CLINICAL AND VACCINE IMMUNOLOGY, Aug. 2010, p. 1183-1187
1556-6811/10/$12.00  doi:10.1128/CVI.00101-10

Vol. 17, No. 8

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Blocking Effect of a Monoclonal Antibody against Recombinant Pvs25
on Sporozoite Development in Anopheles sinensis"
Sung-Ung Moon,"t Hyung-Hwan Kim,>”{ Tong-Soo Kim,*} Kyung-Mi Choi,' Chang-Mi Oh,’

Yong-Joo Ahn,? Seo-Kyoung
Hyuck Kim,

Hwang,” Youngjoo Sohn,” E-Hyun Shin,’
and Hyeong-Woo Lee"”*

Division of Malaria and Parasitic Diseases, National Institute of Health, Centers for Disease Control and Prevention, Seoul 122-701,
Republic of Korea'; Vascular Medicine Research Unit, Brigham and Women’s Hospital/Harvard Medical School, Cambridge,
Massachusetts 02139% International Research Center of Bioscience & Biotechnology, Jungwon University, Goesan 367-805,
Republic of Korea®; Department of Parasitology, College of Medicine, Inha University, Incheon 405-751, Republic of
Korea®; Department of Gynecology, College of Oriental Medicine, Sangji University, Wonju 220-717, Republic of
Korea®; Division of Medical Entomology, National Institute of Health, Centers for Disease Control and
Prevention, Seoul 122-701, Republic of Korea®; and Department of Pathology, University of Florida,

J-566, 1600 SW Archer Road, Gainesville, Florida 326107

Received 15 March 2010/Returned for modification 5 April 2010/Accepted 28 May 2010

To develop a vaccine to block the transmission of vivax malaria, the gene encoding the ookinete surface
protein Pvs25 was cloned from a Korean malaria patient. The Pvs25 gene was 660 bp long, encoding 219 amino
acids. It was subcloned into the expression vector pQE30 and expressed in Escherichia coli. The expressed
recombinant protein, named rPvs25, showed a molecular mass of approximately 25 kDa by SDS-PAGE
analysis. An anti-rPvs25 monoclonal antibody produced in BALB/c mice was able to inhibit sporozoite
development in the mosquito Anopheles sinensis, which is known as the malaria transmission vector in the
Republic of Korea. In addition, rPvs25 produced a relatively high antibody titer in BALB/c mice that lasted for
more than 6 months. Based on these results, we suggest that recombinant Pvs25 could be a useful antigen in
the development of a vaccine to prevent local malaria transmission in the Republic of Korea.

