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Background: Transmission-blocking vaccines (TBVs) can effectively prevent the
community’s spread of malaria by targeting the antigens of mosquito sexual
stage parasites. At present, only a few candidate antigens have demonstrated
transmission-blocking activity (TBA) potential in P. vivax. Quiescin-sulfhydryl
oxidase (QSOX) is a sexual stage protein in the rodent malaria parasite
Plasmodium berghei and is associated with a critical role in protein folding by
introducing disulfides into unfolded reduced proteins. Here, we reported the
immunogenicity and transmission-blocking potency of the PvQSOX in P. vivax.

Methods and findings: The full-length recombinant PvQSOX protein (rPvQSOX)
was expressed in the Escherichia coli expression system. The anti-rPvQSOX
antibodies were generated following immunization with the rPvQSOX in rabbits.
A parasite integration of the pvgsox gene into the P. berghei pbgsox gene
knockout genome was developed to express full-length PvQSOX protein in P.
berghei (Pv-Tr-PbQSOX). In western blot, the anti-rPvQSOX antibodies
recognized the native PvQSOX protein expressed in transgenic P. berghei
gametocyte and ookinete. In indirect immunofluorescence assays, the
fluorescence signal was detected in the sexual stages, including gametocyte,
gamete, zygote, and ookinete. Anti-rPvQSOX IgGs obviously inhibited the
ookinetes and oocysts development both in vivo and in vitro using transgenic
parasites. Direct membrane feeding assays of anti-rPvQSOX antibodies were
conducted using four field P. vivax isolates (named isolates #1-4) in Thailand.
Oocyst density in mosquitoes was significantly reduced by 32.00, 85.96, 43.52,
and 66.03% with rabbit anti-rPvQSOX antibodies, respectively. The anti-
rPvQSOX antibodies also showed a modest reduction of infection prevalence
by 15, 15, 20, and 22.22%, respectively, as compared to the control, while the
effect was insignificant. The variation in the DMFA results may be unrelated to the
genetic polymorphisms. Compared to the P.vivax Salvador (Sal) | strain
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sequences, the pvgsox in isolate #1 showed no amino acid substitution, whereas
isolates #2, #3, and #4 all had the M361l substitution.

Conclusions: Our results suggest that PvQSOX could serve as a potential P. vivax
TBVs candidate, which warrants further evaluation and optimization.

KEYWORDS

Plasmodium vivax, quiescin sulfhydryl oxidase, transmission-blocking vaccine,
transgenic parasite, DMFAS

Introduction

Malaria remains a significant public health problem in tropical
and subtropical regions, with an estimated 249 million malaria cases
and 608,000 deaths in 2022 (WHO, 2023). Among the five
Plasmodium species causing malaria in humans, P. falciparum or
P. vivax are the primary culprits, with P. falciparum accounting for
the majority of morbidity and mortality, particularly in Africa. P.
vivax has a broader geographical distribution and is the
predominant malaria parasite species outside Africa (Baird, 2013;
de Jong et al., 2020). Over the past decade, P. vivax malaria has
contributed to 6-17 million malaria cases each year, with a
substantial proportion occurring in Asia and America (WHO,
2023). Compared to other Plasmodium species, P. vivax exhibits
high transmission potential due to its early production of
gametocytes and enhanced infectivity to mosquitoes (Mueller
et al, 2009). In addition, its ability to relapse from dormant
hypnozoites significantly extends the period of transmission after
the initial infection (Mueller et al., 2009). Therefore, novel
interventions are urgently needed to control and eliminate P.
vivax malaria.

Transmission-blocking vaccines (TBVs) represent a promising
strategy for malaria elimination. TBVs aim to disrupt malaria
transmission by eliciting antibody-mediated responses against
Plasmodium proteins expressed during the sexual and early
sporogonic stages, thereby interfering with parasite development
in the mosquito vector (malERA Consultative Group on Vaccines,
2011). While TBVs do not directly protect vaccinated individuals
from disease, they have the potential to shield communities from
malaria transmission (Kilama and Ntoumi, 2009). In addition,
TBVs may also slow down the transmission of drug- and vaccine-
resistant strains and prolong the life span of existing antimalarial
drugs and vaccines. Mathematical models have underscored the
utility of TBVs in malaria elimination (Eckhoff, 2013). In recent
years, several TBV candidate antigens of P. vivax have been
identified and characterized, including gametocyte antigens
Pvs48/45 and Pvs230, and the ookinete antigen Pvs25.
Recombinant Pvs48/45 in monkey and mouse models
demonstrated complete inhibition of parasite transmission to
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mosquitoes in artificial membrane-feeding assays (Arevalo-
Herrera et al, 2015). Cysteine-rich domains I-IV of Pvs230
delivered by DNA vaccination also elicited functional antibody
responses in mice, and the TBV activity was complement-
independent (Tachibana et al., 2012). As the best-characterized P.
vivax TBV candidate, Pvs25 expressed in yeast completely blocked
P. vivax transmission to mosquitoes (Hisaeda et al., 2000).
Furthermore, recombinant Pvs25 protein expressed in yeast and
formulated in Alhydrogel® also induced antibodies with significant
transmission-blocking activity (TBA) in Phase I trials (Malkin et al.,
2005), although a subsequent trial was halted due to reactogenicity
(Wu et al., 2008). Therefore, new and effective TBV candidates for
P. vivax remain to be discovered.

Quiescin sulthydryl oxidase (QSOX), responsible for catalyzing
the insertion of disulfide bonds into unfolded proteins, has garnered
attention for its potential as a TBV candidate. It is a conserved
enzyme in Plasmodium species and is expressed on the surface of
gametes and ookinetes in P. berghei (Zheng et al., 2020). While
QSOX has demonstrated efficacy in blocking transmission in rodent
malaria models, its transmission-blocking potential in P. vivax
remains unexplored. This study aims to characterize the
immunogenicity and transmission-blocking potential of PvQSOX
(PVX_101000), the QSOX ortholog in P. vivax. Our findings
indicate that anti-rPvQSOX antibodies generated after
immunization with the recombinant PvQSOX protein recognized
native PvQSOX and exhibited TBA against transgenic P. berghei
parasites and P. vivax field isolates. These results underscore the
potential of PvQSOX as a viable candidate for P. vivax
TBV development.

Materials and methods

Maintenance of parasites, mosquitoes,
and mice

Female 6- to 8-week-old BALB/c mice and female New Zealand

White rabbits (Beijing Animal Institute, Beijing, China) were used
for animal experiments. P. berghei (ANKA strain 2.34) was
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maintained in mice by serial passage. Adult (3-4 days old)
Anopheles dirus and An. stephensi mosquitoes were maintained in
an insectary at 25°C * 1°C, 80% relative humidity, and 12 h light
and dark cycle and fed with 10% (w/v) glucose solution. Animal
experiments were carried out following the guidelines of the Animal
Ethics Committee of China Medical University.

Cloning, expression, and purification of
recombinant PvQSOX

For the expression of recombinant PvQSOX (rPvQSOX), the
pvgsox gene encoding amino acids (aa) 40-553 of PvQSOX of the
Salvador (Sal) I-I strain without the predicted signal peptide was
harmonized for production in Escherichia coli using the codon
harmonization algorithm in the EuGene software v0.92 (Gaspar
et al, 2012). The pvgsox fragment (121-1662 bp) was synthesized
(GenScript Biotech Corporation, Nanjing, China) and cloned into a
pET30a (+) vector (Life Technologies, Carlsbad, CA) with a C-
terminal 6 x His tag. The rPvQSOX was expressed in Escherichia
coli BL-21 (DH3) cells. Cells were grown at 37°C to an optical
density (OD) of ~0.5 and induced with 1 mM isopropyl-B-D-
thiogalactopyranoside (IPTG) at 20°C for 12 h. The culture was
harvested by centrifugation at 6,000 xg for 10 min at 4°C, and the
pellet was re-suspended in a solubilization buffer containing 6 M
guanidine-HCl, 50 mM KH,PO,, 50 mM K,HPO,, 150 mM NaCl,
and shaken for 1 h at room temperature. The solubilized inclusion
body was centrifuged at 12,000 xg for 30 min at 4°C, and the
supernatant was collected. The proteins were purified with Ni-NTA
agarose column (Qiagen, Venlo, Netherlands) as described by the
manufacturer. Briefly, the column was equilibrated with the
denaturing binding buffer (8 M urea, 20 mM sodium phosphate,
500 mM NaCl, pH 7.8), then washed two times with wash buffer 1
(8 M urea, 20 mM sodium phosphate, 500 mM NaCl, pH 6.0)
followed by three washes with wash buffer 2 (8 M urea, 20 mM
sodium phosphate, 500 mM NaCl, pH 5.3). Finally, the rPvQSOX
protein was eluted in the elution buffer (8 M urea, 20 mM sodium
phosphate, 500 mM NaCl, pH 4).

