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The carboxyl-terminal fragment of MSP-1 is a potential malaria vaccine candidate, but its limited immunoge-
nicity in humans has slowed clinical progress, needing the optimization of formulation of adjuvant and construct.

In this study, the N- and C-terminal fragments of the PyMSP-1 (PyMSP-1 N and PyMSP-1C) were immunized to
mice with either incomplete Freund’s adjuvant (IFA) plus CpG ODN 1826 or Aluminum salts (Alum) plus CpG,
followed by a challenge with Plasmodium yoelii 17XNL to investigate vaccine efficacy. Humoral response and
antigen-specific T-cell-derived IFN-y cytokines were analyzed to compare both fragments.

After challenge infection, all mice immunized by PyMSP-1C in IFA plus CpG ODN survived with low-grade
parasitemia, while 50 % of mice immunized with PyMSP-1 N in Alum plus CpG ODN died with high levels of
parasitemia. Co-immunized with both fragments prevented parasitemia entirely, with IFA plus CpG adjuvants
proving more suitable than Alum plus CpG.

Both fragments elicited a comparable humoral response when they were formulated with IFA plus CpG ODN
but PyMSP-1 N formulated with Alum plus CpG ODN significantly decreased the antigen-specific IgG level. While
both IgG1 and IgG2c levels were comparable in two fragments formulated by IFA plus CpG ODN, it was efficient
to induce the level of IgG2c of PyMSP-1 N fragment (P < 0.0001).

Likewise, IFN-y from both CD8" and CD4" T-cells was significantly lower by PyMSP-1 N than PyMSP-1C
formulated in IFA plus CpG ODN (P < 0.0001).

In conclusion, the N-terminal fragment of PyMSP-1 protected mice although it showed lower humoral and
cellular immune response compared to C-terminal of MSP-1 in IFA plus CpG. The antibody level of PyMSP-1 N
was comparable to that of PyMSP-1C when it was formulated with IFA plus CpG.

1. Introduction Currently, RTS,S/AS01, the approved malaria vaccine, demonstrated

moderate efficacy and has a short efficacy duration in phase 3 clinical

An estimated 263 million cases of malaria have recently been re-
ported worldwide, with an incidence of 60.4 cases per 1000 at-risk
people [1]. This infection poses a fatal risk to infants and pregnant
women, threatens the African economy, and challenges global public
health. Malaria vaccines are classified according to their target parasite
stages: pre-erythrocytic, erythrocytic and sexual/mosquito stages.

trials [2,3]. R21 achieved 75 % efficacy in areas with highly seasonal
malaria transmission. [4]. These two vaccines target the liver-invasive
pre-erythrocytic sporozoite stage and are recommended by the World
Health Organization (WHO). However, pre-erythrocytic vaccines need
to achieve 100 % efficacy to provide complete protection to avoid blood-
stage infection later on, which causes the disease [5]. Therefore,
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incorporating blood-stage vaccine components or introducing a multi-
stage vaccination approach could provide an additional barrier of de-
fense, enhancing the partial immunity offered by existing pre-
erythrocytic vaccines.

Developing a vaccine for the asexual blood stage has been chal-
lenging, as most clinical trials have shown limited efficacy owing to
significant variations among parasite isolates, overlapping invasion
pathways, and safety concerns. Currently, only a few vaccine candidates
are in clinical trials for further assessment [6-8].

The abundant merozoite surface antigen MSP-1 has long been
considered a potentially useful component for a malaria vaccine [9]. The
high molecular mass (190 kDa) MSP-1 is substantially cleaved into four
main subunits: the 83 kDa N-terminal fragment (MSP1-83), two internal
MSP1-30 and MSP1-38 fragments, and the GPI-anchored C-terminal
MSP1-42. Notably, these components still remained non-covalently
linked before egression.

Invasion of red blood cells (RBCs) requires further processing of
MSP1-42 into MSP1-33 and MSP1-19. During this process, the sec-
ondary structure of MSP-1 is modified to promote RBC rupture and only
the MSP1-19 fragment is transported into newly invaded erythrocytes
[10,11]. In an initial human clinical trial, a full-length MSP-1 vaccine
was shown to be safe and to possess the ability to induce MSP-1-specific
antibodies that activate the complement cascade, opsonize merozoites,
and initiate neutrophil activity, though lacking in vitro growth inhibi-
tion effects [12,13]. MSP1-19 has been reported to produce specific
antibodies in rodents that promote passive immunity against rodent
malaria infections [14] and potentially block merozoite invasion in vitro
[15].

While MSP-1 vaccines mixed with Freund’s adjuvant are protective
in animal models, but not suitable for human use; The initial phase 1
trial was conducted on MSP1-42 from the P.f 3D7 strain (FMP1)
formulated with the ASO2 adjuvant; The trial showed that the vaccine
was safe and immunogenic in rhesus monkeys [16], and in adults from
the USA [17], Kenya [18,19], and Mali [20].

However, neither the follow-up phase 2b of the FMP1/AS02 [21]
trial, nor the phase 2a with co-administration of RTS/S and FMP1/AS02
vaccines trials [22], demonstrated efficacy against natural malaria in-
fections. The reasons behind the lack of protectivity are unknown,
suggesting that ongoing research should target optimizing both formu-
lations and the design of the MSP-1 antigen.

For vaccine efficacy, adjuvant selection for clinical use is an impor-
tant issue in vaccine development and the need for more potent and
nontoxic adjuvants is clearly recognized [16].

New formulation of adjuvants are being developed and clinically
tested; MF59 (squalene oil in water emulsion), immune stimulating
complexes (ISCOM), QS21 (saponin derivative), monophosphoryl lipid
A (MPL), and CpG oligodeoxynucleotides (ODN) containing CpG motifs,
appear promising [23-27].

ASO02A and ASO1B induced different cytokine profiles; AS01B
formulation induced a strong Thl response, whereas the AS02A
formulation induced a balanced Th1/Th2 response [16]. When used
with the malaria circumsporozoite-based vaccine RTS,S, the multi-
component adjuvant, ASO2A (an oil-in-water emulsion containing
QS21 and MPL),the vaccine formulation showed promising results with
a protective efficacy of 71 % in a field trial but efficacy is short lived
[28].