Although Plasmodium vivax has presumably been prevalent
in the Republic of Korea for several centuries, the incidence of
vivax malaria has rapidly decreased as a result of a national
malaria eradication program conducted by the Korean govern-
ment in collaboration with the World Health Organization
(WHO) (12, 13, 24). After a report of two malaria patients in
1985 (18), there were no further reported cases until 1993.
Between 1993 and 2000, the number of malaria cases rapidly
increased. Thus, starting in 2000, the Korean government
made efforts to reduce the incidence of malaria, resulting in a
decrease in reported malaria cases over the course of several
years. Nevertheless, it is unlikely that malaria has been eradi-
cated thoroughly from the Republic of Korea; treatment fail-
ure is reported for approximately 3 to 4% of cases every year
(Korean Centers for Disease Control and Prevention, unpub-
lished data), and there is a steady influx of travelers and work-
ers from countries where malaria is prevalent. Malaria is
caused by protozoan parasites of the genus Plasmodium, pri-
marily Plasmodium falciparum and P. vivax, and is transmitted
in nearly 100 countries, where approximately 2.0 billion people
are exposed to infection. The WHO estimates that the global
burden of malaria is approximately 500 million clinical cases
per year, and recent estimates suggest that 70 to 80 million of
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those cases are due to P. vivax (24). Unfortunately, most trials
for developing a malaria vaccine have not been successful
because of the complicated life cycle of the malaria parasite.
To overcome this problem, several researchers began to de-
velop transmission-blocking vaccines (TBVs), which are de-
signed to induce an immune response in the human host,
inhibiting the formation of ookinetes or oocysts in the mos-
quito vector and thus preventing the spread of the parasites
between humans. For example, in P. falciparum, monoclonal
antibodies against the Pfs230 and Pfs48/45 proteins, which are
expressed in the gametocytes/gametes, can block fertilization.
In addition, monoclonal antibodies against the P25 and P21/28
surface protein family members, which are expressed in zy-
gotes and ookinetes, can inhibit postfertilization events (2, 10).
Proteins in the P25 and P21/28 families are distinctive, having
four evolutionarily conserved tandem epidermal growth factor
(EGF)-like domains attached to the parasite surface by a gly-
cosylphosphatidylinositol (GPI) anchor. Pfs25 and Pfs28 of P.
falciparum and Pfs28 of rodent malaria parasites have been
cloned and are well characterized (5, 6, 20). In Plasmodium
yoelii, antibodies against the P25 homolog Pys25 can inhibit
zygote formation (22). In Plasmodium gallinacerum, polyclonal
antibodies against Pgs28, the homolog of P21/28, inhibit the
development of zygotes into ookinetes in vitro and the devel-
opment of ookinetes into oocysts (4). In P. vivax, antibodies
against Pvs25 and Pvs28, which were cloned from the Sall
strain, have the ability to block parasite formation in infected
mosquitoes (8). However, Pvs25 contains an antigenic poly-
morphism that causes problems with a Sall strain-based vac-
cine. Therefore, in this study, we report the cloning of the
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ookinete surface protein Pvs25 from a Korean isolate that
could be a suitable antigen for the development of a transmis-
sion-blocking vaccine for use in South Korea. It would be
time-consuming and laborious to immunize the more than 10
million individuals in areas of malaria endemicity in South
Korea with precise immunization schedules. One way to cir-
cumvent the logistical difficulties would be to develop an edible
malaria vaccine, so we also addressed whether immune re-
sponses could be evoked in vivo by the oral administration of
the recombinant Pvs25 (rPvs25) protein.

MATERIALS AND METHODS

Parasites. For the artificial blood fed to the Anopheles vector mosquitoes,
malaria blood samples were collected from patients infected with P. vivax who
had never been abroad. The developmental stage of the parasite in each blood
sample was determined by examination of thin blood films. Whole-blood samples
were stored in the refrigerator (4°C) or at room temperature until the mosqui-
toes were ready to feed. When the presence of gametocytes was confirmed, the
parasitemia for each sample was calculated. The remaining blood samples were
used for genomic DNA preparation. All samples were collected under human
use protocols that were reviewed and approved by the Human Ethics Committee
of the National Institute of Health of the Republic of Korea.

PCR and cloning. To amplify the ookinete surface protein gene (Pvs25), a
specific primer set for Pvs25 was designed based on the DNA sequences listed in
GenBank (accession no. AF083502). The primers contained restriction sites that
were used in expression and cloning experiments. Pvs25-F (5'-GGATCCAACT
CCTACTACAGCC-3’") contained a BamHI site at the 5’ end, and Pvs25-R
(5'-GGTACCTATGACGTACGAAGG-3') contained a Kpnl site at the 5" end.
P. vivax genomic DNA was extracted from the whole blood of a malaria patient
by use of a QIAamp blood kit (Qiagen Co., Hilden, Germany). PCR was per-
formed with AccuPower PCR premix (Bioneer Co., Taejeon, South Korea), 50
ng of the purified genomic DNA, and 40 pmol (each) of the reverse and forward
primers described above. The total volume was adjusted to 20 wl with distilled
water. Cycling conditions were as follows: initial denaturation at 94°C for 5 min,
followed by 35 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 1 min and
a final incubation at 72°C for 5 min. PCR products were confirmed under UV
transillumination and were purified with a gel extraction kit (Qiagen). Purified
PCR products were ligated into the pCR2.1 cloning vector (Invitrogen Co.,
Carlsbad, CA) and then transformed into Escherichia coli INVoF' according to
the manufacturer’s instructions. Transformants were confirmed by EcoRI diges-
tion.

