly over time (58, 

59). This is likely because the RTS,S vaccine primarily elicits an antibody response targeting the 

CSP antigen, which displays a high degree of natural polymorphisms in different P. falciparum 

strains (60). RTS,S also does not contain the N terminal region of CSP that was reported to be the 

target of protective immunity in children (61) and evidence suggests that there is limited boosting 

of antibodies against pre-erythrocytic antigens following natural infection (25). Furthermore, the 

RTS,S vaccine induces limited T cell responses (62, 63), which, as discussed previously, were 
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important mediators of vaccine-induced pre-erythrocytic immunity. New CSP-based vaccine 

candidates have been designed in an attempt to overcome the aforementioned challenges and 

several have entered clinical trials, along with a number of novel subunit vaccines that are based 

on different sporozoite antigens (Reviewed in (54)).  

In the erythrocytic stage of malaria, immunity is assumed to be primarily mediated by 

antibodies; however, there are contributions from the innate immune system as well. In a seminal 

study on erythrocytic immunity, pooled IgG from adults living in a malaria-endemic region of 

Africa was passively transferred to children with malaria, resulting in significant reductions in 

parasitemia (64). Although these findings have been repeated in other studies of human and murine 

malaria, it has proven challenging to define individual antigenic correlates of protection. Antibody 

responses in naturally-exposed individuals are directed against many asexual antigens, which 

complicates the process of deciphering protective responses from markers of infection (65). There 

are a number of in vitro assays that are used to evaluate the function of different antibodies, 

including opsonic phagocytosis, complement fixation, inhibition of binding assays, antibody-

mediated cellular cytotoxicity and growth inhibition assays. However, there is inconsistent 

evidence that the results of these assays correlate with clinical protection (Reviewed in (66)).  

Although data from studies of blood-stage immunity have not always been consistent, 

putative antigenic targets of protective antibodies have been identified. For instance, a systematic 

review of several longitudinal studies found that IgG responses against invasion ligands, including 

merozoite surface protein 1 (MSP119), MSP3 and apical membrane antigen 1 (AMA-1) were 

associated with protection against clinical malaria (67). Additional studies pointed to protective 

antibodies targeting P. falciparum reticulocyte-binding homologues (PfRHs) and antigens in the 

erythrocyte binding antigen (EBA) family (68-70). There have been several clinical trials of 
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vaccine candidates based on merozoite surface antigens, but they have shown limited efficacy. For 

instance, in a phase IIb trial of AMA-1, protection against homologous P. falciparum strains was 

observed, but not against heterologous strains (71). Furthermore, the protection was not correlated 

with antibody function.  

Antibodies that target parasite antigens on the iRBC membrane have also been correlated 

with protection in longitudinal studies (Reviewed in (72)). The main targets of these antibodies 

were identified as the variant surface antigens (VSAs) that are expressed by P. falciparum parasites 

and displayed on the surface of iRBCs. These antigens are members of the P. falciparum 

erythrocyte membrane protein-1 (PfEMP1) family that mediate iRBC binding to host tissues, a 

specific interaction that the protective antibodies are assumed to disrupt (discussed further in 

Chapter 1, Section 1.5). As in other stages of malaria infection, achieving strain-transcending 

immunity to blood-stage infection is a significant challenge that both naturally-acquired and 

vaccine-induced immunity must overcome (73). 

In addition to antibodies, γδ T cells have recently been recognized as important mediators 

of immunity to blood-stage malaria (74-77). Two mechanisms were described by which γδ T cells 

may mediate immunity to blood-stage parasites: opsonic phagocytosis of iRBCs and direct killing 

of iRBCs (77). Direct killing was initiated when γδ T cell antigen receptors (TCR) recognized 

parasite antigens, which triggered them to released granulysin through degranulation, lysing the 

infected erythrocyte. Interestingly, this is similar to the mechanism by which CD8+ T cells kill P. 

vivax-infected reticulocytes (76). This mechanism of action does not play a significant role in P. 

falciparum iRBC clearance, because P. falciparum parasites are not restricted to reticulocytes, as 

is the case with P. vivax. The majority of P. falciparum parasites infect mature RBCs, which do 

not express MHC class I or II molecules, prohibiting detection by CD8+ or CD4+ T cells, 
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respectively. Although studies of γδ T cells have offered key insights into malarial immunity, 

further study is needed to determine their clinical relevance. 

 

1.5 Immune evasion strategies 

Plasmodium parasites have evolved eloquent mechanisms to avoid destruction by the host 

immune system and ensure onward transmission. A key mechanism employed by the parasites is 

antigenic polymorphism, which inhibits the host from acquiring strain-transcending immunity. A 

primary example of this are antigens in the PfEMP1 family, which are encoded by var genes. Each 

var gene contains two exons separated by a single intron. Exon 1, which displays high nucleotide 

variation between var genes, encodes the extracellular portion of the PfEMP1 protein, while the 

more conserved exon 2 encodes the intracellular portion of the protein. High variation in exon 1 

and thus, the extracellular portion of the PfEMP1 proteins, is observed within the same parasite 

genome and between the genomes of different P. falciparum parasites (78). Although this strategy 

has been most thoroughly described in P. falciparum parasites, high rates of polymorphisms are 

seen in immunodominant antigens from many Plasmodium species. In fact, polymorphisms in the 

merozoite invasion ligands of P. vivax, such as PvDBP, present a significant hurdle to the 

development of strain-transcending immunity (79-81).  

Proteins in the PfEMP1 family also mediate another very important immune-evasion 

strategy: withdrawal from the peripheral blood through sequestration in host tissues (82). PfEMP1 

proteins contain structurally conserved DBL domains that mediate binding to different host 

receptors including CD36, ICAM-1 and chondroitin sulfate A (CSA) (83-85). Sequestration of 

iRBCs is an important survival strategy for the parasites, as it allows them to withdraw from 

circulation and avoid being cleared by the spleen. When the parasite matures in the RBC from ring 
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stage to trophozoite and schizont stages, the iRBC membrane becomes increasingly stiff. This loss 

of deformability has been attributed to the stiffness of the parasite itself, changes in the RBC 

membrane architecture mediated by exported parasite proteins and modification and depletion of 

RBC membrane proteins (reviewed in (86)). As a result, the stiff RBCs infected with mature 

parasites are at greater risk of being filtered out by the spleen (87). Therefore, sequestration in a 

variety of host tissues, including the placenta, is important for parasite survival and onward 

transmission. It is likely that the high degree of polymorphisms observed in PfEMP1 proteins is a 

strategy used by the parasites to prevent host immunity from targeting these vital binding antigens.  

Another way that P. falciparum parasites ensure sequestration in host tissues is, as 

mentioned above, to bind to a number of different host ligands. This requires that the parasite 

genome encode a repertoire of different PfEMP1 proteins capable of binding to diverse host 

ligands. This strategy is called antigenic variation. Approximately 60 var genes encode the 

PfEMP1 proteins in the haploid P. falciparum genome (88-90). All members of the var gene family 

are expressed in a mutually exclusive manner, meaning that each parasite will only express one of 

the 60 var genes at a time. However, through a mechanism known as var gene switching, 

successive generations of parasites may express a different member of the var multigene family 

(91). 

The mechanism of var gene switching involves several distinct steps: var gene silencing, 

transcription and switching to transcription of a different var gene. By default, all var genes are 

silenced in the parasite genome, which is thought to be achieved through reversible histone 

modifications (92-94) and tethering at the nuclear periphery (95-97).  A single var gene is then 

transcribed for approximately 10-14 hours following merozoite invasion of an erythrocyte (98, 

99). Transcription of this var gene ceases in the later blood stage, but it remains in the ‘poised’ 
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state, marked for reactivation in the next erythrocytic cycle. This mechanism results in epigenetic 

memory, which ensures that the same var gene will be expressed in the subsequent erythrocytic 

cycle in the vast majority of parasites (100, 101). However, in approximately 2% of parasites 

(estimated using in vitro studies), the previously transcribed var gene returns to the silenced state 

rather than the poised state (102). This results in the transcription of a different var gene in the 

next erythrocytic cycle, leading to var gene switching. 

The mechanisms underlying the regulation of var gene silencing and activation are not well 

understood, but host factors are thought to play an important role. Early studies using long term P. 

knowlesi infection in nonhuman primate models, which is how antigenic variation in Plasmodium 

was first discovered, suggested an essential role for the spleen (103). In this model, expression of 

variant surface antigens on iRBCs stops when the parasites are passaged in a splenectomized 

monkey, but expression of these antigens returns upon passage in an intact host (104, 105). 

However, the molecular mechanisms underlying the role of the spleen remains a mystery.  

Despite the current ambiguity surrounding the var gene switching mechanism, selection 

for dominant phenotypes during infection is quite well described. Interestingly, all var genes are 

silenced in sporozoites when they are introduced into the human from the salivary glands of the 

mosquito (106). Following egress from hepatocytes, var gene transcription was demonstrated to 

be highly variable during the early stages of the erythrocytic cycle. Studies using experimentally 

infected individuals found that at the onset of blood stage infection almost all var genes were 

transcribed (107, 108). However, in subsequent generations, specific var genes began to dominate, 

which was attributed to immune pressure exerted by antibodies directed against some of the 

PfEMP1 antigens. It is important to note that both of these studies used malaria naïve, non-immune 

volunteers. The findings may have been different in individuals living in malaria-endemic regions 
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who had previously developed partial immunity. Nevertheless, these studies provide important 

information about epigenetic memory involved in var gene transcription and suggest that it may 

be ‘reset’ during transmission. This memory reset may allow the malaria parasite to selectively 

express the PfEMP1 antigen that will ensure the greatest fitness in each host.  

 

1.6 Malaria in pregnancy 

P. falciparum infection in pregnancy can cause a number of deleterious health outcomes. 

These include pre-term birth, low birth weight, intrauterine growth restriction, spontaneous 

abortion, still birth, maternal hypertension, maternal anemia, infant and maternal mortality and 

even long-term cognitive defects in children born to mothers with placental malaria (109-119). 

Parasitized RBC sequestration in the placenta mediates much of the pathology associated with 

malaria in pregnancy (MiP). When P. falciparum infects a pregnant woman, the parasites express 

a protein in the PfEMP1 family, called VAR2CSA. VAR2CSA is exported to the surface of the 

iRBC and mediates binding to a low-sulfated glycosaminoglycan, called CSA, present on 

chondroitin sulfate-proteoglycans (CSPGs) expressed in the intervillous space of the placenta 

(Figure 1.4A) (83, 120-130). With the exception of some malignant tumors, the unique form of 

CSA modification that VAR2CSA binds to is only found in the placenta (131). CSA has been 

associated with placental trophoblast invasion of uterine tissue and the rapid cell proliferation that 

occurs during the placental implantation process (132). Given that invasion of surrounding tissues 

and rapid cell proliferation are hallmarks of cancerous tumors, it is not surprising that placental-

like CSA is a ubiquitous modification on proteoglycans expressed by cancer cells (131). In fact, 

recombinant VAR2CSA moieties are now being investigated for their ability to detect cancer and 

deliver targeted anti-tumor treatments (131, 133-138).  
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Figure 1.4. Placental malaria and maternal immunity. (A) In pregnancy, P. falciparum express 
VAR2CSA on the surface of infected red blood cells (iRBCs), which mediates adherence to 
chondroitin sulfate A (CSA) in the placenta. This sequestration results in a massive accumulation 
of iRBCs in the intervillous space of the placenta. (B) When a woman has had multiple P. 
falciparum infections in pregnancy, she will develop protective anti-VAR2CSA antibodies that 
block iRBC binding to CSA. Made using BioRender.com.  
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Sequestration in the placenta allows the iRBCs to avoid being cleared by the spleen, making 

the CSA-VAR2CSA interaction a key target for host immunity. In fact, once a woman has had 

several malaria infections in pregnancy, she develops protective anti-VAR2CSA antibodies in a 

parity-dependent manner (Figure 1.4B) (139-145). In pregnant women in Cameroon, the presence 

of moderate and high avidity anti-VAR2CSA antibodies during the fifth and sixth months of 

pregnancy reduced the risk of placental malaria 2.3-fold (95% CI, 1.0-4.9) and 7.6-fold (95% CI: 

1.2-50.0), respectively (145). In a more recent study on MiP in Benin, antibodies against the 

VAR2CSA-based vaccine candidate, PAMVAC, were associated with better health outcomes 

(146). The authors reported that elevated levels of anti-VAR2CSA total IgG and specifically IgG3 

during pregnancy were associated with higher birth weights, while levels of anti-VAR2CSA IgG4 

were associated with a lower risk of placental malaria (146). Studies evaluating the function of 

these protective antibodies have found that they offer protection by mediating opsonic 

phagocytosis of iRBCs and blocking sequestration to CSA (147-152). For instance, in Benin, an 

increase in CSA binding inhibition activity in plasma, between inclusion into the study and 

delivery, was associated with protection from placental infection, low birth weight and preterm 

birth (147). However, a recent systematic review suggested that anti-VAR2CSA antibodies are 

markers of infection rather than measures of protection (153). Nevertheless, it is likely that the 

antibodies that are protective function by blocking parasite adhesion to CSA and/or mediating 

opsonic phagocytosis. 

The parity-dependent pattern of anti-VAR2CSA antibody acquisition has been described 

in many populations living in sub-Saharan Africa, where P. falciparum is the primary malaria-

causing species (2). However, fewer studies have investigated anti-VAR2CSA antibodies in 

populations living in areas co-endemic for P. falciparum and P. vivax. In cross-sectional studies 
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of non-pregnant populations and a longitudinal study in pregnancy in Colombia, where P. 

falciparum and P. vivax co-circulate, we observed an unusual pattern of anti-VAR2CSA antibody 

acquisition (154, 155). Primigravid women and non-pregnant populations, such as men and 

children, had antibodies that recognized VAR2CSA. In the pregnant population, about a quarter 

of the women were infected at some point in pregnancy but these were nearly all submicroscopic 

infections (SMIs). Women were not treated with antimalarials or on intermittent preventative 

therapy (IPT) yet there were very few negative health outcomes associated with these SMIs in 

pregnancy. Furthermore, in the women that became infected, the ability of antibodies to block 

parasite adhesion to CSA in vitro correlated positively with maternal hemoglobin levels, 

suggesting they could be protective (152). These findings are in contrast to studies in Africa that 

have reported poor health outcomes associated with SMIs in pregnancy (156-161).  

Evidence of protection against sub-microscopic P. falciparum infections in pregnancy has 

been observed in other studies in locations that are co-endemic for P. falciparum and P. vivax. 

Another study in Colombia reported that SMI at delivery was not associated with any poor birth 

outcomes, despite evidence of placental damage (162). However, women who had a 

microscopically detected malaria infection at some point during pregnancy gave birth to babies 

that had significantly lower birth weight than uninfected women. Consistent with these findings, a 

cross-sectional study from the same group reported significant histopathological changes in the 

placenta of women with submicroscopic P. falciparum (and P. vivax) infections at delivery, but 

no poor birth outcomes (163). Although the observation of placental damage with no associated 

adverse birth outcomes may seem contradictory, it has been reported that low birth weight may be 

more related to the acute insult of the malaria infection than to irreversible placental changes (164).  
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Consistent with the findings from Colombia, a cross-sectional study performed in Peru 

found that asymptomatic P. falciparum and P. vivax infections were associated with increased 

monocytes in the placenta and pigmented monocytes in placental vessels (165). However, no 

adverse health outcomes were associated with SMI in pregnancy. A study in Papua New Guinea, 

where P. falciparum and P. vivax also co-circulate, found that higher proportion of low birth 

weight deliveries among women who had SMIs at delivery compared to uninfected women (the 

authors did not differentiate between P. falciparum and P. vivax infection) (166). However, this 

difference was not statistically significant (OR 2.41; CI 0.99-5.89; p = 0.054) and there was no 

difference in the mean birth weight of babies born to infected mothers compared to uninfected 

mothers. A cross-sectional study from India also found that microscopically detected, but not 

SMIs, were associated with maternal anemia and low birth weight (167). Furthermore, a 

multicenter prospective cohort study investigating MiP in Colombia, Guatemala, Brazil, India and 

Papua New Guinea also reported that submicroscopic P. falciparum infections were not associated 

with maternal anemia or low birth weight (168). 

Considered together, the majority of these results suggest that in regions where P. 

falciparum and P. vivax co-circulate, a patent P. falciparum infection in pregnancy is still 

associated with significant health risks, but when the infections are submicroscopic this association 

is not observed. These findings contradict studies on falciparum MiP in Africa, where 

submicroscopic P. falciparum infections are associated with poor health outcomes (156-161).  

As discussed previously, our studies of MiP in Colombia suggest that, in this population, 

protection against the poor health outcomes associated with SMI in pregnancy may be a result of 

anti-VAR2CSA antibodies (152, 154). Interestingly, in this population, there was evidence of 

pregnancy-independent acquisition of anti-VAR2CSA antibodies. Non-pregnant populations, such 



 24 

as men and children, were found to have anti-VAR2CSA antibodies that were able to block parasite 

adhesion to CSA in vitro. Furthermore, acute P. vivax infection or past exposure to P. vivax was 

associated with anti-VAR2CSA antibodies. This led us to suggest that there may be genotypic or 

phenotypic differences in parasites in this region, owing to co-endemicity of P. falciparum and P. 

vivax, or that there was immunological cross-reactivity between VAR2CSA and a P. vivax antigen.  

 

1.7 Immunological cross-reactivity between Plasmodium species 

Rather unexpectedly, insight into the immunological basis of cross-reactivity first emerged 

from attempts to develop species-specific diagnostic tests. In testing the specificity of a 

complement fixation assay for malaria diagnosis, Kingsbury detected cross-reactivity between P. 

vivax and P. falciparum antigens (169). Sera from 6 of 12 individuals with acute P. vivax infection 

reacted to P. falciparum antigens in a precipitin test, and likewise, 5 of 16 sera from patients 

infected with P. falciparum reacted to P. vivax antigens. However, a later paper by Mayer and 

Heildelberger (1946) suggested that the specificity of the test was compromised by reactivity of 

sera with human stromata in the antigen preparations (170). In a different precipitin test developed 

by Taliaferro et al., sera from patients in Honduras infected with P. vivax reacted with antigens 

prepared from a P. falciparum-infected placenta (171, 172). Surprisingly, heterologous reactions 

were as strong as the homologous ones. These findings were replicated in two separate studies in 

Honduras with over 500 sera but not in a later study in Puerto Rico with antigens prepared in the 

same manner (173). The results from the Puerto Rico study were deemed inconclusive and the 

inconsistency attributed to the generally poor performance of the precipitin test at that time. 

Serological cross-reactivity was later observed against P. falciparum and P. vivax crude antigens 
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prepared from short-term culture of parasites isolated from infected patients, but the homologous 

reactions were more intense than the heterologous reactions (174).  

With the advent of techniques to fluorescently label antibodies, their recognition of 

antigens from distinct malaria species could be directly observed under the microscope with the 

immunofluorescence (IF) assay. In one of the first records of this method applied to the study of 

human malaria, fluorescently-labeled immunoglobulin from a patient with a long-standing P. 

vivax infection recognized RBCs infected with the simian malaria species P. cynomolgi (although 

not P. berghei) (175). This finding was replicated in another study where sera from P. vivax-

infected patients (n=4) recognized thin blood smears made from monkeys infected with P. 

cynomolgi (176). Homologous parasites were recognized much more strongly than heterologous 

parasites, but cross-reactivity in this case was reciprocal: serum from 5 volunteers infected with 

P. cynomolgi recognized two strains of P. vivax (Chesson and Venezuelan strains) by IF assay 

using thin blood smears made from infected patients (176). Similarly, antibodies from a laboratory 

worker following an accidental P. cynomolgi infection recognized thin smears of P. vivax iRBCs 

as strongly as those infected with P. cynomolgi (175).  

Immunological cross-reactivity between P. vivax and P. falciparum was also demonstrated 

with sera from naturally infected individuals (177). Sera from 9 out of 29 individuals with a P. 

vivax infection recognized P. falciparum iRBCs, while sera from 11 out of 21 individuals with a 

P. falciparum infection recognized P. vivax iRBCs. In this same study, cross-reactivity was also 

observed in individuals deliberately infected with P. vivax or P. falciparum. Based on the antibody 

titers against homologous versus heterologous iRBCs, P. vivax sera were more cross-reactive 

against P. falciparum iRBCs than the converse.  
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In Guatemala, sera from individuals naturally exposed to P. vivax strongly cross-reacted 

with asexual P. falciparum antigens by enzyme-linked immunosorbent assay (ELISA) (20/43 

positive), IF assay (35/36 positive) and by immunoprecipitation assays (32/32 positive) (178). In 

order to rule out past P. falciparum infection as the source of these antibodies (despite >99% 

prevalence of P. vivax), the sera were also tested against the P. falciparum CSP and heat shock 

protein (HSP) 70 kD-like-molecule repeat peptides by ELISA. Only 2 out of 36 sera samples 

recognized the PfCSP repeat peptide and 1 out of 33 sera samples recognized the P. falciparum 

HSP70 kD-like-molecule repeat peptide (179), suggesting the antibodies were truly cross-reactive. 

In this study, serological recognition of a HSP70 peptide was used to rule out antibodies specific 

to P. falciparum infection, but this family of proteins contains other epitopes that are shared across 

Plasmodium species (180). Given their ubiquitous nature, it is possible that these and other 

conserved housekeeping antigens underpinned some of the cross-reactivity discussed previously. 

While these may be viable targets of cross-reactive antibodies, their validity as vaccine candidates 

would depend on whether they elicit functional antibodies. 

IF assay was also useful to validate the interactions between the different species of rodent 

malaria and to develop a model of antigenic similarity among these parasites (181). Hyperimmune 

sera generated by infecting mice three times with either P. berghei, P. yoelii, P. chabaudi or P. 

vinckei revealed that the four species were serologically indistinguishable by IF assay. Sera from 

rabbits immunized with soluble antigens from these parasites gave similar results. These findings 

form the basis of a proposed model of antigenic conservation between the four murine malaria 

species whereby certain antigens are shared among all four species, some antigens are shared only 

between the most similar pairs of parasites and then others are specific to each species.  
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Cellular immunity is also likely to play a role in cross-species immunity and may underpin 

the protective clinical effects (reduced symptoms and disease severity) - yet there is scant data on 

the potential contribution of T cells to this immune mechanism. In rodent models, antibody-

independent mechanisms clearly influenced susceptibility to heterologous challenge (182). For 

example, B cell deficient mice chronically infected with P. yoelii were resistant to lethal challenge 

with P. chabaudi (182). Cross-reactive T cell responses are also vital to the heterologous immunity 

observed in murine malaria models of attenuated sporozoite vaccination. Immunization with 

radiation-attenuated P. berghei sporozoites protected 79% of mice challenged with P. yoelii 

sporozoites and immunization with P. yoelii sporozoites protected 63% of mice challenged with 

P. berghei sporozoites (183). Heterologous protection was dependent on CD8+ T cells whereas 

antibodies from immunized mice only recognized homologous, but not heterologous, sporozoites. 

In another study, 100% of mice immunized with genetically-attenuated P. yoelii sporozoites were 

protected against P. berghei sporozoite challenge (184). The authors suggested that late-liver stage 

arresting sporozoites elicited a broadly protective CD8+ T cell response. 

There are few reports of species-transcending T cells in humans. The most definitive study 

showed that T-cells isolated from volunteers immunized with attenuated blood stage P. falciparum 

parasites proliferated in vitro in response to P. knowlesi iRBCs (185). Whether these T cells have 

functional activity to protect against heterologous challenge is not known, but this data could 

provide important insight for vaccine development.  

 

1.8 Challenges in placental malaria vaccine development 

There are two recombinant protein vaccine candidates based on the minimal CSA-binding 

domains of two different alleles of var2csa that recently underwent evaluation in phase Ia/Ib 
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clinical trials. PRIMVAC consists of the DBL1X-ID1-DBL2X domains of the 3D7 allele of 

VAR2CSA and the PAMVAC vaccine candidate consists of the ID1-DBL2X-ID2a domains of the 

FCR3 allele (Figure 1.5) (186, 187). After eliciting high titres of strain-transcending antibodies in 

pre-clinical small animal studies (188-191), both candidates advanced to clinical trials. The 

candidates elicited strong antibody responses against the same strain of parasite that the vaccine 

was based on; however, recognition of different P. falciparum strains was limited (186, 187). 

Likewise, sera from vaccinees were able to block homologous parasite strains from binding to 

CSA in vitro, but when sera from volunteers who had received PRIMVAC were tested against 

heterologous parasite strains, no blocking was observed (187). No data was reported from the 

PRIMVAC clinical trial from inhibition of binding assays using heterologous parasite strains. 

However, a recent review by the authors involved in these studies referred to the lack of strain-

transcending inhibition observed with both candidates (192). 
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Figure 1.5. VAR2CSA vaccine candidates and sequence diversity. (A) The schematic view of 
VAR2CSA consists of the N-terminal sequence (NTS), six Duffy binding-like (DBL) domains, 
interdomain regions (turquoise boxes), transmembrane sequence and the acidic terminal segment 
(not shown). The PRIMVAC vaccine candidate consists of the DBL1X-ID1-DBL2X domains of 
the 3D7 allele of VAR2CSA. The PAMVAC vaccine candidate consists of the ID1-DBL2X-ID2a 
domains of the FCR3 allele of VAR2CSA. Sequence diversity across the first 5 DBL domains 
from 1,249 field isolates was determined in (193). (B) The accumulation of unique insertions and 
deletions (InDels) are indicated in red. (C) The nucleotide diversity across the var2csa genes is 
indicated with lines coloured according to the geographic origin of the isolates. Green shading 
indicates low levels of nucleotide diversity. Figure was adapted from (193) and was made using 
BioRender.com.  
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Given the considerable polymorphisms that exist between VAR2CSA antigens from 

different parasite strains, strain-transcending immunity is a significant, yet vital hurdle that these 

vaccines must overcome (193). For instance, a recent study evaluating ID1-DBL2 polymorphisms 

identified 95 distinct variants in Malawi and 57 in Benin (194). There was often more than one 

variant detected in a single clinical isolate and the authors estimated that approximately 30% of 

the residues in this region were polymorphic. Unfortunately, this high degree of antigenic 

polymorphism is not unique to VAR2CSA and the lack of strain-transcending immune responses 

reported in these studies highlights a common challenge faced by malaria vaccines. 

The limitations of current experimental vaccines may reflect a shortcoming in the 

traditional approach to antigen discovery (195). Candidates, particularly blood stage antigens, are 

often identified as targets of neutralizing antibodies in immune sera; but the corollary is that this 

strategy selects for immunodominant epitopes that are under strong immune selection, and 

consequently, are highly polymorphic. Incorporating conserved and cryptic epitopes (epitopes not 

normally exposed to the immune system) into vaccines may overcome these challenges. 

