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Abstract: Malaria vaccines targeting the circumsporozoite protein (CSP) of the P. falciparum parasite have been overall relatively
promising. RTS, S is a pre-erythrocytic recombinant protein-based malaria vaccine that targets CSP. RTS, S effectiveness shows some
limited success regardless of its 58% efficacy for severe disease. P. falciparum circumsporozoite protein (Pfcsp) has stood to be the
main candidate protein for most pre-erythrocytic stage vaccines. Studies on the structural and biophysical characteristics of antibodies
specific to CSP (anti-CSP) are underway to achieve fine specificity with the CSP polymorphic regions. More recent studies have
proposed the use of different kinds of monoclonal antibodies, the use of appropriate adjuvants, ideal vaccination dose and frequency,
and improved targeting of particular epitopes for the robust production of functional antibodies and high complement-fixing activity as
other potential methods for achieving long-lasting RTS, S. This review highlights recent findings regarding humoral immune responses
to CSP elicited by RTS, S vaccine.

Keywords: Malaria, RTS, S, Circumsporozoite protein, RTS, S/ASO1, Antibody response

Introduction

Malaria poses a huge burden with estimated cases of 245 million in 2020 and 247 million in 2021 globally. '* New tools,
techniques, and interventions to combat malaria are needed, especially in highly endemic areas such as sub-Saharan
Africa. It is noted that infants, children under the age of five, pregnant women, and HIV/AIDS patients are at
considerably higher risk of contracting malaria and developing severe disease because their immunity weakens during
the infection.®> Research and innovation including drug efficacy monitoring programs, the development of new anti-
malarial drugs, and novel insecticide-based vector control tools have further paved a step ahead to malaria eradication.*

RTS, S is a Plasmodium falciparum (Pf) pre-erythrocytic malaria vaccine that has undergone Phase III clinical trials
in children from Africa.®® The generalisability of much-published clinical work overlooks the incredible complexity of
Pf,® such as expressing various kinds of proteins, hence invading multiple kinds of host cells.” Notably, Pf is genetically
diverse with approximately 5000 genes, hence prone to antigenic variation.® This has been observed in a series of Phase
I, 111, and III clinical trials performed in many different populations including children, and infants, as young as 6 weeks
of age.” ™!

The Strategic Advisory Group of Experts on Immunization (SAGE) and the Malaria Policy Advisory Committee (MPAC)
recommendations on pilot implementations of RTS, S was officially adopted by the World Health Organization (WHO) in
January 2016. 1213 Over the five years (2009-2014), the Phase III study for RTS, S/AS01 (RTS, S) was carried out in seven sub-
Saharan African nations namely Burkina Faso, Gabon, Ghana, Kenya, Malawi, Mozambique, and the United Republic of
Tanzania. The trial settings in these nations were representative of various malaria transmission environments (low, medium, and
high).'* The results indicated that the vaccine was safe and 58% efficacious against severe malaria.'*

The CSP is present on the surface of Pf sporozoites and contains highly polymorphic regions that interact with
antibodies.'”> The mechanism of Pfcsp C-terminal antibodies has been described with various characteristics such as the
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structural and biophysical correlation of the C-terminal-specific antibodies that have been widely discussed in several
studies.'” However, anti-Pfcsp antibodies that are highly specific to merozoite CSP polymorphic regions elicit different
immune responses, which has further affected the development of the broadly effective vaccine.'"'> Thus, this article
presents recent findings on the antibody-mediated responses elicited by the RTS, S malaria vaccine.

The P. falciparum — Life Cycle and Vaccine Targets

There are essentially three phases in the malaria life cycle: Sporogony, exoerythrocytic schizogony, and erythrocytic
schizogony.'® The mosquito phase involves the development of sporozoites that are infectious to humans from
gametocytes through a process called sporogony (Figure 1). The process of transforming gametocytes into sporozoites
takes place within the oocysts attached to the stomach wall of the mosquito.'” Sporozoites are injected into circulation
after one to two hours following a mosquito bite and transmitted to the liver through the bloodstream,'® where they
produce merozoites that are released into the bloodstream to invade red blood cells. The liver phase process where
merozoites are formed from sporozoites is called exoerythrocytic schizogony, which takes seven to ten days.'