The limitation of FMP1/AS02 vaccine was derived from a mono-
valent malaria vaccine, suggesting the need for other vaccine formula-
tions and antigen construct [21].

In vivo evidence has shown that the combined T-cell epitope regions
of MSP1-33 can support anti-MSP1-19 antibody production, compara-
ble to or exceeding the full MSP1-42. While some segments elicited
strong, consistent responses in mice or potent parasite-inhibiting anti-
bodies in rabbits, certain regions triggered non-inhibitory antibodies
that interfered with MSP1-42 activity and skewed the immune response
[29]. This provides a reasonable basis for improving MSP-1 vaccines by
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integrating or eliminating specific T-cell epitopes.

Besides, MSP1-83 subunit in the N-terminal end of the protein is a
major target of opsonizing antibodies acquired during natural exposure
to malaria [30] but the N-terminal part of the protein has not been the
focus as a component of an immunization strategy in humans, until
recently [12].

Interestingly, studies in diverse tropical locations have revealed
greater levels of IgG against the N-terminal of PvMSP-1 [31,32], and
IgG3 levels in asymptomatic individuals were significantly higher than
in those with acute malaria or uninfected individuals [33].

This implied a correlation between protection and reduced infection
risks, suggesting the inclusion of the MSP-1 N-terminus as a vaccine
candidate [34].

The primary objective of vaccination is to protect individuals from
diseases by inducing a robust and durable immune response [35].

To achieve this goal, an adjuvant is used as a carrier for the recom-
binant subunit vaccine antigen and thus, it is important to define a
suitable adjuvant for vaccine candidates.

Although adjuvants have long been widely used in vaccines, the
mechanisms by which they enhance immune responses are not well
understood [36]. Bacterial CpG DNA or synthetic CpG ODNs have been
recognized as strong immuno-stimulatory agents with an extensive
ability to stimulate innate immune activation, which is followed by
adaptive immune responses [37]. Synthetic oligodeoxynucleotides
containing unmethylated cytosine-guanine motifs (CpG ODNSs) that
induce both stimulatory and counter-regulatory responses offer novel
opportunities for using these molecules as immunomodulatory agents in
different therapeutic strategies [38]. CpG ODN has been widely
formulated in malaria vaccination including MSP-1 [39,40], implicating
the advantage of CpG ODN in evaluation of vaccine efficacy of MSP-1
fragments.

Therefore, we evaluated the immune response and protective effects
of the N-terminal and C-terminal fragments of MSP-1 vaccine using
different adjuvants against malaria in a mouse model.

2. Materials and methods
2.1. Reagents

RPMI 1640 medium supplemented with 25 mM HEPES, 1-Glutamine,
and AlbuMAX™ILipid-Rich bovine serum albumin (BSA) were pur-
chased from Gibco, Life Technologies Corporation (Grand Island, NY,
USA). Propidium iodide (PI) and SYTOX green solution were obtained
from BD Pharmingen, Inc. (San Diego, CA, USA) and Life Technology
(Grand Island, NY, USA), respectively. The plasmid pET21b (+) and
Escherichia coli host strain BL21 (DE3) were acquired from Novagen
(Birmingham, United Kingdom). Rabbit anti-mouse IgG H&L (horse
radish peroxidase (HRP) was purchased from Abcam (Cambridge,
United Kingdom). Differential Quik III Stain Kit was acquired from
Polysciences, Inc. (Valley Road Warrington, PA, USA). 6x-His Tag
Monoclonal Antibody (HIS-H8) (MA1-21315) was purchased from
Thermo Fisher Scientific (Waltham, MA, USA).

Expression and purification of recombinant proteins.

A 408 bp DNA fragment of PyMSP-1C, encoding 136 amino acids
from positions 1619 to 1754 (GenBank: XP 726257.1), was commer-
cially synthesized (Cosmogenetech, Inc., South Korea). cDNA reverse-
transcribed from the RNA of Plasmodium yoelii 17XNL-infected RBCs
was used for PCR amplification of the PyMSP-1 N fragment, encoding
462 amino acids from positions 1 to 462 (GenBank: XP 726257.1). The
PCR was conducted with appropriate forward (5-GGATCCGAT-
GAAGGTGATTGGA-3") and reverse (5’-CTCGAGACCA-
GAACCACCATTATCGGGATGTGTC-3") primers. The PCR thermo
cycling parameters were as follows: initial denaturation at 92 °C for 2
mins, followed by 30 cycles of denaturation, primer annealing and
elongation at 92 °C for 1 min, 59 °C for 1 min, and 72 °C for 1 min,
respectively, followed by a final elongation step for 10 mins at 72 °C.
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Then, the DNA fragment of MSP-1C and N were sub-cloned in pGEM-T
Easy Vector (A1360, Promega, Madison, WI, United States) before
being cloned into the pET21b (+) plasmid vector. Next, the recombinant
plasmids were transformed into the BL21 DE3 strain, followed by in-
duction with 1 mM isopropyl-b-D-Thiogalactopyranoside (IPTG)
(Sigma, St. Louis, MO, USA) for expression. Each protein was mainly
expressed in soluble form in a PBS (pH 7.4) lysis buffer. Finally, batch
purification on Ni-NTA resin was conducted for the His-tagged three
recombinant proteins according to the manufacturer’s instructions,
followed by concentration using a Centricon filter unit.

Protein expression and purification was verified using Western
blotting analysis. Recombinant proteins were subjected to acrylamide
gel then transferred to nitrocellulose membranes (Merck Millipore, EMD
Millipore, Billerica, MA, USA) at 4 °C and 250 mA for 2.5 h. The
membrane was blocked at room temperature (RT) for 2 h. Next, the first
6x-His Tag Monoclonal Antibody (MA1-21315, Invitrogen, MA, USA;
10,000-fold diluted in blocking buffer) was introduced for 1 h, at RT.
After washing with PBS plus 0.5 % Tween 20 (PBS-T), the second anti-
body Rabbit Anti-Mouse IgG H&L Horse Raddish Peroxidase (HRP)
(Ab97046, Abcam, Cambridge, MA, USA; 20,000-folds diluted in
blocking buffer) was added for 30 mins at RT. The membrane was
further incubated with Western ECL substrate (Bio-Rad, Hercules, CA,
USA). The samples were scanned using a ChemiDoc XRS imaging system
(Bio-Rad, Hercules, CA, USA). Washing was performed using PBS-T at
least three to five times for 3 mins each.

