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ABSTRACT

Gametocyte antigens of Plasmodium falciparum can induce immunity in
patients, which further inhibits fertilization of gametes, and consequently oocyst
production in the mosquito midgut. Here, we determined naturally-induced antibodies
from malaria patients in Thailand, and clarified the effect of antibodies on gametocyte
development.

Sixty-one percent of P. falciparum-infected blood fed to female Anopheles
mosquitoes showed no oocyst production. Twenty-six percent of the oocyst inhibitory
plasma distorted morphology and hampered maturity of the gametocytes. A possible
mechanism of gametocyte inhibitory activity was shown by binding of the plasma
antibodies to the live immature intraerythrocytic gametocytes during co-cultivation
period. One hundred fifty-seven proteins specific to gametocyte stages were explored
to find the targets of these antisera reacted with live gametocytes, but no additional
immunogenic protein was detected. Therefore, the alternative development of a
transmission blocking vaccine in the high transmission area should focus on the
identification of more gametocyte antigens inducing inhibitory antibodies to reduce

gametocytemia.
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CHAPTER |
INTRODUCTION

Gametocytes, sexual stage of malaria parasites, are responsible for
transmission from vertebrate host to invertebrate host to complete its complex life
cycle. Gametocytes are taken up by female anopheles and rapidly undergo
gametogenesis to form extracellular gametes. Male and female gametes fertilize and
form zygote which is further differentiates to a motile ookinete. Then, the ookinete
penetrates the basal membrane of mosquito midgut to form spherical oocyst where
several thousands of sporozoites are developed and ultimately released to the mosquito
salivary gland awaiting next biting.

Blocking of any step of the malaria transmission can reduce spread of the
disease and existence of drug resistant strains of Plasmodium falciparum. Strategies to
block the transmission of malaria parasites aim to kill the transmission stage in human
host, or block its development in mosquito vectors. Some available anti-malarial drugs
have been evaluated their efficacy to block the transmission of P. falciparum
gametocyte [1]. In addition, efficacy of protease inhibitors that interfered
gametogenesis and oocyst formation of P. falciparum have inspired the development
of promising Transmission blocking drugs (TBDs) [2, 3].

On the other hand, transmission blocking vaccines (TBVS) researches are
ongoing, concurrently with pre-erytrocytic stage and blood stage vaccines, to prevent
the complete life cycle in the mosquito. Development of TBVs is based on promising
protein candidates from transmission stages of the parasite life cycle [4-6]. Pfs25 or its
orthologue Pvs25 expressed on ookinete in mosquito stage, this protein is not exposed
to human host so it cannot induce antibody naturally. However, the antibody from
immunized mice can block the oocyst production in mosquito [7-9].

Gametocyte antigens reported to date as well known transmission
blocking vaccine candidates are Pfs230 [10-13] and Pfs48/45 [14-16], also expressed
on gamete surface. The antibodies to Pfs230 [17] and to Pfs48/45 [18] in malaria
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infected patients are shown to have transmission reducing activity (TRA). However,
TRA inhibiting gametocyte development could be considered as an alternative strategy
for transmission blocking vaccine development. Because gametocyte is only the
transmission stage that exposes to human immunity, so the gametocyte antigens are
able to induce natural antibodies which further intervene the parasite development in
the human host or even in the mosquito midgut. In this study, we determined
antibodies to the gametocytes in P. falciparum malaria infected human, an effort to
identify target proteins of the antibodies, and the effects of antibodies on maturation of
the gametocytes. In addition, this study verified the possible mechanism mediated an
intervention across a wider range of gametocyte development leading to eradication of

malaria transmission.
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CHAPTER I
OBJECTIVES

This study aimed to:

1. Determination of naturally-elicited antibody against gametocytes of
P. .falciparum from infected patients in Thailand.

2. Examination of biological function of the anti-gametocyte antibody
on gametocyte development.

3. Screening of gametocyte proteins which are target of these anti-
gametocyte antibodies.
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CHAPTER I
LITERATURE REVIEW

3.1 Malaria

3.1.1 Malaria disease and epidemics

Malaria is a disease caused by protozoa parasite in genus Plasmodium.
There are four species of the human malaria parasites including Plasmodium
falciparum, the most virulence, emergence and drug resistance, P. vivax, the most
frequencies caused relapse, P. ovale and P. malariae. The disease distributes to 107
countries around the world (Figure 1) and estimated 350-500 million clinical cases
annually caused by P. falciparum and P. vivax. Moreover, P. falciparum causes more
than 1 million deaths particular in Africa south of Sahara (Figure 2) and mainly are
children less than 5 years old [19-21].
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Figure 1. Area of malaria transmission and antimalarial drug resistance [20].
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Figure 2. Estimated deaths from malaria per 1000 population, 2006 [21].
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3.1.2 Malaria life cycle

Malaria parasite requires both asexual and sexual stage development to
complete its life cycle. Infected female anopheles mosquito contains thousand of
sporozoites and inoculates only 10-20 sporozoites from the mosquito salivary gland
into human host during the blood meal to cause infection. Within 30 minutes, the
sporozoites disappear from blood circulation to enter liver cells where they proliferate
and differentiate to several thousands of merozoites. Once the infected liver cells
rupture, the merozoites enter blood circulation and infect erythrocytes to differentiate
to either asexual or sexual stage parasites. Some species, P. vivax and P. ovale, some
merozoites are hidden inside the liver cells and then activated and differentiated
several months or years later to cause relapse. Cycle of asexual stage parasites takes
about 48 hours after merozoite invasion to reach mature schizont. These asexual stage
parasites are responsible for symptoms whereas, the sexual stage parasites,
gametocytes, are critical for transmission to anopheles vectors.

Mature male and female gametocytes are taken up during blood meal by
infected-female anopheles mosquito. The male gametocyte undergoes three rounds of
DNA replication to produce eight motile microgametes and female gametocyte
differentiates to be a single round macrogamete. Micro- and macro gametes fertilize in
the mosquito midgut in an hour to produce a zygote which will be differentiated to a
motile ookinete within 24 hours and then penetrates the basal membrane of mosquito
midgut to form oocyst. Once getting mature, the oocyst ruptures and releases several
thousands of spozoites which moving to entire body of the mosquito and
predominantly deposit in mosquito salivary gland as a reservoir for the next sporozoite
injection during the blood meal for spreading the disease to a new human host (Figure
3).
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Figure 3. Vaccine strategies. Current vaccine strategies aim to block the malaria
parasite life cycle at the various stages as depicted in the figure: sporozoites travelling
to the liver; within the hepatocyte; merozoites invading red blood cells; infected red

blood cells; gamete fertilization within the mosquito; and zygote development [22].
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3.1.3 Diagnosis of malaria

Accuracy and rapidity of malaria diagnosis is an initially essential step in
order to promptly and correctly treat the patients. Detection of malaria patients in the
field of low or high endemic area is based on Giemsa’s thick smear examined under
microscope. Examination of the four species of human malaria parasites requires skill
of the investigator. Sensitivity of microscopy is very low at threshold of 6000
parasites/ml when compare with high sensitivity of polymerase chain reaction (PCR)
which able to detect less than 100 parasites/ml. The PCR-based techniques e.g. nested
PCR and multiplex PCR also can discriminate Plasmodium species by using genus-
and species-specific primers [23, 24]. In addition, quantitative nucleic acid sequence-
based amplification (QT-NASBA) is able to quantify parasite density of P. falciparum
asexual stage parasites and gametocytes [25, 26]. These molecular methods can detect
parasites density below the detectable threshold of microscopy and reveal this
submicroscopic parasitemia in both symptomatic and asymptomatic individuals.
Because submicroscopic gametocytemia is common and responsible for transmission,
hence detection of submicroscopic parasitemia is beneficial for treatment the low
parasitemic carriers with right anti-malarial drugs in order to eliminate the parasites
that will further develop to the transmission stage and to consequently limit spread of
the disease.

3.2 Malaria gametocytes

3.2.1 Morphology of P. falciparum gametocytes

Unlike other human malaria species where the gametocytes are round
shape, gametocytes of P. falciparum are crescent forms. Morphology of P. falciparum
gametocytes is classified to five sub-stages (Table 1) consideration by shape, pigment

arrangement, and color of cytoplasm by Giemsa’ staining and under microscopy.
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Table 1. Morphology of sub-stage gametocytes adapted from Talman et al. [27]

Shape (Light microscopy)

Stage |

IA: Indistinguishable from the small round trophozoite
IB: Larger round shape, distinguished by granular distribution of
pigment in food vacuole

Stage Il

I1A: elongates within the erythrocyte
11B: D shaped

Stage I11

D shaped, slightly distorted erythrocyte
Pink/blue distinction of the male/female

Stage IV

Elongated and thin parasite, distorted red cell
Male: pigment tends to be scattered
Female: pigment more dense

Stage V

Sausage shaped parasite with rounded extremities
Male: pigment scattered, pink
Female: dense pigment, light violet
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3.2.2 Gametocytes and cytoadherence

It is well-known that mature asexual stage parasites of P. falciparum
adhere to microvesicular (Figure 4) in important organs particularly in the brain
leading to malaria pathogenesis of cerebral malaria. PFEMP-1 (P. falciparum
erythrocyte membrane protein 1) and STEVOR (subtelomeric variable open reading
frame) encoded by var and stevor variant family, respectively, are essential ligands
mediated in the cytoadherence and rosetting of P. falciparum schizonts via various
host endothelial receptors. There are evidences that immature stage | to IV
gametocytes can adhere to endothelial cells in bone marrow and spleen, whereas only
mature stage V gametocytes circulate in blood stream. PfEMP1 are also expressed on
stage | and I1A gametocytes and can adhere to CD36 on the C32 melanoma cells [28,
29]. The sequestration pattern is indistinguishable from those of asexual parasites. On
the other hand, sequestration of stage Il and IV gametocytes is distinct from the
younger stage gametocytes. PFEMP1 is not expressed on stage 111 and IV gametocytes,
however, STEVOR persists throughout gametocyte development [30] and may act as
the parasite ligand of the later stage gametocytes to adhere to transformed human bone
marrow endothelial cells (trHBMEC) in CD36-independent manner [31].
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Figure 4. Adhesion of Plasmodium falciparum-infected erythrocytes to human cells.
(a) Schematic representation of the adhesion properties of P. falciparum-infected
erythrocytes to different host cells. Erythrocytes infected with mature forms of P.
falciparum parasites (pigmented trophozoites and schizonts) have the ability to bind to
a range of host cells, such as endothelium, uninfected erythrocytes (rosetting) and
platelets (platelet-mediated clumping). The adhesion of infected erythrocytes to
endothelial cells leads to their sequestration in the microvasculature of various organs
and tissues such as heart, lung, brain, muscle and adipose tissue. As a result, only
erythrocytes carrying young ring forms of the parasite are detected in human
peripheral blood samples. Although cytoadherence and sequestration of mature

infected erythrocytes in the microvasculature occur in all infections, several specific
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adhesive phenotypes have been associated with severe pathological outcomes of
malaria, such as the formation of rosettes and the adhesion of infected erythrocytes to
brain endothelium. Rosetting and platelet-mediated clumping are phenotypes that are
displayed by some but not all P. falciparum isolates in vitro. In vivo, it is thought that
the formation of rosettes and clumps will be accompanied by adhesion to endothelial
cells and sequestration in the microcapillaries. (b) Cytoadherence of infected
erythrocytes to in-vitro cultured brain endothelial cells, visualised by light microscopy
after Giemsa staining. (c) Rosettes detected in in vitro P. falciparum cultures,
observed after preparation of Giemsa-stained thin smears and light microscopy. (d)
Platelet-mediated clumps of infected erythrocytes formed after in vitro co-incubation
of parasite cultures with platelets, observed by Giemsa-stained thin smears and light

microscopy [32].
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3.3 Commitment of gametocytogenesis

Gametocytes are precursors of sexual cycle as they are only one stage can
be transmitted from human to vector during the blood meal. During erythrocytic
development of Plasmodium, asexual stage parasites are predominantly propagated,
whereas small population of Plasmodium parasites switches to be gametocytes. The
process of the gametocyte production is called gametocytogenesis which its
commitment is likely to occur during schizont development, and sibling progeny of a
single committed schizont will differentiate to either asexual or sexual population [33,
34]. In addition, subsequent studies have shown that all merozoites from a single
sexually-committed schizont are committed to be either female or male gametocytes
[35, 36]. The commitment of gametocytogenesis is still unclear, however, signaling
factors and environmental mechanisms of this essential process have been proposed
(Figure 5).
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Figure 5. A quantitative model for commitment to gametocytogenesis. Open boxes
represent environmental factors that encourage gametocytogenesis, and closed boxes,
those that inhibit the switch. Solid arrows indicate the flux through signaling pathways
that influence commitment to gametocytogenesis and dashed arrows indicate crosstalk
between pathways. Plus signs indicate upregulation of the next step of the pathway,
whereas minus signs indicate downregulation. Although the details of the pathway
links are hypothetical, there is evidence for the involvement of these environmental
factors and cAMP-dependent protein kinase pathways in the commitment to
gametocytogenesis. The change in flux through a pathway in response to a stimulus is
quantitative through every step until a crucial event either does or does not occur as a
result of breaching a concentration threshold. At least one such threshold must be
breached for the switch in the developmental pathway of a malaria parasite. In this
scheme, commitment to sexual development will occur when a crucial concentration
of the hypothetical transcription factor (nuclear commitment factor, or NCF)

breached in the parasite nucleus. Open circles represent transcription factors that
initiate transcription, while closed circles are repressors of transcription. NCF, along

with other transcription factors, binds the promoter regions of many genes involved in
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promoting gametocytogenesis. These might include genes encoding: (a) secondary
transcription factors, possibly including NCF itself, which are involved in
differentiation; (b) an autocrine factor that promotes sexual conversion in
neighbouring cells; and (c) the structural proteins and enzymes involved in the
development of a gametocyte. Transcription factors involved in this process have not

yet been identified [37].
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3.3.1 Gene expression during gametocytogenesis

The switch of asexual stage to sexual stage parasites was regulated by
unclear factors, however, genomic analysis of P. falciparum discovered 15 clusters of
genes expressed in asexual, sexual and sporozoite stages (Table 2). Among these, a
cluster 3 of 218 genes are up-regulated during sexual transition and 88% are

hypothetical genes (Figure 6) [38].
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Table 2. Description of clusters. P values were determined from published gene

ontologies at http://plasmoDB.org. The number of adjacent pairs indicates the number

of genes in a cluster that are physically adjacent to one another (regardless of strand),

whereas the number in parentheses indicates the number expected by chance. MAP,

mitogen activated protein; ATP, adenosine triphosphate; CSP, circumsporozoite

protein; MSP, merozoite surface protein; MESA, mature parasite-infected-erythrocyte

surface antigen; MAEBL, membrane antigen erythrocyte binding-like [38].

