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ABSTRACT Research on erythrocytic Plasmodium vivax merozoite antigens is critical
for identifying potential vaccine candidates in reducing P. vivax disease. However,
many P. vivax studies are constrained by its inability to undergo long-term culture in
vitro. Conserved across all Plasmodium spp., merozoite surface proteins are essential
for invasion into erythrocytes and highly expressed on erythrocytic merozoites, thus
making it an ideal vaccine candidate. In clinical trials, the P. vivax merozoite surface
protein 1 (PvMSP1-19) vaccine candidate alone has shown to have limited immuno-
genicity in patients; hence, we incorporate the highly conserved and immunogenic
C terminus of both P. vivax merozoite surface protein 8 (PvMSP8) and PvMSP1-19 to
develop a multicomponent chimeric protein rPvMSP8+1 for immunization of mice.
The resulted chimeric rPvMSP8+1 antibody was shown to recognize native protein
MSP8 and MSP1-19 of mature P. vivax schizonts. In the immunized mice, an elevated
antibody response was observed in the rPvMSP8+1-immunized group compared to
that immunized with single-antigen components. In addition, we examined the
growth inhibition of these antibodies against Plasmodium cynomolgi (Berok strain)
parasites, which is phylogenetically close to P. vivax and sustains long-term culture
in vitro. Similarly, the chimeric anti-rPvMSP8-+1 antibodies recognize P. cynomolgi
MSP8 and MSP1-19 on mature schizonts and showed strong inhibition in vitro via
growth inhibition assay. This study provides support for a new multiantigen-based
paradigm rPvMSP8+1 to explore potential chimeric vaccine candidates against P.
vivax malaria using sister species P. cynomolgi.

KEYWORDS Plasmodium vivax, merozoite surface proteins, Plasmodium cynomolgi,
growth inhibition assay, immunogenicity, vaccine candidate

alaria remains the most common and devastating mosquito-borne disease in the

world. It poses a significant threat to public health and has restricted the devel-
opment of social economy. Plasmodium falciparum and Plasmodium vivax are the
major causes of malaria in humans. In 2018, the proportion of malaria cases caused by
P. falciparum was 99.7% in Africa, whereas that caused by P. vivax was 75% and 53% in
South American and Southeast Asian regions, respectively (1). In China, the launch of
the China Malaria Elimination Action Plan (2010 to 2020) led to a decline in malaria
cases with no indigenous cases reported in 2017 (2, 3). However, imported cases of
malaria have been reported in China and, if untreated, can be a potential threat to

February 2021 Volume 89 Issue2 e00645-20 Infection and Immunity

Citation Shen F-H, Ong JJY, Sun Y-F, Lei Y, Chu
R-L, Kassegne K, Fu H-T, Jin C, Han E-T, Russell B,
Han J-H, Cheng Y. 2021. A chimeric
Plasmodium vivax merozoite surface protein
antibody recognizes and blocks erythrocytic P.
cynomolgi Berok merozoites in vitro. Infect
Immun 89:¢00645-20. https://doi.org/10.1128/
I1A1.00645-20.

Editor Jeroen P. J. Saeij, UC Davis School of
Veterinary Medicine

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Jin-Hee Han,
han.han@kangwon.ackr, or Yang Cheng,
woerseng@126.com.

Received 13 October 2020

Accepted 14 October 2020

Accepted manuscript posted online 16
November 2020

Published 19 January 2021

iai.asm.org


https://orcid.org/0000-0002-3014-342X
https://doi.org/10.1128/IAI.00645-20
https://doi.org/10.1128/IAI.00645-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:han.han@kangwon.ac.kr
mailto:woerseng@126.com
https://iai.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/IAI.00645-20&domain=pdf&date_stamp=2020-11-16

Shen et al.

human health (4). For P. vivax, the use of antimalarial drugs, such as chloroquine, is
effective at ridding blood-stage malaria, but the recent emergence of chloroquine-re-
sistant P. vivax parasites complicates the control of malaria infections (5). Thus, the
investigation of alternative approaches to combat P. vivax, such as the development of
an effective malaria vaccine, is in urgent need. The ideal vaccine design would target
all stages of the Plasmodium life cycle, which includes preerythrocytic, erythrocytic,
and transmission stages. It is widely believed that a vaccine that delivers immunoge-
nicity against multiple stages of parasite development would confer better protection.
Currently, two P. vivax preerythrocytic vaccines (VMPOOT and LSP) showed safety and
immunogenicity in malaria-naive volunteers (6, 7), while vaccines targeting blood-
stage infection may form a complementary approach to vaccines against the other life
cycle stages that aim to control and clear parasitemia.

In the blood stage, malaria parasites invade host cells through the contact between
merozoites and erythrocytes; during this process, the gauzy merozoite coat makes first
contact (8). This coat consists of several integral membrane proteins, such as merozoite
surface protein 1 (MSP1) (9), MSP2 (10), MSP4 (11), MSP5 (12), MSP8 (13), and MSP10
(14). MSP1, essential for erythrocyte invasion, is the most abundant protein located on
the merozoite surface and is a promising blood-stage vaccine candidate. Upon activa-
tion, the MSP1 complex is cleaved into four fragments (83, 30, 38, and 42 kDa) (15). The
42-kDa polypeptide is cleaved further into two fragments (33 and 19kDa), and only
the 19-kDa glycosylphosphatidylinositol (GPI)-linked fragment (MSP1-19) is retained
during merozoite entry (16). Previous studies have shown PfMSP1-19-specific antibod-
ies to effectively inhibit merozoite invasion in monkeys (17). However, the PvMSP1-19
vaccine candidate alone was shown to have limited immunogenicity in patients (18).
Thus, to address this limitation, the present study examined the efficiency of MSP8 as a
fusion partner for MSP1-19. MSP8 was initially identified in Plasmodium yoelii; it has a
signal sequence at the N terminus, a GPI anchor, and two epidermal growth factor
(EGF)-like domains at the C terminus with similar homology to MSP1 (19). A previous
study demonstrated that recombinant P. falciparum MSP8 could bind specifically to
membrane surface receptors on human erythrocytes, and anti-PfMSP8 antibodies sig-
nificantly inhibited P. falciparum merozoite invasion to erythrocytes (20). In P. vivax,
MSP8 induces both humoral and cellular immune responses in malaria patients (21).
Therefore, the chimeric MSP8 and MSP1-19 recombinant proteins may be a promising
and worthwhile attempt in developing a vaccine.