The blood phase involves merozoites from the liver that enter circulation and transform into trophozoites and then
schizonts that are composed of many merozoites.”” The schizonts burst, releasing merozoites into the bloodstream that
subsequently invade more red blood cells.?' The blood phase of the malaria life cycle is called erythrocytic schizogony.?'
Almost all malaria drugs treat the blood phase of malaria. Malaria vaccines target specific regions on the surface of the
parasite to elicit an immune response such as CSP and thrombospondin-related adhesion protein.”*** CSP has stood to be
the main candidate protein for all pre-erythrocytic stage vaccines.
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Figure | The P. falciparum life cycle and vaccine specific targets. Mosquito bite injects sporozoites into the circulation (A). Sporozoites travel to the liver and invade
hepatocytes (B). Schizonts raptures sporozoites into the circulation hence invading erythrocytes (C). Merozoites enter the asexual stage forming gametocytes hence
another cycle (D).

Notes: Used with permission of Rockefeller University Press, from How to induce protective humoral immunity against Plasmodium falciparum circumsporozoite protein,
Wahl I, Wardemann H, volume 219/ edition 2, 2022; permission conveyed through Copyright Clearance Center, Inc.'”
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The P. falciparum Circumsporozoite Protein

Pfesp (Figure 2) presents an important aspect of the new malaria vaccine era. Researchers and vaccine developers have spent
decades studying its structural and biophysical characteristics and hence found that it is the only promising protein that can lead to
an effective malaria vaccine.> It is important to note that, CSP plays a huge role during the invasion of liver cells, and it is the
largest and most prominent immunogenic region on the surface of Pf. CSP has three distinct regions: N-terminal, C-terminal, and
central repeat.”> Nevertheless, these regions are characterized by highly polymorphic motifs that inhibit effective immune
responses. Additionally, CSP contains 420 amino acid residues and is approximately 42kD.?®

The RTS, S Malaria Vaccine

The RTS, S vaccine contains epitopes designed to stimulate both the cell-mediated and humoral adaptive immune
systems to produce an optimal immune response against Pf.'” The “R” stands for the central repeat region of Plasmodium
(P) falciparum circumsporozoite protein (CSP); the “T” for the T-cell epitopes of the CSP; and the ‘S’ for hepatitis
B surface antigen (HBsAg).?” The molecular structure of the vaccine antigen is made up of 19 NANP central tandem
repeats and the N-terminus of the amino acids in the hepatitis B surface antigen attached to the C-terminus of the CSP.?*
The RTS, S/As01 vaccine is made of a combination of the RTS, S antigen coupled with the ASO1 adjuvant,”® and the
RTS, S/AS02 vaccine is made of a combination of the RTS, S antigen coupled with the adjuvant composed of
monophosphoryl lipid A and Quillaja Saponaria Molina in an oil-in-water emulsion.*

RTS, S vaccine targets CSP of the Pf trying to block its development,*° during the pre-erythrocytic stage before the
parasite invades the liver cells.’'**> However, some recent clinical trials have highlighted much on the efficacy of pre-
erythrocytic stage vaccines since blocking the parasite at this stage would probably stop the asymptomatic phase of the
disease.**** Meanwhile, only a small tilter of malaria parasites can cause disease once they manage to escape the blood-
stage immune response, hence creating another challenge.*

Cell-Mediated Immune Responses by RTS, S Vaccine-Induced Antibodies
RTS, S Vaccine-induced antibodies elicit significant immune cellular responses including phagocytosis by monocytes and
neutrophils, as well as activation of natural killer (NK) cells for opsonization and antibody-dependent cellular
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Figure 2 (A). The structure of the P. falciparum CSP; contains three main regions which are the N-terminal that consists of signal peptide (SP) and the region | (RI), the
C-terminal, and the central repeat. CSP is strongly attached to the membrane of sporozoites with a GPI anchor. Repeating NANP motifs (light blue), are present in the
central repeat region that joins the N-terminus via a junction. NPDP (green), NANP, and NVDP (dark blue) are the main motifs targeted by the antibodies. Used with
permission of Rockefeller University Press, from How to induce protective humoral immunity against Plasmodium falciparum circumsporozoite protein, Wahl I, Wardemann
H, volume 219/ edition 2, 2022; permission conveyed through Copyright Clearance Center, Inc.'® (B). The RTS, S vaccine; makes use of complete Pfcsp 3D7 C-terminal
domain and 18 NANP repeats.?® It is also combined with HBs Ag.