2.2. Mouse immunization of recombinant antigen

Six-week-old female C57BL/6 mice were purchased from Orient Bio
(Gyeonggi-do, South Korea). Each group (n = 6 per group) was immu-
nized with purified PyMSP-1 N, PyMSP-1C, or mixed PyMSP-1C +
PyMSP-1 N antigens. The total antigen was injected three times at 50 pg,
200 pg, and 200 pg antigen in the three groups, respectively. In the case
of the PyMSP-1C + PyMSP-1 N group, 25 pug, 100 pg, and 100 pg each
antigen were mixed to make PyMSP-1C + PyMSP-1 N (1:1), and injected
to a total of 50 pg, 200 pg, and 200 pg of antigens. Two types of adju-
vants were used with the antigen: Incomplete Freund’s adjuvant (IFA)
(F5506, Sigma-Aldrich, St. Louis, MO, USA) with CpG ODN 1826 (tlrl-
1826, InvivoGen, San Diego, CA, USA), or Alum (294853, Sigma-
Aldrich, St. Louis, MO, USA) with CpG ODN 1826. Antigens were
emulsified in IFA (1:1, v/v) or Alum (1:1, v/v) with 30 ug CpG ODN 1826
in a volume of 100 pL. Inmunization was performed at 2-week intervals
in 100 pL via a combination of subcutaneous (s.c.), intraperitoneal (i.p.),
and intraperitoneal (i.p.) routes. The control group was administered an
equal amount of bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis,
MO, USA). Three vaccinations (2-week intervals) were performed, and
serum was collected before each vaccination and stored at —20 °C. All
experimental procedures were approved by the Wonkwang University
Institutional Animal Care and Use Committee (approval no. #
WKU23-7, 8, and 9).

Plasmodium yoelii 17XNL parasite challenge and evaluation of vac-
cine efficacy.

Plasmodium yoelii 17XNL (1.1) parasite numbers were determined
using Fluorescence-Activated Cell Sorting (FACS) and oil immersion
microscopy (100x). Two weeks after the last booster immunization,
C57BL/6 mice were infected with erythrocytes containing 10* parasites
of Plasmodium yoelii 17XNL via an i.p. injection. The mice’s body weight,
survival times, and parasitemia were measured once every other day.
Parasitemia was determined by fixing 5 pL mice blood (collected by the
tail sniping method) using methanol. The blood samples were stored at
—80 °C and were centrifuged for 20 mins to remove methanol. Blood
samples were resuspended in the FACS solution and placed in a U-type
96-well plate. The samples containing 96-well plates were centrifuged at
2000 rpm for 3 mins (RT) and treated with bovine pancreas Ribonu-
clease A (Sigma-Aldrich, St. Louis, MO, USA) and SYTOX Green Nucleic
Acid Stain (Life Technology, Grand Island, NY, USA). The samples were
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analyzed using a BD FACS Calibur flow cytometer (BD Biosciences, San
Jose, CA, USA).

2.3. Measurement of antigens-specific humoral responses

The 96-well plates were coated with purified PyMSP-1C and N pro-
tein with concentration of 1 pg/mL, 100 pL/well at 4 °C, overnight. The
plate was washed with PBS-0.1 % Tween20 (PBS-T) and then blocked at
37 °C for 2 h using 5 % skim milk (in PBS-T). After washing, antigen-
immunized mouse serum (4-folds serially diluted in blocking buffer)
was added and incubated at 37 °C for 1 h. The plates were then washed
and incubated with the secondary antibodies: Rabbit Anti-Mouse IgG
H&L (HRP) (Ab97046, Abcam, Cambridge, UK) was diluted 20,000-
folds in a blocking buffer at 37 °C for 30 mins. Finally, five times
washing with PBS-T was performed and the TMB substrate (50 pL/well)
(2023, Life technology, Carlsbad, CA, USA) was added. The reaction was
stopped by 0.18 M H2SO4 (50 pL/well) and results were recorded using a
SpectraMax iD3 Multi-Mode Microplate Reader at 450 nm (Molecular
Devices, San Jose, CA, USA). Additionally, isotyping ELISA was con-
ducted as previously described [41]. Briefly, it detected IgG1 and IgG2c
from immunized C57BL/6. Plates were coated with each PyMSP-1C or
PyMSP-1 N, and blocked following the same protocol as the total IgG
ELISA. After washing, the mouse serum was diluted at 1:10,000 and
incubated at 37 °C for 1 h. After washing, secondary antibodies specific
to mouse IgG1l (Abcam, ab97240), and IgG2c (Abcam, ab97255) were
added at a 1:10,000 dilution and incubated at 37 °C for 1 h. Plates were
then washed, and the enzyme reaction was developed as described in the
total IgG ELISA protocol.

2.4. Co-culture Ag-stimulated dendritic and T-cells

Six-week-old C57BL/6 mice were immunized with BSA, PyMSP-1 N,
and PyMSP-1C antigens mixed with IFA (1:1, v/v) + 20 pg CpG ODN
1826. Antigens were injected twice at 50 pg (s.c.) and 50 pg (i.p.). Total
dendritic cells were extracted from the spleens of immunized mice and
purified using a pan-dendritic cell isolation kit (130-100-875; Miltenyi
Biotec). DCs were resuspended in 6-well plates at 1 x 10° cells/well.
Isolated DCs were further stimulated with 100 ng/mL/well lipopoly-
saccharides from Escherichia coli 0127:B8 (LPS) (Sigma-Aldrich, St.
Louis, MO, USA), 30 pg of BSA, PyMSP-1 N, and PyMSP-1C antigen for
next 24 h. The DCs were pulsed with the same antigen as the immunized
antigen. The T-cells were extracted from the spleens of immunized mice.
Additionally, CD4" and CD8" T-cells were isolated using CD4" T-Cell
(130-104-454, Miltenyi Biotec, Cologne, Germany) and CD8" T-Cell
Isolation Kits (130-104-075, Miltenyi Biotec, Cologne, Germany). Co-
culture stimulated DC and T-cells (CD4" T cells / CD8" T cells) at
ratio 1:10 (1 x 10%1 x 10% per well in 96-well plates were incubated
for 3 days at 37 °C and 5 % CO,. The CD4" and CD8* T-cells from mice
immunized with PyMSP-1C and PyMSP-1 N reacted with the DCs pulsed
with BSA, PyMSP-1C, and PyMSP-1 N.

