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Among Plasmodium spp. responsible for human malaria, Plasmodium vivax ranks as the second most prevalent and has the widest geographical range; however, vaccine development has lagged behind that of Plasmodium falciparum, the deadliest Plasmodium species. Recently, we developed a multistage vaccine for P. falciparum based on a heterologous prime-boost immunization regimen utilizing the attenuated vaccinia virus strain LC16m8Δ (m8Δ)-prime and adeno-associated virus type 1 (AAV1)-boost, and demonstrated 100% protection and more than 95% transmission-blocking (TB) activity in the mouse model. In this study, we report the feasibility and versatility of this vaccine platform as a P. vivax multistage vaccine, which can provide 100% sterile protection against sporozoite challenge and >95% TB efficacy in the mouse model. Our vaccine comprises m8Δ and AAV1 viral vectors, both harboring the gene encoding two P. vivax circumsporozoite (PvCSP) protein alleles (VK210; PvCSP-Sal and VK247; -PNG) and P25 (Pvs25) expressed as a Pvs25–PvCSP fusion protein. For protective efficacy, the heterologous m8Δ-prime/AAV1-boost immunization regimen showed 100% (short-term; Day 28) and 60% (long-term; Day 242) protection against PvCSP VK210 transgenic Plasmodium berghei sporozoites. For TB efficacy, mouse sera immunized with the vaccine formulation showed >75% TB activity and >95% transmission reduction activity by a direct membrane feeding assay using P. vivax isolates in blood from an infected patient from the Brazilian Amazon region. These findings provide proof-of-concept that the m8Δ/AAV1 vaccine platform is sufficiently versatile for P. vivax vaccine development. Future studies are needed to evaluate the safety, immunogenicity, vaccine efficacy, and synergistic effects on protection and transmission blockade in a non-human primate model for Phase I trials.
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Introduction

Malaria, the most important parasitic disease of humans, is caused by parasites of the Plasmodium genus and is transmitted by female Anopheles (An.) mosquitoes (1). Most human malaria cases stem from infection by either of two Plasmodium parasite species: P. falciparum and P. vivax. Research efforts have primarily centered on P. falciparum malaria because of its high mortality rates in sub-Saharan Africa. However, P. vivax malaria affects more of the population across a wider geographical range (95 countries), with 2.85 billion people at risk of disease every year (2). Furthermore, recent studies documented severe cases of P. vivax in children, including cerebral malaria, severe anemia, acute respiratory syndrome, and thrombocytopenia (3–5).

In addition to its broad geographic distribution, including some of the most densely populated regions on Earth, another factor that makes P. vivax particularly difficult to control is its ability to remain within hepatocytes in a latent/inactive liver form, called hypnozoites, which can become active weeks, months, or even years after the initial mosquito-transmitted infection. Upon activation, the parasites multiply, and the generated merozoites leave hepatocytes, leading to a relapse of the symptomatic blood-stage infection (6). The relapse causes symptoms without any further sporozoite infection via mosquito transmission. Therefore, relapses contribute to the burden of the disease because, after hypnozoite reactivation, the blood parasite can infect mosquitoes and be transmitted to new susceptible hosts. Despite the significance of effective interventions being acknowledged, the absence of long-term in vitro culture systems using red blood cells, appropriate animal models, insufficient research funds, and the complex lifecycle of the parasite have impeded progress in the development of a potent vaccine (7, 8).

For P. vivax vaccine development, pre-erythrocytic vaccines (PEV) targeting sporozoite surface proteins might block hepatocyte invasion and the establishment of hypnozoites. This strategy may have an anti-infection effect and decrease the risk of recurrent infection (9). The primary candidate for PEV is the circumsporozoite protein (CSP), present on the surface of all types of Plasmodium sporozoites and is currently, the most advanced contender for an effective malaria vaccine (10). A challenge hindering the progress of a P. vivax CSP (PvCSP)-based vaccine is the higher diversity observed within the PvCSP molecule compared with P. falciparum. Specifically, three distinct PvCSP alleles (VK210, VK247, and P. vivax-like) have been identified globally, each differing in the central repetitive region of the molecule. P. vivax infections are widespread worldwide, with VK210 and VK247 predominating. Several studies have focused on the development of a universal vaccine that targets the three different PvCSP alleles. However, a highly effective vaccine against infectious diseases has not been developed to date (11, 12). Considering the global distribution of the predominant VK210 and VK247 variants, it would be ideal to develop a PvCSP-based vaccine capable of inducing protective immune responses against both allelic forms at least (13).

The P. falciparum R21 vaccine based on P. falciparum CSP (PfCSP), developed by the University of Oxford, is considered a next−generation RTS,S−like vaccine. Notably, in a Phase II trial conducted in Burkina Faso, the vaccine demonstrated efficacy of up to 77% against clinical malaria over 1 year (14). Research led by Arturo Reyes–Sandoval applied R21 technology based on a virus-like particle to generate a P. vivax vaccine candidate, Rv21 (15). This vaccine contained the VK210 and VK247 sequences of PvCSP conjoined with hepatitis B virus-like particles, and was produced using the yeast Pichia pastoris. When administered in conjunction with Matrix-M adjuvant, the Rv21 vaccine demonstrated durable and absolute protection against sporozoites in mice. Additionally, the antibodies produced in response to both variants effectively identified PvCSP on the surface of P. vivax sporozoites (15). In another approach, Herrera et al. reported that PvCSP-derived long synthetic peptides with Montanide ISA720 or Montanide ISA51 were safe, well-tolerated, and induced sterile protection in 36.6% of naive volunteers and 27.3% of semi-immune volunteers against Controlled Human Malaria Infection (CHMI) in Phase I clinical trials in Colombia (16).

Malaria parasites pass through multiple phases throughout their intricate life cycle. To diminish the individual burden of disease and spread of malaria in the general population, a vaccine that targets the multiple stages of malaria’s lifecycle might be a more effective approach than one that focuses on a single stage. Such a multistage vaccine strategy would be particularly effective against P. vivax, which includes a dormant hypnozoite stage in its life cycle. We recently developed a vaccine platform using viral vectors, including a highly attenuated strain of vaccinia virus, LC16m8Δ (m8Δ)–a genetically stable variant of the efficacious Japanese smallpox vaccine LC16m8, and adeno-associated virus (AAV), commonly utilized in gene therapy for humans. The multistage vaccine for P. falciparum, incorporating genes for the circumsporozoite protein PfCSP and ookinete protein Pfs25, fused into a single protein, induced sterile protection and halted transmission, maintaining prolonged robust immune responses and protective efficacy (17).

In the present study, we generated a P. vivax multistage m8Δ/AAV vaccine harboring the genes encoding PvCSP and Pvs25 as a fusion protein and showed the feasibility and versatility of the m8Δ/AAV vaccine platform for P. vivax vaccine development. The heterologous m8Δ-prime/AAV-boost vaccination regimen in murine models achieved complete protection (100%) against PvCSP-transgenic P. berghei sporozoites and demonstrated up to 95% efficacy in preventing malaria transmission. This was confirmed using a direct membrane feeding assay (DMFA) using parasites from naturally P. vivax-infected individuals in malaria-endemic regions. Our vaccine platform provides adaptability and superior qualities for managing malaria caused by P. falciparum and P. vivax. We propose that the m8Δ/AAV P. vivax multistage vaccine will have a significant role in fulfilling the ambitious objectives set forth in the malaria vaccine technology roadmap, aiming for sustained sterile immunity and a high degree of transmission-blocking (TB) effectiveness.