Num. Num. s
Cluster Genes known  adjac. Stage Probabllltyh: K comihy Representative genes Location
genes pairs cince
1 108 45 12(2) Sporozoite 1.9 X 10 "' Rifin 25 different rifin genes Subtelomeric
41% 3.9 x10"® Antigenic variation 4 stevor genes P. bergei pbs36-related protein
MAEBL, CSP, var(common)
Sporozoite surface protein 2 MAP kinase
2 152 32 10(43) Sporozoite Serine/threonine-protein kinase Central
21% Gametocyte Gene 11-1, chitinase Mei-2 homolog
3 218 28 20(8.72) Gametocyte Transmission blocking antigen 230 Central
12% Transmission blocking antigen 48/45
Meiotic recombination protein dmc1
25 kD ookinate surface antigen
P. falciparum gametocyte antigen 377
4 95 32 18(16) Ring 2.9 % 10" 2 Lipid metabolism Early transcribed membrane protein 2.1, 11.1, 11.2  Subtelomeric
33% Schizont 48 X 102 Fatty-acid Erythrocyte-binding 175, skel binding
Merozoite metabolism protein, ring-expressed surface antigen
S 109 42 3(2) Ring ATP-dependent DNA helicase, putative Central
38% Early RNA helicase, putative, P. falciparum
Trophozoite erythrocyte membrane protein 1 (PfEMP1)
6 167 110 6(52) Ring 32 X 10" * Macromolecule Rib | subuni Central
65% Trophozoit biosynthesi Elongation factor
6.2 X 10" “ Hexose metabolism Eukaryotic translation initiation factor
RNA helicase (3), PfEMP3
7 93 49 2(2) Ring 7.4 X 10~ Cytosolic rib 405 rib | subuni Central
52% Trophozoite 605 ribosomal subunits
Ribosomal protein L
Falcipain-2, chloroquine resistance transporter
8 125 54 9(3) Trophozoite MESA, 3 stevors, 2 rifins Central
43% Gametocyte Multidrug resistance protein 2
9 120 34 8(3) Trophozoite Cell cycle control protein cwf15 Central
41% Gametocyte Cytochrome c1
Cytochrome 2
10 226 94 13(9.4) Trophozoite 6.9 X 10~ DNA replication 6 DNA replication factor C subunits Central
41% Gametocyte 3.7 X 102 Mitotic cell cycle DNA polymerase delta
2 Proliferating cell nuclear antigens
POM1
n 110 58 2(2) Sporozoite 4.2 X 10 ' Proteasome 15 proteasome genes Central
endopeptidase
52% Trophozoite 1.97 X 10 ° 265 proteosome  DNA repair protein rhp16
Schizont 2.15 X 10* 20S core Facilysin
Gametocyte  proteosome
12 238 95 16(10)  Trophozoite 6.8 X 10~ * Mitotic cell cycle Cytochrome ¢ oxidase
39% 7.2 X 103 Mitochondrion
DNA polymerase
Origin recognition complex
DNA primase
Histones
13 181 60 21(6.12) Schizont Cysteine proteases (S SERAs) Central
33% Gametocyte Cytoadherence linked protein 9
5 DNA replication licensing factors
14 163 42 11(38) Sporozoite 2.0 X 103 Actin Cyclin g-associated kinase, putative Central
25% Schizont filament-based process Merozoite surface protein 4
Gametocyte Myosin a and d
Actin, actin depolymerizing factor
15 130 38 17(3.12) Schizont 2.7 % 1078 Cell invasion 3 Cytoadherence linked asexual proteins Central
29% 1.4 X 10" * Apical complex Erythrocyte binding antigen 140

1.3 X 103 Rhoptry

MSP1,2,3,56,7, MSP8-like
Merozoite capping protein-1

3 Reticulocyte binding proteins
4 Rhoptry proteins
Subtilisin-like protease 2
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Figure 6. Distribution of transcripts for several stages. Expression levels for late ring
[synchronized by thermocycling (T)], late trophozoite (T), late schizont (T),
sporozoite, and gametocyte stages were summed by each MIPs functional category.
The outer ring shows the proportion of genes in each category [38].
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Pfs16 and Pfg27 are early known genes expressed at onset of
gametocytogenesis and commonly used as marker for gametocyte production.
Abortion of gametocyte production is observed in knockout parasites in 3D7 clones
when the Pfs16 [39, 40] or Pfg27 [41] gene is disrupted. In contrast, recent Pfg27-
knockout 3D7 clones can differentiate to all gametocyte stages, but number of
abnormal morphology gametocytes is twofold higher than wild type. This observation
argues the role of Pfg27 in gametocyte production [42].

In addition, recent investigations reveal predicted genes which up-
regulated at onset of gametocytogenesis throughout maturation of P. falciparum
(Figure 7). For instance, PFI1720w (P. falciparum gene implicated in
gametocytogenesis (pfgig)), the gene is located on right arm of chromosome 9 and
transcribed towards telomere. Disruption of this gene decreased gametocytogenesis or
reduced number of gametocytes [43]. Eksi and colleague, [44], suggested members
of P. falciparum-specific subtelomeric superfamily located on chromosome 14, i.e.
Pfgl14.744, Pfgl4.745, and Pfgl4.748 expressed on the sexual stage-committed
schizonts and the mRNA expression pattern is similar to the earlier gametocyte
specific genes Pfs16 and Pfg27.

Moreover, mRNA of PFLO795¢ and PF100164 namely Pfpeg3 (P.
falciparum protein of early gametocytes) and Pfpeg4, respectively, are abundantly
expressed in gametocyte production clone, 3D7, when compared to gametocyteless
clone, F12 [45]. However, Furuya et al. [46] has described a gene called pfmdv-1 (P.
falciparum male development gene 1) which is coincidently same gene as Pfpeg3.
Pfpeg3/Pfmdv-1 is sexual stage specific gene which expressed as early as 30-40 hours
post invasion when stage | gametocyte predominantly present and the mRNA
expressed throughout gametocyte maturation. Protein encoded from this gene is
localized on gametocyte plasma membrane, and associated to the osmiophilic bodies,
the membranes of cleft-like structures within the erythrocytes and, interestingly, co-
expressed and co-localized with Pfsl6 in gametocyte plasma membrane,
parasitophorous vacuole membrane. Disruption of the Pfpeg3/Pfmdv-1 protein
markedly reduces stage 11l to VV gametocytes, displays abnormal membrane structures
under electron microscopy, and reduces functional male gametocytes to produce
exflagellation [46, 47].
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In addition, PfCCp protein family is expressed during gametocytogenesis.
PFfCCp protein family consists of multiple adhesive domains and is highly conserved
in apicomplexan. The six PfCCp protein members, composed of PfCCpl, PfCCp2,
PfCCp3, PfCCp4, PfCCp5, and PfFNPA, are highly expressed in gametocytes
throughout the gametocyte maturation in both male and female. PfCCp4 can be
detected as early as stage | gametocytes and expressed in the gametocyte
parasitophorous vacuole and co-localization with Pfs230. PFCCp2 and PfCCp3 gene
disrupted parasites are able to form oocyst sporozoites but blocked in the salivary
gland transition, however, the lack of PFCCp4 mediated the reduction of exflagellation

but not essential for sexual stage development of mosquito transmission [48].
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3.3.2 Environmental factors on gametocytogenesis

3.3.2.1 Antimalarial drugs

The antimalarial drugs that only kill P. falciparum gametocytes
are 8-aminoquinolines (primaquine, pamaquine, and tafenaquine) whereas Artemisinin
and its derivatives are wide range of effective drugs for asexual and sexual parasites.
However, treatment of asexual parasites with Mefloquine, Halofantrine, Quinine, can
contribute to gametocytogenesis in follow up patients [50, 51].

3.3.2.2 Host anemia and immature erythrocytes

There is in vitro evidence that P. falciparum gametocytes are
more formed in anemic reticulocyte-rich bloods than in the normal red blood cells [52].
Concordance to association of reticulocyte count with gametocyte density observed

from P. falciparum patients [53].

3.4 Gametogenesis

Gametogenesis is a crucial step prior fertilization in which mature
gametocytes differentiated to be gametes in the mosquito midgut. The environment
stimuli such as drop in temperature to 25-26°C, rise in pH from 7.4 to 7.8-8.0, and
xanthurenic acid (XA), mosquito derived factor. A single male gametocyte undergoes
three rounds of DNA replication, and then begins exflagellation to produce eight
motile microgametes, whereas a single female gametocyte emerges from the
erythrocyte membrane by assistance of the component in osmiophilic bodies i.e.
Pfg377 proteins to produce a round non-motile macrogamete [54, 55]. Proteins
expressed during gametocytogenesis have been involved in exflagellation e.g. PfCCpl
through PfCCp4. Antibodies against these proteins inhibit gamete formation in
complement-dependent manner [48]. In addition, Pfs230, a 360 kDa protein, is
expressed on surface of gametocyte and gamete and mediates binding of the
exflagellating male gamete to erythrocytes and macrogamete during gametogenesis
and fertilization [56].

3.5 Malaria transmission
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3.5.1 Gametocyte quality and quantity

3.5.1.1 Gametocyte density

Successful of malaria transmission to the anopheles mosquito
has been studied on human or rodent malaria and reveal positive association with
gametocyte density [53, 57].

3.5.1.2 Sex ratio

After the blood meal, gametogenesis (production of gamete) is
induced by reduction of temperature, pH, and mosquito gut by-product xanthurenic
acid (XA). Macrogametecyte (female) differentiates to a single macrogamete, whereas
microgametocyte (male) can produce up to eight motile microgametes which fertilize
to macrogamete for further development of zygote. Therefore, gametocyte sex ratio
(proportion of male gametocyte) is female-biased to proportionate the fertilization of
male and female gametes. Although a single male gametocyte can produce up to eight
male gametes, but an average of viable gamete is 2.03 in P.berghei [58]. Adjustment
of gametocyte sex ratio is one factor to determine success of the transmission, and the
most efficiency is when the parasites produce 33% male gametocytes. However, sex
ratio is varied depending on parasite clones, environment and host stimulation. Sex
ratio is increased in multigenotype infections, due to high competition of male
fertilization from different clones. In addition, lower gametocyte density and anemia

of vertebrate host are influential for the induction of more male gametocytes [58-60].

3.5.2 Human immunity

In high endemic area, anti-gametocyte antibodies are short-lived and likely
to prime after infection rather than accumulative exposure to gametocytes. Prevalence
of gametocytes is gradually decreased with age, hence, the anti-gametocyte antibodies
are also decrease with age. [61].

Transmission reducing activity (TRA) in endemic areas have been
investigated when feeding the mosquito with OWN plasma. Sexual antibodies are the
major mediator in this mechanism to reduce number of oocyst production. TRA is
associated with antibodies to both Pfs48/45 and Pfs230 [17, 62, 63] in Gambian and

Tanzanian. Whereas TRA in Cameroonian strongly associated with antibodies to
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Pfs48/45 antigen [18]. TRA is high in young children and decline with age (age-
dependent) [63] and higher in patients living in rural areas than those living in town
[64, 65].

In addition, it has been shown that cytokines such as complement-
dependent tumor necrosis factor (TNF) and interferon-y (IFN-y) can kill gametocytes

and inhibit infection of P. vivax and P. falciparum in Anopheles vectors [66, 67].

3.5.3 Vector immunity

During malaria transmission, the parasites confront several bottlenecks of
development inside the mosquito midgut for instance differentiation of gametocytes to
form male and female gametes for further fertilization (pre-fertilization), transition of
zygote to motile ookinete, penetration of midgut epithelium by ookinete to form
oocyst (post-fertilization). The parasites are vastly lost during ookinete-to-oocyst
transition, suggesting role of mosquito immunity against the parasites [68, 69].
Mechanisms of the Anopholes after infection consist of humeral and cellular response
of innate immune system. Essential processes are comprised of phagocytosis and
melanization (Figure 8). The main immune cells are hemocytes which are abundant
circulating in hemolymph. Mosquito hemocytes respond to phagocytosis against small
pathogens i.e. bacterial infection. On the other hand, encapsulation and melanization
function when the pathogens are too large and unable to be killed by phagocytosis i.e.
Plasmodium ookinete.

The processes involve in aggregation of hemocytes around the parasites,
consequential deposition of melanin and formation of melanic capsule and eventually
production of free radicals and toxic quinine to kill the immobilized parasites [70].
Regulation of immune mechanisms is studied in various mosquito species including
An. gambiae, major vector for human malaria in sub-Saharan Africa. Genetic
researches beyond the discovery of An. gambiae completed genome sequence reveal
up to 18 gene families involved in the innate immune response [71, 72]. Among those
families, leucine-rich repeat immune gene 1 (LRIM1) [73], Anopheles-Plasmodium-
responsive leucine-rich repeat 1 (APL1) [74], and thioester-containing gene 1 (TEP1)
[75] mediate recognition of P. berghei ookinetes and further activate malanization in
order to kill or clearance the dead parasites. On the other hand, C-type lectin 4 (CTL4)
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and CTL mannose binding 2 (CTLMAZ2) have distinct role by protection of the P.
berghei ookinete-to-oocyst development from the malanization by the An. gambiae
[73]. However, the role of these genes has no effect on P. falciparum infection
suggesting a species-specific immunity of the Anopheles vector and the Plasmodium
parasites [76].