DNA seq ing and e analysis. The sequence of the Pvs25 gene from
the Korean isolate was determined using an ABI Prism BigDye Terminator FS
cycle sequencing ready reaction kit (PerkinElmer Co., Boston, MA) according to
the manufacturer’s protocol. DNA was prepared from E. coli expressing the
Pys25 gene. The M13 reverse (5'-GTCCTTTGTCGATACTG-3") and M13 for-
ward (—20) (5'-GTAAAACGACGGCCAG-3') primers were used in the se-
quencing reaction mix, and nucleotide and deduced amino acid sequences were
analyzed using EditSeq and Clustal in the Megalign program, a multiple align-
ment program in the DNASTAR package (DNASTAR, Madison, WI). The
Internet-based BLAST search program of the National Center for Biotechnology
Information (NCBI) was used to search protein databases.

Recombinant protein expression and purification. For expression of the P.
vivax ookinete surface protein gene in E. coli, amplified PCR products were
digested with BamHI and Kpnl, separated in an agarose gel, and purified with a
Qiagen gel extraction kit. PCR products were then integrated into the pQE30
expression vector (Qiagen), using the same restriction sites. The resulting plas-
mid was used to express a Pvs25-His, fusion protein from E. coli strain M15
(Qiagen). Transformants were confirmed both by restriction enzyme digestion
with BamHI and Kpnl and by DNA sequence analysis. Recombinant proteins
were induced by isopropyl-1-thio-B-p-galactoside (IPTG) and purified by immo-
bilized metal ion affinity chromatography (Qiagen). After each purification step,
the proteins were run in 12% SDS-PAGE gels at 30 mA for 35 min and then
analyzed.

ELISA. Polystyrene 96-well plates were coated with 1 ug per well of purified
recombinant antigen diluted in phosphate-buffered saline (PBS), pH 7.4. The
plates were incubated at 4°C for 18 h, washed three times with PBS containing
0.05% Tween 20 (PBST), and blocked with 200 pl of blocking solution (3%
bovine serum albumin [BSA] in PBST) per well for 2 h at 37°C. After three
additional washes with PBST, 100 ! of diluted mouse serum (1:100 [vol/vol]) was
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added to each well, followed by 2 h of incubation at 37°C. Following another
series of washes as described above, the samples were incubated at 37°C for 2 h
with 100 pl of peroxidase-conjugated anti-mouse IgG (Sigma Co., St. Louis, MO)
diluted in the blocking solution (1:1,000 [vol/vol]). The plates were then washed
three times with PBST before the addition of 100 pl of substrate solution, which
was prepared immediately before use by dissolving 30 mg of o-phenylenediamine
(Sigma) per 60 ml in peroxidase solution B (H,O, in 0.1 M phosphate-citric acid
buffer, pH 5.0), to the wells. The plates were incubated for 30 min in darkness,
and the reaction was then terminated with 50 pl of 4 N H,SO,. Optical densities
were measured at 405 nm with an enzyme-linked immunosorbent assay (ELISA)
reader.

Production of MAbs. Monoclonal antibodies (MADbs) specific to rPvs25 were
produced using myeloma cells. Briefly, BALB/c mice were immunized with
rPvs25, and the antibody titer of each mouse was measured. The spleens were
removed from immunized mice, and the spleen cells were separated. Spleen cells
were then cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) after being washed three times with
serum-free DMEM. Sp2/O myeloma cells, at a concentration of no more than
10°/ml, were cultured in 15% FBS-DMEM. After 7 days of cell fusion, 8-aza-
guanine was added to the myeloma cell culture medium. Spleen cells and
myeloma cells were mixed at a 5:1 ratio. Fused cells were selected using hypo-
xanthine aminopterin thymidine (HAT) medium, and their antibody secretion
abilities were measured by ELISA and Western blot analysis. To produce ascites,
selected cell clones were injected into the peritoneal cavity of BALB/c mice.
Ascites fluid was recovered 1 week later by use of an 18-gauge needle. Pvs25
MAD was then purified using protein G Sepharose 4 Fast Flow chromatography
(Pharmacia, Uppsala, Sweden).