Materials and methods




Cells and viruses

HEK293T cells and baby hamster kidney (BHK) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Life Technologies) supplemented with 10% heat-inactivated fetal bovine serum (FBS), non-essential amino acids, penicillin, and streptomycin. Rabbit kidney RK13 cells were cultured in RPMI 1640 medium (Gibco, Life Technologies) supplemented with 10% heat inactivated FBS, penicillin, and streptomycin. Canarypox virus and m8Δ were previously described (18).





Parasites and animals

The genetically modified P. berghei parasite lines utilized in this study, engineered PvCSP-VK210 and -VK247, were initially developed by the Laboratory of Vaccinology and Applied Immunology, Kanazawa University (19, 20). An. stephensi mosquitoes (SDA 500 strain) were used as hosts to these transgenic parasites after feeding on parasite-infected 6-week-old BALB/c mice. Female BALB/c mice, acquired from Japan SLC (Hamamatsu, Shizuoka, Japan), were consistently used in the present study when they reached the age of 6–8 weeks.





Anopheles spp. mosquito colonies

An. stephensi females were reared at the Laboratory of Vaccinology and Applied Immunology of Kanazawa University in Japan. The colony was kept at a temperature of 20°C and a relative humidity of 60%. Larvae were hatched in room temperature water and fed with fish food (KAMIHATA®). The larvae were allowed to pupate and emerge into adults in an enclosed mesh-covered cage with water and 5% fructose. Female mosquitoes were used for experiments at 7–10 days old.

An. aquasalis and An. darlingi females were reared at the Laboratory of Medical Entomology at Fundação de Medicina Tropical Dr. Heitor Vieira Dourado (FMT-HVD) in Manaus, Brazil. The colonies were kept at a temperature of 24°C–26°C and a relative humidity of 70%–80%. Larvae were hatched in room temperature water and fed with fish food (TetraMin®). The larvae were allowed to pupate and emerge into adults in an enclosed mesh-covered cage with water and 10% glucose for An. aquasalis or 15% of honey for An. darlingi. Female mosquitoes used for experiments were 3–6 days old (21, 22). The glucose or honey solution was removed 12–24 h prior to the DMFA to starve the mosquitoes.





Viral vector construction

The recombinant vaccinia virus m8Δ-Pv(P7.5-s25-CSP-VK210/247)-HA vector, was generated by homologous recombination for foreign gene insertion into the HA gene locus as described previously (23). This m8Δ virus is designed to express proteins under the control of the p7.5 promoter. BHK cells were infected with the canarypox virus at a multiplicity of infection (MOI) of 10 and then transfected with the transfer plasmid vector, pVR1-Pv(P7.5-s25-CSP-VK210/247)-HA, and the m8Δ genomic DNA using lipofectamine LTX (Thermo Fisher Scientific, Waltham, MA, USA). The transfected cells were cultured in DMEM supplemented with 10% FBS for one day. The culture medium and cells were then collected and freeze-thawed five times to prepare recombinant m8Δ-Pv(P7.5-s25-CSP-VK210/247)-HA. RK13 cell monolayers were inoculated with each recombinant m8Δ-Pv(P7.5-s25-CSP-VK210/247)-HA, followed by plaque purification. Loss of HA expression was confirmed using peripheral blood from a white leghorn (Shimizu Laboratory Supplies, Kyoto, Japan), as previously described (24). Insertion of the Pv(P7.5-s25-CSP-VK210/247) gene into the m8Δ-HA region was confirmed by PCR using the following primer pair:

	5′-CACCCATATGTACCATAGCATCGAGTTGATATCTATCGG-3′ (F1) and

	5′-GCAGGTGTCCTCCTTCAGTGTATAGCC-3′ (R1).



For the generation of AAV1-Pv(s25-CSP-VK210/247), the gene cassette encoding Pfs25-PfCSP was excised from the pENTR-Pvs25-PvCSP(VK210/247)-G2-WPRE plasmid by digestion with Mun I/XhoI and then inserted into the EcoRI and XhoI sites of the pAAV-sPfs25-sPfCSP-G2 vector to construct pAAV-Pvs25-CSP(VK210/247), which facilitated the production of AAV1-Pv(s25-CSP-VK210/247). This was achieved by transfecting HEK293T cells with the plasmid, as described in a previous study (25, 26).





Immunoblotting

HEK293T cells were infected with m8Δ-Pv(P7.5-s25-CSP-VK210/247)-HA at an MOI of 5 or with AAV1-Pv(P7.5-s25-CSP-VK210/247) at an MOI of 105. Cell lysates were collected using Laemmli buffer 24 or 48 h post-infection and subjected to immunoblotting as described previously (27). The cell lysates were electrophoresed on 10% sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) under reducing conditions for probing with the anti-PvCSP-VK210 monoclonal antibody (mAb) 2F2 or anti-PvCSP-VK247 mAb 2E10E9. Under non-reducing conditions, anti-Pvs25 mAb N1-1H10 was used. Each blot was incubated with goat anti-mouse IRDye 800 conjugated secondary antibodies (Rockland Immunochemicals, Limerick, PA, USA), and then visualized using an Odyssey infrared imager (LI-COR, Lincoln, NE, USA) (28).





Immunofluorescence assay

IFAs were performed to evaluate protein expression using fluorescently labeled antibodies. Rabbit kidney (RK) cells at a concentration of 5 × 104 cells per well, were infected with the m8Δ vaccine through a serial dilution process. When virus plaques were formed 72 h post-infection, live cell staining was performed. In brief, R-Phycoerythrin LK23-conjugated anti-PvCSP-VK210 mAb 2F2, Fluorescein LK01-conjugated anti-PvCSP-VK247 mAb 2E10E9 or HiLyte Flour™ 647 LK13-conjugated anti-Pvs25 mAb N1-1H10 was directly added to the plaque forming cells, and a BZ-X710 fluorescence microscope (Keyence Corp., Tokyo, Japan) was used for image acquisition.





Immunization

For prime immunization, 1 × 107 plaque-forming units (PFU) of m8Δ-Pv(P7.5-s25-CSP-VK210/247) were administered by tail scarification (29) as priming, and 1 × 1010 viral genomes of AAV1-Pv(s25-CSP-VK210/247) were intramuscularly administered 6 weeks after priming. Negative control animals were injected with PBS or m8Δ-prime and AAV1-boost after a 6-week interval (17).





Enzyme-linked immunosorbent assay

Serum samples were collected from the tail veins of mice. For the analysis of humoral immunity, blood was collected continuously from the tail vein for 8 months, and antibody titers were measured by ELISA (Figure 1). PvCSP-VK210 and Pvs25 specific IgGs titers were quantified by ELISA as described previously (30). Briefly, the wells of microtiter plates (96-well EIA/RIA plate, Coster®, Kennebunk, CA, USA) were coated with 100 µl of PvCSP-VK210 protein (200 µg/ml), PvCSP-VK247 peptide (200 µg/ml, NH2-GAGNQPGANGAGNQPGANGAGNQPGAN-COOH, Eurofins, Kyoto, Japan), and Pvs25 protein (400 µg/ml) overnight at 4°C and then blocked with PBS containing 1% BSA. All proteins used for this study were produced by the E. coli system (19). Tail blood samples were serially diluted and then added to the wells, where they were incubated at room temperature for 1 hour. Subsequent to washing, horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (H+L) antibodies (Bio-Rad, Tokyo, Japan) were included in the wells. A substrate solution for peroxidase containing H2O2 and 2,2′-and-bis(3-ethylbenzothiazoline-6-sulfonate) was used to develop the plates. The endpoint titers were denoted as the inverse of the most diluted sample that yielded an optical density of 0.15 units at 414 nm, surpassing the optical density of the negative controls, which was below 0.1 unit. Prior to vaccination, all mice in the study were confirmed to be seronegative.