In addition, the vector immune response is likely imperfect defense, since
a few oocysts can develop and generate thousands of sporozoites, which can be burst
and flown throughout the body by hemolymph flow. Only 10-20% of hemocoel
sporozoite can invade mosquito salivary gland and await the next blood meal. The
other 80% degrade rapidly after burst and some sporozoites are phagositized by the

small number of hemocytes [77].
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Figure 8. Killing and clearance events in the A. gambiae midgut in response to P.
berghei infection. The soluble factors TEP1, LRIM1 and components of the
phenoloxidase (PO) cascade all originate from the haemocoel, and are secreted by
haemocytes into the midgut to play key roles in these events. Left panel: ookinetes are
bound by TEP1 in the midgut extracellular space in both susceptible (S) and refractory
(R) mosquitoes, resulting in lysis of the parasite (middle panel) by an as yet
uncharacterized mechanism. LRIM1 also enhances killing. Later TEP1 expression
probably replenishes the spent protein. In R mosquitoes, the phenoloxidase (PO)
cascade initiates in the haemocoel and results in melanotic encapsulation of the dead
ookinete (right panel). Actin polymerization in the basal labyrinth serves to envelope
dead or dying lysed parasites in both R and S mosquitoes, and melanized parasites in
R mosquitoes (middle and right panels). Melanization and actin polymerization are
probably clearance events. Box a: 3-D reconstruction of confocal sections

demonstrating TEP1 binding (orange channel) to an ookinete (nucleus, blue channel).
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Box b: a lysing ookinete labelled with TEP1 (green channel) in an S strain mosquito.
Membrane blebs are of parasite origin as evidenced by the presence of P28 (closed
arrowhead, red channel). Note also the eccentric nucleus (blue channel, open
arrowhead). Box c: merged phase contrast and confocal image of a melanized ookinete
surrounded by a zone of polymerized actin (blue channel, phalloidin staining). Many
facets of these antiparasitic responses, including the putative roles of antimicrobial
peptides or peroxidase activity, still need to be defined [68].
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3.6 Malaria vaccines

3.6.1 Pre-erythrocytic stage vaccines

3.6.1.1RTS,S

RTS,S is recombinant protein based on circumsporozoite
surface antigen (CSP) and Hepatitis B virus surface antigen (HBsSAg). Immunization
of RTS,S in Rhesus monkeys reveals safety, antibody production, and T-cell response
by production of IL-2 and IFN-y against CSP and HBsAg. Moreover, simultaneously
vaccinated the RTS,S vaccine with LSA1 (Liver-stage antigen 1) in a different
injection site did not alter the safety or efficacy of the vaccination [78]. However, the
RTS,S is the most advance of malaria vaccine candidate till now, phase Ilb clinical
trial in Mozambian children resulting in mild to moderate local and solicited
symptoms after vaccination [79].

3.6.1.2 Radiation-attenuated parasites

P. faciparum sporozoites exposed to 15,000 rad of gamma
radiation are able to invade liver cells but unable to develop mature live-schizont stage
within the liver cells. Partial development of the attenuated sporozoites can induce
protection of the vaccinee against challenging with homologous P. falciparum
infection. Immunization of human with P. falciparum radiation-attenuated sporozoite
has been shown to prevent infection by arresting the liver stage development [80].

3.6.1.3 Genetically attenuated parasites (GAP)

Immunization of mice with the P36p knockout P. berghei
sporozoite [81, 82] or P52-/P36- double deletion sporozoite line in P. yoelii [83]
shows sterile protection (completely protect) in the immunized mice from infection
after challenging with wild type sporozoites. In addition, deletion of P52, P36 gene or
double deletion in P. falciparum sporozoite does not affect development of most of
parasite stages including blood stage, gametocyte, mosquito stages or sporozoites.
However, the sporozites can invade the HC-04 liver cell line but cannot further
development beyond 4 days post invasion [84]. Although vaccine based on GAP is
not yet available, but in vitro study is very promising for pre-erythrocytic vaccine

candidates.
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3.6.2 Transmission blocking vaccines (TBVS)

3.6.2.1 Pre-fertilization vaccine candidates

Pre-fertilization TBV candidates are based on specific target
antigens expressed by gametocytes and gametes including Pfs230 and Pfs48/45
proteins. Due to expression of the pre-fertilization antigens is on gametocyte stage,
hence, they are target of immune response in natural infection in human host, whereas
post-fertilization antigens are required boosting from vaccination.

Naturally induced transmission blocking immunity in endemic
area is associated with Pfs48/45 and Pfs230 [62-65, 85]. However, insufficiency of
appropriate protein conformation and protein synthesis, development of these pre-
fertilization TBV candidates are still behind the post-fertilization TBV. Fortunately,
correctly conformational Pfs48/45 protein has been recently expressed in E. coli and
can induce high titer of Pfs48/45 1gG in mice and primates when vaccinated together
with various adjuvant formulations e.g. Montanide ISA-51, Aluminium hydroxide.
The immunized sera has potent inhibition of oocyst production of P. falciparum by
membrane feeding assay more than 90%, moreover, the transmission blocking activity
is maintained more than 7 months in the vaccinated animal models [16, 86].

3.6.2.2 Post-fertilization vaccine candidates

Pfs25 and its homolog in P. vivax, Pvs25, are the most advance
of malaria transmission vaccine to date. Pvs25 formulated on aluminum hydroxide gel
(Pvs25H) has been the first phase I clinical trial in healthy volunteers and show
production of anti-Pvs25 antibody and transmission reducing activities after the third
vaccination [87]. The antibody remained at least 6 month after the last vaccination,
however, level of antibody or transmission blocking activities from the immunized
volunteers is not high. So, recently new vaccine formulation, Pfs25 or Pvs25
formulated with montanide ISA 51 adjuvant, has been studied in preclinical trail in
rabbits and phase | clinical trial in healthy volunteers. Mild to severe local or systemic
adverse event e.g. pain and swell at injection site, headache, malaise, or leukemoid
reactions, have been observed in some volunteers, however, they can recover within a
month or several months. Interestingly, antibody against Pfs25 is high and prolong
maintained to 1 year after second vaccination. Transmission reducing activity of the

sera from the vaccinated volunteers has also been observed and associated with the
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anit-Pfs25 antibody titer [88].
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CHAPTER IV
MATERIALS AND METHODS

4.1 Parasite culture

4.1.1 Thawing

P. falciparum strain AMBA47, laboratory isolate, was thawed from liquid
nitrogen (-196°C) by using various concentration of NaCl. Starting from thawing the
blood at 37°C in water bath and then transferred into 50 ml centrifuge tube. VVolume of
the blood was measured, and 0.2 volumes of cold 12% NaCl was added drop by drop
and gently mixed. After standing for 5 minutes at room temperature, 10 volumes of
cold 1.6% NaCl was slowly added and then centrifuged at 1500 rpm 10 minutes at
4°C. Supernatant was removed and 10 volumes of cold 0.9% NaCl was gently added
and mixed. After the final centrifugation, the pellet was cultured in malaria complete
medium (MCM). Thin smear was made and stained by Giemsa’s in order to examine

parasitemia and viability of the parasites.

4.1.2 Cryopreservation

In order to store parasites for further study, parasites were preserved in
glycerolyte (Baxter, Deerfield, IL, USA) and stored in liquid nitrogen. A criterion for
preservation is that the culture should contain up to 2% parasitemia of majority ring
stage. The culture was centrifuged and supernatant was removed. The pellet was
measured, and 0.33 volumes of glycerolyte was added drop by drop and gently mixed.
After standing for 5 minutes at room temperature, 1.33 volumes of the glycerolyte was
added and the suspension was transferred to cryopreserve tubes (Corning, NY, USA).
The cap was closed tightly, and the tubes were stored at -80°C overnight before store

at -196°C for several years.

4.1.3 Gametocyte culture
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P. falciparum strain AMBA47 isolated in Thailand continuously produced
low level of gametocytes in in vitro culture. The parasite was maintained under in
vitro culture conditions as described by Trager and Jensen [89] and induced to
gametocytogenesis by the procedure described by Ifediba and Vanderberg [90].
Schizont predominating culture was diluted to 0.2% parasitemia and 5% hematocrit
using O-positive erythrocytes in RPMI 1640 medium (Gibco) supplemented with 25
mM HEPES (Sigma), 0.36 mM Hypoxanthine (Sigma), 40 pug/ml Gentamicin (Gibco)
and 10% non-inactivated human serum. The culture was maintained in 6-well tissue
culture plate (Nunc, Denmark) and condition of 5% CO,, 5% O,, and 90% N, in 37°C
incubator. Gametocytogenesis was induced by culture the parasite for 2 weeks,
changing medium daily without adding fresh erythrocytes. During medium change, the
parasite culture should be always placed on 37°C slide warmer (Lab-Line, Barnstead)

in order to prevent exflagellation of mature gametocytes.

4.2 Synchronization of parasites by 5% D-sorbitol

During asexual parasite propagation, mix stage parasites usually occur. In
order to get rid of mature asexual stage, sorbitol treatment was performed. Parasite
culture was centrifuged and supernatant was removed. VVolume of pack red blood cells
was measured, and 10 volumes of warm sorbitol solution was added, mixed and then
incubated at 37°C for 10 minutes. The suspension was mixed occasionally during the
incubation. The sorbitol was removed after short spin, and the pellet was washed once
with incomplete medium (ICM). The supernatant was removed, and the pellet was
further cultured in MCM. Thin smear was made and stained with Giemsa’s to

evaluation of the synchronized parasites.

4.3 Gametocyte enrichment
Enrichment of immature or mature gametocytes was collected from day 9™
or 15™, respectively, of gametocyte culture and performed by gradient centrifugation

at 1500 g, 15 minutes, 30°C using 47% Percoll (pharmacia, Sweden). The enriched
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gametocytes were collected and washed twice with warm incomplete medium (ICM),
then resuspended to 2x10° gametocytes/ul in PBS. One microliter of the gametocyte
suspension was spotted on each well of multi-well slides, then air-dried, acetone fixed
and stored at -20°C for immunofluorescence assay (IFA).

However, using only 47% Percoll would usually gain debris and pigment
of dead parasite after long period of the gametocyte cultivation. In order to get rid of
this problem, 30%/47% Percoll was modified from Kariuki [91]. Starting with 47%
Percoll was slowly layered at bottom of 15 ml centrifuged tube, following by the same
volume of 30% Percoll. And then, 1-2 volumes of 50% Hematocrit of gametocyte
suspension were carefully over-layered on top of the 30% Percoll. After
centrifugation, the debris and pigment were suspended on interphase of the 30%
Percoll and was discarded, and only interphase of the 47% Percoll containing

gametocytes was collected.

4.4 Blood samples

4.4.1 Parasite collection

P. falciparum-infected blood was collected in heparinized tube from
malaria patients (n = 31) at Malaria Clinic, Mae Sot, Tak province. The infected blood
was individually fed to anopheles mosquitoes by replacing the plasma with normal AB
serum as described previously [92]. A week post feeding, oocyst production was
evaluated for infectivity of the gametocytemic blood. All participants gave informed
consent according to the approved protocol of the Institutional Ethics Committee of
the Thai Ministry of Public Health, and the Human Subjects Research Review Board
of the United States Army.

4.4.2 Plasma collection
Plasma was collected from the patients (n = 31), and plasma from healthy
donors living in non-malaria area was used as a control (n = 10). All the plasma

samples were heat-inactivated at 56°C for 30 minutes before used.
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4.5 Detection of anti-gametocyte antibodies

4.5.1 Antibody binding on air-dried gametocytes

The anti-gametocyte antibodies in the malaria plasma samples collected
from Mae Sot, Tak Province, were determined by immunofluorescence assay (IFA).
Acetone-fixed gametocytes on glass slides were blocked with 5% skim milk and
incubated with plasma from the P. falciparum-infected donors diluted 4-fold in PBS
(1:25 to 1:25600). The anti-malaria antibodies bound on the gametocytes were
detected by FITC-conjugated rabbit anti-human IgG antibody (1:200) (DAKO,
Denmark). The stained slides were then examined with a UV-light microscope. Each

incubation step was performed at 37°C for 1 hour.

4.5.2 Antibody binding to live gametocytes

P. falciparum antigen of 360 kDa as designated by Pfs230 [11] was used
to immunize rabbit to produce rabbit anti-Pfs230 antibody. Gametocyte cultures on
days 9 and 14 were co-cultivated with the rabbit antisera reacted with at 1:100 final
dilution at 37°C for 24 hours, and then harvested. The red blood cells (RBCs) from the
cultures were washed twice with 10 ml PBS. The RBC pellets were resuspended as
4% hematocrit, and 1 ul was spotted on each well of the multi-well slides, quickly
dried and stored at -80°C. For antibody staining, the multi-well slides were dried and
fixed with cold acetone for 10 minutes, and then blocked by incubating with 5% skim
milk at 37°C for 1 hour. The blocking buffer was removed and the slides were
incubated for 30 minutes with 1:500 diluted Alexa Flour 488 goat anti-rabbit IgG
(H+L) (Alexa, Molecular Probes) and 1:1000 diluted DAPI. The slides were washed
and mounted with anti-fade (Prolong Gold, Invitrogen) and examined under a confocol
fluorescence microscope (LSM5 PASCAL; Carl Zeiss Microlmaging, Thornwood,
NY).

Co-cultivation of gametocytes with the patient plasma or the healthy donor
plasma at final dilution 1:25 was performed as described above. The antibodies bound

on live gametocytes were detected using only one step staining with FITC-conjugated
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rabbit anti-human 1gG antibodies (1:200) (DAKO, Denmark), and examined with a
UV-light microscope.

4.6 Gametocyte maturation inhibition assay

Seven day old gametocyte cultures were co-cultivated with the patient
plasma or the healthy donor plasma (10% final concentration). The cultures were
prepared in duplicate on two independent occasions. The cultures were maintained by
changing the same patient plasma containing medium daily until day 15. Thin smears
were made on days 15, and stained with Giemsa’s for microscopic examination.
Parasitemias were determined and 400 gametocytes were counted differentially into
stage | to stage V. The results were expressed as percentages of various stages. The
number of gametocytes with abnormal morphology was recorded. Numbers of stage |
to V gametocytes were statistically compared between the cultures using the malaria

patient plasma and the normal plasma.

4.7 Wheat germ cell free expression

One hundred fifty-seven gametocyte genes (Table 3) specifically or highly
expressed in gametocyte [38] were cloned and kindly provided by Dr. Hideyuki Iriko.
To produce gametocyte specific proteins, small scale of transcription and translation
was performed in bi-layer wheat germ cell-free expression system as described [93].
The P. falciparum gametocyte genes were amplified and mRNAs were precipitated,
and then mixed in wheat germ extract (60 ODUys/ml, Cell Free Science, Ehime
University, Proteome), Creatine Kinase (0.04 mg/ml, Ehime University, Proteome),
Dialysis buffer (Ehime University, Proteome) and MilliQ Water (Ehime University,
Proteome). The bi-layer mixtures were incubated at 17°C overnight for expression of
the proteins. Then, the synthesized proteins were collected and stored at -80°C before

characterization for the target proteins of the malarial inhibitory plasma.
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Table 3 Wheat germ cell-free expression proteins of P. falciparum based on data from
PlasmoDB version 7.0 (www.plasmodb.org, accessed 22/10/2010).