2.5. Cytokine ELISA

Stimulated DCs, CD4™ T cells, and CD8" T cells were co-cultured.
Supernatants were collected at 24 h and 72 h and stored at —20 °C.
The supernatants from 24 h cultures were used to measure IFN-y cyto-
kine concentrations using an IFN-y ELISA kit (BMS606, Invitrogen).
Similarly, supernatants from 72 h cultures were used to measure IL-4
cytokine concentrations using an IL-4 ELISA kit (BMS613, Invitrogen,
Waltham, MA, USA). Optical density was measured at 450 nm using a
SpectraMax iD3 Multi-Mode Microplate Reader (Molecular Devices, San
Jose, CA, USA).

2.6. Statistical analysis

Data were analyzed using the GraphPad Prism software (version 10;
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GraphPad Software, Boston, MA, USA). In all cases, * P < 0.05, ** P <
0.01, *** P < 0.001, and **** P < 0.0001 were considered statistically
significant.

2.7. Ethical Statement

This animal study was approved by the Animal Ethics Committee of
Wonkwang University (WKU22-18). The study was conducted in
accordance with local legislation and institutional requirements.

3. Results
3.1. Vaccine protective efficacy depending on different adjuvants

To understand the basis of vaccine efficacy depending on the N-
terminal fragment (PyMSP-1 N) and C-terminal fragment (PyMSP-1C) of
MSP-1, we examined the parasitemia profiles and body weights of in-
dividual animals within the different immunization groups at 39 dpi
using IFA plus GpG or Alum plus CpG. The sequence from 1 to 462 a.a.
was selected from N-terminal of PyMSP-1 and it belongs to region of a
well-known N-terminal of MSP-1 of P. falciparum (MSP1-83) which has
a conserved and dimorphic region [42] and C-terminal of MSP-1 (136 a.
a) was selected as previously reported [43] (Fig. 1). PyMSP-1C, a well-
known immunogenic C-terminal fragment, and PyMSP-1 N, an N-ter-
minal fragment, were generated in E. coli (Fig. S1).

First, we investigated the vaccine efficacy of MSP-1 s against Plas-
modium yoelii in a rodent model using C57BL/6 mice (n = 6) adminis-
tered by s.c. and i.p. for priming and boosting, respectively. Forty-two
days after the first immunization, the mice were challenged with P. yoelii
17XNL (i.p.) to induce a blood-stage infection. Parasitemia survival was
monitored and compared with that of control BSA-immunized mice
(Fig. 2).

) » © © ®
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As shown in Fig. 3A, although P. yoelli 17XNL is a self-curable
parasite, only half of the mice (3/6) in our study showed clearance
from the infected group, and the remaining mice died during this period.
BSA formulated with IFA plus CpG or Alum plus CpG showed no sup-
pression of parasitemia compared to P. yoelii, indicating a lack of pro-
tective efficacy in controlling infection. (Fig. 3A). PyMSP-1C in IFA plus
CpG suppressed parasitemia more efficiently than Alum plus CpG,
leading to complete inhibition of parasitemia; however, PyMSP-1 N in
IFA plus CpG or Alum plus CpG partially reduced parasitemia compared
to the infected group, although both groups showed complete clearance
at 39 dpi (Fig. 3B and C). Co-immunization with both fragments of MSP-
1 in IFA plus CpG completely suppressed parasitemia, but not Alum plus
CpG (Fig. 3D), indicating that IFA was a better adjuvant than Alum for
MSP-1.

The detailed proportions of parasitemia-positive mice in each group
immunized with two different formulations are shown in Table 1. All
infection group, P.C., (n = 6) was positive for parasitemia at 13 dpi and
two out of three mice were recovered at 39 dpi. One out of the six mice
immunized by PyMSP-1C in IFA plus CpG was positive until 19 dpi and
two at 21 dpi. Finally, parasites were completely cleared from all groups
immunized by PyMSP-1C in IFA plus CpG after 24 dpi, whereas PyMSP-
1 N in IFA plus CpG showed four out of six mice at 13-19 dpi and three
out of six mice at 21-24 dpi as positive although five out of six mice were
cleared after 39 dpi. The co-immunized groups did not show any positive
parasitemia up to 34 dpi, indicating that the combination of two frag-
ments of PyYMSP-1 in IFA plus CpG was better than PyMSP-1C alone. In
the case of vaccinated group formulated of Alum plus CpG, the groups
showed that PyMSP-1C had a 100 % survival rate (six out of six mice),
with an infection rate of two to three mice up to 13 to 24 dpi. The
combination of two fragments of PyMSP-1 had 100 % survival up to 21
dpi, but one mouse died on 24 dpi, with an infection rate of five and four
mice at 21 and 24 dpi. Immunized PyMSP-1 N fragment alone group
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Fig. 1. Sequence of the full lengths protein of PyMSP-1 (GenBank accession #: XP_726,257.1) used in this study. N- and C-terminal regions chosen in this study were
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this figure legend, the reader is referred to the web version of this article.)

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en mayo 15,
2025. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.



S.-Y. Yun et al.

