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The aim of a malaria transmission-blocking vaccine is to block the development of malaria parasites in the
mosquito and thus prevent subsequent infection of the human host. Previous studies have demonstrated that
the gametocyte/gamete surface protein Pfs230 can induce transmission-blocking immunity and have evaluated
Escherichia coli-produced Pfs230 as a transmission-blocking vaccine candidate. In this study, we used the wheat
germ cell-free expression system to produce N-terminal fragments of Pfs230 and evaluated the transmission-
blocking activity of antisera raised against the recombinant Pfs230 protein. The rabbit antisera reacted to the
surface of cultured gametocytes and gametes of the Plasmodium falciparum NF54 line, recognized the 360-kDa
form of parasite-produced Pfs230 by Western blot assay, and reduced the infectivity of NF54 parasites to
Anopheles stefensi mosquitoes in the presence of complement in a standard membrane feeding assay. Thus, our
data demonstrate that the N-terminal pro domain of Pfs230 is sufficient to induce complement-dependent

transmission-blocking activity against P. falciparum.

Malaria is a major infectious disease caused by protozoa of
the genus Plasmodium and is transmitted by anopheline mos-
quitoes. There were an estimated 225 million clinical cases of
malaria and 781,000 malaria-related deaths in 2009 (39).
Among four species of human malaria parasites, Plasmodium
falciparum causes the most severe form of malaria and is glob-
ally distributed. Elimination strategies are, however, limited
and confounded by the emergence of multidrug-resistant par-
asites and insecticide-resistant mosquitoes (15). Therefore, the
development of malaria vaccines is an essential component of
malaria elimination and, further, eradication (13, 14). Malaria
vaccines are generally divided into three groups based on the
parasite life cycle target stage: preerythrocytic, asexual blood
stage, and transmission-blocking vaccines (TBVs). Preerythro-
cytic vaccines act against sporozoites and liver stage parasites
and are intended to prevent infection. Asexual blood stage
vaccines are aimed at reducing parasite multiplication and
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growth to protect against clinical symptoms. TBVs block ma-
laria transmission by interrupting the parasite life cycle in the
mosquito. Thus, TBVs are considered to be essential compo-
nents of combination vaccines that target multiple stages of the
parasite’s life cycle aimed at malaria eradication (1, 30).
Target antigens for TBV development are sexual and mos-
quito stage-specific surface molecules (5). Antigens expressed
on the surface of zygotes and ookinetes in the mosquito midgut
(e.g., P25 and P28 in P. falciparum and P. vivax), referred to as
postfertilization antigens, have been shown to be effective for
inducing transmission-blocking immunity (8, 17, 20, 31).
Ookinete surface antigens, Pfs25 in P. falciparum and Pvs25 in
P. vivax, have been tested in phase I clinical trials, and a
positive correlation of TBV efficacy with antibody titers has
been demonstrated (18, 22, 44). However, P25 is not expressed
by blood stage parasites and hence it is not exposed to the
human immune response (7, 27); therefore, the anti-Pfs25 im-
mune response will not be boosted by natural malaria infec-
tion. In contrast to ookinete surface antigens, antigens that are
expressed on male and female gametes, such as Pfs48/45 and
Pfs230 (prefertilization antigens), may be boostable by natural
malaria infection, as they are also expressed on gametocytes
during infection and are thus exposed to the human immune
system (7, 27). The major proteins found on the surface of both
male and female gametocytes/gametes belong to a family of six
cysteine-containing domain proteins designated cysteine motif
(CM) domains that include Pfs48/45 (21) and Pfs230 (41).
Pf£s230 is a 360-kDa protein that contains 7 CM domains (Fig.
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FIG. 1. Pfs230 primary structure and design of constructs. (A) Sche-
matic representation of predicted structural motifs for Pfs230. SP
represents a signal peptide. The cleavage site at amino acid (aa) 443
represents the site at which processing of Pfs230 occurs during gamete
formation. The region comprising amino acids 443 to 588 refers to the
pro domain. CM1 through CM7 (regions shaded in gray) represent
CM domains as described by Williamson et al. (43). Amino acid po-
sitions (arrows) 589, 918, 1285, and 3135 represent the starts of CM1,
CM2, and CM3 and the end of CM7, respectively. Also, domains I
through XIV, as described by Gerloff et al. (11), are in parentheses.
(B) Construct Pfs230C spans the pro domain through domain IIT and
comprises amino acids 443 to 1132. Construct Pfs230C2 spans the pro
domain through domain II and comprises amino acids 443 to 915.
Construct Pfs230C1 spans the pro domain and domain I and comprises
amino acids 443 to 715. Construct Pfs230C0 spans the pro domain only
and comprises amino acids 443 to 588.

