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ARTICLE INFO ABSTRACT

Articl_e history: We have recently developed a new experimental vaccine vector system based on Autographa cali-
Received 31 March 2010 fornica nucleopolyhedrosis virus (AcNPV) termed the “Baculovirus Dual Expression System”, which
Received in revised form 28 June 2010 drives expression of vaccine candidate antigens by a dual promoter that consists of tandemly arranged
Accepted 29 June 2010

baculovirus-derived polyhedrin and mammalian-derived CMV promoters. The present study used
this system to generate a Plasmodium vivax transmission-blocking immunogen (AcNPV-Dual-Pvs25).
AcNPV-Dual-Pvs25 not only displayed Pvs25 on the AcNPV envelope, exhibiting aspects of its native

Available online 14 July 2010

’Sﬁ:’g;ds" three-dimensional structure, but also expressed appropriately immunogenic protein upon transduction
Plasmodium vivax of mammalian cells. Both intranasal and intramuscular immunization of mice with ACNPV-Dual-Pvs25
Baculovirus induced high Pvs25-specific antibody titres, notably of IgG1, IgG2a and IgG2b isotypes, indicating a mixed
Transgenic Th1/Th2 response. Importantly, sera obtained from subcutaneously immunized rabbits exhibited a sig-

nificant transmission-blocking effect (96% reduction in infection intensity, 24% reduction in prevalence)
when challenged with human blood infected with P. vivax gametocytes using the standard membrane
feeding assay. Additionally, active immunization (both intranasal and intramuscular routes) of mice fol-
lowed by challenge using a transgenic P. berghei line expressing Pvs25 in place of native Pbs25 and Pbs28
(clone Pvs25DR3) demonstrates a strong transmission-blocking response, with a 92.1% (intranasal) and
83.8% (intramuscular) reduction in oocyst intensity. Corresponding reductions in prevalence of infec-
tion were observed (88.4% and 75.5% respectively). This study offers a novel tool for the development of
malarial transmission-blocking vaccines against the sexual stages of the parasite, using the Baculovirus
Dual Expression System that functions as both a subunit, and DNA based vaccine.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction An anti-malarial transmission-blocking vaccine (TBV) that pre-
vents fertilization and/or ookinete/oocyst development within

Malaria is a serious, acute and sometimes relapsing disease,  the mosquito is an attractive strategy to limit the transmission
caused by protozoan parasites of the genus Plasmodium. It iS  of malaria. The ookinete proteins Pvs25 and Pvs28 which are
responsible for high morbidity and mortality in tropical and sub-  expressed on the surface of the sexual and early sporogonic forms
tropical regions, causing approximately 1 million deaths per year,  of plasmodium vivax are presently lead targets for the develop-
the majority of whom are African children under the age offive [25].  ment of a P. vivax TBV [15-18]. A variety of expression vectors (e.g.,
Giventhe complex life cycles of the different plasmodial species and Escherichia coli, Pichia pastoris and DNA) have been used to express
the distinct host immune responses to each developmental stage,  Ppys25 protein which has been administered alone or in combina-
Plasmodium provides many potential targets for the development  tjon with adjuvants (e.g., Freund’s adjuvant, aluminum hydroxide
of prophylactic vaccines against the parasite. and cholera toxin) [19,20,26,33,34]. To date these studies sug-
gest that the recombinant protein currently requires both not only

linear, but conformation dependent epitopes, and a strong adju-

* Corresponding author at: Imperial College Road, London SW7 2AZ, UK. vant to induce transmission-blocking antibodies. Phase I human
Tel.: +44 0 20 7594 5350. trials with a clinical-grade recombinant Pvs25 produced by P. pas-
** Corresponding author at: 3311-1 Yakushiji, Shimotsuke, Tochigi 329-0498, toris administered with an alum adjuvant produced antibodies that
Japan. Tel.: +81 285 58 7335; fax: +81 285 44 6489, inhibit transmission of the parasite by ~80% (intensity) and 20-30%
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To improve the safety and efficacy of current Pvs25-based TBV
candidates, new vaccine vehicles and/or delivery systems (e.g.,
needle- and adjuvant-free, long-lasting and cost-effective) need
to be considered. In addition, a suitable small-animal model for
the in vivo assessment of P. vivax TBV-induced functional immune
responses might provide a useful tool for evaluating its TBV effi-
cacy before proceeding to human clinical trials. Recently, we
have developed a new vaccine vector system based on the bac-
ulovirus Autographa californica nucleopolyhedrosis virus (AcCNPV)
termed the “Baculovirus Dual Expression System”, which drives
expression of vaccine candidate antigens by a dual promoter
that consists of tandemly arranged baculovirus-derived poly-
hedrin and mammalian-derived CMV promoters. It has been shown
that AcNPV, an enveloped double-stranded DNA virus that nat-
urally infects insects, possesses strong adjuvant properties that
can activate dendritic cell-mediated innate immunity through
MyD88/TLR9-dependent and -independent pathways [30]. When
applied to P. berghei circumsporozoite protein (PbCSP) as a model
for malaria pre-erythrocytic stage vaccine, thisimmunogen elicited
high PbCSP-specific antibody titres and PbCSP-specific CD8* T-cell
responses without extraneous immunological adjuvants in mice,
and conferred complete protection against sporozoite challenge
[8]. The Baculovirus Dual Expression System therefore consti-
tutes an innate immunostimulating complex, and functions as
a subunit and DNA vaccine that generates strong humoral and
cellular immune responses. In addition, the AcNPV-based vac-
cine has another great potential for adjuvant-free intranasal (i.n.)
administration. For blood-stage malaria vaccine development, we
have also shown that i.n. immunization with AcNPV-based vaccine
expressing P. yoelii merozoite surface protein 1 19kDa fragment
(PyMSP1;9) induced not only strong systemic humoral immune
responses with high titre of PyMSP14o-specific antibody but also
natural boosting of PyMSP14¢-specific antibody responses at a short
time following challenge, and conferred complete protection [28].

Here we evaluate a second-generation transmission-blocking
Pvs25 immunization protocol based on the Baculovirus Dual
Expression System (AcNPV-Dual-Pvs25). We show that the ACNPV-
Dual-Pvs25 elicits highly effective Pvs25-specific humoral immune
responses, and confers significant transmission-blocking activity,
assessed by the standard membrane feeding assay (SMFA) on
peripheral blood from P. vivax infected patients, and by active
immunization of mice challenged with P, berghei expressing Pv25
(Pvs25DR3), which has been specifically generated as a murine
model for the in vivo assessment of Pvs25-based TBV-induced func-
tional immune responses [12].

The data reported here demonstrates the successful implemen-
tation of the Baculovirus Dual Expression System using both i.n.
and intramuscular (i.m.) methods of delivery, giving equivalent
responses for each method of immunization. Our results show that
the Baculovirus Dual Expression System provides a simple, non-
toxic, safe and adjuvant-free vaccine delivery platform, and as such
could be considered as a powerful tool for the development of
future TBVs against Plasmodium spp.

2. Materials and methods
2.1. Cell lines, mice and parasites

Sf9 cells were maintained at 27°C in SF900-1I medium (Invit-
rogen, San Diego, CA) supplemented with antibiotics. HepG2 cells
were maintained at 37°C in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% (v/v) heat-inactivated fetal
bovine serum, 2mM t-glutamine, and antibiotics. Female BALB/c
or Theiler's Original (TO) mice, 7-8 weeks of age at the start of the
experiment, were purchased from Harlan (UK). P. berghei clones

ANKA 2.34 and Pvs25DR3 [12] were used for challenge infections.
General parasite maintenance was carried out as described previ-
ously [24].

2.2. Recombinant baculovirus

The DNA sequence corresponding to amino acids Alays-
Leuygs of Pvs25 (P. vivax Salvador 1 strain) was ampli-
fied from pEU3-Pvs25 [27] using the primers pPvs25-F1 (5'-
GAATTCATGGCTAGCGCCGTCACGGTAGACACC-3’) and pPvs25-R1
(5'-CCCGGGGCCCAAGGCATACATTTTTCTCTIT-3'). The PCR product
was ligated into the EcoRI/Smal sites of pTriEx-PbCSP-gp64 [8] to
constructa baculovirus transfer vector, pTriEx-Pvs25-gp64 (Fig. 1).
The recombinant baculovirus ACNPV-Dual-Pvs25 was generated in
Sf9 cells by co-transfection of the recombinant transfer plasmids
pTriEx-Pvs25-gp64, with BacVector-2000 DNA (Novagen), accord-
ing to the manufacturer’s protocol. Purification of viral particles
was performed as described previously [8]. The purified baculovirus
particles were free of endotoxin (<0.01 endotoxin units/10° PFU), as
determined by the Endospecy® endotoxin measurement kit (Seik-
agaku Co., Tokyo, Japan).

2.3. Recombinant proteins

A 0.5-kb fragment of the Pvs25 gene (encoding amino acids
23-159) was excised from pTriEx-Pvs25-gp64 by digestion with
EcoRl and Smal, and inserted into the EcoRl/Smal sites of pGEX-4T-1
(GE Healthcare) to construct the recombinant expression plasmid,
pGEX-Pvs25. Recombinant Pvs25, created as a fusion protein with
glutathione S-transferase (GST-Pvs25), was expressed in E. coli and
purified using a GST affinity column (GE Healthcare) as described
previously [1]. Resultant protein was used as an immunogen for
vaccination of mice and as antigen for isotype analysis.

