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Abstract 
 
P. falciparum remains a serious public health problem and a continuous challenge for the 
immune system due to the complexity and diversity of the pathogen. Recent advances from 
several laboratories in the characterization of the antibody response to the parasite have led to 
the identification of critical targets for protection and revealed a new mechanism of 
diversification based on the insertion of host receptors into immunoglobulin genes, leading to 
the production of receptor-based antibodies. These advances have opened new possibilities for 
vaccine design and passive antibody therapies to provide sterilizing immunity and control 
blood-stage parasites.  
 
 
 
Making unescapable antibodies. Polymorphic residues represent a powerful mechanism for 
the parasite to escape the antibody response, while retaining critical contact sites with human 
receptors. The finding that human receptor domains can be inserted into antibody genes defines 
a new type of receptor-based antibody that is in principle “unescapable”. Once inserted into an 
antibody gene, the receptor domains can further evolve by losing self-reactivity and increasing 
binding to the pathogen. This is a remarkable example of “molecular bricolage” in somatic 
cells.   
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INTRODUCTION  
 
Malaria is caused by unicellular Plasmodium protozoan parasites that are injected by female 
Anopheles mosquitoes. P. falciparum, which causes the most severe form of malaria, is a 
substantial threat today, causing more than 200 million clinical cases and 400,000 deaths in 
2016 (1). While the level of malaria has dropped over the last 15 years, this decline has stalled 
recently, with some regions experiencing a resurgence in the number of malaria cases (1, 2). 
Worryingly, resistance to artemisinin-based combination therapy (ACT), the current frontline 
treatment for malaria, is emerging in regions of Southeast Asia (3-5). These issues highlight 
the need for new means of prophylaxis and therapy, in particular an effective vaccine that can 
induce a potent anti-parasitic immune response, but this has proven to be a challenging task.  
 
With over 5000 genes and thousands of years of evolution, P. falciparum poses a forbidding 
challenge to the human immune system (6, 7). There are two major aspects of the parasite life 
cycle (Figure 1) that frustrate the immune response. The first is the fact that the infecting agent, 
the sporozoite, is introduced in minute amounts and travels quickly to the liver to give rise to 
blood stage parasites that express a different set of genes. In this way, the sporozoite provides 
the parasite with a kind of stealth mechanism. The second is that in the blood stage, P. 
falciparum uses its substantial arsenal of antigens to frustrate the immune system in many 
ways, including using polymorphism and polygenicity to facilitate immune evasion, forming 
many (often redundant) interactions with host receptors for invasion or escape from clearance, 
and directly or indirectly inhibiting the immune response (8-13).  
 
The complex multi-stage life cycle can be bewildering, but if broken down to its individual 
components, it also means that effective blockade of any one step by the immune system would 
eliminate the infection or at least ameliorate disease. The human body does make a response 
against most stages of the parasite life cycle, with both innate (monocytes, NK cells) and 
adaptive (B and T cells) components playing a role. This review will only focus on the antibody 
response - for detailed information on the other components of the immune system, we refer 
you to excellent reviews on these topics (12, 14, 15). Nevertheless, any of these responses (or 
the sum of them) do not appear to be sufficient to provide sterile immunity, even in the face of 
multiple infections over many years. Adults living in malaria-endemic areas with a long history 
of malaria infection often remain free from malaria symptoms while remaining susceptible to 
infection (15). A large component of this immunity to disease is antibody-mediated, as the 
transfer of antibodies from semi-immune adults to children who have not yet developed anti-
disease immunity can greatly reduce parasite burden and malaria symptoms (16-18). 
 
In the last decade, there has been a wave of studies reporting the isolation of monoclonal 
antibodies from vaccinated or naturally exposed individuals against various infectious agents. 
Combined with structures of key antibody-antigen complexes, these studies have the potential 
to revolutionize the field by allowing us to study antibody function at an unprecedented 
resolution. The potent and broadly reactive antibodies isolated can be used directly to prevent 
or control disease, an approach that is facilitated by new cost-effective ways of antibody 
delivery and by antibody engineering to increase effector function (19, 20). Monoclonal 
antibodies have also contributed a new approach to vaccine design. Neutralizing antibodies can 
be used to identify specific conformations of target antigens that can then be “locked” into 
place by biochemical modification and used as potent immunogens (21, 22). Furthermore, in 
the case of complex agents, an antigen-agnostic approach allows, through the isolation of 
monoclonal antibodies, the identification of the Achilles’ heel of the pathogen by a process of 
analytic vaccinology (23).  
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In the past few years, several laboratories have started using this approach to shed light on the 
complex antibody response to malaria parasites. This work has already begun to bear fruit, with 
new sites of vulnerability identified on decades-old vaccine candidates, a deeper insight gained 
on how the antibody response develops and matures in response to vaccination, and the 
discovery of the surprising biology and activity of receptor-based antibodies against blood-
stage parasites. In this review, we will focus on the findings of these studies. We will discuss 
the antibody responses to the sporozoite stage and to the blood stage in separate sections, as 
each stage uses different strategies to survive and requires unique types of antibody responses 
for parasite elimination.  
 