1A) (6, 11, 36) and elicits a humoral immune response in
infected individuals that can mediate transmission-blocking
immunity (12, 16). Consequently, Pfs230 as a component of a
vaccine offers the advantage that it will elicit an immune re-
sponse that is boosted by natural infection and will thus pro-
vide long-lasting immunity (3, 28).

The monoclonal antibodies (MAbs) recognizing the CM do-
main of Pfs230 potently block the infectivity of the P. falcipa-
rum parasites to mosquitoes (26, 28, 29, 37). Several regions of
Pfs230 have been expressed as maltose-binding protein (MBP)
fusions in Escherichia coli (designated r230/MBP) (43). Anti-
bodies raised against an N-terminal 76-kDa fragment of Pfs230
designated r230/MBP.C (amino acids 443 to 1132) were bound
to the surfaces of gametes and reduced the infectivity of P.
falciparum to mosquitoes in the presence of complement (43).
This was the first demonstration of the transmission-blocking
activity of antibodies against a recombinant Pfs230 antigen.
However, r230/MBP.C protein elicited incomplete oocyst re-
duction. Attempts to increase the efficacy of Pfs230C-based
vaccines have included yeast expression systems (38), DNA
vaccine (9), and vaccinia virus expression systems (40). Disap-
pointingly, these attempts to produce a more efficacious vac-
cine have failed, with r230/MBP.C appearing to be the most
potent Pfs230 TBV identified to date (40). Recently, we re-
ported that among the various protein synthesis systems, the
wheat germ cell-free protein synthesis system is permissive for
the production of correctly folded malaria proteins (30, 32).
The wheat germ cell-free system was demonstrated to produce
malaria proteins without any codon optimization (33). With
the expectation that the wheat germ cell-free system would
produce higher-quality Pfs230 proteins more effective in elic-
iting transmission-blocking activity than the E. coli-expressed
r230/MBP.C protein, we decided to express recombinant
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Pfs230C and its truncated forms and to characterize the min-
imal region that contains the immunodominant epitope(s) of
Pfs230C sufficient to induce malaria transmission-blocking ac-
tivity.

MATERIALS AND METHODS

Cloning of fragments encoding truncated forms of Pfs230. Williamson et al.
(43) predicted the CM domains, CM1 through CM7, in Pfs230 (PFB0405w) (Fig.
1A). Gerloff et al. (11) also described cysteine-rich domains I through XIV in
Pfs230. Based on those predictions, we synthesized four different truncated
forms of Pfs230, i.e., Pfs230C (pro domain through domain III, amino acids 443
to 1132 with 13 cysteines), Pfs230C2 (pro domain through domain II, amino
acids 443 to 915 with 8 cysteines), Pfs230C1 (pro domain and domain I, amino
acids 443 to 715 with 4 cysteines), and Pfs230C0 (pro domain, amino acids 443
to 588 without any cysteines) (Fig. 1B). Genomic DNA encoding each of the
truncated forms of Pfs230C was amplified by PCR from P. falciparum 3D7 DNA
and cloned between the Xhol and Notl sites of plasmid pEU-E01-GST-TEV (a
vector with an N-terminal glutathione S-transferase tag followed by a tobacco
etch virus protease cleavage site; CellFree Sciences, Matsuyama, Japan). The
inserted nucleotide sequences were confirmed using the ABI PRISM 3130 Ge-
netic Analyzer and the BigDye Terminator v1.1 Cycle Sequencing kit (Applied
Biosystems, Foster City, CA).

Production and purification of truncated Pfs230 proteins. Recombinant pro-
teins Pfs230C, Pfs230C2, Pfs230C1, and Pfs230C0 were produced with the wheat
germ cell-free protein expression system by the bilayer translation reaction
method described previously (33, 34). After their synthesis, the truncated forms
of Pfs230C were affinity purified by passage through a glutathione-Sepharose 4B
column (GE Healthcare, Camarillo, CA) and eluted by on-column cleavage with
ACTEV protease (Invitrogen, Carlsbad, CA) after extensive washing of the
column with phosphate-buffered saline (PBS). Concentrations of purified pro-
teins were determined using the Bradford protein assay kit (Bio-Rad Laborato-
ries, Hercules, CA). Protein samples were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions, and
the bands were visualized with Coomassie brilliant blue (Fig. 2). Purified protein
samples were stored in aliquots at —80°C until further use.