2.4. Western blotting and indirect immunofluorescence assay
(IFA)

Western blotting was carried out as described previously [2].
HepG2 cells were seeded at a density of 5x10% cells/well in
collagen-type-I-coated eight-well chamber slides (BD Biosciences)
and transduced with purified baculovirus particles at an m.o.i.
of 10. After 48 h incubation, cells were fixed for 15min in ace-
tone/methanol [6,4] at —20°C, and incubated with anti-Pvs25 mAb
N1-1H10 (MR4, Manassas, VA) and then with FITC-conjugated goat
anti-mouse IgG (Biosource International, Camarillo, CA).

For preparation of P. vivax ookinetes, peripheral blood was col-
lected in heparinized syringes under written informed consent
from patients who attended malaria clinics within the Mae Sod
district in the Tak province of northwestern Thailand. The use of
all human materials in this study was reviewed and approved by
the Institutional Ethics Committee of the Thai Ministry of Pub-
lic Health and the Human Subjects Research Review Board of the
Walter Reed Army Institute of Research, USA. For IFA, cultured
P. vivax parasite preparations rich in zygotes and small numbers
of ookinetes were spotted on slides and fixed with acetone. Sera
obtained from immunized mice were tested by IFA on the fixed
parasite material. To confirm the position of all parasites in the IFA,
the slides were stained with DAPI (4',6-diamidino-2-phenylindole)
(Wako Pure Chemical, Osaka, Japan). Bound antibodies and labeled
nuclei were recorded by confocal scanning laser microscopy (LSM5
PASCAL; Carl Zeiss Microlmaging, Thornwood, NY).

2.5. Immunization

Mice were immunized four times at 3-week intervals with
5 x 107 PFU of AcNPV-Dual-Pvs25 either by the i.m. or i.n. routes.
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Fig. 1. Schematic representation of ACNPV-Dual-Pvs25 genome structure. A gene cassette that consisted of the gp64 signal sequence (SP), the Pvs25 gene (Pvs2525-195)
fused to the N terminus of the AcNPV major envelope protein gp64 gene (gp6425-517), and the rabbit B-globlin poly(A) signal [poly(A)]. Expression of the gene cassette was
driven by a dual promoter that consisted of the CMV immediate early enhancer/promoter (pCMVie) and the polyhedrin promoter (pPolh). ACNPV-Dual-Pvs25 also possessed
the endogenous gp64 gene. Numbers indicate the amino acid positions of Pvs25-gp64 fusion protein and endogenous gp64. FLAG, FLAG epitope tag; Pvs25;5.195, Pvs25
corresponding to amino acids 25-195; gp642s_517, gp64 corresponding to amino acids 25-517; ], junction consisting of 29 unrelated amino acid residues; H8, His-tag; pgp64,

gp64 promoter.

For i.n. immunization, a total of 50 ul, divided into three doses
delivered at 5-min intervals, was inoculated dropwise with a 20 pl
pipette. As a comparative (negative) control, mice were immunized
i.n. with 1 x 108 PFU of ACNPV-CMV-EGFP. Sera were collected two
weeks after the final immunization prior to infection with P. berghei
(either ANKA 2.34 or Pvs25DR3) to evaluate anti-Pvs25 response by
ELISA. Immunized mice were kept for a total of 5 months follow-
ing final immunization to quantify immune response over a longer
time period. Serum was harvested from each mouse on a monthly
basis, and ELISA performed as described below.

To prepare antibodies for use in standard membrane feeding
assays using vivax patient blood, rabbits were immunized sub-
cutaneously three times at 3-week intervals with 1 x 108 PFU of
AcNPV-Dual-Pvs25. Two weeks after the final immunization, sera
were collected and IgG purified using HiTrap™ Protein G HP chro-
matography (GE Healthcare) together with pre-immune rabbit
sera.

2.6. ELISA for antibody titres and isotypes

Sera obtained from immunized mice were collected by tail
bleeds prior to challenge. For some mice, sera were also collected
periodically after final immunization. ELISA plates pre-coated with
100 ng/well GST-Pvs25 were incubated with serial dilutions of sera.
Specific IgGs were detected using HRP-conjugated goat anti-mouse
1gG (H +L) (Bio-Rad, Hercules, CA). For isotype determination, HRP-
conjugated rabbit anti-mouse IgG1, IgG2a, IgG2b, and IgG3 (Zymed
Laboratories, San Francisco, CA) antibodies were used. The plates
were developed with peroxidase substrate solution [H;0, and
2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)]. The OD at
414 nm of each well was measured using a plate reader. Endpoint
titres were expressed as the reciprocal of the highest sample dilu-
tion for which the OD was equal or greater than the mean OD of
non-immune control sera.

2.7. Transmission-blocking assay (standard membrane feeding
assay)

Peripheral blood was collected from four volunteer patients
infected only with P. vivax as described above. Purified anti-AcNPV-
Dual-Pvs25 rabbit IgG was diluted (1-,4- and 16-fold) with IgG from
pre-immune rabbits, then 75 pl of each rabbit IgG mixture was
mixed with 105 pl of heat-inactivated normal human AB serum
prepared from malaria naive Thai donors. Diluted IgG was mixed
with P, vivax-infected blood cells (1:1, v/v ratio) and incubated for
15min at room temperature. The mixture was placed in a mem-
brane feeding apparatus at 37°C. Anopheles dirus A mosquitoes
(Bangkok colony, Armed Forces Research Institute of Medical Sci-

ences) were allowed to feed for 30 min. Unfed mosquitoes were
removed after blood feeding, and fully engorged mosquitoes were
maintained on 10% sucrose for seven days. For each diluted IgG,
at least 20 mosquitoes were dissected and analyzed by staining
with 0.5% mercurochrome and subsequent microscopy to count the
number of oocysts that developed on the mosquito midguts.

2.8. Transmission-blocking assay (active immunization)

In three separate experiments, mice immunized i.m. or i.n. with
AcNPV-Dual-Pvs25 were divided into two groups (three mice per
group), PH treated, and three days later infected ip. with 108
parasites of P. berghei ANKA 2.34 or P. berghei Pvs25DR3. As a neg-
ative control, mice were immunized i.n. with ACNPV-CMV-EGFP,
divided into two groups and infected as above. Three days post-
infection, starved A. stephensi mosquitoes were allowed to feed on
the infected mice. In all pots, >50 fed mosquitoes were fed per
mouse. 24 h after feeding, mosquitoes were briefly anesthetized
with CO,, and unfeds removed. Mosquitoes were then maintained
on fructose [8% (w/v) fructose, 0.05% (w/v) p-aminobenzoic acid]
at 19-22°C and 50-80% relative humidity. Day 10 post-feeding,
mosquito midguts were dissected, and oocyst prevalence and
intensity recorded. All care and handling of animals was in accor-
dance with the Guidelines for Animal Care and Use prepared by
Jichi Medical University and Imperial College London.

2.9. Statistical analyses

Statistical analysis was performed with Graphpad Prism Soft-
ware (Graphpad Software Inc.). For the membrane feeding assay,
The Kruskal-Wallis test was used to examine the difference in
oocyst counts per mosquito between pre-immune IgG and immune
IgG groups. For long-term anti-Pvs25 ELISA responses, significant
variations of titres over time were evaluated using Spearman’s rank
correlation (p<0.05). For active immunization, significance was
assessed using Mann-Whitney U test (to examine the difference in
oocyst counts per mosquito between AcCNPV-Dual-Pvs25 or ACNPV-
CMV-EGFP immunized groups) and the Fisher's exact probability
test (to examine the difference in infection prevelance between
AcNPV-Dual-Pvs25 or AcNPV-CMV-EGFP immunized groups) Pval-
ues less than 0.05 were considered statistically significant.

3. Results
3.1. Construction of baculovirus-based Pvs25 vaccine

To examine the expression of conformation-dependent epi-
topes, ACNPV-Dual-Pvs25 viral particles were analyzed by

- 101 -



AM. Blagborough et al. / Vaccine 28 (2010) 6014-6020 6017

{A) Cone. 2-ME (%)
kDa 1 107 102 102 0O 1

Conc. 2-ME (%)

250-

150~

w00
Anti-FLAG mAb
B)E

Anti-Pvs25 mAb

Fig. 2. Expression of Pvs25-gp64 fusion protein. (A) Western blotting of ACNPV-
Dual-Pvs25 in the presence of various concentrations of 2-ME. ACNPV-Dual-Pvs25
was treated with the loading buffer containing descending concentrations of 2-ME.
Reactivity of Pvs25,s.1¢5 fusion protein was examined using either anti-FLAG mAb
or anti-Pvs25 mAb, N1-1H10. The concentrations of 2-ME are shown above the gel.
(B) In vitro expression analysis of Pvs25 by transducing ACNPV-Dual-Pvs25 in mam-
malian cells. HepG2 cells were transduced with ACNPV-Dual-Pvs25 at an m.o.i. of 10.
Forty-eight hours later, cells were fixed with 5% paraformaldehyde followed by per-
meabilization with 0.1% Triton X in PBS, and incubated with anti-Pvs25 mAb 1H10.
Bound antibodies were detected by FITC-labeled anti-mouse IgG by fluorescence
microscopy (green). Cell nuclei were visualized by DAPI staining (blue). Original
magnification, x400.

