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Abstract

Malaria is a global disease affecting a large portion of the world’s population. Although
vaccines have recently become available, their efficacies are suboptimal. We generated
virus-like particles (VLPs) that expressed either apical membrane antigen 1 (AMA1) or
microneme-associated antigen (MIC) of Plasmodium berghei and compared their effica-
cy in BALB/c mice. We found that immune sera acquired from AMA1 VLP- or MIC VLP-
immunized mice specifically interacted with the antigen of choice and the whole P. ber-
ghei lysate antigen, indicating that the antibodies were highly parasite-specific. Both
VLP vaccines significantly enhanced germinal center B cell frequencies in the inguinal
lymph nodes of mice compared with the control, but only the mice that received MIC
VLPs showed significantly enhanced CD4* T cell responses in the blood following P.
berghei challenge infection. AMA1 and MIC VLPs significantly suppressed TNF-a and
interleukin-10 production but had a negligible effect on interferon-y. Both VLPs prevent-
ed excessive parasitemia buildup in immunized mice, although parasite burden reduc-
tion induced by MIC VLPs was slightly more effective than that induced by AMA1. Both
VLPs were equally effective at preventing body weight loss. Our findings demonstrated
that the MIC VLP was an effective inducer of protection against murine experimental
malaria and should be the focus of further development.
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Introduction

Malaria, caused by several members belonging to the genus Plasmodium, is an endemic
disease affecting millions of individuals residing in tropical and subtropical regions. In
2021, approximately 247 million individuals were diagnosed with malaria, with 600,000
associated deaths [1]. Fortunately, global efforts to eradicate malaria have contributed to
reducing malaria transmission and malaria-related deaths in many endemic countries [2].
This is mainly attributed to chemotherapeutic intervention, as evidenced by the 95% treat-
ment efficacy of artemisinin combination therapy against P, falciparum malaria [3]. How-
ever, drug resistance and artemisinin combination therapy treatment failures have been re-
ported on 3 continents [4-6]. Thus, alternative approaches that impede the emergence of
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drug-resistant Plasmodium spp. are needed.

A potential solution to delay or even reduces the probability of resistance evolution is to
lower the overall number of malaria cases through vaccination. Resistance to vaccines is far
less likely to evolve than that to drugs, and even if it does develop, it is less likely to impact
the well-being of hosts [7]. Consequently, vaccines are currently being used to address an-
timicrobial resistance because they significantly lower the emergence of escape mutants [8].
Furthermore, vaccination is one of the most cost-effective methods for controlling infec-
tious diseases. Malaria is no exception, and a mathematical modeling study revealed that
the introduction of antimalarial vaccines could be a major factor benefiting public health
in sub-Saharan Africa [9]. RTS,S/AS01 and R21/Matrix-M are adjuvant VLP vaccines that
have been approved for use by the Food and Drug Administrations of several African
countries, as well as the WHO [10]. Unfortunately, phase 3 clinical trial results for the first
malaria vaccine (RTS,S/AS01) revealed failure to induce long-lasting immunity [11]. This
led to the development of the R21 vaccine formulated with the saponin-based Matrix-M
adjuvant, which provided a more durable immune response than RTS,S/ASO01. The safety
and efficacy of the R21/Matrix-M vaccine were evaluated in a recent phase 3 clinical trial
involving more than 4,800 African children, revealing an overall efficacy of 68-75% de-
pending on the location and presence of seasonal variations, but this waned over time [12].
Thus, additional efforts for vaccine development are necessary.

Owing to its highly immunogenic nature, paired with the endorsement of the aforemen-
tioned VLP vaccines for use in malaria-endemic regions, many experimental malaria vac-
cine studies involving this platform have been undertaken. For example, self-assembled nor-
ovirus-based nanoparticles expressing either the circumsporozoite protein or the cell-tra-
versal protein for ookinetes and sporozoites of P. falciparum conferred protection in mice
[13]. Another study conjugated the ookinete surface antigen PSOP25 to the AP205 bacterio-
phage protein for VLP assembly, and this vaccine conferred moderate transmission-block-
ing activity [14]. Although most studies have focused on developing transmission-blocking
vaccines [15,16], some have attempted to develop an effective blood-stage vaccine [17,18].
We previously developed blood-stage VLP vaccines expressing apical membrane antigen 1
(AMAL), either alone or in combination with microneme-associated antigen (MIC), and
their efficacies were evaluated following P. berghei challenge infection in mice [19,20]. How-
ever, a comparative study on the vaccine efficacy of these 2 antigens has not been conducted.
To address the limitations of our previous work, this study compared the protective efficacy
elicited by VLPs expressing either AMA1 or MIC to identify which was more suitable for
further development as a malaria vaccine candidate antigen.