Figure 1 | Construction of the m8Δ/AAV1 vaccine. (A) The gene cassette encoding the Pvs25-PvCSP fusion protein is shown; the chimeric pvcsp gene encoding amino acids 19–373 of PvCSP VK210 (i.e., lacking the N-terminal signal peptide and C-terminal glycosylphosphatidylinositol anchor sequences) and the three repeat sequence units (a, GDRADGQPA; b, GDRAAGQPA; c, GAGNQPGAN) of PvCSP VK247 are fused to the C-terminus of Pvs25. (B) The gene cassette was introduced into the AAV1 and m8Δ genomes to generate AAV1-Pv(s25-CSP-VK210/247) and m8Δ-Pv(P7.5-s25-CSP-VK210/247)-HA, respectively. Expression of the pvcsp-pvs25 fusion gene cassette was driven by the CMV promoter in AAV1 and by the P7.5 promoter in m8Δ. HA, hemagglutinin gene; S, gp64 signal sequence; P7.5, 7.5 promoter; pCMV, CMV immediate early promoter; F, FLAG epitope tag; G6S, GGGGGS hinge sequence; G, VSV-G TM; WPRE, woodchuck hepatitis virus posttranscriptional regulatory element. (C–E) Analysis of Pvs25-PvCSP fusion protein expression in HEK293T cells transduced with AAV1-Pv(s25-CSP-VK210/247) (MOI = 105) or m8Δ-Pv(P7.5-s25-CSP-VK210/247)-HA (MOI = 5). Cells were lysed and loaded onto a 10% SDS-PAGE gel and immunoblotted with anti-PvCSP VK210 mAb 2F2 (C), anti-PvCSP VK247 mAb 2E10E9 (D), or anti-Pvs25 mAb N1-1H10 (E). (F, G) Localization of the Pvs25-PvCSP fusion protein in mammalian cells after transduction with AAV1-Pv(s25-CSP-VK210/247) in HEK293T cells (F) or with m8Δ-Pv(P7.5-s25-CSP-VK210/247)-HA in RK13 cells (G). (F) After 24 h, the cells were fixed with paraformaldehyde and blocked with 10% normal goat serum. Then, the cells were incubated with R-Phycoerythrin LK23-conjugated anti-PvCSP VK210 mAb 2F2 (red), Fluorescein LK01-conjugated anti-PvCSP VK247 mAb 2E10E9 (green), and HiLyte Flour™ 647 LK13-conjugated anti-Pvs25 mAb N1-1H10 (light blue). Cell nuclei were visualized with DAPI (blue). Original magnification, 100×. Scale bars = 200 µm. (G) After 24 h, the infected cells formed plaques and were directly immunostained with R-Phycoerythrin LK23-conjugated anti-PvCSP VK210 mAb 2F2 (red), Fluorescein LK01-conjugated anti-PvCSP VK247 mAb 2E10E9 (green), and HiLyte Flour™ 647 LK13-conjugated anti-Pvs25 mAb N1-1H10 (light blue). Original magnification, 400×. Scale bar = 20 μm.







Challenge infection with PvCSP transgenic sporozoites

Mice were i.v. challenged with PvCSP-VK210/Pb (19) or PvCSP-VK247/Pb (31) sporozoites resuspended in RPMI 1640 medium. Sporozoites were prepared as described previously (31). Each mouse was administered 100 µl of media containing 1000 sporozoites via the tail vein. The progression of malaria infection was monitored on days 4–14 by Giemsa staining of thin blood smears obtained from the tail. Protection was characterized by the complete absence of blood-stage parasitemia on day 14 post-challenge. The duration to achieve 1% parasitemia was determined as described previously (27). In addition, mice that had sterile protection against PvCSP-VK210/Pb sporozoites were rechallenged with 1000 PvCSP-VK210/Pb sporozoites. Protective efficacy was defined as the complete absence of detectable blood-stage parasites in peripheral blood smears until day 14, and a model predicting the time to reach 1% parasitemia was generated.





P. vivax-infected blood sample collection

Samples of P. vivax-infected patient blood were obtained via venipuncture and placed in heparinized tubes. Patients were recruited at FMT-HVD, Manaus, Amazonas, based on the following inclusion criteria: adults (age 18 years or older), confirmed diagnosis of P. vivax monoinfection by positive microscopy (determined by the presence and percentage of infected red blood cells within at least 10,000 observed red blood cells in a Giemsa-stained peripheral blood smear), and positive result from rapid diagnostic tests (Tokyo Future Style, Tokyo, Japan). Percentages of parasitemia and gametocytemia are shown in Supplementary Table S1. Patients who had received any antimalarial treatment in the last 30 days were excluded. Following P. vivax-infected blood collection, all patients received treatment in accordance with the Brazilian Malaria Treatment Guidelines (32).





Direct membrane feeding assay of blood from P. vivax-infected patients from Brazil

Field-relevant TB efficacy was determined by DMFAs of blood from naturally infected patients (18–60 years old) from the Brazilian Amazon, as described previously (33). Patients visiting malaria clinics in FMT-HVD were examined microscopically for malaria infection using thick blood smears stained with Giemsa stain and rapid diagnostic tests (Tokyo Future Style, Tokyo, Japan). Upon diagnosis with P. vivax malaria, patients were invited to contribute blood samples for the DMFA. After blood collection, all malaria patients were treated at the FMT-HVD according to treatment guidelines provided by the Brazilian Health Ministry (32). The DMFA consisted of a membrane feeding system connected to 37°C water circulation with a different input for the blood to feed the mosquitoes. The collected blood was centrifuged, plasma removed, and erythrocytes were washed three times with an equal volume of RPMI 1640. Pelleted erythrocytes were mixed with inactivated human sera, along with the relevant mouse sera (collected post-boost after 28 days, n = 10), or control sera at different concentrations to achieve a final hematocrit of 50%, and were fed to An. darlingi or An. aquasalis at the desired concentration via a Parafilm® membrane over a 120-minute period. After 28 days, the post-boost serum concentrations examined were 1:5, 1:10, and 1:50 (100 µl, 50 µl, and 10 µl of immune serum, respectively, plus 250 µl of the erythrocyte pellet and complete test samples up to 500 µl with inactivated human AB serum for each group) (Supplementary Table 2). Negative control sera were obtained from a group of unimmunized mice, with sera pooled from 30 control mice. Non-blood-fed mosquitoes were removed from the cage after feeding. The engorged mosquitoes were subsequently kept at 26°C and 80% relative humidity. After a 7-day period, the midguts from 8 to 38 mosquitoes per group were dissected, oocysts were tallied, and the number of infected mosquitoes was documented. TRA and TBA were determined using the following formulas: TRA (%) = 100 × [1 − (average number of oocysts in the test group/average number of oocysts in the control group)]; and TBA (%) = 100 × [1 − (proportion of mosquitoes with no oocysts in the test group/proportion of mosquitoes with oocysts in the control group)] (34).