Refolding was done by dialysis in descending denaturant
concentrations with modifications (Maeda et al., 1995; Malekian
et al,, 2019). First, proteins were dialyzed against a refolding buffer
(50 mM Tris, 2 M Urea, pH 8) at 4°C overnight to remove urea
slowly. Then, the denatured rPvQSOX proteins were refolded in a
buffer containing 50 mM Tris, 250 mM NaCl, 50 mM arginine, 1
mM reduced glutathione, 0.1 mM oxidized glutathione, pH 8.0, and
dialyzed overnight at 4°C. The proteins were concentrated using
Amicon Ultra 3kD centrifugal filters (Millipore, Billerica, MA). The
protein solution was mixed with 5% SDS buffer either containing
2% P-mercaptoethanol (reducing conditions) or without P-
mercaptoethanol (non-reducing conditions) separated by 10%
SDS-PAGE, and stained with Coomassie brilliant blue.

As the negative control for immunization, the recombinant
glutathione S-transferase (rGST) protein was expressed from the
vector pGEX-4T-1 (+) in Escherichia coli BL-21 (DH3) as
previously described (Qiu et al., 2020; Zheng et al., 2020).
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Generation of anti-rPvQSOX
polyclonal antibodies

Rabbits (n = 3) were subcutaneously immunized with 250 pg
rPvQSOX emulsified in Freund’s adjuvant. Three booster
immunizations of 250 pg rPvQSOX emulsified in incomplete
Freund’s adjuvant were done at weeks 2, 5, and 8. As negative
controls, rGST was administered using the same route and
schedule. Ten days after the last immunization, the immune sera
were collected and then pooled for each group. The polyclonal
antibodies (IgGs) were purified from immune sera using Protein A
columns. The BCA Protein Assay Kit (TaKaRa, Japan) was used to
determine the concentrations of antibodies against rGST and
rPvQSOX. For mosquito feeding assays, the IgGs were adjusted to
12 mg/ml using PBS according to the antibody concentrations.

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) was performed
as previously described (Zheng et al., 2020). Briefly, 96-well ELISA
plates (Nunc F96; Fisher Scientific) were incubated overnight at 4°C
with purified rPvQSOX (5 pg/ml) in 0.15 M PBS (pH 7.2). After
washes with PBS-T (0.05% Tween 20 in 0.1 M PBS, pH 7.4), plates
were blocked with the blocking buffer [PBS-T, 3% bovine serum
albumin (BSA), pH 7.4] for 2 h at room temperature. Then, the
pooled rPvQSOX sera or rGST sera diluted from 1:1000 to
1:1024000 in the blocking buffer were added to each well and
incubated at 37°C for 2 h. Plates were washed with PBS-T, and
0.1 ml HRP-conjugated anti-rabbit IgG (Invitrogen, Waltham,
USA) diluted in 3% BSA in PBS-T was added to each well and
incubated for 2 h at room temperature. After five final washes,
tetramethylbenzidine (Amresco, Solon, USA) was added, and the
reaction was stopped by 2 mM H,SO,. Plates were read at 490 nm
using a SpectraMax 340 PC reader (Molecular Devices) and
analyzed by GXP Validated SOFTmax Pro software. The IgG
endpoint titers were read from the highest serum dilution greater
than the cut-off value, defined as the mean plus 3 standard
deviations OD reading of pooled rGST control sera.

Generation of transgenic P. berghei
expressing PvQSOX

Plasmids were designed to either knock out the endogenous
pbgsox gene (Pb-KO line) or replace it with a pvgsox gene to obtain
transgenic P. berghei expressing full-length PvQSOX protein in
place of endogenous PbQSOX (Pv-Tr-PbQSOX line). To generate
the knockout plasmid for double-crossover homologous
recombination, an 858 bp upstream fragment containing the 5
UTR and a 981 bp downstream fragment containing the 3> UTR was
obtained by PCR amplification using P. berghei genomic DNA as
the template and primers 5 UTR-F/5° UTR-R and 3’ UTR-F/3’
UTR-R (Supplementary Table S1). The pbgsox 5 UTR fragment
was inserted into the plasmid PL0034 at the HindIII and PstI sites
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upstream of the hdhfr cassette. Likewise, the pbgsox 3° UTR
fragment was inserted in the Xhol and EcoRI sites downstream of
the hdhfr cassette to obtain the Pb-KO plasmid for pbgsox knockout
in P. berghei parasites. The plasmid was linearized by HindIII/EcoRI
digestion and transfected by electroporation into purified P. berghei
schizonts (Janse et al., 2006). After transfection, the complete
parasite suspension was injected intravenously via the tail vein
into three mice. Mice were treated for 4 days with pyrimethamine
(Sigma, Burlington, USA) in drinking water at 70 ug/ml starting at
24 h after injection of the transfected parasites. Three parasite
clones for Pb-KO parasites were obtained by limiting dilution;
integration-specific PCR was used to confirm the Pb-KO line.
Primers 1 and 2 were used for diagnostic PCR of the wild-type
(WT) locus, while primers 1 and 3 were used for confirming the Pb-
KO line (Supplementary Table SI).

To generate the transgenic Pv-Tr-PbQSOX line, the pvgsox gene
of P. vivax Sal-I tagged with 3xHA at its C-terminus (1662 bp + 81
bp) was synthesized (GenScript Biotech Corporation, Nanjing,
China), and linked with an 858 bp upstream fragment containing
the 5° UTR of pbgsox gene and a 981 bp downstream fragment
containing the 3° UTR of pbgsox gene from P. berghei. Ten ug of the
DNA were transfected by electroporation into purified Pb-KO
schizonts, and the transfected parasites were injected
intravenously via the tail vein into three mice. The Pv-Tr-
PbQSOX line was selected by treating the infected mice with 5-
fluorocytosine (Sigma, Burlington, USA) in drinking water (1 mg/
ml in water) as described previously (Zheng et al., 2020). The
correct integration of the pvgsox gene into the P. berghei Pb-KO
genome was confirmed by PCR analysis using primer 1 and primer
4 (Supplementary Table S1).

Pv-Tr-PbQSOX ookinete culture

For ookinete culture, mice were inoculated by intraperitoneal
injection (i.p.) with 0.2 ml of infected blood containing 5x10° Pv-
Tr-PbQSOX parasites. Parasitemia was allowed to reach 1-3%, and
mouse blood was collected on day 3 p.i. Blood was diluted 1:10 with
the complete ookinete medium (RPMI 1640 containing 50 mg/l
penicillin, 50 mg/1 streptomycin, 100 mg/l neomycin, 20% (v/v) FBS
and 1 mg/l heparin, pH 8.3) in a flask to a maximum depth of 1 cm
and kept at 19°C for 24 as previously described (Sinden et al., 1985).

Purification of Pv-Tr-PbQSOX gametocytes
and ookinetes

Gametocytes were purified as previously described (Beetsma
etal., 1998; Zheng et al., 2016). Pv-Tr-Pb-QSOX parasites were used
to infect phenylhydrazine-treated mice. Beginning on day 4 p.i,
mice were treated with 20 mg/l sulfadiazine (Sigma, Burlington,
USA) in drinking water for two days. The mouse blood was
collected and transferred to the pre-warmed culture medium
[RPMI 1640, 20% (v/v) fetal bovine serum (FBS, Thermo), 50
mg/l penicillin and streptomycin; 50 ml/0.5ml blood] at 37°C to
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prevent the gametocyte activation. The blood and culture medium
mixture was loaded on top of a 48% (v/v) Nycodenz/culture
medium cushion, then centrifuged at 1300xg for 30 min without
braking. Cells at the interface were collected and washed in
RPMI 1640.

Ookinetes were cultured as described above, loaded on a 62%
(v/v) Nycodenz/ookinete culture medium cushion, and purified by
centrifugation at 1300xg for 30 min without braking. Ookinetes at
the interface were collected and washed with RPMI 1640.

Western blot analysis

For western blot analysis, purified Pv-Tr-PbQSOX gametocytes
and ookinetes were treated with 0.15% saponin to lyse erythrocytes.
Equal amounts of parasite proteins were electrophoresed on SDS-
PAGE gels, transferred to a 0.22 um PVDF membrane (Bio-Rad,
Hercules, USA), and incubated with a blocking buffer (5% non-fat
milk in PBS-T) for 1 h at 37°C. After blocking, the blots were probed
with pooled anti-rPvQSOX rabbit immune sera (1: 1000) in the
blocking buffer. After three washings with PBS-T, HRP-conjugated
goat anti-rabbit IgG antibodies (1:10,000) (Invitrogen, Waltham,
USA) were added as secondary antibodies. The fluorescence signals
from the reaction were visualized by chemiluminescence using a
Pierce ECL Western Blotting Kit (Thermo) and scanned on an
Odyssey infrared imaging system (LI-COR Biosciences). The rGST
immune sera were used as a negative control, and HSP70 immune
sera (1: 1000) were used for protein loading control.