PyMSP-1s PyMSP-1s PyMSP-1s
50 pug 200 pug 200 pug
(IFA + CpG (IFA + CpG (IFA + CpG

or Alum + CpG)

s.C. l
Day 14

Day 0
\‘ Immunization
(n=6) ¢ ¢

Blood Blood
draw draw

or Alum + CpG)

i.p. 1

or Alum + CpG)

i.p. 1

Day 28

Vaccine 55 (2025) 127032

1x104

Plasmodium yoelii

Challenge

i.p. 1

Day 42 Day 81

Days post-infection (dpi)
?22?266666666666

11 13 15 17 19 21 24 26 29 34 3}9

Y

Analysis
(Parasitemia, weight, survivalrate)

L

Fig. 2. Schematic vaccination schedule. After immunization with two fragments (N-terminal or C-terminal) of PyMSP-1 (50 pg (s.c), 200 pg (i.p.), 200 pg (i.p.)) (n =
6) with IFA plus CpG or Alum plus CpG for priming (s.c.) and boosting (i.p.) during every two weeks. The C57BL/6 mice were challenged with the 1 x 10* P. yoelii
17XNL (i.p.) and maintained for 39 dpi. After challenging with P. yoelii 17XNL, parasitemia, body weight, and survival rate were measured at every other day up to

39 dpi.
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Fig. 3. Parasitemia profiles in the P. yoelii challenges after immunization with N- and C-terminal fragments of PyMSP-1 formulated with Incomplete Freund’s
adjuvant (IFA) or Alum with CpG-ODN 1826 in the rodent model. Statistical analysis was performed using One-way ANOVA calculated by Tukey’s multiple com-

parisons test. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.

showed a final survival rate of 33 % (two out of six mice), without an
infection rate at 39 dpi.

Severe weight loss was observed in the infected group and BSA in IFA
plus CpG or Alum plus CpG from 9 dpi (P < 0.01) and maintained the
significant difference up to 29 dpi. However this weigh of survived mice
was recovered at 39 dpi (Fig. 4A). The C-terminal fragment of PyMSP-1
in Alum plus CpG or IFA plus CpG did not show weight loss compared to
that in the infected group, whereas only the N-terminal fragment of
PyMSP-1 in IFA plus CpG showed less weight loss than Alum plus CpG
(Fig. 4B and C). This indicated that the N-terminal fragment of PyMSP-1
was more efficient with IFA plus CpG than Alum plus CpG. Interestingly,
simultaneous co-immunization of the two fragments with IFA plus CpG
showed no interference in weight loss, whereas the Alum plus CpG
showed the significant reduction of weight during 9-21 dpi (Fig. 4D).

While the infected group showed 50 % survival at 39 dpi and the

BSA-immunized group was less efficient compared to the infected group
(Fig. 5A), the survival rate of the C-terminal fragment of PyMSP-1-
immunized group in IFA plus CpG or Alum plus CpG increased up to 100
% (Fig. 5B). However, the N-terminal fragment in IFA plus CpG showed
100 % survival, but not in the Alum group (Fig. 5C). Co-immunization of
both terminal fragments showed 100 % survival in only IFA plus CpG
but not in the Alum plus CpG group (Fig. 5D).

3.2. Antibody response against MSP-1 fragments

Humoral immunity provided by B-cell-derived antibodies and cell-
mediated immunity driven by CD4" and CD8" T-cells play a role in
effective immune response [44]; in particular, increased C-terminal of
MSP-1(MSP-1,9) antibody levels have been reported to be correlated
with protection against challenge from P. yoelii [45].
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Table 1

Proportion of parasitemia-positive rate in the immunized groups depending on
adjuvants. The total antigen was injected three times at 50 pg, 200 ug, and 200
pg antigen for single antigen, respectively. In the case of the PyMSP-1C +
PyMSP-1 N group, 25 pg, 100 pg, and 100 pg each antigen were mixed to make
PyMSP-1C + PyMSP-1 N (1:1), and injected to a total of 50 pg, 200 pg, and 200
g of it.

Group Days post-infection (dpi)
0 13 15 17 19 21 24 39
PC 0/ 6/ 6/ 5/ 4/ 4/ 4/ 1/
o 6 6" 6 5 4 4 4 3
IFA + 0/ 6/ 4/ 1/ 1/ 1/ 0/
BsA CpG 6 6/6 6 4 1 1 1 1
IFA + 0/ 1/ 1/ 1/ 2/ 0/ 0/
PyMSP1 € CpG 6 176 6 6 6 6 6 6
IFA + 0/ 4/ 4/ 4/ 3/ 3/ 1/
PyMSPLN CpG 6 4/6 6 6 6 6 6 6
PyMSP1 C
+ IFA + 0/ 0/6 0/ 0/ o/ 0/ 0/ 1/
PyMSP1 CpG 6 6 6 6 6 6 6
N
Alum + 0/ 4/ 4/ 4/ 3/ 3/ 0/
BsA CpG 6 4/4 4 4 4 3 3 2
Alum + 0/ 3/ 3/ 2/ 2/ 3/ 0/
PyMSP1 € CpG 6 2/6 6 6 6 6 6 6
Alum + 0/ 4/ 4/ 2/ 3/ 3/ 0/
PyMSPLN CpG 6 45 5 5 3 3 3 2
PyMSP1 C
+ Alum + 0/ 5/6 5/ 5/ 5/ 5/ 4/ 0/
PyMSP1 CpG 6 6 6 6 6 5 3
N

@ Parasitemia >1 % is considered as positive for infection.

Vaccine 55 (2025) 127032

To determine the humoral immunity levels of MSP-1 fragments, sera
were collected 2 weeks after the last immunization, and IgG antibody
titers were measured by ELISA. The endpoint titer as defined as the
reciprocal of the highest dilution of a serum that gives a reading above
the cutoff value (mean + 3xSD of negative sera). As shown in Fig. 6,
immunization with a single fragment or a mixture of the two fragments
of MSP-1 with IFA plus CpG induced antibodies that recognized both
PyMSP-1C and N using sera diluted from 51,200 to 3,276,800.

The sera derived from 50 pg of C-terminal of single antigen per
mouse elicited a higher OD value than those derived from a mixture of
two fragment antigens (25 pg per antigen), indicating that the antibody
response may be correlated with C-terminal antigen concentration
regardless IFA plus CpG or Alum plus CpG (Fig. 6A and B). It could not be
ruled out that the immunization of two fragments could interfere the
counterpart’s epitopes, inducing less efficient interaction between the
antigen and antibody.