Based on the immunological cross-reactivity data presented above, we propose that 

epitopes conserved across species can be exploited in vaccine design. This idea may seem heretical 

given the absence of sterile immunity following lifelong exposure to a single species, and our 

understanding that the immune response to malaria is largely considered strain-specific. In fact, 

cross-species immunity has doubtlessly been selected against due to the co-circulation of multiple 

Plasmodium species competing for the same human host. Competition between parasites likely 

resulted in the evolution of different virulence and lifecycle strategies as a form of mutual 

adaptation, and within these species-specific adaptations arose antigenic diversity in virulence 

genes of that parasite. Nevertheless, the shared evolutionary history among the six species of 
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Plasmodium purports that many proteins will be homologous in origin, with common structures 

and/or functions. As such, it is likely that there are subdominant or even immunologically cryptic 

epitopes that remain conserved across multiple species. As a vaccine strategy, this presents an 

opportunity to direct the immune response against these conserved epitopes and exploit them in a 

cross-species malaria vaccine.  

 

1.9 Research objectives 

The overarching goal of this research was to investigate immunological cross-reactivity 

between PvDBP and VAR2CSA that is elicited through natural infection and immunization, and 

to apply this knowledge to rational vaccine design. In Chapter 2, I describe the cross-reactive anti-

VAR2CSA antibodies that are elicited in populations naturally exposed to P. vivax and through 

PvDBP immunizations in mice. In Chapter 3, I investigated the nature of the epitopes in PvDBP 

and VAR2CSA that mediate the cross-reactivity between these antigens. In Chapter 4, I discuss 

attempts to develop a vaccine candidate based on the putative cross-reactive epitope in PvDBP, 

with the goal of eliciting cross-reactive antibodies that target VAR2CSA. Finally, in Chapter 5, I 

show the results from two different approaches to optimize our immunization strategy with hopes 

of focusing and strengthening the immune response against the cross-reactive epitope(s).  
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Chapter 2: Cross-species immune recognition between Plasmodium vivax Duffy Binding 
Protein antibodies and the Plasmodium falciparum surface antigen VAR2CSA 
 
Data from this Chapter have been previously (155). 
 
 
2.1 Introduction 

Malaria in pregnancy is responsible for 200,000 infant deaths and 10,000 maternal deaths 

annually (196). Most deaths occur in sub-Saharan Africa and are caused by infection with P. 

falciparum.  Morbidity and mortality from MiP is largely attributed to sequestration of parasites 

in the placenta, whereby iRBCs adhere to the syncytiotrophoblast, resulting in stillbirth, fetal 

growth restriction, low birth weight and maternal anemia (109, 197).  

Sequestration is a common mechanism used by P. falciparum to evade host immune 

defenses and clearance from the spleen. The surface antigen, VAR2CSA, plays a central role in 

the pathogenesis of placental malaria. Expression of this protein on the surface of iRBCs mediates 

binding to CSA and parasite accumulation in the placental intervillous space (121). Antibodies 

targeting VAR2CSA protect women from placental malaria and are associated with improved birth 

outcomes (198). Protective antibodies typically arise in response to placental infection and as a 

result, antibodies are acquired in a parity-dependent manner. Primigravid women, who have lower 

levels of antibodies, have the greatest risk of complications from MiP whereas multigravid women 

have acquired protective antibodies (199).  

VAR2CSA is a member of the PfEMP1 family of proteins and contains six DBL domains 

and three inter-domain regions (200). It was discovered as an antigen that is upregulated in P. 

falciparum parasites from pregnant women (129) and in parasite strains selected in vitro for 

adhesion to CSA (121). Although most studies report that antibodies to VAR2CSA are confined 

to pregnant populations, antibodies against the full-length protein or individual domains were 
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reported in non-pregnant populations (in men and children)(143, 154, 201-203).  We previously 

observed a high frequency of antibodies in non-pregnant populations from Colombia (154). Over 

50% of men and children with acute infection with P. falciparum or P. vivax had antibodies that 

recognized the ID1-ID2, DBL3X and DBL5ε domains of VAR2CSA. VAR2CSA-specific 

antibodies were also observed in pregnant women but were independent of parity. We further 

showed that antibodies from sera of pregnant and non-pregnant Colombians functionally inhibited 

parasite adhesion to CSA (154). 

Neither the origin of these VAR2CSA cross-reactive antibodies nor their role in protecting 

against placental malaria is known. One hypothesis is that antibodies against VAR2CSA acquired 

outside of pregnancy could originate from exposure to P. vivax, which co-circulates with P. 

falciparum in this region of Colombia. While there is no direct homologue of VAR2CSA in P. 

vivax, two proteins (PvDBP and EBP2) contain DBL domains structurally similar to the six 

domains in VAR2CSA (204-206). Little is known about the function of EBP2. PvDBP interacts 

with the DARC on reticulocytes (207) and antibodies to PvDBP are observed in sera of patients 

exposed to P. vivax (208).  

Here we demonstrate that men and children from Colombia and Brazil who were exposed 

to P. vivax have antibodies to full-length VAR2CSA. We show that cross-reactive antibodies can 

originate from exposure to PvDBP during infection and in mice following immunization with the 

DBPII. We show that the mouse DBPII monoclonal antibody recognizes the surface of 

VAR2CSA-expressing parasites and inhibits parasite binding to CSA in vitro, supporting a role 

for functional cross-recognition of P. vivax PvDBP antibodies against VAR2CSA. 

 

 



 34 

2.2 Methods 

2.2.1 Ethical considerations 

Study approval was granted by the Health Research Ethics Board of the University of 

Alberta in Canada (Pro00041720), the Comité de Ética of Instituto de Investigaciones Médicas of 

Universidad de Antioquia in Colombia (Approval Numbers: 009-2013, 002-2015, 009-2016), the 

Ethics Committee of FIOCRUZ, Brazilian Ministry of Health and the Ethical Committee of 

Research on Human beings from the CPqRR/Fiocruz (Reports No. 07/2009 and No. 26/2013; 

CAEE:50522115.7.0000.5091/ 05/2016), the Comité Consultatif de Déontologie et d’Ethique of 

the Research Institute for Development in France, the ethical committee of the Faculty of Health 

Science in Benin, and the Higher Degrees, Research and Ethics Committee in Uganda (HDREC 

368). All participants provided voluntary written consent. 

 

2.2.2 Study region and study design 

Samples from individuals in two Latin American countries (Colombia and Brazil) were 

included in this study (Table 2.1). Both symptomatic and asymptomatic men and children exposed 

to malaria were recruited in Colombia between 2013 and 2016, in the municipality of Puerto 

Libertador in the Department of Córdoba (7°53′17″N 75°40′18″W; mean altitude 66 m.a.s.l.). The 

symptomatic population included patients who presented to the clinic with suspected malaria. Sera 

from the community were collected during a cross-sectional survey. Epidemiologic characteristics 

of this region are described elsewhere (209). Briefly, the transmission intensity is low and stable, 

with no marked fluctuations in the number of malaria cases during the year; the entomological 

inoculation rate ranges from 3.5 to 4.8 infective bites per person per year (210). From 2013-2016, 

the annual parasitic index (API; number of malaria cases/1,000 inhabitants) in our study region 
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ranged from 1.2 to 2.7 for P. vivax, and 0.1 to 0.7 for P. falciparum (Instituto Nacional de Salud, 

Colombia). Fifty sera from residents of Medellín, where there is no malaria, were included as 

unexposed controls. 

 

Table 2.1. Study population 
Country Town Malaria status Participants, No. Sex (M:F) 

Colombia     
 Puerto Libertador Exposed to Pf and Pv 156a 154:2b 
 Medellín No exposure 50 25:25 
Brazil     
 Rio Pardo Exposed to Pv 41 41:0 

 Belo Horizonte No exposure 10 4:6 
Canada     
 Edmonton No exposure 21 5:16 

   

Abbreviations: Pf, Plasmodium falciparum; Pv, P. vivax 
aIncludes 9 men and children whose sera were used for affinity purification. 
bFemales were ≤ 12 years old. 
 
 

In Brazil, malaria-exposed participants were recruited in the agricultural settlement of Rio 

Pardo (1o 46’S-1o54’S, 60o22’W-60o10W), Presidente Figueiredo municipality, northeast 

Amazonas State in the Brazilian Amazon area. The study site and malaria transmission patterns 

were described elsewhere (211). A population-based open cohort study was initiated in November 

2008, where 541 inhabitants were enrolled at baseline, and after six and twelve months, two similar 

cross-sectional surveys were carried out. The API in 2008-2009 ranged from 199.0 to 307.6 for P. 

vivax and from 6.5 to 26.2 for P. falciparum (211, 212). In addition, plasma samples from malaria-

unexposed Brazilian adults were collected in the region of Belo Horizonte, Minas Gerais state. 

Positive controls included pooled sera from pregnant women from Benin and Uganda who 

participated in other studies. Additional unexposed controls included sera from 21 Canadian 
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residents (five men and 16 women), with no history of travel to malaria-endemic countries. These 

samples were collected in a previous study (154). 

 

2.2.3 Sample collection 

Blood samples from Colombian participants (<5 mL) were collected by venipuncture. 

Thick and thin blood films were prepared, stained with Giemsa and diagnosed by microscopy.  

Total nucleic acid was extracted from red blood cell pellets and malaria diagnosis was performed 

by RT-qPCR as described elsewhere (213). Whole blood and plasma from Brazilian participants 

was collected as described previously (214) and malaria diagnosis was performed by qPCR (215).  

 

2.2.4 ELISA   

The specific levels of antibodies (IgG) were measured in serum samples using an enzyme-

linked immunosorbent assay (ELISA) as described elsewhere (154). PfMSP1 and PvMSP1 were 

purchased commercially (CTK Biotech, USA). VAR2CSA DBL domains (FCR3 allele) and 

IT4var07 CIDRα1.4 were produced in E. coli as described (216). Full-length VAR2CSA (FCR3 

allele) was produced as described (217). The DBPII region of the PvDBP DBL domain was 

expressed and purified as described (218). Plates were coated with 0.5 μg/mL of each antigen. 

Optical density (OD) values were converted to arbitrary units (AU) (219) relative to a pool of sera 

from multigravid women from Benin that was run on each plate, according to the formula: AU= 

(ODtest sera-background)/ODBenin pool-background)*100. Background was the OD value of the 

antigen with secondary antibody alone. Cut-off values for each antigen were determined based on 

the mean OD of individual Canadian sera (19-21 sera) plus 2 standard deviations and converted to 

AU against the Beninese multigravid control on the same plate. Two mouse monoclonal antibodies 
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(mAbs), 3D10 and 2D10 (both IgG1), were developed following immunization with the DBPII 

domain of PvDBP (218) and compared with a commercial isotype control (Invitrogen, USA). 

 

2.2.6 Affinity purification 

Recombinant PvDBP (DBPII region; 3 mg) was loaded onto a HiTrap NHS-Activated HP 

column (GE Healthcare Life Sciences). Sera from nine Colombian men and children with 

antibodies to PvDBP were pooled, loaded onto the column, and eluted. Total IgG was purified 

further using a HiTrap Protein G HP column (GE Healthcare Life Sciences) and quantified using 

a Nanodrop. The elution fractions containing IgG were concentrated and the buffer was exchanged 

with 1X PBS, using an Amicon ® Ultra-4 centrifugal filter (Merck Millipore Ltd). 

 

2.2.7 P. falciparum culture 

P. falciparum CS2 strain (FCR3 allele of VAR2CSA), NF54-CSA (3D7 allele of 

VAR2CSA), and a placental isolate (220) were cultured in vitro, as described previously (221). 

Parasites were selected on CSA (C9819, Sigma-Aldrich) to enrich for parasites expressing 

VAR2CSA. Mature parasites were magnet-purified using the VarioMACS according to the 

manufacturer’s instructions (Miltenyl Biotec).  

 

2.2.8 Immunofluorescence (IF) assay 

Thin smears of magnet-purified P. falciparum CS2 iRBCs were fixed with methanol, 

washed in 1xPBS, blocked in 3% BSA/1xPBS for 1 h at RT and placed in a humidified chamber 

at 4°C overnight with primary antibody at 1/100 in 1%BSA/1xPBS. Slides were washed and 

secondary antibody (Alexa555 goat anti-mouse or Alexa647 goat anti-rabbit; Molecular Probes) 
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was diluted 1/500 in 1%BSA/1xPBS and incubated for 2 h at RT. Prolong® Gold Antifade reagent 

containing DAPI (Molecular Probes) was applied and slides mounted with a no. 1.5 cover glass.  

Image data were collected using a Leica SP5 laser scanning confocal microscope equipped with a 

100x/1.44 oil-immersion lens. A Gaussian filter was applied with a kernel size of 5 using Leica 

LASAF software. Figures were compiled using Image J. 

 

2.2.9 Flow cytometry  

Mature parasites (1x105 cells) from P. falciparum strains CS2 and NF54-CSA, and a 

placental isolate were incubated for 1 h at 4°C with the 3D10 mAb or isotype control (143 µg/mL). 

Mouse antibodies were preabsorbed on uninfected RBCs and detected with Alexa Fluor 647 

conjugated goat anti-mouse IgG (dilution 1:500, Life Technologies). Rabbit anti-VAR2CSA or 

normal rabbit serum was preabsorbed on uninfected RBCs, incubated with iRBCs at 1:40, and 

detected with Alexa Fluor 647 conjugated goat anti-rabbit IgG (1:500, Life Technologies). Parasite 

DNA was stained with 5 µg/mL of DAPI. Uninfected RBCs were excluded based on DAPI 

staining. DAPI-positive iRBCs (>11,000 cells) were quantified by flow cytometry (Fortessa X20) 

and data analyzed with FlowJo version 7.6 (TreeStar, Ashland, USA). For fluorescent flow 

microscopy, CS2 iRBCs were stained as described above. Images of individual iRBCs were 

captured using the ImageStreamX Mark II Imaging Flow Cytomoter (Inspire v6.2, Amnis 

Corporation, Seattle, WA) and analyzed using Ideas software (v6.2, Amnis Corporation, Seattle, 

WA). 

 

2.2.10 Inhibition of Binding Assay (IBA) 

The ability of antibodies to interfere with CSA adhesion of iRBCs was assessed by a 

modified static IBA protocol (154). Total IgG was purified from sera of Colombian men and 



 39 

children positive for antibodies to PvMSP1 and VAR2CSA, but negative for antibodies to PfMSP1 

(sera from Figure 1B that had an AU for VAR2CSA above the cut-off), using a HiTrap Protein G 

HP column (GE Healthcare Life Sciences) and quantified using a Nanodrop. The control total IgG 

was purified from a pool of sera from Colombian men and women living in Medellín. IgGs were 

tested in the IBA at a concentration of 4 mg/mL. The mouse DBPII monoclonal 3D10 and the 

IgG1 isotype control were tested in the IBA at a concentration of 100 μg/mL. Following incubation 

with antibodies and iRBCs, the entire CSA spot was imaged with a 4X objective using an EVOS 

FL Auto microscope (Invitrogen) equipped with a 4X/0.13 lens and the number of bound iRBCs 

on each spot was quantified using Image J. All experiments included replicates across multiple 

plates and strains and were performed at least twice. The percent inhibition was based on the 

number of parasites bound per spot after incubation with the test sera or IgG divided by the control, 

with the sCSA counts as 100% maximum inhibition.  

 

2.2.11 Statistical analyses 

Data were plotted using Prism software (version 7; GraphPad). A D’Agostino-Pearson test 

was used to determine if data sets for the serology data (Figure 1A) followed a normal distribution. 

Comparisons of VAR2CSA AU data were made using a Kruskal-Wallis test and Dunn’s multiple 

comparisons test. Comparisons of parasite counts in IBAs were made using Student’s t test 

(Figures 2.1C and 2.5). 

 

2.3 Results  

2.3.1 Populations exposed to P. vivax have VAR2CSA antibodies 

We first tested whether non-pregnant populations living in a malaria-endemic region of 

Colombia have VAR2CSA antibodies (Figure 2.1A). Negative controls included Canadians and 
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non-exposed Colombians living in Medellín where there is no malaria (all were confirmed negative 

for malaria infection by qPCR). In the negative controls, few had antibodies to VAR2CSA (Figure 

2.1A).  In contrast, 50/94 men and children who presented to the clinic in Puerto Libertador (Table 

2.2) had VAR2CSA antibodies (49% of men and 61% of children; Figure 2.1A). Asymptomatic 

men and children from the community (53 in total, all PCR negative; Table 2.2) also had 

VAR2CSA antibodies (40% of the men and 64% of the children; Figure 2.1A). These results are 

consistent with our published data that Colombian men and children had antibodies recognizing 

the recombinant VAR2CSA domains ID1-ID2, DBL3X and DBL5ε (154). Given that the full-

length protein has a higher affinity for CSA than the individual domains (222), we focused on the 

cross-reactivity to the entire folded protein rather than the individual domains.  

 

Table 2.2 Nonpregnant Populations from Puerto Libertador, Colombia, Tested for Serum 
Reactivity to the Plasmodium falciparum Surface Antigen VAR2CSA 

Group, Recruitment Site Participants, No. Species, No. 
    Men (n = 105)   
         Clinic 63 … 

Positive 30 P. vivax (22), P. falciparum (8) 
Negative 33 None 

         Community 42 … 
Negative 42 None 

    Childrena (n = 42)   
         Clinic 31 … 

Positive 15 P. vivax (9), P. falciparum (6) 
Negative 16 None 

         Community 11 … 
Negative 11 None 

aIncludes 2 girls ≤12 years of age  

 

We hypothesized that VAR2CSA antibodies acquired outside of pregnancy arose from 

exposure to P. vivax. To determine whether Colombian men and children were exposed to different 
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species of Plasmodium, serology was performed using PfMSP1 and PvMSP1. Negative PfMSP1 

serology suggests lack of recent exposure to P. falciparum based on the long antibody half-life 

(7.6 years in similar low transmission settings) (223) and the findings that PfMSP1 antibodies were 

reported to occur in 80% of individuals recently infected with P. falciparum (224). We identified 

28 sera reactive only to PvMSP1. Forty-six percent of sera had antibodies that recognized 

VAR2CSA (Figure 2.1B).  While lack of antibodies to PfMSP1 does not definitively exclude prior 

exposure to P. falciparum, we subsequently identified a population in the Brazilian Amazon with 

no documented infection with P. falciparum during the five years prior to sample collection, 

according to the Brazil Epidemiological Surveillance Information System (SIVEP). After 

screening by serology, sera from 41 men and children were positive for antibodies to PvMSP1 and 

negative against PfMSP1. Of these, 31 had antibodies that recognized VAR2CSA (76%; Figure 

2.1B), consistent with the high frequency of cross-reactive antibodies in our Colombian 

population.  

To test whether VAR2CSA antibodies in the P. vivax-exposed populations are functional, 

total IgG was purified from the Colombian sera that were positive for VAR2CSA, pooled, and 

tested in triplicate in the inhibition of binding assay (IBA) in which iRBCs are incubated with 

antibody prior to being added to CSA adsorbed to plastic. These IgGs blocked binding to CSA of 

a P. falciparum placental isolate (adapted to in vitro culture) by 24% relative to total IgG purified 

from a pool of sera from Medellín where there is no malaria (Figure 2.1C). This experiment was 

repeated with the CS2 strain with both purified IgG and total serum, with similar results. The mean 

percent inhibition across all experiments and strains (n=5 independent experiments) was 22.3% ± 

3.9% SEM. 
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Figure 2.1. Human antibodies to DBPII recognize VAR2CSA. (A) Sera from different 
populations in Colombia were tested for reactivity to full-length VAR2CSA (FCR3 allele) by 
ELISA (dilution 1/1000). Values are expressed as arbitrary units (AU) relative to a positive control 
on each plate, with mean and SD. A cut-off value (stippled line) was determined for each antigen 
based on the mean OD values for individual sera from the Canadian population plus 2 SD. The 
percentage of samples with an AU above the cut-off is indicated for each population (%). AU 
values of the sera from the malaria-exposed groups in the clinic and community were significantly 
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different from the unexposed group from Medellín using a Dunn’s multiple comparisons test 
(p<0.0001 for all comparisons between groups). (B) VAR2CSA reactivity in sera positive against 
PvMSP1 and negative against PfMSP1. Samples are from Colombia and Brazil, and analysed 
against VAR2CSA as in (A). (C) Colombian sera from (B) that were seropositive against 
VAR2CSA and with P. vivax exposure were pooled and IgG was purified. Total IgG was tested in 
the inhibition of binding assay against a placental isolate that was adapted to in vitro culture. Total 
IgG was purified from the pooled sera of unexposed Colombians as control IgG. Results are 
expressed as the number of parasites bound to CSA from triplicates of a representative experiment. 
Significance was determined using a Student’s t test comparing unexposed Control IgG and P. 
vivax-exposed IgG for each experiment. ** p < 0.01. (D) DBPII antibodies were affinity-purified 
from a pool of sera from Colombian men and children previously exposed to P. vivax and titrated 
against VAR2CSA (FCR3) by ELISA, with an initial concentration of 12 μg/mL IgG (1/10 dilution 
on the x-axis). IgG of unexposed Colombians served as the control. Data are mean OD values ± 
SD.  
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2.3.2 PvDBP and VAR2CSA share common epitopes 

DBL domains in VAR2CSA and PvDBP share structural similarities (206) and 16-21% 

sequence identity (Figure 2.2).  We therefore asked whether PvDBP antibodies in P. vivax-exposed 

individuals would cross-react with VAR2CSA, thus identifying a potential source for these 

antibodies.  We affinity-purified DBPII IgG from pooled sera from Colombian men and children 

and found that DBPII-specific human antibodies reacted with VAR2CSA with an endpoint titre of 

3 µg/mL (Figure 2.1D). Total IgG purified from Medellín sera was used as a negative control. 

These data suggest that exposure to PvDBP following P. vivax infection is one possible source of 

antibodies that recognize VAR2CSA.   
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Figure 2.2. Alignment of DBL domains from VAR2CSA and PvDBP. Individual DBL domains 
from VAR2CSA (FCR3 allele) were aligned with the DBPII. Multiple alignments were produced 
with MAFFT version 7 using the L-INS-I algorithm under default parameters. Alignments were 
visualized and manually adjusted in Jalview. Dark blue shading indicates that >80% of the residues 
agree with the consensus sequence. Lighter and lightest shades indicate >60% and >40% 
agreement, respectively. 
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To determine whether immunization with DBPII can generate cross-reactive antibodies, 

we took advantage of two monoclonal antibodies, 3D10 and 2D10 (both IgG1), that developed 

following immunization with DBPII (218).  We tested their reactivity to VAR2CSA and observed 

strong recognition with 3D10 with an endpoint titer of 0.86 µg/mL but much weaker recognition 

with 2D10 (Figure 2.3A).  The 3D10 mAb also recognized individual recombinant DBL domains 

from VAR2CSA with the strongest reactivity against DBL5ε and ID1-ID2 (Figure 2.3B). This 

indicated that there was at least one epitope of DBPII that was shared with different domains of 

VAR2CSA.  

Based on the cross-reactivity of 3D10 to VAR2CSA, we tested whether it recognized the 

protein expressed on the surface of iRBCs by IF assay. Mature forms of P. falciparum CS2 iRBCs 

that expressed VAR2CSA were fixed and stained with 3D10 and visualized by 

immunofluorescence (Figure 2.3C). We observed staining at or near the surface of iRBCs.  The 

pattern of recognition was similar to that seen when iRBCs were co-stained with rabbit anti-

VAR2CSA antibodies.  Neither antibody stained uninfected red cells. Normal mouse serum and 

normal rabbit serum did not stain CS2 iRBCs. 3D10 also recognized live iRBCs (Figure 2.3D), as 

observed by live cell imaging (‘Image Stream’) with 3D10 and VAR2CSA antibodies co-

localizing to the cell surface.    
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Figure 2.3. A DBPII mouse monoclonal antibody recognizes VAR2CSA. (A) Titration of two 
DBPII mouse mAbs (3D10 and 2D10) and control IgG1 against full-length VAR2CSA (FCR3) by 
ELISA. The concentration of the first dilution (1/50 on the x-axis) of each antibody was 8.6 μg/mL. 
Data are mean OD values ± SD. (B) DBPII mAb 3D10 and the isotype control (both at 8.6 μg/mL) 
were tested against various recombinant DBL domains from VAR2CSA (ID1-ID2, DBL3X, 
DBL4, and DBL5ε), full-length VAR2CSA, IT4var07 CIDRα1.4, PfMSP1 and PvMSP1 by 
ELISA, all coated at 0.5 μg/mL. (C) RBCs infected with mature CS2 parasites were fixed and co-
stained with DAPI (blue), DBPII mAb 3D10, detected using a goat anti-mouse secondary (2°) 
antibody (red), and a rabbit polyclonal antibody to VAR2CSA, detected using a goat anti-rabbit 
secondary (2°) antibody (green). Normal mouse and normal rabbit sera were included as negative 
controls and are shown in the bottom two rows (D) Live cell images of a representative CS2 iRBC 
(bright field and DAPI) that shows co-staining of DBPII mAb 3D10 (red) and anti-VAR2CSA 
antibody (green).  
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Next, we quantified the population of cells recognized by 3D10 by flow cytometry (Figure 

2.4). All strains were selected on CSA and >60% of iRBCs expressed VAR2CSA on the cell 

surface (Figure 2.4A, B). We observed that 9.1% of RBCs infected with CS2 parasites stained with 

3D10, compared to the IgG1 isotype control (3.3%) (Figure 2.4C, D). While the overall percentage 

was low, the proportion of stained cells was higher with 3D10 compared to the isotype control and 

we observed high staining of individual cells recognized by the antibody. 3D10 recognized 

populations of trophozoites and schizonts whereas only 0.22% of RBCs enriched for rings were 

recognized (data not shown). 3D10 recognized a similar population of iRBCs from a placental 

isolate and NF54-CSA (Figure 2.4C, D), suggesting that the antibody to DBPII cross-reacts with 

multiple alleles of VAR2CSA. The small proportion of live stained cells compared to the fixed 

cells could indicate that the affinity of the cross-reactive antibodies is low, and the antibodies are 

sensitive to the washing during the flow procedure. Alternatively, the expression of the epitope 

recognized by 3D10 on the surface of iRBCs may be transient or the epitope is partially embedded 

within the plasma membrane.  
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Figure. 2.4. DBPII mAb 3D10 recognizes live CS2 iRBCs.  P. falciparum CS2, a placental 
isolate and NF54-CSA iRBCs were analyzed by flow cytometry. To verify the expression of 
VAR2CSA, iRBCs were stained with normal rabbit serum (A) and a polyclonal anti-VAR2CSA 
rabbit antibody (B), both at 1:40 dilution. All three strains were stained with the IgG1 isotype 
control (C) and DBPII 3D10 mAb (D), both at 143 μg/mL. The percent of iRBCs recognized by 
the antibody is indicated on each plot.  
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2.3.3 Inhibition of iRBC binding by DBPII mAb 3D10 

To test the functional activity of 3D10, we asked whether it could block iRBC binding to 

CSA (Figure 2.5). Three parasite strains were tested that expressed high surface levels of 

VAR2CSA. Sera from primigravid and multigravid women from Uganda and soluble CSA were 

used as controls to measure inhibition of binding (Figure 2.5A). 3D10 inhibited binding of CS2 

iRBCs to CSA by 32% relative to the IgG1 isotype control (Figure 2.5B).   Binding inhibition, 

although partial, was also observed with the placental isolate and NF54-CSA (Figure 2.5C,D), 

suggesting that the epitope recognized by 3D10 may be conserved between falciparum strains. The 

mean percent inhibition across all experiments and strains (n=8 independent experiments) was 

18.1% ± 3.0% SEM.  
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Figure 2.5. DBPII mAb 3D10 blocks adhesion of iRBCs to CSA. Controls for the IBA included 
CS2 iRBCs incubated with PBS alone, soluble CSA (sCSA), sera from primigravid and 
multigravid women from Uganda (A). DBPII mAb 3D10 was tested for inhibition of CS2 (B), a 
placental isolate (C), and NF54-CSA (D) iRBC binding to CSA. Results are expressed as the 
number of parasites bound to CSA from replicates of a representative experiment. Significance 
was determined using a Student’s t test comparing. * p < 0.05, ** p < 0.01, **** p < 0.0001. 
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2.4 Discussion 

This is the first demonstration of cross-species functional immune recognition of proteins 

involved in different virulence pathways from two divergent species of Plasmodia. Antibodies 

against the DBL domain from P. vivax PvDBP recognized DBL domains of P. falciparum 

VAR2CSA, which may contribute to cross-species immunity. We further showed that a PvDBP 

cross-reactive epitope is expressed on the surface of P. falciparum iRBCs, where it can sensitize 

the parasite to antibody-mediated inhibition of binding to CSA – the hallmark correlate of 

immunity to placental malaria. These findings are consistent with our previous findings that serum 

antibodies from Colombian men, women and children (with exposure to both P. falciparum and 

P. vivax) could inhibit binding of P. falciparum iRBCs to CSA (154). Here, we identified one 

source of these antibodies: exposure to PvDBP. Recently, PvDBP antibodies were associated with 

increased infant birth weight in a study from countries where both P. vivax and P. falciparum were 

prevalent, including Colombia and Brazil (225). We speculate that the increased birth weight in 

some infants is in response to cross-species protection against P. falciparum, leading to better 

pregnancy outcomes. This idea remains to be investigated in future studies. 