Materials and Methods

Ethics statement

All experimental protocols were approved by the Kyung Hee University IACUC (KHUIBC
(SE)-19-034), and all animal experiments were conducted according to the IACUC guide-
lines. Immunization and blood collection were performed under mild anesthesia induced
and maintained with isoflurane. All efforts were made to minimize the number of experi-
mental animals used and their suffering.
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Animals, parasites, cells, and antibodies

Seven-week-old female BALB/c mice were purchased from NARA Biotech (Seoul, Korea).
P, berghei strain ANKA was maintained in BALB/c mice and used for challenge infection
as described previously [20]. Trichinella spiralis was maintained in Sprague Dawley rats as
described previously [21]. Spodoptera frugiperda insect cells (Sf9) were cultured in serum-
free SF900 II media (Invitrogen, Carlsbad, CA, USA) to produce recombinant baculovirus
and VLPs. Sera from P, berghei-infected mice were collected and used to detect P. berghei
AMAL1 and MIC proteins in VLPs by ELISA and western blotting. Horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG was purchased from SouthernBiotech (Birming-
ham, AL, USA). Sera collected from unimmunized P. berghei were used as infection con-
trols for western blotting,

P. berghei and T. spiralis excretory-secretory (ES) antigen preparation

P, berghei strain ANKA was used as a coating antigen for ELISA and for fluorescence-acti-
vated cell sorting and was prepared as described previously [20]. Briefly, RBCs from P. ber-
ghei-infected mice were collected by centrifugation at 240 g for 10 min at 4°C and incubat-
ed with 0.15% saponin prepared in phosphate-buffered saline (PBS) for 10 min at 37°C. P
berghei parasites released from the RBCs were washed, centrifuged at 1,320 g for 1 min at
4°C, and sonicated. The lysates were stored at -20°C until use.

The preparation of T. spiralis as a coating antigen for ELISA was performed as described
previously [21]. After digesting the muscle tissues of T. spiralis-infected rats in pepsin-HCI
solution at 37°C, the contents were repeatedly washed, and larvae present in the muscle were
isolated under microscopy. ES antigens of T spiralis were acquired by culturing in incom-
plete DMEM (Welgene, Gyeongsan, Korea) at 37°C with 5% CO; for 3 days. The medium
containing the ES antigens was collected by centrifugation at 3,000 rpm for 10 min at 4°C
and stored at -20°C until use.

Generation of AMA1 and MIC VLPs

P, berghei VLPs expressing either AMA1 or MIC were prepared and characterized as de-
scribed previously [19]. In brief, the complete gene sequences of P. berghei AMA1 (Gen-
Bank: XM_672965.2) and MIC (GenBank: XM_034568180) underwent codon optimiza-
tion and were cloned into pFastBac vectors, and clonal constructs expressing these codon-
optimized genes were purchased from GenScript (Piscataway, NJ, USA). The clones were
transformed into competent DH10Bac cells, and bacmid DNA was acquired from the
transformants. Sf9 cells were transfected with the bacmid DNA for AMA1 and MIC re-

combinant baculovirus assembly.

Confirmation of gene insertion and VLP characterization

The codon-optimized vectors containing the 2 genes of interest were subjected to restric-
tion enzyme digestion with EcoRI and HindIII. DNA bands were visualized via gel electro-
phoresis, and their sizes were validated using a size marker. For western blotting, VLPs
were resolved on a 10% SDS-PAGE gel and transferred to a nitrocellulose membrane. After
blocking the membranes with 5% skim milk prepared in Tris-buffered saline with
Tween-20, they were probed overnight at 4°C with polyclonal sera acquired from P. ber-
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ghei-infected mice. The next day, the membranes were incubated with HRP-conjugated
anti-mouse IgG for 1 h at room temperature. Bands were developed using enhanced che-
miluminescence and visualized using a ChemiDoc imaging system (Bio-Rad, Hercules,
CA, USA). The VLPs were also visualized using transmission electron microscopy (TEM).

Immunization and challenge infection

BALB/c mice (n=10) were immunized intramuscularly 3 times at 4-week intervals with
100 pg of either AMA1 or MIC VLP. Then, they were intraperitoneally challenged with
0.5x 10* P. berghei parasites resuspended in 100 ul PBS as described previously [20]. At 6
days postinfection (dpi), 5 mice in each group were sacrificed to collect blood, the spleen,
and inguinal lymph nodes (ILNs). The remaining mice were monitored for changes in par-

asitemia and weight loss.