Infection and Drug Resistance 2023:16 hetps: 2149

Dove:


https://www.dovepress.com
https://www.dovepress.com

Ngulube Dove

cytotoxicity (ADCC). However, the magnitude of neutrophil phagocytosis by antibodies is only moderate, and responses
varied widely amongst children, which may have contributed to the vaccine’s underwhelming effectiveness.®
Interestingly, within a year of immunization, functional antibodies began to drop in substantial part, showing the waning
vaccine effectiveness throughout that period. However, neutrophil phagocytosis activity exhibited longer-lasting persis-
tence. Immunity to malaria appears to be significantly influenced by the interaction of IgG with Fc Gamma Receptors

35-37 and

(FcRs), which supports phagocytosis, notably by neutrophils, and other cellular activities against sporozoites,
other factors shown in Table 1, which due to space I will comment on only a few.
In addition, IgG antibodies also elicit activation of NK cells through signaling of FcyRIIla that also supports immune response

against sporozoites.>>® Recent data*®>*

suggest that monocytes are far less active in phagocytosis than neutrophils, which are
also much less abundant in blood, hence hypothesizing that neutrophils could be more important in the elimination of sporozoites
in the blood. There is still much to learn about the function of NK cells in RTS, S mediated immunity, including how they may be
stimulated to perhaps eliminate sporozoites. Understanding the functions and behavior of liver macrophages (Kupffer cells) as
well as neutrophils, monocytes, and NK cells in other organs including the skin may aid in the effective elimination of sporozoites.
In mouse models, sporozoites can be immobilized in the skin by antibodies to CSP, which may render them more amenable to
removal by dermal phagocytes. Complement fixation, sporozoite traversal inhibition, and hepatocyte invasion inhibition are

further possible antibody defense mechanisms.*

Monoclonal Antibodies (moAbs) and the Pfcsp Complexity

A recent study conducted in Kenya investigated the long-term activity of RTS, S/ASO1 anti-CSP antibodies,*® where 447
children who were previously immunized during the 2007 phase IIb clinical trial of RTS, S/AS01, were followed up for 7
years. The kinetic activity and levels of IgM, IgG1, IgG2, I1gG3, and IgG4 were measured.*® According to the study,
RTS, S/ASO1 induces high levels of anti-CSP IgG Abs, which decline relatively quickly 6.5 months after primary
vaccination, followed by a gradual decay, which is consistent with previous research.*'*** Intriguingly, there were
differences in the anti-CSP IgG and IgM kinetics across and within the groups receiving the vaccine and the control
group. RTS, S/AS01 vaccination efficiently produced IgM Abs against the NANP region of the CSP. Interestingly, [gM
Abs persisted over the course of the seven-year follow-up, showing that natural exposure may induce and then increase
the IgM memory response. This view is supported by the fact that the IgM levels of the control group gradually grew
from baseline due to natural exposure boosting and caught up with the vaccine group 21 months later.*’

Table | Potential Factors That Affect the
Development of Broadly Effective Antibodies Against
P. falciparum by RTS, S Vaccine

Factor Reference
Clonal Antigen variation [78]
Antigen genetic diversity [79]
Germinal center disruption [80]
Lack of Antibody avidity maturation [81]
Marginal zone B cell induction [82]
B cell exhaustion [83]
Increased immature transitional B cells [84]
CD4" T cell exhaustion [85]
Polyclonal B cell activation [86]
BAFF/BAFF-R dysregulation [87]
TLR tolerance [88]
Self-reactive Antibody/anergy [89]