Our findings are consistent with reports of broad antibody cross-reactivity between P. 

falciparum or P. vivax outside of pregnancy (177, 178, 226, 227), and several examples of antigen-

specific reactivity between these two species. Sera from P. vivax-exposed individuals from Brazil 

recognized peptides from PfCLAG9 and conversely, antibodies raised against these peptides in 

mice recognized P. vivax iRBCs by IF assay (228). Cross-reactivity between orthologous proteins 

was reported for PfMSP5 and PvMSP5 (229), PfAMA-1 and PvAMA-1 (230), and recently, cross-

boosting was demonstrated between Pvs48/45 and Pfs48/45 in mice (231).  We provide the first 

evidence of cross-reactivity between non-orthologous proteins that are involved in different 
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biological pathways: cytoadherence and parasite invasion. Both pathways are essential for parasite 

survival during blood stage infection, which may have led to evolutionary conservation of specific 

epitopes in this protein family. Although the mechanism is not yet known, it is possible that binding 

of 3D10 to VAR2CSA blocks iRBC adhesion to CSA by steric hindrance. Based on our flow data, 

the target epitopes in VAR2CSA may be cryptic or exposed transiently, resulting in only a subset 

of iRBCs recognized by 3D10. However, this small proportion of cells was stained very strongly 

by the antibody, which could account for the partial inhibition of adhesion to CSA that we observed 

in the IBA.  

Cross-reactivity among DBL domains in P. falciparum and P. vivax may extend beyond 

the ones characterized here. It will be important to map the target cross-reactive epitopes within 

all six domains of VAR2CSA and even other DBL proteins from P. falciparum that play a role in 

cytoadherence or invasion. It is also possible that the DBL domain of EBP2 can induce antibodies 

that recognize VAR2CSA or other DBL proteins from P. falciparum. Given their structural 

similarity (205, 232), PvDBP is likely not the sole determinant of cross-reactivity to VAR2CSA.  

 

2.5 Conclusion 

We discovered a novel mechanism that may lead to natural immunity to P. falciparum 

through cross-species recognition of a structurally related DBL domain from P. vivax. The specific 

epitopes in PvDBP that induce functional antibodies and inhibit parasite adhesion to CSA may be 

exploited as an approach to a vaccine against pregnancy-associated malaria and complement 

current vaccines in development that are based on domains of VAR2CSA.  
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Chapter 3: Antibodies to cryptic epitopes in distant homologues underpin a mechanism of 
heterologous immunity between Plasmodium vivax PvDBP and Plasmodium falciparum 
VAR2CSA 
 
Data from this Chapter have been previously (233). 
 
 

3.1 Introduction 

Heterologous immunity can develop when prior exposure to one pathogen modulates the 

host immune response to pathogens of genetically diverse species. This form of immunity can be 

induced by vaccination or arise from natural infection, and lead to protective or deleterious 

outcomes following infection with a different organism. One of the classic examples of 

heterologous protection is the success of the cowpox vaccine to eradicate human smallpox. More 

recently, vaccination with the meningococcal B vaccine correlated with reduced incidence of 

gonorrhea (234, 235), and natural exposure to the non-tuberculous mycobacteria in the 

environment can induce heterologous immunity to Mycobacterium tuberculosis (236). This 

phenomenon can also be modeled in mice, where immunization or infection with one virus protects 

against heterologous viral challenge (237). For example, infection with influenza A virus can 

protect against challenge with RSV and vaccinia virus (238, 239) and immunization with 

adenovirus can protect against hepatitis C virus (240). Similarly, infection with Japanese 

Encephalitis Virus in mice can prime the immune response and promote rapid viral clearance 

following heterologous challenge with ZIKA virus (241).  

Despite the evidence that cross-species immunity can be highly protective, it remains 

controversial whether this form of immunity plays a role in protection from malaria. Malaria is a 

parasitic disease caused by five species of Plasmodium with overlapping endemicity in many 

geographic areas. Population-based data from several regions where multiple species of 
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Plasmodium co-exist, such as South Asia and parts of Oceania, are consistent with heterologous 

immunity against P. falciparum following prior infection with P. vivax (226, 227, 242-244).  

However, the mechanism of heterologous immunity to malaria is not defined. In humans, T cells 

induced by vaccination with P. falciparum respond in vitro to P. knowlesi infected red blood cells, 

suggesting a role for the cellular arm of the immune system (185). In other studies, there is clearly 

heterologous cross-reactivity between antibodies as sera from patients infected with P. vivax cross-

reacted with antigens from P. falciparum (170, 177, 178, 245, 246). These antibodies may cross-

react with orthologous proteins involved in the same biological pathways in each species, such as 

PfMSP5/PvMSP5 (229), PfCLAG9/PvCLAG9 (228), PfAMA-1/PvAMA-1 (230), PfCSP/PvCSP 

and PfMSP-1/PvMSP-1 (247), and between Pfs48/45 and Pvs48/45 (231). However, functional 

activity of these cross-reactive antibodies was not reported. 

We recently identified cross-species immune recognition between two homologous 

parasite proteins that are implicated in distinct biological pathways - P. vivax DBP and P. 

falciparum VAR2CSA (248). PvDBP is a protein expressed on the surface of merozoites that 

mediates invasion into red blood cells by binding to the DARC (10). VAR2CSA, on the other 

hand, is expressed by mature P. falciparum trophozoites and mediates sequestration of iRBCs in 

the placenta (121, 126, 129, 249). Sequestration is a common immune evasion mechanism thought 

to prevent destruction of iRBCs in the spleen and involves the interaction between certain antigenic 

variants of the PfEMP1 family expressed on the surface of iRBCs with specific host receptors in 

different tissues (250). In pregnancy, parasites express the PfEMP1 variant VAR2CSA which 

binds to CSA in the placenta. Placental sequestration is an important feature of malaria in 

pregnancy that can lead to poor outcomes for mother and baby, including stillbirth, preterm birth, 

low birth weight and maternal anemia and death (117-119).  
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Most studies that evaluated the acquisition of VAR2CSA antibodies have focused on 

women in sub-Saharan Africa, where P. falciparum is the dominant species (198). These studies 

showed parity-dependent anti-VAR2CSA antibody acquisition, which occurred following 

multiple malaria infections in pregnancy (121). We discovered an alternate route of anti-

VAR2CSA antibody acquisition outside of pregnancy in areas where P. vivax and P. falciparum 

co-circulate (248). We showed that cross-reactivity is mediated by DBL domains, which are 

structurally-conserved domains present in many Plasmodium proteins, including VAR2CSA, 

which has 6 DBL domains (129) , and PvDBP, which has one (251).  Antibodies against the DBPII 

from non-pregnant populations exposed to P. vivax recognized VAR2CSA by ELISA. Moreover, 

a mouse mAb against DBPII recognized VAR2CSA and blocked parasite adhesion to CSA in 

vitro.  

Here, we probed the underlying mechanism of heterologous immunity to VAR2CSA. We 

identified a subdominant epitope in DBPII that mediates cross-reactivity to VAR2CSA and show 

that human antibodies purified against this epitope block iRBC adherence to CSA. Furthermore, 

both the human epitope-specific antibodies and the mouse mAb recognize overlapping, cryptic 

epitopes in VAR2CSA. 

 

3.2 Methods 

3.2.1 Human subjects 

Approval for this study was granted by the Health Research Ethics Board of the University 

of Alberta in Canada (approval Pro00041720); the Comité de Ética of Instituto de Investigaciones 

Médicas of Universidad de Antioqua in Colombia (approvals 009-2013, 002-2015, 009-2016); the 

Ethics Committee of the Fundação Oswaldo Cruz, the Brazilian Health Ministry, and the Ethical 
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Committee of Research on Human Beings from the CPqRR/Fundação Oswaldo Cruz (reports 

07/2009 and 26/2013; CAEE:50522115.7.0000.5091/05/2016), and the Higher Degrees, Research, 

and Ethics Committee in Uganda (HDREC approval 386). Participation in all studies was 

voluntary and each participant provided written consent. 

Samples from individuals in Colombia, Brazil and Uganda were included in this study. In 

Souza, Brazil, samples were collected from individuals that were infected during a P. vivax 

outbreak in an otherwise malaria-free region (252). Samples from five individuals were tested in 

this study. Malaria-exposed individuals were recruited from the agricultural settlement of Rio 

Pardo, in the Brazilian Amazon to participate in a population-based open cohort study initiated in 

November 2008 (211). In this study, we included samples from individuals that were positive for 

exposure to P. vivax (based on PvMSP1 reactivity), but negative for P. falciparum exposure (based 

on PfMSP1 reactivity). Samples were also collected from unexposed Brazilians living in Belo 

Horizonte and used as negative controls. In Colombia, both symptomatic and asymptomatic men 

and children (including girls under 12 years of age) were recruited between 2013 and 2016 in the 

municipality of Puerto Libertador in the Department of Córdoba. Sera samples were collected in 

the community as part of a cross-sectional survey (asymptomatic cohort) and from individuals 

presenting to the clinic with suspected malaria (248). Sera samples from 50 unexposed individuals 

living in Medellín, Colombia were also collected and used as negative controls. In Bugiri, Uganda, 

plasma samples were collected from individuals over one year of age that presented to the clinic 

with suspected malaria, as part of another study (253). The samples used in this study were 

collected from male children and multigravid women, who were pregnant at the time of collection.  
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3.2.2 Mice 

Mice used for the Sal 1 immunizations were purchased from Harlan Animal Research 

Laboratories and housed in the University of South Florida Animal Facility. Female BALB/c mice 

(6 – 8 weeks old) were used for immunizations. All procedures were approved by the Institutional 

Animal Care and Use Committee. Mice used for the DBL5ε immunizations were purchased from 

Charles River Laboratories and housed in the University of Alberta Animal Facility in a virus 

antibody-free room. Female BALB/c mice (6 – 8 weeks old) were used for immunizations. All 

procedures were approved by the University of Alberta Animal Care and Use Committee and mice 

were handled in accordance with the Canadian Council on Animal Care guidelines.  

 

3.2.3 Synthetic peptide design 

The SD1ss peptide was synthesized (Synpeptides Co.) with the following sequence: 

ASNTVMKNSNYKRKRRERDWDCNTKKDVCIPDRRYQLSMK. In this peptide, two of the 

cysteines (C9 and C38) were mutated to serine to ensure that only one disulphide bond could form. 

Thirty-one overlapping 20-mer peptides were designed to cover the entire DBL5ε domain of 

VAR2CSA (Mimotopes). 

 

3.2.4 ELISAs 

For indirect ELISAs, 96 well plates (catalogue no. 439454, Thermo Fisher Scientific) were 

coated with antigen in 1x phosphate-buffered saline (PBS) overnight at 4ºC (antigen 

concentrations are listed in Table S1). For ELISAs using peptides treated with DTT, the peptides 

were incubated with DTT (10 mM) at 56ºC for 10 min then added to the plate. Wells were blocked 

with 4% BSA (catalogue no. A7906, Sigma-Aldrich) for one hour at 37ºC followed by incubation 
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with the primary antibody for one hour at room temperature (RT) (antibody dilutions are listed in 

Table 3.1). After four washes with 1x PBST (0.01% Tween 20), an HRP-conjugated secondary 

antibody was added and the plate was incubated for one hour at RT (secondary antibody dilutions 

are listed in Table S1) (goat anti-rabbit HRP, catalogue no. 65-6120, Invitrogen; goat anti-mouse 

HRP, catalogue no. 170-6516, Biorad; goat anti-human HRP, catalogue no. ab98624, Abcam). The 

plate was again washed four times with 1x PBST before the developing reagent (TMB, catalogue 

no. T0440, Sigma-Aldrich) was added to each well. The reaction was stopped after 30 min at RT 

by addition of an equal amount of sulfuric acid (0.5 N) and the optical density (OD) of each well 

was measured at 450 nm. All samples were run in duplicate and the average OD for the antigen 

plus secondary antibody alone was subtracted from the OD of all samples.  

 Peptide competition ELISAs were performed as described for indirect ELISAs, except that 

the primary antibody was first incubated with a test peptide (SD1ss, 0.01, 0.1, and 1.0 µg/mL; all 

other peptides, 100 µg/mL) for 30 min at RT before being added to the plate.  

 Antibody competition ELISAs were also performed as described for the indirect ELISA, 

except that a competing antibody was added to the plate after blocking. The plate was then washed 

four times with 1x PBST and the detecting antibody was added. Following another set of washes, 

an HRP-conjugated secondary antibody directed against the detecting antibody was added.  
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Table 3.1 ELISA reagent details 

 
 
3.2.5 Immunization scheme 
 

For the Sal 1 immunizations, 15 female BALB/c mice (6 – 8 weeks old) were immunized 

as previously described (254). Mice were given three doses of recombinant Sal 1 (25 µg/mouse) 
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emulsified in TitreMax Gold (catalogue no. T2684, Sigma) subcutaneously (s.c.) at day 0, 21 and 

42. The final sera samples were collected three weeks after the last immunization.  

For the DBL5ε immunizations, a female BALB/c (6 – 8 weeks old) mouse was immunized 

s.c. with recombinant DBL5ε in 2% Alhydrogel (CAS no. 21645-51-2, Brenntag Biosector) at day 

0 (30 µg/mouse), day 21 (10 µg/mouse) and day 31 (10 µg/mouse) and serum was collected on 

day 45.  

 

3.2.6 Sequencing of Brazilian isolate 

Genomic DNA was extracted from 300 µL of whole blood using a genomic DNA 

purification kit (Puregene, Gentra Systems), according to the manufacturer's protocol. The DBPII 

region was amplified using the following primers: 5’- CCGTTATGAAGAACTGCAACTACA-

3’ and 5’- GAATGTGGCGGTGAATATCGAA-3’. The PCR product was isolated using the 

QIAquick PCR Purification Kit (catalogue no. 28104, Qiagen) and submitted for Sanger 

sequencing using the same primers used for PCR amplification.  

 

3.2.7 Affinity purification 

DBPII affinity purifications were performed using NHS-activated Sepharose beads 

(catalogue no. 17-0906-01, GE Healthcare) according to the manufacturer’s guidelines. Beads (1.0 

mL) were added to a filter column and washed with 13 mL ice cold HCl (1mM). Recombinant 

DBPII (1.7 mg) dissolved in coupling buffer (200 mM NaHCO3, 500 mM NaCl, pH 8.3) was 

added to the column and incubated overnight at 4ºC. Flow-through was collected following 

centrifugation for 2 min at 500 x g for analysis of coupling efficiency. Any remaining active sites 

were deactivated by incubating the column for 2 hr at room temperature with 2 mL of deactivation 
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buffer (500 mM ethanolamine, 500 mM NaCl, pH 8.3). The column was then washed with 3 mL 

buffer 1 (100 mM Tris-HCl, 500 mM NaCl, pH 8.3), followed with 3 mL of buffer 2 (100 mM 

sodium acetate, 500 mM NaCl, pH 4.0). These washes were repeated three times before 5 mL of 

binding buffer (1x PBS) was flowed through the column. The column was prepared by washing 

with 3 mL elution buffer (100 mM glycine, pH 2.0), followed by 15 mL 1x PBS. Serum from men 

and children in Colombia exposed to P. vivax and P. falciparum was pooled (5 mL) and diluted 

1:1 in 1x binding buffer, clarified using a 0.45 µm filter and was then loaded onto the column and 

incubated for 30 min at room temperature on a rocker. The column was washed with 9 mL of 

binding buffer until no protein was detected in the flow-through (measured using a NanoDrop). 

Bound antibodies were then eluted using 5 mL of elution buffer into tubes containing an equal 

volume of neutralization buffer (1M Tris-HCl, pH 9.0).  

SD1ss affinity purifications were performed using NHS-activated HiTrap columns 

(catalogue no. 17-0716-01, GE Healthcare Life Sciences) according to the manufacturer’s 

guidelines. Columns were acidified with HCl (1 mM) and coated with 1.0 mg of SD1ss in coupling 

buffer (200 mM NaHCO3, 500 mM NaCl, pH 8.3). Unbound peptide or protein was then washed 

from the column using 3 column volumes of coupling buffer. Any remaining active sites were 

deactivated by flowing 2 mL of buffer A (500 mM ethanolamine, 500 nM NaCl, pH 8.3) through 

the column, followed by 2 mL of buffer B (100 mM acetate, 500 mM NaCl, pH 4.0) and then 

another 2 mL of buffer A. This was repeated six times, with a 30 min incubation in buffer A at RT 

after the third set of buffers was added. The column was then washed with 5 mL of 1x PBS, 

followed by 3 mL of elution buffer (0.1 M glycine-HCl, pH 2.0) and then another 10 mL of 1x 

PBS. Serum from men and children in Colombia exposed to P. vivax and P. falciparum was pooled 

(5 mL) and diluted 1:1 in 1x PBS, clarified using a 0.45 µm filter and loaded onto the column. The 
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sample was continuously run over the column at a flow rate of approximately 0.5 mL/min for one 

hour. The column was then washed with 1x PBS until no protein was detected in the flow-through 

(measured using a NanoDrop). Bound antibodies were then eluted using 5 mL of elution buffer 

into tubes containing an equal volume of neutralization buffer (1M Tris-HCl, pH 9.0).  

Elution fractions from each affinity purification that contained protein were pooled and the 

buffer was exchanged with 1x PBS using an Amicon Ultra-4 centrifugal filter (catalogue no. 

UFC801024, Merck Millipore). Total IgG was then purified and the concentration was measured 

using a NanoDrop. 

 

3.2.8 Purification of total IgG 

Total IgG was purified from affinity-purified antibodies, pooled plasma or sera samples 

using a HiTrap Protein G HP column (catalogue no. 17-0404-03, GE Healthcare Life Sciences) 

according to the manufacturer’s instructions. Briefly, the column was washed with 20 mL of 1x 

PBS before 1 mL of sera, plasma or affinity-purified antibodies was loaded onto the column. The 

column was then incubated for 1 hour at RT. The column was then washed with 1x PBS until there 

was no protein detected in the flow-through (measured using a NanoDrop). Bound IgG was eluted 

using 3 mL of elution buffer (0.1 M glycine-HCl, pH 9.0) into tubes containing an equal volume 

of neutralization buffer (1M Tris-HCl, pH 9.0). Elution fractions containing protein were pooled 

and the buffer was exchanged with 1x PBS using an Amicon Ultra-4 centrifugal filter and the 

concentration was measured using a NanoDrop.  
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3.2.9 P. falciparum culture 

P. falciparum CS2 parasites were maintained in culture at 3% hematocrit in washed 

erythrocytes collected from O+ blood donors as described previously (221). Parasites were 

regularly selected for adhesion to CSA (catalogue no. C9819, Sigma-Aldrich) to enrich for 

parasites expressing VAR2CSA. Mature parasites were magnetically purified using the 

VarioMACS according to the manufacturer’s instructions (LD columns, catalogue no. 130-042-

901, Miltenyl Biotec).  

 

3.2.10 IBAs 

Ten spots were drawn in a semicircle around the outer edge of the bottom of a Petri dish 

(catalogue no. 351029, Corning). Each spot was coated with 20 µL CSA in 1x PBS (50 ug/mL) 

overnight at 4ºC in a humidified chamber. The spots were then blocked with 3% BSA in RPMI 

(catalogue no. 31800-022, Gibco Life Technologies) for one hour at 37ºC in a humidified chamber. 

Mature trophozoite stage P. falciparum CSA parasites were magnetically enriched using the 

VarioMACS and diluted to 1.0 x 107 cells/mL at 20% parasitemia in 3% BSA in RPMI containing 

uninfected red blood cells. The cells were then pelleted and the supernatant was replaced with 

either soluble CSA as a control (100 µg/mL) or antibodies diluted in 1x PBS (DBPII affinity-

purified IgG, 100 µg/mL; SD1ss affinity-purified IgG, 90 µg/mL; total IgG from unexposed 

Colombians, 90 or 100 µg/mL to match concentration of affinity-purified IgG). The samples were 

then incubated for 30 min at RT and 20 µL was added to the CSA-coated spots. The plates were 

incubated for 15 min at RT. Plates were then placed on a rocker in a position such that PBS could 

be added to lower portion of the plate and not come into contact with the spots. 1x PBS (19 mL) 

was added to each plate and the rocker speed was slowly increased, while a further 6 mL of 1x 
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PBS was slowly added to the plate. The plates were washed for 8 min on the rocker before the 

PBS was aspirated from the plates and the remaining cells were fixed by slowly adding 10 mL of 

1.5% glutaraldehyde and incubating at RT for 10 min. The cells were stained with 10 mL of 5% 

Giemsa for 5 min and washed twice with 10 mL of deionized water. To quantify the number of 

parasites on each spot, the entire spot was imaged using an EVOS FL Auto microscope 

(Invitrogen) with a 4x/0.13 phase objective lens. ImageJ was used to quantify the number of iRBC 

bound to each spot. All experiments include replicates across multiple plates. 

 

3.2.11 Homology modeling  

The 3D7 DBL5ε homology model was created as described previously (255). Briefly, the multiple 

alignment was submitted to HHpred server (256) and the best hit was selected based on score and 

structure resolution (VAR2CSA DBL3X, PBD ID: 3bqk). The model was then validated by 

submission to the ProQ server (257) and PyMol was used to generate figures (258). 

 

3.2.12 Statistical analysis 

Data were plotted using Prism software (version 8; GraphPad). Seroreactivity to different antigens 

was correlated using Spearman rank correlation (Figures 3.3 and 3.4). Comparisons of parasite 

counts in IBAs were made using Student’s t test (Figures 3.5C and D) and comparisons of 

competition ELISA data were made using one-way ANOVA with multiple comparisons tests 

(Figures 3.6C-F and 3.7A). 
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3.3 Results  

3.3.1 SD1ss contains the epitope in DBPII that is recognized by 3D10 and mediates cross-

reactivity to VAR2CSA 

We showed previously that the mAb against DBPII ‘3D10’ cross-reacted with VAR2CSA 

and blocked parasite adhesion to CSA in vitro (248). The epitope recognized by 3D10 is predicted 

to localize to subdomain 1 (SD1) of DBPII based on mutational analysis of this domain and peptide 

library screening with the mAb (259, 260). We designed a synthetic peptide, ‘SD1ss’, that spans 

the 39 amino acid SD1 sequence and mutated the two outer cysteine residues to serines to ensure 

formation of a single disulphide bond (Figure 3.1A). We confirmed 3D10 recognition of SD1ss by 

ELISA and found that 3D10 had the same endpoint titre against DBPII and SD1ss (0.17 ng/mL) 

(Figure 3.1B).  

We then tested the ability of the SD1ss peptide to block 3D10 recognition of DBPII using 

a competition ELISA. In this assay 3D10 was incubated with increasing concentrations of SD1ss 

then added to wells coated with DBPII (Figure 3.1C). As a negative control, 3D10 was incubated 

with C29-K40 (at 1.0 µg/mL), a short peptide within SD1 that is not recognized by 3D10 (Figure 

3.2). SD1ss blocked recognition of DBPII by 3D10 at a concentration of 1.0 µg/mL (Figure 3.1C), 

confirming that this peptide contains the epitope that mediates recognition of DBPII. Next, we 

performed a competition ELISA with full-length recombinant VAR2CSA as the capture antigen. 