Western blotting in the absence or presence of 1073% to 1%
2-mercaptoethanol (2-ME) (Fig. 2A). Anti-FLAG mAb, which rec-
ognizes a linear epitope within the N-terminal tag, reacted with
doublet bands at all 2-ME concentrations, with relative molecu-
lar masses (M;) of 80 and 90 kDa. The 80kDa band corresponded
to the predicted M; of the Pvs25-gp64 fusion protein (Fig. 2A,
left panel). We hypothesise the 90kDa band may have resulted
from post-translational modification within the insect cells. When
2-ME is added at concentrations above 10-3%, recognition by
anti-Pvs25 mAb N1-1H10, which has previously been shown to rec-
ognize a conformation-dependent epitope [29], is not detectable.
In contrast, reducing of the concentration of 2-ME to below 1073%
increased the reactivity of Pvs25-gp64 fusion protein with the mAb
(Fig. 2A, right panel). These results suggest that the Pvs25-gp64
fusion protein on the virus envelope retains components of the
three-dimensional structure of native Pvs25 protein, important to
antibody recognition.

We also examined by IFA the ability of AcNPV-Dual-Pvs25 to
drive Pvs25 expression in mammalian cells. Strong immunofluo-
rescence signals were detected with N1-1H10 mAb in HepG2 cells
infected with AcNPV-Dual-Pvs25 48 h after transfection (Fig. 2B).
Thus AcNPV-Dual-Pys25 not only expressed appropriately folded
Pvs25 on viral particles, but also in mammalian cells.

3.2. Immunization with AcNPV-Dual-Pvs25 induces high
Pvs25-specific antibody titres

Ln. and i.m. immunization with AcNPV-Dual-Pvs25 induced
high antibody titres (>1:15,000) (Fig. 3A). Pvs25 antibodies were
predominately IgG1, 1gG2a and IgG2b (IgG1:IgG2a ratio =0.12 and

0.29 for im. and i.n. immunizations, respectively), indicating a
mixed Th1/Th2-type immune response. IgG2b, which is inducible
by mucosal immunization, was significantly higher in the i.n. group
than the i.m. group. As demonstrated by the IFA test, these immune
sera strongly reacted with Pvs25 in its native location on the par-
asite surface, circumferential staining of the P. vivax retort-form
ookinete was prominent (Fig. 3B). Pvs25-specific antibody titres in
sera obtained from both the i.m. and i.n. ACNPV-Dual-Pvs25 groups
were sustained without any significant reduction over 5 months
following the final immunization (Fig. 4).

3.3. Evaluation of transmission-blocking activity (SMFA)

Following subcutaneous immunization with AcNPV-Dual-
Pvs25, IgG purified from immune rabbit serum reduced the
intensity and prevalence of oocyst infection on the mosquito
midgut profoundly (Fig. 5), in a dose-dependent manner. At an
immune IgG concentration of 0.17 mg/ml, the mean intensity
observed was 73.9 oocysts/midgut, and at 2.67 mg/ml, intensity
was reduced to just 1.5 oocysts/midgut (a 98% inhibition of inten-
sity when compared to pre-immune IgG at 2.67 mg/ml). Prevalence
of infection was reduced by 70% from 94% in the pre-immune
control, to give an overall reduction of 25.5% (with respect to pre-
immune IgG). At lower concentrations of immune IgG tested, no
significant reduction of prevalence was observed.

3.4. Evaluation of transmission-blocking activity (in vivo
evaluation)

To examine transmission blockade in vivo, immunized mice
were infected with transgenic P. berghei expressing Pv25
(Pvs25DR3), A. stephensi mosquitoes were fed directly on the
immunized and challenged hosts (Table 1). AcNPV-Dual-Pvs25
was administered either by i.m. or i.n. route into six mice each.
Six control mice were also immunized i.n. with AcNPV-CMV-
EGFP as a negative control. For each immunization method,
three mice were challenged with P. berghei ANKA 2.34 (to deter-
mine whether there was a direct but unexpected anti-P. berghei
response), and three were immunized with P. berghei Pvs25DR3.
WT P. berghei 2.34 does not express Pvs25, and any TB effect
observed would be due to non-specific phenomenon. P. berghei
Pvs25DR3 expresses Pvs25 on the zygote and ookinete surface
[12]. Mosquitoes that fed on control (AcNPV-CMV-EGFP) mice
immunized by the intranasal route displayed an, average intensity
of infection of 2.16 oocysts/midgut (+S.E.M.), whereas following
mucosal delivery of AcNPV-Dual-Pvs25 and subsequent chal-
lenge, the average intensity was significantly reduced to 0.17
oocysts/midgut (£S.E.M.). Following intramuscular delivery, inten-
sity was 0.25 oocysts/midgut (+S.E.M.); thus achieving a 92.1%
and an 88.4% inhibition of intensity of infection with intranasal
and intramuscular deliveries, respectively. Prevalence was simi-
larly reduced, by 83.8% and 75.5% respectively.

4. Discussion

The Baculovirus Dual Expression System aims to facilitate
the development of multifunctional vaccines capable of inducing
strong humoral and cellular immune responses without the need
for extraneous immunological adjuvants. In the present study, we
applied this system to generation of a novel P. vivax TBV (AcCNPV-
Dual-Pvs25), which possesses a single gene cassette that consists of
the Pvs25-gp64 fusion gene under the CMV-polyhedrin dual pro-
moter. AcNPV-Dual-Pvs25 not only displayed Pvs25 on the viral
envelope but also expressed following transduction of mammalian
cells. Immunization of mice with AcNPV-Dual-Pvs25 induced high
Pvs25-specific antibody titres with predominant IgG1, IgG2a and
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Fig. 3. Pvs25-specific antibody responses. Sera were collected from individual mice (6 mice/group) three weeks after the final immunization. (A) The individual sera were
tested for total IgG, IgG1, IgG2a, IgG2b and IgG3 specific for Pvs25 by ELISA. The data represent one of two experiments, which had similar results. Data are the mean+ S.EM.
of groups. Significant differences of total IgG titres between different groups were evaluated using the two-tailed Fisher’s exact probability test. *, p<0.01. (B) Confocal
fluorescence microscopy of sera obtained from mice immunized with ACNPV-Dual-Pvs25. The entire surface of cultured retorts/zygotes was clearly stained (green) by serum
(1:500 dilution) obtained from a mouse immunized i.n. with AcNPV-Dual-Pvs25. Cell nuclei were visualized by blue DAPI staining (arrow) (immunofluorescence assay [IFA]).
Right panel represents image obtained by differential interference contrast (DIC) microscopy. Scale bar, 10 pm.

IgG2b isotypes, indicating induction of both a mixed Th1/Th2
response.

We evaluated the transmission-blocking immunogenicity of
AcNPV-Dual-Pvs25 using two methods. One was SMFA on periph-
eral blood from P. vivax infected patients. It has widely been
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Fig. 4. Long-term ELISA titres following immunization with AcNPV-Dual-Pvs25.
Sera were collected from individual mice three weeks following final immuniza-
tion, and then at monthly intervals for 5 months. Six mice were examined for each
immunogen. The individual sera were tested for total 1gG specific for recombinant
Pvs25 by ELISA. Samples shown are mean titres observed from six mice. Error bars
show S.E.M. Significant variations of titres over time were evaluated using Spear-
man’s rank correlation (p < 0.05). No statistically significant variation was observed
in groups over 5 months.

accepted that malaria transmission-blocking immunity is mediated
by antibodies that inhibit parasite development in the mosquito
midgut [15,23,31,32]. The SMFA has provided valuable insights
into functional transmission-blocking activities of sera from immu-
nized animals. However, blood from P. vivax-infected patients as
a source of SMFA is an unpredictable, and uncontrollable source
of parasites and useful in vitro gametocyte culture has not been
established. The other method was active immunization of mice
followed by challenge with transgenic P. berghei Pvs25DR3. Com-
pared with SMFA, active immunization/challenge method can
assess the in vivo transmission-blocking potential of all immune
factors including not only antibodies but also cytokine, comple-
ment and antibody-dependent cell cytotoxity. The approach of
using transgenic rodent malarial parasites to assess the immune
systemn’s response to targets from a human malarial parasite has
been described in previous studies [12-14]. Whilst the infec-
tivity of all Pvs25DR3 transgenic lines tested to date is low
compare to WT P. berghei, oocyst intensities are close to that
seen in vivo for both P. vivax (and P. falciparum), and provide
a very sensitive context to measure any transmission-blocking
effect. Importantly, the transmission-blocking assays used clearly
demonstrated that immunization with ACNPV-Dual-Pvs25 induced
a strong transmission-blocking response, namely >90% reduction
in oocyst number, and a corresponding fall in prevalence of 25.5%
(SMFA) and 83.8% (i.n.)/75.5% (i.m.) (active immunization). These
results provide support for this novel strategy for the delivery of a
malarial TBV.
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Table 1
Evaluation of transmission-blocking activity by active immunization.