Antibody responses in sera

Sera from mice were collected using retro-orbital plexus puncture 3 weeks after each immu-
nization, and naive serum was used as the negative control. Antibody responses to P. berghei
antigen, AMA1 VLPs, and MIC VLPs were determined by ELISA as previously described
[19]. Briefly, 0.5 pg/ml of either of the 2 VLPs or 2 pg/ml of P. berghei whole lysates dissolved
in carbonate coating buffer were used as coating antigens. The coated wells were blocked
with 0.2% gelatin, and serially diluted sera were inoculated into the respective wells. Follow-
ing 1 h of incubation at 37°C, HRP-conjugated anti-mouse IgG was added, and the plates
were incubated at 37°C for 1 h. Substrate buffer containing o-phenylenediamine (Sigma-Al-
drich, St. Louis, MO, USA) and H.O, was added to each well for color development. Reac-
tions were halted with diluted H.SO., and the optical density was measured at 492 nm.

Flow cytometry analysis of immune cell responses

Flow cytometry was performed to determine the levels of CD4" T cells and germinal center
(GC) B cells in the ILN and blood of mice. After stimulating the cells with 0.5 pg/ml of soni-
cated P, berghei whole lysate antigen, the Fc receptors were blocked using FcBlock antibody
(clone 2.4G2; BD Biosciences, San Jose, CA, USA). Cells were stained using fluorophore-
conjugated antibodies (CD3e-PE-Cy5, CD4-FITC, B220-FITC, and GL-7-PE; BD Biosci-
ences) and sorted using an Accuri C6 Flow Cytometer (BD Biosciences). A total of 10,000
events were acquired, and the data were analyzed using C6 software (BD Biosciences).

Cytokine responses in mice spleens

Spleens were collected at 6 dpi and processed as described previously [22]. Briefly, individ-
ually processed spleen homogenates were centrifuged at 2,000 rpm for 10 min, and the su-
pernatants were collected for cytokine analysis using OptEIA tumor necrosis factor-a
(TNF-a), interferon-y (IFN-y), and interleukin-10 (IL-10) ELISA kits (BD Biosciences) ac-
cording to the manufacturer’s instructions.

Parasitemia burden assessment
Blood samples that were collected from challenge-infected mice using retro-orbital plexus
puncture every 3-5 days were used to assess parasitemia as previously described [20]. In
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brief, the blood samples were collected in microcentrifuge tubes containing PBS and 500
U/ml heparin. After staining the RBCs with 1 ul SYBR Green I (Invitrogen) and incubat-
ing for 30 min, parasitemia was determined by flow cytometry analysis.

Statistical analysis

All parameters were recorded for individuals within all groups. All data were presented as
mean + SD, and statistical significance between groups was analyzed by one-way analysis of
variance using GraphPad Prism v6.0 (GraphPad, San Diego, CA, USA).

Results

Characterization of the 2 VLPs expressing P. berghei antigens

Codon-optimized P, berghei AMA1 or MIC gene insertion into pFastBac vectors was con-
firmed following restriction enzyme digestion with EcoRI and HindlIII and the subsequent
detection of DNA bands of approximately 1.5 kb and 1 kb, respectively. AMA1 and MIC
protein expression on the VLPs was confirmed by western blotting. When probed with
polyclonal anti-P. berghei antibody, bands corresponding to AMA1 and MIC proteins were
observed at 60 and 35 kDa, respectively. To confirm the parasite specificity of anti-P. berghei
polyclonal antibody, ELISA was performed using serially diluted antigens, and T. spiralis ES
antigens were used as a negative control. Anti-P. berghei polyclonal antibody did not react
with T. spiralis antigens regardless of the coating antigen concentration. However, the sera
specifically detected AMA1 and MIC antigens in a dose-dependent manner. At 62.5 ng/
well, sera were incapable of specifically detecting parasitic antigens. Proper assembly of the
VLPs was confirmed by TEM analysis. Both AMA1 and MIC antigens were self-assembled
in Sf9 cells along with the influenza M1 antigen, which served as a docking site for these an-

tigens. All of the characterization data are provided in the Supplementary Fig. S1.
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Fig. 1. Immunization scheduling and vaccine-induced antibody response detection. Schematic depicting the animal experimental
schedule (A). Antigen specificity of AMA1 and MIC antibodies evaluated by ELISA in sera of VLP-immunized mice collected at regular in-
tervals (B, C). Parasite specificity of the 2 immune sera tested against the whole lysate antigen of P. berghei (D). Data are presented as
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Antigen- and parasite-specific antibody detection

Mice were immunized and experiments were conducted as scheduled (Fig. 1A). Vaccine-
induced antibody responses were determined by ELISA using sera collected at regular in-
tervals. AMA1-specific IgG levels were detected as early as week 3 after the priming immu-
nization, but the antibody responses waned substantially at a 900-fold dilution. In contrast,
strong AMA1-specific responses were maintained following 2 consecutive booster immu-
nizations, even at a 2,700-fold dilution (Fig. 1B). MIC VLP immune sera also demonstrat-
ed antigen specificity. Priming mice with MIC VLPs did not elicit a substantial increase in
MIC-specific antibody responses. The first booster immunization enhanced the MIC-spe-
cific antibody response to some extent, but this reached priming serum levels at a 900-fold
dilution. After the final immunization, MIC-specific IgG responses were maintained
throughout, even at an 8,100-fold dilution (Fig. 1C). To ensure that these antigen-specific
responses interacted with P. berghei parasites, ELISA was performed using P. berghei whole
lysate antigens (Fig. 1D). For both AMAI and MIC VLPs, the number of vaccinations was
positively correlated with parasite-specific serum IgG levels.

