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Fig. 4. P/RON3 is expressed at the apical end of Plasmodium merozoites. Schizont and merozoite stage parasites were dual-labeled with antisera against PfRON3_2 and either PRAP1
(rhoptry body marker), RRON2 (rhoptry neck marker), J/AMAT (microneme marker), or PRESA (dense granule marker). Nuclei are visualized with DAPI in merged images shown in

the right panels. Bars represent 5 pm.

localization of P/RON3 and the timing of the novel complex formation
during the merozoite invasion process. Hence, the role of P/RON3 and
the novel complex in formation of the moving junction and the
merozoite invasion process could not be elucidated. 1t will be
interesting to undertake further experiments to shed light on the
localization and function of PARON3 and the novel complex during
merozoite invasion.

In summary, our results show that P/RON3 is a rhoptry body
protein, not a rhoptry neck protein, and that it interacts with P/RON2
and PRON4, but not with PfAMA1. These results suggest that PRON3
partakes in the novel PRRON complex formation (PRRONZ, 3, and 4),
but not in formation of the moving junction complex (PfRON2, 4, 5,

and PfAMA1). The novel PfRON complex, as well as the moving
junction complex, might play a fundamental role in erythrocyte
invasion by merozoite stage parasites.
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Fig. 5. Rhoptry body localization of PfRON3 by immunoelectron microscopy.
Longitudinally sectioned merozoites in mature schizonts were labeled with rabbit
anti-PARON3_2 antibodies followed by secondary antibody conjugated with gold
particles. The image shows that the gold particle signals were restricted to the
merozoite rthoptry body. Bar represents 500 nm,
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Fig. 7. PfRON3 is not involved in the RON-AMA1 complex. Triton X-100 extracts of
schizont-rich parasite (FfTx extract) were immunoprecipitated (IP) with rabbit sera
against PARON3 (a-PfRON3_1), PFAMA1 (o-PfAMAT), PRRON2 (o-PfRON2), or GST (-
GST), then stained with mouse antisera against P/RON3, PfAMAL, P/RONZ, or PfRON4,
respectively. Immunoprecipitation using anti-GST antibody was used as a negative
control. No bands were detected in the anti-GST immunoprecipitate, indicating the
exclusion of potential carryover of proteins due to insufficient or inadequate washing
steps.
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Fig. 6. PRON3 is found in the parasitophorons vacuole in ring stage parasites, (A) Ring stage parasites were dual-labeled with antisera against PRRON3_1 and either PfRAP1 (PV
marker), PEXP2 (PVM marker), PfRONZ, or PRRON4. Nuclei are visualized with DAPI in merged images shown in the right panels. Bars represent 2.5 um. (B) Proteins from
synchronized parasite cultures were harvested at the ring stage (R} and schizont stage (S), and separated by SDS-PAGE on a 12.5% gel under a reducing condition. After transfer of
proteins onto a PVYDF membrane, the membrane was stained using rabbit anti-P/RON3_1, mouse anti-PfRAP1, anti-PfEXP2. anti-PfRON2, anti-PfRON4 antibodies.
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The first step of Plasmodium development in vertebrates is the
transformation of the sporozoite, the parasite stage injected by
the mosquito in the skin, into merozoites, the stage that invades
erythrocytes and initiates the disease. The current view is that, in
mammals, this stage conversion occurs only inside hepatocytes.
Here, we document the transformation of sporozoites of rodent-
infecting Plasmodium into merozoites in the skin of mice. After mos-
quito bite, ~50% of the parasites remain in the skin, and at 24 h
~10% are developing in the epidermis and the dermis, as well as
in the immunoprivileged hair follicles where they can survive for
weeks. The parasite developmental pathway in skin cells, although
frequently abortive, leads to the generation of merozoites that are
infective to erythrocytes and are released via merosomes, as typi-
cally observed in the liver. Therefore, during malaria in rodents, the
skin is not just the route to the liver but is also the final destination
for many inoculated parasites, where they can differentiate into
merozoites and possibly persist.

intravital imaging | Plasmodium | schizogony

M alarial infection starts with the inoculation of Plasmodium
sporozoites by mosquitoes probing the vertebrate skin for
blood. The highly motile sporozoites eventually invade host target
cells where they differentiate and divide into numerous mer-
ozoites, the parasite form that invades erythrocytes and initiates
the pathogenic phase of malarial infection. The host cell type in
which sporozoites transform into merozoites, however, differs
between Plasmodium species. In species that infect birds, spor-
ozoites differentiate inside macrophages primarily in the skin but
also in the spleen, liver, and bone marrow (1). In species that infect
mammals, sporozoites are known to differentiate only inside
hepatocytes in the liver (2-4).

The first demonstration that sporozoites of mammal-infecting
Plasmodium species develop inside hepatocytes was made in
1948 after iv. inoculation of sporozoites of P. cynomologi into
rhesus monkeys (2). In addition to reporting fully mature para-
sites inside hepatocytes, the authors also documented the per-
sistence of immature and dormant forms of the parasite in the
liver several months after the initial inoculation, which they
proposed to be the cause of relapses (5), and were later called
hypnozoites (6). Subsequent work indicated that sporozoites of
species that infect humans (7) also undergo complete de-
velopment inside hepatocytes.