Indirect immunofluorescence assay

A transgenic P. berghei parasite line Pv-Tr-PbQSOX expressing
PvQSOX-HA was used for IFA. Parasites (gametocytes, gametes,
zygotes, and ookinetes) were washed in PBS and fixed with 4%
paraformaldehyde and 0.0075% glutaraldehyde (Sigma, Burlington,
USA) in PBS for 30 minutes at room temperature (Tonkin et al,
2004). After permeabilization with 0.1% Triton X-100, cells were
rinsed with 50 mM glycine in PBS and blocked with PBS containing
3% skim milk for 1 h at 37°C. Parasites were probed with the pooled
rabbit anti-rPvQSOX sera (1:500) or control sera (1:500) in PBS
containing 3% skim milk for 1 h at 37°C in a humidified chamber.
All parasites were co-incubated with mouse/rabbit antisera (1: 500)
against PbMSP1, P47, a-tubulin, and Pbs21 as stage-specific
markers for schizonts, female gametocytes/gametes, male
gametocytes/gametes, and zygote/ookinetes, respectively (Liu
et al., 2019). Slides were washed 3 times with PBS for 5 min and
probed with Alexa Fluor 488-conjugated o.-rabbit IgG secondary
antibodies (1: 500; Invitrogen, Carlsbad, CA) and Alexa-555
conjugated goat anti-mouse IgG secondary antibodies (1: 500;
Cell signaling, USA) at 1:500 dilution in PBS at 37°C for 1 h. For
comparison, parasites were also probed with the mouse anti-HA
mAb (1:500, Invitrogen, Carlsbad, CA) using the same procedure.
Parasite nuclei were stained with Hoechst 33258 (1:1,000;
Invitrogen, Carlsbad, CA) and observed under a fluorescent
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microscope. Images were captured and processed on a Zeiss Axio
Observer Z2 using Axio Vision software and Adobe Photoshop
(Adobe Systems Inc.).

Growth phenotype of the
transgenic parasite

The transgenic Pv-Tr-PbQSOX and Pb-KO lines were
compared to the WT P. berghei for their growth phenotype.
BALB/c mice (5 mice/group) were inoculated i.p. with 0.2 ml of
infected blood containing 5%10° Pv-Tr-PbQSOX, Pb-KO, or WT P.
berghei. Asexual parasitemia was monitored on days 3, 5, 7, 9, and
11 p.i. by examining Giemsa-stained thin blood smears. Mice were
injected i.p. with 1.2 mg phenylhydrazine 3 days before infection to
evaluate the gametocytogenesis and gametocyte activation. The
mice were then inoculated ip. with 5x10° Pv-Tr-PbQSOX, Pb-
KO, or WT P. berghei parasites. Gametocytemia (gametocytes per
10* RBC) and female/male gametocyte ratio were counted on day 3
pi (Lal et al, 2009). Male gametocyte exflagellation centers and the
formation of ookinetes were performed and quantified as described
previously (van Dijk et al., 2010; Zheng et al., 2020). The
characteristic morphologies of male and female gametocytes, and
exflagellation of microgametes were quantified as the images we
published previously (Zheng et al., 2017). Ten pl of tail blood
containing equal amounts of parasites were added to 40 pl standard
ookinete medium. After induction of gamete formation at 25°C for
15 min, the culture was placed on a coverslip and analyzed under a
phase-contrast microscope at 400x magnification to count the
exflagellation centers in 10 min. The culture was added to
another 50 pl standard ookinete medium and further incubated at
19°C for 24 h to determine the number of ookinetes. The culture
was labeled with mouse anti-Pbs21 mAb (1:500) without
permeabilization. The numbers of the mature ookinetes in 0.5 pl
culture were counted under a fluorescence microscope (100x
oil objective).

Transmission-blocking assays

To determine whether IgGs against rPvQSOX affect male
gametocyte exflagellation and the formation of ookinetes and
oocysts of the transgenic parasites Pv-Tr-PbQSOX, mice were
infected with Pv-Tr-PbQSOX or WT P. berghei parasites as
described above. To determine the effect on exflagellation,
purified IgGs against rPvQSOX were added to the ookinete
culture at 10, 5, and 1 pg/50 ul of standard ookinete medium,
respectively. After induction of gamete formation at 25°C for
15 min, exflagellation centers were counted in 10 min. For
ookinetes, purified IgGs against rPvQSOX were added to the
ookinete culture at 10, 5, and 1 pg/100 pl of ookinete culture,
respectively. Ookinete cultures were incubated at 19°C for 24 h, and
the number of ookinetes was counted.

For direct mosquito-feeding assays, mice were infected with Pv-
Tr-PbQSOX or WT P. berghei parasites. When asexual parasitemia
was approximately 5-7% after 3 days of infection, mice were
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injected intravenously with either 150 pg of purified anti-
rPvQSOX IgGs/mouse or an equal volume of IgGs against rGST
as control 1 h before mosquito feeding. At 10 days after blood
feeding, midguts were dissected from ~30 An. stephensi mosquitoes
of each group and stained with 0.5% mercurochrome to determine
the prevalence and intensity of infection.

Direct membrane feeding assays

Ten ml of venous blood was collected from four patient
volunteers infected with a single species of P. vivax after signing
informed consent at the Tha Song Yang hospital, located at the
Thai-Myanmar border. Patients visiting malaria clinics at the Thai-
Myanmar border were diagnosed with P. vivax infection by
microscopy and later confirmed by nested PCR targeting 18S
rRNA. All research involving human subjects in this study was
reviewed and approved by the Ethics Committee of the Faculty of
Tropical Medicine, Mahidol University, Bangkok, Thailand
(MUTM 2018-016). Direct membrane feeding assays (DMFAs)
were performed using blood from these volunteers, as previously
described (Qiu et al., 2020). Giemsa-stained thin films from 1 pl
blood samples were used to determine the parasite densities. Ninety
ul heat-inactivated (complement minus) human AB+ serum from
healthy volunteers was utilized to dilute the purified IgGs against
rPvQSOX or control antibodies at 1:1 (v/v). The collected
erythrocytes (180 ul) from the P. vivax patients were mixed with
the diluted antibodies at 1:1 (v/v). The reconstituted blood samples
were incubated at 37°C for 15 min and then introduced into
membrane feeders. For each clinical isolate, An. dirus mosquitoes
starved overnight before the experiment and were allowed to feed
on the blood for 30 min using membrane feeders at 37°C. After
several hours of rest, only fully engorged mosquitoes were
maintained and fed with a daily changed cotton pad soaked with
10% sucrose solution at 27°C and 80% relative humidity for a week.
Mosquito midguts were dissected and stained with 0.5%
mercurochrome for 15 min and scored for oocysts with a
compound microscope at 200x total magnification. In
transmission-blocking assays and DMFAs, TBA was used to
express the reduction in the number of infected mosquitoes, and
the transmission-reducing activity (TRA) was used to evaluate the
reduction in parasite load.

Genetic polymorphisms analysis

Genomic DNA was extracted from dried filter-paper blood
spots of the four P. vivax patients using a QlAamp DNA Blood Mini
kit (Qiagen, Germany). PCR was performed to amplify the DNA
fragment encoding the PvQSOX (aa 40-553) using primers
PvQSOX-F (GTAGATGTGTGTAAAGGCGC) and PvQSOX-R
(CTAGGAGTGTACACCTCCACG). Cycling conditions were:
initial denaturing at 94 °C for 2 min, followed by 35 cycles of
94 °C for 10 s, 55 °C for 30 s, and 68 °C for 2 min, and a final
extension at 68 °C for 5 min. QIAquick Gel Extraction Kit (Qiagen)
was used to purify the amplified DNA products. The ABI Prism®
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BigDyeTM cycle sequencing kit was used to sequence the
purified DNA.

Statistical analyses

Statistical comparison between groups was performed with the
GraphPad Prism 7.0 software. The parasitemia, gametocytemia, and
female: male gametocyte ratios were used one-way analysis of
variance (ANOVA) and Bonferroni’s multiple comparisons test.
The exflagellation and the ookinete numbers in parasites were
performed by the nonparametric Kruskal-Wallis and Dunn’s
multiple-comparisons test. The intensity of infection (oocysts/
midgut) was analyzed using the Mann-Whitney U test, while the
prevalence of infection was analyzed using Fisher’s exact test using
SPSS version 21.0. P < 0.05 was considered statistically significant.