Mice were immunized four times with ACNPV-Dual-Pvs25 (i.m. and i.n.) or ACNPV-CMV-EGFP (i.n. only, negative control). Three groups of immunized mice were sub-divided

into two groups, each containing three mice. Each group was then and challenged with WT P. berghei 2.34 (3 mice) or P. berghei Pvs25DR3 (3 mice), and used to assess
transmission to mosquitoes via direct gametocyte feed. 106 parasites were injected per mouse. Mosquito midguts were dissected 10-12 days post feed. Mean intensities
and prevalence were calculated from triplicate mice. Overall transmission blockade (in terms of both infection intensity and prevelance) was calculated by comparison to
ACNPV-CMV-EGFP immunized mice. Significance was assessed using Mann-Whitney U test (to examine the difference in oocyst counts per mosquito between AcNPV-Dual-
Pvs25 or AcNPV-CMV-EGFP immunized groups) and the Fisher's exact probability test (to examine the difference in infection prevelance between ACNPV-Dual-Pvs25 or
ACNPV-CMV-EGFP immunized groups) (p <0.05). Following challenge with WT P. berghei 2.34, no significant change in either intensity or prevalence was observed with
either intranasal or intramuscular immunization. Significant inhibition was only observed following challenge with Pvs25DR3.

a p<0.05, Mann-Whitney U test.
b p<0.05, Fisher’s exact probability test.

Mucosal vaccines have several attractive features compared
with parenteral vaccines (e.g., safety, cost-effectiveness and ease
of administration), but studies on their use have been limited
almost exclusively to protection against mucosally transmitted
pathogens. We provide evidence that i.n. immunization is a fea-
sible alternative for preventing malaria, which is transmitted
through non-mucosal routes. Compared with im. immuniza-
tion, in. immunization led to higher Pvs25-specific antibody
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Fig. 5. Transmission-blocking efficacy against Thai P. vivax isolates by membrane
feeding assay. Rabbits were immunized subcutaneously with AcNPV-Dual-Pvs25
vaccine. The purified rabbit IgG was evaluated by membrane feeding of P. vivax-
infected blood from patients in Thailand. The IgG effectively inhibited oocyst
formation in the mosquito midguts in a dose-dependent manner. Experiments were
performed using blood from four volunteers naturally infected with P. vivax. The
data presented was obtained from one volunteer. Data are expressed as the median
numbers of oocysts per mosquitoes (lines in boxes), quartiles (boxes), and ranges
(lines above and below boxes). Stastistically significant differences in oocyst counts
per mosquito between pre-immune IgG and immune IgG groups were confirmed
by the Kruskal-Wallis test.(P<0.0001).

titres and potent transmission-blocking activity (i.n.:im.; inten-
sity =92.1%:88.4%, prevalence =83.8%:75.5%). These results are
consistent with our previous work showing that intranasal
immunization with the baculovirus-based vaccine induced strong
systemic humoral immune responses with high titres of antigen-
specific antibodies and conferred complete protection against
malaria blood-stage challenge [8,9,28]. It has previously been
reported that intranasal immunization with recombinant Pvs25,
using cholera toxin (CT) as an adjuvant, induced a systemic immune
response with transmission-blocking activity [21]. Additionally,
the mucosal immunogenicity and protective efficacy of recombi-
nant Pfs25 and Pys25 have been thoroughly described [10,11]. CT,
whilst a strong immune potentiator [10,11,21], which can induce
immunological memory against heterologous antigens in a rodent
model; however, it is precluded from clinical use due to its entero-
toxicity and potential hazardous effects on olfactory nerves [22]. In
contrast, a baculovirus-based delivery system may offer an attrac-
tive immunization method, as AcNPV exhibits low cytotoxicity and
is incapable of replication in mammalian cells [8,9].

Anti-malarial transmission-blocking vaccines based on the sur-
face of the sexual and other sporogonic stages of Plasmodium inhibit
further development of the parasite within the mosquito host,
and have a significant potential to reduce malarial transmission
in endemic areas. The data described here adds to previously pre-
sented data showing the significant potential of the baculovirus
dual expression system against the blood stages of the parasite
[8,9,28], but also demonstrates clearly its ability to induce anti-
bodies against the ookinete surface protein Pvs25, and to elicit a
transmission-blocking immune response against the P. vivax iso-
lates from endemic areas, and a transgenic rodent malaria parasite
model in preliminary studies.
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Completed genome sequences and stage-specific transcriptomes of the intraerythrocytic developmental
cycle of Plasmodium vivax offers the opportunity to profile immune responses against P. vivax infection
using innovative screening approaches. To detect the immune responses to blood stage-specific
proteins, we applied a protein array technology to screen the sera of vivax malaria patients. Herein, a
set of genes from the P. vivax blood stage was cloned using the In-Fusion cloning method and expressed
by a wheat germ cell-free system. A total of 94 open reading frames (ORFs) were cloned and 89 (95%,
89/94) proteins were expressed, which were screened with sera from P. vivax-infected patients and
healthy individuals using protein arrays. A total of 18 (19.1%, 18/94) highly immunoreactive proteins
were identified, including 7 well-characterized vivax vaccine candidates. The remaining 11 ORFs have
not been previously described as immunologically reactive. These novel immunoproteomes of the
vivax malaria blood stage will be further studied as potential vaccine candidates. In this first report,
high-throughput screening assays have been applied to investigate blood stage-specific immunopro-
teomes from vivax malaria. These methods may be used to determine immunodominant candidate

antigens from the P. vivax genome.

Keywords: antigen « immunoproteomics « Plasmodium vivax e protein microarray

Introduction

Malaria remains one of the leading causes of both morbidity
and mortality of humans residing in tropical countries. Plas-
modium falciparum is justifiably regarded as the greater
menace because of its high levels of mortality and prevalence
on the world’s most malarious continent, Africa. However,
malarial infection as a result of Plasmodium vivax threatens
almost 40% of the world’s population, resulting in 132—391
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million clinical infections each year.! Resistance of malaria
parasites to chemotherapeutic agents such as chloroquine is
increasing, which highlights the critical need for an effective
vaccine. However, an effective malaria vaccine has not been
achieved to date.? Currently, almost all efforts to develop a
malaria vaccine have focused on P. falciparum. For example,
there are 23 P. falciparum vaccine candidates undergoing
advanced clinical studies and only two P. vivax vaccine
candidates being tested in preliminary (Phase I) clinical trials,
with few others being assessed in preclinical studies. More
investment and a greater effort toward the development of P.
vivax vaccine components are required.

In the blood stage of malaria, antibodies are likely to play a
major role in protection through several mechanisms, including
inhibition of parasite invasion, intraerythrocytic parasite block-
age, and mononuclear cell-mediated inhibition.* Humoral
immune responses against blood-stage antigens are an impor-
tant component of naturally acquired immunity to malaria. On
one hand, parasite proteins engaged in erythrocyte invasion
are potential targets of protective antibody responses.® On the
other hand, the blood stage of Plasmodium causes the many
pathological manifestations associated with malaria infection,
and thus proteins expressed during this stage should include
promising candidates for a vaccine.® There are many putative
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specific immunogenic antigens present in the malaria pro-
teome, which are considered largely responsible for triggering
the host immune response and thus have a high potential for
the development of vaccines against malaria parasites.”

With the completion of genome sequences and stage-specific
transcriptomes of the intraerythrocytic developmental cycle of
P. vivax, a postgenomic era has begun and has opened the eyes
of vaccine biologists to a new approach to vaccine design for
the prevention of vivax malaria infections.®~!' However, an-
notation and validation of thousands of genes remains difficult
due to the lack of a methodology that enables the preparation
of quality proteins in an efficient manner. There is an urgent
need to accelerate the pace of discovery of new malaria vaccine
candidates using innovative screening approaches. Reverse
vaccinology and high-throughput genome-based screens are
two interrelated techniques that hold much promise in this
regard.!271* Reverse vaccinology is based on running algo-
rithms of genomic information (genomics, proteomics, and
transcriptomics) and can be used to mine the information
contained in the blueprint of the malaria genome. In most
cases, this new technology has identified treasure troves of
novel vaccine candidates and diagnostic markers.”>™*” To
pursue such an approach, the establishment of a repository of
cloned genes and high-throughput production of malaria
multidomain proteins in the folded state would be extremely
helpful.'®=2° Recently, from our experience of expressing
around 100 malaria genes using wheat germ cell-free system
(WGCEF), we learned that the recombinant falciparum malaria
proteins synthesized are of high quality and, therefore, ame-
nable for vaccine candidate assessment.'?

In the present study, in silico data mining by comparative
genomics combined with In-Fusion cloning methods, a WGCF
expression system, and protein arrays were applied to high-
throughput profiling antibody responses against putative im-
munoproteomes from blood stage P. vivax infection. These
methods may aid in determining the immunogenicity of
candidate antigens and the functional identification of the large
number of unknown and hypothetical proteins in the P. vivax
genome.