 
THE ANTIBODY RESPONSE TO SPOROZOITES 
 
Conceptually, sporozoites represent an attractive target for antibody-mediated clearance as 
they represent a bottleneck in terms of numbers in the parasite life cycle, and elimination of 
parasites at this stage would prevent infection, disease and transmission. However, although 
antibodies against sporozoites induced by natural infection have been isolated (24, 25), there 
is little evidence for natural sterile immunity against sporozoite stages (26, 27). This could be 
due to the fact that there is a muted response due to the small inoculum, as well as potential 
immune suppression by blood-stage parasites (28-31). Furthermore, sporozoites take a short 
period of time (timeframe of hours) to reach and invade the liver (32), which means that there 
is probably insufficient time for memory B cells to differentiate and mount an antibody 
response. Therefore, protection is likely to rely on existing serum antibodies produced by long-
lived plasma cells. Although this antibody response increases with malaria exposure, it is 
substantially weaker than the response to blood-stage antigens and may not reach sufficient 
levels for protection (25, 33). Only a single sporozoite needs to escape the antibody response 
to trigger infection, suggesting that a robust, ever-vigilant immune response is needed for rapid 
elimination of sporozoites. Various attempts have been made to develop a vaccine that can 
generate such a response. 
 
 
Sporozoite-based vaccines 
 
Key studies in the 1960s and 1970s indicated that immunization of animal models or 
individuals with large numbers of irradiated sporozoites (>1000 mosquito bites) could induce 
sterile protection (34-37), providing a rationale for the development of a sporozoite-based 
vaccine. Both whole-sporozoite and subunit antigen vaccines have been attempted by different 
groups and are currently leading malaria vaccine candidates (38-40). With regard to subunit 
antigens, the most widely studied and prominent vaccine candidate is the circumsporozoite 
protein (CSP), which is an immunodominant antigen that coats the sporozoite surface and that 
plays a role in sporozoite migration and invasion of hepatocytes (41-48). P. falciparum CSP 
(PfCSP) contains an N-terminus that aids attachment to host cells, a central region consisting 
of NANP (and NVDP) repeats that is immunodominant for antibodies, and a C-terminus that 
contains T cell epitopes (Figure 2a).  
 
The NANP repeat region has attracted a lot of attention, as it represents the core of the 
molecule, is conserved in different strains, and can elicit antibodies that are protective in in 
vitro and in vivo models (49-52). RTS,S, the most advanced malaria vaccine candidate, 
contains a portion of this repeat region, along with the C-terminus to stimulate T cell help. 
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However, RTS,S has only shown limited and transient efficacy, which has been attributed to 
the need to induce very high level of antibodies and maintain them over time (53-56). The need 
for high antibody titers could be explained by the quick passage of sporozoites into the liver 
and the requirement to block every single sporozoite, but it is also possible that many of these 
antibodies may not bind to PfCSP at relevant regions or in a way that interferes with function. 
PfCSP undergoes conformational shifts throughout the life cycle of the parasite and undergoes 
cleavage to unveil important epitopes prior to invasion (46, 48). Therefore, it may be important 
for a PfCSP-based malaria vaccine to induce antibodies that bind to PfCSP in specific 
conformations that are only unveiled for short periods of time. The design of such a vaccine 
would be greatly aided by the identification of potent monoclonal antibodies that bind to this 
antigen at these critical junctures. Besides PfCSP, other antigens that have been considered as 
vaccine candidates include thrombospondin-related adhesion protein (PfTRAP) (57-59) and 
cell-traversal protein for Plasmodium ookinetes and sporozoites (PfCelTOS) (60-62). These 
antigens are currently being investigated for suitability as vaccine candidates, and it would be 
interesting to isolate human monoclonal antibodies against these antigens to test their ability 
to block sporozoite invasion.  
 
The development of the ability to manufacture large numbers of aseptic, purified and 
cryopreserved sporozoites (63) has paved the way for a series of recent clinical trials using 
radiation-attenuated sporozoites (PfSPZ Vaccine) or live sporozoites administered with 
chloroquine chemoprophylaxis (PfSPZ-CVac) as immunogens. These studies offer the 
distinctive advantage of providing all relevant antigens to stimulate an immune response. 
Overall, these trials have reported high levels of protection, particularly in malaria-naïve 
volunteers (64-68). It is still unclear whether antibodies play a role in the protected volunteers, 
but these studies have provided essential material for the isolation of human monoclonal 
antibodies as discussed below. 
 