Notes: Adapted from Portugal S, Pierce SK, Crompton PD. Young lives
lost as B cells falter: what we are learning about antibody responses in
malaria. The Journal of Immunology. 2013;190(7):3039-3046. Copyright
2013. The American Association of Immunologists, Inc.””
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The exact mechanism to elicit effective anti-CSP antibody responses as well as the complexity of the CSP region and
introduction of effective specific adjuvants remain unclear. A related study provided the first evidence that investigated
the possibility of Bacillus subtilis spores to act as possible vaccine carriers and adjuvants, hence eliciting an anti-CSP
nasal humoral immune response. The spores were characterized as possessing the possibility of increasing immunogeni-
city of the Pfcsp, hence inducing high levels of IgG.>® These proofs of concept results provide novel facts to be applied in
the design of effective adjuvants of ongoing vaccines.

Monoclonal antibody IgA has also been proven to play an important role in Pfcsp, due to its ability to recognize
N-terminus polymorphic region.* IgA antibodies have a basic role in protecting mucosal areas against pathogens.
Meanwhile, sporozoites injected into the skin after a mosquito bite can induce IgA responses at dermal inoculation
sites.*> However, the Pf parasite inhibition mechanism caused by antibodies in the skin, blood, and liver remains not
understood. Monoclonal antibody CIS43L5 induced by Pfcsp can prevent malaria infection in individuals who had never
had malaria infection or were vaccinated.** A clear understanding of the interaction between antibodies and the CSP of
live sporozoites would help to come up with effective moAbs that can elicit an effective immune response.*’

Antibody Fine-Specificity with CSP Regions

The C-terminus region acts as a primary determinant of phagocytic activities during the elimination of sporozoites in
humans. Serum samples from RTS, S recipients exhibited robust phagocytic activity by terminal specific antibody titres
than repeat region antibody titres, hence, marks a significant observation that necessitates additional research into the root
cause.*® Several significant functional components, including adhesion motifs for the compliment, thrombospondin, and
properdin, are found in the C-terminus of CSP. All Plasmodium species include the properdin-binding sequence, which
may affect an infection’s susceptibility.*’**

Specific antibodies against the CSP region are highly protective since the C-terminus has also been linked to the
inaugural entry of the sporozoites into hepatocytes.*®** Studies have demonstrated that the CSP region is essential to
malaria parasites that enhance immune escape.*® Before making any generalizations about the significance of C-terminal
antibodies in vaccine-induced protection, it is necessary to thoroughly examine their biological activity.

Biophysical and Structural Impact of the Anti-Pfcsp Antibodies

Kinetic and biophysical characteristics of the anti-NANP antibodies show high affinity in an in-vivo mouse model. Anti-
NANP responses to other polymorphic secondary motifs such as type 1B and Asn Pseudo 3, uncovers an important tool
for the development of an effective vaccine design.’® In contrast, high-affinity antibodies are also characterized by low
binding and inhibitory activity to live Pf sporozoites. A monoclonal antibody 5d5 specific to the N-terminus of the Pfcsp
was detected with high-affinity binding to an a-helical epitope in N-terminal and hence does not support the use of the
epitope in the development of CSP-based vaccines.’!

A related study suggested that an antibody that can target all three epitopes in the polymorphic region of the Pfcsp,
such as NPDP, NVDP, and NAP, can effectively prevent malaria infection.>? The breadth of RTS, S-induced antibodies
against CSP polymorphic regions is relatively associated with fine specificity and hence should be incorporated into the
design of current malaria vaccines.” Anti-Pfcsp antibodies contain an L9 kappa chain that has been suggested to have
important structural characteristics that enable its binding ability to NVDP on the Pfcsp, hence eliciting neutralization of
the sporozoites. Hence, the presence of relatively greater than two NVDPs would promote rapid cross-linkage and elicit
a high antibody response.’