In contrast, N-terminal of single antigen did not show significant
difference of OD value of IgG between single and mixture of two frag-
ments at formulation of Alum plus CpG. Definitely, IgG amount seems to
be generated by N-terminal fragment formulated by IFA plus CpG not
Alum plus CpG (Fig. 6B).

The sera derived from the BSA antigen showed a lower antibody
titer, demonstrating that the fragments of MSP-1 may be more immu-
nogenic than BSA although it was not different between IFA or Alum
formulation. The OD value of the anti-C-terminal fragment of MSP-1 was
significantly different from that of the N-terminal fragment at 51,200 of
dilution factor.

Overall, the use of Alum plus CpG adjuvants resulted in lower anti-
body titers compared to IFA plus CpG. The sera derived from antigens
with Alum plus CpG were significantly different from negative sera until
the 20,800 dilution, but the sera of IFA plus CpG were significantly
different from negative sera until the 819, 200 dilution. This indicates

Fig. 4. Body weight dynamics in the P. yoelii challenges after immunization with N- and C-terminal fragments of PyMSP-1 formulated with Incomplete Freund’s
adjuvant (IFA)plus CpG or Alum with CpG ODN 1826 in the rodent model. Significant differences between positive control and immunized group with IFA plus CpG
(black asterisk) or Alum plus CpG (blue asterisk) were shown. Statistical analysis was performed using t-test and one-way ANOVA calculated by Tukey’s multiple
comparisons test. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 5. The survival rates in the P. yoelii challenges after immunization with N- and C-terminal fragments of PyMSP-1 formulated with Incomplete Freund’sadjuvant
(IFA) or Alum with CpG ODN 1826 in the rodent model.

Fig. 6. Endpoint titer by serial dilution of vaccinated sera at the last immunization. The serially diluted each serum was used to distinguish the relative potency of
antibody response depending on each domain of PyMSP-1 using IFA plus CpG (A) or Alum plus CpG (B) as adjuvant. The endpoint titer was chosen at or above the
cutoff value (mean +/— 3xSD of negative sera) (green dotted line). The BSA was used as relative control. Statistical analysis was performed using one-way ANOVA
calculated by Tukey’s multiple comparisons test.* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 7. 1gG isotype-specific antibody levels in mice immunized with PyMSP-1C and PyMSP-1 N antigen with different adjuvants. IgG1 (A) and IgG2c (B) antibody
isotype against each antigen were measured by ELISA. Sera from four mice were randomly selected and diluted to 1:10,000 to measure isotype antibody. Statistical
analysis was performed using one-way ANOVA calculated by Tukey’s multiple comparisons test.* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.

that IFA plus CpG is more efficient than Alum plus CpG ODN as adju-
vants for the MSP-1 fragments.

Humoral response for both IgG1 and IgG2c were significantly higher
in PyMSP-1C immunized C57BL/6 mice compared with PyMSP-1 N
immunized C57BL/6 mice [41], regardless of adjuvant formulation
(Fig. 7). Specifically, in comparison with the PyMSP-1C formulated with
IFA plus CpG or PyMSP-1 N formulated with Alum plus CpG groups, the
PyMSP-1C (IFA plus CpG) group exhibited markedly elevated IgG1 and
IgG2c responses, indicating a stronger humoral immune response.
Especially, the result of total IgG titer was that PyMSP-1 N was higher
than PyMSP-1C (Fig. 6), whereas IgG1 and IgG2 was not significantly
stronger than PyMSP-1C.

3.3. T cell responses to against MSP-1 fragments

The detection of antigen-induced T-cell responses is regarded as a
hallmark of lymphocyte activation and differentiation [46]. As shown in
Fig. 8A, T-cell response was measured to determine the potential of the
vaccine candidate. The C57BL/6 six-week-old female mice were vacci-
nated with each fragment of PyMSP-1 using IFA plus CpG for 4 weeks.
On day 14 after the last vaccination, DCs were isolated from total
splenocytes and stimulated with LPS (100 ng/mL) and antigens (30 pg/
mL) to pulse for one day. The CD4" and CD8™" T-cells were isolated from
splenocytes, and 1 x 10° cells/well of each CD4" or CD8* T-cell was co-
cultured with 1 x 10° cells/well of mature DCs for 2 or 3 days. The
culture supernatants were collected on day 1 and day 3 after co-culture,
and IFN- y and IL-4 ELISA was performed, respectively.

While CD8" T-cells stimulated by PyMSP-1C secreted IFN-y (254.71
+ 18.82 pg/mL, mean + SD) (P < 0.0001), CD4" T-cells stimulated by
PyMSP-1C showed significantly increased IFN-y (1122.17 + 89.63 pg/
mL, mean + SD) (P < 0.0001), however no induction of IL-4 was
observed (1.67 + 1.43 pg/mL, mean + SD) (Fig. 8B).

In the case of co-culture of DCs and CD8" T-cells stimulated by

PyMSP-1 N, a relatively small amount of IFN-y (25.55 + 8.49 pg/mlL,
mean + SD) (P < 0.05) was detected but CD4" T-cells showed an
increasing amount of IFN-y (115.78 + 14.48 pg/mL, mean + SD) (P <
0.001). IL-4 of CD4" T-cell was not markedly different(8.8 + 6.22 pg/
mL) (Fig. 8C).

4. Discussion

A variety of malaria vaccine candidates have been developed and
evaluated in recent decades, ranging from classic approaches, such as
whole-inactivated parasites, to subunit vaccines and new delivery sys-
tems. Although adjuvants enhance the immune response to vaccine, they
are occasionally ineffective in formulations with malarial antigens [47].
Therefore, it is necessary to define the immune response of subunit
vaccine candidate depending on different adjuvant to help develop
effective malaria subunit vaccines.

The 19-kDa carboxyl-terminal fragment of merozoite surface
protein-1 (MSP-1) induced a high degree of protective immunity in
Aotus nancymai monkeys against lethal P. falciparum challenge but not
A. vociferans monkeys using Freund’s adjuvant [48],while immunization
with glutathione S-transferase (GST) fusion proteins, expressed in bac-
teria, can protect some, but not all, H-2 congenic strains of mice against
P. yoelii [43].