Ptcode Gene Name Vighe | 1solctric  Sinal - Transmembrane
(Da)

MALS8P1.72 high mobility group protein 11535 11.66 No No
PFE0315c conserved Plasmodium protein 14058 8.95 Yes Yes
PFL1020w conserved Plasmodium protein 12228 9.06 No Yes
PF07_0060 conserved Plasmodium protein 12793 4.32 No No
PF14 0039 conserved Plasmodium protein 12843 9.12 No No
PF14_0163 hypothetical protein ns ns ns ns
PFE0600c conserved Plasmodium protein 15719 10.76 No No
MAL13P1.211  conserved Plasmodium protein 12838 9.24 No Yes
PFI1350c dynein light chain, putative 12963 4.13 No No
PFL0915c conserved Plasmodium protein 39632 6.69 Yes No
MAL13P1.106 ?Jggﬁg:]e B L 16763 6.52 Yes Yes
PFB0177c conserved Plasmodium protein 63493 9.10 No No
PFL0910c hypothetical protein ns ns ns ns

PF11 0255 conserved Plasmodium protein 17342 452 No No
PFDO310w ;fggﬁ:ssgfge'smdﬁc T 16626 5.94 Yes Yes
PFC0381c conserved Plasmodium protein 21433 4.38 Yes No
PFE0200¢ ':‘r'(\)'ttl'r:ke Zigle figgen farmity 20479 8.48 No No
PF14 0775 conserved Plasmodium protein 20735 7.29 No No
MALG6P1.47 conserved Plasmodium protein 21657 10.28 Yes Yes
PFL1910c hypothetical protein 21991 6.52 Yes No
PF14 0272 CPW-WPC family protein 43241 6.86 Yes No
PF10995w conserved Plasmodium protein 22144 4.58 Yes No
PF10_0258 conserved Plasmodium protein 23873 8.54 No No
PFC0416w conserved Plasmodium protein 23375 10.11 Yes Yes
PFCO0795w conserved Plasmodium protein 24412 9.02 Yes No
PFC0176¢ conserved Plasmodium protein 23151 7.08 Yes No
PFD0910w conserved Plasmodium protein 30215 8.09 Yes Yes
PFB0177c conserved Plasmodium protein 63493 9.10 No No
MALB8P1.16 rhomboid protease ROM3, putative 30685 8.52 No Yes

* ns = updated data was not shown from the PlasmoDB database
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Table 3 Wheat germ cell-free expression proteins of P. falciparum based on data from
PlasmoDB version 7.0 (www.plasmodb.org, accessed 22/10/2010) (Cont.).

Ptcode Gene Name Viignt tsdectric . Signal - Transmembrane
(Da)
PFI0775w glycolipid transfer protein, putative 25183 8.30 No No
PF08_0015 conserved Plasmodium protein 26105 8.56 Yes Yes
MAL13P1.305 conserved Plasmodium protein 28179 9.64 No Yes
MAL13P1.224  conserved Plasmodium protein 39530 8.97 No No
PFE0890c conserved Plasmodium protein 27923 10.06 No No
PFI1225w conserved Plasmodium protein 26529 8.36 No No
PFEO0680w conserved Plasmodium protein 87263 8.86 Yes No
PFE0680w conserved Plasmodium protein 87263 8.86 Yes No
PFI11095w conserved Plasmodium protein 37541 9.09 Yes No
PF10_0069 PPPDE peptidase, putative 24940 4.68 No No
PF13_0266 conserved Plasmodium protein 29674 9.78 No No
PF11 0196 conserved Plasmodium protein 28851 5.96 Yes No
PFO7 0031 E.rof?elicrip;éum 3D7 starin heat shock 29685 8.87 No No
PFL1015w conserved Plasmodium protein 29495 6.54 Yes No
PF14 0685 conserved Plasmodium protein 30992 8.00 No No
PF11 0325 conserved Plasmodium protein 29624 6.35 No No
PFE0650c conserved Plasmodium protein 28853 5.09 No No
PFF0900c rhomboid protease ROM10 31340 8.76 No Yes
PFL1095¢ conserved Plasmodium protein 31256 4.98 No No
PFE0220w conserved Plasmodium protein 31890 6.17 Yes Yes
PFE0220w conserved Plasmodium protein 31890 6.17 Yes Yes
PF14 0634 conserved Plasmodium protein 33003 9.87 No No
PF10_0176 conserved Plasmodium protein 33903 531 No No
PFF0425w conserved Plasmodium protein 33282 474 No No
PF10_0273 Eukt';i\clétype zinc finger protein, 32180 8.11 No Yes
PFL2320w conserved Plasmodium protein 34729 9.60 No No
PF10205w conserved Plasmodium protein 33993 5.03 Yes Yes
PF10_0185 conserved Plasmodium protein 37306 9.67 No No
PF08_0024 conserved Plasmodium protein 36067 5.85 Yes No

* ns = updated data was not shown from the PlasmoDB database
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Table 3 Wheat germ cell-free expression proteins of P. falciparum based on data from

PlasmoDB version 7.0 (www.plasmodb.org, accessed 22/10/2010) (Cont.).

Molecular . .
. Isoelectric Signal Transmembrane
Pf code Gene Name weight Point peptide domains
(Da)
PE14 0682 conse_rved Plasmodium membrane 51509 8.68 No Yes
- protein

PFDO0700c RNA binding protein, putative 41920 8.39 No No
PFD0700c RNA binding protein, putative 41920 8.39 No No
PFBO0480W :;m;m putative/ Q2 HARE 37128 7.67 No Yes
PE10840wW conse_rved Plasmodium membrane 38754 8.64 VS Yes

protein
PF14 0735 probable protein 38449 411 Yes Yes
MAL13P1.340 conserved Plasmodium protein 40368 8.53 Yes Yes
PFE0530w conserved Plasmodium protein 41000 9.88 No No
MALSP176 meiotic recombl_natlon protein 37785 6.76 No No

dmcl-like protein

serine/threonine-protein kinase,
PFL0080c Pfnek-3 40432 6.10 Yes Yes
MAL13P1.149 conserved Plasmodium protein 43332 6.52 No No
PFLO385¢ blood stage antigen 41-3 precursor 43427 5.08 Yes No
PFA0190c actin-related protein, ARP1 42698 7.49 No No
PF11_ 0322 conserved Plasmodium protein 46559 10.11 No No
PF13 0220 conserved Plasmodium protein 45217 9.57 No No
PFEO0480c conserved Plasmodium protein 46417 452 No No
PFF1495w conserved Plasmodium protein 48765 9.60 No No
PF13_0066 malonyl CoA-acyl carrier protein 46305 8.79 Yes Yes

transacylase precursor
PF11380c conserved Plasmodium protein 49068 451 No No
PFE1300W conse_rved Plasmodium membrane 49602 9.39 Yes Yes

protein
MAL8P1.149 conserved Plasmodium protein 49247 6.77 No No
PFL1640c conserved Plasmodium protein 50657 9.41 No Yes
PFL0965¢c conserved Plasmodium protein 51143 8.59 No No
PFD0920w conserved Plasmodium protein 53468 9.73 No No
PF14 0284 conserved Plasmodium protein 52789 5.26 No No
PFEO0470w conserved Plasmodium protein 52317 8.91 No No
PF14 0190 conserved Plasmodium protein 54744 5.53 No No
PF07_0096 conserved Plasmodium protein 55205 9.72 No No

* ns = updated data was not shown from the PlasmoDB database
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Table 3 Wheat germ cell-free expression proteins of P. falciparum based on data from
PlasmoDB version 7.0 (www.plasmodb.org, accessed 22/10/2010) (Cont.).

Pf code Gene Name Mv(\)lleeiarj]lar Isoelectric ~ Signal ~ Transmembrane
ght Point peptide domains
(Da)
PF07_0089 conserved Plasmodium protein 53286 9.39 Yes No
PFC0880c conserved Plasmodium protein 58165 9.79 No No
PF13 0060 conserved Plasmodium protein 61233 9.51 No No
PF14 0551 conserved Plasmodium protein 60109 443 No No
PF11 0431 membrane skeletal protein, putative 59606 6.10 No No
PFF0975c conserved Plasmodium protein 59605 5.01 Yes Yes
PF11 0451 conserved Plasmodium protein 104131 7.61 No Yes
PF10_0088 conserved Plasmodium membrane 63130 10.09 Yes Yes
protein

PFL1030w membrane skeletal protein, putative 60116 8.19 No No
PF11 0387 hypothetical protein ns ns ns ns

MALS8P1.137 conserved Plasmodium protein 64483 9.75 No No
PFI1465w SL‘:;SU:QG” LBl 5 2l EEe 66844 8.98 No Yes
PF14_0684 conserved Plasmodium protein 67546 9.22 No No
PFCO0895w CPW-WPC family protein 68929 7.66 Yes No
PF07_0094 conserved Plasmodium protein 66302 8.26 Yes No
PF13 0103 conserved Plasmodium protein 69242 8.83 No No
PF10 0168 hypothetical protein ns ns ns ns

PF13_0283 conserved Plasmodium protein 71976 10.16 No No
PFD0405¢ ;‘ft‘;"('/gger RANLRINCIng protein, 42215 9.60 No No
PF13 0093 conserved Plasmodium protein 73389 7.18 Yes No
PF08 0023 conserved Plasmodium protein 76897 10.52 No No
PFL2420w conserved Plasmodium protein 79533 6.33 No No
PF14_0244 ABC transporter, (EPP family) 75479 9.28 No Yes
PFF1035w Pfs77 protein 77455 4.86 No No
PFB0625w conserved Plasmodium protein 80153 8.30 No No
PFLO655w ;?gts;rnved Plasmodium membrane 83621 9.01 Yes Yes
PFE1235¢ ;’r?)it‘ifritt‘ggsli?;&Z%:/aga“"” 82462 7.64 No No
PF11_0389 calcium-binding protein, putative 88293 9.30 No No
PFE0685w hypothetical protein ns ns ns ns

* ns = updated data was not shown from the PlasmoDB database
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Table 3 Wheat germ cell-free expression proteins of P. falciparum based on data from
PlasmoDB version 7.0 (www.plasmodb.org, accessed 22/10/2010) (Cont.).

Pf code Gene Name MV(\)IIeeiCl#ar Isoelectric ~ Signal ~ Transmembrane
ght Point peptide domains
(Da)
PF11345¢c conserved Plasmodium protein 102582 8.94 No No
PFL1880w acyl-CoA synthetase, PFACS11 92093 9.05 No No
PF14 0458 conserved Plasmodium protein 145456 8.21 No Yes
PF14 0491 conserved Plasmodium protein 100049 8.36 Yes No
PF14 0283 conserved Plasmodium protein 102231 6.18 No No
MALS8P1.141 conserved Plasmodium protein 105824 4.60 No No
PFLO0510c conserved Plasmodium protein 118381 6.09 No No
PF13 0314 conserved Plasmodium protein 118300 6.67 No No
MAL8P1.12 conserved Plasmodium protein 123779 6.75 No No
PFL0O755c¢ conserved Plasmodium protein 130680 722 No No
PFC0260w tpr}Loh‘:)zgggtt:iﬁ;gforl‘;geoside 132199 4.84 No No
PF10_0046 Zinc finger, C3HC4 type, putative 131698 4.90 No No
PF14 0683 conserved Plasmodium protein 136244 9.77 No No
PFI10665w conserved Plasmodium protein 147869 5.76 No No
PF14_0067 ('5%% LTl i [l 142786 7.07 Yes No
PFF1065¢c conserved Plasmodium protein 160292 8.36 No No
PF10185w conserved Plasmodium protein 178337 8.91 Yes No
PF14_0532 Ic_:(c::glz_ g il lp g i 184698 4.85 Yes No
MAL13P1.211  conserved Plasmodium protein 12838 9.24 No Yes
PF14 0500 SNARE protein, putative 24700 477 No Yes
PF14 0235 conserved Plasmodium protein 21337 6.96 No No
PFLO700w conserved Plasmodium protein 24493 4,74 Yes Yes
MAL13P1.85 conserved Plasmodium protein 26740 5.79 No No
MAL13P1.85 conserved Plasmodium protein 26740 5.79 No No
PFE1540w CPW-WPC family protein 29676 4.59 Yes No
PF08_0077 Su[t);;\’/‘;annose SRR, 41540 7.88 No No
PF13 0220 conserved Plasmodium protein 45217 9.57 No No
PF10_0365 conserved Plasmodium protein 82998 8.80 No No
PFL1265c¢ conserved Plasmodium protein 70439 9.50 No No

* ns = updated data was not shown from the PlasmoDB database
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Table 3 Wheat germ cell-free expression proteins of P. falciparum based on data from
PlasmoDB version 7.0 (www.plasmodb.org, accessed 22/10/2010) (Cont.).