Western blot analysis. Recombinant proteins were run in 12% SDS-PAGE
gels and then transferred to nitrocellulose membranes. Membranes were blocked
to prevent nonspecific binding by use of a blocking buffer (0.01 M PBS, 5% skim
milk, 0.05% Tween 20, pH 7.4) for 12 h at 4°C and then were washed three times
with washing buffer (0.01 M PBS, 0.15% Tween 20, pH 7.4) for 10 min each time.
Membranes were incubated for 2 h with Pvs25 MAb or human sera (1:100
[vol/vol]), washed as described above, and incubated with peroxidase-conjugated
anti-mouse or anti-human IgG secondary antibodies (1:1,000 [vol/vol]; Sigma)
for 1 h at room temperature. For color development, a mixture of 0.2% 3,3-
diaminobenzidine and 0.02% H,0, was applied.

Assay of inhibition of sporozoite development in mosquito salivary glands.
Female Anopheles sinensis mosquitoes were fed with a glass feeder that main-
tained a temperature of 37°C. Blood samples were collected aseptically by use of
a syringe from patients infected with P. vivax, and the presence of gametocytes
was confirmed by microscopic examination. Infected erythrocytes were washed
three times with McCoy5A medium (BioWhittaker, Inc., Walkersville, MD) to
remove the lymphocytes and serum and then were suspended in McCoy5A
medium containing 20% AB-type human serum (Atlanta Biological, Law-
renceville, GA). All mosquitoes were starved for 24 h before artificial blood
feeding. To accommodate egg laying, the blood-fed mosquitoes were transferred
to paper cups filled with 10 mm of water and equipped with a wire net in the
bottom to prevent the mosquitoes from sinking. Female mosquitoes were al-
lowed to engorge on blood, with or without 200 pg/ml Pvs25 MADb, through a
Parafilm-covered glass feeder. After feeding was completed, unengorged mos-
quitoes were discarded. Fed mosquitoes were maintained at 22 * 2°C with
75% =+ 12% relative humidity. Mosquitoes were provided with cotton wool pads
soaked in 10% sucrose and were housed with an equatorial photo period (16).
Sixteen days after blood feeding, salivary glands were removed and dissected,
and the sporozoites were observed under a microscope. Salivary glands were
transferred into Eppendorf tubes for further analysis by ELISA. Each tube was
filled with 200 pl of blocking buffer (1% bovine serum albumin, 0.5% casein,
0.01% thimerosal, 0.5% NP-40, and 0.002% phenol red dissolved in 0.01 M PBS,
pH 7.4), and the contents were homogenized using a pestle (Eppendorf Co.,
Hamburg, Germany). A two-site homologous sandwich ELISA with circum-
sporozoite protein (CSP) monoclonal antibody was performed to confirm sporo-
zoite development in mosquitoes, as described by Lee et al. (11).

Oral and parenteral immunization. rPvs25 was dialyzed in 0.01 M PBS and
then adjusted to a final concentration of 200 g in 250 wl of PBS, with or without
10 pg of cholera toxin B subunit (CTB) (1, 19). BALB/c mice were deprived of
food and water for 24 h and then orally immunized with 250 pl of PBS containing
the proper amounts of antigens. Serum was collected from the eye before the
first immunization, as a control, and once each month thereafter to measure the
level of antibodies against rPvs25. Three immunizations were given, one each at
weeks 0, 1, and 3. Parenteral immunization was also performed, using rPvs25
doses similar to those used for the oral immunization, with the exception of the
incomplete adjuvant (23).
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FIG. 1. Expression and purification of rPvs25 from E. coli strain
M15 and monoclonal antibody production. (A) Expression of the
cloned Pvs25 gene was induced by adding IPTG to a final concentra-
tion of 0.5 mM, and protein expression was analyzed by SDS-PAGE
followed by Coomassie blue staining. Lanes: M, molecular size marker;
1, uninduced E. coli; 2, IPTG-induced E. coli; 3, purified sexual-stage
surface protein. (B) Antibody reactivity with the recombinant protein,
as confirmed by Western blot analysis. Lane 1, rPvs25 detected with
the Pvs25 MADb. (C) Isotype analysis of the eluate of protein G affinity
chromatography purification of ascites fluid from an rPvs25-immu-
nized mouse. OD, optical density.