Preparation of rabbit antisera. A Japanese White rabbit for each antigen was
immunized subcutaneously 3 times at 3-week intervals with 250 pg of each
purified truncated Pfs230 protein emulsified with complete Freund’s adjuvant
(Sigma-Aldrich, St. Louis, MO) for the prime and with incomplete Freund’s
adjuvant (Sigma-Aldrich) for the first and the second boosts. Blood was collected
before immunization and 2 weeks after the third immunization. Antisera were
prepared as previously described (25). Preimmune sera from individual rabbits
were used as controls.

All animal experimental protocols were approved by the Institutional Animal
Care and Use Committee of Ehime University, and the experiments were con-
ducted according to the Ethical Guidelines for Animal Experiments of Ehime
University.

Enzyme-linked immunosorbent assay (ELISA). The titers of the IgG in the
rabbit antisera raised against different truncated Pfs230 proteins were measured
by ELISA. Briefly, 96-well MaxiSorp ELISA plates (Nunc, Rochester, NY) were
coated with 0.5 pg/ml recombinant truncated forms of Pfs230 in 20 mM borate
buffer (pH 8.9) and incubated overnight at 4°C. After blocking with 2 mg/ml
gelatin in 20 mM borate buffer, serum samples were plated in duplicate at a
starting dilution of 1:100 with PBS containing 0.01% Tween 20 and 2 mg/ml
gelatin and titrated in 10-fold dilutions. Target-specific IgG was detected using
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG at 1:2,000 (Bio-
source, Camarillo, CA) and visualized using 2,2'-azinobis(3-ethylbenzthiazoline-
sulfonic acid) (ABTS; Wako, Osaka, Japan) as the substrate. The reaction was
then stopped with 0.1 M citric acid, and the optical density values were measured.
Reciprocal serum dilutions that gave a mean absorbance value of 0.5 at 415 nm
were determined as the endpoint titers. In order to measure the antibody titers
against native Pfs230 protein, stage V gametocyte of the P. falciparum NF54 line
was extracted with PBS with 1% Triton X-100 containing Complete Proteinase
Inhibitor Cocktail (Roche, Indianapolis, IN) and centrifuged at 21,900 X g for 20
min. The collected supernatant was diluted to a final concentration of 1.0 ug
protein/ml and used as a capture antigen, and ELISA was performed as de-
scribed above.

Immunofluorescence assay (IFA). An indirect IFA was performed with cul-
tured gametocytes or macrogametes/zygotes after the induction of gametogen-
esis from the cultured gametocytes of the P. falciparum NF54 line (43). Air-dried
thin smears of the parasites were prepared on glass slides and stored at —80°C
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FIG. 2. SDS-PAGE analysis of the purified truncated recombinant
Pfs230 (rPfs230) proteins expressed. The different truncated Pfs230
proteins, Pfs230C0 (CO0), Pfs230C1 (C1), P£s230C2 (C2), and Pfs230C
(C), were expressed in the wheat germ cell-free system and separated
on an SDS-12.5% polyacrylamide gel under reducing condition and
stained with Coomassie brilliant blue (arrows indicate the expected
truncated Pfs230 proteins). The extra bands other than those indicated
by arrows in lanes C2 and C are translation products due to premature
termination of translation.

until use. The smears were thawed, fixed with ice-cold acetone for 3 min, and
blocked with PBS containing 5% nonfat milk (PBS milk) at 37°C for 30 min.
They were then incubated with either rabbit immune serum (1:500 dilution) or
matched preimmune serum as a negative control at 37°C for 1 h, followed by
incubation with Alexa Fluor 488-conjugated goat anti-rabbit IgG (Invitrogen) as
a secondary antibody (1:500) at 37°C for 30 min. Nuclei were stained with
4’ 6-diamidino-2-phenylindole (DAPI; 2 pg/ml) mixed with a secondary antibody
solution. Slides were mounted in ProLong Gold Antifade reagent (Invitrogen)
and observed under a 63X oil immersion lens. High-resolution image capture
and processing were performed using a confocal scanning laser microscope
(LSM5 PASCAL; Carl Zeiss Microlmaging, Thornwood, NY). Images were
processed in Adobe Photoshop (Adobe Systems Inc., San Jose, CA).

Western blot analysis. Proteins of the cultured gametocytes were extracted in
nonreducing SDS-PAGE loading buffer and boiled at 98°C for 3 min, and extract
from approximately 10° gametocytes per lane was subjected to electrophoresis on
a 12.5% polyacrylamide gel (ATTO, Tokyo, Japan). Proteins were then trans-
ferred to a 0.2-pm polyvinylidene fluoride (PVDF) membrane (GE Healthcare).
The proteins were immunostained with either preimmune or immune serum as
the primary antibody. To ensure that equal amounts of the protein samples were
loaded in each lane for Western blot analysis, the membranes were simultane-
ously probed with anti-PfHSP70 mouse MAb (4C9) as a quantitative marker for
parasite proteins (35). The membranes were then probed by HRP-conjugated
goat anti-rabbit IgG antibody (GE Healthcare) together with HRP-conjugated
goat anti-mouse IgG antibody (GE Healthcare) and visualized with Immobilon
Western Chemiluminescent HRP Substrate (Millipore, Billerica, MA) on a LAS
4000 mini luminescent image analyzer (GE Healthcare). The relative molecular
masses of the proteins were estimated with reference to Precision Plus Protein
Standards (Bio-Rad, Hercules, CA).