VLP vaccines elicit cellular immunity and contribute to protection

Blood and ILN cells were collected at 6 dpi, and single-cell populations from both samples
were acquired using flow cytometry. Both AMA1 and MIC VLPs enhanced the frequen-
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Fig. 3. Splenic cytokine production assessment. Spleens of challenge-infected mice were collected to evaluate cytokine production.
Homogenized spleen supernatants underwent ELISA to determine the concentrations of TNF-a (A), IFN-y (B), and IL-10 (C). Data are
presented as mean + SD. *P < 0.05 and **P < 0.001.

cies of GC B cells in the ILNs of mice compared with the unimmunized controls (Fig. 2A
and B). Interestingly, MIC VLPs induced significantly greater GC B cell frequencies than
AMA1 VLPs. In contrast to the GC B cell responses, there were no drastic changes in
blood CD4" T cell frequencies. Of the 2 VLPs, only the MIC VLP immunization elicited
significantly enhanced CD4" T cell induction, whereas AMA1 VLPs did not (Fig. 2C).

VLP vaccines suppress the cytokine profiles of immunized mice

Splenic cytokine production was measured in P. berghei-infected mice using ELISA. Com-
pared with the naive+challenge infection controls, mice immunized with either AMAI or
MIC VLPs produced significantly less TNF-q, and the level was comparable with that of
the naive control (Fig. 3A). In contrast, profound reductions in the inflammatory cytokine
IFN-y were not detected in either vaccination groups (Fig. 3B). Despite the immunizations,
IFN-y levels for MIC VLPs were similar to those of the naive+challenge control. Reduced
IFN-y was detected for AMA1 but compared with the control group, the changes were not
statistically significant. Similar to TNF-a, mice immunized with either of the 2 VLPs
showed significantly reduced IL-10 production (Fig. 3C). There were no statistically signifi-
cant differences between the 2 immunization groups for any of the 3 cytokines.

Parasitemia and body weight changes in immunized mice

VLP vaccine efficacy was determined by parasitemia assessment of blood samples collected
at regular intervals from immunized mice infected with P. berghei. Compared with the un-
immunized controls, differences in parasitemia were initially negligible, but gradual chang-
es became noticeable from 22 dpi onward. Significant differences in parasitemia were ob-
served in the vaccination groups after 35 dpi (Fig. 4A). At 45 dpi, parasitemia was reduced
by 1.5- and 2-fold in the AMA1 and MIC VLP groups, respectively (Fig. 4B).

Noticeable differences in body weight were also observed. Unimmunized mice under-
went gradual weight loss from 20 dpi onward, while immunized mice maintained a nor-
mal-range body weight until 41 dpi (Fig. 4C), when a rapid decline in body weight was ob-
served, particularly in AMA1-immunized mice. At 38 dpi, none of the mice in either of the

2 immunization groups experienced substantial weight loss (Fig. 4D).
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Fig. 4. Parasite burden and malaria-induced weight loss. Changes in parasitemia and body weight
of mice were recorded at regular intervals. Parasitemia in the blood of P. berghei-infected mice was
monitored over 45 days (A), and changes were compared at 45 dpi (B). Weight changes of P. ber-
ghei-infected mice were monitored for 45 days (C), and differences between the immunized groups
and the infection control were compared at 38 dpi (D). Data are presented as mean + SD. **P < 0.01,
**¥P < 0,001 and ****P <0.0001.

Discussion

Malaria is an endemic tropical disease that affects a large portion of the worlds population.
Although the Food and Drug Administrations of several African nations have approved
the use of RTS,S/AS01 and R21/Matix-M vaccines, vaccine efficacy is low. Here, we com-
pared the efficacy of VLP vaccines expressing P. berghei AMA1 or MIC antigens in mice
following P. berghei challenge infection. We found that VLPs expressing the MIC antigen
conferred better protection than VLPs expressing the AMA1 antigen, indicating their po-
tential as a vaccine candidate.