Antibody isotyping. To analyze the isotypes of the monoclonal antibody and
the sera from immunized mice, a Beadlyte mouse immunoglobulin isotyping kit
(Upstate Co., Temecula, CA) was used. Purified MAbs were diluted with Bead-
lyte mouse isotyping serum diluent (Upstate) at 1:25,000 (vol/vol), and the
amount of each antibody (IgG1, IgG2a, IgG2b, IgG3, IgM, IgE, and IgA) was
determined according to the manufacturer’s instructions. Mean fluorescence
intensity (MFI) was measured with a Luminex 100 instrument (Upstate) (9). To
assess the sera of immunized mice, the levels of IgG1, IgG2a, IgG2b, IgG3, and
IgA antibodies were determined by ELISA, and the absorbance was measured at
490 nm.

Nucleotide sequence accession number. The sequence of Pvs25 from the
Korean isolate was deposited in GenBank under accession no. GU256271.1.

RESULTS

Amino acid sequence variation in Pvs25. To determine the
complete gene sequence encoding the ookinete surface protein
Pvs25, an approximately 600-bp genomic DNA fragment from
a Korean isolate was amplified by PCR, using a Pvs25-specific
primer set. The PCR products were ligated into a pCR2.1
cloning vector (3.9 kb) and transformed into E. coli INVaF'.
The plasmid containing the PCR product (pPvs25) was used
for DNA sequence analysis. The cloned Pvs25 gene was 660 bp
long and encoded a 219-amino-acid protein with a signal se-
quence at the N terminus, four tandem EGF-like domains, and
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FIG. 2. Western blot analysis of the ability of sera from human
subjects infected with P. vivax to react with rPvs25. Lanes 1 to 16, sera

of humans infected with P. vivax; lanes 17 to 20, sera of healthy
humans.

a C-terminal putative GPI attachment sequence (GenBank
accession no. GU256271.1) (8). Three amino acid polymor-
phisms were identified between the Korean strain and the Sall
strain (GenBank accession no. AF083502). Amino acid (aa) 97
(E in the Sall strain and Q in the Korean strain) and aa 130
(I—=T) differed between the two strains, but aa 131 (Q) was the
same in both. The amino acid sequence of the Korean isolate
was similar to those of Thai isolates (17). In contrast, the
amino acid sequence was totally different from those of P.
falciparum (GenBank accession no. X07802) and Plasmodium
ovale (GenBank accession no. AB051631) (data not shown).

Recombinant protein expression and monoclonal antibody
production. rPvs25 was expressed in E. coli strain M15. Protein
expression was induced with 0.5 M IPTG, and recombinant
protein was purified by Ni-nitrilotriacetic acid chromatogra-
phy. The protein had a molecular mass of 25 kDa, as deter-
mined by SDS-PAGE analysis (Fig. 1A). A monoclonal anti-
body (Pvs25 MAD) specific to rPvs25 was produced using
Sp2/O myeloma cells and BALB/c mice. The Pvs25 MAb was
purified from the ascites fluid of immunized mice by protein G
Sepharose 4 Fast Flow chromatography. A specific immune
response between rPvs25 and the Pvs25 MAb was confirmed by
Western blot analysis (Fig. 1B). The monoclonal antibody con-
sisted mainly of IgG2b (Fig. 1C). Additionally, sera of 10 of 16
P. vivax-infected patients were found to react with the purified
recombinant antigen (Fig. 2).