In P. yoelii, immunization with the chimeric rPyMSP-1/8 based on MSP8 and MSP1-
19 markedly enhances protection against P. yoelii 17XL malaria relative to immuniza-
tion with a single antigen (22). Moreover, in P. falciparum, the PfMSP1/8 based on
PfMSP8 and PfMSP1-19 can induce high titers of parasite growth inhibitory antibodies
(23). However, reports focusing on P. vivax are limited. In the present study, we con-
structed P. vivax merozoite surface protein 8 (PvMSP8) partial peptides, which were
highly reactive to P. vivax patient serum samples and PvMSP8-specific antibodies,
fused to PvMSP1-19 into a novel chimeric protein (rPvMSP8+1). Immune responses
against single antigen PvMSP8 (rPvMSP8) or PvMSP1-19 (rPvMSP1-19) and chimeric
rPvMSP8+-1 in mice were measured. As there is a lack of sustainable long-term P. vivax
in vitro culture, we examined the inhibition of P. vivax antibodies using sister species
Plasmodium cynomolgi, which is the sister taxon of P. vivax; shares similar phenotypic,
biologic, and genetic characteristics; and is an ideal model system for investigating P.
vivax biology, evolution, and pathology (24, 25). Hence, we examined the inhibition
concentration of rPvMSP8, rPvMSP1-19, and rPvMSP8+1 polyclonal antibodies to P.
cynomolgi merozoite invasion via in vitro growth inhibition assays.

RESULTS

Characterization, expression, and purification of rPvMSP8, rPvMSP1-19, and
rPvMSP8+ 1. PYMSP8 consists of a signal peptide (SP) (amino acids [aa] 1 to 23), an as-
paragine-rich domain (aa 25 to 123), two EGF-like domains (aa 383 to 463), and a GPI-
anchored domain (aa 464 to 486) (Fig. 1A). PvMSP1, which also contains an SP in the N
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FIG 1 Schematic of PvMSP8, PvMSP1, and rPvMSP8+1 construction. (A) Schematic of PvMSP8. The PvMSP8 protein (encoded by
PVX_097625) contains 487 aa with a predicted structure of an SP (aa 1 to 23), a GPI anchor (aa 464 to 486), an asparagine-rich region (ASN;
aa 25 to 123), and two EGF-like domains (aa 383 to 463). A truncated PvMSP8 (aa 260 to 399) was constructed for expression. (B) Schematic
of PYMSP1. The PvMSP1 protein (encoded by PVX_099980) contains 1,751 aa with a predicted structure of an SP, a GPI anchor, and four
fragments of 83, 30, 38, and 42kDa. A 19-kDa C-terminal fragment (aa 1616 to 1704) was constructed for expression. (C) Schematic of
rPvMSP8+-1. The rPvMSP8+1 protein consists of 131 aa at the C terminus of MSP8 and 89 aa at the C terminus of MSP1 with a predicted
molecular weight of 46 kDa, between which a glycine serine linker (GGGGSGGGGSGGGGSGGGGSGGGGS) was added. (D, E, F) Purified
rPvMSP8 (D), rPvMSP1-19 (E), and rPvMSP8+1 (F) were analyzed by SDS-PAGE (12% gel electrophoresis) under both reducing (R) and
nonreducing (NR) conditions, followed by Coomassie blue stain and immunoblot analysis using anti-His antibody. M, molecular size marker.

terminus and a GPI-anchored domain in the C terminus, was divided into four different
sized segments as follows: PvMSP1-83, PvMSP1-30, PvMSP1-38, and PvMSP1-42. In
addition, PvMSP1-42 was divided into two segments as follows: PvMSP1-33 and
PvMSP1-19 (Fig. 1B). To synthesize chimeric rPvMSP8+1, a region spanning 131 amino
acid residues (aa 260 to 390) of PvMSP8 (rPvMSP8) and 89 amino acid residues (aa
1616 to 1704) of PvMSP1 (rPvMSP1-19) was cloned into the pET32a plasmid with a gly-
cine-serine linker (GGGGSGGGGSGGGGSGGGGS) (Fig. 1C).

The single MSP recombinant proteins, rPvMSP8 and rPvMSP1-19, were inserted into
the pET30a expression vector, which contains six-histidine residues at the N- and C-ter-
minal ends, respectively. The rPvMSP8, rPvMSP1-19, and rPvMSP8+1 proteins were
successfully expressed and purified under nondenaturing conditions. The quality
of the purified proteins was assessed by SDS-PAGE stained with Coomassie blue or
determined via immunoblot analysis using anti-His antibody. The purified rPvMSP8
migrated as a single band at ~23 kDa under reducing conditions, and no aggregates
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FIG 2 Immune responses in mice immunized with rPvMSP8, rPvMSP1-19, or rPvMSP8+1. (A) IgG levels in
rPYMSP8-, rPvMSP1-19-, and rPvMSP8+1-immunized mice. IgG was detected at day 7 postimmunization, and
the levels increased throughout the whole immunization period. Antigen specificity was confirmed using
preimmune serum samples as controls. (B) Data are presented as the geometric mean OD obtained at different
concentrations, expressed as the reciprocal of the serum dilution obtained from mice immunized with
rPvMSPS8, rPvMSP1-19, or rPvMSP8+1 (dilutions from 1:10,000 to 1:5,120,000). Numbers on the x axis indicate
the dilutions tested. (C) Avidity of anti-rPvMSP8 IgG antibodies to rPvMSP8 or rPvMSP8+1 antigen. (D) Avidity
of anti-rPvMSP1-19 IgG antibodies to rPvMSP1-19 or rPvMSP8+1 antigen. (E) Avidity of anti-rPvMSP8+1 IgG
antibodies to rPvMSP8, rPvMSP1-19, or rPvMSP8+1 antigen.

were observed under nonreducing conditions (Fig. 1D). However, the refolded
rPvMSP1-19 migrated as a single protein band at ~18 kDa under reducing conditions
and show two bands at ~18 and 36 kDa under nonreducing conditions (Fig. 1E). The
larger ~36 kDa rPvMSP1-19 protein band represents a dimer, which could also be rec-
ognized by the anti-His antibody. Similarly, the rPvMSP8+1 protein showed a single
band at ~42kDa under reducing conditions but contained a mixture of monomeric
and high-molecular-mass bands under nonreducing conditions (Fig. 1F).