 
Vaccine-induced monoclonal antibodies reveal susceptibility sites  
 
A series of recent studies has taken a deeper look at the antibody response to sporozoites by 
isolating a panel of human monoclonal antibodies from naturally infected individuals (25) or 
individuals vaccinated with RTS,S (69, 70), PfSPZ Vaccine (71, 72) or PfSPZ-CVac (73-75). 
While most researchers used PfCSP binding as the selection criterion to isolate antibodies, one 
study took an antigen-agnostic approach and searched for antibodies capable of staining intact 
sporozoites regardless of antigen specificity. Strikingly, this approach led to the isolation of a 
panel of antibodies that were all PfCSP-specific, confirming the immunodominance of this 
protein on the sporozoite surface (51, 71, 76, 77). Collectively, antibodies against the N-
terminus, NANP repeat region and C-terminus of PfCSP have been isolated from these studies. 
This body of work has shown that not all antibodies against PfCSP are equally protective - for 
instance, rare antibodies were isolated against the C-terminus of PfCSP, but these antibodies 
were not potent in in vitro assays and in a mouse model, perhaps due to the inaccessibility of 
this region on native PfCSP (73). A large number of monoclonal antibodies against the classical 
NANP repeats have also been isolated (70-75). Many of these antibodies were able to inhibit 
sporozoite invasion in in vitro and in vivo models using either a recombinant mouse malaria 
parasite (P. berghei) expressing PfCSP, or liver-humanized mice allowing mosquito-bite 
infection with P. falciparum. Moreover, crystal structures of several of these antibodies in 
complex with sections of the repeat region were solved, providing deeper insight into how the 
antibodies interact with PfCSP (25, 70, 72, 75).  
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Two recent studies have identified a panel of antibodies that could bind to a unique junctional 
epitope between the NANP repeats and the N-terminus of PfCSP and that were more potent 
than the traditional NANP repeat antibodies in in vivo models (71, 72). In one case, a head-to-
head comparison of two antibodies that originated from the same B cell clone and thus had 
similar sequences was conducted (71). Both antibodies could bind with similar affinities to 
sporozoites, whole PfCSP and the NANP repeat region, but only one antibody could also bind 
to the junctional epitope. This antibody was substantially more potent in the in vivo assay, 
suggesting that binding to this junctional epitope was key for its increased potency. This 
superior potency was also seen in other anti-junction antibodies isolated in the same study and 
in an anti-junction antibody identified by a different group, further highlighting the importance 
of this region (71, 72). The increased efficacy of these antibodies may have arisen from 
interference with cleavage of the N-terminus of PfCSP, which relies on a key conserved 
sequence (KLKQP) that is located upstream of their binding site and which is a key step before 
sporozoite invasion of hepatocytes (46, 72). Furthermore, the junctional epitope targeted by 
these antibodies is highly conserved in diverse P. falciparum isolates, suggesting its suitability 
as a vaccine candidate (72). The fact that the antibodies binding to the N-terminal junction 
were isolated from both malaria-naïve and malaria-exposed vaccinated individuals provides a 
proof of concept that a vaccine can elicit such antibodies in individuals with diverse genetic 
backgrounds and different levels of prior malaria exposure. Notably, the N-terminal junction 
is not included in the current form of the RTS,S vaccine, suggesting that the vaccine may be 
improved by adding this region.  
  
Another striking finding from these studies is that IgM is a significant component of the human 
immune response to natural sporozoite infection (25) and dominates the memory B cell 
response even after several rounds of vaccination with PfSPZ Vaccine or PfSPZ-CVAC, 
indicating incomplete class switching despite repeated immunization (71, 74, 78). The 
substantial IgM response may reflect the stimulation of splenic marginal zone B cells after 
vaccination with particulate antigens such as sporozoites, which carry numerous copies of 
PfCSP on the surface, each containing many NANP repeats (79). These IgM antibodies carry 
fewer, but still substantial, somatic mutations than their IgG counterparts, further supporting 
their origin from memory B cells (71, 74). As IgM activity is mainly restricted to the blood, 
these antibodies may act to capture sporozoites en route to the liver and disable the parasites 
through neutralization and complement fixation. 
 
The monoclonal antibodies that have been isolated from vaccinated and naturally infected 
individuals as described above have provided sterile immunity in animal models, suggesting 
that if present in the right quantities, antibodies could play a protective role. However, at least 
in the case of the naturally infected individuals, these antibodies probably did not provide 
sterile protection in those individuals, reflecting the fact that immunity requires both the right 
antibody specificity and a sufficient antibody quantity. Therefore, a logical next step would be 
to test the ability of the best of these antibodies to prevent infection in humans, either in a 
controlled human malaria infection (CHMI) or in a natural infection setting. This study would 
help us to understand if the animal models recapitulate the conditions of sporozoite infection 
in humans. Furthermore, this would determine if antibodies alone can be protective in humans, 
and if so, the quantity of antibodies required for sterile protection. The results of this study 
would aid in the discussion of whether using monoclonal antibodies for passive vaccination 
against malaria is a realistic prospect.  
 