Both antigens used in this study are factors involved in host cell invasion [23]. Specifi-
cally, AMAL is an invasion ligand secreted by the microneme organelle [24]. Several mech-
anisms of AMA1 antibody-mediated suppression of parasitic growth have been suggested,
including epitope blocking to prevent interaction with other invasion ligands and impair-
ing AMA1 secondary processing, among others [25]. Given that VLP immunization in-
duced a substantial increase in P. berghei AMA1-specific antibodies, we anticipated that
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this would contribute to preventing parasitic invasion of RBCs. Although reductions in
parasitemia were observed to some extent, complete inhibition of P. berghei infiltration into
RBCs was not achieved. The underlying cause of this observation requires further elucida-
tion, but it is thought to be an immune evasion mechanism unique to P. berghei. In support
of this notion, baculovirus-based vaccine immunization in mice induced antibodies that
only conferred protection against P. yoelii but not against P. berghei lethal challenge infec-
tion [26]. This immune evasion could also account for the failure of vaccine-induced anti-
bodies against P. berghei MIC to completely inhibit parasite invasion. Although speculative,
the reason why MIC VLPs elicited better protection than AMA1 VLPs may be partially
due to the intrinsic nature of the microneme as an organelle.

Many findings reported in this study are consistent with our previous findings. Immuni-
zation of mice with recombinant vaccinia virus (rVV) expressing P. berghei AMA1 or MIC
conferred protection, and MIC generally conferred better protection than AMA1 [27]. Sim-
ilar to MIC VLPs, the rVV-MICs ensured significant induction of blood CD4" T cells and
enhanced the frequency of ILN GC B cells. r'VV-MIC immunization also conferred a longer
survival time compared with rVV-AMAI immunization, despite the 2 groups having simi-
lar parasitemia burdens. Consistent with this finding, in the present study, mice immunized
with MIC VLPs underwent substantially less body weight loss after challenge infection. Fur-
thermore, compared with the AMA1 VLP group, the parasite burden at 45 dpi was marked-
ly reduced in mice receiving MIC VLPs. On the basis of these consistent results, it is highly
probable that the MIC antigen is more immunogenic than the AMA1 antigen, but the un-
derlying cause of this phenomenon remains unknown. A factor that may have contributed
to this difference in immunogenicity is the IFN-y level. In studies involving the rodent ma-
laria parasite P chabaudi, loss of protection was associated with diminished levels of splenic
IFN-y, and this cytokine is necessary for optimal immune cell priming [28,29]. Because
mice immunized with MIC VLPs exhibited greater levels of IFN-y than those immunized
with AMA1-VLP, it can be argued that the MIC antigen was more effective at immune cell
priming than the AMA1 antigen, which could have contributed to the discrepancies in body
weight loss and parasitemia.

Regardless of their pro- or anti-inflammatory nature, cytokines are double-edged swords:
they can either be protective or exacerbate disease progression. This is especially true for
major inflammatory cytokines, such as IFN-y and TNF-a, whose function remains contro-
versial. IFN-y has been reported as essential for parasite clearance [30], whereas another
study found that IFN-y and TNF-a were associated with cerebral malaria development fol-
lowing P. berghei infection in mice [31]. Interesting findings have been reported for IL-10,
but its role and involvement in severe malaria are still under debate. For example, IL-10 was
reported to reduce parasite sequestration and prevent experimental cerebral malaria devel-
opment [31,32], whereas other studies documented the association of IL-10 with severe ma-
laria and parasitic growth promotion [33-35]. Furthermore, cytokine profiles from hospital-
ized patients with malaria revealed that individuals with high levels of IL-10 were prone to
developing nosocomial infections [36].

In this study, although vaccine-induced changes in IFN-y levels were negligible, they con-
tributed to suppressing TNF-a production. Furthermore, IL-10 levels in VLP-immunized
mice were lower than the levels in naive+challenge controls, with significantly less parasite
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burden. Because remarkably increased levels of TNF-a, IFN-y, and IL-10 in response to P
berghei infection in Kunming mice have been reported [37], enhanced production of these
3 cytokines was expected. Given these findings, it is plausible that the VLP vaccines con-
ferred protection by preventing the buildup of cytokines to levels that could detrimentally
affect the host. Although unrelated to vaccines, cytokine profiles from coinfection studies
involving P. berghei also reported similar findings. Coinfecting mice with Babesia microti
with P, berghei resulted in markedly reduced IFN-y and TNF-a levels compared with P. ber-
ghei infection alone, and survival was also significantly increased in the coinfection group
[38]. Similarly, administering Bifidobacterium longum prior to P. berghei infection signifi-
cantly diminished IFN-y and TNF-a production, leading to a significant reduction in para-
sitemia [39].

In conclusion, we demonstrated that MIC VLPs were effective and conferred adequate
protection against P. berghei challenge infection in BALB/c mice. Compared with mice re-
ceiving the AMA1 VLPs, the MIC VLPs were more effective, as evidenced by lower levels
of parasitemia and body weight loss. Although further optimization is necessary, the MIC
VLP presented in this study could be a promising malaria vaccine candidate.