Transmission-blocking assays. The transmission-blocking activity of the sera
was tested by an ex vivo standard membrane feeding assay (SMFA) as described
previously (44). Briefly, an in vitro gametocyte culture of P. falciparum (NF54
line) was evaluated for the percentage of stage V gametocytes (>0.5%), and the
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vitality of exflagellation centers was observed at X400 magnification. The game-
tocyte pellet was diluted with normal O™ red blood cells (Interstate Blood Bank,
Memphis, TN) and a normal heat-inactivated (complement minus) or unheated
(complement plus) AB* human serum pool (Interstate Blood Bank, Memphis,
TN) to achieve a 0.15% = 0.05% concentration of stage V gametocytes and a
hematocrit of 50%. This infected blood mixture was kept at 37°C and aliquoted
into 200-pl portions prior to feeding. One 200-ul aliquot of “infected blood” was
mixed with 60 pl of the test serum diluted with a normal heat-inactivated O™
human serum pool at 1:1, 1:2, or 1:4 for final dilution of the sera in feeders at
1:5.3, 1:11, and 1:21, respectively. The mixture was immediately fed to 3- to
8-day-old Anopheles stephensi (Nijmegen strain) mosquitoes prestarved for 24 to
30 h through a membrane feeding apparatus using a thin stretched Parafilm
membrane. Mosquitoes were kept for 7 to 8 days after feeding at 26°C under
high-humidity conditions to allow parasites to develop into oocysts. Infectivity
was measured by dissecting at least 20 mosquitoes per sample, staining the
midguts with a 0.05% merbromin (Mercurochrome) solution in water for at least
20 min, and counting the oocysts in each midgut. The percent reduction of the
oocyst count per mosquito was determined by the formula 100 X (mean oocyst
NO.pegative control — MEAN 00CYSt NO. (g )/MEAN OOCYSt NO.ycgative contro, Where the
negative-control feeding used preimmune serum from the same rabbit. All sam-
ples or diluted samples were tested in replicate. To verify whether the difference
in oocyst numbers between preimmune and immune groups is statistically sig-
nificant, data were analyzed by comparing the medians of two groups using the
Mann-Whitney U test. Oocyst prevalence was statistically analyzed for all vac-
cination regimens by Fisher’s exact test. Probability (P) values of less than 0.05
were considered statistically significant in both analyses.

RESULTS

Synthesis of soluble Pfs230C proteins in a wheat germ cell-
free system. In order to evaluate the transmission-blocking
activities elicited by the wheat germ cell-free expressed trun-
cated forms of Pfs230C and to define the minimal region of
Pfs230 sufficient to induce the malaria transmission-blocking
activity, we designed different Pfs230C constructs, i.e., Pfs230C
(pro domain through domain III, amino acids 443 to 1132 with
13 cysteines), Pfs230C2 (pro domain through domain II, amino
acids 443 to 915 with 8 cysteines), Pfs230C1 (pro domain and
domain I, amino acids 443 to 715 with 4 cysteines), and
P£s230C0O (pro domain, amino acids 443 to 588 without any
cysteines), based on schematic diagrams of Pfs230 (Fig. 1A and
B) without codon optimization and expressed them in a wheat
germ cell-free system (Fig. 2). Figure 2 shows the different
truncated Pfs230 proteins resolved in a 12.5% SDS-polyacryl-
amide gel. Almost all of the truncated Pfs230 proteins were
recovered in the supernatant fraction and easily purified as a
single dominant band (Fig. 2, arrows) along with other, non-
specific, faint bands by affinity chromatography in lanes C2 and
C. The yields of purified Pfs230C0, Pfs230C1, Pfs230C2, and
Pfs230C proteins were 62, 54, 65, and 75 pg/5.0 ml of the
reaction mixture, respectively. These results demonstrate that
the wheat germ cell-free system is able to translate the native
Pfs230 gene sequences and produce soluble proteins.