Results

Recombinant PvQSOX protein expression
and purification

QSOX proteins are highly conserved among Plasmodium
species (Zheng et al., 2020). PvQSOX shares 45% amino acid

10.3389/fcimb.2024.1451063

identity with PbQSOX (Figure 1A). PvQSOX has all domains
typical of QSOX family proteins (Figure 1B). PvQSOX also has a
predicted signal peptide-like PbQSOX (Zheng et al., 2020),
indicating it might be a secreted protein. To express rPvQSOX,
we synthesized the harmonized pvgsox gene without the signal
peptide (1542 bp) and cloned it in the pET30a (+) vector for
expression in Escherichia coli. After IPTG induction at 20°C for
12 h, the His-tagged rPvQSOX protein was expressed in the
inclusion bodies. After denaturation, the rPvQSOX was purified
using a Ni-NTA column and refolded in a refolding buffer. The
rGST control protein was also expressed and purified as previously
described (Qiu et al., 2020). To evaluate the formation of disulfide
bonds, rPvQSOX was analyzed by reducing and non-reducing SDS-
PAGE. One band with a molecular weight of approximately 59 kDa
was shown under reducing conditions (Figure 2A), and the band
run under non-reducing conditions was migrated at a slightly
higher molecular weight, suggesting that intramolecular disulfide
bonds were formed, as observed elsewhere (Matsusaki et al., 2019).

Immunization with rPvQSOX induces high
PvQSOX-specific antibody titers

To assess the immunogenicity of rPvQSOX protein, we
vaccinated rabbits with rPvQSOX and tested the resultant sera by
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FIGURE 1

Bioinformatic analyses of PvQSOX. (A) ClustalW alignment of the QSOX in P. vivax (Pv), P. berghei (Pb), P. falciparum (Pf), P. yoelii (Py) showing
conserved amino acids. Identical: red, similar: blue, >50% highlight. (B) Domain organization of PvQSOX protein. Signal peptide, Trx1, wErv, and Erv/
ALR domains are highlighted in red, blue, green, and yellow, respectively. Three CXXC motifs (Trx-CPAC, Erv-CESC, and Ct-CKFC) in PvQSOX are
highlighted in red. The Escherichia coli expression segment shows amino acids 40 to 553.
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ELISA. The immunization and analysis scheme is shown in
Figure 2B. After the first immunization, compared with the
control sera, rabbits developed rPvQSOX-specific antibodies, and
titers significantly increased in subsequent booster immunizations
at 34 and 65 days (p < 0.01, Figure 2C). Specifically, compared with
the control sera, the rPvQSOX-specific antibody titer increased to 1:
256,000 after the third booster (p < 0.01, Figure 2D). We used the
same immunization scheme for the control rGST protein (Qiu
et al., 2020).

Generation of a transgenic P. berghei
parasite (Pv-Tr-PbQSOX)

We first used a double-crossover recombination strategy to
produce a Pb-KO line, where the pbgsox gene was deleted
(Figure 3A). Selected pyrimethamine-resistant parasites were
cloned for genotype analyses, and pbgsox deletion was confirmed
by integration-specific PCR (Figure 3A). As expected, a PCR
product of 1,333 bp was detected in the Pb-KO parasite but not
in the WT parasite (Figure 3B). Subsequently, the drug cassettes in
the Pb-KO parasite were replaced with the coding region of
PvQSOX using the same strategy. The resultant transgenic
parasite line Pv-Tr-PbQSOX was further selected by negative
selection with 5-fluorocytosine. Integration-specific PCR with
primers 1 and 4 confirmed the generation of the Pv-Tr-PbQSOX

10.3389/fcimb.2024.1451063

parasite (Figure 3B). For comparison, PCR with primers 1 and 2
only detected a 1,378 bp product in the WT parasites (Figure 3B).
The expression of PvQSOX proteins in the transgenic parasites was
further verified by western blot analysis using the rabbit anti-
rPvQSOX sera. A protein band of approximately 63 kDa was
observed in Pv-Tr-PbQSOX gametocytes and ookinetes
(Figure 3C), whereas it was not observed with the control anti-
rGST sera (data not shown).

Growth phenotype of the Pv-Tr-
PbQSOX line

Since PvQSOX only showed 45% amino acid identity to
PbQSOX, we next examined whether the replacement of pbgsox
by pvgsox affected the parasite’s life cycle. As expected from the
expression patterns of QSOX, the deletion of pbgsox or replacement
of pbgsox with pvgsox did not affect the asexual growth of the
parasite (Figure 4A). In addition, the gametocytemia and
gametocyte sex ratio were similar among the Pv-Tr-PbQSOX, Pb-
KO, and WT parasites (Figures 4B, C). However, compared to the
WT parasites, knockout of pbgsox led to a 33.3% reduction in
exflagellation centers (Figure 4D) and a 68.6% reduction in ookinete
numbers (p < 0.05; Figure 4E), consistent with our earlier results
(Zheng et al., 2020). Remarkably, the replacement of pbgsox with
pvgsox completely rescued the defects of Pb-KO in exflagellation
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FIGURE 2

rPvQSOX proteins were purified from Escherichia coli, and rPvQSOX protein successfully induced the production of specific antibodies in rabbits.

(A) Purified recombinant proteins were examined by reducing and non-reducing SDS-PAGE with Coomassie blue staining. M, molecular weight
marker; NR, non-reducing; R, reducing. (B) Rabbit immunization and analysis scheme. (C) Induction of antibodies in the immunized rabbit. Rabbits
were immunized with rPvQSOX or rGST, and sera samples were collected on days 0, 13, 34, and 65, then pooled for each group. The sera were
diluted 1:1000 in the blocking buffer. The experiment was performed three times. The error bar shows the median with range. **p < 0.01 (Mann-
Whitney U test, n=3). (D) At 10 days after the final immunization, the immune sera were pooled after the collection and then analyzed by ELISA. IgG
titers correspond to the last dilution of the pooled anti-rPvQSOX sera, where OD490 values were above the cut-off values. The cut-off value was
defined as that of the pooled sera from the control rabbit, OD490 + 3xSD. The experiment was performed three times. Error bar shows median with

range. ** p < 0.01 (Mann-Whitney U test, n=3).
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and ookinete formation (Figure 4E), indicating the functional
equivalence of PvQSOX in P. berghei.

PvQSOX expression and localization
transgenic parasites

Next, we verified the expression pattern of the PvQSOX protein
in the transgenic parasite Pv-Tr-PbQSOX by IFA using the rabbit
anti-rPvQSOX sera and the mouse anti-HA mAb. Specific
fluorescence signals were detected in gametocytes, gametes,
zygotes, and ookinetes (Figure 5). In macrogametes, zygotes, and
ookinetes, strong fluorescence was observed at the periphery of the
parasites, indicating the association of PvQSOX with the plasmic

Primer 1
a. —

10.3389/fcimb.2024.1451063

membrane in these stages. In contrast, asexual blood-stage parasites
showed no fluorescent signals (Supplementary Figure S1).

TRA and TBA of anti-rPvQSOX IgGs for
transgenic parasite

We examined the TRA (evaluate the reduction in parasite load)
and TBA (evaluate the reduction in the number of infected
mosquitoes) of purified anti-rPvQSOX IgGs using the WT P.
berghei line and transgenic Pv-Tr-PbQSOX line. Using in vitro
culture, we evaluated the effect of the antibodies on exflagellation
and ookinete formation. At 1 ug/100 pl, the anti-rPvQSOX IgGs did
not affect exflagellation in both WT and Pv-Tr-PbQSOX lines
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FIGURE 3

HSP70 PvQSOX

Generation of Pb-KO and Pv-Tr-PbQSOX parasite line. (A) 5 UTR and 3' UTR sequences of the pbgsox gene were used to target the genomic locus
in P. berghei by double-crossover recombination. The plasmid used for to Pb-KO construct contained a cassette of hdhfr and yfcu gene flanked by
5"UTR and 3" UTR of pbgsox. The hdhfr and yfcu gene was used for drug selection. The full-length pvgsox sequence tagged with 3 xHA at its C-
terminus by flanking the 5" UTR and 3" UTR fragments of the pbgsox gene was used to target the Pb-KO line by double-crossover recombination.
Primers 1 + 2 were used for diagnostic PCR of the WT locus, primers 1 + 3 were used to confirm Pb-KO of pbgsox, while primers 1 + 4 were used
to confirm PvQSOX-expressing transgenic parasite Pv-Tr-PbQSOX (Transgenic). (B) PCR verification of Pb-KO and Pv-Tr-PbQSOX. Lanes 1, 2, and 3
were Pb-KO parasites; lanes 4, 5, and 6 were Pv-Tr-PbQSOX transgenic parasites; while lanes 7, 8, and 9 were WT parasites. Lanes 1, 4, and 7, PCR
with primers 1 + 2 (1378 bp); lanes 2, 5, and 8, PCR with primers 1 + 3 (1333 bp); lanes 3, 6, and 9, PCR with primers 1 + 4 (1442 bp). (C) Western
blot of PvQSOX in sexual-stage parasites. Ten pg parasite antigens of gametocytes (G) or ookinetes (O) per line were incubated with anti-rPvQSOX
sera (1:1000) from immunized rabbits. Protein loading is estimated using HSP70 immune sera (1:1000).
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(Figure 6A). The addition of anti-rPvQSOX IgGs to 5 and 10 pg/100
ul resulted in a slight decrease in the number of exflagellation
centers in WT parasites, but this was not statistically significant.
This phenomenon may be attributed to PvQSOX showing 45%
amino acid identity to PbQSOX, anti-rPvQSOX antibodies have a
certain influence in exflagellation and ookinete formation of the
WT P. berghei line. However, compared with the control group (0
ug/100 pl), anti-rPvQSOX IgGs at 5 and 10 pg/100 pl reduced the
number of exflagellation centers in the Pv-Tr-PbQSOX line by
36.3% (p < 0.05; Figure 6A) and 41.2% (p < 0.05; Figure 6A),
respectively. A similar effect of the antisera was observed in
ookinete formation. Ookinete cultures with anti-rPvQSOX IgGs
added at 5 and 10 ug/100 pl reduced the number of ookinetes of the
Pv-Tr-PbQSOX line by 44.0% (p < 0.05; Figure 6B) and 51.6% (p <
0.05; Figure 6B), respectively. Next, we evaluated the TB effect of the
anti-rPvQSOX IgGs in an antibody transfer experiment, where mice
infected with WT P. berghei or Pv-Tr-PbQSOX strains were
injected intravenously with anti-rPvQSOX IgGs 1 h before