When 3D10 was incubated with SD1ss (at 1.0 µg/mL), but not C29-K40, recognition of VAR2CSA 

was blocked (Figure 3.1D), showing that SD1ss contains an epitope that mediates cross-reactivity 

to VAR2CSA.  
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Figure 3.1. SD1ss contains an epitope in DBPII that is recognized by 3D10 and mediates 
cross-reactivity to VAR2CSA. (A) DBPII crystal structure (PDB ID: 4NUU) showing the SD1 
region in blue. The disulphide bond in SD1ss is represented by space-filling spheres. (B) Titration 
of 3D10 against recombinant DBPII and synthetic SD1ss. (C and D) 3D10 was incubated alone 
(black bar), with SD1ss (teal bars) or the shorter peptide C29-K40 (purple bars) before being adding 
to wells coated with DBPII (C) or VAR2CSA (D). Data are mean ± standard deviation (SD). 
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Figure 3.2. Peptide C29-C40 is not recognized by 3D10. The 3D10 mAb did not recognize the 
C29-C40 peptide within SD1. Data are mean ± SD.  
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3.3.2 SD1ss is a subdominant epitope in PvDBP 

To test whether SD1ss is a dominant epitope in PvDBP, we generated and tested polyclonal 

sera to DBPII in BALB/c mice using the same strain of mice and the same allele of DBPII (Sal 1) 

that gave rise to the 3D10 mAb. Total IgG from mice immunized with Sal 1 DBPII recombinant 

protein did not recognize SD1ss by ELISA, despite high antibody titers to DBPII (Figure 3.3A). 

These antibodies also failed to recognize full-length VAR2CSA.  These data demonstrate that SD1 

is subdominant in this strain of mice and are consistent with the observation that of 7 mAbs 

generated to DBPII, only 3D10 recognizes the SD1 region (259, 260). 

To investigate this in a human population, we tested sera from individuals infected during 

a P. vivax outbreak in Brazil that occurred in an otherwise malaria-free region (252). Serum from 

individuals who experienced P. vivax relapses developed a range of DBPII antibodies (Figure 

3.3B) but failed to recognize SD1ss (Figure 3.3C). These human sera did not recognize VAR2CSA 

(Figure 3.3D), consistent with the mouse data that polyclonal antibodies against DBPII that lack 

specificity for SD1ss do not cross-react with VAR2CSA. It is possible that these sera failed to 

recognize SD1ss due to polymorphisms between the peptide sequence and the SD1 sequence in 

the outbreak clone. However, when we sequenced the SD1 region from P. vivax gDNA isolated 

from a patient during the outbreak, the sequence was 100% identical to SD1 in Sal 1, the strain 

used to design the SD1ss peptide. Furthermore, a BLASTp of the SD1 amino acid sequence was 

100% identical to the top 100 P. vivax SD1 sequences from global isolates, suggesting that this 

region of DBPII is highly conserved and not under immune selection. 
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Figure 3.3. The SD1 domain of DBPII is subdominant. (A) Total IgG pooled from 15 mice 
immunized with the Sal 1 allele of DBPII was tested against DBPII, SD1ss and VAR2CSA by 
ELISA. IgG was tested at a concentration of 0.1 µg/mL against DBPII and 5.0 µg/mL against 
SD1ss and VAR2CSA. (B - D) Sera from individuals infected during an outbreak of P. vivax in a 
malaria-free region of Brazil were tested by ELISA against DBPII (B), SD1ss (C) and VAR2CSA 
(D). The cut-off was defined as 2 standard deviations above the mean OD of unexposed Brazilians 
tested against the same antigens. A pool of sera from individuals living in a malaria-endemic area 
of Brazil was included as a positive control. Data are mean ± SD. 
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We showed previously that P. vivax-exposed Brazilian men and children residing in Rio 

Pardo, a malaria-endemic area in the Amazon, had antibodies against VAR2CSA (248). Based on 

this finding, and the data above, we postulated that the SD1 epitope in PvDBP is poorly 

immunogenic. To address this, we tested sera from Brazilian men and children with life-long 

exposure to P. vivax for antibodies to SD1ss and DBPII. We observed that 78% had antibodies to 

DBPII whereas only 39% had antibodies to SD1ss. The antibody levels were correlated (rs = 

0.7014, p<0.0001; Figure 3.4A), but half of those who had DBPII antibodies did not have SD1ss 

antibodies. These findings are consistent with the mouse and outbreak data that exposure to DBPII 

does not always elicit an antibody response against SD1ss and confirms that this epitope in PvDBP 

is subdominant in human populations. 

We then correlated the seroreactivity to DBPII and SD1ss with VAR2CSA reactivity and 

found that VAR2CSA antibody levels were correlated with both DBPII (rs = 0.5443, p = 0.0002) 

and SD1ss (rs = 0.6192, p<0.0001) (Figure 3.4B and 3.4C). To assess the specificity of these 

interactions, the sera were tested against another P. vivax merozoite protein, EBP2. This protein is 

a homologue of DBPII but the SD1-like region is significantly different compared to DBPII and 

the 3D10 mAb does not recognize this protein (232). Antibody levels against EBP2 did not 

correlate with VAR2CSA reactivity in this population (rs = 0.2789, p = 0.0774; Figure 3.4D). 
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Figure 3.4. SD1ss antibodies correlate with VAR2CSA antibodies in sera from Brazilian men 
and children with exposure to P. vivax only. Individual sera from men and children from Rio 
Pardo, Brazil, were selected based on past exposure to P. vivax only. Sera were tested by ELISA 
for reactivity to DBPII, SD1ss, VAR2CSA, and EBP2. Antibody levels (ODs) were converted to 
arbitrary units (AU) based on the positive control included on every plate. Sera reactivity was 
correlated using Spearman rank correlation, rs = Spearman rank coefficient.  
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We observed similar correlations of antibody levels in sera from men and children living 

in an area of Colombia endemic for both P. vivax and P. falciparum (Figure 3.5). These subjects 

were not selected based on past or current malaria infection and represent a more heterogeneous  

population in terms of malaria exposure. DBPII recognition was significantly correlated with 

SD1ss antibody levels (rs = 0.5337, p<0.0001) and VAR2CSA antibodies correlated with both 

DBPII (rs = 0.4046, p<0.0001) and SD1ss (rs = 0.2353, p = 0.0028) antibody levels (Figure 3.5A-

C). Again, there was no correlation between EPB2 and VAR2CSA antibody levels (rs = 0.0472, p 

= 0.5372) (Figure 3.5D).  
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Figure 3.5. SD1ss antibodies correlate with VAR2CSA antibodies in sera from Colombian 
men and children. Sera from men and children living in a malaria-endemic area of Colombia 
were tested for reactivity to DBPII, SD1ss, VAR2CSA, and EBP2 by ELISA. Antibody levels 
(ODs) were converted to arbitrary units based on the positive control included on every plate. 
Sera reactivity was correlated using Spearman rank correlation, rs = Spearman rank coefficient.  
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3.3.3 SD1ss–affinity purified human antibodies block parasite adhesion to CSA in vitro 

Our data thus far suggest that antibodies to the epitope in PvDBP SD1 cross-react with 

VAR2CSA. To test this directly, we affinity-purified antibodies that recognize SD1ss from a pool 

of sera from non-pregnant populations in Colombia (men and children) exposed to P. vivax and P. 

falciparum. Similarly, we affinity-purified antibodies that recognize the entire DBPII recombinant 

protein. As expected from our immunogenicity data above, the DBPII affinity-purified antibodies 

recognized SD1ss very weakly (Figure 3.6A). They did recognize EBP2, presumably through 

shared epitopes in the DBL domain. In contrast, the SD1ss affinity-purified antibodies recognized 

DBPII but not EBP2, consistent with poor sequence conservation of the SD1-like region in EBP2. 

Neither of the purified antibodies recognized PfMSP1, an unrelated P. falciparum merozoite 

antigen. Both affinity-purified antibodies cross-reacted with VAR2CSA, and the reactivity of the 

SD1ss affinity-purified antibodies was higher compared to the DBPII affinity-purified antibodies 

(Figure 3.6B). 

A critical question is whether the affinity-purified antibodies could protect against 

placental malaria. This can be measured in vitro using an inhibition of binding assay (IBA) to test 

if antibodies block parasite adhesion to CSA. Mature VAR2CSA-expressing P. falciparum CS2 

trophozoites were incubated with the affinity-purified IgG, then added to immobilized CSA. The 

number of parasites bound per spot of CSA was quantified and compared to binding in the presence 

of IgG from a pool of unexposed Colombians as the negative control. We found that the DBPII-

affinity purified IgG reduced parasite binding to CSA, but the effect was not significant (Figure 

3.6C). However, SD1ss affinity-purified IgG blocked parasite adhesion to CSA and the effect was 

significant in three of four experiments (Figure 3.6D). The inhibition in these three experiments 

ranged from 32 – 45%.  
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Figure 3.6. SD1ss-affinity purified antibodies recognize VAR2CSA and block iRBC adhesion 
to CSA. (A and B) Pooled sera from Colombian men and children were affinity-purified on DBPII 
or SD1ss. Total IgG purified from unexposed Colombians was used as a negative control. 
Antibodies were tested against various antigens by ELISA. (C and D) Affinity-purified DBPII 
(100 µg/mL) (C) and SD1ss (90 µg/mL) (D) antibodies were tested in the inhibition of binding 
assay using P. falciparum CS2 parasites expressing VAR2CSA. Data are from independent 
experiments. Data are mean ± SD and significance was determined using a Student’s t test 
comparing unexposed Colombian IgG and affinity-purified IgG for each experiment. ** p < 0.01, 
*** p < 0.001, ns = not significant. 



 78 

3.3.4 Antibodies to SD1 in PvDBP target cryptic epitopes in VAR2CSA 

To better understand this mechanism of cross-species immunity, we investigated whether 

antibodies that developed following exposure to P. falciparum VAR2CSA would reciprocally 

recognize the epitope in PvDBP SD1. We first tested plasma collected from multigravid women 

from Uganda who were naturally exposed to VAR2CSA during pregnancy (Figure 3.7A). Despite 

high levels of VAR2CSA-specific antibodies, there was no recognition of SD1ss. Pooled sera from 

Ugandan children was included as a negative control.  Sera from Colombian men and children that 

recognized both VAR2CSA and SD1ss was included as a positive control. To investigate this 

further, we tested serum from a rabbit that was immunized with recombinant VAR2CSA. Similar 

to the human sera, the rabbit serum did not recognize SD1ss (Figure 3.7B).  

These data imply that cross-reactive antibodies (elicited against SD1) and VAR2CSA-

induced antibodies recognize distinct epitopes in VAR2CSA. To test this further, we performed 

an antibody-based competition ELISA using the 3D10 mAb and VAR2CSA antibodies induced 

through immunization (in rabbits). Initially, rabbit anti-VAR2CSA serum or normal rabbit sera 

(NRS) (as a control) was added to wells coated with VAR2CSA. Then, the detecting antibody 

(anti-DBL5ε mouse serum, 3D10 mAb, or human SD1ss affinity-purified antibodies) was added. 

The rabbit anti-VAR2CSA antibody strongly blocked recognition by the anti-DBL5ε serum, 

compared to the NRS (Figure 3.7C), consistent with recognition of shared immunodominant 

epitopes by these sera. However, VAR2CSA rabbit antiserum could not block recognition of 

VAR2CSA by 3D10 (Figure 3.7D), demonstrating that the epitope on VAR2CSA recognized by 

3D10 was not recognized by the polyclonal rabbit antiserum. Similarly, the rabbit polyclonal 

antiserum could not block recognition of VAR2CSA by human SD1ss affinity-purified antibodies 

(Figure 3.7E), demonstrating that, like 3D10, the epitope(s) on VAR2CSA recognized by human 
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antibodies that arose as a result of P. vivax exposure is distinct from those that are immunogenic 

in VAR2CSA. Thus, the epitope(s) on VAR2CSA recognized by 3D10 and by humans following 

P. vivax exposure are classical cryptic epitopes. To ask whether the human and mouse cryptic 

epitopes are the same, we tested whether SD1ss affinity-purified human antibodies could block 

recognition of 3D10 (Figure 3.7F). We demonstrated partial but significant blocking suggesting 

that these epitopes overlap but may not be identical.   
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Figure 3.7. Epitopes in VAR2CSA recognized by vivax-derived antibodies are cryptic. (A) 
Pooled sera from Ugandan children and multigravid women were tested by ELISA against 
VAR2CSA and SD1ss. Sera from Colombian men and children were used as a positive control. 
(B) Anti-VAR2CSA rabbit sera was tested by ELISA against VAR2CSA and SD1ss. (C - F) 
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Competition ELISAs with VAR2CSA as the capture antigen and either anti-VAR2CSA rabbit sera 
(C-E) or human SD1ss-affinity purified antibodies (F) as the competing antibody. 3D10 (D, F), or 
human SD1ss-affinity purified antibodies (E) were added as the source of detection antibodies. 
Data are mean ± SD and significance was determined using a one-way ANOVA with multiple 
comparisons test. * p < 0.05, **** p < 0.0001, ns = not significant, AP = affinity purified. 
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3.3.5 Cryptic epitopes in the DBL5ε domain of VAR2CSA 

VAR2CSA is a large multi-domain protein that could contain many target epitopes for the 

cross-reactive antibodies derived from SD1. We focused on mapping the epitopes in one domain, 

DBL5ε, as this domain is among the more conserved DBL domains in VAR2CSA and we showed 

previously that this domain is strongly recognized by the 3D10 mAb (248). We generated an array 

of overlapping peptides that span the DBL5ε domain and screened this array with 3D10 (Figure 

3.8). Two peptides were strongly recognized (P20 and P23) while two others (P4 and P15) were 

weakly recognized. To validate these peptides further, we performed competition ELISAs and 

tested whether each peptide could compete out the recognition of DBL5ε by 3D10 (Figure 3.9A). 

Only P20 and P23 significantly reduced the recognition by 3D10. While the effect with each 

peptide was partial, there was no synergistic effect of combining the two peptides (Figure 3.9A).    
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Figure 3.8. 3D10 recognizes epitopes in DBL5ε. An array of overlapping peptides that span 
DBL5ε was tested with the DBPII mAb 3D10 compared with a mouse IgG1 isotype control. P20 
and P23 are in bold. 
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We next determined whether the epitopes in P20 and P23 were cryptic in DBL5ε. Whereas 

the pools of sera from Colombian and Brazilian men and children exposed only to P. vivax strongly 

recognized these same peptides (Figure 3.9B), they were not recognized by either the sera from 

Ugandan multigravid women (Figure 3.9C) or the rabbit immunized with VAR2CSA (Figure 

3.9D).  

To visualize the P20 and P23 epitopes within the protein structure of DBL5ε, we mapped 

the two peptide sequences onto a homology model of the DBL5ε (3D7) domain. Both peptides 

mapped to alpha helices in subdomain 3 (Figure 3.9E). These sites are distinct from the 

immunodominant epitopes recognized by sera from Tanzanian multigravid women (Figure 3.9F; 

blue) and rabbits immunized with VAR2CSA (200) and share no overlap with the putative CSA 

binding sequence in this domain (Figure 3.9E; yellow) (261).  
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Figure 3.9. Recognition of specific peptides in the DBL5ε domain of VAR2CSA by vivax-
derived antibodies. (A) Competition of 3D10 recognition of DBL5ε by individual peptides. 3D10 
was incubated with peptides P20, P23, P20 and P23 in combination, P4, and P15 (all at 100 µg/mL) 
and added to a plate coated with DBL5ε protein. The OD of 3D10 preincubated with each peptide 
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was compared to the OD for the antibody alone (no competitor). NC = no competitor. (B - D) 
Recognition of P20 and P23 by sera from (B) Colombians and Brazilians exposed only to P. vivax, 
(C) children and multigravid women from Uganda and (D) rabbits immunized with full-length 
VAR2CSA was tested by ELISA. (E) Homology model of DBL5ε depicting P20 (orange), P23 
(red), and the putative glycosaminoglycan binding site (yellow) (261). (F) Homology model of 
DBL5ε depicting the surface-exposed regions recognized by sera from multigravid African women 
(blue), some of which overlap with the putative glycosaminoglycan binding site (green) (261). 
Data are mean ± SD and significance was determined using a one-way ANOVA with multiple 
comparisons test (*** p < 0.001, **** p < 0.0001).  
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P20 nor P23 share only limited amino acid sequence homology with SD1ss; P20 contains 

two cysteine residues while P23 contains one cysteine as well as the motif ‘RKR’ which is 

important for recognition of SD1 by 3D10 (259, 260). We therefore investigated the possibility 

that 3D10 recognized a conformational epitope in these peptides. To test this, we measured 3D10 

reactivity to each peptide after treatment with dithiothreitol (DTT), which would abolish 

disulphide bonding either within or between peptide molecules. When P20 and P23 were treated 

with DTT, 3D10 recognition was lost (Figure 3.10). Interestingly, 3D10 recognition of SD1ss was 

also reduced following treatment of the peptide with DTT, suggesting that the disulphide bond is 

important for recognition of the homologous epitopes.  
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Figure 3.10. 3D10 recognizes conformational epitopes in P20, P23 and SD1ss. 3D10 
recognition of P20 and P23 was lost when the peptides were treated with dithiothreitol (DTT). 
Recognition of SD1ss was reduced when the peptide was treated with DTT. Data are mean ± SD. 
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3.4 Discussion 

We discovered a host defense mechanism in Plasmodium in which a subdominant epitope 

in the P. vivax antigen PvDBP elicits functional antibodies against cryptic epitopes in the distantly 

related P. falciparum homologue VAR2CSA. We mapped the epitope in PvDBP to SD1 and 

showed that human antibodies to this epitope recognized VAR2CSA and blocked parasite 

adhesion to CSA. Our data suggest that SD1 is subdominant in PvDBP by virtue of its poor 

immunogenicity in mice vaccinated with the Sal 1 allele of PvDBP and our findings that about 

half of individuals exposed to PvDBP do not develop SD1 antibodies. However, the levels of SD1 

antibodies correlated with the levels VAR2CSA reactivity.  This is consistent with findings from 

another study where volunteers were deliberately infected with the P. vivax Sal 1 strain and did 

not have cross-reactive antibodies to VAR2CSA (262). We expect that the Sal 1strain of PvDBP 

does not readily elicit SD1 antibodies in humans, as we observed in mice. While the mechanism 

that gives rise to SD1-specific antibodies during natural P. vivax infection is not known, certain 

alleles of PvDBP may adopt protein structures that preferentially expose SD1, or perhaps SD1 

antibodies arise through affinity maturation following exposure to multiple, different PvDBP 

alleles. Alternatively, host genetic variability in HLA class II genes may also play a role in 

directing the antibody responses, as we reported previously for DBPII (212).  

Antibodies to SD1 of PvDBP appear to have no protective value against P. vivax infection. 

The epitope is weakly immunogenic and antibodies that do arise, such as 3D10 in mice, do not 

inhibit binding to DARC or block P. vivax invasion of reticulocytes (218). Moreover, the amino 

acid sequence of SD1 is highly conserved, which is consistent with our interpretation that this 

subdomain is not under immune pressure. Likewise, our data strongly suggest that antibodies to 

SD1 target cryptic epitopes in VAR2CSA. Immune sera from rabbits immunized with VAR2CSA 
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failed to compete with the human SD1ss affinity-purified antibodies or the mouse 3D10 mAb for 

recognition sites on VAR2CSA. Yet the binding of SD1 antibodies to these cryptic epitopes can 

block parasite adhesion to CSA. We do not know whether the epitopes recognized by the vivax-

derived antibodies are within the CSA binding sites of VAR2CSA or if the antibodies block 

adhesion by steric hindrance. However, the two peptides that we identified in the DBL5ε array 

map to sites distal to the predicted CSA binding sequence in this domain (261). They are also 

distinct from the immunodominant epitopes that were recognized by African multigravid women 

(200). Further work is needed to identify the target epitopes in other DBL domains of VAR2CSA 

and how they map to the three-dimensional structure of the full protein. To our knowledge this is 

the first demonstration of adhesion-blocking antibodies that target cryptic epitopes in VAR2CSA.  

Antibodies can access cryptic epitopes through various mechanisms. Epitopes concealed 

within the head domain of the influenza A hemagglutinin protein are transiently exposed to 

antibodies during dynamic changes in the conformation of the trimer complex, through a process 

described as “breathing” (263-265). Similarly, several studies on dengue virus and West Nile virus 

revealed time- and temperature-dependent exposure of cryptic epitopes, reflecting the important 

role of structural dynamics in epitope accessibility (266-269). VAR2CSA forms a large globular 

complex that may undergo similar protein dynamics, exposing cryptic epitopes within intermediate 

protein conformations that arise during transport to the cell surface, post-translational 

modification/protein maturation, interaction with other knob proteins, or upon binding to CSA. 

The idea that these epitopes are exposed in only a subset of protein structures is consistent with 

our previous finding that the 3D10 mAb only recognized a small percentage of iRBCs that 

expressed native VAR2CSA on the cell surface (248).  
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The discovery of cryptic epitopes in VAR2CSA has direct applications for vaccine 

development against placental malaria. A significant obstacle to current vaccine strategies is the 

highly polymorphic nature of var2csa alleles (270), which impedes development of broadly 

neutralizing antibodies against diverse parasite strains. In a recent study of 247 P. falciparum 

isolates (271), 171 polymorphic loci were identified in the ID1-DBL2Xb sub-region that is 

included in two vaccines against pregnancy-associated malaria (191, 272).  A different study 

identified 4 major domain clades in this region (193). The effects of these polymorphisms are 

highlighted by several reports that functional antibodies to VAR2CSA in different populations of 

African women are highly strain-specific, reflecting seroreactivity to immunodominant epitopes 

(273-275). Our finding that SD1 from P. vivax elicits protective antibodies against cryptic epitopes 

in VAR2CSA provides an alternative, yet complementary vaccine strategy that could circumvent 

this immune pressure.  

Epitope-specific vaccines that direct the immune response to cryptic or subdominant 

epitopes are emerging as a viable strategy against many pathogens for which traditional vaccine 

approaches were unsuccessful (276, 277). These vaccine candidates include conserved epitopes in 

otherwise highly mutable viruses, such as HIV (278, 279), Ebola virus (280, 281), and influenza 

(263-265, 282, 283), as well as pathogenic bacteria, such as Streptococcus pyogenes (284), anthrax 

and S. aureus (276). A critical advantage is that many of these epitopes can induce broadly 

neutralizing, strain-transcending immunity by eliciting antibodies that cross-react with related but 

antigenically distinct pathogens (281, 284, 285).  
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3.5 Conclusions 

We showed that antibodies to a highly conserved, subdominant epitope in P. vivax inhibited 

an unrelated virulence pathway in P. falciparum in vitro. It will be important in future clinical 

studies to determine whether these antibodies contribute to improved birth outcomes from P. 

falciparum placental malaria and to evaluate whether SD1 can elicit polyclonal neutralizing 

antibodies through immunization. While our data make SD1 an attractive epitope for future 

vaccine design, they also provide insight into an unusual mechanism of heterologous immunity to 

Plasmodium based on shared epitopes across the DBL protein family.    
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Chapter 4: Generation of a peptide vaccine against falciparum placental malaria based on 
a discontinuous epitope 
 
Data from this Chapter have been previously published (286). 
 

4.1. Introduction 

Pregnancy-associated malaria caused by infection with the parasite Plasmodium falciparum 

can result in preterm birth, low birth weight babies, spontaneous abortion, and infant and maternal 

death (287). Despite ongoing efforts to develop a vaccine to prevent malaria in pregnancy, no 

effective vaccine exists. The leading vaccine candidates are based on VAR2CSA, a P. falciparum 

protein that mediates sequestration of infected red blood cells to the placenta (121, 126, 129, 186, 

187, 249). While these vaccines show promise by eliciting strong antibodies to the homologous 

VAR2CSA allele, they failed to elicit broadly neutralizing antibodies against heterogeneous 

parasite strains due to extensive natural polymorphisms within VAR2CSA (186, 187, 190, 192). 

Polyvalent vaccines that include multiple alleles of VAR2CSA or new vaccines that target 

conserved epitopes are urgently needed. 

We discovered an alternate source of antibodies to VAR2CSA that can be exploited for 

vaccine design. The source of these antibodies is an epitope shared between the Duffy binding-

like (DBL) domain of the P. vivax Duffy binding protein (PvDBP), an invasion protein expressed 

by P. vivax merozoites, and the DBL domains of VAR2CSA (155). Despite sharing only 16–21% 

sequence homology, the DBL domains of VAR2CSA and PvDBP have shared epitopes that are 

targeted by cross-reactive antibodies elicited by natural exposure to P. vivax infection or through 

immunization with PvDBP (155, 233). A mouse monoclonal antibody (3D10 mAb) raised against 

the DBL domain of PvDBP recognized VAR2CSA and blocked parasite adhesion in an in vitro 

assay of placental malaria (155). When we investigated the cross-reactive target of 3D10, we found 
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that it recognized epitopes that were cryptic in VAR2CSA (233). Given the cryptic nature of these 

epitopes, they are unlikely to be under the same immune pressure as the more immunodominant 

epitopes in the protein. Therefore, identifying and targeting these epitopes in VAR2CSA may 

present a viable vaccine strategy against malaria in pregnancy. Targeting cryptic or subdominant 

epitopes has also been employed in the development of vaccine candidates for group A 

streptococcus (288), Ebola (280), and influenza (263-265). 

Here, we designed an epitope-focused vaccine candidate against VAR2CSA based on the 

epitope that generated the 3D10 mAb. This epitope has been localized to the SD1 region of DBPII 

(233, 259, 260), and we used peptide arrays to refine the epitope to three discontinuous segments 

of SD1. Using a synthetic scaffold, we recapitulated this discontinuous epitope within a 

conformationally constrained peptide. Importantly, this peptide elicited antibodies in mice and a 

rabbit that recognized DBPII and cross-reacted with VAR2CSA. The cross-reactive rabbit 

antibodies also strongly recognized the surface of VAR2CSA-expressing iRBCs but did not block 

parasite adhesion to CSA or mediate opsonic phagocytosis in vitro. However, these findings 

represent an important step towards developing a cross-reactive vaccine candidate to target 

VAR2CSA.  

4.2. Materials and Methods  

4.2.1. Synthetic peptide design and conjugation 

Peptides representing different regions of SD1 in DBPII (Figure 1) were synthesized 

(Synpeptides Co., Shanghai, China) based on the sequence from the Sal 1 allele of PvDBP. The 

SD1ss peptide was designed to cover the entire SD1 region, with one pair of cysteines (C9 and C38) 

mutated to serine to control disulfide bond formation. N10-C22 was conjugated to diphtheria toxoid 
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(DT) using 6-maleimido-caproyl n-hydroxy succinimide (MCS) (Sigma, Oakville, Canada) (289). 