The Role of Complement Fixing Antibodies in RTS, S

The presence of complement factors involved in the final phase of complement activation that form the membrane attack
complex indicates that RTS and S-induced antibodies increase activation of the complement cascade (C5b-C9). Antibodies that
fix complement specifically target the C-terminal and central repeat regions of CSP. The highest complement-fixing ability is
observed in the IgG1 and IgG3 subtypes, whilst IgG2 and IgG4 show minimal or no ability.>* In children aged one to four
years, RTS, S/AS02A substantially elicited anti-CSP IgG1 followed by IgG3 and IgG2. An analysis of a cohort (n = 195) of
participants from the phase III RTS, S/AS01B vaccine study in young children (6—12 weeks and 5—17 months) revealed similar
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results, with a predominance of IgG1 and IgG3 responses. It was shown that vaccination-induced immunity was correlated with
a larger ratio of cytophilic antibodies (IgG1 and IgG3) to non-cytophilic antibodies (IgG2 and 1gG4).>> Notably, human
complement interactions, a mechanism specifically related to protection in investigations of naturally acquired immunity to
sporozoites in children, maybe one mechanism in which RTS, S-induced cytophilic antibodies may offer protection.>®

The Decay of Complement-Fixing Antibodies

IgM antibodies can potentially function as a mediator for complement action. Intriguingly, functional C1g-fixation reactions were
only noticeable after RTS, and S vaccination, when IgM and IgG levels had greatly increased, although anti-CSP IgM
seropositivity was very mild at baseline.”” IgM is not a prominent mediator of complement-fixing activity, according to
a model of antibody degradation over time; IgG1 and IgG3 are instead the main mediators. Although the function of IgM in
immunological memory is not well understood, a recent study employing a mouse malaria model showed that [gM memory
B cells were long-lived and engaged in secondary responses, and IgM responses persisted even in those with severe malaria
exposure.”’

Epitope-specificity also affects complement activity.”® ®® RTS, S-induced antibodies were shown to be particularly
effective in fixing complement to the central repeat region of CSP in animal models; however, antibodies to the
C-terminal region may also fix complement. It is interesting to note that individuals with greater complement-fixing
antibodies typically had comparable levels of IgG in both CSP areas, whereas individuals with lower functional
antibodies were more often epitope-skewed. As a result, antibodies to both regions may more effectively promote the
formation of immunological complexes that result in complement fixation and activation. Children’s IgG epitope profiles
were often observed to be very varied. Only IgG to the central repeat motif has generally been determined and reported in
field studies of RTS, S. This is most likely because RTS, S-induced antibodies to the central repeat region, rather than the
C-terminal area, show some correlation with protection in studies of healthy people who have never had malaria.®' ¢

However, field assessments of children and infants exposed to malaria have inconsistently revealed a correlation
between immunity and repeat-specific antibodies.*'***> According to a recent study, protection in phase III clinical trial
of RTS, S/AS01B was related to antibodies to both regions of CSP that belonged to a certain IgG subclass.’” The central
repeat region is also thought to be immunodominant since it is a primary target of antibodies produced by whole,
irradiation, attenuated sporozoite vaccines, and naturally occurring malaria exposure, and repeat-specific antibodies can
inhibit sporozoite infectivity in vitro.°® However, non-repeat area antibodies can also be developed spontaneously and
have been shown to have inhibitory action in vitro.®*® When considered as a whole, the evidence points to the
significance of antibodies to the central repeat region of CSP but also encourages further research into antibody responses
to the C-terminal region, especially given that antibodies specific to the repeats alone are a poor correlate of protection.

Functional Antibodies are Poorly Sustained Overtime After RTS, S Vaccination
Most malaria vaccines under development face difficulties due to the gradual loss of vaccine effectiveness.””
Nevertheless, knowledge of the dynamic nature of functional specific antibodies by RTS, S, or any other malaria vaccine
is currently inadequate. One major drawback of RTS, S is that it loses most of its efficacy after a year of initial
vaccination completion.!' Additionally, this is supported by recent research that discovered that complement-fixing
activity by antibodies rapidly decreased following vaccination in young children.*>=%"!