As other adjuvants that are suitable for human use induced lower
levels of antibody, it emphasized the need to continue the search for an
adjuvant that is comparable to Freund’s adjuvant in potency and is safe
for use in humans.

Therefore, it is necessary to address this issue and investigators need
to conduct studies to elucidate the mechanism of immunity of MSP-1
fragments in different adjuvants.

With the development of novel recombinant and subunit vaccines
against infectious diseases, adjuvant studies have become more
apparent [49]. Since its development, the water-in-0il emulsion
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Fig. 8. IFN-y, IL-4 released through the interaction of PyMSP-1C and PyMSP-1 N- stimulated DC and T cells. (A) Scheme of measurement of antigen-specific T cell
derived cytokine secretion. C57BL/6 mice were vaccinated with PyMSP-1 s (s.c. priming and consecutive i.p. injection for boosting) (n = 6) for 4 weeks. DCs isolated
from total splenocytes 14 days after the last vaccination were matured by stimulation with LPS (100 ng/mL) and the PyMSP-1 antigen (30 pg/mL) for one day. On day
15 after the last vaccination, CD4" and CD8" T cells were isolated from splenocytes, and T cells were co-cultured with mature DCs for 1 or 3 days and the con-

centration of cytokines in the supernatants were measured by ELISA. Statistical analysis was performed using t-test.

< 0.0001.

incomplete Freund’s adjuvant (IFA) has been commonly used adjuvant
for in vivo researches and initial immunogenicity studies [42]. CpG ODN
1826, a well-known B-type CpG, has been successfully tested in various
vaccination models and exerted an immune enhancing effect on its own
or when used as an adjuvant for vaccines [50].

Sterile immunity was observed when the C-terminal fragment of
MSP-1 (MSP-1,9) was emulsified in Freund’s adjuvant but not when it
was adsorbed onto an aluminum hydroxide gel (Alum) [51].

Although IFA was highly immunogenic, the toxicity associated with
the use of IFA made researcher to seek the use of high-grade oils and
purified surfactants, and clinical testing is still ongoing, developing new
generation, highly purified modulation of adjuvant to reduce toxicity
such as Montanide ISA51 or ISA720 [52].

To enhance the effect of MSP-1 in malaria vaccine, Montanide ISA 51
(ISA) was used in conjunction with other adjuvant-active compounds,
CpG ODN 1826, showing superior immunity to that conferred by
PyMSP1;¢ emulsified in complete Freund’s adjuvant (CFA/incomplete
Freund’s adjuvant) [39].

Therefore, determining the exact immunity level of IFA plus CpG
formulation is an alternative solution for improving malaria adjuvants.
CpG ODNs that induce both stimulatory and counter-regulatory re-
sponses offer novel opportunities for using these molecules as immu-
nomodulatory agents in different therapeutic strategies [38]. In
particular, arginase (ARG) activity was induced in splenic myeloid
CD11b*Grl™" cells ARG activity by CpG ODN plus IFA, causing impaired
T-cell proliferation. Therefore, CpGs in IFA could reduce the pathology
of severe immune responses against malarial infection.

MSP-119 immunization formulated with CpG ODN 1826 and Mon-
tanide ISA51 induces long-term antibody responses and confers

* P < 0.05; ** P < 0.01; *** P < 0.001;

complete protection against blood-stage malaria parasite infection in
BALB/c [40]. MSP-1,9-immunized mice adjuvanted with Montanide
ISA51 or Montanide ISA720 showed predominantly IgG1 antibody and
low levels of IgG2a [53]. They found that CpG ODN 1826 significantly
enhanced both IgG1 and IgG2a antibody responses in Montanide ISA51-
adjuvanted mice but significantly enhanced only the IgG2a antibody
response in Montanide ISA720-adjuvanted BALB/c mice, implicating
that MSP-1 fragment can respond to adjuvant and CpG differently.

In the present study, we confirmed antibody response and antigen-
specific T-cell-derived cytokines induced by PyMSP-1C-terminal frag-
ment, and the performance of the C-terminal fragment of MSP-1 was
compared to that of the N-terminal fragment, which has never been
reported as vaccine potential of PyMSP-1. In addition, complete pro-
tective immunity by the C-terminal fragment of MSP-1 expressed in
Saccharomyces cerevisiae against P. yoelii YM (lethal) was reported to
correlate with the antigen-specific antibody titer, but not with effector
CD4™" T-cells [54]. There was a difference between the previous study
and the present study; they used CFA or IFA alone (Difco Laboratories,
Detroi, MI, USA) without CpG ODNs. In addition, they had to inject the
antigen five times (two s.c. and three i.p.) for complete protection.
However, our study was conducted three times (one s.c. and two i.p.) to
ensure complete protection, providing a better immunization protocol
for vaccine administration. Their Ab titers in all sera were > 6,400,000
but ours showed the lower titer with >20,800, suggesting that Ab pro-
duction was less efficient in our protocol than their protocols, impli-
cating that other immunity could be involved in our protocol to bring
complete protection. Both IgGl and IgG2b were dominant in their
protocol although IgG2b of BALB/c were higher than IgG1, implicating
that CFA/IFA adjuvant is related with Th1 response [54].

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en mayo 15,
2025. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.



S.-Y. Yun et al.

The previous study used BALB/c instead of C57BL/6, indicating that
they could not define the effect of MSP-1 fragments on T-cell activation,
which may be derived from existing literature: C57BL/6 (B6) mice show
protective T-helper cell type 1 (Th1) immune responses and resistance to
infection, and BALB/c mice show non-protective Th2 responses and are
susceptible to infection [55]. The previous study also consistently
showed a superior administrative effect by s.c. and i.p. route over i.p.
only, although the frequency of s. c. and i.p. was not exactly the same as
our vaccine schedule.