Pf code Gene Name Mv(\)lleeiarj]lar Isoelectric ~ Signal Transmembrane
ght Point peptide domains
(Da)
PFLO0325w conserved Plasmodium protein 76412 9.74 No No
PFLO325w conserved Plasmodium protein 76412 9.74 No No
PFI1635w delta tubulin, putative 86521 7.63 No No
PFE0685w hypothetical protein ns ns ns ns
PF11345¢c conserved Plasmodium protein 102582 8.94 No No
PF14_0672 ;ﬁ%’;gﬁg‘;’:ﬁggese . 97170 7.00 No Yes
PF10 0369 DNA repair helicase rad25, putative 102877 9.77 No No
PF10_0190 conserved Plasmodium protein 128216 5.00 No No
MAL7P1.35 conserved Plasmodium protein 118704 9.06 No No
PF08_0017 conserved Plasmodium protein 118107 9.64 No No
PFI1315¢c conserved Plasmodium protein 144991 8.57 No No
PF13_0298 conserved Plasmodium protein 166281 9.87 No No
PF11 0456 conserved Plasmodium protein 175413 6.82 No No

*ns = updated data was not shown from the PlasmoDB database
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4.8 Characterization of gametocyte specific proteins

The synthesized proteins were used in ELISA for screening with oocyst
inhibitory plasma, oocyst non-inhibitory plasma, and normal plasma. Briefly, each of
the 157 gametocyte specific proteins produced by the wheat germ system was diluted
1:50 in 1x PBS, pH 7.4, coated in duplicate wells of the ELISA plate (Maxi, NUNC),
and incubated at 4°C overnight. The plates were blocked with 0.5% boiled Casein in
PBS-Tween. This was followed by the addition of 1:100 dilution of patient plasma or
normal plasma in PBS-T and incubated for 1 hour at 37°C. The reaction was detected
with 1:2000 dilution of Polyclonal rabbit anti-human IgG/HRP (Dako) and incubated
for 1 hour at 37°C. The plates were washed, and subsequently incubated with ABTS®
Peroxidase substrate (KPL, USA) at room temperature for 30 minutes, and the OD
was measured with a microplate reader (Wallac Victor, Germany) at 405 nm. Negative
control wells were the wells coated with non-gametocyte proteins expressed in the
wheat germ system (e.g. WGE, FT, and GFP) and included in each plate. The OD of
each protein was divided by the OD of the control proteins to provide fold increase of
the reaction as shown by the equation.

. ! . D of plasma A rotein no.1
Fold increase of reaction to protein no.1 B8 Plashg, A Igjprotein no

OD of plasma A to control proteins

The fold increase of each protein was compared between the three groups of

plasma (OIP, ONP and normal plasma) by Kruskall-Wallis H Test.

4.9 Data analysis

Different number of gametocytes and asexual stage parasites between
those co-cultivated with normal plasma and different group of malaria plasma were
analyzed by nonparametric Kruskal-Wallis H Test using GraphPad Prism. Significant

difference was considered when P value < 0.05.
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CHAPTER V
RESULTS

5.1 Gametocytes of P. falciparum strain AMB47

P. falciparum parasites strain AMB47 was isolated from patient in
Thailand since 1997 and had been continuously cultured in vitro both asexual and
sexual stages for several years. Gametocytogenesis could be induced from the asexual
precursor parasites and completed to mature gametocytes (Figure 9), however, the
gametocyte production could be continuously produced for a few months and
declining afterward from 3-4% to less than 0.2% gametocytemia.

Ability of mature gametocyte to further develop in mosquito vector was
examined by exflagellation assay and membrane feeding assay. Mature gametocytes
from this AMBA47 isolate could differentiate to be gamete and infect the mosquitoes.
However, the infection rate was low and unstable and infectivity was not correlated

with gametocytemia or number of exflagellation center.
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Figure 9. Morphology of Plasmodium falciparum, AMBA47, in vitro cultivation from
Giemsa’s stained thin smears. R = Ring, T = Trophozoite, S = Schizont, | = Stage I, |1
= Stage I, 111 = Stage I1l, IV = Stage IV, V(f) = female stage V gametocyte, V(m) =
male stage V gametocyte, Mic = Microgamete, and Mic(r) = releasing microgamete.
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5. 2 Quality of the blood specimens from the field

5.2.1 Infectivity of gametocyte isolates from the malaria patients

Microscopic examination showed that 29 out of the 31 blood samples had
gametocytes (Table 4). The other two blood samples had no gametocyte and were not
infective to mosquitoes. Twelve out of 29 gametocytemic blood samples could infect
mosquitoes and produced 1 to 209 oocysts per mosquito (mean number of oocysts =
45) in the membrane feeding assay. Plasma from these patients were denoted here as
oocyst non-inhibitory plasma (ONP). Seventeen out of 29 gametocytemic blood
samples could not infect mosquitoes, hence no oocyst appeared. Plasma from these

patients were denoted as oocyst inhibitory plasma (OIP).

5.2.2 Natural antibodies to gametocytes of P. falciparum

Antibodies to gametocyte proteins in the plasma were determined by IFA
(Table 4). All 12 plasma from the ONP group had anti-gametocyte antibodies showing
antibody titer range of 1:100 to 1:6400 (Median = 1:400). Sixteen plasma from the
OIP group had lower anti-gametocyte antibodies showing antibody titer range of 1:25
to 1:400 (Median = 1:100). Only 1 plasma in the group did not have anti-gametocyte
antibody. One of the two non-gametocytemic blood samples had anti-gametocyte
antibody titer of 1:25 whereas the other one did not have.
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Table 4 P. falciparum-infected malaria patients from malaria clinic, Maesot, Tak
Province, Thailand.

CaseCode c,)A%VOeorca)(;;set Sex  Age Bod(z/ CE()emp Herr(l(;t)())crit Par;z?zite gam:qti(;cyte Anttiit-gfm
PFMS261 121.0 M 24 37.7 29.0 0.1023 positive 100
PFMS263 37.1 M 16 37.2 28,5 0.3621 positive 100
PFMS308 3.8 M 35 37.8 315 0.0244 positive 6400
PFMS313 0.6 M 30 37.1 48.5 0.2537 positive 400
PFMS314 16.9 M 30 37.2 50.0 0.0745 positive 400
PFMS323 208.6 M 23 39.4 32.0 0.4833 positive 400
PFMS325 3.2 F 17 38.8 35.5 0.1226 positive 100
PFMS328 7.7 M 38 37.4 37.0 0.0190 positive 100
PFMS329 15 M 25 39.2 43.0 0.2946 positive 100
PFMS330 134 M 25 37.1 46.0 0.0806 positive 400
PFMS336 5.8 M 25 37.0 52.0 0.0367 positive 400
PFMS341 120.5 M 33 37.4 39.0 0.0790 positive 1600
PFMS264 0.0 M 27 34.9 39.0 0.0343 positive 25
PFMS271 0.0 M 35 38.8 315 0.3417 positive 25
PFMS310 0.0 M 28 37.8 28,5 0.0969 positive 25
PFMS311 0.0 M 35 37.1 39.0 0.0157 positive 100
PFMS312 0.0 M 25 37.4 46.0 0.2825 positive 100
PFMS315 0.0 M 15 39.7 39.0 0.2397 positive 400
PFMS316 0.0 F 22 37.0 28,5 0.0498 positive 100
PFMS317 0.0 M 21 39.3 250 0.1182 positive 100
PFMS318 0.0 M 18 37.2 48.0 0.0185 positive 25
PFMS319 0.0 M 57 38.3 44.0 0.2831 positive 0
PFMS321 0.0 M 24 37.3 36.0 0.0162 positive 25
PFMS322 0.0 F 17 374 49.0 0.2800 negative 25
PFMS326 0.0 F 38 36.6 36.5 0.2811 positive 100
PFMS327 0.0 M 39 358 44.0 0.0328 positive 100
PFMS337 0.0 F 32 38.2 38.0 0.2181 positive 100
PFMS338 0.0 F 25 395 47.0 0.0000 negative 0
PFMS339 0.0 F 48 37.2 48.0 0.2808 positive 400
PFMS340 0.0 M 26 38.0 54.0 0.1543 positive 0
PFMS342 0.0 M 34 37.8 49.0 0.0888 positive 400




Natda Tonwong Results / 48

5.3 Binding of antibody to live-intraerythrocytic gametocytes

To prove our hypothesis that antibodies to live gametocytes effectively
intervene the development of gametocytes which eventually reduces transmission of
malaria, the live gametocytes were co-cultured with the antisera before the IFA was
performed. Rabbit-anti Pfs230 antibody co-cultured with gametocytes specifically
bound on the surface of live intraerythrocytic gametocytes (Figure 10) without
reaction with asexual stages in the same cultures (data not shown). Moreover, the
antibody bound to stage II, Ill, and IV immature gametocytes (Figure 10a, 10b, and
10c, respectively), and also mature gametocytes (Figure 10d). There was no binding
on uninfected erythrocytes in the culture. Pre-immune rabbit serum did not show any
binding when co-cultured with various developmental stages of gametocytes (Figure
10e, and 10f).
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Figure 10. Indirect immunofluorescence assay of live intraerythrocytic gametocytes of
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Plasmodium falciparum co-cultured with gametocyte-specific rabbit anti-Pfs230
antibody. DIC = morphology of gametocyte under different interface contrast; DAPI =
parasite nuclei shown with DAPI staining; a = stage Il, b = stage Ill, ¢ = stage IV and,
d = mature stage V gametocyte, reacted with anti-Pfs230 immune rabbit serum; e =
stage Il and f = mature stage V gametocyte, reacted with pre-immune rabbit serum;
arrow head = intraerythrocytic gametocyte; arrow = gametocyte-infected erythrocyte

membrane.
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Antibodies in the human malaria plasma bound to all stages of live
intraerythrocytic gametocytes similar to those shown by the rabbit antisera (data not
shown). The antisera of OIP group obviously reacted stronger than that of the ONP
group (Figure 11a, and 11b) as well as schizonts in the infected erythrocytes (data not
shown). The immunoglobulin was not detected in the gametocytes cocultivated with

normal plasma (Figure 11c).
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Figure 11. Indirect immunofluorescence assay of live intraerythrocytic gametocytes of
Plasmodium falciparum co-cultured with human plasma from P. falciparum malaria-
infected patients. a, b, and ¢ = mature stage V gametocytes reacted with oocyst
inhibitory plasma (OIP), oocyst non-inhibitory plasma (ONP), and malaria naive

plasma (N), respectively.
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5.4 Effects of antibodies on gametocyte maturation

Gametocyte maturation was examined in vitro during co-cultivation of
stage | gametocytes with OIP, ONP, or normal plasma. The results showed that 5 out
of 19 (26.3%) OIP group (PFMS310, PFMS311, PFMS312, PFMS321, and PFMS342
from Table 4) reduced number of gametocytes and inhibited gametocyte maturation in
the cultures. Comparing between the three groups, cultures with these five OIP had
significantly lower number of immature and mature gametocytes (stage Il, P = 0.03;
stage Ill, P = 0.03; stage IV, P = 0.01 and mature stage V gametocytes P = 0.01)
(Figure 12a). Moreover, the OIP showed significantly higher (P = 0.004) number of
crisis form of gametocytes than those in the control normal plasma and the ONP
(Figure 12b and Figure 13). In addition, the OIP significantly reduced number of
asexual stage parasites (mean = 0.03%; P = 0.02) when compared with the ONP (mean
= 0.13%) and the normal plasma (mean = 0.88%) (Figure 12c). Number of
gametocytes in the OIP group were also significantly reduced (mean = 0.11%; P =
0.01) when compared with the ONP (mean = 0.51%) and the normal plasma (mean =
1.32%) (Figure 12c).
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Figure 12. The effects of human plasma from malaria patients on maturation of
Plasmodium falciparum gametocytes. Plasma with various activities, (N) malaria
naive plasma (n = 4), ONP (n = 12), or OIP (n = 5), co-cultivated with 7 days old
gametocyte cultures until day 15 and examined by microscopy of Giemsa stained
blood films. The data are shown in (a) mean percentages of gametocytes from stage |
to V, (b) mean percentages of crisis form of gametocytes, and (c) number of asexual
and sexual stage parasites. * indicates significant difference at P < 0.05 by Kruskal-
Wallis H Test, bars = mean percentages of parasites, vertical line = standard error of
the means, inset photos: (a) = stage | to VV gametocyte, (b) various crisis forms of

gametocytes.
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Figure 13. Abnormal morphology of P. falciparum gametocytes observed by Giemsa

stain under light microscope. Shape of normal gametocytes are crescent form,
pigments are well organized and dense in center of the cell (a), whereas abnormal
gametocytes (b-e) have irregular shapes with condensed cytoplasm and dark clumped

pigment.
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5.5 Gametocyte-specific proteins reacted with the human plasma

To identify more target proteins, besides Pfs230, reacted with the human
antisera that inhibited gametocyte maturation, 157 genes encoded gametocyte proteins
were expressed and tested with the plasma from malaria patients. Ninety-one percent
(143 out of the 157 genes) could be transcribed and translated by the wheat germ cell-
free system. The OIP which hamper gametocyte maturation, the ONP which did not
alter gametocyte maturation, and the normal plasma were used to screen with those
synthesized gametocyte proteins. These proteins showed only weak or no reaction

with the human antisera tested (Table 5).
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Table 5 Fold increase of each proteins reacted with human plasma. Means of fold
increase were compared between three groups of plasma; oocyst inhibiotory plasma
(OIP), oocyst non-inhibitory plasma (ONP) and normal plasma (N).