Immune response against rPvMSP8, rPvMSP1-19, and rPvMSP8+1 in mice. To
generate PvMSP antibodies, four groups of five mice were immunized with rPvMSP8,
rPvMSP1-19, rPvMSP8+1, and phosphate-buffered saline (PBS) (negative control),
respectively. Using enzyme-linked immunosorbent assay (ELISA), the amount of anti-
bodies generated against the recombinant proteins was examined up to 50 days post-
immunization. Mice that received rPvMSP8, rPvMSP1-19, and rPvMSP8+1 generated
an immunogenic response 1 week after the primary booster to their received proteins.
A high immune response was detected 14 days after immunization and continued to
rise throughout the immunization process (Fig. 2A). Mean serum antibody titers were
also evaluated 49 days after the first immunization by ELISA. Similarly, rPvMSP8 and
rPvMSP1-19 induced a high antibody response with endpoint titers ranging from
1:10,000 to 1:5,120,000. Interestingly, a slightly elevated antibody response with end-
point titers was observed in the rPvMSP8-+1-immunized group (Fig. 2B).

In this study, IgG antibodies induced in all mouse groups immunized with adjuvant
formulations exhibited high avidity index (Al), which represents the percentage of IgG
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antibody bound to the antigen after denaturation treatment with 6 M urea. The high-
est IgG avidity response was detected in mice immunized with rPvMSP8+1 (mean,
96.31%) compared with those of rPvMSP8 (mean, 93.71%) and rPvMSP1-19 (mean,
89.34%). Anti-rPvMSP8+1 immune serum also had a high IgG avidity response with
rPvMSP8 (mean, 88.04%) and rPvMSP1-19 (mean, 91.87%) (Fig. 2C and D). Similarly,
anti-rPvMSP8 and anti-rPvMSP1-19 immune sera also had high IgG avidity responses
with rPvMSP8+1 (mean, 89.15% and 86.20%, respectively) (Fig. 2E).

Validation of rPvMSP8, rPvMSP1-19, and rPvMSP8+1 polyclonal antibodies
and immune sera. Considering that effective immune response could be induced in
mice, immunofluorescence assays (IFAs) were conducted using anti-rPvMSP8, anti-
rPvMSP1-19, or anti-rPvMSP8+1 polyclonal antibodies to investigate whether these
antibodies could recognize the native proteins expressed on P. vivax merozoites. As
expected, the antibodies of rPvMSP8+-1, rPvMSP8, and rPvMSP1-19 could react with
the native proteins on mature schizonts of P. vivax (Fig. 3A). Mouse immune sera and
polyclonal antibodies were synchronously used to evaluate the specificity of these pro-
tein antigens via immunoblots and ELISA. As a positive control, anti-His antibody
showed specific bands of protein antigens in lane 2. A single major band of rPvMSP8
could be detected with rPvMSP8- and rPvMSP8+1-specific antibodies (Fig. 3B, i). The
same phenomenon was also observed for rPvMSP1-19 (Fig. 3B, ii), and rPvMSP8+1
could recognize anti-rPvMSP8 and anti-rPvMSP1-19 antibodies (Fig. 3B, iii). The results
of ELISA showed that the control groups incubated only with PBS-immunized mouse
serum did not present any reactivity with the protein antigens, whereas the group
incubated with rPvMSP8+-1-immunized mouse serum showed obvious reactivity with
both rPvMSP8 and rPvMSP1-19 protein antigens (Fig. 3C). These findings may reflect
the specific reactivity of anti-rPvMSP8+1 antibodies with the native proteins PvMSP8
and PvMSP1-19.

Humoral immune response analysis of rMSP8, rMSP1-19, and rMSP8+1 in P.
vivax malaria patients. To examine if the MSP recombinant proteins could evaluate
humoral immune response in patients with P. vivax, a protein array was performed to
screen the presence of MSP antibodies in human serum samples against the purified
proteins. Antibody responses against rPvMSP1-19 and rPvMSP8+1 were determined
from 112 patients with P. vivax and 80 serum samples from uninfected healthy individ-
uals. The prevalence of anti-rPvMSP8 and anti-rPvMSP1-19 antibodies showed that the
sensitivities were 73.2% and 80.4% and the specificities were 96.3% and 93.8%, respec-
tively (Table 1). As for rPvMSP8+-1, the total IgG prevalence was 70.5% in sensitivity
with 95% in specificity (Table 1). For rPvMSP1-19 and rPvMSP8+-1, the serum samples
from P. vivax-infected individuals exhibited a significantly higher mean fluorescence in-
tensity (MFI) than those of uninfected healthy individuals (Fig. 4) (P<0.0001). For
rPvMSP8, a similar result was observed in our previous study on truncated PvMSP8
(21), which could partly represent rPvMSP8 in this study.