Statistical analysis

To assess the protective efficacy of the m8Δ/AAV1-Pv(s25-CSP-VK210/247) vaccine, survival analyses at 1% parasitemia of the protected and infected mice in the vaccinated group were compared with those in the PBS or naïve control groups by the log-rank (Mantel-Cox) test to determine statistical significance. To calculate the difference between prime and boost antibody responses, the Mann-Whitney U-test was performed to evaluate statistical significance. Oocyst intensity, TRA, and TBA were analyzed by the Kruskal-Wallis test followed by Dunn’s multiple comparisons test using GraphPad Prism software (version 9, San Diego, CA), where p < 0.05 was considered statistically significant. In all figures, p-values are shown as follows: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.






Results




Construction of m8Δ and AAV1 vaccines and expression of the Pvs25-PvCSP fusion antigen

The P. vivax gene construct, pvs25-pvcsp-VK210/247 (Figure 1A), features a connecting hinge peptide composed of six glycines and one serine (Gly6Ser1) between the pvs25 and pvcsp-VK210/247 genes. The expression of the fusion gene was controlled by the cytomegalovirus immediate-early enhancer-promoter (CMVie) in the case of AAV1 and by the 7.5 promoter (P7.5) for m8Δ (Figure 1B). Therefore, m8Δ-Pv(P7.5-s25-CSP-VK210/247)-HA and AAV1-Pv(s25-CSP-VK210/247) constructs include the genes for full-length VK210 as well as the three repeat units of the 247 allele type of PvCSP and Pvs25, linked together into a fusion protein. Human embryonic kidney (HEK) 293T cells transduced by m8Δ (lane 1, MOI = 5) or AAV1 (lane 2, MOI = 105,) synthesized the Pvs25-PvCSP-VK210/247 fusion proteins that reacted with anti-VK210 repeat monoclonal antibody (mAb) 2F2, anti-VK247 repeat mAb 2E10E9, and anti-Pvs25 mAb N1-1H10 at a position with a relative Mr of 80–100 kDa (Figures 1C–E). Furthermore, there were several bands of PvCSP and cleaved products of the fusion protein with a relative Mr of 50–55 kDa. The PvCSP-VK210, -VK247, and Pvs25 proteins were also shown to be expressed on the cell surface (Figures 1F, G) by an immunofluorescence assay.





Induction of potent and durable anti-PvCSP and anti-Pvs25 antibody responses

We have previously shown that the P. falciparum m8Δ/AAV1-Pf(s25-CSP) vaccine requires only two immunization doses to induce 100% protection against transgenic P. berghei expressing PfCSP sporozoite challenge (23). To test the immunogenicity of the m8Δ/AAV1-Pv(s25-CSP-VK210/247) vaccine, mice were immunized using a heterologous regimen (prime immunization: m8Δ and boost immunization: AAV1) with a 6-week interval, as described previously (23–25). Anti-PvCSP-VK210- and anti-Pvs25-specific IgGs were elicited to titers of 33,279 and 9969 (Figure 2A), respectively, 6 weeks after priming, and these titers increased to 266,550 and 309,460, respectively, 4 weeks after boosting (Figure 2C). However, no antibodies against the VK247 repeats were detected (Figure 2B), indicating that the three VK247 repeat units were less immunogenic than the VK210 repeats (Figure 1A). Remarkably, PvCSP-VK210- and Pvs25-specific antibodies were sustained at high-titers for as long as 8 months (Figures 2D, E).




Figure 2 | Durability of antibody responses. BALB/c mice (n = 20) were immunized with the m8Δ/AAV1-Pv(s25-CSP-VK210/247) vaccine. (A–C) Sera were collected 1 day before the boost immunization (shown as “prime”) and 4 weeks after the boost immunization (shown as “boost”). Antibody titers against PvCSP-VK210 (A), PvCSP-VK247 (B), and Pvs25 (C) are shown. Each datapoint represents a single mouse, and horizontal lines indicate the median of antibody titers ± interquartile range. Differences between prime and boost were calculated by the Mann–Whitney U-test. ****p < 0.0001; ns, not significant. (D, E) BALB/c mice (n = 5) were immunized and sera were collected weekly up to 248 days. Antibody titers against PvCSP-VK210 (D) and Pvs25 (E) are shown. The data points indicate the median of antibody titers ± interquartile range.







Protective efficacy against transgenic P. berghei lines expressing PvCSP

To assess the protective efficacy of the m8Δ/AAV1-Pv(s25-CSP-VK210/247) vaccine, immunized mice in three groups were challenged intravenously with 1000 transgenic sporozoites, as shown in the experimental design (Supplementary Figure S1). Briefly, immunized mice were challenged with the PvCSP-VK210/Pb transgenic sporozoites at day 28 (Experiment I; short-term) and day 242 (Experiment II; long-term), or PvCSP-VK247/Pb sporozoites at day 28 (Experiment III).

In Experiment I (short-term), 10/10 mice (100%, p < 0.0001) were protected against the PvCSP-VK210/Pb challenge, whereas all control mice were infected (Figure 3A). After 35 days, surviving mice were challenged further with PvCSP-VK210/Pb, and 10/10 mice (100%, p < 0.0001) were protected against the rechallenge (Figure 3B). In Experiment II (long-term), 3/5 mice (60%, p < 0.01) were protected against the PvCSP-VK210/Pb challenge (Figure 3C). As in Experiment I, all surviving mice (3/3, 100%, p < 0.0001) were protected against PvCSP-VK210/Pb rechallenge 35 days after the first challenge (Figure 3D). These results indicate that m8Δ/AAV1 vaccine provides potent and long-lasting protective immunity against PvCSP-VK210/Pb. In Experiment III (short-term), 0/10 mice (0%, not significant) were protected against the PvCSP-VK247/Pb challenge (Figure 3E). The lack of protective efficacy against PvCSP-VK247/Pb may be related to the lack of induction of anti-PvCSP-VK247 antibodies.




Figure 3 | Protective efficacy against sporozoite challenge. BALB/c mice were immunized with the m8Δ/AAV1-Pv(s25-CSP-VK210/247) vaccine. (A, B) Experiment I: Mice were challenged with PvCSP-VK210/Pb sporozoites 28 days after immunization with m8Δ/AAV1 (n = 10) or PBS (n = 10) (A). The surviving mice in (A) (n = 10) were rechallenged at 63 days (35 days after initial challenge) and compared with naïve mice (n = 10) (B). (C, D) Experiment II: Mice were challenged with PvCSP-VK210/Pb sporozoites 242 days after immunization with m8Δ/AAV1 (n = 5) or PBS (n = 5) (C). The surviving mice in (C) (n = 3) were rechallenged at 277 days (35 days after initial challenge) and compared with naïve mice (n = 10) (D). Data of naïve control mice in (B) and (D) were identical in the rechallenge experiments (B, D) conducted on the same day. (E) Experiment III: Mice were challenged with PvCSP-VK247/Pb sporozoites 28 days after immunization with m8Δ/AAV1 (n = 10) or PBS (n = 10). In all experiments, parasitemia was monitored daily from day 4 after challenge up to day 14. P-values were calculated by log-rank (Mantel-Cox) tests versus the control group (PBS or naive). ****p < 0.0001, **p < 0.01.