Protein Gene Code MEAN pyalue | Significant?
code (PlasmoDB) OIP (n=5) N (n=4) ONP (n=4) P <0.05?
3 MALS8P1.72 1.3540 1.1510 0.8483 0.1193 No
5 PFE0315c 1.3540 1.1590 0.9765 0.0961 No
7 PFL1020w 1.1640 1.1320 0.9953 0.1843 No
8 PF07_0060 1.1160 1.1340 0.9928 0.2521 No
9 PF14_0039 1.3920 1.1500 1.0280 0.3756 No
11 PF14 0163 1.4330 1.2290 0.9670 0.0961 No
12 PFE0600c 1.3430 1.0900 0.9678 0.2235 No
131 MAL13P1.211 1.2080 1.0160 0.9875 0.2981 No
14 PF11350c 1.1980 0.9470 1.0520 0.4654 No
15 PFL0915c 1.1400 0.9785 0.9895 0.9043 No
16 MAL13P1.106 1.2150 1.0540 1.0430 0.8192 No
17 PFBO0177c 1.2100 1.1910 1.0900 0.5524 No
18 PFL0910c 1.2000 1.0520 1.0310 0.8425 No
19 PF11 0255 1.1990 0.9245 1.0450 0.1325 No
20 PFD0310w 1.2430 0.8828 1.4040 0.0785 No
22 PFC0381c 1.1930 0.9115 1.0560 0.2368 No
24 PFE0200c 1.3490 0.9635 1.0170 0.3787 No
26 PF14_0775 1.1710 1.0640 1.0310 0.7682 No
27 MALG6P1.47 1.1650 1.0320 1.0580 0.8925 No
28 PFL1910c 1.1350 0.9548 1.0180 0.4654 No
29 PF14_0272 1.1710 0.8925 1.0210 0.1276 No
31 PFI10995w 1.1830 0.8710 1.1930 0.1621 No
32 PF10_0258 1.1330 0.9445 1.0250 0.4272 No
33 PFC0416w 1.1270 1.0700 1.0480 0.8925 No
36 PFC0795w 1.2090 1.0810 0.9945 0.3336 No
37 PFCO0176¢c 1.1450 1.0340 1.0450 0.7823 No
38 PFD0910w 1.1980 1.1690 1.0460 0.3027 No
40 PFB0177c 1.1240 1.0820 1.0530 0.7420 No
41 MALS8P1.16 1.1610 1.0410 0.9955 0.5515 No
42 PFI0775w 1.1460 1.0430 0.9980 0.7359 No
43 PF08_0015 1.1820 1.1030 1.2790 0.6009 No
44 MAL13P1.305 1.1880 1.2020 1.0510 0.3914 No
45 MAL13P1.224 1.0950 1.1090 1.0650 0.7420 No
46 PFEO0890c 1.0800 0.9583 1.0180 0.5223 No
48 PFI1225w 1.1060 0.8465 0.9838 0.1661 No
49.1 PFE0680w 1.1160 0.8485 1.0230 0.3027 No
49.2 PFE0680w 1.1000 0.9543 1.0160 0.6251 No
50 PFI1095w 1.1240 1.1230 1.1210 0.9853 No
51 PF10_0069 1.1880 1.0820 1.0070 0.4646 No
52 PF13_0266 1.2010 0.9383 1.0030 0.3787 No
54 PF11_0196 1.1790 0.7898 0.9863 0.1276 No
55 PF07_0031 1.1700 0.8110 0.9840 0.1754 No
56 PFL1015w 1.1860 0.9463 1.1090 0.3756 No
57 PF14_0685 1.2090 1.0670 1.1390 0.7263 No
58 PF11_0325 1.2000 1.1250 1.0720 0.6251 No
59 PFE0650c 1.1500 0.9643 0.9870 0.6901 No
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Table 5 Fold increase of each proteins reacted with human plasma. Means of fold
increase were compared between three groups of plasma; oocyst inhibiotory plasma
(OIP), oocyst non-inhibitory plasma (ONP) and normal plasma (N) (Cont.)

Protein Gene Code MEAN pyalue | Significant?
code (PlasmoDB) OIP (n=5) N (n=4) ONP (n=4) P <0.05?
61 PFF0900c 1.1730 0.8480 0.9968 0.2341 No
62 PFL1095¢c 1.1740 0.8223 1.0290 0.0925 No
64.1 PFE0220w 1.1560 0.9275 1.0020 0.2783 No
64.2 PFE0220w 1.1920 1.0790 1.0440 0.8287 No
65 PF14 0634 1.2110 1.1730 0.9915 0.0785 No
66 PF10_0176 1.1680 1.0590 1.0040 0.3813 No
67 PFF0425w 1.0650 1.1670 1.0260 0.4931 No
68 PF10_0273 1.0610 1.0940 0.9925 0.5579 No
69 PFL2320w 1.0590 1.0440 1.0190 0.8925 No
70 PF10205w 1.1790 1.0340 1.0850 0.6688 No
71 PF10_0185 1.0600 1.1400 1.0470 0.6623 No
72 PF08_0024 1.2650 1.2000 1.2690 0.9671 No
73 PF14 0682 1.0390 1.0730 1.0380 0.7359 No
74.1 PFDO0700c 1.1280 0.9423 0.9828 0.0733 No
74.2 PFDO0700c 1.0250 0.8488 1.0230 0.1621 No
75 PFB0480w 1.0300 0.8135 0.9998 0.0961 No
76 PF10840w 1.0660 0.9353 1.0290 0.4654 No
77 PF14 0735 1.0540 1.0600 1.2570 0.1475 No
78 MAL13P1.340 1.0660 1.0170 1.0280 0.7887 No
79 PFE0530w 1.0520 0.9320 1.0470 0.4654 No
80 MALS8P1.76 1.0490 0.7635 0.9763 0.1135 No
81 PFL0080c 1.1440 0.7513 1.0120 0.0744 No
82 MAL13P1.149 1.0300 0.9010 1.0090 0.3756 No
87 PFL0385¢ 1.0730 1.0490 1.0520 0.7619 No
88 PFA0190c 0.9874 1.0740 1.0220 0.7086 No
89 PF11 0322 0.9884 0.9398 0.9998 0.4654 No
90.1 PF13 0220 1.0170 0.8143 0.9698 0.0948 No
91 PFE0480c 1.0160 0.8090 1.0050 0.0948 No
92 PFF1495w 1.0120 0.9273 1.0510 0.4658 No
93 PF13_0066 1.0280 1.0880 1.0600 0.7887 No
94 PF11380c 1.1130 1.1510 0.9918 0.0865 No
95 PFE1300w 1.0800 1.0700 1.0340 0.6877 No
97.2 MALS8P1.149 1.2720 1.2710 1.0790 0.2521 No
99 PFL1640c 1.2320 1.1880 1.0340 0.4654 No
100 PFL0965¢ 1.2210 1.1730 1.0590 0.5524 No
101 PFD0920w 1.2060 1.2060 1.0570 0.4459 No
102 PF14 0284 1.2180 1.2790 1.1340 0.4931 No
103 PFEO0470w 1.2150 1.4410 1.2240 0.3027 No
104 PF14 0190 1.2510 1.0650 1.0450 0.3369 No
105 PFO7_0096 1.2290 0.9888 1.0070 0.6688 No
107 PFO7_0089 1.2020 0.9263 0.9985 0.3336 No
109 PFC0880c 1.1560 0.9240 1.0020 0.3756 No
111 PF13 0060 1.1730 1.0250 1.0260 0.7887 No
112 PF14 0551 1.1960 1.1520 1.0970 0.9540 No
113 PF11_0431 1.2050 1.0410 1.0070 0.3787 No
114 PFF0975¢ 1.1470 0.9170 1.0010 0.4644 No
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Table 5 Fold increase of each proteins reacted with human plasma. Means of fold
increase were compared between three groups of plasma; oocyst inhibiotory plasma
(OIP), oocyst non-inhibitory plasma (ONP) and normal plasma (N) (Cont.)

Protein Gene Code MEAN pvalue | Significant?
code (PlasmoDB) OIP (n=5) N (n=4) ONP (n=4) P <0.05?
115 PF11 0451 1.1950 0.8115 0.9725 0.0613 No
117 PF10_0088 1.1870 0.8280 1.0130 0.0969 No
118 PFL1030w 1.1470 0.9408 1.0190 0.6504 No
119 PF11 0387 1.2850 1.0960 1.0780 0.7372 No
120 MALB8P1.137 1.0770 1.0580 1.1610 0.5293 No
121 PF11465w 1.0610 0.9555 0.9970 0.2467 No
123 PF14 0684 1.0460 0.8858 0.9430 0.2783 No
124 PFC0895w 1.0140 0.8888 0.9715 0.1798 No
125 PF07_0094 1.0680 0.9660 1.0180 0.1181 No
126 PF13 0103 1.1060 1.1450 1.2120 0.5479 No
127 PF10 0168 1.1150 1.1310 1.2710 0.5223 No
129 PF13_0283 1.0240 1.0740 1.0080 0.3482 No
131 PFDO0405¢ 1.0790 1.2320 1.0130 0.0591 No
132 PF13_0093 1.0360 1.1590 1.0590 0.4272 No
133 PF08_0023 1.0050 1.1490 0.9770 0.1607 No
135 PFL2420w 1.1350 1.1600 0.9950 0.2235 No
138 PF14_0244 1.0540 1.2480* 1.0130 0.0397 Yes
139 PFF1035w 1.0750 1.2920 1.0520 0.0865 No
140 PFB0625w 1.0020 1.1080 1.0130 0.2783 No
141 PFL0655w 1.1260 1.0220 1.4500 0.8084 No
142 PFE1235¢ 0.9916 1.0390 1.0760 0.8425 No
145 PF11_0389 1.0470 1.0760 1.0930 0.9580 No
147.2 PFE0685w 1.0090 1.1000 1.0250 0.4272 No
150.1 PF11345¢ 1.0500 1.2050 1.0650 0.3813 No
152 PFL1880w 1.0450 1.0650 1.1440 0.8260 No
153 PF14_0458 1.0420 1.0030 1.0250 0.5862 No
156 PF14_0491 0.9316 0.9903 0.9730 0.5700 No
158 PF14_0283 1.0330 1.0180 1.6550 0.3756 No
161 MALS8P1.141 0.9182 1.0460 1.0420 0.8425 No
166 PFL0510c 1.1210 1.1330 1.8070 0.2368 No
169 PF13_0314 1.1900 1.0760 1.3960 0.1607 No
171 MALS8P1.12 0.9980 0.9815 1.0210 0.8192 No
173 PFLO755¢ 0.9896 0.9935 1.2120 0.6544 No
174 PFC0260w 0.9892 0.9840 1.0720 0.8260 No
175 PF10_0046 1.0680 0.9900 1.0240 0.4834 No
176 PF14_0683 1.0780 1.0700 1.0450 0.9853 No
179 PFI10665w 1.0410 1.0960 1.0070 0.0892 No
181 PF14_0067 1.0330 1.0470 1.0020 0.5229 No
183 PFF1065c 1.1230 1.0670 1.0290 0.5037 No
188 PF10185w 1.0730 1.0280 1.0250 0.5336 No
192 PF14_0532 1.1300 1.0110 1.0390 0.6688 No
13.2 MAL13P1.211 1.0950 1.0270 1.0570 0.2001 No
23 PF14_0500 1.1890 1.1020 1.0760 0.8969 No
25 PF14_0235 1.0900 1.1560 1.0680 0.4931 No
35 PFLO700w 1.0960 0.9938 1.1450 0.2934 No
47.1 MAL13P1.85 1.0660 0.9770 1.0240 0.4046 No
47.2 MAL13P1.85 1.0510 0.9855 1.0260 0.4955 No
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Table 5 Fold increase of each proteins reacted with human plasma. Means of fold
increase were compared between three groups of plasma; oocyst inhibiotory plasma
(OIP), oocyst non-inhibitory plasma (ONP) and normal plasma (N) (Cont.)

Protein Gene Code MEAN pvalue | Significant?
code (PlasmoDB) OIP (n=5) N (n=4) ONP (n=4) P <0.05?
53 PFE1540w 1.0190 1.0220 1.0210 0.8287 No
83 PF08_0077 0.9746 1.0490 1.0180 0.6504 No
90.2 PF13 0220 1.0240 1.1160 1.1570 0.8889 No
96 PF10 0365 1.1000 0.9910 1.0270 0.3207 No
128 PFL1265c 1.0590 0.9673 1.0930 0.2934 No
134.1 PFL0325w 1.0520 0.9308 1.0230 0.2783 No
134.2 PFL0325w 1.0720 0.9290 1.0040 0.3431 No
144 PF11635w 1.0400 1.0360 1.0320 0.9424 No
147.1 PFE0685w 1.0570 1.0980 1.0410 0.7359 No
150.2 PF11345¢ 1.1230 1.0340 1.0010 0.5862 No
154 PF14 0672 1.0030 1.0110 0.9973 0.7887 No
160 PF10_0369 1.0930 0.9688 1.0670 0.7086 No
162 PF10_0190 1.0160 0.9770 1.0230 0.6901 No
165 MAL7P1.35 1.0040 1.0320 1.0160 0.9424 No
167 PF08_0017 1.0320 1.0470 1.0120 0.6251 No
178 PF11315¢ 1.0440 1.0100 1.0300 0.3215 No
184 PF13_0298 1.0300 1.0090 1.0290 0.8750 No
185 PF11_0456 1.0090 0.9940 0.9835 0.4945 No
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CHAPTER VI
DISCUSSION

The notable observation that people in high malaria endemicity have
higher rate of gametocytemia than that of people in the low endemicity remains to be
elucidated. Natural antibodies against P. falciparum gametocytes may be one of the
factors influenced this phenomenon. This study aimed to investigate the effects of
such antibodies on gametocyte development. Thailand is considered a low
transmission area where gametocytemic and non-gametocytemic patients elicited
natural antibodies against immature and mature gametocytes. The recent notion that
immunity to sexual stages is short-lived and requires recent exposure to the
gametocyte antigens supports the association of anti-gametocyte antibody and
gametocytemia [61, 94]. The possibilities that intraerythrocytic gametocytes elicited
antibody could be: i) gametocyte-infected erythrocytes are taken up by phagocytes
[95] which eventually activate cell-mediated immunity resulting in antibody
production, and ii) intraeythrocytic gametocytes produce and release exoantigens [96]
in the blood circulation hence induce the host immune responses.

Here we showed the oocyst positivity was correlated with the presence of
anti-gametocyte antibodies indicating that the anti-gametocyte antibodies did not
prohibit the fertilization process in the midgut. On the other hand, in term of TRA, the
anti-gametocyte antibodies might reduce fertilizatiion/oocyst production by affecting
maturation of the young gametocytes. As shown here for the first time that the
antibodies permeated the gametocyte-infected erythrocytes and reacted with as early
as stage Il of intraerythrocytic gametocytes. This may be as simple as passive
diffusion or maybe due to the previously described parasite-modified transportation
network [97].

Observation from the in vitro gametocyte co-cultivations suggested that
gametocyte-specific antibodies in the oocyst inhibitory plasma may reduce
gametocytogenesis therefore reducing the number of stage 11 gametocytes in this study.
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On contrary, the oocyst non-inhibitory plasma did not show such effects. These
observations reccommended the co-cultivation assay as a pretest to estimate the
transmission inhibitory activity to be used in the laboratories lacking of Anopheles
insectary. Although, blocking of gametocytogenesis should be properly evaluated
from the number of stage | gametocytes. However, it was our limitation that this could
not be performed since the antisera was tested when stage | gametocytes appeared in
the cultures. In addition, asexual stage parasites were also affected during co-
cultivation with the oocyst inhibitory plasma. It is conceivable that antibodies to
asexual stages regulate development of sexual stage parasites which consequently
reduce gametocytemia [28, 29]. Moreover, other circulating plasma components such
as complement-dependent tumor necrosis factor (TNF) and interferon-y (IFN-y) have
been shown to Kill blood stage parasites in monkey malaria [98] or human malaria, P.
vivax and P. falciparum [66, 67].