Briefly, MCS dissolved in dimethylformamide (DMF) (33.3 mg/mL) was added to a solution of 

DT in 0.1 M phosphate buffer (10 mg/mL) and mixed slowly at room temperature for 1 h. The 

modified carrier protein was then dialyzed against 0.1 M phosphate buffer containing 0.1 M 

ethylenediaminetetraacetic acid (EDTA) before mixing with the lyophilized N10-C22 peptide (1.2 

M excess of peptide). The conjugate was dialyzed overnight against 1X PBS and coupling was 

confirmed using SDS-PAGE analysis. 

To more finely map the epitope, thirty-seven overlapping 10-mer linear peptides were 

designed (Pepscan, Amsterdam, Netherlands) to span the SD1 region of DBPII (Table 4.1). 

Chemically Linked Peptides on Scaffolds (CLIPS) technology was used to synthesize the SD1CLIPS 

peptide (C(T2-013)NYKRKRRERDWDCNTKKDVCIPDRRYQLC(T2-013)K(Aoa)), as 

previously described (290). The conformation of SD1CLIPS was constrained by first conjugating 

the outermost pair of cysteines (residues 1 and 30) using the T2-013 scaffold. The two interior 

cysteines (residues 14 and 21) were then deprotected and oxidized to form a disulfide bond. This 

peptide was conjugated to keyhole limpet hemocyanin (KLH) or bovine serum albumin (BSA) 

using a N-succinimidyl 4-formylbenzoate (S-4FB) linker via the C-terminal N-epsilon-

aminooxyacetyl-L-lysine residue on the peptide (Pepscan, Amsterdam, Netherlands). Conjugation 

was monitored by adding 2-hydrazinpyridine to the carrier protein/peptide mixture. This reagent 

reacted with free S-4FB linkers on the carrier protein, producing a colored product, which allowed 

the reaction to be monitored over time. Excess peptide was removed by filtration.  
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Table 4.1 Peptides used for the Pepscan-based ELISA screen in Figure 3A and B. 
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4.2.2. Animal immunizations 

For the (N10-C22)-diphtheria toxoid (DT) immunizations, five female BALB/c mice (6 to 8 

weeks old) were immunized subcutaneously with (N10-C22)-DT or DT alone (30 µg/mouse) 

emulsified in Complete Freund’s Adjuvant (CFA) (catalogue no. F5881; Sigma, Oakville, Canada) 

on day 1. On days 21 and 31, mice were boosted with the immunogen (10 µg/mouse) emulsified 

in Incomplete Freund’s Adjuvant (IFA) (catalogue no. F5506; Sigma, Oakville, Canada) and the 

final sera samples were collected on day 45 via cardiac puncture under terminal anesthetic.  

For the SD1CLIPS-KLH immunizations, five female BALB/c mice (6 to 8 weeks old) were 

immunized subcutaneously with SD1CLIPS-KLH or KLH alone (30 µg/mouse) emulsified in CFA 

on day 1. On days 21, 31, and 41, mice were boosted with the immunogen (10 µg/mouse on days 

21 and 31, and 5 µg/mouse on day 41) emulsified in IFA. The final sera samples were collected 

on day 55 via cardiac puncture. All procedures were approved by the University of Alberta Animal 

Care and Use Committee (approval number: AUP00002124), and mice were handled in 

accordance with the Canadian Council on Animal Care Guidelines. 

Rabbit antisera were generated commercially by ProSci Inc. (Poway, CA, USA). One rabbit 

was immunized with 160 µg of SD1CLIPS-BSA in CFA followed by three boosts with 80 µg in IFA 

on days 14, 28, and 43 after the first immunization. The final bleed was collected on day 56.  

4.2.3. ELISA 

Indirect ELISAs were performed by coating 96-well plates (catalogue no. 439454; Thermo 

Fisher Scientific, Edmonton, Canada) with antigen diluted in 1X PBS, incubated overnight at 4 

°C. Recombinant protein antigens were coated at 0.5 µg/mL, SD1ss was coated at 1.0 µg/mL, and 

all other synthetic peptides were coated at 5.0 µg/mL. Plates were blocked with 4% BSA 

(catalogue no. A7906; Sigma, Oakville, Canada) in 1X PBS for 1 h at 37 °C, then washed once 
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with 1× PBST (0.1% Tween 20). Primary antibody samples were diluted in PBS with 2% BSA to 

a total volume of 100 µL, added to wells , and incubated for 1 h at room temperature (RT). Plates 

were washed four times with 1× PBST, and 100 µL of horseradish peroxidase (HRP)-conjugated 

goat anti-mouse secondary antibody (1/3000) (catalogue no. 170-6516, Bio-Rad, Mississauga, 

Canada) was added to each well. After incubation for 1 h at RT, the plate was washed four times 

with 1X PBST, and 100 µL of 3,3′,5,5′-tetramethylbenzidine (TMB) (catalogue no. T0440; Sigma, 

Oakville, Canada) was added to each well. After incubation at RT for 30 min, the reaction was 

stopped by adding an equal amount of H2SO4 (0.5 N) to each well, and the optical density (OD) 

of individual wells was read at 450 nm. All samples were run in duplicate and the mean OD for 

each antigen alone plus secondary was subtracted from the OD of each sample.  

Competition ELISAs were performed as above, except that primary antibodies were incubated 

with test peptides for 30 min at RT before addition to wells. To measure antibody avidity, ELISAs 

were performed using the same protocol for indirect ELISAs, except that 100 µL of 1 M NaSCN 

(catalogue no. 251410; Sigma, Oakville, Canada) or 1× PBS for control wells was added to each 

well following the primary antibody incubation. After a 10 min incubation at RT, the plates were 

washed four times with 1× PBST (0.1% Tween 20). The remaining steps were carried out as 

outlined for the indirect ELISA. Data represent samples tested in duplicate in at least two 

independent experiments. 

The peptide library was screened by Pepscan-based ELISA (Pepscan, Amsterdam, 

Netherlands). Briefly, the peptide array was incubated with 3D10 or isotype control (0.2 µg/mL) 

overnight at 4°C then washed with 1X PBST. The array was then incubated with HRP-conjugated 

rabbit anti-mouse IgG (catalogue no. 6175-05, Southern Biotech, Birmingham, AL, USA) and 
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incubated for 1 h at 25 °C. After washing, 2,2′-azino-di-3-ethylbenzthiazoline sulfonate (ABTS) 

was added with 20 µL/mL of H2O2 (3%) and the color development was measured after 1 h.  

 
4.2.4 Affinity purification 

  CNBr-activated Sepharose® 4B media (catalogue no. GE17-0430-01, Sigma, Oakville, 

ONT, Canada) was rehydrated in 10 mL HCl (1 mM) for 10 min then washed with approximately 

200 mL of ice-cold HCl (1 mM). The media was transferred to a 15 mL conical tube, centrifuged 

and the supernatant was removed. The media was then resuspended in 10 mL of borate buffer (0.5 

M NaCl, 0.2 M boric acid, pH 8.2) containing full-length recombinant VAR2CSA (1.0 mg), which 

was dialyzed against the borate buffer overnight at 4°C with three buffer changes. The media and 

antigen solution were incubated overnight at 4°C with end-over-end mixing. The remaining free 

active sites on the media were blocked by addition of 1 mL of Tris-HCl (1M, pH 8.0) and 

incubation for 2 hours at room temperature with end-over-end mixing. The beads were then 

washed extensively with borate buffer, followed by Tris-buffered saline (TBS, 20 mM Tris, 150 

mM NaCl, pH 7.5) containing 0.1% NP-40.  

Anti-SD1CLIPS-BSA rabbit sera (10 mL) was pre-absorbed on AB+ washed RBCs for one 

hour on ice and added to the VAR2CSA-coated Sepharose® media. One milliliter NaCl (5 M), 0.1 

mL 10% NP-40 and 0.5 mL Tris-HCl (1 M, pH 7.5) was added, and the solution was incubated 

overnight at 4°C with end-over-end mixing. The suspension was transferred to a polypropylene 

column (catalogue no. 208-3366-050, Caplugs, Rancho Dominguez, CA, USA) and the 

flowthrough was collected. The beads were then washed with 50 mL TBS containing 0.1% NP-

40, followed by 70 mL of TBS. Bound antibodies were eluted with a total of 4 mL of glycine-HCl 

(100 mM, pH 2.5) in 0.5 mL aliquots divided into tubes containing 50 µL Tris-HCl (1 M, pH 8.0) 

to neutralize the solution. The aliquots were then combined, and the buffer was exchanged to 1X 
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PBS using an Amicon Ultra-4 centrifugal filter (catalogue no. UFC801024, Merck Millipore). The 

concentration of the eluted antibodies was measured using a NanoDrop.  

 
4.2.5 Flow cytometry 

 Antibody reactivity to the surface of P. falciparum iRBCs was measured using flow 

cytometry, as described in Chapter 2, Section 2.9. IgG samples were tested at 40 µg/mL and 

detected with Alexa Fluor 647 conjugated goat anti-rabbit IgG (dilution 1/500, catalogue no. 

A21246, Life Technologies). 

 
4.2.6 IBA 

 IBA experiments were carried out as described in Chapter 2, Section 2.10. IgG samples 

were tested at 100 µg/mL against three different parasites strains in at least two independent 

experiments each.  

 
4.6.7 Opsonic phagocytosis  

 Opsonic phagocytosis experiments were carried out as described previously (291). 

Magnetically enriched mature P. falciparum iRBCs from in vitro culture were stained with 

ethidium bromide (EtBr) for 30 min at room temperature in the dark. The iRBCs were then washed 

twice with RPMI and resuspended at 1.25 x 108 cells/mL in RPMI. Twenty microlitres of the cell 

suspension was aliquoted to a separate tube for each antibody sample, centrifuged and the 

supernatant was removed. The pellet was then resuspended in the antibody solution in 1X PBS or 

in PBS alone for the negative control and incubated for 45 min at 37°C protected from light. The 

cells were washed once with RPMI, resuspended in 50 µL of pre-warmed THP-1 cell media and 

added to individual wells of a round-bottom 96 well plate containing 1.25 x 105 THP-1 cells in 

100 µL of cell media. The plate was then incubated for 45 min at 37°C in a 5% CO2 incubator. 
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The cell solution was transferred to a 1.5 mL tube, centrifuged and resuspended in 500 µL RBC 

lysis buffer. The cells were incubated for 10 min at room temperature with gentle agitation before 

being centrifuged and washed once, then resuspended in 2% FBS. EtBr-positive THP-1 cells were 

quantified by flow cytometry (Fortessa X20) and data analyzed with FlowJo version 7.6 (TreeStar, 

Ashland, USA). 

4.2.8. Statistical analysis 

Data were plotted and statistical significance was determined using a Kruskal-Wallis one-way 

ANOVA using Prism software (version 8; GraphPad, San Diego, CA, USA). 

4.3. Results 

4.3.1. N10-C22 is the minimal epitope for 3D10 recognition, but does not elicit cross-reactive 

antibodies 

In order to identify the minimal epitope for 3D10 recognition, we designed a number of 

synthetic peptides spanning the SD1 region of DBPII (Figure 4.1). In the native protein, this region 

contains four cysteine residues that form two disulfide bonds. We previously tried to recapitulate 

the native structure using a synthetic peptide, but based on mass spectrometry, the disulfide bonds 

did not form in the correct configuration (data not shown). Therefore, we designed a peptide called 

SD1ss, in which two of the cysteine residues were mutated to serines (‘ss’), which allowed us to 

control the intramolecular disulfide bonding pattern. When we screened these peptides by ELISA; 

the regions nearest the amino terminus of SD1 (N10-C29 and N10-C22) were strongly recognized by 

3D10 (Figure 4.2A). The minimal epitope recognized by 3D10 was a 13 amino acid peptide called 

N10-C22 that was recognized with an endpoint titer of 2.7 ng/mL, similar to the reactivity against 

the parent protein DBPII. This finding is supported by previous reports that 3D10 recognizes the 
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NXXRKR motif within this peptide (260, 292). Using a competition ELISA, this peptide was 

sufficient to block heterologous recognition of VAR2CSA by 3D10 (Figure 4.2B). When 3D10 

was incubated with increasing concentrations of this peptide, N10-C22 blocked recognition of 

VAR2CSA to a similar degree as SD1ss. The C29-K40 peptide was included as a negative control 

for inhibition because 3D10 did not recognize this peptide (Figure 4.2A). Based on these results, 

we concluded that N10-C22 represents the minimal epitope for homologous 3D10 recognition of 

DBPII and mediates heterologous recognition of VAR2CSA.  

We next immunized five BALB/c mice with the N10-C22 peptide conjugated to DT. The mice 

produced high levels of antibodies against N10-C22; however, the antibodies did not cross-react 

with VAR2CSA by ELISA (Figure 4.2C). This lack of cross-reactivity is not surprising, 

considering these antibodies also failed to recognize DBPII, the cognate protein from which the 

peptide was derived (Figure 4.2C).  
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Figure 4.1. Synthetic peptides were designed to cover the subdomain 1 (SD1) region of 
DBPII. The subscript numbers indicate the amino acid position in the parent SD1 peptide. 
Disulfide bonds are noted with horizontal lines. 
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Figure 4.2. N10-C22 is the minimal epitope for 3D10 recognition of DBPII and VAR2CSA 
but does not elicit cross-reactive antibodies in mice. (A) Synthetic peptides spanning the 
SD1 region of DBPII were screened with 3D10 by ELISA. Recombinant DBPII protein was 
included as a positive control. (B) 3D10 was incubated alone (black bar) or with increasing 
concentrations of SD1ss, N10-C22, or C29-K40, then added to wells coated with recombinant 
full-length VAR2CSA. (C) Pooled sera from mice (n = 5) before and after immunization with 
(N10-C22)-DT were tested against N10-C22, VAR2CSA, and DBPII by ELISA. Data are mean 
± standard deviation (SD). 
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4.3.2. 3D10 recognizes a discontinuous epitope in SD1 

To map the recognition site of 3D10, we designed an array of 37 overlapping linear peptides 

spanning SD1 of DBPII (Table 4.1). We used a Pepscan-based ELISA for this screen because the 

peptides can be coated at a high concentration, which allows for identification of minor parts of 

the epitope that may not be detected using a conventional ELISA. We screened this library with 

3D10 and found that it recognized peptides from three regions of SD1 (Figure 4.3A). These results 

suggested that the epitope is discontinuous. We then screened a library of these peptides where 

two residues in each peptide were mutated to alanine (Figure 4.3B). Several of these mutations 

resulted in a significant decrease in 3D10 recognition. These data further confirm that sequences 

within the two outer segments in particular are critical for 3D10 recognition. 

In the native DBPII structure, there are two disulfide bonds that bring these regions in close 

proximity, allowing them to form the discontinuous epitope (Figure 4.3C). This presents a 

significant challenge for vaccine development as conformational epitopes are notoriously difficult 

to recapitulate with synthetic peptides (293).  
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Figure 4.3. 3D10 recognizes a discontinuous epitope in SD1. (A) An overlapping peptide 
array spanning the SD1 region of DBPII was screened with 3D10. The colors of the lines 
above the bar graph correspond to the region of SD1 mapped to the structure in (C). (B) The 
intensity of 3D10 recognition of peptides with alanine substitutions (bolded) was subtracted 
from that of the native sequence. Negative values indicate that 3D10 recognition was 
decreased following alanine substitution. (C) The structure of SD1 was determined from a 
published crystal structure of DBPII that was adapted using PyMOL (PDB ID 4NUU). The 
cysteines involved in disulfide bonds are shown as space-filling spheres. 
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4.3.3. Immunization with SD1CLIPS elicited cross-reactive VAR2CSA antibodies 

To recapitulate the immunogen that elicited the cross-reactive 3D10 mAb in DBPII, we 

designed a 31 amino acid peptide called SD1CLIPS that uses CLIPS technology to control bond 

formation and conformationally constrain the peptide to its native structure. Specifically, a 

synthetic scaffold was inserted in place of one of the disulfide bonds to ensure that the disulfide 

bond formed between the correct pair of cysteines (Figure 4.4A). After confirming that 3D10 

recognized this peptide by ELISA (endpoint titer: 20.5 ng/mL), we immunized five BALB/c mice 

with SD1CLIPS conjugated to keyhole limpet hemocyanin (KLH). All mice produced high levels of 

antibodies against SD1CLIPS and 60% (3/5) of the mice also made antibodies that cross-reacted with 

VAR2CSA (Figure 4.4B). Although the titers of the anti-VAR2CSA antibodies were relatively 

low compared to those against SD1CLIPS, these results demonstrate that a peptide immunogen 

successfully recapitulated a cross-reactive conformational epitope. 
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Figure 4.4. A conformationally constrained peptide encompassing the SD1 region of DBPII 
elicited antibodies that cross-react with VAR2CSA. (A) A synthetic 31 amino acid peptide of 
the SD1 region was designed using a chemical scaffold in place of one of the disulfide bonds. The 
cysteine residues that formed a disulfide bond are shown in green, and those involved in the 
chemical linkage are shown in yellow. (B) Endpoint titers for the individual mice immunized with 
SD1CLIPS-keyhole limpet hemocyanin (KLH) were measured against SD1CLIPS-bovine serum 
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albumin (BSA) and VAR2CSA by ELISA. Data from each individual mouse (M#) are represented 
by the same color throughout this and subsequent figures. Endpoint titers were calculated relative 
to the mean optical density (OD) of the matching pre-immune serum plus two standard deviations. 
(C–F) The avidity of the cross-reactive sera (C–E) and 3D10 (F) for VAR2CSA was determined 
by titrating the individual serum samples or 3D10 against VAR2CSA with and without the addition 
of 1 M NaSCN. Data are mean ± SD. 
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When we measured the avidity of the cross-reactive antibodies against VAR2CSA, the 

avidity was low compared to the avidity of the antibodies for their immunogen. Incubation with 1 

M NaSCN significantly reduced antibody binding to VAR2CSA across a range of dilutions (Figure 

4.4C–E), whereas there was little reduction in antibody binding to SD1CLIPS (Figure 4.5A–E). It is 

not uncommon for cross-reactive antibodies to have a lower avidity for the heterologous antigen. 

However, this does not negate the potential functional relevance of these antibodies. In fact, the 

avidity of these antibodies for VAR2CSA is similar to that of 3D10 (Figure 4.4F), which blocked 

VAR2CSA-expressing P. falciparum parasites from binding to the placental ligand in vitro (155). 
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Figure 4.5. The avidity of individual mouse serum against SD1CLIPS-BSA. (A-E) The avidity 
of individual serum samples for SD1CLIPS-BSA was determined by titrating serum against this 
antigen with and without the addition of 1M NaSCN. Data are mean ± SD. 
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4.3.4. Fine specificity and avidity of anti-SD1CLIPS antibodies in individual mice 

Despite making similar levels of antibodies against the SD1CLIPS immunogen, only three 

out of the five BALB/c mice made cross-reactive antibodies that recognized VAR2CSA. This 

prompted us to evaluate the fine specificity of the individual immune responses of each mouse for 

DBPII and the smaller peptides within the SD1 region. Sera from all of the mice recognized DBPII, 

N10-C29, C22-K40, and C22-C29 at similarly high levels (Figure 4.6A). However, the mice had 

varying levels of antibodies against the shorter N10-C22 and C29-K40 peptides. For instance, serum 

from mouse M0 (black circles in Figure 4.6A) had an endpoint titer of 1/400 against N10-C22 and 

did not recognize C29-K40, whereas serum from mouse M2 (light purple circles in Figure 4.6A) had 

an endpoint titer of over 1/200,000 against N10- C22 and over 1/800,000 against C29-K40. Despite 

being of the same inbred strain of mouse, each of the five mice had a unique immune response to 

different regions of the SD1CLIPS immunogen. 

There was no discernable difference in the recognition patterns of sera that cross-reacted 

with VAR2CSA (mice M2, M3, and M4) and sera that did not (mice M0 and M1). However, the 

cross-reactive sera had much lower avidity for DBPII than the non-cross-reactive sera (Figure 

4.6B–F). This result is consistent with the avidity of 3D10 for DBPII, which is significantly lower 

compared to another DBPII monoclonal antibody, 2D10, which we showed previously does not 

cross-react with VAR2CSA (Figure 4.6G and H) (155). Together, these results suggest that 

antibodies against DBPII that cross-react with VAR2CSA exhibit low avidity against both of these 

proteins in immunized mice. 
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Figure 4.6. Cross-reactive sera that recognized VAR2CSA had low avidity against 
DBPII. (A) Endpoint titers for the individual mice immunized with SD1CLIPS-KLH were 
measured against DBPII and the synthetic peptides spanning the SD1 region. Endpoint titers 
were calculated relative to the mean OD of the matching pre-immune serum plus two standard 
deviations. (B–F) The avidity of the individual serum samples for DBPII was determined by 
titrating against DBPII with and without the addition of 1 M NaSCN. (G–H) The avidity of 
3D10 and 2D10 (a non-cross-reactive DBPII monoclonal antibody) against DBPII was 
determined by titrating the monoclonal antibodies against DBPII with or without the addition 
of 1 M NaSCN. Data are mean ± SD. 
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4.3.5. SD1CLIPS elicits cross-reactive antibodies in a rabbit 

To determine if antibodies cross-reactive with VAR2CSA can be elicited in a different animal, 

we immunized a rabbit with the same SD1CLIPS peptide, only conjugated to BSA. This conjugate 

was highly immunogenic in the rabbit, with an endpoint titer against the peptide of 1/256,000 and 

very high avidity (Figure 4.7A). These antibodies also strongly recognized DBPII and, unlike the 

mouse serum, their avidity for DBPII was high (Figure 4.7B). Importantly, the serum also 

recognized VAR2CSA (Figure 4.7C), and consistent with the results from mice, these antibodies 

were not as strong (endpoint titer of 1/1600) and were of low avidity.  
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Figure 4.7. SD1CLIPS elicits cross-reactive antibodies in a rabbit. The avidity of the anti-
SD1CLIPS rabbit serum against (A) SD1CLIPS, (B) DBPII, and (C) VAR2CSA was determined 
by titrating the serum against the antigen with and without the addition of 1 M NaSCN. Data 
are mean ± SD. 
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The anti-SD1CLIPS-BSA rabbit serum was also tested against a number of different P. vivax 

and P. falciparum antigens by ELISA. We found that the serum strongly recognized the N10-C22 

peptide encompassing an N terminal region of SD1 that was also strongly recognized by 3D10 

(Figure 4.8A, 3D10 recognition: Figure 2.3B). Interestingly, the serum also recognized EBP2, 

which was not recognized by 3D10, although the recognition was not as strong as either DBPII or 

N10-C22. When we tested this serum against some of the DBL domains of VAR2CSA, DBL3X 

(OD: 1.5 ± 0.06 SD) was the most strongly recognized, followed by DBL4ɛ (OD: 0.7 ± 0.01 SD) 

and DBL5ɛ (OD: 0.5 ± 0.02 SD) (Figure 4.8B). The N-terminal region of VAR2CSA (DBL1-ID2 

and ID1-ID2a) was not well recognized by the cross-reactive IgG (OD: 0.2 ± 0.02 SD for both), 

despite being the region that was most strongly recognized by 3D10 (OD: 1.0 ± 0.12 SD) (Figure 

4.8C). Similarily, 3D10 did not recognize the non-pregnancy associated PfEMP1, VAR7, whereas 

the cross-reactive IgG recognized this antigen quite strongly (OD: 0.6 ± 0.01 SD). These results 

highlight potentially important differences in the recognition patterns between 3D10 and the cross-

reactive IgG.   
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Figure 4.8. Serum from a rabbit immunized with SD1CLIPS-BSA recognized P. vivax and P. 
falciparum antigens. The anti-SD1CLIPS-BSA rabbit serum (dilution 1/200) was tested by ELISA 
against a number of (A) P. vivax and (B) P. falciparum antigens. Pre-immune serum was 
included as a negative control. (C) Data for 3D10 (8.6 µg/mL) and anti-SD1CLIPS-BSA serum 
(dilution 1/200) against the DBL domains of VAR2CSA and the non-pregnancy associated 
PfEMP1 protein, VAR7 were combined. The reactivity was measured in separate experiments 
and the data were combined to facilitate comparison between the recognition profiles of the two 
different antibody samples. Data are mean ± SD.  
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In order to determine if the SD1CLIPS-BSA immunizations elicited functional anti-

VAR2CSA antibodies, the cross-reactive antibodies were affinity-purified from the rabbit serum 

using full-length VAR2CSA (Figure 4.9A). Evaluation by ELISA showed that the VAR2CSA 

reactivity of total IgG purified from the column flow through (flow through IgG) was reduced 

compared to that of the starting serum (anti-SD1CLIPS rabbit IgG), suggesting that the majority of 

the cross-reactive antibodies were purified from the serum (Figure 4.9B). These purified antibodies 

(cross-reactive IgG) recognized VAR2CSA (endpoint titre: 0.02 µg/mL), DBPII (endpoint titre: 

1.25 µg/mL) and EBP2 (endpoint titre: 1.25 µg/mL) by ELISA (Figure 4.9B, C and D). 

Interestingly, the endpoint titres of the cross-reactive IgG were the same against both DBPII and 

EBP2, which is different from ELISAs with the starting serum where DBPII recognition (OD ± 

SD: 3.0 ± 0.02) was significantly stronger than EBP2 recognition (OD ± SD: 1.1 ± 0.01)  (Figure 

4.8A). Consistent with the results from 3D10 and the anti-SD1CLIPS-BSA rabbit serum, the cross-

reactive IgG recognition of VAR2CSA was significantly reduced following incubation with 1M 

NaSCN, indicating low antibody binding avidity (Figure 4.9C). 
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Figure 4.9. Cross-reactive antibodies were affinity-purified from anti-SD1CLIPS rabbit 
serum using full-length VAR2CSA. (A) Anti-SD1CLIPS rabbit serum was incubated with 
VAR2CSA-coated Sepharose, the unbound antibodies were washed from the column and the 
cross-reactive antibodies were eluted. (B) The reactivity of total IgG from the anti-SD1CLIPS 
rabbit serum (50 µg/mL), the flow through from the affinity-purification (50 µg/mL) and the 
cross-reactive antibodies (10 µg/mL) against VAR2CSA was measured by ELISA. (C) The 
avidity of the cross-reactive IgG against VAR2CSA was determined by titrating the antibodies 
against the antigen with and without the addition of 1 M NaSCN. The endpoint titres of the 
cross-reactive IgG against (D) DBPII, (E) EBP2 were measured by ELISA. Total IgG from 
the pre-immune rabbit serum was included as a negative control. Data are mean ± SD. Figure 
in (A) was made using BioRender.com. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 122 

4.3.6. Cross-reactive IgG recognized the surface of RBCs infected with three different strains 
of VAR2CSA-expressing P. falciparum parasites 
 

Next, we determined if the cross-reactive IgG could recognize native VAR2CSA expressed 

on the surface of iRBCs. To test this, we used flow cytometry to quantify the cross-reactive IgG 

recognition of RBCs infected with three different strains of P. falciparum parasites. Interestingly, 

we found that the cross-reactive IgG displayed strain-transcending recognition of the surface of 

RBCs infected with all three strains of parasites. The highest percentage of iRBC recognition 

(95.6%) was observed with the placental isolate strain of P. falciparum, followed by the NF54-

CSA (76.5%) and CS2 (68.1%) strains (Figure 4.10). Total IgG from the pre-immune rabbit serum 

and the affinity purification flow through were included as controls in all experiments and were 

run at the same concentration as the cross-reactive IgG (40 µg/mL).  