Acknowledgment

This study was financially supported by the Core Research Institute (CRI) Program, the
Basic Science Research Program through the National Research Foundation of Korea
(NRF), Ministry of Education (NRF2018R1A6A1A03025124).

References

. Aderinto N, Olatunji G, Kokori E, Sikirullahi S, Aboje JE, et
al. A perspective on Oxford’s R21/Matrix-M™ malaria vac-
cine and the future of global eradication efforts. Malar ] 2024;
23(1):16. https://doi.org/10.1186/s12936-024-04846-w

. World Health Organization: World Malaria Report 2021. Ge-
neva, Switzerland. World Health Organization. Geneva, Swit-
zerland. 2021.

. Marwa K, Kapesa A, Baraka V, Konje E, Kidenya B, et al. Ther-
apeutic efficacy of artemether-lumefantrine, artesunate-amo-
diaquine and dihydroartemisinin-piperaquine in the treatment
of uncomplicated Plasmodium falciparum malaria in Sub-Sa-
haran Africa: a systematic review and meta-analysis. PLoS One
2022;17(3):€0264339. https://doi.org/10.1371/journal.pone.
0264339

. Panda S, Swaminathan S, Hyder KA, Christophel EM, Pendse
RN, et al. Drug resistance in malaria, tuberculosis, and HIV
in South East Asia: biology, programme, and policy consider-

NW, et al. Independent emergence of the Plasmodium falci-
parum Kelch propeller domain mutant allele C580Y in Guyana.
J Infect Dis 2016;213(9):1472-1475. https://doi.org/10.1093/
infdis/jiv752

. Kennedy DA, Read AF. Why the evolution of vaccine resis-

tance is less of a concern than the evolution of drug resistance.
Proc Natl Acad Sci USA 2018;115(51):12878-12886. https://doi.
org/10.1073/pnas.1717159115

. Micoli F, Bagnoli E, Rappuoli R, Serruto D. The role of vac-

cines in combatting antimicrobial resistance. Nat Rev Micro-
biol 2021;19(5):287-302. https://doi.org/10.1038/s41579-020-
00506-3

. Schmit N, Topazian HM, Natama HM, Bellamy D, Traoré O,

et al. The public health impact and cost-effectiveness of the
R21/Matrix-M malaria vaccine: a mathematical modelling
study. Lancet Infect Dis 2024;24(5):465-475. https://doi.
org/10.1016/s1473-3099(23)00816-2

ations. BM]J 2017;358:j3545. https://doi.org/10.1136/bmj.j3545  10. Hammershaimb EA, Berry AA. Pre-erythrocytic malaria vac-
. Balikagala B, Fukuda N, Ikeda M, Katuro OT, Tachibana SI, et cines: RTS,S, R21, and beyond. Expert Rev Vaccines 2024;23:49-

al. Evidence of artemisinin-resistant malaria in Africa. N Engl 52. https://doi.org/10.1080/14760584.2023.2292204

J Med 2021;385:1163-1171. https://doi.org/10.1056/NEJ-  11. Laurens MB. RTS,S/AS01 vaccine (Mosquirix™): an over-

Moa2101746
. Chenet SM, Akinyi Okoth S, Huber CS, Chandrabose J, Lucchi

Parasites Hosts Dis 2024;62(2):193-204 - https//doi.org/10.3347/PHD.24017

view. Hum Vaccin Immunother 2020;16:480-489. https://doi.
0rg/10.1080/21645515.2019.1669415

202/204


https://doi.org/10.1371/journal.pone.%0A0264339
https://doi.org/10.1371/journal.pone.%0A0264339
https://doi.org/10.1093/%0Ainfdis/jiv752
https://doi.org/10.1093/%0Ainfdis/jiv752
https://doi.org/10.1073/pnas.1717159115
https://doi.org/10.1073/pnas.1717159115

Kim et al.: VLP vaccines against rodent malaria

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Parasites Hosts Dis 2024;62(2):193-204 - https//doi.org/10.3347/PHD.24017

Datoo MS, Dicko A, Tinto H, Ouédraogo JB, Hamaluba M, et
al. Safety and efficacy of malaria vaccine candidate R21/Ma-
trix-M in African children: a multicentre, double-blind, ran-
domised, phase 3 trial. Lancet 2024;403:533-544. https://doi.
org/10.1016/s0140-6736(23)02511-4

Schneider CG, Fey ], Zou X, Gerbasi V, Savransky T, et al.
Norovirus-VLPs expressing pre-erythrocytic malaria antigens
induce functional immunity against sporozoite infection. Vac-
cine 2022;40(31):4270-4280. https://doi.org/10.1016/j.vac-
cine.2022.05.076