Related studies suggest that improving the induction of neutrophil phagocytosis function of antibodies may be
a potential future approach for increasing vaccine effectiveness given the evidence of a low decay rate of neutrophil
phagocytosis during infection. Maximizing the induction of IgG3 or the ratio of cytophilic to non-cytophilic antibodies,
for example through the use of adjuvants; increasing induction of antibodies to key epitopes that mediate phagocytosis;
and adding additional epitopes or antigens that promote phagocytosis (for instance, targets of antibodies that promote

phagocytosis were identified in the N-terminal sequence of CSP that is not in the RTS, S vaccine construct).’®”"
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Poor Induction of Functional Antibodies in Areas with Higher Malaria Exposure and

Blood-Stage Immunity

In the phase III trial, the high malaria transmission area had substantially greater post-vaccination levels of [gG2 and IgG4 to CSP
than the low malaria transmission site, but not IgG1 and IgG3.> Notably, RTS, S was shown to mostly generate IgG1 and IgG2 in
studies of individuals who had never had malaria,®*’*"* hence supporting the idea that immunogenicity can significantly vary
between those that have been exposed to the disease and those who have never had malaria. Even though IgG3 is a powerful
modulator of complement fixation and activation, these distinctions are poorly understood and call for more research.
Interestingly, a recent related study found that children (ages one to five) responded in a highly diverse manner, and it was
essential to note that children who had higher malaria exposure also had much significantly poorer antibody activity. In some
circumstances, addressing this could be essential to achieving better effectiveness of the RTS, S malaria vaccine. Implications that
recurrent malaria exposure can have on B cells, CD4+ T cells, and innate immune cell phenotypes and activities that drive
antibody production may lead to reduced vaccination responses.”*

On the contrary, higher malaria exposure may be anticipated to result in CSP antibodies, enhance responses, and accelerate
antibody affinity maturation, which may affect functional activity. Vaccine responses may potentially be impacted by aging-
related immune system changes. To maximize vaccination responses in young infants, further research is required to understand
these processes and how they might be handled. The effectiveness and responsiveness to vaccines may be increased by using
malaria preventive medication concurrently with vaccine delivery.” Additionally, host genetics may affect vaccination responses
and human leukocyte antigen genotypes were related to RTS and S vaccine effectiveness against experimental infection in people
without malaria exposure.”® High complement-fixing activity and possibly greater effectiveness are anticipated to result from the
use of adjuvants or immunization regimens that decrease IgG2 induction and elevate IgG3.

Conclusions and Future Recommendations

RTS, S malaria vaccine effectiveness shows some limited success and promising results regardless of its 58% efficacy for severe
disease. Antibody specificity has been a well-recognized problem in the malaria vaccine research community. The induction of
long-lived and high antibody responses against the CSP of sporozoites stands as a major landmark towards the development of
a broadly effective vaccine. However, RTS, S has been characterized by high but short-lived anti-CSP antibodies. A large and
growing body of literature still expresses concerns over the complexity of CSP that highly impacts the specificity and affinity in
many good studies of monoclonal antibodies, thereby increasing the difficulty of effective malaria vaccine design. More recent
data has proposed the use of different kinds of monoclonal antibodies, incorporating biophysical mechanisms of the target
antibody, considering the anti-repeat and minor repeat regions, and complement-fixing antibodies on the CSP.

Alternatively, changing adjuvants has also been proposed as it can elicit high immunogenicity of the CSP, hence inducing rapid
antibody response. Ideally, understanding the functional mechanisms as well as the relationship between CSP and the anti-CSP
antibody specificity will then put effort into the identification of alternative structural mechanisms of the CSP, development of
effective adjuvants through combination with immunogens and putting into consideration the frequency of dose administration,
hence achieving effective response. Related studies have demonstrated that RTS, S generates complement-fixing antibodies in
both children and adults, which has marked an important landmark in the development of efficacious vaccines. Monoclonal
antibodies obtained from individuals who had received the RTS, S vaccine did exhibit invasion inhibitory action, indicating
another important mechanism toward control of malaria parasites in humans. Hence, this review supports future investigation of
large phase III trials to determine whether novel techniques including complement fixation are valuable correlates of protective
immunity and advance the development of more efficacious and long-lasting vaccines.
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