Unexpectedly, in many of the flow experiments, a higher percentage of DAPI-negative RBCs were 

recognized by the cross-reactive IgG, compared to the pre-immune IgG and the flow through IgG. 

However, in all of these cases the percentage of DAPI-negative RBCs that were recognized was 

lower than the percentage of DAPI-positive RBCs that were recognized. We investigated this 

further by testing the cross-reactive IgG against uRBCs alone. Consistent with observations from 

previous flow experiments, a higher percentage of the uRBCs were recognized by the cross-

reactive IgG (22.0%) compared to either the pre-immune IgG (1.26%) or the flow though IgG 

(1.11%) (Figure 4.11A). The reason for this non-specific staining is unknown, as all sera were pre-

absorbed on AB+ human RBCs prior to affinity purification. However, the 22.0% of uRBCs 

recognized by the cross-reactive IgG could not account for the 68.1% to 95.6% of iRBCs that were 

recognized. The overall shift in the uRBC population stained with the cross-reactive IgG is also 

much lower than that observed in the iRBC population (Figure 4.11B). The relative difference in 

the median fluorescence intensity (MFI) between the uRBCs stained with the cross-reactive IgG 
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and the pre-immune IgG was 78.7 AU, while the relative difference between the iRBC populations 

stained with these same antibodies was 476.5 AU. Thus, despite there being some background 

recognition of uRBCs, most of the recognition was parasite antigen-specific.  
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Figure 4.10. Cross-reactive IgG recognized the surface of VAR2CSA-expressing P. 
falciparum parasites. Mature trophozoites were incubated with cross-reactive IgG or total 
IgG purified from pre-immune rabbit serum or flow through from the affinity-purification. 
Antibodies bound to the surface of the iRBCs were detected using an Alexa Fluor 647-
conjugated goat anti-rabbit IgG secondary antibody and parasite DNA was stained with DAPI. 
IgG were run at 40 µg/mL. Experiments with each parasite strain were repeated three times 
and representative plots are shown above. The percentage of iRBCs recognized by the IgG is 
indicated on each plot.    
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Figure 4.11. Cross-reactive IgG recognized a higher percentage of uRBCs than the pre-
immune IgG or flow through IgG. (A) Pre-immune, flow through and cross-reactive IgG (40 
µg/mL) recognition of uRBCs was quantified by flow cytometry. Rabbit IgG was detected using 
an Alexa Fluor 647 goat anti-rabbit secondary antibody and the percentage of RBCs recognized 
by the IgG is indicated on each plot. Histograms of uRBC (B) and iRBC (NF54-CSA) (C) 
populations stained with the different IgG samples were overlayed.  
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4.3.7. Cross-reactive IgG did not block parasite adhesion to CSA or mediate opsonic 
phagocytosis in vitro 
 

Despite strongly recognizing the surface of VAR2CSA-expressing iRBC, the cross-

reactive IgG did not block parasite binding to CSA in vitro (Figure 4.12A, C and E). The antibodies 

were tested in a minimum of two independent IBA experiments with each of the three strains of 

P. falciparum iRBCs. When the parasites were incubated with the cross-reactive IgG, there was 

no inhibition of CSA binding compared to pre-immune IgG. Two of the controls that were included 

in the IBAs were serum from a rabbit immunized with full-length VAR2CSA (FCR3 allele) and 

total IgG purified from this serum. These antibodies inhibited  the CS2 parasite strain, which 

expresses the homologous FCR3 allele of VAR2CSA, from binding to CSA (Figure 4.12D). 

However, these antibodies did not block the placental isolate or NF54-CSA strains from binding 

to CSA (Figure 4.12B and F). There was also an unusual decrease in binding observed when the 

placental isolate strain was incubated with normal rabbit serum (Figure 4.12B). The reason for this 

background is unknown, but this was serum from a different rabbit than the one used in the 

experiments with CS2 and NF54-CSA parasites.  

Human sera pools were also used as controls in these experiments. A pool of sera from 

individuals living in a malaria-free area of Colombia (unexposed Colombian sera) was used as a 

negative control and sera from multigravid women living in an area of Uganda that is holoendemic 

for malaria (Ugandan multigravid sera) was used as a positive control. The Ugandan multigravid 

sera displayed strain-transcending inhibitory activity against all three strains of P. falciparum 

(Figure 4.12B, D and F).  
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Figure 4.12. Cross-reactive IgG did not block parasite adhesion to CSA in vitro. Cross 
reactive IgG (teal squares) were incubated with RBCs infected with three different strains of 
P. falciparum: a placental isolate (A), CS2 (C) and NF54-CSA (E). Total IgG purified from 
pre-immune rabbit serum (teal circles) was used as a negative control and both IgG samples 
were used at 100 µg/mL. Assay controls were included with each of the parasite strains (B, D 
and F), including PBS alone (black circles), normal rabbit serum (light purple circles), anti-
VAR2CSA rabbit serum (light purple squares), total IgG purified from normal rabbit serum 
(dark purple circles), total IgG from anti-VAR2CSA rabbit serum (dark purple squares), sera 
from unexposed Colombian individuals (blue circles) and sera from multigravid women from 
Uganda (blue squares). Sera samples were run at a 1/5 dilution and total IgG was run at 100 
µg/mL. Data are the results of two experiments combined for each parasite strain and results 
are expressed as the number of parasites bound to each CSA-coated spot. In order to combine 
data from two separate experiments, the number of parasites bound to each spot was 
normalized using the mean number of parasites bound in the PBS condition in both 
experiments. Statistical significance was determined using a Kruskal-Wallis one-way 
ANOVA. Data are mean ± SD. *, P < 0.05; **, P < 0.01; ns, not significant.  
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To determine if the cross-reactive IgG could mediate phagocytosis, EtBr-stained iRBCs 

were incubated with the antibodies, then combined with human monocytes (THP-1 cells). 

Phagocytosis of iRBCs was quantified using flow cytometry by measuring the percentage of EtBr-

positive monocytes (Figure 4.13). The percent phagocytosis in each sample was normalized to the 

positive control (anti-VAR2CSA rabbit serum) that was run in that experiment (Figure 4.13A). 

There was a small increase in phagocytosis with the cross-reactive IgG (20.4% ± 4.9% SD) 

compared to pre-immune IgG (15.3% ± 2.5% SD), but the difference was not statistically 

significant (Figure 4.13B). 
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Figure 4.13. Cross-reactive IgG did not mediate opsonic phagocytosis of CS2 iRBCs. 
Incubation with the cross-reactive IgG did not significantly increase opsonic phagocytosis of CS2 
iRBCs compared to pre-immune IgG. PBS alone and normal rabbit serum were included as 
negative controls, and anti-VAR2CSA rabbit serum was used as a positive control. Rabbit IgG 
was run at 150 µg/mL and serum samples were run at a 1/10 dilution. The data are from three 
independent opsonic phagocytosis experiments. Statistical significance was determined using a 
Kruskal-Wallis one-way ANOVA. Data are mean ± SD. ns, not significant. 
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4.4. Discussion  

In this study, we used an epitope-focused vaccine to enhance the cross-reactivity that exists 

between DBPII and VAR2CSA. We designed a conformationally-constrained synthetic peptide 

that elicited an antibody response against not only its parent protein, DBPII, but also against a 

heterologous antigen, VAR2CSA. This immunogen was based on the recognition site of a 

monoclonal antibody that is cross-reactive against VAR2CSA (155). We initially mapped the 

minimal epitope to a 12 amino acid linear peptide within SD1. However, immunization with this 

peptide failed to elicit antibodies to DBPII and, not surprisingly, the antibodies did not cross-react 

with VAR2CSA. These results suggest that the linear N10-C22 peptide is sufficient as an antigen 

for 3D10 recognition but is not a suitable immunogen to generate antibodies to the desired epitope 

in DBPII. It is also possible that immunization with this peptide elicited antibodies that recognized 

an unnatural epitope formed by the synthetic peptide that is not present in DBPII. Consistent with 

our results, others reported that 3D10 recognized a peptide from the same region of DBPII that 

overlapped with N10-C22 by seven amino acids (260). However, this peptide also failed to elicit 

anti-DBPII antibodies.  

The results of our peptide library screen expanded the minimal epitope to encompass three 

distinct segments of SD1 that are discontinuous yet constrained in the native protein by two 

disulfide bonds. To recapitulate this epitope, we designed the SD1CLIPS peptide that contains all 

regions of the discontinuous epitope and replaced one of the disulfide bonds with a synthetic 

scaffold. This allowed for control over bond formation in the peptide, constraining the bonding 

pattern to the structure in the parent protein. With this approach, we succeeded in generating the 

discontinuous epitope as it was in DBPII, overcoming a common challenge in peptide vaccine 

development.  
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While all mice immunized with SD1CLIPS-KLH had high endpoint titers against the 

immunogen (<1/2.0 million), only three out of five mice made cross-reactive antibodies that 

recognized VAR2CSA. To better understand this, we evaluated the immune responses of the five 

mice to peptides from different regions of SD1 and found that no two mice had the same 

recognition profile. Certain peptides were recognized very strongly (endpoint titers <1/1.0 million) 

by sera from some mice but not others, revealing significant variation in the fine specificity of 

immune responses among the five mice. However, there was no discernable difference in the 

recognition patterns of the SD1 peptides between the sera samples that cross-reacted with 

VAR2CSA and those that did not.  

In both the mice and the rabbit, the cross-reactive antibodies had low avidity for VAR2CSA. 

These experiments highlight a common feature of cross-reactive antibodies that lower avidity 

antibodies may be multispecific for similar but not identical epitopes in different antigens (293). 

There is evidence that people living in areas of high malaria transmission intensity develop lower 

avidity antibodies to some P. falciparum antigens, compared to those living in areas of low 

transmission intensity who develop relatively low titers of higher avidity antibodies (294, 295). 

This has been attributed to increased exposure to a highly diverse population of parasites in high 

transmission settings (294, 296) and/or impaired affinity maturation as a result of infection (297-

299). Alternatively, lower avidity antibodies may reflect an adaptive advantage that allows the 

immune system to respond to antigens from different P. falciparum strains, as has been suggested 

for other pathogens (300). However, several studies demonstrated that higher avidity antibodies 

against blood stage P. falciparum antigens provided greater protection from severe (301) or 

clinical malaria (302). Importantly, in a retrospective case-control study and a longitudinal study 

in Cameroon, higher avidity anti-VAR2CSA antibodies were associated with protection from 
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malaria in pregnancy (145, 303). Thus, it is essential to explore ways to increase the avidity of 

these cross-reactive antibodies against VAR2CSA. Indeed, the low-avidity 3D10 antibody can 

block parasite binding to chondroitin sulfate A (CSA), but only when used at a high concentration 

(100 µg/mL) that is unlikely to be elicited through immunization (155).  

In order to have a sufficiently high concentration of cross-reactive rabbit antibodies to 

evaluate in functional assays, we affinity-purified the cross-reactive IgG using full-length 

VAR2CSA. The cross-reactive antibodies that were purified strongly recognized the surface of 

RBCs infected with three different VAR2CSA-expressing P. falciparum strains. This result is very 

encouraging given the fact that 3D10 showed limited recognition of iRBCs by flow (7.2% - 9.1%), 

yet the cross-reactive IgG recognized a significant percentage of the population (68.1% - 95.6%) 

(Table 4.2). Additionally, the FCR3 allele of VAR2CSA was used to affinity-purify these 

antibodies, yet they displayed strain-transcending recognition of iRBCs, further indicating the 

presence of epitopes that are conserved across multiple alleles of VAR2CSA, which can be 

targeted by antibodies.  

Despite strongly recognizing iRBCs by flow, the cross-reactive IgG did not block parasite 

adhesion to CSA in vitro. In contrast, 3D10 only recognized a small percentage of iRBCs yet 

blocked a significant number of the iRBCs from binding to CSA in vitro, albeit at a high 

concentration (Table 4.2). This suggests that the cross-reactive IgG and 3D10 antibodies recognize 

different epitopes in VAR2CSA. Consistent with this, there were significant differences between 

the cross-reactive IgG and 3D10 in the recognition of recombinant antigens (Table 4.2). Both 

antibodies recognized full-length VAR2CSA and DBPII by ELISA, but only the cross-reactive 

IgG recognized EBP2. Although homologous to PvDBP, EBP2 is not recognized by 3D10, likely 

because of the sequence variation between the SD1 domains of PvDBP and EBP2 (232). These 
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results highlight a key difference between these antibodies and suggests that the specificity of the 

cross-reactive antibodies elicited by SD1CLIPS-BSA immunizations in the rabbit differs from that 

of 3D10. 

 

Table 4.2. Summary of 3D10 and rabbit cross-reactive IgG data 
Measure 3D10 Cross-reactive IgG 

Recombinant protein recognition   

DBPII endpoint (µg/mL) 0.00043 1.25 

EBP2 endpoint (µg/mL) NR 1.25 

VAR2CSA endpoint (µg/mL) 0.86 0.02 

iRBC recognition   

Recognition of live CS2 iRBC (% positive) 9.1 68.1 

Recognition of live NF54-CSA iRBC (% positive) 7.2 76.8 

Recognition of live placental isolate iRBC (% positive) 7.8 95.6 

Functionality   

Inhibition of iRBC binding to CSA (% inhibition ± SEM)* 18.1 ± 3.0 ND 

Opsonic phagocytosis (% phagocytosis ± SD)* ND 2.2 ± 1.4† 

*Measured relative to negative control 
†Not statistically significant 
NR = no recognition 
ND = not detected 
SEM = standard error of the mean 
SD = standard deviation 

 

The most likely explanation for the lack of binding inhibition observed with the cross-

reactive IgG is that these antibodies recognized cross-reactive, but non-inhibitory epitopes in 

VAR2CSA. The cross-reactive IgG likely bound to epitopes on VAR2CSA that are spatially 

distinct from those recognized by 3D10, which is able to block iRBC binding to CSA. It is possible 

that one of the inhibitory epitopes that 3D10 recognizes is in the DBL2X domain, which has been 
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defined as the minimal CSA binding domain (220, 304). In fact, 3D10 recognized recombinant 

ID1-DBL2X-ID2a more strongly than any other DBL domain (Figure 4.8C). However, the anti-

SD1CLIPS-BSA rabbit serum recognized this domain at a lower OD than any of the other domains 

that were tested (Figure 4.8B and C). It is important to note that the ODs for any given antigen 

cannot be directly compared between 3D10 and the anti-SD1CLIPS-BSA rabbit serum. However, 

the relative recognition of the different DBL domains by each antibody or serum sample can shed 

light on the specificity of the antibodies.  

A recently published cryo-electron microscopy structure of VAR2CSA (DBL1X-DBL4ɛ) 

bound to CSA provided crucial insight into the spatial relationships between the DBL domains 

within the full protein (304). The structure highlights the critical contributions that DBL1X and 

DBL2X make to the major CSA binding channel. As discussed previously, immunizations with 

the PAMVAC vaccine candidate, which is based on the DBL2X domain, led to high levels of 

inhibitory antibodies against homologous parasites, but failed to elicit antibodies with strain-

transcending blocking activity in vitro (186, 192). Although refinement of this vaccine candidate 

is needed before it can progress in clinical trials, these data underscore the ability of antibodies 

targeting DBL2X to block parasite binding to CSA in vitro.  

Publication of the structure of the CSA binding core of VAR2CSA also enabled the 

preliminary identification of structurally conserved SD1-like domains within the different DBL 

domains (Figure 4.14A). Interestingly, several residues in the SD1-like domain of DBL2X, which 

is structurally similar to the SD1 domain of PvDBP, are directly involved in binding to CSA 

(yellow residues in Figure 4.15B) (304). Although this needs to be confirmed experimentally, it 

seems plausible that 3D10 may block parasite binding to CSA by targeting this epitope. 

Furthermore, the fact that the non-inhibitory cross-reactive rabbit IgG does not recognize DBL2X 
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very strongly by ELISA could account for the lack of function observed with these antibodies. 

Based on the differences in recognition of the DBL2X domain between the cross-reactive IgG and 

3D10, it may be useful to investigate a possible correlation between recognition of this domain 

with antibody blocking activity. 

It is also possible that a subset of the cross-reactive IgG recognizes the same epitopes in 

VAR2CSA as 3D10, but the titre and/or avidity of these antibodies is too low to block binding in 

the IBA. Unlike 3D10, the cross-reactive IgG are polyclonal antibodies that could be recognizing 

many different epitopes within the VAR2CSA protein. Competition ELISAs were attempted to 

determine if the cross-reactive IgG could block VAR2CSA recognition by 3D10, but there was 

significant competition by the pre-immune IgG that could not be explained or prevented. These 

ELISAs are in the process of being optimized.  
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Figure 4.14. Cryo-electron microscopy structure of the CSA binding core of VAR2CSA. (A) 
The structure of the CSA binding core of VAR2CSA in complex with CSA (shown as dark purple 
lines in the major binding groove and light purple in the minor binding groove) was determined 
using cryo-electron microscopy in (304) (PDB accession no. 7JGH). Preliminary analysis of 
structural similarities between PvDBP and VAR2CSA revealed SD1-like domains in DBL1X 
(blue), DBL2X (red), DBL3X (orange) and DBL4ɛ (green) domains of VAR2CSA. (B) Four 
amino acids (N557, K561, K562 and N576, shown in yellow) in the SD1-like domain of DBL2X 
were shown to directly interact with the CSA moiety in the binding groove (304). Figures were 
generated in PyMol.  
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Anti-VAR2CSA antibodies are also purported to be protective by mediating opsonic 

phagocytosis of iRBCs (305, 306). Thus, we tested the ability of the cross-reactive IgG to mediate 

opsonic phagocytosis of iRBCs using a human monocyte cell line. However, consistent with 

experiments using 3D10, the cross-reactive IgG did not mediate phagocytosis of the CS2-iRBCs 

in vitro. We have not yet characterized the subclasses of the cross-reactive IgG but evaluating this 

could be informative for functional analysis of these antibodies. It may be the case that the 

antibodies target potentially functional epitopes on VAR2CSA, but that the Fc domain of the 

antibodies are unable to mediate phagocytosis. Additional antibody-mediated functions correlate 

with clinical protection and these need to be investigated with both the cross-reactive IgG and 

3D10. These functions include antibody-mediated iRBC lysis by natural killer (NK) cells (307, 

308) and antibody-mediated phagocytosis by neutrophils (reviewed in (309)). 

In order to further develop this immunogen as a vaccine candidate, it is crucial to increase 

not only the avidity of the antibodies for VAR2CSA, but also the titers. This will hopefully increase 

the functional activity of these cross-reactive antibodies, since a high concentration of anti-

VAR2CSA antibodies is required to block parasite adhesion to CSA in vitro (155, 233, 275, 310). 

We will use different methods to increase both the titer and avidity of the cross-reactive antibodies. 

For instance, we will employ different boosting schedules and/or adjuvant strategies that have been 

shown to increase the avidity of antibody responses against the sexual stage malaria antigen, Pfs25, 

and an HIV vaccine candidate (311, 312). We will also further investigate the epitopes in 

VAR2CSA that are targeted by these cross-reactive antibodies to inform optimal vaccine design.  

4.5. Conclusions 

Ultimately, our goal is to exploit the cross-reactive epitope in PvDBP that generates antibodies 

to shared epitopes in VAR2CSA. The structural peptide reported here provides a template for the 
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synthesis of a discontinuous conformational epitope from PvDBP that elicits cross-reactive 

antibodies to VAR2CSA. With further optimization to enhance immunogenicity and avidity, this 

peptide could be developed as a new vaccine candidate against placental malaria. 
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Chapter 5: Strategies to stimulate cross-reactive antibody responses in mice 
 
 
5.1 Introduction 

We previously demonstrated that a conformationally-constrained synthetic peptide based 

on a domain of PvDBP, called SD1CLIPS, elicited cross-reactive antibodies that recognized native 

VAR2CSA. However, titres of the cross-reactive antibodies were low, and they were not 

consistently elicited in mice. Furthermore, following affinity-purification on VAR2CSA, the 

cross-reactive antibodies were unable to mediate opsonic phagocytosis or block iRBC binding to 

CSA in vitro. These results preclude SD1CLIPS from being a viable vaccine candidate in its current 

form. Here, we attempted to increase the cross-reactive antibody response by using different 

adjuvants and selectively boosting the antibodies that recognize the conserved epitope(s) using a 

heterologous prime/boost strategy.   

Previous SD1CLIPS immunizations in both mice and rabbits were adjuvanted with Complete 

Freund’s Adjuvant (CFA) for the primary immunization and Incomplete Freund’s Adjuvant (IFA) 

for the subsequent boosts. However, as discussed previously, the cross-reactive antibody responses 

to these immunizations were inadequate. In an effort to improve these cross-reactive immune 

responses, we tested two additional adjuvants containing glucopyranosyl lipid adjuvant (GLA), 

both of which are approved for use in humans.  

GLA is a potent synthetic TLR4 agonist and formulation as a stable oil-in-water emulsion 

(GLA-SE) enhances the immune response by prolonging antigen release (313-316). This adjuvant 

has recently been used in a number of clinical trials and has consistently elicited strong immune 

responses. In a recent phase 1 trial of a PvDBP-based vaccine candidate, adjuvantation with GLA-

SE induced a robust, balanced Th1/Th2 immune response (317). Humoral responses to the 

immunizations were dominated by IgG1 antibodies and sera from vaccinees were able to block 
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PvDBP binding to DARC in vitro, in a strain-transcending manner. GLA-SE has also yielded 

promising results in a phase 1a/1b clinical trial of the P27A vaccine candidate (a peptide derived 

from the P. falciparum trophozoite exported protein 1 (PfTEX1)) (318). In pre-clinical studies of 

other blood stage antigens, such as P. falciparum merozoite surface protein 1 and 3 (PfMSP-

119/PfMSP-311), PfMSP2, and the P. falciparum glutamate rich protein (PfGLURP), genetically 

conjugated to PfMSP3, formulation in GLA-SE resulted in enhanced immune responses compared 

to a number of other adjuvants (Reviewed in (319)). Similar findings were reported in studies of 

sexual stage vaccine candidates that were adjuvanted with GLA-SE (Reviewed in (319)). For 

example, in the evaluation of Pfs25, GLA-SE resulted in anti-Pfs25 IgG responses that were of 

higher titre and avidity compared to either aluminum hydroxide or aluminum hydroxide-GLA 

(320). Importantly, the antibodies generated through vaccination with Pfs25/GLA-SE also had 

higher transmission reducing activity in a standard membrane feeding assay, compared to those 

generated with the other adjuvants.  

The other GLA containing adjuvant that we evaluated was GLA-LSQ, which is a liposomal 

formulation containing the saponin QS-21. Its’ immunostimulatory effects are similar to GLA-SE, 

except that the addition of QS-21 acts as a NLR family pyrin domain containing 3 (NLRP3) 

inflammasome activator (321). The liposomal formulation also enhances the activation of antigen 

presenting cells (APCs) and better facilitates the formation of an antigen-releasing depot (322). In 

pre-clinical studies of a vaccine candidate based on the P. falciparum Cell-Traversal Protein for 

Ookinetes and Sporozoites (PfCelTOS), mice immunized using GLA-LSQ had lower parasite 

burdens in the liver following a P. berghei challenge, compared to mice that received GLA-SE 

(323). Additionally, adjuvantation of a Pfs25 vaccine candidate with GLA-LSQ resulted in higher 

antibody titres with a longer half-life compared to either Alhydrogel or CpG-SE (324).  
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Importantly for our work, immune responses to the VAR2CSA vaccine candidate, 

PAMVAC, adjuvanted with either GLA-LSQ or GLA-SE, were recently compared in a first-in-

human phase 1a/1b trial (186). Sera from vaccinees that had received immunizations in GLA-SE 

had a higher anti-VAR2CSA IgG endpoint titre and higher blocking activity in the IBA, compared 

to sera from those immunized with GLA-LSQ. Interestingly, this is the opposite of what the 

authors reported in mice, where immunizations with GLA-LSQ resulted in antibodies with higher 

blocking activity than with GLA-SE. GLA-SE was also used in pre-clinical and clinical evaluation 

of the other leading VAR2CSA vaccine candidate, PRIMVAC. In rats, there was no significant 

difference between the immune responses elicited by PRIMVAC in GLA-SE or Alhydrogel (190). 

However, in clinical evaluation of this candidate, the authors reported higher anti-VAR2CSA 

antibody responses with GLA-SE compared to Alhydrogel (187). Furthermore, T cells isolated 

from individuals immunized with PRIMVAC in GLA-SE produced higher levels of IL2 and IL5.  

Based on the promising findings in both pre-clinical and clinical evaluation of vaccine 

candidates using these adjuvants, we hypothesized that adjuvanting SD1CLIPS-KLH with GLA-SE 

or GLA-LSQ may improve the cross-reactive antibody response compared to CFA/IFA.  

Another approach that we took to increase the titre and functional activity of the cross-

reactive antibodies was a heterologous prime/boost immunization schedule. By priming the 

immune system with SD1CLIPS-KLH and boosting with VAR2CSA, we expected to specifically 

boost the antibodies targeting the anticipated cross-reactive epitopes. In theory, immunizations 

with SD1CLIPS would expand B cells that cross-react with conserved epitopes in VAR2CSA. Then 

when these epitopes are encountered in the heterologous VAR2CSA boost, these B cells could 

respond more quickly, resulting in a faster cross-reactive antibody response. It is important to note 

that we expected all mice to start making anti-VAR2CSA antibodies seven days following a boost 
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with this protein, regardless of their previous immunizations. However, we predicted that mice 

that had been immunized with SD1CLIPS-KLH would generate an earlier anti-VAR2CSA antibody 

response compared to those that had been immunized with KLH (as the control). We also expected 

sera from the SD1CLIPS-KLH immunized mice to have higher anti-VAR2CSA antibody titres and 

show increased recognition of native VAR2CSA, compared to mice that received KLH alone. 