mosquito feeding. Compared with WT P. berghei, mosquitoes
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feeding on Pv-Tr-PbQSOX infected mice showed a 63.6%, 62.4%,
and 61.5% reduction in oocyst density (Figure 6C; Table 1; p <
0.01), respectively. Compared to the WT line, the anti-rPvQSOX
IgGs reduced infection prevalence by 6.9%, 6.7%, and 10.3%
(Figure 6C; Table 1), respectively, while the effect was insignificant.

TRA and TBA of anti-rPvQSOX IgGs for
clinical P. vivax isolates

To examine the TRA and TBA of rabbit anti-rPvQSOX
antibodies for P. vivax, DMFA was carried out using P. vivax
clinical isolates from four P. vivax patients. In all cases, the anti-
rPvQSOX IgGs showed significant TRA, although the levels of
oocyst reduction varied with different patient isolates. An. dirus
mosquitoes feeding on four blood isolates mixed with the anti-rGST
antibodies in DFMA had mean midgut oocyst intensity of 4.25,
51.30, 70.65, and 15.60, respectively. In comparison, mosquitoes
feeding on the blood isolates mixed with the anti-rPvQSOX IgGs
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Growth phenotypes of Pv-Tr-PbQSOX. (A) Mice were infected with Pv-Tr-PbQSOX, Pb-KO, or WT parasites. Parasitemia was monitored for 3, 5, 7,
9, and 11 days. (B) Gametocytemias in mice infected with Pv-Tr-PbQSOX, Pb-KO, or WT parasites. (C) Female: male gametocyte ratios of Pv-Tr-
PbQSOX, Pb-KO, or WT parasites. (D) Exflagellation of Pv-Tr-PbQSOX, Pb-KO, or WT microgametocytes. (E) Ookinete numbers in Pv-Tr-PbQSOX,
Pb-KO, or WT parasites. In (A-E), the experiment was performed three times. Statistical significance of a-c was analyzed by one-way analysis of
variance (ANOVA) and Bonferroni's multiple comparisons test, the error bars indicate mean + SEM (n = 5). The statistical significance of d-e was
analyzed by the nonparametric Kruskal-Wallis and Dunn’s multiple-comparisons test, and the error bars indicate median with IQR (n = 5).* p < 0.05
indicates the statistical significance between WT and Pb-KO groups. # p < 0.05 indicates the statistical significance between Pb-KO and Pv-Tr-

PbQSOX groups.
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FIGURE 5

Expression and localization of PvQSOX. Immunofluorescence assays of Pv-Tr-PbQSOX different developmental stage parasites using the pooled
anti-rPvQSOX rabbit immune sera (1: 500, left) or mouse anti-HA tag mAb (1:500, right) (green). Cells were permeabilized with 0.1% Triton X-100.
The mouse (left)/rabbit (right) antisera (1: 500) against a-tubulin for male gametocytes/gametes, P47 for female gametocytes/gametes, and Pbs21 for
ookinetes were used as stage-specific markers (red). Nuclei were stained with Hoechst (blue). The right panels are the differential interference
contrast images (DIC) of the samples in the respective left panels. WT ookinetes labeled control sera or probed only with the secondary antibodies
(AF 488: Alexa Fluor 488; and AF 555: Alexa Fluor 555) were used as a negative control. Scale bars = 5 ym.

a b. c
== WT
o WT
== WT = Pv-Tr-PbQSOX 300
=3 Pv-Tr-PbQSOX _ s Pv-Tr-PbQSOX
=2 150
< . . s
2 = $ * £ 200
24 £ 100 5
€ 2 o
@ 2]
8 2 2 100
§ 2 oy
= 2 < 504 o]
8 ] (e}
T o]
j=2} £ 4 b
= o-Le s
So 0 EXP1 EXP2 EXP3
0151 01 510
01510 01510 _ - TRA(%) 636 624 613
Anti-rPvQSOX antibodies (ug) Anti-rPvQSOX antibodies (ug)

TBA(%) 6.7 6.7 10

FIGURE 6

TB Activities of anti-rPvQSOX IgGs to transgenic parasites. (A) Effect of anti-rPvQSOX IgGs on exflagellation of male gametocytes. Exflagellation
centers per field of WT P. berghei line and transgenic parasites Pv-Tr-PbQSOX were measured after 15 min incubation with ant\ rPvQSOX IgGs

(B) Effect of anti-rPvQSOX IgGs on P. berghei ookinete formation in vitro. In a and b: anti-rPvQSOX IgGs were added at 0, 1, 5, and 10 pug/100 plin
cultures. The experiments were performed three times. Continuous data in groups a-b were expressed as median and IQR The Kruskal-Wallis test
was initially used for data comparison due to the skewed distribution of the data. Dunn’s multiple comparisons test was used to compare the 0 pg
group with the 1ug, 5 ug, or 10 pg groups. *p < 0.05 indicates the statistical significance. (C) Passive antibody transfer experiment to assess the TB
activity of the anti-rPvQSOX IgGs to transgenic parasites. For each isolate, about 30 An. stephensi mosquitoes were treated. Statistical significance of
¢ was analyzed by the Mann-Whitney U test and the horizontal bars indicate the median number of oocysts per midgut. ** p < 0.01 indicates the
statistical significance between WT and Pv-Tr-PbQSOX groups. The TRA and TBA are shown in (C)
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TABLE 1 Transmission-blocking effect of Anti-rPvQSOX IgGs for transgenic parasites.

Experiment Group Oocyst number Mean TRA p Infection rate (%) TBA
Median (IQR) oocysts (%)2  value® (Inf/Diss) © (%) @
number
WT 8.0 (3.75-96.75) 50.1 96.7 (29/30)
Exp 1 63.6 0.009% 6.9 0.612
Pv-Tr-PbQSOX 4.0 (1.0-10.75) 18.2 90.0 (27/30)
WT 21.0 (11.5-79.25) 535 100.0 (30/30)
Exp 2 624 0.001%* 6.7 0.492
Pyv-Tr-PbQSOX 6.0 (3.0-11.25) 20.1 93.3 (28/30)
WT 19.5 (8.75-68.5) 49.7 96.7 (29/30)
Exp 3 61.5 0.000%* 103 0353
Pv-Tr-PbQSOX 5.0 (2.0-7.25) 19.1 86.7 (26/30)

# TRA was calculated as (mean oocyst density - — mean oocyst density py.rrpposox/ mean oocyst density vy x 100%.

® Mean number of oocyst was statistically analyzed (Mann-Whitney U test), and P-values less than 0.05 were considered statistically significant.
© The infection prevalence was calculated by the number of oocyst-infected mosquitoes per 30 mosquitoes dissected in each group (Inf/Diss).

4 TBA was calculated as (% prevalence - % prevalence py.rr-prqsox/ %prevalence v ) x 100%.

¢ Prevalence was statistically analyzed by Fisher’s exact test.
*p<0.01.

showed a mean infection intensity of 2.90, 7.20, 39.90, and 5.30
oocysts/midgut, corresponding to 32.00, 85.96, 43.52, and 66.03%
reductions in oocyst density, respectively (Figure 7; Table 2).
Compared to the control antibodies, the anti-rPvQSOX IgGs also
showed a modest reduction of infection prevalence by 15, 15, 20,
and 22.22%, respectively (Figure 7; Table 2), while the effect
was insignificant.