Rabbit antibodies against truncated forms of Pfs230C rec-
ognized native parasite proteins. To evaluate the immunoge-
nicity of the recombinant truncated forms of Pfs230, rabbit
antisera were collected on study days 0 (pre) and 56 (post).
ELISA analysis of the IgG responses elicited by the four trun-
cated forms of Pfs230C (Fig. 3A) showed that all of the postim-
mune sera contained high titers of antibodies, with no discernible
difference among the four recombinant protein formulations, i.e.,
titers against all of the recombinant proteins, Pfs230C0 (10>%),
P£s230C1 (10%"), P£s230C2 (10°#), and P£s230C (10°°) (Fig. 3A).
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FIG. 3. IgG responses elicited by immunization with different truncated forms of Pfs230 in rabbits. (A). Serum IgG titers in samples collected
before antigen administration (pre) and on day 56 postimmunization using recombinant Pfs230C0, -C1, -C2, and -C as ELISA capture antigens.
(B). Serum IgG titers in samples collected on day 56 postimmunization using native, parasite-derived Pfs230 as the plate antigen. Reciprocal serum
dilutions that gave a mean absorbance at 415 nm of 0.5 were determined as the endpoint titers. OD, optical density.

All of the negative-control preimmune sera showed no IgG re-
sponses (Fig. 3A).

To evaluate the immunoreactivity of the antisera against
parasite-derived native proteins, Western blot analysis was per-
formed. Extract from stage V gametocytes of the P. falciparum
NF54 line was separated by 12.5% SDS-PAGE, and specific
bands with the expected mobility of native Pfs230 protein (Fig.
4, arrow) were detected under nonreducing conditions (Fig. 4,
left panel) using antiserum against each recombinant Pfs230
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FIG. 4. Western blot analy51s using antisera against different trun-
cated forms of Pfs230, Pfs230C0 (C0), Pfs230C1 (C1), Pfs230C2 (C2),
and Pfs230C (C). Extracts prepared from stage V gametocytes of the
P. falciparum NF54 line were separated on SDS-12.5% polyacrylamide
gels under nonreducing condition and transferred onto PVDF mem-
brane. Proteins on PVDF membranes were immunostained with either
rabbit anti-Pfs230C0, -C1, -C2, and -C sera (lanes C0, C1, C2, and C in
the left panel) or the corresponding preimmune (Pre) sera (right
panel) (arrow). The relative molecular masses of the proteins were
estimated with reference to Precision Plus Protein Standards (Bio-
Rad, Hercules, CA). To ensure that equal amounts of the protein
samples were loaded into the lanes for Western blot analysis, the
membranes were simultaneously probed with anti-PfHSP70 mouse
MAD (4C9) as a quantitative marker of parasite protein (35) (arrow-
head).

protein. Preimmune serum failed to recognize the native
Pfs230 protein (Fig. 4, right panel). These results suggest that
the recombinant truncated forms of Pfs230C prepared by the
cell-free system as soluble proteins retained native epitopes.
To ensure that the same amount of each gametocyte protein
sample was loaded in each lane for Western blot analysis, the
membranes were also probed with anti-PfHSP70 MAb (4C9)
(35). The intensities of the PfHSP70 bands indicated that the
amounts of samples loaded in the lanes were comparable (Fig.
4, arrowhead). Importantly, ELISA analysis of the IgG re-
sponses elicited by the four truncated forms of Pfs230C
showed that the postimmune serum against each recombinant
protein, Pfs230C0 (titer, 10>°), Pfs230Cl1 (titer, 10°%), Pfs230C
(titer, 10*7), or Pfs230C2 (titer, 10**) contained significant
levels of antibodies with no discernible difference in the levels
of antibodies against the parasites’ native Pfs230 protein ex-
tracted from the gametocytes of P. falciparum (Fig. 3B).

To confirm the specificity of the antisera for the truncated
forms of Pfs230, IFA was performed against stage V gameto-
cytes and gametes of P. falciparum (Fig. 5). Antisera against
the recombinant truncated forms of Pfs230 specifically stained
the surfaces of both gametocytes and gametes (Fig. 5). All
of the negative-control preimmune sera showed no staining of
the parasites (data not shown).