To test this, we gave mice two initial boosts with SD1CLIPS-KLH or KLH alone, followed 

by recombinant VAR2CSA. Following the heterologous boost, we measured the titre of the cross-

reactive antibodies, the timing at which the cross-reactive immune response was generated and the 

ability of the cross-reactive antibodies to recognize different alleles of VAR2CSA on the surface 

of iRBCs. To the best of my knowledge, there are no reports of a vaccine strategy using two distinct 

antigens to enhance an antibody response against a conserved epitope in the literature. However, 

an opinion piece was published that recommended taking this approach to dengue vaccine 

development (325). The authors argue that combining the two leading vaccine candidates using a 

heterologous prime/boost schedule would result in a broader and more effective immune response, 

which would help protect against all dengue serotypes. However, the goal in combining these 

vaccines is to elicit antibody responses against each of the different immunogens, rather than a 

shared conserved epitope, which is our objective.  

Recently, there have been reports of an alternative heterologous prime/boost strategy in 

which the same immunogen is delivered using different vectors for the prime and boosts. For 

instance, a recent study using heterologous prime/boosts combining several different SARS-CoV-

2 vaccine candidates gave promising results in mice (326). The authors tested sequential 

immunizations with different combinations of adenovirus-vectored, mRNA, recombinant subunit 

or inactivated virus vaccines. All of these candidates delivered a Spike protein-based immunogen 



 144 

using different vectors, except the inactivated virus vaccine, which contained inactivated SARS-

CoV-2 purified from Vero cells. Interestingly, sera from animals that had been immunized using 

the heterologous prime/boost approach had increased levels of neutralizing antibodies compared 

to a homologous prime/boost schedule (326). Similarly, heterologous prime/boost schedules were 

reported to improve immune responses to influenza (327), Ebola virus (328), cytomegalovirus 

(329) and HIV vaccine candidates (Reviewed in (330)). There is also a personalized cancer vaccine 

candidate in on-going phase I/II trials that uses an adenovirus vector for the priming immunization 

followed by a self-replicating RNA vector for the boost (ClinicalTrials.gov Identifier: 

NCT03639714). Although these vaccine strategies differ from our approach of using two unique 

immunogens, they are similar in that the use of different vectors likely results in diverse epitopes 

being presented to the immune system.  

We also determined if exposure to VAR2CSA on the surface of iRBCs could boost or skew 

the cross-reactive antibody response following immunizations with SD1CLIPS-KLH. Other than 

humanized mice, there are no small animals that can sustain a blood-stage P. falciparum infection. 

In our experiments, mice were essentially immunized with iRBCs expressing VAR2CSA, as the 

parasites were not able to establish an infection. Similar to the heterologous boost with 

recombinant VAR2CSA, we hypothesized that the cross-reactive antibody response elicited in 

mice immunized with SD1CLIPS-KLH would be boosted and broadened following exposure to 

native VAR2CSA.  

 

5.2 Methods 

5.2.1 Animal Immunizations 
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 For the SD1CLIPS-KLH immunizations in Freund’s adjuvant, five female BALB/c mice (6 

to 8 weeks old) were immunized subcutaneously with SD1CLIPS-KLH or KLH alone (30 µg/mouse) 

emulsified in Complete Freund’s Adjuvant (CFA) (catalogue no. F5881; Sigma, Oakville, Canada) 

on day 1 (Table 5.1). On days 21, 31 and 45, mice were boosted with the immunogen (10 µg/mouse 

on days 21 and 31 and 5 µg/mouse on day 45) emulsified in Incomplete Freund’s Adjuvant (IFA) 

(catalogue no. F5506; Sigma, Oakville, Canada). For the SD1CLIPS-KLH immunizations in GLA-

SE, five female BALB/c mice (6 to 8 weeks old) were immunized subcutaneously with SD1CLIPS-

KLH or KLH alone (30 µg/mouse on day 1, 10 µg/mouse on days 21 and 31 and 5 µg/mouse on 

day 45) in GLA-SE (5 µg/mouse GLA, 2% oil) (IDRI, Seattle, US) on days 1, 21, 31 and 45 of the 

experiment. For the SD1CLIPS-KLH immunizations in GLA-LSQ, five female BALB/c mice (6 to 

8 weeks old) were immunized subcutaneously with SD1CLIPS-KLH or KLH alone (30 µg/mouse 

on day 1, 10 µg/mouse on days 21 and 31 and 5 µg/mouse on day 45) in GLA-LSQ (5 µg/mouse 

GLA and 2 µg/mouse QS21) (IDRI, Seattle, US) on days 1, 21, 31 and 45 of the experiment. The 

final sera samples from mice in all the groups were collected on day 59 via cardiac puncture.   

For the heterologous prime/boost experiment, the immunogens were prepared as above for the 

SD1CLIPS-KLH immunizations in GLA-SE. Immunizations to generate control sera using ID1-

ID2a (kindly provided by Dr. Ali Salanti), VAR2CSA (kindly provided by Dr. Ali Salanti) or KLH 

were also prepared in GLA-SE. Mice were given immunizations on day 1 (30 µg/mouse for KLH 

and ID1-ID2a, 5 µg/mouse for VAR2CSA) and on days 21 and 31 (10 µg/mouse for KLH and 

ID1-ID2a, 3 µg/mouse for VAR2CSA). Female BALB/c mice (6 to 8 weeks old) were used in all 

of these immunizations and the details are listed in Table 5.1.  
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All procedures were approved by the University of Alberta Animal Care and Use Committee 

(approval number: AUP00002124), and mice were handled in accordance with the Canadian 

Council on Animal Care Guidelines. 

 

Table 5.1. Heterologous prime/boost animal immunizations 

*Dose of immunogen injected per mouse 

 

5.2.2 ELISAs 

 ELISAs were carried out as described in section 4.2.3.  

 

5.2.3 Flow cytometry 

 Flow cytometry experiments were carried out as described in section 2.2.9. Mouse sera 

were incubated with iRBC (0.5 x 106 cells/mL) at a 1/5 dilution, unless otherwise stated. Reactivity 

to the surface of the iRBCs was detected using Alexa Fluor 647 conjugated goat anti-mouse IgG 

(dilution 1/500, catalogue no. A21237, Life Technologies). The median fluorescent intensity 

(MFI) was calculated separately for the iRBC and uRBC populations in each sample and the MFI 

  Day 1 Day 21 Day 31 

Group Mice, N Immunogen Dose* (g) Immunogen Dose* (g) Immunogen Dose* (g) 

SD1CLIPS-KLH 7 SD1CLIPS-KLH 30 SD1CLIPS-KLH 10 SD1CLIPS-KLH 10 

SD1CLIPS-KLH 
+ VAR2CSA 7 SD1CLIPS-KLH 30 SD1CLIPS-KLH 10 VAR2CSA 3 

KLH + 
VAR2CSA 7 KLH 30 KLH 10 VAR2CSA 3 

ID1-ID2a 5 ID1-ID2a 30 ID1-ID2a 10 ID1-ID2a 10 

VAR2CSA 5 VAR2CSA 5 VAR2CSA 3 VAR2CSA 3 

KLH 4 KLH 30 KLH 10 KLH 10 



 147 

of the uRBCs was subtracted from the MFI of the iRBCs. This subtraction was done to correct for 

the non-specific antibody binding to the surface of the RBCs that was observed in some samples.  

 

5.2.3 Statistical analysis 

Data were plotted and statistical significance was determined using a Kruskal-Wallis one-way 

ANOVA using Prism software (version 8; GraphPad, San Diego, CA, USA). 

 

5.3 Results 

5.3.1 Immunizations with SD1CLIPS in GLA-SE elicited a stronger cross-reactive antibody 

response than CFA/IFA or GLA-LSQ 

 We immunized mice with SD1CLIPS-KLH or KLH alone in two different adjuvants in an 

attempt to increase the titre of cross-reactive antibodies elicited by these immunizations. Mice 

were immunized four times with SD1CLIPS-KLH or KLH in CFA/IFA, GLA-SE or GLA-LSQ. 

Immunizations in all three of these adjuvants elicited a strong antibody response against the 

SD1CLIPS peptide (Figure 5.1A); however, there was significant background recognition of 

SD1CLIPS by sera from mice immunized with KLH in GLA-LSQ. This strange background 

recognition was also observed when the sera were tested against VAR2CSA by ELISA (Figure 

5.1B), but the source of the background is unknown. SD1CLIPS-KLH immunizations in GLA-SE 

elicited cross-reactive antibodies that recognized VAR2CSA in 3 out of 5 mice, compared to 1 out 

of 5 mice in the CFA/IFA group (Figure 5.1B). The ODs of the cross-reactive antibodies were also 

higher in the GLA-SE group compared to the CFA/IFA group, although endpoint titres have not 

been determined for these samples. Based on these results, we chose to use GLA-SE for subsequent 

immunization experiments. 
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Figure 5.1. SD1CLIPS-KLH immunizations with GLA-SE resulted in higher titres of cross-
reactive antibodies compared to immunizations in CFA/IFA or GLA-LSQ. Sera from mice 
immunized with SD1CLIPS-KLH or KLH in the three different adjuvants were tested against 
SD1CLIPS (A) and VAR2CSA (B) by ELISA. Sera were tested at a 1/250 dilution against SD1CLIPS 

and a 1/500 dilution against VAR2CSA. * Indicates a seropositive sample. A cut-off for each 
adjuvant group was calculated as the mean OD of the carrier protein controls + 2(SD). Data are 
mean ± SD.  
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5.3.2.  Heterologous prime/boost immunizations did not increase anti-VAR2CSA antibody 
responses in mice 
 

Previous immunizations with SD1CLIPS yielded low titres of cross-reactive antibodies. We 

hypothesized that by immunizing mice with SD1CLIPS-KLH followed by recombinant VAR2CSA, 

we could specifically boost the cross-reactive antibodies. To test this hypothesis, we gave mice (n 

= 7) two immunizations with SD1CLIPS-KLH, followed by an immunization with recombinant 

VAR2CSA, all formulated in GLA-SE. Two groups of mice (n = 7 in each group) were included 

as controls: one group was given three immunizations with SD1CLIPS-KLH and another group was 

given two immunizations with KLH, followed by one immunization with VAR2CSA (Figure 5.2).  

Sera from 6 out of the 7 mice that received three immunizations with SD1CLIPS-KLH 

recognized SD1CLIPS very strongly by ELISA (endpoint titres: 1/10,240,000), while one mouse 

made lower levels of anti-SD1CLIPS antibodies (endpoint titre: 1/160,000) (Figure 5.3A). The mice 

that received two SD1CLIPS-KLH immunizations followed by an immunization with VAR2CSA 

also generated very strong anti-SD1CLIPS antibody responses (endpoint titres ranged from 

1/640,000 to 1/10,240,000). When we evaluated sera from these mice against VAR2CSA, we 

found that a final heterologous boost with VAR2CSA increased the anti-VAR2CSA antibody 

response in the mice relative to the group that received three immunizations of SD1CLIPS-KLH 

(Figure 5.3B). In fact, only 2 of the 7 mice in the SD1CLIPS-KLH group made cross-reactive 

antibodies that recognized VAR2CSA (endpoint titre: 1/1,500) whereas sera from all mice in both 

groups that received the heterologous VAR2CSA boost made antibodies that recognized 

VAR2CSA. When we compared the anti-VAR2CSA endpoint titres between these groups of mice, 

only mice that received KLH followed by VAR2CSA had significantly higher endpoint titres 

compared to sera from mice in the SD1CLIPS-KLH alone group (Figure 5.3B). There was no 

statistically significant increase in anti-VAR2CSA endpoint titres between mice in the SD1CLIPS-  
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Figure 5.2. A heterologous prime/boost experiment using SD1CLIPS-KLH and VAR2CSA was 
designed to enhance the cross-reactive antibody response. Female BALB/c mice (n= 7 per 
group) were immunized three times with immunogens formulated in GLA-SE. On days 1 and 21, 
mice were given either SD1CLIPS-KLH or KLH (30 µg/mouse on day 1, 10 µg/mouse on day 21) 
and on day 31, mice were given either SD1CLIPS-KLH (10 µg/mouse) or VAR2CSA (3 µg/mouse). 
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KLH + VAR2CSA group compared to mice in either the SD1CLIPS-KLH alone or KLH + 

VAR2CSA groups. Although the difference between the SD1CLIPS-KLH + VAR2CSA and the 

SD1CLIPS-KLH alone group approached significance (p-value: 0.066). 

To determine if the SD1CLIPS-KLH immunizations primed the immune system to respond 

more rapidly to VAR2CSA, we collected sera 4 days (day 35 of the experiment) and 7 days (day 

38 of the experiment) after the heterologous VAR2CSA boost. There was no difference in 

VAR2CSA recognition by sera from the SD1CLIPS-KLH + VAR2CSA group of mice on day 35 

compared to sera from the KLH + VAR2CSA group (Figure 5.3C). Surprisingly, on day 38, sera 

from 6 of the 7 mice in the KLH + VAR2CSA group recognized VAR2CSA, compared to only 4 

of the 7 mice in the SD1CLIPS-KLH + VAR2CSA group. These results suggest that the initial 

SD1CLIPS-KLH immunizations did not prime the immune systems of the mice to target the 

conserved epitopes in VAR2CSA.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 152 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.3. A heterologous boost with VAR2CSA following immunizations with SD1CLIPS-
KLH did not result in an increased cross-reactive antibody response. (A) Endpoint titres 
against the SD1CLIPS peptide were determined in both groups of mice that received SD1CLIPS-KLH 
immunizations in GLA-SE. (B) VAR2CSA endpoint titres were measured in the three groups of 
mice. The cut-offs for the endpoint titres were defined as the mean OD-background plus 2 standard 
deviations of a pool of pre-immune sera from the appropriate group. (C) Sera samples from mice 
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in the SD1CLIPS-KLH and KLH + VAR2CSA groups before (day 29, light teal and purple bars), 4 
days after (day 35, teal and purple bars) and 7 days after (day 38, dark teal and purple bars) the 
heterologous boost were tested against VAR2CSA by ELISA. All sera samples were tested at a 
dilution of 1/250. Statistical significance was determined in (A) using a Kruskal-Wallis one-way 
ANOVA and in (B) using a Mann-Whitney test. Data are mean ± SD. **, P < 0.01; ns, not 
significant. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 154 

5.3.3 Sera from mice that received heterologous prime/boost immunizations did not 
recognize native VAR2CSA 
 

To determine if SD1CLIPS-KLH immunizations followed by a heterologous VAR2CSA 

boost directed the immune response against a conserved epitope in VAR2CSA, we tested the sera 

from these mice against two strains of P. falciparum parasites (Figure 5.4). Sera from mice in each 

of the cross-boosting groups outlined in Figure 5.1, as well as sera from mice that were immunized 

with the ID1-ID2a domain of VAR2CSA (PAMVAC vaccine candidate, FCR3 allele), full-length 

VAR2CSA (FCR3 allele) and KLH were tested against the CS2 and NF54-CSA strains of P. 

falciparum by flow.  

When we tested these sera by flow there were no significant differences in the recognition 

of iRBCs between sera from any of the experimental groups (Figure 5.4). Reactivity to the surface 

of iRBCs varied significantly between different sera samples in the same experimental group and 

between the same sera in different experiments. This high degree of variability made it challenging 

to interpret the results of these experiments. For example, in experiment 1 with the CS2 iRBCs, 

the MFI of the uRBCs was higher than the MFI of the iRBCs in many of the samples, resulting in 

many negative calculated MFI values. While in experiment 2, all of the calculated MFI values 

were above zero, with the exception of one sample. However, this variability was not observed in 

the positive control sera. A pool of sera from mice that were immunized with VAR2CSA reacted 

strongly to the surface of CS2-iRBC (MFI = 253.0 and 261.3 in experiments 1 and 2, respectively), 

as did a pool of sera from mice immunized with ID1-ID2a (MFI = 146.3 and 154.1 in experiments 

1 and 2, respectively), compared to a pool of pre-immune sera (MFI = 77.0 in experiment 2). 

Interestingly, the positive control sera did not consistently recognize the surface of NF54-CSA 

iRBCs, which express a different allele of VAR2CSA from the one used for immunizations.  
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Figure 5.4. A heterologous VAR2CSA boost did not increase the cross-reactive antibody 
response in mice that had been immunized with SD1CLIPS-KLH. Sera from individual mice 
were tested against mature CS2 and NF54-CSA P. falciparum-iRBC using flow cytometry in two 
independent experiments. Data are the MFI of the iRBC population minus the MFI of the uRBC 
population in each sample. Circles are data from individual serum samples and bars are mean ± 
SD. MFI, median fluorescent intensity. 
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5.3.4.  Exposure to native VAR2CSA on the surface of iRBCs did not boost cross-reactive 
antibodies in mice 
 
  
 Sera were collected from mice immunized with SD1CLIPS-KLH before (day 29), 7 days 

(day 38) and 14 days (Day 45) after an injection of VAR2CSA-expressing iRBCs. Although sera 

from mice in all groups showed increased recognition of VAR2CSA compared to pre-immune 

sera, the overall increase in the OD was quite small and was also observed in the KLH alone group 

(Figure 5.5). Importantly, there were no significant differences in VAR2CSA recognition between 

any of the groups.  

Next, we tested sera from the individual mice in each group, 14 days following the injection 

of RBCs, against CS2 and NF54-CSA iRBCs by flow.  The only statistically significant difference 

in the recognition of native VAR2CSA on the surface of iRBCs was observed between sera 

samples from mice immunized with SD1CLIPS-KLH followed by uRBCs and mice immunized with 

KLH followed by NF54-CSA iRBCs (Figure 5.6A). Sera from mice that were immunized with 

SD1CLIPS-KLH then uRBCs recognized NF54-CSA iRBCs more strongly than sera from mice 

immunized with KLH, followed by NF54-CSA iRBCs. The reason for this increased recognition 

is not known and its biological relevance is unclear. It is possible that antibodies against RBC 

membrane antigens were elicited in response to the injection with the uRBCs. However, if this was 

the case, we would expect to see equal recognition of the uRBC populations, which was not 

observed. 
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Figure 5.5 Exposure to native VAR2CSA on the surface of iRBCs did not increase VAR2CSA 
recognition by ELISA. Sera from mice in each of the cross-boosting groups were collected at 
different timepoints and tested against VAR2CSA by ELISA (dilution 1/250). Circles are data 
from individual mice and bars are mean ± SD.  
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Figure 5.6 Immunization with NF54-CSA iRBCs did not enhance the cross-reactive antibody 
response in mice that were immunized with SD1CLIPS-KLH. Sera from mice (dilution 1/5) were 
tested against (A) NF54-CSA and (B) CS2 iRBCs by flow cytometry. Circles represent individual 
mice and data were calculated as the MFI of the iRBC population minus the MFI of the uRBC 
population in each sample. Statistical significance was determined using a Kruskal-Wallis one-
way ANOVA. Data are mean ± SD. **, P < 0.01; ns, not significant. 
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5.4 Discussion 
 
In previous experiments, we achieved high antibody responses against SD1CLIPS using CFA 

and IFA in mice, but the endpoint titres of the cross-reactive antibodies were consistently low. 

Here, we tested two different adjuvants for their ability to increase the cross-reactive antibody 

response. We found that when SD1CLIPS-KLH immunizations were formulated with GLA-SE, sera 

from mice had higher cross-reactive anti-VAR2CSA antibody titres, compared to those given in 

CFA/IFA or GLA-LSQ. However, inconsistency in the cross-reactive antibody responses is a 

challenge that we have yet to overcome. Using CFA/IFA, the number of mice in each group that 

made cross-reactive antibodies varied significantly between experiments, from 3/5 (60.0%) to 1/5 

(20.0%) (Table 5.2). Using GLA-SE, a cross-reactive antibody response was elicited in 3/5 

(60.0%) mice after 4 immunizations and in only 2/7 (28.5%) mice after 3 immunizations. As 

discussed in Chapter 4, analysis of the antibody responses that were elicited in mice immunized 

with SD1CLIPS-KLH in CFA/IFA showed that the five mice each generated a unique immune 

response to the immunogen (Figure 4.6A). Although not surprising, these results underscore the 

variability in immune responses between individual animals. Going forward, it will be crucial to 

optimize the vaccine candidate to not only increase the cross-reactive antibody titres, but to ensure 

that they are consistently elicited in all animals. Given the genetic differences between strains of 

lab mice, it could also be important to test the vaccine candidates in different strains of mice, and 

potentially rats or rabbits as well.  
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Table 5.2. Summary of SD1CLIPS immunization data 

Immunogen Adjuvant Mice, N Immunizations, N Anti-SD1CLIPS Ab,  
N (%) 

Anti-VAR2CSA Ab, 
N (%) 

SD1CLIPS-KLH CFA/IFA* 5 4 5 (100) 3 (60.0) 

SD1CLIPS-BSA CFA/IFA* 4 4 4 (100) 2 (50.0) 

SD1CLIPS-KLH CFA/IFA* 5 4 5 (100) 1 (20.0) 

SD1CLIPS-KLH GLA-LSQ 5 4 5 (100) 0 (0.0) 

SD1CLIPS-KLH GLA-SE 5 4 5 (100) 3 (60.0) 

SD1CLIPS-KLH GLA-SE 7 3 7 (100) 2 (28.5) 

*Initial immunization given in CFA, all boosts given in IFA. 
Ab = antibodies 
 
 

Previous experiments suggested that 3D10 recognized cryptic epitopes in VAR2CSA that 

are not exposed during natural infection or immunization with VAR2CSA (Discussed in Chapter 

3). Because these epitopes are not under immune pressure, they are likely conserved in multiple 

alleles of VAR2CSA and targeting them may result in strain-transcending functional antibody 

responses, as was observed with 3D10. We hypothesized that immunizations with SD1CLIPS-KLH 

would prime the immune system to target these cryptic epitopes upon exposure to recombinant or 

native VAR2CSA. This strategy has been successful in studies of a group A streptococcus vaccine 

candidate (288). Following immunizations with a peptide comprising a cryptic epitope from the 

M protein, a skin infection with the bacteria boosted antibodies targeting this epitope and even 

broadened the immune response. Similarly, we hypothesized that by immunizing mice with 

SD1CLIPS-KLH followed by VAR2CSA, we could enhance the cross-reactive antibody response. 

However, the heterologous boost did not increase the speed at which the mice produced cross-

reactive antibodies, nor did it increase the overall titres of the anti-VAR2CSA antibodies, 

compared to the control groups.  
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It is possible that the anti-VAR2CSA titres were lower in the cross-boosted mice because 

they were specifically boosted against the cross-reactive epitope, rather than the more 

immunodominant epitopes. However, this has yet to be investigated, as the epitopes in VAR2CSA 

that are targeted by the cross-reactive antibodies have not been identified. When we tested these 

sera by flow, there was no difference in the surface recognition between sera from the SD1CLIPS-

KLH + VAR2CSA immunized mice and the control mice. It is important to note that in flow 

experiments with both parasite strains, the variability in the surface recognition between sera 

samples from mice in the same experimental group made it difficult to interpret the data. It is also 

possible that the avidity of the cross-reactive antibodies differs between the groups, but this has 

not yet been investigated.  

 We also tested whether exposure to native VAR2CSA on the surface of iRBCs could 

enhance the cross-reactive antibody response in mice immunized with SD1CLIPS-KLH. Similar to 

the heterologous prime/boost immunizations with recombinant VAR2CSA, exposure to native 

VAR2CSA on the surface of iRBCs did not increase the cross-reactive antibody response. It is 

important to note that in these experiments no mice made antibodies that recognized native 

VAR2CSA following injections with NF54-CSA iRBCs. Therefore, we cannot be sure that the 

injection with iRBCs provided enough VAR2CSA antigen to elicit an antibody response or boost 

the cross-reactive antibodies. Perhaps additional immunizations with iRBCs would help to 

increase the anti-VAR2CSA antibody response.  

As discussed previously, the proportion of mice that produce a cross-reactive antibody 

response following SD1CLIPS immunization is inconsistent and often low. We also observed that 

only 2/7 mice made cross-reactive antibodies following 3 immunizations with SD1CLIPS-

KLH/GLA-SE in the control group of the heterologous prime/boost experiment. In previous 
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experiments, mice were given 4 immunizations with SD1CLIPS-KLH, which generally resulted in 

a higher proportion of mice producing cross-reactive antibodies. In the previous experiment carried 

out with GLA-SE using 5 mice, 3 mice made cross-reactive antibodies. These data suggest that 

the epitope in SD1CLIPS-KLH that elicits a cross-reactive antibody response is a subdominant 

epitope. It is possible that during the initial prime and boost immunizations, the B cell response is 

primarily focused on the immunodominant, non-cross-reactive epitopes. Then in subsequent 

boosts when there are high levels of antibodies targeting the immunodominant regions of SD1CLIPS, 

the antibodies block B cell access to those epitopes and the response shifts to the more 

subdominant, cross-reactive epitopes. In fact, this has been described in studies of the immune 

response to the P. falciparum CSP protein in mice (331). During the initial boost when the overall 

level of antibodies against the immunogen is low, B cells primarily target the immunodominant 

epitopes. However, during subsequent boosts, high levels of antibodies were elicited against the 

immunodominant regions of the antigen, which blocked B cell access to these epitopes. This shifts 

the focus of the immune response and B cells that target the more subdominant epitopes are 

activated.  

In the case of the heterologous prime/boost experiment, the initial boost with SD1CLIPS may 

not have elicited high enough anti-SD1CLIPS antibody titres to block B cell access to the 

immunodominant epitopes. This blockade would have led to the activation of only those B cells 

that recognized the immunodominant epitopes, rather than B cells targeting the subdominant cross-

reactive epitopes in SD1CLIPS. Then, when the mice were boosted with VAR2CSA, there were no 

primed cross-reactive B cells that could be boosted. Increasing the number of SD1CLIPS-KLH 

immunizations to three, rather than two, prior to the VAR2CSA boost may improve the cross-

reactive antibody response in the future. 
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The ideal approach is likely to re-design the SD1CLIPS peptide to make the cross-reactive 

epitope more immunodominant. All previous immunizations with SD1CLIPS elicited very strong 

anti-SD1CLIPS antibody responses. Thus, increasing the immunogenicity of the peptide overall is 

unlikely to improve the cross-reactive antibody response. However, designing an immunogen that 

focuses the immune response on the cross-reactive epitopes could be a viable approach. Evaluation 

of the immune responses of individual animals against peptides encompassing different regions of 

SD1CLIPS did not point to recognition of a particular epitope as being correlated with a cross-

reactive antibody response (discussed in Chapter 4). However, further investigation of the target 

epitope(s) in VAR2CSA may inform modifications to SD1CLIPS that could improve the cross-

reactive immune responses.  