To determine whether the variation of TRA among these four
isolates used in DMFA might be attributed to genetic
polymorphisms of the pvgsox gene, we sequenced the DNA
fragment of pvgsox in the four clinical P. vivax isolates. We
evaluated the genetic polymorphism of PvQSOX (aa 40-553) in
the four clinical P. vivax isolates. The isolate #1 sequence was the
same as the P. vivax Sal-I sequence, whereas isolates #2, #3, and #4
all had the M3611 substitution.

Discussion

In our screening for TBV candidates using the rodent malaria
model P. berghei, we identified PbQSOX as a promising
transmission-blocking target, which can induce antibodies in
mice with considerable activities in inhibiting P. berghei ookinete
conversion in vitro and oocyst development in mosquito-feeding
assays (Zheng et al., 2020). This study investigated the
transmission-blocking potential of the PvQSOX, the ortholog of
QSOX in P. vivax, using in vivo studies with a transgenic P. berghei
parasite line expressing PvQSOX and in vitro with P. vivax clinical
isolates. We demonstrated the immunogenicity of the recombinant
PvQSOX protein expressed in Escherichia coli and showed that the
anti-PvQSOX antibodies raised in rabbits possessed significant
levels of TRA using both in vivo and in vitro systems.
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FIGURE 7
Transmission-blocking assays of rabbit antisera produced by rPvQSOX. DMFA was carried out using four P. vivax isolates with rabbit IgGs [anti-
rPvQSOX rabbit 1gGs, or anti-rGST control IgGs] mixed with unheated human serum. For each isolate, about 20 An. dirus mosquitoes were treated.
Individual data points represent the number of oocysts/midgut. Statistical significance was analyzed by the Mann-Whitney U test and the horizontal
bars indicate the median number of oocysts per midgut. * p < 0.05, ** p < 0.01 indicates the statistical significance between WT and Pv-Tr-
PbQSOX groups.
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TABLE 2 Transmission-blocking effect of anti-rPvQSOX sera for P. vivax samples collected in Thailand.

P.vivax Group Oocyst number Mean R Infection rate (%) ¢
isolates Median (IQR) ? oocysts (Inf/Diss)
number

Isolate #1 Control 4.0 (3.0-5.75) 4.25 100 (20/20)

PvQSOX 2.5 (1.0-4.75) 2.90 32.00 0.0301% 85 (17/20) 15.00 0.2308
Isolate #2 Control 53.0 (28.25-74.75) 51.30 100 (20/20)

PvQSOX 6.0 (1.0-8.0) 7.20 85.96 0.0001** 85 (17/20) 15.00 0.2308
Isolate #3 Control 65.5 (56.0-92.25) 70.65 100 (20/20)

PvQSOX 385 (1.75-59.5) 39.90 4352 0.0024* 80 (16/20) 20.00 0.1060
Isolate #4 Control 16.5 (3.0-25.75) 15.60 90 (18/20)

PvQSOX 3.0 (0.0-6.75) 530 66.03 0.0042+ 70 (14/20) 2222 0.2351

# IQR: inter-quartile range.

Y TRA was calculated as (mean oocyst density ywr — mean oocyst density py.1,pposox/ mean oocyst density wry x 100%.

€ Mean number of oocyst was statistically analyzed (Mann-Whitney U test), and P-values less than 0.05 were considered statistically significant.
9 The infection prevalence was calculated by the number of oocyst-infected mosquitoes per 20 mosquitoes dissected in each group (Inf/Diss).

€ TBA was calculated as (% prevalence - % prevalence py r,prasox/ %prevalence v ) x 100%.

f Prevalence was statistically analyzed by Fisher’s exact test.

*p <0.05*p<0.01.

QSOX is a specialized enzyme that catalyzes the direct localization features served as the design principle of the malaria
introduction of disulfide bonds into unfolded, reduced proteins  TBVs. Using this transgenic parasite line, we evaluated in vitro and
and participates in the protein folding process (Turturice et al,  in vivo TRA of PvQSOX and found that the anti-PvQSOX IgGs
2013). As a member of the thioredoxin superfamily, PbQSOX  reduced exflagellation and ookinete conversion in vitro. In an
possibly regulates the redox state and maintains the integrity of  antibody transfer experiment, the anti-rPvQSOX IgGs reduced
ookinete surface molecules. It plays an essential role in the sexual ~ oocyst density by 63.6%, 62.4%, and 61.5% in mosquitoes. These
development of P. berghei, since pbgsox deletion substantially  results extended the transmission-blocking potential of PvQSOX
reduces the exflagellation of male gametocytes and the infectivity =~ and illustrated the usefulness of the transgenic rodent parasite for
of the Pb-KO parasite to mosquitoes (Zheng et al., 2020). QSOXis  evaluating P. vivax vaccine candidates.
highly conserved among Plasmodium species; PvQSOX displays Standard and direct membrane-feeding assays (SMFA and
45% amino acid identity to PbQSOX and contains all conserved ~ DMFA) are the most epidemiologically relevant methods to
protein domains characteristic of QSOX family proteins, suggesting ~ evaluate the TRA and TBA of vaccine candidates (Miura et al,
PvQSOX likely has similar enzyme activities. The finding that ~ 2020). DMFA using the clinical P. vivax isolates not only allows the
PvQSOX fully rescued the defects in sexual development of the  better assessment of TRA of antibodies elicited by vaccination but
Pb-KO parasite line confirmed the functional conservation of also allows the prediction of the protective potential of these
QSOX in Plasmodium. antibodies if tested in clinical trials in endemic areas (McCaffery

Transgenic rodent malaria parasites expressing human malaria et al., 2019). Therefore, we further evaluated the TRA and TBA of
antigens (e.g., PfCSP, PvCSP, Pfs25, Pvs25, Pvs48/45) have been  the anti-rPvQSOX antibodies using DMFA with four clinical P.
developed over the past decade; most were used as surrogates to  vivax isolates. We found that the purified anti-rPvQSOX IgGs
evaluate the immunogenicity and protective efficacy of vaccines  reduced oocyst density by 32-86% and infection prevalence by
(Ramjanee et al, 2007; Goodman et al, 2011; Iyori et al, 2013;  15-20%. This variation is intrinsic to the DMFA method, given that
Salman etal,, 2017; Cao et al,, 2018). The lack of a long-term in vitro  the variable gametocyte density in the blood affects the infection
culture of P. vivax further emphasizes the significance of the  rate of mosquitoes (Churcher et al,, 2012; Bompard et al., 2017). In
transgenic parasites for vaccine development. In this study, we  this case, the variation may be unrelated to the genetic
generated a transgenic P. berghei parasite line Pv-Tr-PbQSOX,  polymorphism in PvQSOX.
where the coding region of PbQSOX was replaced with that of Both in an antibody transfer experiment using transgenic P.
PvQSOX, and found that the transgenic parasite and the WT  berghei parasite line Pv-Tr-PbQSOX and in DMFA, the TRA, and
parasite had similar asexual growth and sexual development TBA did not reach 100%, partial parasites can still transmit. Given
(Zheng et al., 2020). PvQSOX also showed a similar expression  that the antigen-induced rabbit antibodies have only moderate
and localization pattern as PbQSOX, with the notable association of ~ activity, it is valuable to know whether this could be (partially)
QSOX proteins with the plasma membrane of zygotes and  explained by the quality of the antigen. In the SDS-PAGE analysis,
ookinetes (Zheng et al, 2020). The protein expression and it looks like the bands under reducing and non-reducing
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conditions run at (slightly) different heights, suggesting that
intramolecular disulfide bonds were formed. However, the
rPvQSOX protein was expressed in the inclusion bodies in the
Escherichia coli expression system, the process of protein
purification undergoes denaturation and renaturation. More
confirmatory experiments need to be used to determine the
quality of the antigen in terms of intramolecular disulfide
bonds, proper folding and oligomeric state, etc, and its effect on
antibody titer. On the other hand, knockout pbgsox in P. berghei
can still infect mosquitoes (Zheng et al., 2020), which reminds us
that PvQSOX alone as a transmission-blocking vaccine candidate
may have limitations. Multiple measures should be found to
improve the transmission-blocking effect, such as combining
some effective Plasmodium sexual surface antigens to explore
the TRA and TBA may be meaningful.

It is noteworthy there are several limitations to our study. First,
as our goal was on the TBV potential of PvQSOX, we did not
analyze the entire life cycle of the transgenic rodent parasites, so the
development of the oocysts and sporozoites of Pv-Tr-PbQSOX was
not clear. Second, in our study, Freund’s adjuvant was used to
immunize rabbits in this study. However, Freund’s adjuvant is not
suitable for human use, the optimized adjuvants suitable for clinical
trials deserve future evaluations. Third, the antigenic epitopes of
PvQSOX need to be mapped and assessed for their incorporation
into chimeric vaccine designs targeting multiple antigens.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The animal study was approved by the Animal Ethics Committee
of China Medical University. The study was conducted in accordance
with the local legislation and institutional requirements.