Recognition of MSP proteins in P. cynomolgi parasites. The P. cynomolgi Berok in
vitro culture was used as a surrogate model for erythrocytic P. vivax studies. The MSP8
and MSP1-19 of P. vivax and P. cynomolgi showed high protein sequence similarity
(90.97% of MSP8 and 86.52% of MSP1-19) (Fig. 5A). To assess cross-reactivity, an immu-
noblot analysis was performed against P. cynomolgi schizont lysates. All rPvMSP8-,
rPvMSP1-19-, and rPvMSP8+1-specific antibodies could clearly recognize P. cynomolgi
schizont lysates, but no specific band could be detected in uninfected naive red blood
cell (RBQ) lysates (Fig. 5B). Anti rPvMSP8, rPvMSP1-19, and rPvMSP8+1 antibodies
showed merozoite surface labeling in a P. cynomolgi mature schizonts IFA assay (Fig.
5Q). These results suggest that rPvMSP8-, rPvMSP1-19-, and rPvMSP8+1-specific anti-
bodies cross-react with P. cynomolgi merozoites.

In vitro growth inhibition assay. To determine the blocking activity of MSP anti-
bodies against P. cynomolgi, rPvMSP8-, rPvMSP1-19-, or rPvMSP8+1-specific antibodies
were serially diluted and incubated with the parasite culture for 96 h. Growth inhibition
50% inhibitory concentration (ICs,) values of 4.40, 1.59, and 0.94 ug/ml were observed
for rPvMSP8, rPvMSP1-19, or rPvMSP8+1 antibodies, respectively (Fig. 6). The
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FIG 3 Production and validation of rPvMSP8, rPvMSP1-19, and rPvMSP8+1 polyclonal antibodies and immune serum
samples. (A) Subcellular localization of rPvMSP8, rPvMSP1-19, and rPvMSP8+1 proteins. Schizont-stage parasites of P. vivax
were labeled with rPvMSP8, rPvMSP1-19, and rPvMSP8-+1 polyclonal antibodies (red) and preimmune rabbit serum. Nuclei
were visualized with DAPI (blue) in merged images. Pl, preimmune rabbit serum; DIC, differential interference contrast. (B)
Western blot analysis of rPvMSP8, rPvMSP1-19, and rPvMSP8+1 using an anti-His antibody (His), mouse immune sera (MS),
rabbit immune sera (RS), rabbit immune antibody (RA), and preimmune sera (Pl). Molecular weight markers in kilodaltons
(kDa) are indicated. (C) Cross-reaction of protein rPvMSP8 (i), rPvMSP1-19 (ii), or rPvMSP8+-1 (iii) with sera from immune
mice. PBS was used as negative control. A statistically significant difference was not observed.

preimmune serum was also diluted in the same manner as the tested antibodies and
used as the negative control. For positive control, antibodies targeting Duffy antigen
receptor for chemokines (DARC) Fy6 and FyB regions via Fy6 2C3 monoclonal and FyB
polyclonal antibodies, respectively, were incubated with the P. cynomolgi continuous
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TABLE 1 Prevalence (% positive), 95% confidence intervals, and mean fluorescence intensity of IgG responses to rPvMSP8, rPvMSP1-19, and

rPvMSP8-+1 in P. vivax-infected patient and uninfected healthy individual serum samples

No. of P. vivax infected patient

samples No. of uninfected healthy samples
95% CI® 95% ClI
Protein Positive? Negative Total no. (%) (%) MFI Positive  Negative® Total no. (%) (%) MFI P value
rPvMSP8 82 30 112 (73.2) 64.3-80.6 17,867 3 77 80 (96.3) 89.6-98.7 1,363  <0.0001
rPvMSP1-19 90 22 112 (80.4) 73.1-87.7 15,572 5 75 80 (93.8) 88.4-99.0 3,346  <0.0001
rPvMSP8+1 79 33 112 (70.5) 62.0-78.9 17,611 4 76 80 (95.0) 92.6-97.4 6,427 <0.0001

aSensitivity is the % positive in P. vivax-infected patient samples.
bCl, confidence interval.
Specificity is the % negative in uninfected healthy samples.

culture in macaque erythrocytes. We suspect that the IC,, for Fy6 2C3 (13.14 wg/ml) to
be higher than FyB (7.23 ug/ml) due to the slight difference in Fy6 amino acid residues
between human (*?FEDVW?) and macaque (22SEDLW?2%) DARC. Among the antibodies,
the rPvMSP8+1 antibody showed the most effective inhibitory effect with the lowest
ICs, in all formulations (Table 2).

DISCUSSION

MSP remains a potential vaccine candidate against malaria due to its abundant pro-
tein expression in the asexual erythrocytic stages and its ability to confer disease pro-
tection in asymptomatic individuals. However, the inhibitory antibodies targeting P.
falciparum MSP1-19 alone are effective with limited immunogenicity (18, 26). Similarly,
the paralogue MSP8 in P. vivax induces potent immune responses in both humans and
mouse models with limited immunogenicity (21). Interestingly, a recent study com-
bined MSP8 and MSP1-19, specific to P. yoelii, and showed that the chimeric recombi-
nant protein enhanced host immunogenicity and provided almost complete protec-
tion in mice infected with lethal P. yoelli 177XL malaria (22). Therefore, our study
investigates P. vivax MSP8 as a fusion partner for MSP1-19 to assess its potentiality as a
vaccine candidate for relapsing P. vivax malaria. In the present study, an antibody
raised against the chimeric recombinant PvMSP8+1 protein was successfully devel-
oped and compared against antibodies to single rPvMSP8 or rPvMSP1-19 antigens. In
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FIG 4 Total IgG responses to rPvMSP1-19 and rPvMSP8+-1. rPvMSP1-19 and rPvMSP8+1 were probed
with the serum samples of 112 P. vivax malaria patients and 80 healthy individuals from the ROK.
Significant differences were observed between P. vivax patients and healthy individuals in the total
prevalence of anti-rPvMSP1-19 and anti-rPvMSP8+1 IgG (P < 0.0001).
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parasite lysate. The clear multiple bands indicate processed naive PcMSP8 or PcMSP1-19. Preimmune serum samples were used as

negative controls. Molecular weight is indicated to the left. M, molecular size marker. N, normal RBC lysate. P, P. cynomolgi lysate. (C)
Reactivity observed by rPvMSP8, rPvMSP1-19, or rPvMSP8+1 polyclonal antibodies with P. cynomolgi merozoite at the schizont stage

by IFAs. The mature schizont of P. cynomolgi was dually labeled with rPvMSP8, rPvMSP1-19, or rPvMSP8+1 polyclonal antibodies