 
Lineage development and polymorphism 
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It has become increasingly recognized that the study of the B cells that initiate a potent antibody 
response and the shared characteristics of these potent antibodies may aid in the development 
of a vaccine that aims to elicit such a response. The acquisition of the sequences of a large 
panel of anti-PfCSP monoclonal antibodies provides a unique opportunity to do so. One of the 
most interesting features shared by the most potent neutralizing antibodies that bind to the 
PfCSP N-terminal junction is that they are encoded by VH3-30/VH3-33 alleles carrying a 
tryptophan at position 52 (Figure 2b) (71). An investigation of the putative germline versions 
of these antibodies revealed that they originated as NANP repeat-binders and acquired binding 
to the N-terminal junction (along with higher affinity for NANP) through somatic mutations. 
Interestingly, while these antibodies were isolated from malaria-exposed individuals 
immunized with PfSPZ Vaccine, studies by other research groups on malaria-naïve individuals 
vaccinated with RTS,S or with PfSPZ-CVac also reported the identification of VH3-30/VH3-
33 antibodies carrying Trp-52, further confirming the central role of these alleles in initiating 
the anti-PfCSP response (66, 70, 74, 80). Structural and mutational studies have confirmed that 
Trp-52 plays a key role in the interactions with NANP and the N-terminal junction. 
Furthermore, antibodies carrying the VK1-5 light chain have been isolated in all of these 
studies and was a dominant feature in the individuals vaccinated with PfSPZ-CVac (70, 71, 74, 
75). Taken together, these studies suggest that regardless of prior malaria exposure and the 
exact immunogen used, many of the antibodies that target PfCSP, including potent antibodies 
that bind to a unique junctional epitope, share a common lineage and can be readily induced 
by vaccination. It remains to be established whether the lack of protection following PfSPZ 
vaccination observed in some individuals is due to the absence of the right VH3-30/VH3-33 
allele or to an insufficient level or low affinity of the antibodies produced. These individuals 
should be analyzed to establish whether there are alternative antibody lineages that can control 
infection. For instance, monoclonal antibodies that do not use VH3-30/33 but have potent in 
vivo function have also been isolated (25, 72), suggesting that there are alternative solutions to 
generate potent neutralizing antibodies.  Moreover, as the use of VH3-30/VH3-33 alone seems 
to be insufficient for potency without the right somatic mutations, it remains to be seen whether 
a single or multi-step vaccine can be designed to shepherd antibody maturation down a path 
that leads to the production of potent antibodies. It is likely that tools such as BCR-transgenic 
B cells and structure-based design will be key elements to aid the development of such a 
vaccine. 
 
 
THE ANTIBODY RESPONSE TO BLOOD-STAGE PARASITES  
 
Individuals who live in malaria-endemic areas and are exposed to multiple infectious bites 
yearly gradually acquire immunity to clinical symptoms (12, 15). Seminal studies in the 1960s 
and subsequent follow-up work demonstrated that antibodies play a large role in this protection, 
as antibodies from semi-immune adults could protect children from ongoing blood-stage 
disease, even when they were from distant malaria-endemic regions (16-18). However, given 
the vast array of antigens expressed by the merozoite and infected erythrocyte stages of the 
parasite life cycle, it has proven difficult to determine which antigens are important for this 
protective effect. Furthermore, while antibodies in naturally exposed individuals can suppress 
disease, they are thought to be unable to completely eliminate the parasites from the human 
host (27). Nevertheless, recent findings have offered hope that anti-merozoite vaccine 
candidates have the potential to block infection and confer protection, while vaccines that target 
infected erythrocytes are being developed to protect against specific forms of malaria such as 
pregnancy-associated malaria. In this section, we will discuss the antibody response to these 



 7 

asexual blood stages, along with a brief discussion of antibodies to gametocytes and subsequent 
sexual stages of the life cycle, which may be able to block malaria transmission. 
 
 
Antibodies that block erythrocyte invasion 
 
Antibodies that target merozoites are appealing tools to combat malaria as they have the 
potential to block merozoite invasion of erythrocytes, thus preventing infection, disease and 
eventually transmission. Malaria-exposed individuals generate robust antibody responses 
against merozoite antigens, and the breadth of this antibody response has been associated with 
protection against clinical malaria (81-83). Furthermore, human monoclonal antibodies against 
several merozoite antigens have been isolated, with some of these antibodies shown to have 
anti-parasitic activity in vitro (84-86). For instance, a monoclonal antibody that bound to the 
FC27 allelic family of the merozoite surface antigen PfMSP2 mediated phagocytosis not only 
of schizonts expressing the FC27 allele, but also of schizonts expressing the other major 
PfMSP2 allelic family 3D7 (85). Accordingly, a lot of attention has been given to prominent 
merozoite surface or apical antigens as vaccine candidates, including PfMSP1, PfMSP2, 
PfMSP3 and PfAMA1 (38). Unfortunately, clinical trials testing these antigens as vaccines 
have generally reported poor efficacy, particularly in malaria-exposed cohorts (38, 40, 87, 88). 
Several factors may limit the in vivo efficacy of anti-merozoite antibodies. Merozoites only 
require a short time (seconds to minutes) to invade erythrocytes, leaving only a small window 
for antibodies to act (89-91). This difficulty is compounded by the storage of many key 
invasion antigens in apical organelles such as micronemes and rhoptries, with are only released 
to the surface at the required stage of invasion (87, 92). As with PfCSP, some of these antigens 
are processed during the invasion process and thus conceal key epitopes until the required 
moment (93). Furthermore, many of these antigens are redundant for invasion and display high 
levels of polymorphism. Therefore, antibodies that only neutralize specific antigen subtypes 
may not be effective against diverse strains, which could be a serious problem given that 
multiple genotypes are often present, even in a single infection (94-96). These problems are 
exacerbated by the lack of reliable in vitro assays that offer a consistent correlate of protection. 
The growth inhibition assay, which measures the ability of antibodies to prevent asexual 
replication of parasites, does not always correlate with protection (97). Alternative in vitro 
assays that are being developed to complement the growth inhibition assay and that may be 
useful in the analysis of anti-merozoite antibody responses include antibody-dependent 
respiratory burst (98-100), antibody-dependent cellular phagocytosis (101), and complement-
based assays (102). 
 