 

5.4 Conclusions 
 
 Here, we reported improved cross-reactive antibody responses to SD1CLIPS-KLH using the 

adjuvant GLA-SE. Although the use of GLA-SE increased the anti-VAR2CSA titres in SD1CLIPS-

KLH immunized mice, these antibodies were still inconsistently elicited in the mice. We then 

tested a heterologous prime/boost schedule in an attempt to improve the cross-reactive immune 

response. However, immunizations with SD1CLIPS-KLH did not enhance the anti-VAR2CSA 

antibody response following a boost with VAR2CSA, compared to mice immunized with KLH. 

These data suggest the need to redesign the SD1CLIPS peptide to strengthen the cross-reactive 

antibody response.   
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Chapter 6. Conclusions  
 
Portions of this Chapter have been previously published (1). 
 

6.1 Summary of research  

 
 The initial goal of this research was to investigate the unusual parity-independent 

acquisition of anti-VAR2CSA antibodies that we previously observed in populations in Colombia 

(154). This study linked the presence of anti-VAR2CSA antibodies in non-pregnant populations 

to the co-circulation of P. vivax and P. falciparum in this region and suggested immunological 

cross-reactivity between antigens from the two species.  

Our first research objective was to identify a putative P. vivax antigen that mediates this 

cross-reactivity with VAR2CSA. P. vivax does not express any antigens that are VAR2CSA 

homologues. However, these parasites express the merozoite invasion ligand PvDBP, which 

contains a DBL domain that is a structurally-conserved domain found in a number of parasite 

antigens; there are six of these domains in VAR2CSA. We hypothesized that antibodies elicited 

against the DBL domain of the non-pregnancy associated PvDBP antigen cross-reacted with the 

DBL domains of VAR2CSA. 

 To further investigate this cross-reactivity, we obtained two monoclonal antibodies from 

collaborators that were raised against DBPII. One of the antibodies, 3D10, cross-reacted with 

VAR2CSA by ELISA, recognized a subset of iRBCs by flow and was able to block parasite 

adhesion to CSA in vitro (Chapter 2). The second monoclonal, 2D10, was not cross-reactive at all 

and indicated that there is a specific epitope in DBPII that mediates cross-reactivity. We also tested 

total IgG purified from sera from non-pregnant Colombian individuals exposed to P. vivax and 

found that they reduced parasite adhesion in the IBA. To the best of our knowledge, this was the 
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first description of cross-reactivity between non-orthologous antigens that mediate distinct 

biological functions: cytoadherence and parasite invasion.  

 In Chapter 3, we identified the putative epitopes in both PvDBP and VAR2CSA that 

mediated cross-reactivity between these antigens (Chapter 3). Based on scanning mutagenesis data 

from our collaborators (259) and ELISA experiments from our lab, we narrowed down the 3D10 

recognition site to the SD1 region of DBPII. Interestingly, we found that SD1 in PvDBP was 

subdominant. A synthetic peptide encompassing this region, called SD1ss, was not recognized by 

antibodies elicited through vaccination with DBPII or through exposure to PvDBP during a natural 

infection in an outbreak setting. However, recognition of SD1ss was correlated with VAR2CSA 

recognition in sera from both Colombian and Brazilian non-pregnant populations exposed only to 

P. vivax. Furthermore, antibodies from a pool of sera from non-pregnant individuals in Colombia 

that were affinity-purified on SD1ss blocked parasite adhesion in vitro. Based on these findings, 

we speculate that several P. vivax infections or infections with certain strains of P. vivax may be 

necessary for the formation of antibodies against the SD1 region, however further study is needed.  

 We also tested whether the cross-reactivity between DBPII and VAR2CSA was reciprocal. 

We tested serum from a rabbit immunized with full-length VAR2CSA and a pool of sera from 

multigravid women from Uganda and found that neither recognized SD1ss by ELISA. Using 

antibody competition ELISAs, we also showed that 3D10 and the SD1ss affinity-purified 

antibodies recognized epitopes in VAR2CSA that were distinct from those recognized by 

antibodies elicited by immunizations with VAR2CSA. Taken together, these data suggest that the 

epitope(s) in VAR2CSA that are targeted by the cross-reactive antibodies are cryptic. Consistent 

with this, peptides identified by screening an overlapping peptide array of DBL5ɛ with 3D10 (P20 

and P23) were not well recognized by anti-VAR2CSA rabbit serum or by sera from multigravid 
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women from Uganda. However, sera from Colombian and Brazilian individuals exposed to P. 

vivax recognized both P20 and P23. We also found that these peptides were spatially distinct from 

immunodominant epitopes that were identified previously on a homology model of DBL5ɛ, further 

supporting the cryptic nature of these epitopes. It is important to note that although the DBL5ɛ 

peptide array provided additional information about the epitopes that are recognized by 3D10, 

these results should be interpreted with caution, as linear peptides cannot recapitulate the 

secondary structures found in proteins.  

Based on the findings in Chapters 2 and 3, we postulated that the immunological cross-

reactivity between PvDBP and VAR2CSA could be exploited for the development of a placental 

malaria vaccine candidate. In theory, immunizations with the epitope that elicited 3D10 could 

generate a 3D10-like antibody response that would cross-react with VAR2CSA and potentially 

protect vaccinees against MiP. To inform vaccine design, we then focused on identifying the 

minimal epitope for 3D10 recognition in DBPII (Chapter 4). We narrowed down the recognition 

site to a 13 amino acid peptide (N10-C22) that was recognized by 3D10 as strongly as the entire 

SD1ss peptide. However, immunizations with N10-C22 revealed that although sufficient for 

recognition by 3D10, this peptide could not elicit a 3D10-like antibody response in mice.  

When we tested 3D10 against an overlapping peptide array of SD1, we found that three 

spatially distinct portions of the SD1 region were recognized. This suggested that the epitope 

recognized by 3D10 was discontinuous and conformational, revealing the importance of 

maintaining the native SD1 structure in the immunogen. SD1 contains approximately 40 amino 

acids that are structurally constrained by two disulfide bonds, making it a large, challenging 

peptide to synthesize. After attempting to synthesize it as a cyclic peptide ourselves, we designed 

a structurally-constrained peptide, called SD1CLIPS, that was synthesized commercially. 
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Immunizations with this peptide (conjugated to either BSA or KLH) in mice and a rabbit elicited 

a cross-reactive antibody response that recognized recombinant VAR2CSA by ELISA.  

In order to evaluate the function of the cross-reactive antibodies, we affinity-purified the 

antibodies on a column coated with VAR2CSA. Once purified, these cross-reactive IgG 

recognized native VAR2CSA on the surface of RBCs infected with 3 different P. falciparum 

strains. However, these antibodies did not block parasite adhesion to CSA or mediate opsonic 

phagocytosis in vitro. These results indicate that although the antibodies recognized cross-reactive 

epitopes in VAR2CSA, they were not the same epitopes that are targeted by 3D10, which can 

block parasite adhesion to CSA. Further analysis of the affinity-purified antibodies is needed 

before additional conclusions can be drawn. These include evaluating other potential functional 

activities, such as complement fixation, determining the isotypes of the cross-reactive antibodies 

and identifying the epitopes that they target in VAR2CSA. 

Although immunizations with SD1CLIPS yielded promising results, the cross-reactive 

antibodies were regularly found at low titres in the sera, bound to VAR2CSA with low avidity and 

were inconsistently elicited in mice. These are all challenges that need to be addressed before 

SD1CLIPS could ever be a viable vaccine candidate. In Chapter 5, we attempted to enhance the 

cross-reactive immune response generated by SD1CLIPS-KLH immunizations in mice. We tested 

two alternative adjuvants, GLA-SE and GLA-LSQ, both of which are approved for use in humans 

and yielded positive results in pre-clinical and clinical evaluations of several malaria vaccine 

candidates, including PAMVAC and PRIMVAC (186, 187). When adjuvanted with GLA-SE, 

SD1CLIPS-KLH immunizations elicited higher titres of cross-reactive antibodies in mice, compared 

to either GLA-LSQ or CFA/IFA (the adjuvants that had been used in all previous immunizations). 
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However, the cross-reactive antibodies were still only elicited in 3/5 (60.0%) mice after 4 

immunizations and in 2/7 (28.5%) mice after 3 immunizations.  

We tried another approach to improve the cross-reactive antibody response using a 

heterologous prime/boost schedule with SD1CLIPS-KLH followed by VAR2CSA. We hypothesized 

that cross-reactive B cells would be primed by the SD1CLIPS immunizations and then rapidly 

reactivated upon exposure to the cross-reactive epitope(s) in VAR2CSA. However, mice primed 

with SD1CLIPS-KLH did not make anti-VAR2CSA antibodies any faster or at a higher titre than 

those primed with KLH. There was also no recognition of native VAR2CSA on the surface of 

iRBCs observed with sera from any group of mice in the heterologous prime/boost experiment.  

Similar to the heterologous boost with recombinant VAR2CSA, we tested whether 

exposure to native VAR2CSA on the surface of iRBCs could boost or expand the cross-reactive 

antibodies generated against SD1CLIPS-KLH. After mice were given two immunizations with 

SD1CLIPS-KLH, they were injected with NF54-CSA iRBCs or uRBCs as a control. However, there 

were no cross-reactive antibodies generated in any of these mice, with the exception of one mouse 

that made anti-VAR2CSA antibodies after one SD1CLIPS-KLH immunization.  

Taken together, the results presented in this thesis suggest that there is potential to exploit 

the cross-reactivity between PvDBP and VAR2CSA for vaccine development, but that our current 

vaccine candidate and/or strategy needs to be improved.  

 

6.2 Future directions 

 There are a number of different approaches that could be taken to further develop SD1CLIPS 

as a vaccine candidate. Likely the most promising approach is to redesign the immunogen based 

on the cross-reactive epitopes in VAR2CSA, providing these can be identified. There are a number 
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of ways to do this and we are already in the process of testing the cross-reactive antibodies against 

an overlapping peptide array of VAR2CSA. We also have a significant amount of empirical data 

regarding the specificity of 3D10 and the cross-reactive rabbit IgG. These data could be applied to 

the structural analysis of the cross-reactive epitopes within the structures of PvDBP, EBP2 and 

VAR2CSA to inform vaccine design.  

Alternative types of immunogens should also be considered. For instance, recombinant 

DBPII can be mutated to make the SD1 region more immunodominant and elicit higher levels of 

cross-reactive antibodies. In fact, our collaborators previously designed genetically engineered 

DBPII proteins that contain mutations in many of the immunodominant regions (332). Two of 

these proteins, called DEKnull3 and DEKnull4, elicited cross-reactive antibodies in mice, although 

these data are preliminary (unpublished data).  

 
6.3 Implications of research 
 
 Results of our study, as well as many others discussed in Chapter 1, suggest the possibility 

of targeting conserved epitopes in malaria parasite antigens through vaccination. However, to 

translate the observations spanning the last century into viable heterologous vaccine candidates, 

the conserved targets of immunity must be identified. Given that partial protection is observed in 

naturally exposed populations, we expect that multiple vaccine candidates will be needed to target 

different stages of the parasite’s lifecycle. Cross-species vaccines that aim to prevent infection 

should target sporozoite antigens to inhibit hepatocyte invasion and development, while vaccines 

that target blood stage antigens could prevent severe disease. Gametocyte antigens are also 

attractive targets to prevent the onwards transmission of malaria. In Figure 6.1, we summarized 

findings from studies using human malaria parasite antigens that revealed potential cross-species 

vaccine targets from different parasite stages (1).  
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Figure 6.1. Putative cross-species vaccine candidates. Arrowheads indicate the direction of 
cross-reactivity and double arrowheads show reciprocal cross-reactivity. Grey arrows denote 
immunological cross-reactivity, but unknown functional activity, purple arrows denote that 
heterologous function was not demonstrated, blue arrows denote that heterologous function was 
demonstrated and green arrows denote cross-boosting following heterologous vaccination. The 
box indicates cross-stage, cross-species reactivity. Spz(Pf) = P. falciparum sporozoites. Subscript 
letters denote route of exposure to parasite or antigen; C = CHMI, V = exposure through 
vaccination, N = natural infection. Figure from (1). 
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It is conceivable that the whole parasite vaccine approach could replicate the partial cross-

species immunity that has been observed in a number of studies (Reviewed in (1)). Parasites 

attenuated by irradiation, chemical treatment or genetic modification expose the immune system 

to a broad spectrum of antigens for that given stage, including antigens that are highly conserved 

across species (e.g. housekeeping antigens) and those which have conserved epitopes, which may 

by based on structural similarity (e.g. DBL domains). If these attenuated parasites can persist in 

vaccinated individuals and remain metabolically active (333), this creates an opportunity for 

sustained antigenic stimulation of either B or T cells with the potential for more robust protection 

from future infection.  

 An alternative vaccine approach, used in this thesis, is to define the conserved epitopes in 

related antigens from different species and focus the immune response on these epitopes. This 

hinges on the hypothesis that despite the extreme antigenic diversity in Plasmodium, there exist 

evolutionarily conserved epitopes that can elicit protective antibodies or stimulate cross-reactive 

T cells. Richie argued that selection pressure would favour antigenic diversity in species that infect 

the same host to avoid cross-species immunity that could eliminate both species (334). The 

continued scourge of malaria globally supports this tenet. However, based on data presented in 

this thesis and many of the studies described, we propose that conserved, cross-reactive epitopes 

may be more exposed in less virulent parasites and cryptic in more virulent ones. This could 

provide a competitive advantage for the benign parasite and ensure survival of the host.   

It is clear from the analysis of Plasmodium genomes that the immunodominant antigens in 

all species are highly polymorphic. Yet if we consider the functions of these diverse antigens, they 

are largely restricted to the pathogenesis of a particular species. For instance, the PfEMP1 

virulence factors mediate sequestration of iRBCs to different tissues as a mechanism of immune 
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evasion. Sequestration may have evolved to enhance the virulence of P. falciparum over other 

species that co-circulate in a given population and compete for the same host. But since the 

PfEMP1 family is unique to P. falciparum (and P. reichenowi in primates), the diversity among 

the members of the PfEMP1 family hinders the acquisition of strain-transcending immunity only 

within this species. This is also exemplified by the highly polymorphic proteins involved in 

erythrocyte invasion. Plasmodium species exhibit host cell tropism for different types of RBCs 

and evolved parasite ligands that bind to host receptors on those specific cells. In P. vivax, the 

PvDBP ligand interacts with DARC to invade reticulocytes and there is extensive diversity in the 

PvDBP domain that interacts with DARC. These polymorphisms are selected to evade immune 

responses that would block invasion of reticulocytes, yet they remain specific to P. vivax and do 

not impact other species that require different ligand-receptor interactions for invasion. 

 Despite the selection for variation in the immunodominant antigens within each species, 

many of these proteins evolved from ancestral homologues. The PfEMP1 and PvDBP proteins 

share a common protein architecture which includes DBL domains that may have conserved 

epitopes, which are essentially ‘evolutionary relics.’ These epitopes are probably not highly 

immunogenic and would induce antibodies with lower avidity toward their heterologous 

counterparts, as we observed with 3D10 and anti-SD1CLIPS sera. They may even be cryptic in some 

proteins, which could explain the non-reciprocal nature of cross-species immunity observed in our 

studies and so many other human and animal studies.  

We suggest that vaccination can refine and amplify a cross-species immune response to 

target heterologous antigens. There are a number of potential vaccine targets identified already 

that elicit cross-reactive antibodies (Figure 6.1) and certainly new targets to discover (Figure 6.2). 

The first step to identify new cross-reactive B cell epitopes is to test sera for reactivity to 
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heterologous parasites (e.g. by IF assay or flow cytometry). Cross-reactive sera should then be 

assessed for functional activity against the heterologous parasite. This could involve testing the 

sera in various in vitro assays to measure effects on invasion, sequestration, transmission-blocking 

activity, etc. Most of these assays measure antibody function, with only indirect assays to measure 

T cell mediated responses (e.g. cytokine production) (335, 336). Even the more established 

antibody-based assays, such as the growth inhibition assay, vary in terms of validity and predictive 

value, and are largely antigen and strain-specific (337). Assays to measure adhesion-blocking 

activity also vary with the format; for example, the anti-adhesion activity of VAR2CSA antibodies 

varies significantly when compared between a static inhibition of binding assay, a flow-based 

assay, and a placental perfusion assay (338). Nevertheless, these assays can provide insight into 

the pathway blocked by those antibodies and generate hypotheses of which antigens are likely 

targets. Once the target protein is identified (through biochemical and/or immunological methods), 

antibodies specific to this antigen can be purified from the sera or generated as monoclonals 

(mAbs). These antibodies can be characterized in terms of their cross-reactivity (titers, avidity) 

and their functional activity against the heterologous parasite.  
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Figure 6.2 Proposed strategy to identify cross-species vaccine candidates based on cross-
reactive B cell epitopes. Given that cross-species immunity is a rare event in naturally exposed 
populations, a large number of samples from endemic populations will need to be screened (e.g. 
by IF assay or flow cytometry) to identify sera that recognize heterologous parasites. Antibody 
function against the heterologous species should then be confirmed (e.g. invasion, cytoadherence, 
transmission-blocking assays), and the antigen that mediates this functional cross-reactivity 
identified. This can be achieved through a variety of methods, including depletion or competition 
experiments. Antigen-specific antibodies can be affinity-purified from sera, or monoclonal 
antibodies generated using PBMCs from naturally exposed individuals or from animals vaccinated 
with the antigen. Functional analysis of these antibodies can then be used to down-select candidate 
antigens before applying a variety of empirical approaches to map the cross-reactive epitope. 
Phage and peptide libraries can be screened with the cross-reactive antibodies. Mutagenesis 
techniques, such as site-directed mutagenesis or alanine scanning of recombinant proteins can map 
residues that are critical for antibody binding. Physical mapping, such as co-crystallization of the 
antigen-antibody complex, is another powerful approach to map the contact residues within the 
epitope. These experimental tools can be integrated with computational analysis of the antigens 
from each species. Once a putative cross-reactive epitope is identified, the next step is to generate 
a recombinant protein or synthetic peptide that recapitulates this epitope, raise epitope-specific 
antibodies in animals, and test for cross-reactivity and function in vitro. It is important to note that 
the process of identifying and refining the epitope is iterative and each approach can complement 
and inform the other to yield potent, functional cross-species antibodies. Created with 
Biorender.com, including crystal structures PDB accession numbers 1SME and 6R2S. Figure from 
(1). 
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To translate these findings into vaccine candidates, the cross-reactive epitope can be 

mapped using a variety of approaches. B cell epitopes may be linear but are more likely to be 

conformational if they represent structurally-related epitopes. Conformational epitopes are 

certainly more challenging to map but advances in structural and computational biology provide 

valuable tools that support rational vaccine design (reviewed in (339)). For example, cross-reactive 

human or mouse monoclonal antibodies can be co-crystallized with the target protein to map the 

epitope empirically (230). These antibodies can also be used to screen peptide libraries 

(conformationally-constrained or linear) or tested against mutant recombinant proteins to identify 

the epitope that mediates cross-reactivity. In parallel, computational approaches can be applied to 

protein databases to predict conserved epitopes. This technique was recently adopted to predict 

conserved linear and discontinuous epitopes in CSP and MSP-1 shared between the P. falciparum 

and P. vivax orthologues (247).  

Computational modeling can also guide the design of vaccine candidates to enhance 

immunogenicity and to elicit broadly neutralizing antibodies. Computational simulations of 

affinity maturation applied to the antibody response to P. falciparum AMA-1 revealed that 

polyvalent vaccines promoted cross-reactive antibody responses to shared epitopes (across strains; 

AMA-1 from different species was not included) (340). In future, entire proteomes and epitope 

libraries spanning the evolutionary spectrum of Plasmodia can be probed using artificial 

intelligence and machine learning to discover targets of cross-species epitopes. It is important to 

note that the process of identifying and refining the epitope is iterative and each approach can 

complement and inform the other.  

Once a cross-species epitope is mapped, the next step is to reproduce the epitope 

synthetically such that it can elicit functional antibodies or protective cellular responses against 
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the heterologous epitopes in other species. This can be achieved with engineered recombinant 

proteins that expose the epitope preferentially (e.g. (341)), linear epitopes conjugated to carrier 

peptides, and for conformational epitopes, this is feasible with the use of peptide scaffolds that 

restrict the conformation of peptides as immunogens (e.g. Chapter 4). An alternative delivery 

platform is the use of transgenic parasites from one species engineered to express antigens from a 

different species (342). The success of these approaches will depend on the fine specificity of the 

antibodies and their avidity for the heterologous epitopes. The avidity of cross-species antibodies 

observed in human and animal infections is generally low but different immunization strategies 

can be adopted to promote affinity-maturation, including the choice of adjuvant, delivery platform, 

dosing, and boosting schemes (37). As such, several rounds of identification, design and testing 

may be required to produce potent, functional cross-species antibodies. 

 One outstanding question is whether these immune responses would be boosted by natural 

infection with heterologous species. This may depend on a number of variables including the 

intensity of parasite transmission, host genetics, and immune regulation. We hypothesize that if 

the epitope is truly cross-reactive, then memory B or T cells will be expanded by exposure to the 

heterologous epitope even if it is not immunogenic in that species. This phenomenon was recently 

reported for a cryptic epitope in group A Streptococcus where immunization with the conserved 

peptide was boosted by natural infection with different bacterial strains (288). Similar vaccine 

strategies are being adopted against cryptic epitopes in Ebola antigens (280), and toward the 

development of a universal influenza vaccine (263-265).  

The challenges facing the current VAR2CSA based vaccine candidates, PRIMVAC and 

PAMVAC, underscore the need for vaccine strategies to focus on identifying and targeting 

conserved epitopes in parasite antigens. In phase 1a/1b clinical trials of both of these candidates, 
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surface recognition of iRBCs and CSA binding inhibition were observed when sera from vaccinees 

were tested against parasites expressing the same allele of var2csa that was used in the vaccine; 

however, there was little recognition of parasites expressing a heterologous allele of VAR2CSA 

and no blocking activity was observed (186, 187, 192). Both of these candidates include DBL 

domains near the N terminus of VAR2CSA that are known to be polymorphic among field isolates 

(193). It is likely that the polymorphic nature of VAR2CSA will continue to impede efforts to 

produce vaccines that elicit a strain-transcending immune response. In fact, this type of vaccine 

strategy which presents naturally immunodominant, polymorphic epitopes will likely continue to 

fail to produce strain-transcending immunity when faced with the high degree of antigenic 

polymorphisms in Plasmodium parasites (73).  

 

6.4 Challenges of implementing a placental malaria vaccine 

Beyond the biological challenges associated with developing a placental malaria vaccine, 

there are other factors that need to be considered. For instance, a vaccine to prevent malaria 

infection in pregnancy would need to be given to girls before they reach child-bearing age and 

protection would need to extend throughout the next 2 to 3 decades. An ideal vaccine would elicit 

and sustain a high anti-VAR2CSA IgG response through the formation of long-lasting plasma cells 

and memory B and T cells. If a vaccine was able to achieve this response, the logical target 

population would be girls below the age of five who are covered by the World Health 

Organization’s Expanded Programme on Immunization (EPI). This program was established in 

1977 with the goal of achieving universal vaccination. However, program expansion has stalled in 

recent years, coverage varies drastically between countries and the data on vaccine coverage is 

often of poor quality (343). Despite these challenges, inclusion in the EPI would likely ensure the 
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highest coverage, with a target population of 15 million girls per year in sub-Saharan Africa and 

22.5 million in South-East Asia (344). The Pan American Health Organization has a similar 

immunization program in South America, which reached over 90% of the target population for 

several vaccines in 2019 (345). Fitting into an already existing immunization program is ideal, as 

no new vaccine schedule is needed and this should reduce program costs for endemic countries. 

However, inclusion into these programs requires that robust, long-lasting immunity be achieved 

through vaccination in early childhood. 

 An alternative implementation strategy is to include the vaccine in a program targeting 

adolescent girls, such as the human papillomavirus vaccine program. This program targets 

approximately 30 million girls annually between the ages of 11-12 in malaria-endemic areas (346). 

However, at present this program either has not been implemented in many African countries or 

its coverage is falling significantly short of its target (347). Targeting an older cohort of girls 

reduces the longevity of the response that is needed. However, it still must be sustained over many 

years and may require further boosting in early adulthood to ensure protective immunity is 

attained.  

Inclusion into either of these immunization programs requires that the malaria vaccine does 

not interfere with the current vaccines and that the number and timing of boosts required conforms 

to that of the existing immunizations. It is also important to consider that because P. falciparum 

only expresses VAR2CSA when it infects a pregnant woman, an infection outside of pregnancy 

will likely not boost the immune response elicited by a vaccine based on VAR2CSA. If the vaccine 

was similar to the two leading candidates, which are based on the polymorphic DBL domains of 

VAR2CSA, it would be unlikely to generate an immune response against epitopes conserved in 

other PfEMP1 antigens. Therefore, depending on the longevity of the response elicited by the 
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vaccine, it may be necessary to boost women before their first pregnancy (when possible) and 

maybe even between pregnancies, especially in low-transmission settings.  

In low-transmission settings, people receive less than ten infectious mosquito bites per 

year, so it is likely that a woman could give birth multiple times before being exposed to MiP 

(348). While this is clearly beneficial in most cases, pregnant women are at increased risk of severe 

malaria in these settings, due to their relatively limited exposure to the parasite and therefore low 

immunity (349). In fact, in low-transmission settings, women of all parities are susceptible to 

severe malaria infection during pregnancy (350). Thus, pregnant women in low-transmission 

settings represent a particularly vulnerable population, and special consideration must be given 

when implementing a vaccine to prevent MiP in these settings. For instance, the relatively low 

natural exposure to VAR2CSA may necessitate additional boosting through immunization that is 

not required in high-transmission settings.  

 

6.5 Concluding remarks 

Efforts to eradicate malaria have been on-going for decades and while there have been 

monumental achievements in the control of the disease, there is still a long way to go. One of the 

missing pieces in the fight against malaria is a safe, efficacious vaccine that can either reduce 

morbidity and mortality or prevent infection or transmission altogether. The slow progress in 

developing a malaria vaccine underscores the many challenges with a traditional vaccine approach. 

We need to consider alternative, yet complementary strategies. Thus, exploiting rare immune 

mechanisms like cross-species immunity are worthy of consideration and with our current tools, 

this is more amenable than ever before. We don’t expect this approach to yield a vaccine that 

provides sterile immunity to malaria; but if we could emulate the reduction in disease severity 
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observed with heterologous infections in humans and in animal studies, this vaccine could reduce 

mortality in the most vulnerable populations and allow natural, strain-transcending immunity to 

develop.  
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