(red) and rabbit preimmune sera. Nuclei were visualized with DAPI (blue). Bar indicates 5 um.
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FIG 6 Invasion inhibition assay of rPvMSP8, rPvMSP1-19, or rPvMSP8+1 polyclonal antibodies with P.
cynomolgi Berok. Data are shown as the proportion of live parasites stained. rPvMSP8, rPvMSP1-19, or
rPvMSP8+-1 polyclonal antibodies were used for invasion inhibition. Both Fy6 2C3 monoclonal
antibody and FyB polyclonal antibody were used as positive controls. Preimmune sera were used as a
negative control. The abscissa represents the antibody concentration.

mice immunized with rPvMSP8+1, an elevated antibody response was observed com-
pared to that in mice immunized with either rPvMSP8 or rPvMSP1-19 alone. The anti-
bodies purified from these mice recognized rPvMSP8, rPvMSP1-19, or rPvMSP8+1 in
ELISA and the native protein on P. vivax and P. cynomolgi mature schizonts using IFA
and Western blots. Furthermore, we examined the inhibition of these antibodies in in
vitro growth inhibition assays using sister species P. cynomolgi and showed that anti-
bodies raised against chimeric rPvMSP8+1 showed stronger growth inhibition than
antibodies against rPvMSP8 or rPvMSP1-19 alone.

As important targets of human host immunity and potential vaccine candidates,
merozoite surface antigens have been the subject of several recent studies. Recently,
studies focused on multiple vaccine antigens derived from merozoite surface proteins
have shown protective immunity against murine malaria (27, 28). To deeply evaluate
the immune protection of PvMSP8 and PvMSP1-19 antigens, we first investigated
whether their recombinant counterparts retained the native antigen specificity. The
results of IFA, Western blot analysis, and ELISA showed that rPvMSP8+1 could be rec-
ognized by the immune sera of rPvMSP1-19 and rPvMSP8, and rPvMSP8+1-specific
antibodies could also recognize native proteins expressed on P. vivax merozoites (Fig.
3). These results confirmed the successful construction of a highly specific multiple-
protein antigen. Like PfMSP8 subcellular localization, PvMSP8 was found to be associ-
ated with the food vacuole in our previous study, whereas in the present study,
PvMSP8 was located on the merozoite surface (13, 21, 29). This inconsistency may be
because the rPvMSP8 that we used in the present study is only a region spanning 131
amino acid residues, while the earlier PvMSP8 that we used was almost the full-length
fragment except for the removal of the signal peptide and GPI anchor. In comparing
the immunogenicity of rPvMSP8+1 and a single antigen (rPvMSP1-19 or rPvMSP8),
each recombinant could induce strong and equivalent antibody responses in mice.
However, elevated endpoint titers were observed in mice immunized with rPvMSP8+1
compared with those of mice immunized with rPvMSP8 or rPvMSP1-19 (Fig. 2). This
finding suggests that the theory of multiple-protein antigen (rPvMSP8+1) can address
the limited immunogenicity observed with rPvMSP1-19. Merozoite surface proteins are

TABLE 2 IC,, of rPvMSP8, rPvMSP1-19, and rPvMSP8+-1 polyclonal antibodies with P.
cynomolgi Berok using growth inhibition assay

Antibody 1C,, (g/ml)
Fy6 2C3 13.14

FyB 7.239
rPvMSP8 4402
rPvMSP1-19 1.598
rPvMSP8+1 0.9459
Preimmune 186,357,289
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implicated in the invasion and destruction of erythrocytes; as membrane proteins, they
are exposed to the host immune system and could, therefore, be recognized by the
immune sera of infected patients from areas where malaria is endemic (8, 30).
Naturally induced antibodies play important roles in eliminating blood-stage malaria
parasites (31). In this study, the serum samples from P. vivax-exposed individuals also
showed higher MFI than those from malaria-naive subjects when probed against
rPvMSP8, rPvMSP1-19, or rPvMSP8+1 (Fig. 4). These data confirm the antigenicity of
rPvMSP8, rPvMSP1-19, and rPvMSP8+1 and may indirectly reflect their protection
against malaria infection, as humoral immune responses may be partially associated
with protection from infection of P. vivax parasites.