Antibodies against truncated forms of Pfs230 reduce para-
site transmission to the mosquito vector in the presence of
complement. The transmission-blocking activity of the rabbit
antisera raised against recombinant Pfs230C was evaluated by
SMFA. The antisera were diluted to minimize nonspecific ef-
fects of sera on transmission-blocking activity, and the preim-
mune sera from individual animals were used as negative con-
trols. The multiple assays were performed on different days
using the cultured P. falciparum NF54 line (Table 1). The
number of oocysts formed in the presence of complement in
experiment 1 was significantly lower (P < 0.0001), by 86%,
than that obtained with the preimmune serum (with comple-
ment, experiment 1). A similar result (88% reduction) was
obtained (P < 0.0001) in experiment 2 (with complement,
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FIG. 5. Reactivity of antisera against Pfs230C0, -C1, and -C2 and
Pfs230C in immunofluorescence microscopy. Samples prepared from
stage V gametocytes (upper panels) and gametes (lower panels) of the
P. falciparum NF54 line were immunostained with the antisera indi-
cated above the panels. Immunostained images were visualized with
Alexa Fluor 488-conjugated goat anti-rabbit IgG (green). Nuclei were
stained with DAPI (blue). Scale bars, 5 pm.
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experiment 2). In the third experiment (Table 1), a further
reduction was observed (P < 0.0001, 99.0%) when a 1:5.3
dilution of anti-Pfs230C antiserum was tested in the presence
of complement. The number of oocysts was inversely propor-
tional to the concentration of antiserum added (experiment 3
in Table 1), and the differences between pre- and postimmune
groups, even at the lowest concentration of the antiserum
(1:21) tested were still significant (P < 0.0001).

To identify the minimal functional transmission-blocking
domains within Pfs230C, the complement-dependent transmis-
sion-blocking activity was also evaluated in sera raised against
P£s230C0, -C1, and -C2 (Fig. 1B). As shown in Table 1, the
antisera raised against Pfs230C0, -C1, and -C2 (with comple-
ment, experiment 4) significantly reduced the number of
oocysts per mosquito if complement was present in the SMFA.
Surprisingly, the rabbit antisera (other than anti-Pfs230C0)
reduced oocyst formation significantly in the mosquito, even in
the absence of complement (without complement, experiment
4). Consistent with observations in SMFAs in general, the
apparent transmission-blocking efficacy was lower when the
oocyst load of the preimmune control was higher (Table 1,
experiment 4), and it was higher when the oocyst load of the
preimmune control was lower (Table 1, experiment 5).

The oocyst prevalence, expressed as the number of oocyst-
positive mosquitoes over the total number of mosquitoes dis-
sected (numbers infected/dissected in Table 1), was statistically
analyzed for all vaccination regimens by Fisher’s exact test.
Both the number of oocyst and the oocyst prevalence in mos-
quitoes were significantly reduced by the Pfs230C (1:5.3) anti-
serum in experiment 3 and the Pfs230C0 (1:5.3), Pfs230C1
(1:5.3), and Pfs230C2 (1:5.3) antisera in experiment 5.

DISCUSSION

We have demonstrated that the wheat germ cell-free system
supported the production of soluble recombinant Pfs230C
(comprising amino acids 443 to 1132 of Pfs230), which induced
transmission-blocking antibodies (Table 1). In previous studies
(4, 43), transmission-blocking antibodies against Pfs230C were
effective only at a higher concentration (i.e., a 1:2 dilution).
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However, in this study, the transmission-blocking antibodies
induced by Pfs230C were effective even at a lower concentra-
tion (i.e., a 1:5.3 dilution). The specific IgG titers of these
immune sera were comparable when they were tested against
the immunizing antigens; the IgG titers of the anti-Pfs230C2
serum was slightly lower than those of the other sera when they
were tested against native, parasite-derived Pfs230. The trans-
mission-blocking efficacy is complement dependent, as previ-
ously reported (40). Moreover, even when the antiserum was
further diluted (1:21 dilution in Table 1, experiment 3), a 70%
reduction of the oocyst number was still achieved (P < 0.0001).
These results suggest that the transmission-blocking efficacy
seen is comparable to that of E. coli-produced recombinant
Pfs230C, i.e., 1230/MBP.C comprising amino acids 443 to 1132.
Evidence from previous studies and the data presented
herein that recombinant Pfs230C has transmission-blocking
activity, defining a minimal region of P£s230 sufficient to induce
the malaria transmission-blocking activity, will facilitate the
development of candidate Pfs230 TBV into a vaccine. Busta-
mante et al. (4) expressed the regions of recombinant trun-
cated Pfs230 proteins in E. coli as MBP fusions, i.e., 1230/
MBP.C (amino acids 443 to 1132), r230/MBP.C5’ (amino acids
443 to 791), r230/MBP.CM1 (amino acids 583 to 913), r230/
MBP.C1 - 6 (amino acids 453 to 913), and r230/MBP.C2
(amino acids 914 to 1268), and used them to generate antibod-
ies in mice. All of the antisera recognized native Pfs230 on the
surfaces of the gametes, but only antibodies against r230/
MBP.C, and not antibodies against other truncated forms,
reduced the number of oocysts. The authors therefore con-
cluded that the entire Pfs230C protein is required to produce
the transmission-blocking epitope (4). However, our results
demonstrate that antibodies against all of the recombinant
truncated forms of Pfs230 reduced the number of oocysts not
only in the presence but even in the absence of active comple-
ment (Table 1). The reason for the transmission-blocking ac-
tivity in the absence of active complement may be due to the
presence of antibodies that block biological function such as
blocking of the fertilization of gametes besides the antibodies
that are involved in the complement-mediated lysis of gametes
in polyclonal antibodies. These results demonstrate that the
topology of the native Pfs230 domains may be better retained
in the recombinant truncated forms of Pfs230 synthesized in
the eukaryotic wheat germ cell-free system than in the proteins
expressed in E. coli. Importantly, there is no obvious difference
in the transmission-blocking efficacy of antibodies raised
against Pfs230C0, -C1, or -C2. This suggests that the transmis-
sion-blocking epitope is confined to the N-terminal cysteine-
free pro domain (Pfs230C0). Therefore, the entire Pfs230C
protein is not required for immunization to induce comple-
ment-dependent transmission-blocking activity against P. fal-
ciparum, but the minimal N-terminal cysteine-free pro domain
(P£s230C0) is sufficient (Table 1, experiments 4 and 5).
Several TBV candidates have complex structures and mul-
tiple disulfide bonds, which hamper their production, evalua-
tion, and development as recombinant vaccine candidates
(18, 19). However, the N-terminal pro domain of Pfs230
(P£s230C0) is cysteine free and hence not constrained by di-
sulfide bonds. The absence of disulfide bonds is expected to
facilitate the production and development of Pfs230C0 as a
TBV candidate. Future vaccine development efforts should
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TABLE 1. Evaluation of sera from rabbits immunized with Pfs230Cs by SMFA®