TB efficacy against field-isolated P. vivax in volunteers from the Brazilian Amazon

To evaluate the TB effectiveness of the m8Δ/AAV1-Pv(s25-CSP-VK210/247) vaccine against naturally occurring P. vivax at physiological parasite densities, a direct membrane feeding assay (DMFA) was conducted using gametocyte-positive blood samples obtained from four volunteers (Isolate Nos. 1–4) from the Brazilian Amazon. Pooled sera from the immunized groups (collected 4 weeks after the final immunization) were combined with freshly collected gametocyte-positive blood and fed through an artificial membrane to laboratory-reared female An. aquasalis for Isolate Nos. 1 and 2 and An. darlingi for Isolate Nos. 3 and 4. The parasitemia and gametocytemia of Isolate Nos. 1–4 are summarized in Supplementary Table S1. In all four isolates, oocysts were observed in mosquito species in the DMFA, as well as after supplementation with sera from mice that received the PBS control.

Mosquitoes that fed on the control sera showed a mean intensity of 20.9–104.1 oocysts/midgut, whereas those fed on the immune sera had a mean intensity of 0.14–3.0 oocysts/midgut in a 1:5 dilution. Thus, vaccination achieved a significant transmission reduction activity (TRA) of 96.0% when diluted 1:5, 85.03% when diluted 1:10, and 78.7% when diluted 1:50 for the serum versus blood dilution ratio, although no statistical difference between the immune sera groups was found for the TRA. Furthermore, vaccination achieved a significant TB activity (TBA) of 75.6% (1:5 vs 1:50 *p < 0.05) when diluted 1:5, 59.7% when diluted 1:10, and 34.5% when diluted 1:50 for the serum versus blood dilution ratio (Figure 4 and Table 1). Thus, the vaccine provided potent TB activity with high anti-Pvs25 IgG titers (Figures 2C, E).




Figure 4 | Transmission-blocking activity for P. vivax using DMFA. BALB/c mice (n = 5) were immunized with the m8Δ/AAV1-Pv(s25-CSP-VK210/247) vaccine and sera were collected 28 days after the final immunization. Pooled sera were tested using a direct membrane feeding assay (DMFA) involving four P. vivax isolates from Brazilian patients (Isolate Nos. 1–4). Oocyst intensity per midgut is shown. Each data point represents the oocyst number from a single blood-fed mosquito (blue dot, control; red dot, immune sera of different dilutions). Horizontal lines indicate the mean number. The mean ± standard deviation, % of infected mosquitoes and number of mosquitoes are summarized below each P. vivax isolate. P-values were calculated using the Kruskal-Wallis test followed by Dunn’s multiple comparisons test for oocyst intensity of the immunized sample versus the control. *p < 0.05, ***p < 0.001, ****p < 0.0001.




Table 1 | TRA and TBA of DMFA.








Discussion

Currently, more than 70 P. falciparum vaccines targeting different antigens in its complex life cycle are under development and at least 7 of these are undergoing clinical testing (35). Compared with P. falciparum, there has been no coherent vaccine program for P. vivax (36, 37). This process has been hampered by the lack of a continuous culture system for blood-stages, restricted availability of ideal animal models to study parasite biology, and the lack of funding support (8). Our recent progress in the development of the m8Δ/AAV1-based P. falciparum multistage vaccine has enabled us to use it for P. vivax vaccines (17). In the present study, the newly developed m8Δ/AAV1-based P. vivax vaccine successfully provided 100% protection in a “humanized” rodent malaria parasite model and 95% field-relevant TB efficacy as demonstrated by a DMFA of P. vivax isolates from infected patients from the Brazilian Amazon. These findings provide an important proof-of-concept that the m8Δ/AAV1 vaccine platform is sufficiently versatile to be applied to P. vivax vaccine development.

In contrast to P. falciparum PfCSP, PvCSP is genetically diverse with three major types, VK210, VK247, and the Pv-like variant, which differ in the central repetitive region of the molecule (10). Ideally, a vaccine effective for all three genotypes would be desirable. Our vaccine was designed to express a chimeric PvCSP consisting of the entire PvCSP VK210 and three repeat units of VK247, with the potential to provide worldwide coverage and protection against the predominant P. vivax strains. Although the chimeric PvCSP expressed on the surface of cells transduced by the vaccine in vitro was recognized by mAbs to the repetitive sequences of VK210 and VK247, mice immunized with the vaccine induced antibodies to the VK210 repeat sequence, but not the VK247 repeat sequence. As a result, the vaccine failed to protect mice against PvCSP VK247 transgenic P. berghei sporozoites, which possess the N- and C-terminal conserved regions of VK210 and VK247 and the repeat units of VK247. These results suggest that antibodies to the repeat sequences play a critical role in protection in the murine model. This notion is supported by evidence that the BALB/c (H-2Kd) mice used in our study did not recognize the cytotoxic CD8+ cytotoxic T lymphocyte epitopes on the PvCSP sequence. Consistent with previous studies, the protective efficacy of malaria CSP-based vaccines is mainly dependent on antibodies to the repeat sequences, including their titers and avidities, in murine models. In addition to the induction of antibodies to VK210 and VK247, ideal P. vivax PEVs would kill all parasites injected by mosquitoes, including sporozoites, those at the liver stage, and hypnozoite parasites to prevent relapses. This requirement appears to be more difficult to achieve for P. vivax vaccines than for P. falciparum PEVs. T cells targeting infected hepatocytes have the potential to eradicate these cells and thus prevent relapse, indicating our viral-vectored PEV platform capable of inducing cellular immune responses in the P. falciparum study is a promising approach for the elimination of P. vivax hypnozoites in the liver, although this study did not show any evidence of T-cell-mediated elimination of liver-stage parasites. In the future, we hope to improve the m8Δ/AAV1 vaccine to be effective against the VK210 and VK247 strains by incorporating the full-length CSP sequence of VK247.

Compared with single PEVs, our multistage vaccine will be able to block transmission to mosquitoes even though the vaccine-induced immune responses allow a few pursued remnants to develop hypnozoites in the liver. This could be important in preventing the spread of P. vivax infection via the movement of individuals infected with hypnozoites from endemic areas to non-endemic countries where populations lack naturally acquired immunity to P. vivax malaria. Our multistage vaccine strategy for P. vivax appears to align well with the updated Malaria Vaccine Technology Roadmap to 2030, which advocates for a next-generation vaccine capable of attaining 75% efficacy against P. falciparum and P. vivax within a two-year timeframe (38). Additionally, the roadmap emphasizes the importance of developing a transmission-blocking vaccine (TBV) targeting sexual stage parasites within mosquito vectors (38). We performed a field study in ILMD-Fiocruz Amazônia, Manaus, Brazil, to evaluate the TB efficacy, as determined by a DMFA using parasites from P. vivax isolates from infected patients from the Amazon, an area endemic for P. vivax malaria. The DMFA conducted in Brazil utilized blood from four different individuals with varying parasitemia levels among P. vivax-infected patients. Furthermore, two species of An. mosquitoes, malaria vectors in the Brazilian Amazon basin, were used. Despite differences in parasitemia and the types of An. mosquitoes used, consistently high TB effects were demonstrated in all experiments, and reproducibility was achieved. In previous studies, the genetic diversity of Pvs25 observed worldwide was limited, and anti-Pvs25 antibodies were reported to be effective against various P. vivax strains without significant impact despite their genetic variations (39). Our m8Δ/AAV1-Pv(s25-CSP-VK210/247) vaccine had 100% protective efficacy against the VK210 strain, and it offers a significant advantage by demonstrating TB effects against the VK210, VK247, and Pv-like strains. However, considering the limited number of mosquitoes used in the DMFA and that patient infection strains have not been identified by PCR, further research will be essential.