Recently, there has been a resurgence of interest in merozoite antigens as vaccine candidates 
due to the discovery of the conserved antigen PfRH5, which overcomes many of the issues 
described above (103). PfRH5 is essential for blood-stage replication, is conserved in diverse 
P. falciparum strains, and is non-redundant, as its engagement with the host receptor basigin 
is required for merozoite invasion of erythrocytes (103-108). PfRH5 acts in a complex with 
other merozoite proteins including PfRipr, PfCyRPA and PfP113 (109-112), which may 
represent additional candidates for disease-controlling antibodies. Although there is a muted 
antibody response to PfRH5 in naturally exposed individuals, the level of antibodies, when 
present, is associated with protection against malaria (113, 114). Furthermore, vaccination of 
Aotus monkeys with PfRH5 led to high levels of protection against challenge with a 
heterologous parasite strain, which was correlated with antibody activity against PfRH5 in the 
growth inhibition assay (115). Another merozoite antigen that has received renewed attention 
is PfAMA1 in complex with its ligand, PfRON2, which is appended by the parasite to target 
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erythrocytes. While clinical trials with PfAMA1 alone reported low levels of protection, recent 
studies have found that immunization with this paired complex conferred protection in mice 
and Aotus monkeys (116, 117). The enhanced effect has been associated with a shift in the 
quality of the anti-PfAMA1 antibodies, which more efficiently inhibit parasite replication in 
vitro. Taken together, PfRH5 and PfAMA1-PfRON2 offer promising targets to investigate with 
monoclonal antibodies, as protection associated with these antigens appears largely antibody-
driven and antibody downselection is aided by the existence of in vitro assays that predict in 
vivo efficacy. Furthermore, the low level of naturally induced antibodies to PfRH5 suggests 
that the parasite acts to shield this antigen from the immune system, and that this antigen may 
be a good vaccine candidate if potent neutralizing antibodies can be elicited.  
 
 
Antibodies that block transmission 
 
Antibodies that target gametocytes and subsequent sexual stages are not able to block infection 
or disease, but have the potential to stop malaria transmission. Recently, there has been 
increasing interest in the use of antigens from these stages as candidates for a transmission-
blocking vaccine (TBV) (118-120). Such a vaccine could induce antibodies that would be taken 
up with gametocytes during a mosquito blood meal and neutralize the parasites in the mosquito 
when the relevant antigens are unveiled. Key sexual stage antigens that have been considered 
as TBV candidates include Pfs48/45, Pfs230, Pfs25 and Pfs47 (121-123). There is evidence 
that antibodies against these antigens, either from malaria-exposed individuals or vaccinated 
animals, could block the development of the parasites in mosquitoes (124-127). These findings 
offer an impetus to test human monoclonal antibodies against TBV antigens, such as those 
generated recently against Pfs25 (128), for the ability to block malaria transmission. 
 
 
Antibodies to infected erythrocytes 
 
During blood stage infection, P. falciparum conducts extensive remodeling of host 
erythrocytes and exports parasite antigens to the surface of the infected cells. Many of these 
antigens are encoded by large multigene families and are known as variant surface antigens 
(VSAs) due to their ability to be clonally expressed. The most prominent VSAs are 
Plasmodium falciparum erythrocyte membrane protein-1 (PfEMP1), repetitive interspersed 
family (RIFIN) and subtelomeric variant open reading frame (STEVOR) (129-133). Out of 
these protein families, PfEMP1 is by far the best characterized. Each P. falciparum genome 
contains about 60 PfEMP1 variants, and PfEMP1 expression is tightly controlled such that 
each infected erythrocyte only expresses a single variant at a time (134). Members of the 
PfEMP1 family have high molecular weights (200-350kDa) and contain multiple domains that 
target an array of host receptors including CD36, intercellular adhesion molecule-1 (ICAM1), 
vascular cell adhesion molecule-1 (VCAM1), platelet endothelial cell adhesion molecule-1 
(PECAM1), chondroitin sulfate A (CSA) and endothelial protein C receptor (EPCR) (135-
137). The binding of PfEMP1 to these receptors allows the sequestration of infected 
erythrocytes in the microvasculature of multiple organs, which is thought to cause different 
forms of severe malaria. Accordingly, the type of PfEMP1 expressed by the infecting parasite 
strain has been linked to the severity of malaria (138). For instance, specific PfEMP1 domain 
combinations or “domain cassettes” (DC8 and DC13) have been linked to cerebral malaria 
through binding to EPCR, ICAM1 and gC1qR on brain endothelial cells, resulting in infected 
erythrocyte blockage of the brain microvasculature and the stimulation of a pathological 
immune response (137, 139-144). Another striking example of the role of VSAs in disease can 
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be seen in pregnancy-associated malaria, which may lead to fetal death in primigravid women 
(145, 146). This renewed pathogenicity is linked to the expression of a single conserved 
PfEMP1 variant, VAR2CSA, which binds to CSA in the placenta, allowing infected 
erythrocytes to colonize placental tissue (135, 147).  
 