Author contributions

WZ: Funding acquisition, Investigation, Writing - original
draft. SC: Conceptualization, Supervision, Writing - review &
editing. FL: Investigation, Visualization, Writing — original draft.
XY: Investigation, Methodology, Visualization, Writing — original
draft. YZ: Investigation, Visualization, Writing - review & editing.
FY: Investigation, Methodology, Visualization, Writing - review &
editing. ST: Investigation, Writing - review & editing. WR:

Frontiers in Cellular and Infection Microbiology

13

10.3389/fcimb.2024.1451063

Investigation, Writing - review & editing. JS: Investigation,
Validation, Writing - review & editing. EL: Validation, Writing -
review & editing. LC: Funding acquisition, Supervision, Writing —
review & editing. YC: Conceptualization, Funding acquisition,
Supervision, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This research
was supported by National Institutes of Health grants RO1AI150533
and U19A1089672, the National Natural Science Foundation of China
grants 81760367 and 31900674, the Natural Science Foundation of
Inner Mongolia Autonomous Region (2020MS08126), and the Young
Talents of Science and Technology in Universities of Inner Mongolia
Autonomous Region (NJYT-20-B14).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcimb.2024.1451063/

full#supplementary-material

SUPPLEMENTARY TABLE 1
Primer information and sequences.

SUPPLEMENTARY FIGURE 1

Immunofluorescence assays of Pv-Tr-PbQSOX different developmental
stage parasites using the pooled anti-rPvQSOX rabbit immune sera (1:500)
or mouse anti-HA tag mAb (1:500) (green). Cells were permeabilized with
0.1% Triton X-100. The mouse (up)/rabbit (down) antisera (1: 500) against
PbMSP1 for schizonts were used as stage-specific markers (red). Nuclei were
stained with Hoechst (1:1000) (blue). The right panels are the differential
interference contrast images (DIC) of the samples in the respective left
panels. Scale bars = 5 pm.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2024.1451063/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2024.1451063/full#supplementary-material
https://doi.org/10.3389/fcimb.2024.1451063
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Zheng et al.

References

Arevalo-Herrera, M., Vallejo, A. F., Rubiano, K., Solarte, Y., Marin, C., Castellanos,
A., et al. (2015). Recombinant Pvs48/45 antigen expressed in E. coli generates
antibodies that block malaria transmission in Anopheles albimanus mosquitoes. PloS
One 10, €0119335. doi: 10.1371/journal.pone.0119335

Baird, J. K. (2013). Evidence and implications of mortality associated with acute
Plasmodium vivax malaria. Clin. Microbiol. Rev. 26, 36-57. doi: 10.1128/CMR.00074-12

Beetsma, A. L., van de Wiel, T. J., Sauerwein, R. W., and Eling, W. M. (1998).
Plasmodium berghei ANKA: purification of large numbers of infectious gametocytes.
Exp. Parasitol. 88, 69-72. doi: 10.1006/expr.1998.4203

Bompard, A., Da, D. F,, Yerbanga, R. S., Biswas, S., Kapulu, M., Bousema, T., et al.
(2017). Evaluation of two lead malaria transmission blocking vaccine candidate
antibodies in natural parasite-vector combinations. Sci. Rep. 7, 6766. doi: 10.1038/
541598-017-06130-1

Cao, Y., Hart, R. ], Bansal, G. P., and Kumar, N. (2018). Functional Conservation of P48/
45 Proteins in the Transmission Stages of Plasmodium vivax (Human Malaria Parasite) and
P. berghei (Murine Malaria Parasite). mBio 9, €01627-18. doi: 10.1128/mBi0.01627-18

Churcher, T. S., Blagborough, A. M., Delves, M., Ramakrishnan, C., Kapulu, M. C,,
Williams, A. R,, et al. (2012). Measuring the blockade of malaria transmission-an
analysis of the Standard Membrane Feeding Assay. Int. J. Parasitol. 42, 1037-1044.
doi: 10.1016/j.ijpara.2012.09.002

de Jong, R. M., Tebeje, S. K., Meerstein-Kessel, L., Tadesse, F. G., Jore, M. M., Stone,
W., et al. (2020). Immunity against sexual stage Plasmodium falciparum and
Plasmodium vivax parasites. Immunol. Rev. 293, 190-215. doi: 10.1111/imr.12828

Eckhoff, P. (2013). Mathematical models of within-host and transmission dynamics
to determine effects of malaria interventions in a variety of transmission settings. Arm. J.
Trop. Med. Hyg 88, 817-827. doi: 10.4269/ajtmh.12-0007

Gaspar, P., Oliveira, J. L., Frommlet, J., Santos, M. A., and Moura, G. (2012). EuGene:
maximizing synthetic gene design for heterologous expression. Bioinformatics 28,
2683-2684. doi: 10.1093/bioinformatics/bts465

Goodman, A. L., Blagborough, A. M., Biswas, S., Wu, Y,, Hill, A. V., Sinden, R. E,,
etal. (2011). A viral vectored prime-boost immunization regime targeting the malaria
Pfs25 antigen induces transmission-blocking activity. PloS One 6, €29428. doi: 10.1371/
journal.pone.0029428

Hisaeda, H., Stowers, A. W., Tsuboi, T., Collins, W. E., Sattabongkot, J. S.,
Suwanabun, N., et al. (2000). Antibodies to malaria vaccine candidates Pvs25 and
Pvs28 completely block the ability of Plasmodium vivax to infect mosquitoes. Infect.
Immun. 68, 6618-6623. doi: 10.1128/IAL.68.12.6618-6623.2000

Iyori, M., Nakaya, H., Inagaki, K., Pichyangkul, S., Yamamoto, D. S., Kawasaki, M.,
et al. (2013). Protective efficacy of baculovirus dual expression system vaccine
expressing Plasmodium falciparum circumsporozoite protein. PloS One 8, €70819.
doi: 10.1371/journal.pone.0070819

Janse, C. J., Ramesar, J., and Waters, A. P. (2006). High-efficiency transfection and
drug selection of genetically transformed blood stages of the rodent malaria parasite
Plasmodium berghei. Nat. Protoc. 1, 346-356. doi: 10.1038/nprot.2006.53

Kilama, W., and Ntoumi, F. (2009). Malaria: a research agenda for the eradication
era. Lancet 374, 1480-1482. doi: 10.1016/S0140-6736(09)61884-5

Lal, K., Delves, M. J., Bromley, E., Wastling, ]. M., Tomley, F. M., and Sinden, R. E.
(2009). Plasmodium male development gene-1 (mdv-1) is important for female sexual
development and identifies a polarised plasma membrane during zygote development.
Int. J. Parasitol. 39, 755-761. doi: 10.1016/j.ijpara.2008.11.008

Liu, F., Liu, Q., Yu, C., Zhao, Y., Wu, Y., Min, H,, et al. (2019). An MFS-domain
protein Pb115 plays a critical role in gamete fertilization of the malaria parasite
plasmodium berghei. Front. Microbiol. 10. doi: 10.3389/fmicb.2019.02193

Maeda, Y., Koga, H., Yamada, H., Ueda, T., and Imoto, T. (1995). Effective
renaturation of reduced lysozyme by gentle removal of urea. Protein Eng. 8, 201-
205. doi: 10.1093/protein/8.2.201

Malekian, R., Jahanian-Najafabadi, A., Moazen, F., Ghavimi, R., Mohammadi, E.,
and Akbari, V. (2019). High-yield production of granulocyte-macrophage colony-
stimulating factor in E. coli BL21 (DE3) by an auto-induction strategy. Iran J. Pharm.
Res. 18, 469-478. doi: 10.22037/ijpr.2019.2336

malERA Consultative Group on Vaccines. (2011). A research agenda for malaria
eradication: vaccines. PLoS Med 8, €1000398. doi: 10.1371/journal

Frontiers in Cellular and Infection Microbiology

14

10.3389/fcimb.2024.1451063

Malkin, E. M., Durbin, A. P., Diemert, D. J., Sattabongkot, J., Wu, Y., Miura, K,, et al.
(2005). Phase 1 vaccine trial of Pvs25H: a transmission blocking vaccine for
Plasmodium vivax malaria. Vaccine 23, 3131-3138. doi: 10.1016/j.vaccine.2004.12.019

Matsusaki, M., Okuda, A., Matsuo, K., Gekko, K., Masuda, T., Naruo, Y., et al. (2019).
Regulation of plant ER oxidoreductin 1 (EROL1) activity for efficient oxidative protein
folding. J. Biol. Chem. 294, 18820-18835. doi: 10.1074/jbc. RA119.010917