In summary, our P. vivax multistage vaccine based on the m8Δ/AAV1 platform provided 100% protection and 95.9% TB efficacy (TRA; 1:5 dilution). Moreover, there was no significant difference between dilutions, indicating an effective decrease in transmission even at the highest dilution. Remarkably, the high antibody titers against PvCSP-VK210 and Pvs25 persisted over 8 months and additionally conferred sterile protection against a second challenge in a murine model. Regarding the feasibility of the vaccine for clinical settings, smallpox vaccines are the most successful vaccines in human history and were used worldwide, including Africa, without cold-chain restrictions until 1977. The third-generation smallpox vaccine known as m8, approved as part of Japan’s smallpox immunization campaign, was integral to the World Health Organization’s global smallpox eradication efforts (40). The administration of m8 to over 100,000 children in Japan resulted in an absence of severe vaccine-related adverse effects (41). m8Δ represents a genetically stabilized version of m8, which as a vaccine vector, triggers antibody and cell-mediated immune responses to external antigens with an efficacy approximately 500-fold greater than that of the non-replicating modified vaccinia virus Ankara (40). AAV1 has been already used for gene therapy in humans. Clinical trials are expected to result in equivalent or superior results to those in animal models because m8Δ and AAV1 are human-derived vectors for vaccine and gene therapy, respectively. The safety, efficacy, and production infrastructure of both vaccines are therefore assured. In a subsequent study, we intend to evaluate the safety, immunogenicity, efficacy, and synergistic effects on protection and transmission blockade of this candidate vaccine in a non-human primate model with a view toward Phase I trials.
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Supplementary Figure 1 | Experimental design of the sporozoite challenge experiments and TB assays. BALB/c mice (n = 25) were immunized by the indicated regimen and divided into three groups: (A) challenged with 1000 PvCSP-VK210/Pb sporozoites at 28 days (n = 10) or 242 days (n = 5) after the final immunization. Protected mice (63 days; n = 10, 277 days: n = 3) were then rechallenged with 1000 PvCSP-VK210/Pb sporozoites 5 weeks after the first challenge, (B) challenged with 1000 PvCSP-VK247/Pb sporozoites at 28 days (n = 10) after the final immunization. (C) BALB/c mice (n = 10) were immunized by the indicated regimen. Sera from the immunized mice were pooled and a TB assay was performed, as determined by a direct membrane feeding assay using parasites from P. vivax-positive, naturally infected donors from the Brazilian Amazon. The time point for boosting immunization with AAV was set as Day 0. Serum collection for the ELISA was conducted one day before each procedure, i.e., immunization, sporozoite challenge, and infection of red blood cells for TB assays, or periodically for long-term monitoring. t.s., tail scaring immunization; i.m., intramuscular immunization; i.v., intravenous injection.

Supplementary Table 1 | P. vivax profile of patients from Brazil. Parasitemia and gametocytemia are defined as the percentage of parasite-infected red blood cells and gametocyte-infected red blood cells within at least 10,000 observed red blood cells from Giemsa-stained peripheral blood smears, respectively.

Supplementary Table 2 | P. vivax DMFA methodology. DMFA test samples were divided into four groups: a control group and three test groups (1:5, 1:10, and 1:50 dilutions). All four groups were adjusted to a total volume of 500 µl and used in the experiment.




References

1. Bourzac, K. Infectious disease: beating the big three. Nature. (2014) 507:S4–7. doi: 10.1038/507s4a

2. Guerra, CA, Howes, RE, Patil, AP, Gething, PW, Van Boeckel, TP, Temperley, WH, et al. The international limits and population at risk of Plasmodium vivax transmission in 2009. PloS Negl Trop Dis. (2010) 4:e774. doi: 10.1371/journal.pntd.0000774

3. Baird, JK. Evidence and implications of mortality associated with acute Plasmodium vivax malaria. Clin Microbiol Rev. (2013) 26:36–57. doi: 10.1128/CMR.00074-12

4. Mendis, K, Sina, BJ, Marchesini, P, and Carter, R. The neglected burden of Plasmodium vivax malaria. Am J Trop Med Hyg. (2001) 64:97–106. doi: 10.4269/ajtmh.2001.64.97

5. Organization WH. World Malaria Report 2022. Geneva: World Health Organization (2022). Available at: https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2022.

6. White, NJ. Determinants of relapse periodicity in Plasmodium vivax malaria. Malar J. (2011) 10:297. doi: 10.1186/1475-2875-10-297

7. Herrera, S, Corradin, G, and Arevalo-Herrera, M. An update on the search for a Plasmodium vivax vaccine. Trends Parasitol. (2007) 23:122–8. doi: 10.1016/j.pt.2007.01.008

8. Vargas-Parada, L. In search of a vaccine for Plasmodium vivax malaria. Nature. (2023) 618:S32–S3. doi: 10.1038/d41586-023-02053-2

9. Reyes-Sandoval, A. Plasmodium vivax pre-erythrocytic vaccines. Parasitol Int. (2021) 84:102411. doi: 10.1016/j.parint.2021.102411

10. Vo, TC, Le, HG, Kang, JM, Moe, M, Naw, H, Myint, MK, et al. Genetic polymorphism and natural selection of circumsporozoite protein in Myanmar Plasmodium vivax. Malar J. (2020) 19:303. doi: 10.1186/s12936-020-03366-7

11. Gimenez, AM, Salman, AM, Marques, RF, Lopez-Camacho, C, Harrison, K, Kim, YC, et al. A Universal Vaccine Candidate against Plasmodium Vivax Malaria Confers Protective Immunity against the Three Pvcsp Alleles. Sci Rep. (2021) 11:17928. doi: 10.1038/s41598-021-96986-1

12. Lima, LC, Marques, RF, Gimenez, AM, Francoso, KS, Aliprandini, E, Camargo, TM, et al. A multistage formulation based on full-length csp and ama-1 ectodomain of Plasmodium vivax induces high antibody titers and T-cells and partially protects mice challenged with a transgenic Plasmodium berghei parasite. Microorganisms. (2020) 8(6):916. doi: 10.3390/microorganisms8060916

13. Guled, BA, Chiajaroenkul, W, and Na-Bangchang, K. Genetic diversity of pvcsp and pvs25 in Plasmodium vivax isolates in malaria-endemic areas in Asia, Africa, and America: A systematic review. Afr J Pharm Pharmacol. (2023) 17:73–84. doi: 10.5897/AJPP2023.5355

14. Datoo, MS, Natama, HM, Some, A, Bellamy, D, Traore, O, Rouamba, T, et al. Efficacy and Immunogenicity of R21/Matrix-M Vaccine against Clinical Malaria after 2 Years' Follow-up in Children in Burkina Faso: A Phase 1/2b Randomised Controlled Trial. Lancet Infect Dis. (2022) 22:1728–36. doi: 10.1016/S1473-3099(22)00442-X

15. Salman, AM, Montoya-Diaz, E, West, H, Lall, A, Atcheson, E, Lopez-Camacho, C, et al. Rational development of a protective P. Vivax vaccine evaluated with transgenic rodent parasite challenge models. Sci Rep. (2017) 7:46482. doi: 10.1038/srep46482