While the lack of a sustainable in vitro P. vivax culture limits the advancement of
vaccines targeting P. vivax asexual blood-stage malaria, the recent reestablishment of
an in vitro P. cynomolgi erythrocytic culture may provide some insights into various
highly homologous surface proteins shared between the two species (24, 25). The P.
cynomolgi MSP8 and MSP1-19 amino acid sequences are highly homologous to P. vivax
at 90.97% and 86.52%, respectively. As such, the polyclonal antibodies raised against
rPvMSP8, rPvMSP1-19, and chimeric rPvMSP8+1 antigens showed strong cross-reac-
tion with P. cynomolgi schizont lysate (Fig. 5), supporting the use of P. cynomolgi as a
surrogate model for P. vivax. When the antibodies were examined for their inhibition
of parasite growth in vitro, antibodies against rPvMSP8+1 showed the lowest ICy,
required to block growth over 96 h (Fig. 6). The control antibodies applied in the
growth inhibition assay include the monoclonal 2C3 Duffy antibody, which specifically
recognizes the Fy6 domain on human Duffy antigen and the polyclonal FyB antibody
(32, 33). Interestingly, the antibodies targeting the single rPvMSP8 and rPvMSP1-19
antigens achieved inhibition at a lower IC;, than Fy6 2C3 and FyB antibodies (Fig. 6).
This underpins the flexibility of the assay to examine antibodies targeting either mero-
zoite ligands or host receptors and that the controls applied would hence provide vari-
able assessment. Nonetheless, this result indicates that merozoite surface antigens
play a significant role in initial attachment to host erythrocytes and suggests that the
chimeric MSP8-+1 is a promising vaccine candidate for the asexual erythrocytic stage
of P. vivax malaria (34, 35). The mechanism of invasion inhibition by anti-MSP1-19 anti-
bodies is not fully understood; however, MSP1-19 is composed almost entirely of two
cysteine-rich EGF-like domains, which form reduction-sensitive epitopes and could be
sterically hindered by invasion inhibitory monoclonal and polyclonal antibodies
(36-38). Thus far, reports evaluating the ability of PvMSP8-specific antibodies to inhibit
the invasion of erythrocytes by Plasmodium are lacking. The present study revealed the
significant inhibition activity of antibodies directed against rPvMSP8, although the
underlying mechanism is still unclear. Nevertheless, the potent immune responses of
rPvMSP8 and rPvMSP1-19 in humans and mouse models and their significant inhibition
activity make them suitable fusion partners to improve vaccine efficacy. As expected,
anti-rPvMSP8+-1-specific antibodies showed the most effective inhibition activity in
vitro, showing the superiority of a chimeric protein vaccine compared with single anti-
gen components (Table 2). This finding is similar to the superiority of chimeric PfMSP1/
8, whose specific antibody could potently inhibit the in vitro growth of blood-stage
parasites (23). Overall, our data indicated the inhibitory role of antibodies to rPvMSPS8,
rPvMSP1-19, and rPvMSP8+1 on P. cynomolgi merozoite invasion to macaque
erythrocytes.

From an immunogenicity perspective, the findings of the present study raised the
possibility that protective epitopes of the native protein may be represented in
recombinant constructs of MSP8 and MSP1-19. The antibodies that were raised based
on these constructs could limit P. cynomolgi growth in vitro and simultaneously
showed strong cross-reaction to schizont lysates via Western blot analysis. It would
thus be of interest to determine whether the antibodies would similarly confer strong
inhibition in short-term in vitro P. vivax invasion inhibition assays or applied in vivo
using monkeys challenged with P. cynomolgi infection (39, 40). One of the rationales
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for blood-stage vaccine development is based on the premise that the host immune
response would be enhanced to inhibit multiplicity of merozoite invasion and growth,
thereby reducing parasitemia and morbidity (41). Thus, this attempt is highly desirable
for the development of a vaccine against P. vivax. Previous studies have demonstrated
that CD4* T helper cells are essential for the introduction of anti-MSP1-19 antibodies
and that MSP1-specific CD8* T cells have an effect on exoerythrocytic-stage develop-
ment (42, 43). The recombinant modular chimera PyRMC-MSP1-19 could also elicit
high antiparasite antibody titers and robust protection against hyperparasitemia and
malarial anemia (43). However, the IgG titer intensity in the rPvMSP8+1-immunized
group could not be compared with that of the rPvMSP8- or rPvMSP1-19-immunized
group in this study. Therefore, evaluating the critical role of rPvMSP8-+1-specific T cells
in protective immunity will be a research priority in the future. In addition, another
challenge facing the development of this subunit vaccine that remains to be addressed
is the polymorphism of the C-terminal 42-kDa region of PvMSP1 (44). Previous studies
have demonstrated the allelic variation in the 33-kDa encoding region, while the C-ter-
minal 19-kDa fragment (PvMSP1-19) is highly conserved with only one substitution at
position 1709 (K/E) (44-46). Although there are two allelic forms of PvMSP1-19, previ-
ous seroepidemiological study has shown that the conserved epitopes in this region
are the targets of antibody response (47). Also, another approach to further address
this issue of polymorphism could be immunization with a combined formulation con-
taining multiple alleles of PvMSP1-19.

In summary, we report the design and expression of a recombinant chimeric pro-
tein that includes single antigens derived from P. vivax MSP8 and MSP1-19. The chi-
meric rPvMSP8+1 protein exhibited antigenic characteristics similar to those of the
original parental proteins. The recombinant PvMSP8+1 showed superior effects in
inducing immune response and parasite growth inhibitory ability compared with those
of the individual components of the protein. Although the protective effects of multi-
functional CD4+ and CD8* T cells induced by immunization were not elucidated, the
findings from this study provide a basis for in vivo testing in nonhuman primates to
evaluate the vaccine potential of chimeric rPvMSP8+-1.

MATERIALS AND METHODS

Ethics. All experiments were performed in accordance with relevant guidelines and regulations and
all experimental protocols involving human samples approved by the ethics committees of the
Kangwon National University Hospital in the Republic of Korea (ROK) (KWNUIRB-2016-04-005), the
Faculty of Tropical Medicine, Mahidol University in Thailand (MUIRB2012/079.2408), and the Department
of Medical Research, Republic of the Union of Myanmar (approval no. 52/Ethics, 2012). This study was
approved by the Institutional Review Board at Kangwon National University Hospital. Written informed
consent was obtained from all subjects and their guardians, and the mouse trial was approved by the
Animal Ethics Committee of Jiangnan University (JN. no. 20180615t0900930 [100]).

Animals. Macaca fascicularis (cynomolgus monkeys) were maintained at Monash Animal Research
Platform (MARP), Gippsland, Australia. All animals were housed in accordance with the Australian Code
of Practice and the Laboratory Animals Code of Practice. Blood collection from cynomolgus monkeys fol-
lowed standard operating procedures within MARP. All import and export permits were approved by
the Convention on International Trade in Endangered Species of Wild Fauna and Flora. All import decla-
rations were approved by the Ministry of Primary Industries, New Zealand.

Parasite culture. P. cynomolgi Berok strain was cultured in RPMI 1640 medium supplemented with
GlutaMax containing 30 mM HEPES, 0.2% (wt/vol) p-glucose, and 200 uM hypoxanthine supplemented
with 20% (vol/vol) heat-inactivated M. fascicularis serum. The parasite culture was maintained at 5% he-
matocrit and 37°C in a sealed chamber filled with trimix gas (5% O,, 5% CO,, and the rest with N,).