While PfEMP1 has been thoroughly studied for the past 30 years, less is known about 
STEVORs and RIFINs, which are expressed at multiple stages of the life cycle including in 
merozoites, gametocytes and sporozoites (148-152). STEVORs (30-40 variants per genome) 
have been reported to contribute to reduced deformability of infected erythrocytes and to bind 
to glycophorin C on the erythrocyte surface, mediating the binding of infected erythrocytes to 
uninfected erythrocytes to form so-called “rosettes” (153-155). RIFINs (~150 variants per 
genome) form the largest VSA family in P. falciparum. Several variants have been reported to 
bind to blood group A antigens to facilitate rosetting (156), and recent studies have shown that 
other RIFIN variants bind to host inhibitory receptors, potentially mediating evasion of the 
immune response (157, 158).  
 
Antibodies that target VSAs are key components of naturally acquired immunity to malaria, as 
parasites carrying specific VSAs are more likely to infect individuals who do not have 
antibodies against those variants (159, 160). In line with these findings, the acquisition of 
antibodies against specific types of PfEMP1 in children has been associated with protection 
against severe malaria (138). Additionally, in pregnancy-associated malaria, antibodies against 
VAR2CSA that are developed after the first pregnancy have been linked to protection against 
malaria during subsequent pregnancies (135, 161). A panel of monoclonal antibodies from 
multiparous women that bound selectively to CSA-adhering infected erythrocytes have been 
isolated and characterized (162). These antibodies were mapped to different domains of 
VAR2CSA, and several antibodies bound to infected erythrocytes from different parasite 
isolates and inhibited binding to CSA, supporting the feasibility of VAR2CSA-based vaccines 
against placental malaria (163, 164). It would be interesting to test the most potent monoclonal 
antibodies in animal models to obtain a proof of concept that antibodies alone can be protective 
in pregnancy-associated malaria.  
 
Possible modes of action of antibodies against VSAs include the reversal of adhesion of 
infected erythrocytes to endothelium and uninfected erythrocytes (136), as well as the 
destruction of infected erythrocytes by the complement system (165), antibody-dependent 
cellular cytotoxicity (ADCC) (166) or opsonic phagocytosis (167). The protective efficacy of 
these antibodies is likely to be limited by the multigenicity and polymorphism of these antigen 
families, which allow the continuous emergence of variants that escape the immune response. 
Nonetheless, VSAs do not have unrestricted latitude to diversify, as they are constrained to 
preserve structural features that are required to bind to specific host receptors (168). Human 
monoclonal antibodies that recognize these regions can be used to identify the functional and 
thus most relevant domains, which can be formulated as vaccine candidates. These vaccines 
would have the advantage of focusing the antibody response onto the right targets while 
avoiding superfluous responses to decoy antigenic regions. 
 
 
A new class of receptor-based antibodies 
 
The polymorphism and clonal expression of VSAs offer a daunting challenge to the host 
immune response, as these antigens elicit antibodies that are predominantly specific for a given 
strain and are thus unable to control infection by other strains (169). A potential solution to this 
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obstacle could be provided by the identification of broadly reactive antibodies, as recently done 
in HIV studies in which large-scale screenings allowed the identification of rare donors 
producing potent and cross-reactive neutralizing antibodies (20). To search for such antibodies, 
we screened plasma from 557 Kenyan donors for the ability to agglutinate mixtures of 
erythrocytes infected with different Kenyan P. falciparum isolates and identified three donors 
whose plasma formed mixed agglutinates with at least six isolates were identified (157, 169). 
Using a target agnostic approach, 30 monoclonal antibodies were isolated from two selected 
donors, with the majority binding to eight distinct parasite isolates and a few recognizing only 
a single isolate. Surprisingly, all the broadly reactive antibodies shared an unconventional gene 
structure containing an additional 400 bp insert that encoded the extracellular domain of 
LAIR1, a collagen-binding inhibitory receptor encoded on Chr 19 (Figure 3a) (157, 170). 
Since the insertion occurred between the V and DJ segments, the inserted LAIR1 domain was 
expressed at the tip of the HCDR3 (Figure 3b) (171). This domain was both necessary and 
sufficient to bind to infected erythrocytes, as an irrelevant antibody containing an engineered 
LAIR1 insert and a LAIR1-Ig fusion protein both showed comparable binding to the cells. 
Importantly, the inserted LAIR1 domain acquired somatic mutations that abolished self-
reactivity to collagen and increased affinity and cross-reactivity to different parasite isolates. 
Using a proteomics approach, specific members of the RIFIN family were identified as the 
target antigens of the LAIR1-containing antibodies. These antibodies were able to efficiently 
agglutinate infected erythrocytes and opsonize them for phagocytosis by monocytes, 
suggesting that they may aid parasite clearance. Taken together, these findings revealed, for 
the first time, the prototype of a new class of receptor-based antibodies that were generated by 
the insertion of a host receptor into the antibody gene. 
 