Due to the absence of autologous antimalarial plasma involved in the
blood feeding assay using the gametocytes from patients’ blood, negativity of
mosquito infection could be explained by two reasons. Firstly, defect in gametocyte
might occur before the membrane feeding assay. Base on the binding of antibodies to
developing intraerythrocytic gametocyte resulting in oocyst inhibition. Secondly,
innate immune system of Anopheles vectors by encapsulation and melanization of
Plasmodium ookinetes resulting in inhibition of oocyst development [75]. In this case,
we concluded that oocyst inhibition was the result of defect in gametocytes due to the
fact that the mosquitoes in this assay were from the same batch. Together with the
results from maturation inhibition assay suggested the possibility that anti-gametocyte
antibodies could destruct the immature gametocytes residing in the human host during
the long maturation process. To investigate the specific gametocyte antigens which are
targets for these antibodies, 157 gametocyte specific proteins were screened by ELISA,
but none of the proteins showed substantial reaction with the human antisera tested.
Due to more than 300 proteins were exclusively expressed on gametocyte, larger
number of protein screening or including of another half of gametocyte-specific
proteins may provide target proteins for the inhibitory antibodies in this study.
However, in lieu of the strong reaction that antibodies in the oocyst inhibitory human
plasma permeated and reacted with the intraerythrocytic gametocytes similarly to that
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of the rabbit anti-Pfs230 antibody, we assumed that one of the target proteins of the
human antisera was Pfs230 which might be accounted for the inhibitory activities on
gametocytes in this study. Knowledge on gametocyte proteins leading transmission
blocking activity remains to be further elucidated. A large number of gametocyte
antigens being characterized by the natural anti-malaria antibodies will provide helpful

information towards a better development of transmission blocking vaccines.
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CHAPTER VII
CONCLUSION

Anti-gametocyte antibodies were elicited during natural malaria infection.
These antibodies could intervene gametocyte development by reducing stage Il to V
gametocyte in vitro, distort mature gametocyte morphology, and subsequently inhibit
gametogenesis. The inhibitory antibodies permeated to and interacted with developing
intraerythrocytic gametocytes, hampered their maturation led to unhealthy and
insufficient gametocytes to infect the mosquito vectors. However, to investigate the
specific gametocyte antigens which are targets for these antibodies, 157 gametocyte
specific proteins were screened by ELISA, but none of the proteins showed substantial
reaction with the human antisera tested. Knowledge on gametocyte proteins leading
transmission blocking activity remains to be further elucidated. A large number of
gametocyte antigens being characterized by the natural anti-malaria antibodies will
provide helpful information towards a better development of transmission blocking

vaccines.
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APPENDIX A
CULTURE MEDIUM AND REAGENTS

1. Culture medium

1X RPMI 1640 (ICM)
RPMI 1640 powder medium 10.42 g/l consisted of

Salts:
Ca(HCO3),04H,0 100 mg
KCI 400 mg
MgSO, (anhydrous) 48.84 mg
NaCl 6 g
Na,HPO, (anhydrous) 800 mg
Other components:
D-Glucose 2 g
Glutathione 1 mg
Phenol red 5 mg
Essential amino acids, vitamin and traces elements
HEPES 5.96 g
(N-2-Hydroxyethylpiperazine-n-2 ethaesulphonic acid)
NaHCO3 2 g
D-glucose 1.8 g
Gentamicin 40 mg
Distilled water 975 ml

Sterile by 0.45 um membrane filtration and store at 4°C (must be used in 1

month)

RPMI 1640 + Hypoxanthine
RPMI 1640 powder medium 10.42 g/l
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HEPES 5.94 g
Hypoxanthine (6-Hydroxypurine) 0.05 g
NaHCO3 2 g
Gentamicin 40 mg
Distilled water 975 ml

Sterile by 0.45 um membrane filtration and store at 4°C (must be used in 1

month)
Malaria medium culture (MCM) for P. falciparum
1X RPMI 1640 medium 90 ml
Human serum 10 ml
Store at 4°C and must be used in 1 week

2. Reagents
5% D-Sorbital
D-Sorbitol 5 g
Distilled water 100 ml

Sterile by autoclave at 121°C 15 psi 15 minutes and store at 4°C

12% NaCl
NacCl 12 g
Distilled water 100 ml

Sterile by autoclave at 121°C 15 psi 15 minutes and store at 4°C

1.6% NacCl
NacCl 1.6 g
Distilled water 100 ml

Sterile by autoclave at 121°C 15 psi 15 minutes and store at 4°C

0.9% NacCl
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0.9 g
100 ml

Sterile by autoclave at 121°C 15 psi 15 minutes and store at 4°C

3. Reagents for Percoll

60% Percoll
Percoll

10X RPMI 1640
1X RPMI 1640

47% Percoll
Percoll

10X RPMI 1640
1X RPMI 1640

30% Percoll
Percoll

10X RPMI 1640
1X RPMI 1640

10X RPMI 1640
RPMI 1640 powder
Phenol red

HEPES

(N-2-Hydroxyethylpiperazine-n-2 ethaesulphonic acid

NaHCO3
D-glucose
Gentamicin

Distilled water

Sterile by 0.45 um membrane filtration and kept at 4°C

60.00 ml
6.67 ml
33.33 ml
47.00 ml
5.22 ml
47.78 ml
30.00 ml
3.33 ml
66.67 ml
10.42 g/l
5} mg
5.96 g
2 g
1.8 g
40 mg
100 ml
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4. Reagents for IFA
Blocking buffer (5% skim milk)
Skim milk powder 5 g
Distilled water 100 ml

Mix well and store at -20°C until use.

1X PBS
10X PBS (see 2.7.1) 100 ml
Distilled water 900 ml

5. Reagents for ELISA
10X PBS, pH 7.4

NaCl 80 g
KH,PO, (or NaH,PO, 39 g) 2 g
Na,HPO, 11.5 g
KCI 2 g
Distilled water 1 L
Adjust to pH 7.4 by NaOH or HCI and store at 4°C

Blocking buffer (0.5% boiled Casein)

Casein 5 g
0.1 N NaOH 100 ml
Thimerozol or mercaptoethanol 0.1 g
Phenol red 0.02 g
1X PBS 900 ml
Tween-20 1 ml

Boiling Casein in 1X PBS until the casein was melted and then slowly add
1X PBS until warm, adjust to pH 7.4 by HCI and add thimerozol or mercaptoethanol

and phenol red. Tween-20 was added at final step.
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Washing buffer (PBS-T)
1X PBS (pH 7.4) 1 L
Tween-20 0.5 ml

6. Preparation of normal human red blood cells

Blood type O Human red blood cells were collected from regular healthy
donor wusing heparin (Heparin Leo, Leo pharmaceutical products, Denmark)
anticoagulant. The blood was centrifuged 2500 rpm 10 minutes at 4°C. Plasma and
buffy coat were removed. The blood was washed 3 times with ICM, and then re-
suspended to 50% hematocrit with MCM and store at 4°C. The washed blood cells

must be used within 2 weeks.

7. Preparation of normal human serum

Blood type A, B, AB or O healthy donors was collected and transferred to
sterile glass bottle, allowed to clot at room temperature for 3-4 hours and kept at 4°C
overnight. The individual supernatant was transferred to 50 ml tubes and centrifuged
2500 rpm 10 minutes at 4°C. The same blood type of serum was pooled and then

aliquot to 50 ml tube and stored at -20°C until used.
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Malaria: New Approaches to Understanding Host-

Parasite Interactions (F1)

Organizer(s): Patrick E. Duffy and Jean Langhorne
April 11 - 16, 2010
Copper Mountain Resort - Copper Mountain, Colorado

Plasmodium falciparum: Natural infection induces inhibitory antibodies to gametocyte development in human
hosts

Natda Tonwong™®, Jetsumon Sattabongkot®, Jeeraphat Sirichaisinthop®,
Hideyuki Iriko®™, Satoru Takeo®, Takafumi Tsuboi®, Yaeta Endo®
and Rachanee Udomsangpetch ab

2 Department of Pathobiology, Faculty of Science, Mahidol University, Bangkok 10400, Thailand. bDepartment of Parasitology, Faculty
of Medical Technology, Mahidol University, Bangkok 10700, Thailand. ¢ Department of Entomology, Armed Forces Research Institute
of Medical Sciences, Bangkok 10400, Thailand. ® Vector Borne Disease Training Center, Pra Budhabat, Saraburi 18120, Thailand. ©
Cell-free Science and Technology Research Center, Ehime University, Matsuyama, Ehime 790-8577, Japan. = Division of Medical
Zoology, Department of Microbiology and Immunology, Faculty of Medicine, Tottori University, Yonago, Tottori 683-8503, Japan.

Gametocyte antigens of Plasmodium falciparum can induce immunity to sexual stages in patients from which
further inhibits fertilization of gametes, and consequently oocyst production in the mosquito midgut. Here, we
determined naturally-induced antibodies from malaria patients in Thailand and characterized gametocyte proteins
which are targets of the inhibitory antibodies. Sixty-one percent of P. falciparum-infected blood fed to female
Anopheles mosquitoes showed no oocyst production. Twenty-six percent of these oocyst inhibitory plasma distorted
morphology and hampered maturity of the gametocytes. The plasma also reduced gametogenesis of P. falciparum
gametocytes. A possible mechanism of the inhibitory activity was shown by binding of the plasma antibodies to the
intraerythrocytic gametocytes during co-cultivation period. Twenty gametocyte proteins expressed by the wheat germ
cell-free expression system were identified by the inhibitory plasma. However, further characterization of these
proteins as well as their function may provide helpful information to the development of transmission blocking
vaccines.

This work was supported by the Royal Golden Jubilee PhD program, Thailand Research Fund (5TMU45H1).
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Abstract

Gametocyte antigens of Plasmodium falciparum can induce immunity in
patients from which further inhibits fertilization of gametes, and consequently oocyst
production in the mosquito midgut. Here, we determined naturally-induced antibodies
from malaria patients in Thailand and clarified effect of the antibodies on gametocyte
development. Sixty-one percent of P. falciparum-infected blood fed to female
Anopheles mosquitoes showed no oocyst production. Twenty-six percent of these
oocyst inhibitory plasma distorted morphology and hampered maturity of the
gametocytes. A possible mechanism of the gametocyte inhibitory activity was shown
by binding of the plasma antibodies to the live immature intraerythrocytic gametocytes
during co-cultivation period. One hundred fifty-seven proteins specific to gametocyte
stages were explored to find the targets of these antisera reacted with live gametocytes,
but no additional immunogenic protein was detected. Therefore, the alternative
development of transmission blocking vaccine in the high transmission area should
focus on the identification of more gametocyte antigens inducing inhibitory antibodies

to reduce gametocytemia.

Keywords : Malaria; Plasmodium falciparum; gametocytes; transmission blocking

vaccine
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1. Introduction

Gametocytes, sexual stages of Plasmodium parasite are crucial to transmission
of malaria from human to Anopheles mosquitoes from which transmit thereafter to
other human hosts. Blocking of gametocyte development in human or gamete
fertilization in mosquito vectors will prohibit spreading of malaria disease.
Transmission blocking vaccine (TBV) is based on the proteins of the gametocytes and
mosquito stages (Saul, 2007). Gametocyte antigens reported to date as TBV
candidates, Pfs230 (Williamson et al., 1995) and Pfs48/45 (Outchkourov et al., 2008),
are expressed at gametocyte and gamete stages. These antigens can induce antibodies
during natural infection. The antibodies to Pfs230 (Healer et al., 1999) and to Pfs48/45
(Roeffen et al., 1996) in malaria infected patients are shown to have transmission
reducing activity (TRA).

Most studies focus on TRA of the antibodies which play roles in the mosquito
midgut (Gouagna et al., 2004). TRA inhibiting gametocyte development could be
considered as an alternative strategy for transmission blocking vaccine development.
In this study, we determined antibodies to the gametocytes in P. falciparum malaria
infected human, an effort to identify target proteins of the antibodies, and the effects of
antibodies on maturation of the gametocytes. In addition, this study verified the
possible mechanism mediated an intervention across a wider range of gametocyte

development leading to eradication of malaria transmission.

2. Materials and methods

2.1 Gametocyte culture and gametocyte enrichment
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The P. falciparum strain AMBA47 isolated in Thailand was maintained under in
vitro culture conditions as described by Trager and Jensen (Trager and Jensen, 1976).
AMBA47 continuously produced gametocytes in in vitro culture upon inducing as
described by Ifediba and Vanderberg (Ifediba and Vanderberg, 1981). Briefly,
schizont predominating culture was diluted to 0.2% parasitemia and 5% hematocrit
using O-positive erythrocytes in RPMI 1640 medium (Gibco) supplemented with 25
mM HEPES (Sigma), 0.36 mM Hypoxanthine (Sigma), 40 ng/ml gentamicin (Gibco)
and 10% non-inactivated human serum. The medium was changed daily without
adding fresh erythrocytes. Gametocytogenesis appeared in one week, and after 2
weeks mature gametocytes were examined using Giemsa’s stained blood smear and
microscopy. Enrichment of gametocytes was performed by gradient centrifugation on
47% Percoll at 30°C, 1500 g for 15 minutes.

2.2 Blood samples

2.2.1 Parasite collection

P. falciparum-infected blood was collected in heparinized tube from malaria
patients (n=31) at Malaria Clinic, Mae Sot, Tak province. The infected blood was
individually fed to anopheles mosquitoes by replacing the plasma with normal AB
serum as described previously (Sattabongkot et al., 2003). A week post feeding, oocyst
production was evaluated for infectivity of the gametocytemic blood. All participants
gave informed consent according to the approved protocol of the Institutional Ethics
Committee of the Thai Ministry of Public Health, and the Human Subjects Research
Review Board of the United States Army.

2.2.2 Plasma collection
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Plasma was collected from the patients (n = 31) in 2.2.1 and plasma from
healthy donors living in non-malaria area was used as a control (n = 10). All the
plasma samples were heat-inactivated at 56°C for 30 minutes before used.

2.3 Detection of anti-gametocyte antibodies

2.3.1 Antibody binding on air-dried gametocytes

The anti-gametocyte antibodies in the plasma samples were determined by
immunofluorescence assay (IFA). Acetone-fixed gametocytes on glass slides were
blocked with 5% skim milk and incubated with plasma from the P. falciparum-
infected donors diluted 4-fold in PBS (1:25 to 1:25600). The anti-malaria antibodies
bound on the gametocytes were detected by FITC-conjugated rabbit anti-human IgG
antibody (1:200) (DAKO, Denmark). The stained slides were then examined with a
UV-light microscope. Each incubation step was performed at 37°C for 1 hour.