With complement

Without complement

Antigen and expt no.

P Sample” 9
(dilution) No.inf/diss¢  Median (IOR®) o d:ﬁtio P Nonffdis.  Median (IOR) o . lf‘:: ion P

Pfs230C

1(1:53)  Rabbit 2 pre 2425 14.0 (8.5-33.0) 224 125 (5.0-415)

1(1:53)  Rabbit 2 post 18/23 2.0 (1.0-4.0) 86 <0.0001 2325  11.0(55-26.0) 34 NS
Pfs230C

2(1:53)  Rabbit 2 pre 2323 210 (11.0-28.0) 2324 17.0 (8.0-20.0)

2(1:53)  Rabbit 2 post 21/23 2.0 (1.0-3.5) 88 <0.0001 2325  8.0(55-155) 33 NS
Pfs230C

3(1:53)  Rabbit 2 pre 2122 57.0 (30.0-76.0)

3(1:53)  Rabbit 2 post 623 0.0 (0.0-1.0) 99 <0.0001

3(1:111)  Rabbit 2 pre 2222 62,0 (29.5-88.0)

3(1:11)  Rabbit 2 post 20021 3.0 (1.0-6.5) 94 <0.0001

3(121)  Rabbit 2 pre 222 550 (37.0-73.0)

3(1:21) Rabbit 2 post 23/24 16.5 (12.0-24.0) 70 <(0.0001
Pfs230C0

4(1:53)  Rabbit 100 pre 2121  111.0 (78.5-134.5) 2222 580 (39.5-105.0)

4(1:5.3) Rabbit 100 post 20/23 20.0 (13.0-28.0) 82 <(0.0001 20/21 53.0 (33.0-82.5) 8 NS
Pfs230C1

4(1:53)  Rabbit 10l pre 2121 810 (66.0-120.0) 2021 84.0 (68.0-101.0)

4(1:5.3) Rabbit 101 post 22/22 30.5 (14.5-45.5) 63 <(0.0001 24/24 53.5 (16.5-83.5) 38 <0.01
Pfs230C2

4(1:53)  Rabbit102pre 2121  120.0 (80.0-166.5) 2121 67.0 (39.5-90.0)

4(1:5.3) Rabbit 102 post 22/22 33.5(20.5-52.5) 71 <(0.0001 26/26 38.0 (16.0-63.5) 46 <0.05
Pfs230C0

5(1:5.3)  Rabbit 100 pre  18/22 2.0 (1.0-5.0) 2323 15.0 (10.0-21.0)

5(1:5.3)  Rabbit 100 post 6287 0.0 (0.0-0.0) 92 <0.0001 2424  5.0(3.0-7.5) 62 <0.0001
Pfs230C1

5(1:5.3)  Rabbit 101 pre  22/24 6.0 (3.0-8.0) 2224 140 (8.5-16.0)

5(1:53)  Rabbit 101 post  823¢ 0.0 (0.0-1.0) 92 <0000l 2224 65 (25-10.0) 4 <005
Pfs230C2

5(1:53)  Rabbit 102 pre  18/24 2.5 (0.5-4.0) 2828 9.0(55-15.5)

5(1:53)  Rabbit 102 post  823¢ 0.0 (0.0-1.0) 79 <0001 2525  6.0(3.5-8.0) 8 <001

“ One 200-pl aliquot of “infected blood” with a hematocrit of 50% was mixed with 60 .l of the test serum diluted with a normal heat-inactivated O" human serum
pool in a 1:1, 1:2, or 1:4 final dilution of the sera in feeders at 1:5.3, 1:11, and 1:21, respectively.