Yao G, Min H, Yu X, Liu E Cui L, et al. A nanoparticle vaccine
displaying the ookinete PSOP25 antigen elicits transmission-
blocking antibody response against Plasmodium berghei. Par-
asit Vectors 2023;16(1):403. https://doi.org/10.1186/s13071-
023-06020-8

Tottey S, Shoji Y, Mark Jones R, Musiychuk K, Chichester JA,
et al. Engineering of a plant-produced virus-like particle to
improve the display of the Plasmodium falciparum Pfs25 anti-
gen and transmission-blocking activity of the vaccine candi-
date. Vaccine 2023;41(4):938-944. https://doi.org/10.1016/
j-vaccine.2022.12.048

Saveria T, Parthiban C, Seilie AM, Brady C, Martinez A, et al.
Needle-free, spirulina-produced Plasmodium falciparum cir-
cumsporozoite vaccination provides sterile protection against
pre-erythrocytic malaria in mice. NPJ Vaccines 2022;7(1):113.
https://doi.org/10.1038/s41541-022-00534-5

Lee SH, Chu KB, Kang HJ, Basak S, Kim MJ, et al. Virus-like
particles expressing Plasmodium berghei MSP-8 induce pro-
tection against P. berghei infection. Parasite Immunol 2020;
42(11):€12781. https://doi.org/10.1111/pim.12781

Harmsen C, Turner L, Thrane S, Sander AF, Theander TG, et
al. Immunization with virus-like particles conjugated to
CIDRal domain of Plasmodium falciparum erythrocyte
membrane protein 1 induces inhibitory antibodies. Malar |
2020;19(1):132. https://doi.org/10.1186/s12936-020-03201-z
Kim M]J, Chu KB, Kang HJ, Yoon KW, Lee DH, et al. Influen-
za virus-like particle vaccine containing both apical mem-
brane antigen 1 and microneme-associated antigen proteins
of Plasmodium berghei confers protection in mice. BMC Im-
munol 2022;23(1):21. https://doi.org/10.1186/s12865-022-
00494-4

Lee DH, Chu KB, Kang HJ, Lee SH, Chopra M, et al. Protec-
tion induced by malaria virus-like particles containing codon-
optimized AMA-1 of Plasmodium berghei. Malar ] 2019;18(1):
394. https://doi.org/10.1186/s12936-019-3017-2

Chu KB, Kim SS, Lee SH, Lee DH, Kim AR, et al. Inmune cor-
relates of resistance to Trichinella spiralis reinfection in mice.
Parasites Hosts Dis 2016;54(5):637-643. https://doi.org/10.3347/
kjp.2016.54.5.637

Lee SH, Kang HJ, Chu KB, Basak S, Lee DH, et al. Protective
immunity induced by virus-like particle containing merozoite
surface protein 9 of Plasmodium berghei. Vaccines (Basel) 2020;
8(3):428. https://doi.org/10.3390/vaccines8030428

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Treeck M, Zacherl S, Herrmann S, Cabrera A, Kono M, et al.
Functional analysis of the leading malaria vaccine candidate
AMA-1 reveals an essential role for the cytoplasmic domain in
the invasion process. PLoS Pathog 2009;5(3):e1000322. https://
doi.org/10.1371/journal.ppat.1000322

Lal K, Prieto JH, Bromley E, Sanderson SJ, Yates JR 3rd, et al.
Characterisation of Plasmodium invasive organelles; an ooki-
nete microneme proteome. Proteomics 2009;9(5):1142-1151.
https://doi.org/10.1002/pmic.200800404

Dutta S, Haynes JD, Barbosa A, Ware LA, Snavely JD, et al.
Mode of action of invasion-inhibitory antibodies directed
against apical membrane antigen 1 of Plasmodium falciparum.
Infect Immun 2005;73(4):2116-2122. https://doi.org/10.1128/
iai.73.4.2116-2122.2005

Yoshida S, Nagumo H, Yokomine T, Araki H, Suzuki A, et al.
Plasmodium berghei circumvents immune responses induced
by merozoite surface protein 1- and apical membrane anti-
gen 1-based vaccines. PLoS One 2010;5(10):e13727. https://
doi.org/10.1371/journal.pone.001372