16. Herrera, S, Fernandez, OL, Vera, O, Cardenas, W, Ramirez, O, Palacios, R, et al. Phase I safety and immunogenicity trial of Plasmodium vivax cs derived long synthetic peptides adjuvanted with montanide isa 720 or montanide isa 51. Am J Trop Med Hyg. (2011) 84:12–20. doi: 10.4269/ajtmh.2011.09-0516

17. Iyori, M, Blagborough, AM, Mizuno, T, Abe, YI, Nagaoka, M, Hori, N, et al. Sterile protection and transmission blockade by a multistage anti-malarial vaccine in the pre-clinical study. Front Immunol. (2022) 13:1005476. doi: 10.3389/fimmu.2022.1005476

18. Shahnaij, M, Iyori, M, Mizukami, H, Kajino, M, Yamagoshi, I, Syafira, I, et al. Liver-directed aav8 booster vaccine expressing Plasmodium falciparum antigen following adenovirus vaccine priming elicits sterile protection in a murine model. Front Immunol. (2021) 12:612910. doi: 10.3389/fimmu.2021.612910

19. Mizutani, M, Iyori, M, Blagborough, AM, Fukumoto, S, Funatsu, T, Sinden, RE, et al. Baculovirus-vectored multistage Plasmodium vivax vaccine induces both protective and transmission-blocking immunities against transgenic rodent malaria parasites. Infect Immun. (2014) 82:4348–57. doi: 10.1128/IAI.02040-14

20. Mizutani, M, Fukumoto, S, Soubeiga, AP, Soga, A, Iyori, M, and Yoshida, S. Development of a Plasmodium berghei transgenic parasite expressing the full-length Plasmodium vivax circumsporozoite vk247 protein for testing vaccine efficacy in a murine model. Malar J. (2016) 15:251. doi: 10.1186/s12936-016-1297-3

21. Fabbri, C, Trindade, AO, Andrade, FS, Souza, MF, Rios-Velasquez, CM, Lacerda, MVG, et al. Transmission-blocking compound candidates against Plasmodium vivax using P. Berghei as an initial screening. Mem Inst Oswaldo Cruz. (2021) 116:e200513. doi: 10.1590/0074-02760200513

22. Santos, NAC, Andrade, AO, Santos, TC, Martinez, LN, Ferreira, AS, Bastos, AS, et al. Evaluation of sustainable susceptibility to Plasmodium vivax infection among colonized anopheles darlingi and anopheles deaneorum. Malar J. (2022) 21:163. doi: 10.1186/s12936-022-04204-8

23. Omura, N, Yoshikawa, T, Fujii, H, Shibamura, M, Inagaki, T, Kato, H, et al. A novel system for constructing a recombinant highly-attenuated vaccinia virus strain (Lc16m8) expressing foreign genes and its application for the generation of lc16m8-based vaccines against herpes simplex virus 2. Jpn J Infect Dis. (2018) 71:229–33. doi: 10.7883/yoken.JJID.2017.458

24. Itamura, S, Morikawa, Y, Shida, H, Nerome, K, and Oya, A. Biological and immunological characterization of influenza virus haemagglutinin expressed from the haemagglutinin locus of vaccinia virus. J Gen Virol. (1990) 71:1293–301. doi: 10.1099/0022-1317-71-6-1293

25. Yusuf, Y, Yoshii, T, Iyori, M, Mizukami, H, Fukumoto, S, Yamamoto, DS, et al. A viral-vectored multi-stage malaria vaccine regimen with protective and transmission-blocking efficacies. Front Immunol. (2019) 10:2412. doi: 10.3389/fimmu.2019.02412

26. Xin, KQ, Mizukami, H, Urabe, M, Toda, Y, Shinoda, K, Yoshida, A, et al. Induction of robust immune responses against human immunodeficiency virus is supported by the inherent tropism of adeno-associated virus type 5 for dendritic cells. J Virol. (2006) 80:11899–910. doi: 10.1128/JVI.00890-06

27. Yoshida, K, Iyori, M, Blagborough, AM, Salman, AM, Dulal, P, Sala, KA, et al. Adenovirus-prime and baculovirus-boost heterologous immunization achieves sterile protection against malaria sporozoite challenge in a murine model. Sci Rep. (2018) 8:3896. doi: 10.1038/s41598-018-21369-y

28. Schneider, CA, Rasband, WS, and Eliceiri, KW. Nih image to imagej: 25 years of image analysis. Nat Methods. (2012) 9:671–5. doi: 10.1038/nmeth.2089

29. Sato, H, Jing, C, Isshiki, M, Matsuo, K, Kidokoro, M, Takamura, S, et al. Immunogenicity and safety of the vaccinia virus lc16m8delta vector expressing siv gag under a strong or moderate promoter in a recombinant bcg prime-recombinant vaccinia virus boost protocol. Vaccine. (2013) 31:3549–57. doi: 10.1016/j.vaccine.2013.05.071

30. Iyori, M, Nakaya, H, Inagaki, K, Pichyangkul, S, Yamamoto, DS, Kawasaki, M, et al. Protective efficacy of baculovirus dual expression system vaccine expressing Plasmodium falciparum circumsporozoite protein. PloS One. (2013) 8:e70819. doi: 10.1371/journal.pone.0070819

31. Emran, TB, Iyori, M, Ono, Y, Amelia, F, Yusuf, Y, Islam, A, et al. Baculovirus-induced fast-acting innate immunity kills liver-stage Plasmodium. J Immunol. (2018) 201:2441–51. doi: 10.4049/jimmunol.1800908

32. Brasil, MS. Guia de tratamento da malária no brasil. (Brasília-DF). Brasil: Ministério da Saúde (2021). Available at: https://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/svsa/malaria/tratamento/guia_tratamento_malaria_2nov21_isbn_site.pdf/view.

33. Arevalo-Herrera, M, Solarte, Y, Zamora, F, Mendez, F, Yasnot, MF, Rocha, L, et al. Plasmodium vivax: transmission-blocking immunity in a malaria-endemic area of Colombia. Am J Trop Med Hyg. (2005) 73:38–43. doi: 10.4269/ajtmh.2005.73.5_suppl.0730038

34. Miura, K, Swihart, BJ, Deng, B, Zhou, L, Pham, TP, Diouf, A, et al. Transmission-blocking activity is determined by transmission-reducing activity and number of control oocysts in Plasmodium falciparum standard membrane-feeding assay. Vaccine. (2016) 34:4145–51. doi: 10.1016/j.vaccine.2016.06.066

35. Kurtovic, L, Reiling, L, Opi, DH, and Beeson, JG. Recent clinical trials inform the future for malaria vaccines. Commun Med (Lond). (2021) 1:26. doi: 10.1038/s43856-021-00030-2

36. Bell, BA, Wood, JF, Bansal, R, Ragab, H, Cargo, J 3rd, Washington, MA, et al. Process development for the production of an E. Coli produced clinical grade recombinant malaria vaccine for Plasmodium vivax. Vaccine. (2009) 27:1448–53. doi: 10.1016/j.vaccine.2008.12.027

37. De, SL, Ntumngia, FB, Nicholas, J, and Adams, JH. Progress towards the development of a P. vivax vaccine. Expert Rev Vaccines. (2021) 20:97–112. doi: 10.1080/14760584.2021.1880898

38. Moorthy, VS, Newman, RD, and Okwo-Bele, J-M. Malaria vaccine technology roadmap. The Lancet J. (2013) 382:1700–1.

39. Chaves, LB, Perce-da-Silva, DS, Totino, PRR, Riccio, EKP, Baptista, BO, de Souza, ABL, et al. Plasmodium vivax ookinete surface protein (Pvs25) is highly conserved among field isolates from five different regions of the Brazilian amazon. Infect Genet Evol. (2019) 73:287–94. doi: 10.1016/j.meegid.2019.05.003

40. Kidokoro, M, Tashiro, M, and Shida, H. Genetically stable and fully effective smallpox vaccine strain constructed from highly attenuated vaccinia lc16m8. Proc Natl Acad Sci USA. (2005) 102:4152–7. doi: 10.1073/pnas.0406671102

41. Yamaguchi, M, Kimura, M, and Hirayama, M. Report of the national smallpox vaccination research committee: study of side effects, complications and their treatments. Clin Virol.. (1975) 3:269–78.