2.3.2 Antibody binding to live gametocytes

P. falciparum antigen of 360 kDa as designated by Pfs230 (Williamson et al.,
1995) was used to immunize rabbit to produce rabbit anti-Pfs230 antibody.
Gametocyte cultures on days 9 and 14 were co-cultivated with the rabbit antisera
reacted with at 1:100 final dilution at 37°C for 24 hours, and then harvested. The red
blood cells (RBCs) from the cultures were washed twice with 10 ml PBS. The RBC
pellets were resuspended as 4% hematocrit, and 1 ul was spotted on each well of the
multi-well slides, quickly dried and stored at -80°C. For antibody staining, the multi-
well slides were dried and fixed with cold acetone for 10 minutes, and then blocked by
incubating with 5% skim milk at 37°C for 1 hour. The blocking buffer was removed
and the slides were incubated for 30 minutes with 1:500 diluted Alexa Flour 488 goat

anti-rabbit 19G (H+L) (Alexa, Molecular Probes) and 1:1000 diluted DAPI. The slides
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were washed and mounted with anti-fade (Prolong Gold, Invitrogen) and examined
under a confocol fluorescence microscope (LSM5 PASCAL; Carl Zeiss
Microlmaging, Thornwood, NY).

Co-cultivation of gametocytes with the patient plasma or the healthy donor
plasma at final dilution 1:25 was performed as described above. The antibodies bound
on live gametocytes were detected using only one step staining with FITC-conjugated
rabbit anti-human 1gG antibodies (1:200) (DAKO, Denmark), and examined with a
UV-light microscope.

2.4 Inhibition of gametocyte maturation

Seven day old gametocyte cultures were co-cultivated with the patient plasma
or the healthy donor plasma (10% final concentration). The cultures were prepared in
duplicate on two independent occasions. The cultures were maintained by changing
the same patient plasma containing medium daily until day 15. Thin smears were
made on days 15, and stained with Giemsa’s for microscopic examination.
Parasitemias were determined and 400 gametocytes were counted differentially into
stage | to stage V. The results were expressed as percentages of various stages. The
number of gametocytes with abnormal morphology was recorded. Numbers of stage |
to V gametocytes were statistically compared between the cultures using the malaria
patient plasma and the normal plasma.

2.5 Characterization of gametocyte-specific proteins

One hundred fifty-seven gametocyte genes specifically or highly expressed in
gametocyte stage (Le Roch et al., 2003) were cloned and kindly provided by Dr.
Hideyuki Iriko. To produce gametocyte specific proteins, small scale transcription and

translation was performed in bi-layer wheat germ cell-free expression system as
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described by Tsuboi et al. (2008). The synthesized proteins were used in enzyme-
linked immunosorbent assay (ELISA) for screening with oocyst inhibitory plasma
(OIP), oocyst non-inhibitory plasma (ONP), and normal plasma. Briefly, each of the
157 gametocyte specific proteins produced by the wheat germ system was diluted 1:50
in 1x PBS, pH 7.4, coated in duplicate wells of the ELISA plate (Maxi, NUNC), and
incubated at 4°C overnight. The plates were blocked with 0.5% boiled Casein in PBS-
Tween (PBS-T). This was followed by the addition of 1:100 dilution of patient plasma
or normal plasma in PBS-T and incubated for 1 hour at 37°C. The reaction was
detected with 1:2000 dilution of Polyclonal rabbit anti-human 1gG/HRP (Dako) and
incubated for 1 hour at 37°C. The plates were washed, and subsequently incubated
with ABTS® Peroxidase substrate (KPL, USA) at room temperature for 30 minutes,
and optical density (OD) was measured with a microplate reader (Wallac Victor,
Germany) at 405 nm. Negative control wells were the wells coated with non-
gametocyte proteins expressed in the wheat germ system (e.g. WGE, FT, and GFP)
and included in each plate. The OD of each protein was divided by the OD of the
control proteins to provide fold increase of the reaction. The fold increase of each
protein was compared between the three groups of plasma (OIP, ONP and normal
plasma) by Kruskall-Wallis H Test.
2.6 Data analysis

Different number of gametocytes and asexual stage parasites between those co-
cultivated with normal plasma and different group of malaria plasma were analyzed by
nonparametric Kruskal-Wallis H Test using GraphPad Prism. Significant difference

was considered when P value < 0.05.
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3. Results

3.1 Quiality of blood specimens
Microscopic examination showed that 29 out of the 31 blood samples had
gametocytes. The other two blood samples had no gametocyte and were not infective
to mosquitoes. Twelve out of 29 gametocytemic blood samples could infect
mosquitoes and produced 1 to 209 oocysts per mosquito (mean number of oocysts =
45) in the membrane feeding assay. Plasma from these patients were denoted here as
ONP. On the other hand, 17 out of 29 gametocytemic blood samples could not infect
mosquitoes, hence no oocyst appeared and plasma from these patients were denoted
as OIP.
3.2 Natural antibodies to gametocytes of P. falciparum
All 12 plasma from the ONP group had anti-gametocyte antibodies showing
antibody titer range of 1:100 to 1:6400 (Median = 1:400). Sixteen plasma from the
OIP group had lower anti-gametocyte antibodies showing antibody titer range of 1:25
to 1:400 (Median = 1:100). Only 1 plasma in the group did not have anti-gametocyte
antibody. One of the two non-gametocytemic blood samples had anti-gametocyte
antibody titer of 1:25 whereas the other one did not have.
3.3 Binding of antibodies to live-intraerythrocytic gametocytes
To prove our hypothesis that antibodies to live gametocytes effectively
intervene in the development of gametocytes which eventually reduces transmission of
malaria, the live gametocytes were co-cultured with the antisera before the IFA was
performed. Rabbit-anti Pfs230 antibody co-cultured with gametocytes specifically
bound on the surface of live intraerythrocytic gametocytes (Fig. 1) without reaction

with asexual stages in the same cultures (data not shown). Moreover, the antibody
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bound to stage 11, 111, and IV immature gametocytes (Fig. 1 a, b, and c, respectively),
and also mature gametocytes (Fig. 1 d). There was no binding on uninfected
erythrocytes in the culture. Pre-immune rabbit serum did not show any binding when
co-cultured with various developmental stages of gametocytes (Fig. 1 e and f).

Antibodies in the human malaria plasma bound to all stages of live
intraerythrocytic gametocytes similar to those shown by the rabbit antisera (data not
shown). The antisera of OIP group obviously reacted stronger than that of the ONP
group (Fig. 2 a and b) as well as schizonts in the infected erythrocytes (data not
shown). The immunoglobulin was not detected in the gametocytes cocultivated with
normal plasma (Fig. 2 c).

3.4 Effects of antibodies on gametocyte maturation

Gametocyte maturation was examined in vitro during co-cultivation of stage |
gametocytes with OIP, ONP, or normal plasma. The results showed that 5 out of 19
(26.3%) OIP reduced number of gametocytes and inhibited gametocyte maturation in
the cultures. Comparing between the three groups, cultures with these five OIP had
significantly lower number of immature and mature gametocytes (stage Il, P = 0.03;
stage I, P = 0.03; stage IV, P = 0.01; and stage V gametocytes, P = 0.01) (Fig. 3 a).
Moreover, the OIP showed significantly higher (P = 0.004) number of crisis form of
gametocytes than those in the control normal plasma and the ONP (Fig. 3 b). In
addition, the OIP significantly reduced number of asexual stage parasites (mean =
0.03%; P = 0.02) when compared with the ONP (mean = 0.13%) and the normal
plasma (mean = 0.88%) (Fig. 3 ¢). Number of gametocytes in the OIP group were also
significantly reduced (mean = 0.11%; P = 0.01) when compared with the ONP (mean

= 0.51%) and the normal plasma (mean = 1.32%) (Fig. 3 c).
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3.5 Screening of gametocyte-specific proteins with human antisera to
gametocytes

To identify more target proteins, besides Pfs230, reacted with the human

antisera that inhibited gametocyte maturation, 157 genes encoded gametocyte proteins

were expressed and tested with the plasma from malaria patients. Ninety-one percent

(143 out of the 157 genes) could be transcribed and translated by the wheat germ cell-

free system. However, these proteins showed only weak or no reaction with the human

antisera tested.

4. Discussion

The notable observation that people in high malaria endemicity have higher
rate of gametocytemia than that of people in the low endemicity remains to be
elucidated. Natural antibodies against P. falciparum gametocytes may be one of the
factors influenced this phenomenon. This study aimed to investigate the effects of
such antibodies on gametocyte development. Thailand is considered a low
transmission area where gametocytemic and non-gametocytemic patients elicited
natural antibodies against immature and mature gametocytes. The recent notion that
immunity to sexual stages is short-lived and requires recent exposure to the
gametocyte antigens supports the association of anti-gametocyte antibody and
gametocytemia (Bousema et al., 2007). The possibilities that intraerythrocytic
gametocytes elicited antibody could be: i) gametocyte-infected erythrocytes are taken
up by phagocytes (Smith et al.,, 2003) which eventually activate cell-mediated

immunity resulting in antibody production, and ii) intraeythrocytic gametocytes
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produce and release exoantigens (Ramsey et al., 2002) in the blood circulation hence
induce the host immune responses.

Here we showed the oocyst positivity was correlated with the presence of
anti-gametocyte antibodies indicating that the anti-gametocyte antibodies did not
prohibit the fertilization process in the midgut. On the other hand, in term of TRA, the
anti-gametocyte antibodies might reduce fertilizatiion/oocyst production by affecting
maturation of the young gametocytes. As shown here for the first time that the
antibodies permeated the gametocyte-infected erythrocytes and reacted with as early
as stage Il of intraerythrocytic gametocytes. This may be as simple as passive
diffusion or maybe due to the previously described parasite-modified transportation
network (Pouvelle et al., 1991).

Observation from the in vitro gametocyte co-cultivations suggested that
gametocyte-specific antibodies in the OIP may reduce gametocytogenesis therefore
reducing the number of stage Il gametocytes in this study. On contrary, the ONP did
not show such effects. These observations reccommended the co-cultivation assay as a
pretest to estimate the transmission inhibitory activity to be used in the laboratories
lacking of Anopheles insectary. Although, blocking of gametocytogenesis should be
properly evaluated from the number of stage | gametocytes. However, it was our
limitation that this could not be performed since the antisera was tested when stage |
gametocytes appeared in the cultures. In addition, asexual stage parasites were also
affected during co-cultivation with the OIP. It is conceivable that antibodies to asexual
stages regulate development of sexual stage parasites which consequently reduce
gametocytemia (Hayward et al., 1999). Moreover, other circulating plasma

components such as complement-dependent tumor necrosis factor (TNF) and
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interferon-y (IFN-y) have been shown to kill blood stage parasites in monkey malaria
(Naotunne et al., 1991) or human malaria, P. vivax and P. falciparum, (Karunaweera
etal., 1992; Naotunne et al., 1993).

Due to the absence of autologous antimalarial plasma involved in the blood
feeding assay using the gametocytes from patients’ blood, negativity of mosquito
infection could be explained by two reasons. Firstly, defect in gametocytes might
occur before the membrane feeding assay. Base on the binding of antibodies to
developing intraerythrocytic gametocytes resulting in oocyst inhibition. Secondly,
innate immune system of Anopheles vectors by encapsulation and melanization of
Plasmodium ookinetes resulting in inhibition of oocyst development (Blandin et al.,
2004). In this case, we concluded that oocyst inhibition was the result of defect in
gametocytes due to the fact that the mosquitoes in this assay were from the same batch.
Together with the results from maturation inhibition assay suggested the possibility
that anti-gametocyte antibodies could destroy the immature gametocytes residing in
the human host during the long maturation process. To investigate the specific
gametocyte antigens which are targets for these antibodies, 157 gametocyte specific
proteins were screened by ELISA, but none of the proteins showed substantial reaction
with the human antisera tested. Antibodies of the OIP group permeated and reacted
strongly with the intraerythrocytic gametocytes similar to that of the rabbit anti-Pfs230
antibody. Therefore it is conceivable that one of the target proteins of the human
antisera was Pfs230 which might be accounted for the inhibitory activities on
gametocytes in this study. Knowledge on gametocyte proteins leading transmission

blocking activity remains to be further elucidated. A large number of gametocyte
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antigens being characterized by the natural anti-malaria antibodies will provide helpful

information towards a better development of transmission blocking vaccines.
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Figure legends

Figure 1. Indirect immunofluorescence assay of live intraerythrocytic gametocytes of
Plasmodium falciparum co-cultured with gametocyte-specific rabbit anti-Pfs230
antibody. DIC = morphology of gametocyte under different interface contrast; DAPI =
parasite nuclei shown with DAPI staining; a = stage Il, b = stage Ill, ¢ = stage IV and,
d = mature stage V gametocyte, reacted with anti-Pfs230 immune rabbit serum; e =
stage Il and f = mature stage V gametocyte, reacted with pre immune rabbit serum;
arrow head = intraerythrocytic gametocyte; arrow = gametocyte-infected erythrocyte
membrane.

Figure 2. Indirect immunofluorescence assay of live intraerythrocytic gametocytes of
Plasmodium falciparum co-cultured with human plasma from P. falciparum malaria-
infected patients. a, b and ¢ = mature stage V gametocytes reacted with oocyst
inhibitory plasma (OIP), oocyst non-inhibitory plasma (ONP), and malaria naive
plasma (N), respectively.

Figure 3. The effects of human plasma from malaria patients on maturation of
Plasmodium falciparum gametocytes. Plasma with various activities, (N) malaria
naive plasma (n = 4), ONP (n = 12), or OIP (n = 5), co-cultivated with 7 days old
gametocyte cultures until day 15 and examined by microscopy of Giemsa stained
blood films. The data are shown in (a) mean percentages gametocytes from stage | to
V, (b) mean percentages of crisis form of gametocytes, and (c) number of asexual and
sexual stage parasites. * indicates significant difference at P < 0.05 by Kruskal-Wallis
H Test, bars = mean percentages of parasites, vertical line = standard error of the
means, inset photos: (a) = stage | to V gametocyte, (b) various crisis forms of

gametocytes.
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Figure 2
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