» The serum sample from an individual rabbit was used. Numbers such as 2, 100, 101, and 102 are animal identification numbers.

¢ Oocyst prevalence, expressed as the number of oocyst-infected mosquitoes over the total number of mosquitoes dissected (inf./diss.), was statistically analyzed
between pre- and postimmune serum groups for all vaccination regimens by Fisher’s exact test.

Statistically significant, P < 0.05.
¢IQR, interquartile range.

/Percent reduction in the oocyst count per mosquito was determined by the formula 100 X (mean oocyst NO.pegative control — MEAN 00CYSt NO. . )/mean oocyst

no. .
gneganve contro)

» where the negative-control feeding used preimmune serum from the same rabbit.

e median number of oocysts was statistically analyzed by comparing the day 56 immune serum with the matched preimmune rabbit serum (Mann-Whitney U

test), and P values were obtained.
"'NS, not significant.

focus on vaccine formulation or delivery methods to increase
the immunogenicity of Pfs230C0.

It is critical to design a vaccine based on sequences with
minimum polymorphisms to avoid parasite evasion of vaccine-
induced immunity. The native Pfs230 protein is expressed on
the surface of gametocytes, and field studies have found that
antibodies against Pfs230 are generated during natural infec-
tion (12, 16). Exposure to host immune pressure has resulted
in Pfs230 sequence polymorphisms observed in field isolates
(11, 24, 42). A compilation of single nucleotide polymorphisms
(SNPs) in Pfs230 sequences from 13 laboratory strains depos-

ited in PlasmoDB (http://plasmodb.org/plasmo/) showed that
P£s230C contains a total of 10 nonsynonymous SNPs. Pfs230C2
and Pfs230C1 contain 4 of them, and, importantly, Pfs230C0
does not contain any nonsynonymous SNPs (Table 2). These
data further support the notion that Pfs230C0 is a promising
TBV candidate.

Production of functionally active truncated forms of Pfs230
will also facilitate understanding of the dynamics of naturally
acquired transmission-blocking immunity and assist with the
future evaluation and deployment of TBVs in populations liv-
ing in areas where malaria is endemic. Recently Bousema et al.
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TABLE 2. Nonsynonymous SNP sites of Pfs230 deposited in PlasmoDB*

P£5230C
Pfs230C2
Pfs230C1
P£s230C0

—
ﬁ

ﬁ

A

Strain 443-588° 605” 661> 701°

713>

963> 1008” 1043> 1069° 1082° 1087°

3D7 —
K1

Ghana 1
D10

HB3

7G8

Dd2

Senegal 3404
RO33

D6

Santa Lucia
V1S

FCB

K
N

nNunnnnnnQ

| <

T N
1 _

Q
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M _
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7 |

(- I R A

< |

| 7|

“ The data were obtained from the PlasmoDB version 7.1 (http://plasmodb.org/plasma).
? Amino acid position(s) in the Pfs230 amino acid sequence based on the 3D7 sequence used as a reference.

¢ —, same amino acid residue as in the 3D7 sequence.

(3) reported that the antibody response to Pfs230 is boosted by
exposure to gametocytes. To date, most of those studies used
the sandwich ELISA method using anti-Pfs230 MAbs in com-
bination with cultured P. falciparum gametocyte crude lysates
(2). In the case of TBV application in future field trials, sero-
epidemiological surveillance of such naturally existing trans-
mission-reducing immunity seems to be essential; however, the
availability of crude parasite antigen for such a large-scale
study is one of the hurdles to be overcome. Our study has
proven that we could synthesize properly folded soluble trun-
cated forms of Pfs230 in large quantities using the wheat germ
cell-free system. Therefore, the availability of antigens for such
a large-scale seroepidemiological surveillance will no longer be
limiting.

The present study demonstrates the potential of wheat germ
cell-free protein synthesis for the production of Pfs230C for
clinical studies. However, to date, there is no cGMP facility
using the cell-free system for the production of recombinant
proteins for clinical studies. Therefore, expression trials based
on the plant-based transient protein expression system appli-
cable to the downstream cGMP (23) are under way toward the
development of Pfs230-based TBV (10).
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