Experimental Procedures

Gene/Open Reading Frame (ORF) Selection. The putative
immunoproteome of P. vivax (Supplementary Table 1) was
selected according to specific sets of criteria and separated into
eight categories. A total of 90 unique genes without introns were
used for PCR amplification and In-Fusion cloning. The major
category (n = 43) was a pattern of schizont stage-specific genes/
proteins of P. vivax that were orthologous to putative vaccine
targets or merozoite proteins of P. falciparum (Supplementary
Figure 1).2%?2 The other categories included glycosyl-phos-
phatidylinositol (GPI) anchored proteins (n = 10), the merozoite
surface protein 3 (MSP3) family (n = 11), the merozoite surface
protein 7 (MSP7) family (n = 11), the Pv-fam-a family (rn = 5),
the reticulocyte binding protein (RBP) family (n = 4), exported
proteins (n = 4), and other well-characterized P. vivax genes/
proteins (known antigenicity or immunogenicity, n = 2).%°
Because the reliability of producing desired PCR products
decreases as the length of the genomic DNA fragment increases,
genes longer than 3000 bp were divided into multiple overlap-
ping sections (90 genes, divided into 109 ORFs), with 45
nucleotide overlaps. Sequence information for P. vivax was
derived from the Plasmodium database (PlasmoDB, http://
www.plasmodb.org/plasmo/home.jsp). >
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Preparation of Linearized Vectors. The pEU-E01-His-TEV-
MCS-N2 (pEU, CellFree Sciences, Matsuyama, Japan) vector
was used for In-Fusion cloning. The vector was first linearized
by double digestion with restriction enzymes XhoI and BamH
I (Takara, Japan) and purified using a QIAquick PCR Purifica-
tion Kit (QIAGEN, Valencia, CA) according to the manufactur-
er’s instructions. The quality of the digestion products was
determined by 1% agarose gel electrophoresis and the con-
centration of linearized vectors was measured using a Nano-
drop ND-1000 Spectrophotometer (Nanodrop Technology,
Rockland, DE).

PCR Amplification of ORFs. In-Fusion cloning allows for the
joining of a vector and insert, as long as they share 15 bases of
homology at each end. Therefore, In-Fusion PCR primers must
be designed in such a way that they generate PCR products
containing ends that are homologous to those of the vectors.
Gene-specific primers were designed with Invitrogen OligoP-
erfect Designer (http://tools.invitrogen.com/content.cfm?page-
id=9716). The nucleotide sequences for the signal peptide and
the GPI anchor were excluded from the gene expression
constructs.?*?> Gene-specific primers were then converted into
In-Fusion PCR primers with the In-Fusion Primer Design Tool
(http://bioinfo.clontech.com/infusion/convertPcrPrimersInit-
.do). Each gene-specific sense and antisense primer was
extended at the 5'-terminus with the sequence 5-GGG CGG
ATA TCT CGA G-3’ and 5’-GCG GTA CCC GGG ATC CIT A-3,
respectively.

Genomic DNA, a cDNA library, and ds cDNA of P. vivax were
used for PCR amplification of target genes. Genomic DNA was
prepared from 200 xL of whole blood from a P. vivax patient
using QlAamp DNA Blood Mini Kits (QIAGEN), which provided
200 xL aliquots of template DNA. P. vivax ds cDNA and the
cDNA library were prepared using a SMART cDNA synthesis
kit (Clontech Laboratories, Inc., Mountain View, CA).

Each ORF was amplified in a 20 4L PCR reaction containing
0.5 U Platinum Tag DNA Polymerase High Fidelity (Invitrogen,
Carlsbad, CA), 0.2 uM each of the sense and antisense primers,
1 uL of genomic DNA, 200 uM dNTPs, and MgSO, to a final
concentration of 2.0 mM. The 109 gene targets were amplified
in-parallel beginning with an initial denaturation at 94 °C for
2 min, followed by 35 cycles of 94 °C for 20 s, 60 °C for 30 s,
and 68 °C for 3 min, then a final extension at 68 °C for 10 min.
Unamplified targets were amplified in a 20 uL PCR reaction
containing 0.4 U Phusion High-Fidelity DNA Polymerase
(Finnzymes, Espoo, Finland), 0.5 uM each of the sense and
antisense primers, 1 uL of cDNA library or ds cDNA (1:10
dilution), 200 uM dNTPs, and MgCl; to a final concentration
of 1.5 mM, which began with an initial denaturation at 98 °C
for 30 s, followed by 35 cycles of 98 °C for 10 s, 60 °C for 30 s,
and 72 °C for 2 min, then a final extension at 72 °C for 10 min.
The quality of each gene product was measured using 1%
agarose gel electrophoresis and stained in an ethidium bromide
solution. The PCR products were visualized on a UV transil-
luminator and images were scanned with an imaging system
(Vilber Lourmat, France).

In-Fusion Cloning of PCR Products. High-quality PCR
products achieved on an agarose gel as a single, dense band
of DNA were treated with the Cloning Enhancer (Clontech).
Otherwise, PCR products containing additional nonspecific
backgrounds were isolated using NucleoSpin Extract II Kits
(Clontech) and spin column-purification prior to cloning. The
cloning enhancer-treated PCR product (2 4L) or purified PCR
product (50—200 ng) and 100 ng of the linearized pEU vector
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were mixed with In-Fusion Enzyme (Clontech) in the PCR tubes
and incubated for 15 min at 37 °C, followed by 15 min at 50
°C. Solutions were then placed on ice. All reactions were diluted
1:5 with TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA) and
5 uL was used to transform JM109 competent cells (Intron
Biotech, Inc., Daejeon, Korea). Transformants were selected by
plating on culture plates containing 15 mL of LB agar, supple-
mented with ampicillin (100 #g/mL), and incubated overnight
at 37 °C.

Four colonies from each vector/insert combination were
randomly picked and screened by PCR amplification. Positive
colonies were selected for plasmid preparation using the
Wizard Plus SV Minipreps DNA Purification System (Promega,
Madison, WI) according to the manufacturer’s instructions.
Purified DNA was sequenced and analyzed using the DNAstar
analysis software (DNASTAR, Inc., Madison, WI).

Highly purified plasmid DNA is required for in vitro tran-
scription and subsequent translation. A target colony was
selected for plasmid preparation using the Midi Plus Ultrapure
plasmid extraction system (Viogene, Taipei, Taiwan) according
to the manufacturer’s instructions. Purified DNA was eluted
in 20—50 L of 0.1x TE buffer (10 mM Tris-HCI, pH 8.0, 1 mM
EDTA) and the concentration was accessed by a Nanodrop ND-
1000 Spectrophotometer.

Protein Expression and Western Blot. P. vivax proteins were
expressed by a 1 mL WGCEF system using the bilayer translation
reaction method described previously.’® The total fraction and
supernatant of each sample was separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under
reducing conditions. The separated proteins were transferred
to 0.45 yum PVDF membranes (Millipore, Billerica, MA) in a
semidry transfer buffer (50 mM Tris, 190 mM glycine, 3.5 mM
SDS, 20% methanol) at a constant 400 mA for 40 min using a
Semi-Dry Blotting System (ATTO Corp., Tokyo, Japan). After
blocking with 5% skim milk in TBS/T, Penta-His antibody
(QIAGEN) and secondary horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG (Pierce) were used to detect
His-tagged recombinant proteins. The immunoblots were
incubated with enhanced chemiluminescence solution (EZ-
ECL, GE Healthcare) for 1 min and exposed for 1 min to BioMax
XAR film (Kodak) in a cassette. The results were documented
by a Perfection 1260 Scanner (Epson). Crude protein samples
were stored in aliquots at —80 °C until further use.

Several proteins were detected in 20 cases of pooled sera
from vivax malaria patients and healthy individuals (1:200).
Bound antibodies were detected by incubation in AP-conju-
gated anti-human IgG (1:2500, Sigma). The immunoblots were
incubated with BCIP/NBT color development solution.

Preparation of Amine Arrays. Glass slides (75 x 25 mm)
were cleaned with a solution of H,0,/NH,OH/H,0 (1:1:5, v/v)
at 70 °C for 10 min, incubated with 1.5% 3-aminopropyltri-
methoxysilane solution (v/v) in 95% ethanol for 2 h, and
sequentially washed with ethanol and water. The amine-
modified glass slides were dried under air gas and baked at
110 °C for 2 h. Teflon tapes with 200 holes (25 x 8) each and
a 1.5 mm diameter were attached to the modified glass slides
to prepare well-type amine arrays.”®

Detection of His-Tagged Protein Expression Using Amine
Arrays. One microliter of each crude P. vivax protein solution
was spotted in duplicate to each well of the arrays and
incubated for 2 h at 37 °C. In addition, the array contained an
area spotted with purified PvCSP (expressed by the WGCF
systemn) and wheat germ lysate without any plasmid vector,

research articles

which were regarded as positive and negative controls, respec-
tively. The array was first blocked with 5% BSA in PBS
containing 0.1% Tween 20 (PBS-T) for 1 h at 37 °C and
incubated with Penta-His antibody (1 4L, 10 ng/uL) in PBS-T
for 1 h at 37 °C. Antibodies were visualized with Alexa Fluor
546 goat anti-mouse IgG (10 ng/uL, Invitrogen) in PBS-T for
1 h at 37 °C and scanned in a fluorescence scanner (ScanArray
Express, PerkinElmer, Boston, MA).?? Fluorescence intensities
of array spots were quantified by the fixed circle method using
ScanArray Express software version 4.0 (PerkinElmer). The
positive cutoff value was calculated as the mean fluorescence
intensity value of the negative controls plus two standard
deviations (SD).