To investigate how frequently receptor-based antibodies are produced in response to P. 
falciparum infection, a two-determinant immunoassay was used to screen plasma samples from 
768 individuals living in Tanzania and Mali for the presence of LAIR1-containing antibodies 
(170). Up to 10% of the donors produced detectable levels of these antibodies, a frequency that 
is consistent with a “public” response. Subsequent work on selected donors led to the isolation 
of more than 50 LAIR1-containing monoclonal antibodies. While in four donors the antibodies 
shared the structure described above, in two other donors, the LAIR1 exon was inserted into 
the switch region together with flanking intronic sequences, thus preserving the splice sites. In 
the latter cases, splicing-in of the LAIR1 exon resulted in the expression of bispecific 
antibodies where the LAIR1 domain was precisely positioned at the elbow between the VH 
and CH1 domains (Figure 3a,b). In another case, a LAIR1 insertion into the switch region was 
accompanied by deletions of genomic DNA encoding VH and CH1 domains, resulting in a 
gene encoding a camel-like LAIR1-containing antibody. Collectively, these findings revealed 
a second mechanism of DNA insertion into the switch region that also resulted in the 
production of receptor-based antibodies and an overall prevalence of these antibodies that was 
close to 10% in malaria-exposed populations. Furthermore, through the design of different 
antibody constructs in which the LAIR1 domain was exchanged with different 
immunoglobulin-like domains such as SLAM or PD1, it was shown that the VH-CH1 elbow 
is a permissive site that may be suitable for engineering bispecific antibodies for therapeutic 
applications. 
 
In all the individuals analyzed so far, the response to P. falciparum-infected erythrocytes was 
dominated by LAIR1-containing antibodies that were produced by a single expanded B cell 
clone, suggesting that chronic stimulation by malaria parasites can induce and sustain this type 
of antibody response in spite of an extremely low frequency of precursor cells (n=1) (170). 
Importantly, as in the case of insertion in the VDJ regions, somatic mutations also occurred in 
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LAIR1 inserted into the switch region, although at a lower frequency, and these mutations were 
able to abolish self-reactivity to collagen and modulate binding to infected erythrocytes. Taken 
together, these findings indicate that binding of the broadly reactive antibodies is strictly 
dependent on the mutated LAIR1 domain, which evolves under selective pressure to first lose 
self-reactivity and then gain affinity and breadth to infected erythrocytes. This observation is 
in line with the well-known role of somatic mutations in affinity maturation and in the 
redemption of self-reactive antibodies from autoreactivity (172). Of note, while LAIR1-
containing antibodies may help in opsonizing infected erythrocytes and in counteracting 
parasite evasion strategies by disrupting the interactions of RIFINs with inhibitory receptors 
on immune cells (Figure 3c), their efficacy may be limited in terms of protection from future 
infections as these antibodies recognize only a fraction of parasites expressing similar RIFINs 
and allow the selection of escape mutants expressing different RIFIN variants. Further studies 
analyzing the reactivity to autologous isolates isolated from individuals who produce LAIR1-
containing antibodies will help to better understand their role in protection or in controlling the 
infection in vivo. 
 
Overall, these data suggest that exposure to malaria and the extensive use of human receptors 
by the parasites to modulate the immune response can lead to the selection of an unusual type 
of receptor-based antibody. Based on these observations, there is little reason to believe that 
this insertion pathway is limited to LAIR1. Given the vast array of receptors targeted by malaria 
parasites, it is conceivable that different types of receptor-based antibodies, such as those 
containing LILRB1 or ICAM1, may be discovered in the future. 
 
 
Future perspectives  
 
The recent discoveries on malaria antibodies represent a scientific breakthrough that have an 
impact on active and passive vaccination strategies, as well as on antibody biology. The 
availability of potent antibodies that block sporozoite infection suggests the possibility of 
achieving sterilizing immunity through passive vaccination. In this context it will be important 
to select the most potent antibodies that can be produced with appropriate Fc modifications to 
increase half-life and binding to Fc receptors on effector cells. This process is facilitated by the 
availability of a large panel of well-characterized antibodies that can be tested, alone or in 
combination, in animal models of infection and ultimately in human challenge studies to 
establish the dose required to achieve sterilizing protection.  
 