McCaffery, J. N., Fonseca, J. A., Singh, B., Cabrera-Mora, M., Bohannon, C., Jacob, J.,
etal. (2019). A multi-stage plasmodium vivax malaria vaccine candidate able to induce
long-lived antibody responses against blood stage parasites and robust transmission-
blocking activity. Front. Cell Infect. Microbiol. 9. doi: 10.3389/fcimb.2019.00135

Miura, K., Swihart, B. J., Fay, M. P., Kumpitak, C., Kiattibutr, K., Sattabongkot, J.,
et al. (2020). Evaluation and modeling of direct membrane-feeding assay with
Plasmodium vivax to support development of transmission blocking vaccines. Sci.
Rep. 10, 12569. doi: 10.1038/s41598-020-69513-x

Mueller, I., Galinski, M. R., Baird, J. K., Carlton, J. M., Kochar, D. K., Alonso, P. L.,
et al. (2009). Key gaps in the knowledge of Plasmodium vivax, a neglected human
malaria parasite. Lancet Infect. Dis. 9, 555-566. doi: 10.1016/S1473-3099(09)70177-X

Qiu, Y., Zhao, Y., Liu, F,, Ye, B, Zhao, Z., Thongpoon, S., et al. (2020). Evaluation of
Plasmodium vivax HAP2 as a transmission-blocking vaccine candidate. Vaccine 38,
2841-2848. doi: 10.1016/j.vaccine.2020.02.011

Ramjanee, S., Robertson, J. S., Franke-Fayard, B., Sinha, R., Waters, A. P., Janse, C. .,
et al. (2007). The use of transgenic Plasmodium berghei expressing the Plasmodium
vivax antigen P25 to determine the transmission-blocking activity of sera from malaria
vaccine trials. Vaccine 25, 886-894. doi: 10.1016/j.vaccine.2006.09.035

Salman, A. M., Montoya-Diaz, E., West, H., Lall, A., Atcheson, E., Lopez-Camacho,
C., et al. (2017). Rational development of a protective P. vivax vaccine evaluated with
transgenic rodent parasite challenge models. Sci. Rep. 7, 46482. doi: 10.1038/srep46482

Sinden, R. E., Hartley, R. H., and Winger, L. (1985). The development of Plasmodium
ookinetes in vitro: an ultrastructural study including a description of meiotic division.
Parasitology 91, 227-244. doi: 10.1017/S0031182000057334

Tachibana, M., Sato, C., Otsuki, H., Sattabongkot, J., Kaneko, O., Torii, M., et al.
(2012). Plasmodium vivax gametocyte protein Pvs230 is a transmission-blocking
vaccine candidate. Vaccine 30, 1807-1812. doi: 10.1016/j.vaccine.2012.01.003

Tonkin, C. J., van Dooren, G. G., Spurck, T. P., Struck, N. S., Good, R. T., Handman,
E., et al. (2004). Localization of organellar proteins in Plasmodium falciparum using a
novel set of transfection vectors and a new immunofluorescence fixation method. Mol.
Biochem. Parasitol. 137, 13-21. doi: 10.1016/j.molbiopara.2004.05.009

Turturice, B. A., Lamm, M. A, Tasch, J. J., Zalewski, A., Kooistra, R., Schroeter, E. H.,
et al. (2013). Expression of cytosolic peroxiredoxins in Plasmodium berghei ookinetes
is regulated by environmental factors in the mosquito bloodmeal. PloS Pathog. 9,
€1003136. doi: 10.1371/journal.ppat.1003136

van Dijk, M. R, van Schaijk, B. C., Khan, S. M., van Dooren, M. W., Ramesar, J.,
Kaczanowski, S., et al. (2010). Three members of the 6-cys protein family of
Plasmodium play a role in gamete fertility. PloS Pathog. 6, €e1000853. doi: 10.1371/
journal.ppat.1000853

WHO (2023). World Malaria Report 2023 (Geneva, Switzerland: World Health
Organization).

Wu, Y, Ellis, R. D., Shaffer, D., Fontes, E., Malkin, E. M., Mahanty, S., et al. (2008).
Phase 1 trial of malaria transmission blocking vaccine candidates Pfs25 and Pvs25
formulated with montanide ISA 51. PloS One 3, e2636. doi: 10.1371/
journal.pone.0002636

Zheng, W., Kou, X., Du, Y., Liu, F,, Yu, C,, Tsuboi, T, et al. (2016). Identification of
three ookinete-specific genes and evaluation of their transmission-blocking
potentials in Plasmodium berghei. Vaccine 34, 2570-2578. doi: 10.1016/
j.vaccine.2016.04.011

Zheng, W, Liu, F., Du, F,, Yang, F., Kou, X., He, Y., et al. (2020). Characterization of a
sulfhydryl oxidase from plasmodium berghei as a target for blocking parasite
transmission. Front. Cell Infect. Microbiol. 10. doi: 10.3389/fcimb.2020.00311

Zheng, W, Liu, F,, He, Y., Liu, Q,, Humphreys, G. B., Tsuboi, T, et al. (2017).
Functional characterization of Plasmodium berghei PSOP25 during ookinete

development and as a malaria transmission-blocking vaccine candidate. Parasit
Vectors 10, 8. doi: 10.1186/s13071-016-1932-4

frontiersin.org


https://doi.org/10.1371/journal.pone.0119335
https://doi.org/10.1128/CMR.00074-12
https://doi.org/10.1006/expr.1998.4203
https://doi.org/10.1038/s41598-017-06130-1
https://doi.org/10.1038/s41598-017-06130-1
https://doi.org/10.1128/mBio.01627-18
https://doi.org/10.1016/j.ijpara.2012.09.002
https://doi.org/10.1111/imr.12828
https://doi.org/10.4269/ajtmh.12-0007
https://doi.org/10.1093/bioinformatics/bts465
https://doi.org/10.1371/journal.pone.0029428
https://doi.org/10.1371/journal.pone.0029428
https://doi.org/10.1128/IAI.68.12.6618-6623.2000
https://doi.org/10.1371/journal.pone.0070819
https://doi.org/10.1038/nprot.2006.53
https://doi.org/10.1016/S0140-6736(09)61884-5
https://doi.org/10.1016/j.ijpara.2008.11.008
https://doi.org/10.3389/fmicb.2019.02193
https://doi.org/10.1093/protein/8.2.201
https://doi.org/10.22037/ijpr.2019.2336
https://doi.org/10.1371/journal
https://doi.org/10.1016/j.vaccine.2004.12.019
https://doi.org/10.1074/jbc.RA119.010917
https://doi.org/10.3389/fcimb.2019.00135
https://doi.org/10.1038/s41598-020-69513-x
https://doi.org/10.1016/S1473-3099(09)70177-X
https://doi.org/10.1016/j.vaccine.2020.02.011
https://doi.org/10.1016/j.vaccine.2006.09.035
https://doi.org/10.1038/srep46482
https://doi.org/10.1017/S0031182000057334
https://doi.org/10.1016/j.vaccine.2012.01.003
https://doi.org/10.1016/j.molbiopara.2004.05.009
https://doi.org/10.1371/journal.ppat.1003136
https://doi.org/10.1371/journal.ppat.1000853
https://doi.org/10.1371/journal.ppat.1000853
https://doi.org/10.1371/journal.pone.0002636
https://doi.org/10.1371/journal.pone.0002636
https://doi.org/10.1016/j.vaccine.2016.04.011
https://doi.org/10.1016/j.vaccine.2016.04.011
https://doi.org/10.3389/fcimb.2020.00311
https://doi.org/10.1186/s13071-016-1932-4
https://doi.org/10.3389/fcimb.2024.1451063
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Immunogenicity and transmission-blocking potential of quiescin sulfhydryl oxidase in Plasmodium vivax
	Introduction
	Materials and methods
	Maintenance of parasites, mosquitoes, and mice
	Cloning, expression, and purification of recombinant PvQSOX
	Generation of anti-rPvQSOX polyclonal antibodies
	Enzyme-linked immunosorbent assay
	Generation of transgenic P. berghei expressing PvQSOX
	Pv-Tr-PbQSOX ookinete culture
	Purification of Pv-Tr-PbQSOX gametocytes and ookinetes
	Western blot analysis
	Indirect immunofluorescence assay
	Growth phenotype of the transgenic parasite
	Transmission-blocking assays
	Direct membrane feeding assays
	Genetic polymorphisms analysis
	Statistical analyses

	Results
	Recombinant PvQSOX protein expression and purification
	Immunization with rPvQSOX induces high PvQSOX-specific antibody titers
	Generation of a transgenic P. berghei parasite (Pv-Tr-PbQSOX)
	Growth phenotype of the Pv-Tr-PbQSOX line
	PvQSOX expression and localization transgenic parasites
	TRA and TBA of anti-rPvQSOX IgGs for transgenic parasite
	TRA and TBA of anti-rPvQSOX IgGs for clinical P. vivax isolates

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