Pvs25 MAb-blocked sporozoite development in Anopheles
sinensis. In the control group (n = 100), in which mosquitoes
were fed by a glass apparatus with patient blood only, 34 A.
sinensis mosquitoes tested positive for sporozoite development
both by microscopic examination and by ELISA. In contrast,
none of the mosquitoes in the Pvs25 MAb-treated group (n =
80) developed sporozoites in their salivary glands.

IgG persistence after parenteral immunization. To investi-
gate the longevity of IgG levels in immunized mice, sera were
collected from each group 2 weeks after the final immuniza-
tion, and their IgG levels were tested against rPvs25 by use of
ELISA. The IgG levels of the mice that were immunized par-
enterally with rPvs25 were higher than those of mice immu-
nized by any of the other antigen delivery methods. In addition,
the levels remained high for 6 months. In contrast, no antibod-
ies were produced in mice receiving oral immunizations (Fig.
3A). The IgG2b isotype was dominant in mice immunized with
rPvs25 (Fig. 3B).
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FIG. 3. (A) Antibody longevity in mice immunized with rPvs25 through different immunization routes. Lines: a, oral immunization with rPvs25;
b, oral immunization with rPvs25 and 10 pg CTB; ¢, oral immunization with PBS; d, oral immunization with PBS and 10 pg CTB; e, parenteral
immunization with rPvs25; f, parenteral immunization with PBS; n, untreated control. (B) Analysis of the isotypes of sera from parenterally

rPvs25-immunized mice after 6 months (e group from panel A).

DISCUSSION

This study shows that a monoclonal antibody against Pvs25
can efficiently block parasite development in the A. sinensis
mosquito, which is a malarial vector in the Republic of Korea.
Pvs25 is not expressed by P. vivax during its life cycle in hu-
mans; therefore, it is not subject to immune selection pressure
in the human host. As a consequence, its sequence diversity is
low, which simplifies vaccine development (17, 21). The Pvs25
gene is highly conserved between many isolates, but three
amino acid substitutions have been identified. One amino acid
substitution (E/Q97) is located in the second EGF-like do-
main, whereas the other two (I/T130 and Q131) are located in
the third EGF-like domain (21, 25). The Korean isolate from
the present study differs from the Sall strain at aa 97 (Q in the
Korean isolate and E in the Sall strain) and aa 130 (T—I), but
the two strains are identical at aa 131 (Q). Interestingly, the
North Korean strain (AY639971) has a unique combination of
polymorphisms at these amino acid positions, with an E at aa
97, a T at aa 130, and a Q at aa 131. The polymorphic differ-
ences in the Pvs25 gene between the North and South Korean
strains should be studied further prior to the application of a
TBV in the Republic of Korea. Despite the presence of poly-
morphisms in Pvs25, a Sall-based vaccine against the polymor-
phic target antigen has been found to be effective against field
isolates, likely because most of these amino acid substitutions
are conservative and, therefore, the tertiary structure and
epitopes of the transmission-blocking antibodies are pre-
served. The low substitution frequencies and bias toward con-
servative substitutions in Pvs25, combined with the absence of
selection due to immune pressure, suggest that antigenic di-
versity will not limit the efficacy of Pvs25-based TBVs. There-
fore, Sall-based vaccines should not be affected by Pvs25 poly-
morphisms in natural isolates of P. vivax and, consequently,
should have wide-range applicability (17). Given these theo-
ries, a Pvs25-based vaccine developed from the South Korean
isolate will likely be effective against the North Korean strain
because A. sinensis is also the malarial vector in North Korea.