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Yamamoto, Fabbri, Okuhara, Takagi, Kawabata, Katayama, Iyori, Hasyim, Sakamoto, Mizukami, Shida, Lopes and Yoshida. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2024.1372584_cover.jpg
& frontiers | Frontiers in Immunology

A two-dose viral-vectored Plasmodium vivax
multistage vaccine confers durable
protection and transmission-blockade in a
pre-clinical study





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A two-dose viral-vectored Plasmodium vivax multistage vaccine confers durable protection and transmission-blockade in a pre-clinical study

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Cells and viruses

          



          		

            Parasites and animals

          



          		

            Anopheles spp. mosquito colonies

          



          		

            Viral vector construction

          



          		

            Immunoblotting

          



          		

            Immunofluorescence assay

          



          		

            Immunization

          



          		

            Enzyme-linked immunosorbent assay

          



          		

            Challenge infection with PvCSP transgenic sporozoites

          



          		

            P. vivax-infected blood sample collection

          



          		

            Direct membrane feeding assay of blood from P. vivax-infected patients from Brazil

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Construction of m8Δ and AAV1 vaccines and expression of the Pvs25-PvCSP fusion antigen

          



          		

            Induction of potent and durable anti-PvCSP and anti-Pvs25 antibody responses

          



          		

            Protective efficacy against transgenic P. berghei lines expressing PvCSP

          



          		

            TB efficacy against field-isolated P. vivax in volunteers from the Brazilian Amazon

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-15-1372584-g001.jpg
A  Pv(s25-CSP-VK210/247)

PvCSP-VK210 PvCSP-VK247

VK210-NT a b a b ababa b ¢ VK210-CT

B m8A-Pv(P7.5-s25-CSP-VK210/247)-HA

p7.5 GeS

AAV1-Pv(s25-CSP-VK210/247)

pCMVle PRE
S F Pvs25 -
c S D 5 E i
w w
85§ §§  § 88§
w§ ] S 2 S 8S & {s
E8 2§ £y 2§ &8 23§
gs &% 3 g% &% g% &% 3
a5 Y = a8 sa = 4a a s
kpa g8 38 3 kDa 88 3% 3 kDa g8 38 3
150 150
100 100
75 75
50 50
37 37
IB: PvCSP-Sal (2F2) IB: PvCSP-PNG (2E10E9) IB: Pvs25 (N1-1H10)
F
PvCSP-VK210 PvCSP-VK247 Pvs25 Merge
I~
&3
a8
£
- /
s
7]
Q
Original magnification= 400x
Bar =20 ym
G
-
95
n g
. &
%H
g3
3%
EQ

Original magnification= 100x
Bar =200 ym





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1372584-g003.jpg
>

Day 28, PvCSP-VK210/Pb spz

Fkkk

o 100
]
Sc 80
55
8
cg
55
TR
S+ L -~ MBA/AAV1
o
o - PBS
0
4 6 8 10 12 14
Days post challenge
c Day 242, PvCSP-VK210/Pb spz
100

80

60

40

-~ mB8A/AAVA
-4 PBS

Proportion not reaching
1% parasitemia
N
o

o

4 6 8 10 12 14
Days post challenge

m

Day 28, PvCSP-VK247/Pb spz

100

©
o

o
o

=
o

-0~ m8A/AAV1
-4 PBS

Proportion not reaching
1% parasitemia
N
o

4 6 8 10 12 14
Days post challenge

B Day 63, PvCSP-VK210/Pb spz

Fkkok

=]
o

2]
o

£
o

-@- Survived mice in A

Proportion not reaching
1% parasitemia
N
o

-+ Naive

4 6 8 10 12 14
Days post challenge

D Day 277, PvCSP-VK210/Pb spz
E’ 100

Ga 80

SE

== 60

2%

§8 40

£ N
8% 20 -®- Survived mice in C
a —&— Naive

4 6 8 10 12 14
Days post challenge





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1372584-g002.jpg
A B C

5 5 107 107

E E Fekeskok

6

5 D 05 = 108

= ~ Q

- < =)

g g 1 8 105 '%
> S « 10

o q 10° ¢ x "
8 8 102 x :

= 104 [ ] [

n'? n'? 10" ns E ° L]

= = I 1

< < ND

Prime Boost Prime Boost Prime Boost

D AAV1 E AAV1

. !

2

£ 108 _ 106

% 3

=] Q

§ 108 2 105

> A X

5 b2

Q 104~ 2Short-term Long-term :.5_' 104

a Challenge Challenge %

S

< 103

0 50 100 150 200 250 0 50 100 150 200 250

Day after last immunization

Day after last immunization





OEBPS/Images/table1.jpg
mM8A/AAV1-Pv(s25-
CSP-VK210/247)

Immune sera : P. vivax
patient's blood Isolate 1:5 1:10 1:50

90.17% 68.34% 68.89%

1
2 96.09% 96.46% 78.59%
TRA 3 98.32% 76.82% 76.67%
4 99.32% 98,49% 90.65%
Average 95.98% 85.03% 78.70%
1 75.00% 63.20% 37.50%
2 68.40% 40.70% 30.30%
TBA 3 69.70% 58.80% 29.30%

4 89.30% 76.30% 40.90%
Average 75.60%* 59.75% 34.50%

Transmission-reducing activity (TRA) and transmission-blocking activity (TBA) are shown
for each P. vivax isolate (1-4) treated with immune sera (1:5, 1:10, and 1:50 dilutions) as well
as their averages. P-values were calculated using the Kruskal-Wallis test followed by Dunn’s
multiple comparisons test for TRA and TBA. *p < 0.05 (1:5 versus 1:50 at TBA).





OEBPS/Images/fimmu-15-1372584-g004.jpg
Akkxkk

Akkkk

400
Kokk KoKk ok *

300 o
200

100 ¢

Oocyst per midgut

. o

1

Ctrl 1 1 1 Ctrl 2 2 2 Ctrl 3 3 3 Ctrl 4 4 4
- 1:50 110 15 - 1:50 1:10 15 - 150 1:10 15 - 1:50 110 15
Mean oocyst number 30.5 9.50 9.67 3.00 44.4 950 1.57 1.73 104.124.3 241 1.76 20.9 1.95 0.14 0.32

Isolate

Sera dilution

+=SD 35.5 16.3 124 6.72 34.7 15.9 2.23 3.59 955 28.4 37.0 469 178 3.03 0.7 0.5
% Infected mosquitoes 80.0 50.0 58.3 20.0 84.4 58.8 50.0 26.7 90.9 64.3 37.5 27.9 88.7 52.4 21.1 9.5

No. of mosquitoes 30 12 12 14 32 16 7 15 11 14 8 29 53 21 38 21