Furthermore, these potent neutralizing antibodies provide a useful tool to identify the sites of 
vulnerability in PfCSP that may be absent in the current RTS,S vaccine. This discovery opens 
the possibility of developing a second-generation recombinant vaccine capable of inducing 
potent antibodies with dual specificity for the NANP repeat and the N-terminal junctional 
epitope through a prime-boost strategy with recombinant antigens. Transgenic B cells 
expressing the germline version of these antibodies represent an interesting tool to accelerate 
vaccine design through a germline-targeting strategy (173, 174). A similar approach of 
antibody-based vaccine design could be pursued to develop passive and active immunization 
strategies to control blood-stage parasites. For instance, antibodies that block binding of 
VAR2CSA could be used to prevent placental malaria and to design a protective recombinant 
vaccine that contains the most relevant domains. 
 
The receptor-based antibodies discovered in malaria-exposed individuals have the distinctive 
property of binding to the pathogen through the same receptor that the pathogen uses to infect 
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host cells. It is interesting to consider that this mode of interaction was anticipated by Paul 
Ehrlich in his side chain model of antibody formation. Interestingly, unlike conventional 
antibodies, receptor-based antibodies can bind to different allelic forms and may not allow the 
selection of escape mutants. Furthermore, through somatic mutations, receptor-based 
antibodies can further evolve the receptor domain to decrease self-reactivity and increase 
binding to the pathogen (BOX). The identification of LAIR1-based antibodies in 10% of 
malaria-exposed individuals and the frequent detection of templated inserts derived from all 
chromosomes in antibody genes of European blood donors (170) provide a stimulus to search 
for other examples. Finally, the novel structure of receptor-based antibodies provides a new 
therapeutic format that can be applied to engineer bispecific antibodies against different 
pathogens.  
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FIGURE LEGENDS 
 
Figure 1. The life cycle of P. falciparum. This figure shows the different stages of the life 
cycle, along with several key parasite antigens that are potential antibody targets at each stage. 
A malaria infection begins when an infected female Anopheles mosquito injects a small number 
of sporozoites into the skin of a human host during a blood meal. The sporozoites enter blood 
vessels and home to the liver, where they invade target hepatocytes and develop into parasite 
liver stages, which subsequently rupture to release thousands of merozoites into the 
bloodstream. These merozoites invade erythrocytes and undergo asexual replication in these 
cells. A proportion of blood-stage parasites differentiate into male and female gametocytes, 
which are taken up by the mosquito during a blood meal. These gametocytes mature into 
gametes and fuse to become zygotes, which later develop into ookinetes and subsequently 
undergo meiosis to form sporozoites.  
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Figure 2. The antibody response to PfCSP. a) Schematic of PfCSP compared to RTS,S 
vaccine. b) Neutralization and binding of monoclonal antibodies to full PfCSP and to NANP 
and N-terminal junctional (NPDP) peptides. For purposes of comparison, only antibodies that 
have been tested both for binding to the PfCSP N-terminal junction and for in vivo efficacy are 
included in this table. A large panel of anti-NANP repeat monoclonal antibodies that have in 
vivo neutralizing function have also been isolated and characterized by other groups (25, 74).   
 
a) 
 
 
 
 
 
b)  
 

Study mAb Heavy chain VDJ genes Light chain VJ genes PfSPZ PfCSP NPDP NANP Neutr. 
Tan et al. MGU1 VH3-30f D2-21 JH3 VL4-69 JL3      

MGU10 VH3-30f D3-9 JH3 VL4-69 JL3      
MGG3 VH3-30f D7-27 JH2 VK2-29 JK1      
MGG4 VH3-30f D3-22 JH3 VK4-1 JK4      
MGH2 VH3-30f D7-27 JH2 VK2-30 JK1      
MGU12  VH3-30f D3-16 JH3 VK1-5 JK1      
MGG8 VH3-73 D2-2 JH5 VK2D-29 JK1      
MGH1 VH1-2 D6-19 JH4 VK2-30 JK2      
MGH3  VH3-21 D3-22 JH4 VK2-28 JK4      

Kisalu et al.  CIS43 VH1-3 D4-23 JH3 VK4-1 JK4      
CIS34 VH3-33 D6-13 JH5 VK1-39 JK3      
CIS42 VH7-4-1 D5-18 JH4 VL2-23 JL3      
CIS23 VH3-30 D6-13 JH4 VK3-11 JK2      
mAb04 VH3-33 D3-22 JH4 VK2D-29 JK2      
mAb09 VH3-33 D3-22 JH3 VK3-11 JK3      
mAb10 VH3-33 D4-23 JH4 VK1-5 JK1      
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Figure 3. Receptor-based antibodies selected by blood-stage parasites. a) LAIR1-
containing antibodies can help in controlling the malaria infection by binding to RIFINs 
expressed on the surface of infected erythrocytes. b) Two modalities of LAIR1 insertion into 
the VDJ region or into the switch region of immunoglobulin genes result in the production of 
receptor-based antibodies expressing a functional LAIR1 extracellular domain that is 
positioned at the tip of the HCDR3 or in the elbow between the VH and CH1 domains. c) 
RIFINs expressed on the surface of P. falciparum-infected erythrocytes can downregulate the 
immune response to the parasite by binding to inhibitory receptors expressed by different 
immune cells. 
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