Although the blocking effect of antisera produced against
Pvs25 (Saccharomyces cerevisiae-produced recombinant pro-
tein) on oocyst development in Anopheles dirus A has been well
studied (8, 17), the transmission-blocking effect of Pvs25 on
sporozoite development in A. sinensis has not yet been inves-
tigated. Therefore, the efficacy of Pvs25 as the basis for a

vaccine to block malaria transmission in South Korea was
investigated in this study. rPvs25 was produced in E. coli strain
M15. The rPvs25 protein is larger than the Pvs25 protein pro-
duced in yeast because it contains the full Pvs25 sequence,
including the signal sequence. A monoclonal antibody specific
to the recombinant protein was then produced, using Sp2/O
myeloma cells and BALB/c mice. A specific immune response
between the rPvs25 antigen and the monoclonal antibody
(Pvs25 MADb), which consisted mainly of IgG2b (Fig. 1C), was
confirmed by Western blot analysis (Fig. 1B). It is possible that
hybridoma supernatants would provide clearer results about
immunoglobulin isotype than did mouse sera. To test the bio-
logical function of the Pvs25 MAb in sporozoite development,
A. sinensis mosquitoes were fed patient blood containing ga-
metocytes and the monoclonal antibody. After 16 days, dis-
sected salivary glands were examined for the presence of
sporozoites under a microscope, and the results were also
determined by an ELISA with a CSP antibody. In the control
group (n = 100), comprising A. sinensis mosquitoes fed with
patient blood only, 34 A. sinensis mosquitoes showed sporozo-
ite development in both tests. In contrast, none of the mosqui-
toes in the experimental group (n = 80), treated with the Pvs25
MADb, developed sporozoites in the salivary glands. The low
level of infection in the control group prevents us from con-
cluding that the Pvs25 MAD can effectively block sporozoite
development in A. sinensis. The low parasitemias in Korean
malaria patients make the acquisition of more accurate data
very difficult. Future work should aim to increase the numbers
of gametocytes in blood samples to overcome this experimen-
tal limitation; however, this process will be difficult due to the
lack of available P. vivax cultivation methods. In addition, we
will modify the transmission blocking assay based on the
present study; for example, an isotype control MAb must be
used in the control group to exclude a nonspecific reduction of
sporozoites, and we will count the number of oocysts in the
midguts of parasite-infected mosquitoes in future experiments
because it is a direct marker of blocked transmission.

The longevity of antisera produced in response to rPvs25 in
BALB/c mice was investigated to evaluate the potential of
rPvs25 as a vaccine. The protein was administrated to BALB/c
mice both orally and parenterally. Orally immunized mice did
not produce antibodies against rPvs25 (Fig. 3A, line b), while
parenterally immunized mice did (Fig. 3A, line f). Antibodies
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persisted at high levels in the parenterally immunized mice for
at least 6 months and consisted primarily of IgG2b (Fig. 3B), as
shown in the test of monoclonal antibody production (Fig. 1C).
During this experiment, we checked only IgG levels in immu-
nized mice because we obtained small amounts of serum from
each mouse; however, in further studies, we will check both
IgG levels and the transmission-blocking effect at each time
point.

When the frequency of antibodies against rPvs25 in Korean
malaria patients (n = 98) with confirmed vivax malaria infec-
tions was tested, the positive rate was only 11.22% (n = 11).
This result might be due to the fact that Pvs25 is expressed
primarily in the midgut of the mosquito after a blood meal.
The purpose of a transmission-blocking vaccine is to block
zygote formation in the mosquito midgut by use of an antibody
that is produced in the host’s bloodstream. In other words, the
low antibody frequency in these patients might reflect the ac-
tive transmission of vivax malaria in South Korea. Given these
results, the E. coli-expressed rPvs25 protein could effectively
elevate the antibody frequency in the population.

Chemotherapy and vector control have been insufficient to
control malaria due to the emergence of both parasite strains
resistant to antimalarial drugs and mosquito vectors resistant
to insecticides (3, 7, 14, 15). Although TBVs will not prevent
the emergence of drug-resistant mutants, these vaccines may
prevent their spread. Therefore, the results presented herein
are highly encouraging with respect to the applicability of an
rPvs25-based vaccine against P. vivax infection in the Republic
of Korea.
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