Kim M]J, Chu KB, Lee SH, Kang HJ, Yoon KW, et al. Recom-
binant vaccinia virus expressing Plasmodium berghei apical
membrane antigen 1 or microneme protein enhances protec-
tion against P. berghei infection in mice. Trop Med Infect Dis
2022;7(11):350. https://doi.org/10.3390/tropicalmed7110350
Freitas do Rosario AP, Muxel SM, Rodriguez-Malaga SM,
Sardinha LR, Zago CA, et al. Gradual decline in malaria-spe-
cific memory T cell responses leads to failure to maintain
long-term protective immunity to Plasmodium chabaudi AS
despite persistence of B cell memory and circulating antibody.
J Immunol 2008;181(12):8344-8355. https://doi.org/10.4049/
jimmunol.181.12.8344

da Silva HB, de Salles EM, Panatieri RH, Boscardin SB, Rodri-
guez-Malaga SM, et al. IFN-y-induced priming maintains
long-term strain-transcending immunity against blood-stage
Plasmodium chabaudi malaria. ] Immunol 2013;191(10):5160-
5169. https://doi.org/10.4049/jimmunol.1300462

Prakash D, Fesel C, Jain R, Cazenave PA, Mishra GC, et al.
Clusters of cytokines determine malaria severity in Plasmodi-
um falciparum-infected patients from endemic areas of Cen-
tral India. J Infect Dis 2006;194(2):198-207. https://doi.org/10.
1086/504720

Niikura M, Kamiya S, Nakane A, Kita K, Kobayashi F IL-10
plays a crucial role for the protection of experimental cerebral
malaria by co-infection with non-lethal malaria parasites. Int
J Parasitol 2010;40(1):101-108. https://doi.org/10.1016/j.ijpa-
ra.2009.08.009

Kossodo S, Monso C, Juillard P, Velu T, Goldman M, et al. In-
terleukin-10 modulates susceptibility in experimental cerebral
malaria. Immunology 1997;91(4):536-540. https://doi.org/10.
1046/.1365-2567.1997.00290.x

Lyke KE, Burges R, Cissoko Y, Sangare L, Dao M, et al. Serum
levels of the proinflammatory cytokines interleukin-1 beta (IL-
1beta), IL-6, IL-8, IL-10, tumor necrosis factor alpha, and IL-

203/204


https://doi.org/10.1371/journal.ppat.1000322
https://doi.org/10.1371/journal.ppat.1000322
https://doi.org/10.1371/journal.pone.001372
https://doi.org/10.1371/journal.pone.001372
https://doi.org/10.%0A1086/504720
https://doi.org/10.%0A1086/504720
https://doi.org/10.%0A1046/j.1365-2567.1997.00290.x
https://doi.org/10.%0A1046/j.1365-2567.1997.00290.x

Kim et al.: VLP vaccines against rodent malaria

34.

35.

36.

Parasites Hosts Dis 2024;62(2):193-204 - https//doi.org/10.3347/PHD.24017

12(p70) in Malian children with severe Plasmodium falci-
parum malaria and matched uncomplicated malaria or healthy
controls. Infect Immun 2004;72(10):5630-5637. https://doi.
0rg/10.1128/iai.72.10.5630-5637.2004

Sobota RS, Goron AR, Berry AA, Bailey JA, Coulibaly D, et
al. Serologic and cytokine profiles of children with concurrent
cerebral malaria and severe malarial anemia are distinct from
other subtypes of severe malaria. Am ] Trop Med Hyg 2022;
107(2):315-319. https://doi.org/10.4269/ajtmh.22-0135
Weidanz WP, Batchelder JM, Flaherty P, LaFleur G, Wong C,
et al. Plasmodium chabaudi adami: use of the B-cell-deficient
mouse to define possible mechanisms modulating parasit-
emia of chronic malaria. Exp Parasitol 2005;111(2):97-104.
https://doi.org/10.1016/j.exppara.2005.06.006

de Roquetaillade C, Laouenan C, Mira JB, Roy C, Thuong M,
et al. Cytokine profiles in adults with imported malaria. Sci

37.

38.

39.

Rep 2023;13(1):10347. https://doi.org/10.1038/541598-023-
36212-2

Ding Y, Xu W, Zhou T, Liu T, Zheng H, et al. Establishment of
a murine model of cerebral malaria in KunMing mice infected
with Plasmodium berghei ANKA. Parasitology 2016;143(12):
1672-1680. https://doi.org/10.1017/s0031182016001475

Zafar 1, Taniguchi T, Baghdadi HB, Kondoh D, Rizk MA, et al.
Babesia microti alleviates disease manifestations caused by Plas-
modium berghei ANKA in murine co-infection model of com-
plicated malaria. Front Cell Infect Microbiol 2023;13:1226088.
https://doi.org/10.3389/fcimb.2023.1226088

Fitri LE, Sardjono TW, Winaris N, Pawestri AR, Endharti AT,
et al. Bifidobacterium longum administration diminishes para-
sitemia and inflammation during Plasmodium berghei infec-
tion in mice. J Inflamm Res 2023;16:1393-1404. https://doi.
org/10.2147/jir.5400782

204/204


https://doi.org/10.1128/iai.72.10.5630-5637.2004
https://doi.org/10.1128/iai.72.10.5630-5637.2004