Enzyme-Linked Immunosorbent Assay (ELISA). To validate
the immunoreactivity detected by the protein arrays, sera from
20 cases of vivax malaria and 10 healthy individuals were tested
against a well-characterized vivax blood stage antigen PvMSP1-
19 (expressed by WGCF system) by ELISA as described previ-
ously.?® The positive sera samples of vivax malaria were
collected from patients (mean age, 35 yr; range 18—60 yr) with
the symptoms and positive (mean parasitemia, 0.148%; range
0.036—0.630%) for vivax malaria by microscopy at Korea
University Ansan Hospital, local health centers and clinics in
Gyeonggi and Gangwon Provinces in endemic areas of the
Republic of Korea. In addition, the sera samples of healthy
individuals, negative by microscopy, were collected in nonen-
demic areas of the Republic of Korea. The positive cutoff value
was calculated as the mean optical density (OD) value of the
normal controls plus 2 SD. The sera were screened by protein
arrays as follows.

Serum Screening Using Arrays. Sera from 20 cases of vivax
malaria and 10 healthy individuals were screened by well-type
amine arrays. Briefly, 1 uL of antibody solution (10 ng/uL in
9.3 mM phosphate buffer, pH 7.4) was spotted to each well of
the arrays and incubated for 2 h at 37 °C. Then, 1 uL of each
crude P. vivax protein solution was spotted in duplicate to each
well of the arrays and incubated for 1 h at 37 °C. In addition,
the arrays contained an area spotted with purified PvMSP1-19
as a positive control and wheat germ lysate without any plasmid
vector as a negative control. For all staining, the array was first
blocked with 5% BSA in PBS-T for 1 h at 37 °C. Then, the chips
were probed with human serum (1:200) that was first preab-
sorbed against wheat germ lysate (1:100) to block anti-wheat
germ antibodies. Bound antibodies were visualized with Alexa
Fluor 546 goat anti-human IgG (10 ng/uL, Invitrogen) in PBS-T
and quantified as described above. The response by a particular
serum sample was considered positive overall if the relative
ratio of signal intensity (SI) was >2.0 (test relative to negative
control >2.0) and the response was statistically significant (p <
0.05) compared to the negative control SL

After primary screening of the human sera, 18 proteins with
high immunoreactivity were screened again with sera from
these 20 cases of vivax malaria and 10 healthy individuals
together on one well-type array.

Statistical Analysis. Differences between the means of each
group were analyzed for statistical significance with Excel
software using a two-tailed unpaired Student #-tests. Differ-
ences in proportions were compared using a ? test. Statistical
differences of p < 0.05 were considered significant. The Ben-
jamini-Hochberg method was used to correct for the false
discovery rate using MULTTEST procedure in version 8.0 of
SAS/STAT software.'® The correlation between duplicate spots
of the protein arrays, and antibody reactivity of different
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Figure 1. Schematic representation of overall procedures. The
genes of interest were amplified by PCR and the PCR products
were cloned into a pEU vector. The resulting plasmids were
directly used as expression templates for wheat germ cell-free
protein expression, and expression efficiency was analyzed by
Western blot and protein arrays. Then, all of the expressed
proteins were spotted on one array and screened with serum
from P. vivax infected patients and healthy individuals. Subse-
quently, individual candidate protein with high immunoreactivity
was spotted on one array and screened with individual serum
from vivax malaria patients and healthy individuals.

concentrations of the recombinant proteins was analyzed using
Origin software, version 6.1 (OriginLab Corp., Northampton,
MA) or GraphPad Prism software, version 5.0 (GraphPad, San
Diego, CA). The hierarchical cluster of gene expression and
antibody responses was calculated and drawn using the TIGR
multiarray experiment viewer (MeV) software.>®

Resuits

PCR Amplification of ORFs and In-Fusion Cloning. Proce-
dures for the PCR amplification and In-Fusion gene cloning
are outlined in Figure 1. Polymerases with proofreading
characteristics were used for PCR amplification to increase the
quality of the PCR products, because the nonspecific PCR
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Figure 2. PCR amplification and In-Fusion cloning of P. vivax
genes. (a) Size distribution of amplified and unamplified P. vivax
ORFs by PCR amplification was significantly different (p < 0.01).
(b) Size distribution of cloned and uncloned P. vivax ORFs by
in-Fusion cloning was significantly different (p < 0.001). The
horizontal lines to the right of the data points are the mean and
the upper and lower 95% confidence limits.

products or primer dimers might hinder the efficiency of
cloning. From a total of 109 P. vivax ORFs selected for PCR
amplification, 99 amplified ORFs with an average size of 1390
bp were significantly shorter than 10 unamplified ORFs with
an average size of 2123 bp (independent samples r-test, two-
tailed, p < 0.01) (Figure 2a). Among the 10 unamplified ORFs,
9 belonged to the MSP3 (n = 6) and RBP (n = 3) gene families,
which may contribute to a large size or degree of polymorphism
of target ORFs.%¢

Four colonies per transformation were picked at random for
screening by colony PCR to evaluate the efficiency of In-Fusion
cloning. The screening results showed that, of the 99 ORFs
screened, 92 were successfully cloned (92.9%) with an average
size of 1304 bp and 7 ORFs were unsuccessfully cloned with
an average size of 2518 bp. Statistical analyses indicated that
the cloned ORFs were significantly shorter in length than the
uncloned ORFs (independent samples f-test, two-tailed, p <
0.001) (Figure 2b). To collect more ORFs, two ORFs were cloned
after screening 16 randomly selected colonies per ORF from
the 7 uncloned ORFs.

High-Throughput Expression of P. vivax Proteins. Most
targets were expressed using the WGCF system, as shown by
an obvious band on the SDS-PAGE gel (data not shown). The
recombinant N-terminal Hiss-tag fusion proteins were detected
by Western blot with Penta-His antibody specific for the Hise-
tag epitope of these Hisg-tagged fusion proteins. These results
demonstrate that 86 of the 94 ORFs (91.5%) yielded protein
products (Figure 3). Eight constructs, all hypothetical genes,
did not express any protein. Ninety percent (77/86) of the
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Figure 3. Western blot analysis of the expression levels and solubility of P. vivax proteins. Ninety-four proteins with two paired lanes
{left, total fraction (T) and right, soluble fraction (S), the supernatant after centrifugation). Several samples (nos. 1, 20, 37-02, 42, 54,
and 63) in the last panel were analyzed by Western blot a second time. M, Protein size marker; C, PvCSP proteins.

targets among the expressed proteins provided soluble frac-
tions. Many proteins migrated differently than expected and
that has been reported for a variety of proteins expressed by
the WGCF system.3!

High-Throughput analysis of P. vivax Protein Expression
by Protein Arrays. We evaluated the efficiency of P. vivax
protein expression with the Penta-His antibody by comparing
protein arrays with Western blots (Figure 4a). The detection
limit was approximately 10 ng for the protein arrays and 95%
(89/94) of the P. vivax proteins were positive for the Hisg-tags
on the array. It was a novel concentration-dependent analysis
method that showed a correlation coefficient of 0.99 between
fluorescence intensities and protein concentrations (p < 0.001)
(Figure 4b). When relative intensities of duplicate spots were
plotted against each other, the resulting diagonal indicated
good reproducibility of the spotting and detection of the
immobilized proteins with a correlation coefficient of 0.93 (p
< 0.001) (Figure 4c).

Antibody Profiling. The antibody response to PvMSP1-19
was determined for 20 vivax malaria patients and 10 healthy
individuals by ELISA, as well as protein array (Supplementary
Figure 2). Antibody reactivity against the PvMSP1-19 by ELISA
was correlated with antibody reactivity measured against
PvMSP1-19 on the array (R = 0.76, p < 0.001) (data not shown).

Moreover, antibody reactivity against the purified PvMSP1-19
(spotted on the array as a positive control) and the crude
PvMSP1-19 generated in the high-throughput system was
highly correlated (R* = 0.83, p < 0.001) (data not shown). The
efficiency of protein arrays for antibody profiling was also
evaluated using purified PMSP1-19 (Supplementary Figure 3).
A concentration-dependent analysis method showed a cor-
relation coefficient of 0.97 between fluorescence intensities and
protein concentration (p < 0.001). P. vivax protein arrays were
probed with sera from 20 subjects who were naturally exposed
to vivax malaria, and 10 subjects who were healthy individuals.
Two protein arrays displaying the entire target protein probed
with serum from a healthy individual and a vivax malaria
patient are shown in Figure 5, panels a and b, respectively. Sera
from malaria-naive subjects showed low reactivity (Figure 5a),
whereas sera from P. vivax-exposed individuals showed obvious
reactivity against WGCF expressed proteins (Figure 5b). After
primary screening of human sera, proteins with high immu-
noreactivity were screened again with individual serum samples
from patients and healthy individuals together on one array
(Figure 5¢). When relative intensities of duplicate spots were
plotted against each other, the resulting diagonal indicated
good reproducibility of the spotting and detection of the
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Figure 4. Analysis of P. vivax protein expression by protein arrays. (a) Protein arrays probed with anti-Hise-tag antibody. (b) Correlation
between spot intensities and the serial diluted purified His-tagged PvCSP protein. (c) Correlation of relative spot intensities of duplicates
(spot A versus its duplicate spot B). Control reactions of wheat germ lysate that lacked vector template (circle) and reactions of purified

His-tagged PvCSP protein (rectangular box).

immobilized proteins with a high correlation coefficient (R =
0.97, p < 0.001) (Figure 5b and d).