Study sites and sample collection. The blood samples were collected in three areas where malaria
is endemic in the Republic of Korea (ROK) (n=11), Thailand (n=7), and Myanmar (n=12) from 2014 to
2016, 2013, and 2012, respectively. The healthy individual serum samples were collected from children
under 10years old with no malaria history in local hospitals of areas where malaria is not endemic in the
ROK. For the determination of immunoglobulin G (IgG) levels, a total of 112 serum samples were col-
lected from malaria febrile patients with symptoms and positive P. vivax density by microscopic exami-
nation (40,000 to 260,000 parasites/ul) from Tengchong county, an area at the China-Myanmar border
of the Yunnan province in 2016. In addition, 80 serum samples of healthy individuals that tested nega-
tive for P. vivax malaria by microscopy were collected in areas of China where malaria is not endemic
(Wuxi city, Jiangsu province). The study was approved by the Ethics Committee of the National Institute
of Parasitic Diseases (NIPD), China CDC.

February 2021 Volume 89 Issue2 e00645-20

Infection and Immunity

iai.asm.org

1


https://iai.asm.org

Shen et al.

Production and purification of recombinant proteins. Gene sequences of pvmsp8 and pvmsp1
were obtained from the PlasmoDB website (https://plasmodb.org/plasmo/app; accession no. PVX_
097625 and PVX_099980). The PvMSP8 partial peptides (aa 260 to 390) were intercepted in accordance
with our previous study (21). Both sequences of PvMSP8 and PvMSP1-19 were from the Sal-1 strain of
P. vivax, and pvmsp8, pvmsp1-19, and pvmsp8+1 were generated by DNA synthesis (Genewiz Bio,
Suzhou, China). The gene inserts were then subcloned into the BamHI and Xhol sites of a pET-30a
expression vector (YouLong Bio, Shanghai, China). This vector adds thioredoxin and six-histidine tags
at the N- and C-terminal ends, enabling easier purification and immunodetection using polyclonal
antibodies against the six-histidine tag. The vector for rPvMSP8-+1 was finally replaced with pET-32a
(YouLong Bio, Shanghai, China), which also contains six-histidine tags. Escherichia coli cells were used
as the expression host. The proteins rPvMSP8, rPvMSP1-19, and rPvMSP8+1 were purified using a Ni-
Sepharose column under nondenaturing conditions by YouLong Bio, Shanghai, China.

Animal immune sera and purification of IgG. rPvMSP8, rPvMSP1-19, and rPvMSP8+1 were used
for raising immune sera and antibodies. Groups of five female BALB/c mice (5 to 6 weeks of age) were
injected intraperitoneally with 25 g of rPvMSP8, rPvMSP1-19, rPvMSP8+1, or phosphate-buffered saline
(PBS) with Freund’s complete adjuvant (Sigma) as described previously (48). Three and 6 weeks after the
priming immunization, the same amount of antigen with Freund’s incomplete adjuvant (Sigma) was
boosted, and the serum of each mouse was collected at days 0, 7, 14, 28, 35, and 49 postimmunization.
Control mice were immunized with a mixture of PBS and adjuvant. Meanwhile, polyclonal rabbit antisera
and IgG fractions were generated by YoulLong Bio, Shanghai, China. Briefly, 2-month-old New Zealand
rabbits were immunized with 500 ug of purified rPvMSP8, rPvMSP1-19, or rPvMSP8+1 plus Freund'’s
complete adjuvant (Sigma) followed by 500 ug of Freund’s incomplete adjuvant (Sigma). All immuniza-
tions were conducted three times at 3-week intervals, and the antisera were collected 2 weeks after the
final booster. Each antiserum was purified by protein A affinity chromatography after precipitation with
ammonium sulfate.

Enzyme-linked immunosorbent assay. Antigen-specific antibody responses induced by immuniza-
tion with rPvMSP8, rPvMSP1-19, or rPvMSP8+1 were evaluated by ELISA. Briefly, ELISA plates were
coated with 100 ng per well of rPvMSP8, rPvMSP1-19, or rPvMSP8+1 diluted in coating buffer (15 mM
Na,CO, and 35 mM NaHCO, in 1,000 ml ultrapure water) and incubated overnight at 4°C. Antigen-coated
plates were washed and then blocked with Tris-buffered saline (TBS) containing 0.1% Tween 20 (TBST)
containing 5% skim milk at room temperature for 2 h. Two-fold serial dilutions of mouse serum samples
starting at 1:10,000 were added to antigen-coated wells and incubated for 2 h at room temperature.
Bound antibodies were detected with tetramethylbenzidine solution (Sigma) after being incubated with
horseradish peroxidase-conjugated goat anti-mouse IgG antibody (Sigma). For each dilution, the absorb-
ance was then measured at 450 nm (A,s,). Antibody responses to rPvMSP8, rPvMSP1-19, or rPvMSP8+1
at 0, 7, 14, 28, 35, and 49 days after primary immunization were evaluated as described above, except
that the mouse serum samples were diluted at 1:10,000.

The avidity of anti-rPvMSP8, rPvMSP1-19, or rPvMSP8+-1 IgG antibodies was estimated as described
previously (49). Briefly, ELISA testing was performed in duplicate plates. After dilution of the serum sam-
ples (1:10,000) and incubation for 90 min, one of the plates was washed three times with TBST, and the
other plate was washed three times with dissociation buffer containing TBST with 6 M urea. Thereafter,
the plates were washed once with TBST buffer. Incubation with a secondary antibody, washing, and de-
velopment of the enzyme reaction were performed as described above. The avidity index (Al) for each
sample was calculated as follows: Al = (optical density at 450 nm [OD,,] of a sample treated with 6 M
urea/OD,,;, of a sample not treated with 6 M urea) x 100%.