In comparison to the C-terminal fragment of MSP-1, the role of the N-
terminal fragment of MSP-1 has been less studied because most efforts to
use MSP-1 as a vaccine candidate have focused on the conserved C-
terminal region of the molecule, and the interaction between the two
fragments of the P. yoelii MSP-1 protein has been studied previously
[56].

However, the importance of N-terminal fragment of MSP1 in
P. falciparum was studied in Africa and the gene msp1 (PF3D7_0930300)
is located on chromosome 9 of the P. falciparum 3D7 reference genome,
between the genomic positions 1,201,305-1,207,576 [42].

It is a single-copy gene with no introns within its coding region
(coordinates 1,201,812-1,206,974) and is divided into 17 blocks from
M1 to M17 with varying levels of genetic diversity, where 7 blocks are
highly polymorphic, 5 blocks are semi-conserved, and 5 blocks are
highly conserved [57].

The Gambia, the reactivity of antibodies from children aged 3-7
years against the MSP-1 block 2 (harbored within the N-terminal
MSP1-83 subunit) was tested [58] and following data corroborated that
the MSP1-83 subunit in the N-terminal end of the protein is a major
target of opsonizing antibodies acquired during natural exposure to
malaria [30].

Besides, while a study in Mali led to more ambiguous results in that
no correlation between MSP-1 antibody titers and protection against
infection was observed in children, in adolescents, the presence of an-
tibodies to dimorphic fragment M6 (384-595 a.a. position), included in
the N-terminal p83 subunit of MSP-1 (MSP1-83) (from MAD20 isolate),
correlated with a 50 % reduced risk of P. falciparum infection and
increased ability to control parasitemia [59].

Unfortunately, our N-terminal has a limitation because it possesses a
partial sequence of a.a. of MSP1-83 with over 700 a.a. [42] and it
possesses only 384-535 a.a range of M6 fragment. Our N-terminal
fragment is included in one of constructs of SPf66 (35 kDa, 55 kDa, and
83 kDa (MSP1) of P. falciparum blood stages antigens) and Combination-
B (195 L-Block 3 of KI strain MSP1, full-length 3D7 MSP2 and 70 % C-
terminal of FCQ-27 RESA) [42]

Aluminum salts have the function of stimulating responses, espe-
cially of the Th2 type, related to the stimulation of B lymphocytes which
produce antibodies, and have been used since 1920 because it is a
popular adjuvant in many infectious diseases such as COVID-19. How-
ever, aluminum salts (Alum) adjuvants have limitations such as the
potential to induce local reaction in humans such as macrophagic
myofasciitis at site of injection of an aluminum adjuvant used in vac-
cines against hepatitis B virus, hepatitis A virus, and Tetanus Toxoid as a
vaccine adjuvant-related syndrome, augmentation of IgE antibody re-
sponses by aluminum phosphate adsorbed vaccine correlated with local
reactions [60], ineffectiveness for some antigens [61], and inability to
augment cell-mediated immune responses, especially cytotoxic T-cell
responses [61]. Our results using Alum correspond to these limitations,
showing a lower efficiency of PyMSP-1 using Alum plus CpG. Interest-
ingly, although Alum is associated with active Th2, leading to B-cell
activation, IFA plus CpG was more efficient in enhancing the antibody
titer against both fragments, implying that B-cell activation was more
preferable with IFA inducing Thl activation than Th2 activation alone.
Additionally, C-terminal of MSP-1 in CpG ODN 1826/ISA51 induced the
complete protection with enhanced IgG2a and IgG1 level the CFA/IFA
alone in BALB/c [40].

In our study, the potential for T-cell activation of the N-terminal
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fragment of MSP-1 was found to induce IFN-y although the efficiency of
the N-terminal fragment of MSP-1 was much lower than that of the C-
terminal fragment. However, the antibody titer of the N-terminal frag-
ment of MSP-1 was comparable to that of the C-terminal fragment,
indicating that IFA plus CpG adjuvant was effective in eliciting the im-
mune response of the N-terminal fragment of MSP-1 with a Th1 response.
It is not still clear that the protective immunity caused by N-terminal
fragment of MSP-1 is derived from IFN-y or antibody or both in this
study and thus, in vivo depletion of T cell or antibody would be a useful
means to clarify their roles.

As seen in Table 1, only co-immunization with the N-terminal and C-
terminal fragments of MSP-1 showed perfect clearance, but the C-ter-
minal fragment of MSP-1 showed patency in the experimental group,
indicating that the N-terminal fragment of MSP-1 is necessary to support
the vaccine efficacy of the C-terminal fragment of MSP-1.

The Th1- and Th2-type cytokine response and IFN-y production in
Alum plus CpG formulation for both fragments of PyMSP-1 are still
unclear in this study, encouraging the continuous investigation to un-
derstand the usefulness of N-terminal region of PyMSP-1 with Alum plus
CpG as vaccine candidate in the future.

There was a reference to help understanding the level of IFN-y by
Alum plus CpG formulation for only MSP-1C [51]. They found that Alum
plus CpG ODN1826 (30 pg) formulation for PyMSP-1C in C57BL/6 mice
induced IFN-y remarkably. However, the parasitemia was not
completely suppressed by Alum plus CpG for PyMSP-1C in our study and
it was worse in N-terminal of PyMSP-1 in Alum plus CpG than C-terminal
of PyMSP-1 N, implicating that Alum plus CpG may not induce IFN-y for
N-terminal of PyMSP-1 enough. It may be necessary to increase CpG
ODN in our current study using 20 pg per mice in the future.

In conclusion, our results show that enhanced vaccine efficacy of
MSP-1 vaccine containing the N-terminal fragments of MSP-1 with IFA
plus CpG as an adjuvant overcome the limitations of low vaccine effi-
cacy. However, IFA plus CpG formulation should be further tested to
determine whether it could be able to induced Th2 response when it was
immunized in the Th2-prone BALB/c strain.

Therefore, the superior vaccine efficacy of the combination of the N-
terminal and C-terminal fragments of MSP-1 may be due to the antibody
titer of the N-terminal fragment of MSP-1, compared to the well-known
vaccine fragment, C-terminal fragment of MSP-1, and the potential of
CD4" and CD8™" T-cell-derived INF-y.
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