The Immunogenic Profiles of Human Sera Against P.
vivax Proteins. A total of 30 and 7 arrays for primary and
second screens were tested with sera from 20 vivax malaria
patients and 10 healthy individuals, respectively, which dis-
played different patterns of immunoreactivity. The profiles of
immunoreactivity against 18 ORFs (19.1% of total target
proteins) representing the immunogenic antigens are shown
in Figure 63, in which the signal intensities for reactivity of each
antigen by individual serum samples are shown in a colorized
matrix. Three of the 18 most immunoreactive proteins are well-
characterized P. vivax antigens, including AMA1 (PVX_092275),
MSP1-42 (PVX_099980), and MSP1-19. These proteins are all
leading vivax malaria vaccine candidates. MSP1-42 was recog-
nized by all 20 cases of vivax malaria patient sera. Four GPI-
anchored proteins (MSP1-19, MSP10 [PVX_114145], MSP8
[PVX_097625], and Pv12 [PVX_113775]), one 6-cysteine domain
protein Pv4l (PVX_000995), two MSP3 proteins (MSP3.6
[PVX_097695], MSP3.9 [PVX_097710]), one MSP7 protein (MSP7
[PVX_082680)), one exported protein (ETRAMP 11.2, PVX_003565)),
one hypothetical protein (PVX_087140), and AMA1 were rec-
ognized with =2 cases of vivax malaria patient sera (Table 1
and Supplementary Table 2). In addition, two MSP3 proteins
(MSP3.3 [PVX_097680] and MSP3.7 [PVX_097700]), one MSP7
protein (PVX_082655), and three other hypothetical proteins
(PVX_081550, PVX_090210, and PVX_094920) were recognized
by serum from one patient. Most of these proteins have not
been previously described as immunologically reactive. Inter-
estingly, the ETRAMP 11.2 that was recognized by 14 cases in
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all of the 20 patient sera using protein arrays was also
recognized by pooled patient sera using Western blots (Figure
7).

We analyzed the P. vivax microarray data through the
asexual erythrocytic cycle for expression of genes encoding
immunogenic proteins.'® We found that 16 of these show an
expression pattern consistent with involvement in invasion or
schizonts stages, peaking in transcription TP6—TP9 postinva-
sion (Figure 6b). Only MSP8 has a flatter expression profile in
the ring and trophozoite stage (TP1-TP6). In P. falciparum,
msp8 is associated with the establishment of early rings,3?
whereas it is transcribed throughout the ring and trophozoite
stages, thus, reflecting an extended requirement for this protein
in P. vivax.

Discussion

The reverse vaccinology approach has shown promise in
spite of the essential requirement to generate hundreds of
recombinant molecules for screening. As genomes are com-
pleted that contain thousands of genes each, more cost-
effective and less time-consuming efforts to produce these
clones will be needed. The In-Fusion cloning method, which
is based on the In-Fusion enzyme, could be used in combina-
tion with any 15 bp homology region to enable ligation-
independent cloning of PCR products to any linearized vector.3
Previous studies have shown that constructs are suitable for
expressing proteins from multiple hosts, that is, a single vector
capable of expression in Escherichia coli, mammalian cell lines
(e.g., HEK293T cells), and insect cell lines (e.g., Sf9 cells).3*

We used In-Fusion cloning methods to construct a total of
92 vectors from 99 PCR products of P. vivax by colony PCR
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Figure 5. Antibody profiling of P. vivax proteins by protein arrays.
(a} Crude P. vivax proteins react with individual healthy serum
and (b) individual naturally exposed serum. Wheat germ lysate
that lacked vector template (hexagons) and purified PvMSP1-18
(circles) probed with individual healthy serum served as inner
negative and positive controls, respectively. Purified PvMSP1-
19 {ellipses) reacted with pooled patient sera served as the outer
positive control. Positive reactions with target proteins are
marked with boxes. (c) Proteins with high immunoreactivity were
screened again with sera from these 20 cases of vivax malaria
patients and 10 healthy individuals together on one array. (d)
Correlation of relative spot intensities of duplicates (spot A versus
its duplicate spot B) from panel b.

screening of 4 randomly selected colonies. We had an overall
cloning efficiency of 93%, which is similar to the cloning results
of OPPF (e.g., 94%).>* The results compare favorably with data
reported by other studies examining high-throughput con-
struction of expression vectors of P. falciparum using the
Gateway recombination system (e.g., 84% PCR product to
expression clone efficiency),’* but similar to the in vivo
recombination rate (e.g., 97%) in E. coli?® However, it is
obvious that the In-Fusion cloning method is the most straight-
forward system for PCR cloning.

E. coli-based expression systems have been widely used for
the expression of malaria proteins; however, it is difficult to
efficiently produce many proteins due to the complexity of the
malaria genome. The immense drawback during high-level
protein expression in E. coli is the production of insoluble
proteins in inclusion bodies even if some proteins are success-
fully expressed,®® and Plasmodium proteins have proven to be
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Figure 6. Immunoreactivity profiles and transcription patterns of
immunogenic proteins of P. vivax. A total 18 antigens (17 genes)
exhibit high IgG antibody responses to P. vivax-infected patient
sera. (a) Immunoreactivity profiles of 18 immunogenic proteins.
F1 and F2, fragment 1 and 2. (b) Transcription pattern of 17 genes
coded immunogenic proteins. The transcription data of P. vivax
genes were collected from microarray results.

no exception. One thousand ORFs from P. falciparum have
been tested using E. coli protein expression systems.?” Of these,
337 proteins were expressed, although they were typically
insoluble; 63 of the expressed proteins were soluble*” In
contrast, Tsuboi et al.3® attempted to express 500 of P. falci-
parum molecules belonging to sporozoite, merozoite, and
gametocyte stages in a high-throughput format by the WGCF
system. Eighty-four percent of them yielded soluble protein
products. The biochemical, immunocytochemical, and biologi-
cal analyses of the produced falciparum proteins have also
demonstrated that the recombinant malaria proteins synthe-
sized by this system are of high quality.’®*® In P. falciparum,
93 of the 124 genes (75%) have yielded protein product. In the
present study, 91.4% (86/94) of the genes of P. vivax were
expressed by the WGCF protein synthesis system. The percent-
age of expressed proteins by the plasmid-based WGCF system
was much higher than PCR-based methods the previously
published protein expression of P. falciparum.'® One possible
explanation for the higher success rate is that the present study
used the plasmid based transcriptional templates with higher
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Table 1. Features of P. vivax Immunogenic Proteins and Their Homologues in P. falciparum

no. of features in homologues

Pv gene ID annotation positive (%)? Spt TMD® features in P. vivax of P. falciparum
PVX_099980 ‘MSP1-42 20 (100) + + Vaccine candidate, GPI AP Vaccine candidate
PVX_003565 ETRAMP 11.2 14 (70) + + Unknown Antigenicity
PVX_099980 MSP1-19 13 (65) + + Vaccine candidate, GPI-AP Vaccine candidate
PVX_097625 MSP8 12 (60) + + Antigenicity, GPI-AP Antigenicity
PVX_114145 MSP10 9 (45) + - Antigenicity, GPI-AP Antigenicity
PVX_092275 “AMA1 7 (35) - + Vaccine candidate Vaccine candidate
PVX_000995 Pv4l 4 (20) + - Antigenicity, Cys6 family Antigenicity
PVX_ 113775 Pvl2 3 (15) + + Unknown, GPI-AP, Cys6 family Antigenicity
PVX_087140 hypothetical 3 (15) + - Unknown Unknown
PVX 097695 MSP3.6 2 (10) + - Unknown Vaccine candidate
PVX_097710 MSP3.9 2 (10) - - Unknown Vaccine candidate
PVX_082680 MSP7 2 (10) + + Unknown Antigenicity
PVX_097680 MSP3.3 1(5) + - MSP3-beta, coiled coil Vaccine candidate
PVX_097700 MSP3.7 1 (5) - - Unknown Vaccine candidate
PVX_082655 MSP7 1(5) + - Unknown Antigenicity
PVX_081550 hypothetical 1) + - Unknown Unknown
PVX_090210 hypothetical 1(5) + - Unknown Unknown
PVX_094920 hypothetical 1(5) + - Unknown Unknown

4 Total number of positive antibody reaction with 20 patients serum samples.  SP, signal peptide. ° TMD, transmembrane domain.
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kDa

Figure 7. Western blot na!ys s of i |mmunogen|c proteins. Crude
proteins were reacted wnth anti-His antibody (lane, 1), pooled
patient serum (2); but not reacted wnth poo led healthy serum (3).

performance in contrast to the PCR based transcription tem-
plates used in the previous study." 19 Another explanation is that
the genes from P. vivax have lower A/T contents (58%) rather
than those of P. falczparum (76% in: average) Whatever the
reason, this study clearly demonstrated that the WGCF system
is a suitable system for easily ach1ev1ng hlgh-throughput, high-
solubility, and hlgh-productmty in the whole-proteome-scale
synthesis of P. vivax protems in addmon to that of P. falci-
parum.

In recent years, high- throughput genormcs has provided
blueprints for numerous genomes, thus, paving the way for
major breakthroughs in biomedicine. Inspired by these ad-
vances, proteomics has become a key discipline for addressing
protein expression patterns and for understanding the function
and regulation of entire sets of proteins encoded by an
organism.3 Antibody-based microarrays are among the novel
classes of rapidly evolving technologies with great potential for
high-throughput proteomics.*® Here, using protein arrays, we
developed a high-throughput method for the analysis of His-
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tag fusion protein expression. The detection limit was 2.5 times
more sensitive than Western blot analysis. Ninety-five percent
(89/94) of P. vivax proteins were detected, consistent with that
of Western blot (91%, 86/94).