Serum screening using protein arrays. Amine-coated slides were prepared as described previously
(50, 51). Serum samples from 112 patients infected with P. vivax malaria and 80 healthy individuals were
tested against rPvMSP1-19 and rPvMSP8-+1 using protein arrays. A series of double dilutions was devel-
oped to optimize the coating concentration (0.1 to 200 xg/ml) of recombinant proteins. The purified
rPYMSP1-19, rPvMSP8+1, or PBS (100 ng/ml) was spotted in duplicate onto array slides and incubated
for 2 h at 37°C. Each slide was blocked with 1 wl blocking buffer (5% bovine serum albumin in PBS with
0.1% Tween 20 [PBST]) and incubated for 1 h at 37°C. The chips were preabsorbed against wheat germ
lysate (1:100 dilution) to block anti-wheat germ antibodies and then probed with serum samples of
human malaria patients or healthy individuals (1:200 dilution). Alexa Fluor 546 goat anti-human IgG
(10 wg/ml, Sigma) in PBST was used to detect antibodies, and the antibodies were scanned in a fluores-
cence scanner (ScanArray Express, Boston, USA). Fluorescence intensities of array spots were quantified
by the fixed-circle method using ScanArray Express software (version 4.0; PerkinElmer). The cutoff value
was equal to the mean plus 2 standard deviations of the mean intensity of 80 negative samples.

Indirect immunofluorescence assay. Enriched schizont-stage parasites were purified by Percoll gra-
dient centrifugation, spotted onto a multiwell slide, fixed in ice-cold acetone for 3 min, air-dried, and
stored at —80°C. Before use, the slides were thawed on silica gel blue (Samchun Chemical, Pyeongtaek,
ROK), and nonspecific binding sites were blocked with PBS containing 5% skim milk at 37°C for 30 min.
The slides were incubated with 1:100 diluted primary antibodies, rabbit anti-rPvMSP8, rabbit anti-
rPVMSP1-19, or rabbit anti-rPvMSP8+-1, at 37°C for 1 h. After washing three times with cold PBS, the
slides were stained with Alexa Fluor 546-conjugated goat anti-rabbit IgG secondary antibody
(Invitrogen, Carlsbad, USA), and the nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI)
(Invitrogen) at 37°C for 30 min. The slides were mounted with coverslips in ProLong Gold Antifade rea-
gent (Invitrogen) and visualized under oil immersion using a confocal laser scanning FV200 microscope
(Olympus, Tokyo, Japan) equipped with 20x dry and 60x oil objectives. Images were captured with
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FV10-ASW version 3.0 viewer software (Olympus) and prepared for publication with Adobe Photoshop
CS5 (Adobe Systems, San Jose, CA, USA).
SDS-PAGE and Western blot analysis. Protein expression and purity were verified by Coomassie
blue staining analysis following SDS-PAGE on 10% and/or 12% gels run under both reducing and nonre-
ducing conditions. Immunoblots were probed with an anti-His antibody (Sigma). Following electropho-
resis, the proteins were blotted onto polyvinylidene difluoride (PVDF) membranes and incubated with
blocking buffer (5% skim milk in PBST) for 2 h at room temperature. The membranes were then incu-
bated overnight at 4°C with anti-His antibody (Sigma), and secondary goat anti-mouse (Sigma) antibod-
ies were used to detect His-tagged recombinant proteins. Results were visualized using a chemilumines-
cence detection assay (ECL; New Cell and Molecular Biotech, China), and images were merged using
ImagelJ software. For immune serum and antibody specificity, mouse immune sera, rabbit immune sera,
and antibodies against rPvMSP8, rPvMSP1-19, or rPvMSP8+1 were used as primary antibodies for incu-
bation. The following steps were performed as described above.

To test whether specific antibodies against rPvMSP8, rPvMSP1-19, or rPvMSP8+1 could be recog-

nized by P. cynomolgi-infected erythrocyte lysates or monkey healthy erythrocyte lysates, P. cynomolgi-
infected erythrocyte lysates were collected and mixed with SDS sample buffer for proper separation by
SDS-PAGE. After immunoblots were transferred to PVDF membranes, antibodies against rPvMSP8,
rPvMSP1-19, or rPvMSP8+1 were used as primary antibodies for incubation. The following steps were
performed as described above.
P. cynomolgi growth inhibition assay. A presynchronized culture was adjusted to 1% hematocrit
and 0.5% parasitemia and then plated at 0.63 ml/well in a 96-well round-bottomed plate. Antibodies
were prepared by serial dilution at 1 mg/ml (well no. 1). All antibodies were prepared by 3-fold serial
dilution with P. cynomolgi-based mediim for 10 concentration points. Approximately 7 ul of antibodies
was added in duplicate to parasites. At 48 h postincubation, each well was refreshed with 7 ul of com-
plete growth medium. At 96 h postincubation, 20 ul of culture from each well was aliquoted into a fresh
round-bottomed plate, stained with 8 xM Hoechst 34580 and 150 nM MitoTracker deep red FM molecu-
lar probes, and acquired on a Canto Il flow cytometer (Becton, Dickinson). The plates were incubated
with dyes for 20 min away from light at room temperature, washed twice with 200 ul PBS each time,
and transferred to 3-ml round-bottom polystyrene tubes (Becton, Dickinson) for acquisition. Monoclonal
antibody Fy6 2C3 (murine anti-Fy6) and polyclonal antibody FyB were used as invasion inhibition con-
trols. Data were analyzed using FlowJo software (Tree Star Inc.) where single cells were gated. Values
indicated in double positive population Hoechst 34580 /MitoTracker Deep Red™ were exported to Excel
software and analyzed using FlowJo software.
Statistical analysis. The correlation between antibody reactivity to different concentrations of
recombinant proteins and duplicate spots of protein arrays was observed using GraphPad Prism soft-
ware version 5.0 and PASW Statistics 18.0. Sensitivity and specificity were measured by the proportion of
patients who had a positive test result and that of healthy individuals who had a negative test result,
respectively. The significance of differences in mean fluorescence intensity (MFI) values between every
two groups was determined using the Mann-Whitney U test.
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