The ability of microarrays to detect specific antibody re-
sponses to multiple antigens in parallel has significant clinical
and research implications.*! This methodology has already
been shown to be useful in the serodiagnosis of infectious
diseases.!®!51642 Microarray analysis to obtain antibody reac-
tivity profiles has also been shown to be useful in vaccine
development against other organisms.*>** Recently, protein
microarrays were used to characterize antibody reactivity
profiles of P. falciparum infection.?*454¢ From a panel of 250
putative P. falciparum proteins screened by protein microar-
rays, a total of 72 highly immunoreactive proteins were
identified, including 16 well-characterized and 56 uncharac-
terized antigens.”® Overall, 14 novel antigens were identified
as potential target antigens for a subunit malaria vaccine.

In the present study, protein arrays were used to characterize
antibody reactivity profiles of P. vivax infection. From a panel
of 94 putative immunogenic proteins from the P. vivax blood
stage screened by protein arrays, 18 (19.1%, 18/94) highly
immunoreactive proteins were identified, including 3 well-
characterized vivax vaccine candidates (AMA1l, MSP1-42, and
MSP1-19). MSP1-42 was recognized by IgG antibody in all 20
cases of P. vivax-infected patient sera, whereas AMA1 and
MSP1-19 were only recognized by IgG antibody in 7—13 cases
of P. vivax-infected patient sera. The major reason for this
observation is that the expression levels of both recombinant
AMA1 and MSP1-19 was not as high as the recombinant MSP1-
42,

Three GPI-anchored proteins (MSP8, MSP10, and Pv12) were
recognized by IgG antibody in P. vivax-infected patient sera
by protein arrays. MSP8 and MSP10 were recently identified
and the recombinant proteins were highly recognized by P.
vivax infected patient sera.?”*® In contrast to the apical and
peripheral classes of blood stage antigens, the GPI-anchored
proteins appear to be essential for blood-stage growth. Together
with considerable data highlighting their potential as targets
of antibodies, these results place the merozoite GPI-anchored
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proteins among the most highly validated blood-stage vaccine
targets.?! MSP8 and MSP10 contain C-terminal double epider-
mal growth factor (EGF)-like modules in P. vivax and P.
falciparum parasites.® Replacing PIMSP1 EGFs with the cor-
responding double EGF module from PvMSP8 or PvMSP10 may
uncover the function of the (EGF)-like modules.*®

Pv12- and Pv41-containing Cysg domains belong to the P230
proteins family. Pv12 has not been characterized, whereas Pv41
is expressed in parasite asexual stages and recognized by anti-
rabbit serum raised against Pv41 peptide.>® The P230 protein
family is unique to Plasmodium species. A search of the
complete P. falciparum genome sequence identified 10 genes
conforming to the characteristics of this family, comprising 4
that are expressed in sexual stages (Pfs230, Pfs230p, Pfs48/45
and Pfs47), 3 in asexual stages (Pf12, Pf38 and Pf41), and the
remaining 3 (Pfs36, Pfs36p and Pfs12p) of in sporozoite.>! In
P. falciparum, Pf12-GFP fusion protein was localized to the
merozoite surface and Pf12 fusion protein expressed in P.
falciparum was strongly recognized by antibodies present in
individuals naturally exposed to P. falciparum.> Pf12 displays
remarkably broad expression across the different life stages,
which is expressed strongly in schizont, gametocyte, and
sporozoite stages. Not only does this raise interesting questions
about the potential broad nature of the biological function of
such surface proteins, but it also suggests that a recombinant
form of a single protein may have potential as a blood-stage,
transmission-blocking and pre-erythrocytic vaccine.5? The Pv12
gene is expressed in asexual stages,'® but needed the confirma-
tion Pv12 protein expression pattern.

P. vivax MSP3a. (MSP3.10), MSP33 (MSP3.3), and MSP3y
(MSP3.1), of the MSP3 family that includes 11 members, have
been characterized and are associated with but not anchored
in the merozoite membrane.>!® All three proteins have an
alanine-rich domain with heptad repeats that are predicted to
form coiled-coil tertiary structures, which mediate protein—protein
interactions.53%* With the exception of the well-known protein
MSP3.3, three new MSP3 proteins (MSP3.6, MSP3.7, and
MSP3.9) were recognized by IgG antibody in P. vivax-infected
patient sera. Another MSP7 family also included 11 members
and expression of the MSP7 protein (PVX_082695) was identi-
fied in P. vivax asexual blood stages and confirmed by
immunofluorescence assay.>®> Two other previously unidenti-
fied MSP7 proteins (PVX_082680 and PVX_082655) were rec-
ognized by IgG antibody in P. vivax-infected patient sera using
protein arrays. :

ETRAMP 11.2 protein (PVX_003565) was recognized by IgG
antibody in 70% of P. vivax-infected patient sera in this study.
In P. vivax, etramp 11.2 are expressed in schizonts. Variation
in the development of the parasitophorous vacuole due to the
delay of exp and etramp gene expression might contribute to
differences in erythrocyte modifications and lead to the ob-
served differences in rigidity and cytoadherence between P.
vivax and P. falciparum.’®

Conclusion

We demonstrate that the In-Fusion cloning system provides
a highly efficient method for producing recombinant expression
plasmids containing genes from P. vivax. Most proteins were
successfully expressed using a wheat germ cell-free protein
synthesis system. Analysis of serum reactivity profiles using
protein arrays offers an opportunity to assess antibody re-
sponses to malarial antigens in a high-throughput manner, and
18 novel immunogenic proteins of vivax malaria blood stage
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were identified that will be further studied as potential candi-
dates for subunit vaccines. This is the first time that high-
throughput screening assays have been used to investigate the
immune responses to stage-specific proteins from the vivax
malaria blood stage. These methods can be used to determine
immunogenicity of candidate antigens from the P. vivax
genome.

Abbreviations: WGCF, wheat germ cell-free; EGF, epidermal
growth factor; MSPs, merozoite surface proteins; GPI, glyco-
sylphosphatidylinositol; ORF, open reading frame; HT, high-
throughput; ELISA, enzyme-linked immunosorbent assay.
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1. Introduction

ABSTRACT

Protein phosphorylation is one of the main process in the signal transduction pathway. In recent years,
there has been increasing attention to plant phosphorylation signaling and many laboratories are trying
to elucidate pathways using various approaches. Although more than 1000 protein kinase (PK) genes
have been annotated in the Arabidopsis genome, biochemical characterization of those PKs is limited.
In this work, we demonstrate high-throughput profiling of serine/threonine autophosphorylation activity
by a combination of the 759N-terminal biotinylated proteins library, produced using a wheat germ cell-
free protein production system, and a commercially available luminescence system. Luminescent analy-
sis revealed that 179 of the 759 PKs had autophosphorylation activity. From these 179 PKs, 67 of the most
active PKs were analyzed to determine their function using the PlantP database. This analysis revealed
that 35 (53%) of the proteins were classified as non-transmembrane protein kinases, and 15 (23%) were
receptor-like protein kinases. Additionally, PKs from Group 4.4-MAP3K, Group 1.6, Group 4.5-MAPK/CDC/
CK2/GSK kinases and Group 1.10-receptor like cytoplasmic kinases contained the highest percentage of
autophosphorylated activity. Next, to get a better overview of the annotated 67 PKs, we used the gene
ontology annotation search on the TAIR website to classify the 67 PKs into functional category. As a result,
some of these PKs may be involved in phospho-signaling pathways such as signal transduction, stress
response, and the regulation of cell division. Information from this study may shed light on many
unknown plant PKs. This study will be a basis for understanding the function of PKs in phosphorylation
network for future research.

Crown Copyright © 2011 Published by Elsevier Ltd. All rights reserved.

making a functional genomics approach for these proteins particu-
larly relevant.

In metazoa, protein phosphorylation is a key function in signal
transduction pathways for a wide range of processes including hor-
mone response, inflammation, differentiation, development, and
cancer formation. It has been shown that like metazoa, plants also
utilize a phosphorylation signaling system. PKs are one of the larg-
est gene families, representing ~4% (more than 1000) of all the
genes in Arabidopsis. Plant PKs exhibit a high degree of duplication
and there may be functional redundancy (Shiu and Bleecker, 2001),
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Autophosphorylation of PK is an important aspect of host regu-
lation systems as these proteins are conformationally stabilized to
maximize substrate recognition (Huse and Kuriyan, 2002). Ca?*-
dependent protein kinases (CPKs) act as sensors for intracellular
Ca?* fluxes and translate them into physiological responses by
reversibly phosphorylating Ser/Thr residues of relevant essential
enzymes (Roberts and Harmon, 1992). As an example of functional
regulation by autophosphorylation, many of the reported CPKs has
been shown to have autophosphorylation activity in vitro in the
presence of Ca%* (Harmon et al,, 1987; Binder et al., 1994; Frylinck
and Dubery, 1998; Yoon et al.,, 1999; Anil et al., 2000; Sawasaki
et al., 2004; Hegeman et al., 2006). Autophosphorylation of CPK
stringently reflects the intensity of the phosphorylation of sub-
strate targets (Chaudhuri et al., 1999; Chehab et al., 2004). As
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