Since these early studies, P. berghei and the related P. yoelii
species, which infect rodents, have been used as practical and safe
models for studying the pre-erythrocytic phase of malaria. These
parasites were shown to differentiate in the liver of laboratory
rodents (8), and the P. bergheifrodent system was used to demon-
strate that the majority of sporozoites were inoculated by mos-
quitoes in the skin rather than directly into the blood circulation
(9), as traditionally assumed. More recently, the generation of
fluorescent P. berghei parasites, along with the development of
intravital imaging approaches applicable to rodents, have allowed

18640-18645 | PNAS | October 26,2010 | vol. 107 | no.43

rapid progress in our understanding of the fate of Plasmodium
sporozoites in the mammalian host.

Intravital imaging of P. berghei sporozoites confirmed that
sporozoites were injected in the skin of the mouse, where they
display vigorous motility (10). Quantitative analysis revealed that
more than half of the P. berghei sporozoites inoculated by mos-
quitoes in the mouse ear skin were still present at the bite site after
1h (11), and ~40% stayed as long as 6 h (12), when sporozoites are
no longer actively motile. Of the sporozoites that left the mosquito
bite site, ~70% were found to take the blood route and ~30% the
Iymphatic route (11). The latter terminate their journey in the first
draining lymph node, where most die in a few hours, though a few
develop, at least partially, in association with podoplanin-
expressing cells (11). A similar tripartite fate of sporozoites staying
in the skin, leaving the skin via the blood or via the lymph, was later
also described for P. yoelii using quantitative PCR analysis (13).

In this work, we analyze the fate of sporozoites of rodent-
infecting Plasmodium species in the skin of mice.

Results and Discussion

P. berghei Develops Inside Skin Cells in the Mouse. We first analyzed
the fate of the P. berghei sporozoites that remain in the skin of the
host. Anopheles stephensi mosquitoes were allowed to transmit
WT green fluorescent sporozoites (14) into the ear of SKHI1
hairless mice (15), which display little autofluorescence in the skin,
and parasites were imaged daily using spinning-disk confocal mi-
croscopy (16). Typically, inside hepatocytes, parasites round up
and increase their size to become spherical exoerythrocytic forms
(EEF) of ~40-pym average diameter, undergo schizogony, and
produce thousands of uninucleate merozoites in ~50-70 h (4).
Approximately 11% of the elongated sporozoites detected in the
skin soon after the bite were still observed after 24 h (day 1, D1) as
brightly fluorescent, round parasites (Fig. 1.4 and B). The average
size and fluorescence intensity of the EEF steadily increased with
time (Fig. 1.4 and C). However, the maximal diameter of skin EEF,
typically reached at D3-D4, remained 2-3 times smaller than the
maximal diameter of liver EEF, reached at D2 (Fig. 1 4 and C).
When parasite survival was assessed after intradermal injection of
~5,000 sporozoites into the ear skin, only ~1% and 0.2% were
found to brightly fluoresce at D1 and D4, respectively (Fig. 1 D and
C). Despite the ~10-fold decrease in the percentage of parasites
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Fig. 1. P. berghei differentiation in the ear skin of a hairless mouse. (A) Parasites (in green) imaged for 4 d (autofluorescence in red) after sporozoite in-
oculation by the bite of a single mosquito. Images are maximal Z-projections of 13-21 contiguous pictures separated by 5 pm. Red arrowheads, fluorescent
parasites fading over time; white arrowheads, brightly fluorescent parasites until day 4 (D4). The lower-right inset shows a liver stage at the same scale at
D1 and D2. (Scale bar, 40 pm.) (B) Cumulative numbers of developing parasites in six different bite sites from two independent experiments. Orange bar (D0),
number of sporozoites detected after the bite (n = 258); green bars, number of brightly fluorescent EEF; numbers above the bars, percentages of developing
parasites versus sporozoites imaged at DO. (C) Parasite diameter (average + SD), estimated by the EEF maximum projection area, in the liver (circles) and in the
skin (diamond, after bite; square, after injection). (D) Parasites (in green) at D2 after microinjection of 5,200 sporozoites. The image is a maximal Z-projection
of 35 pictures covering 70 pm in depth. (Scale bar, 40 pm.) (€) Numbers of developing parasites after intradermal injection. Orange bar (D0), no. of injected
sporozoites (5,200); green bars, numbers of brightly fluorescent EEF (average = SD), in four injection sites; numbers above the bars, percentages of developing
parasites vs. sporozoites injected at DO. Similar results were obtained after injection of larger number of sporozoites {75,000-300,000 parasites). (F) Green
fluorescent EEF surrounded by a parasitophorous vacuole stained with anti-UiS4 polyclonal antibody (in red) at D2. (Scale bar, 5 pm.)

present at D1 after needle injection compared with mosquito de- ~ sitophorous vacuole (PV) formed upon sporozoite entry into the
livery, the fate of surviving parasites was similar in the two cases,as  host cell (17). The sporozoite transmembrane protein UIS4 inserts
judged by the proportion (Fig. 1 B and E) and the average size (Fig.  into the PV membrane and is essential for liver-stage development
1C) of fluorescent EEF. (18). Staining of skin cryosections with anti-UIS4 antibodies (Fig.

We then asked whether parasite maturation in the skin occurred  1F) showed that 53% and 65% of the green fluorescent EEF were
within host cells. In hepatocytes, parasites develop inside a para-  delineated by a clear red UIS4 signal at D1 and D2, respectively.
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Fig.2. Localization of P. berghei skin EEF. (A) Schematic view of the epidermis, dermis, and hair follicle of the mammalian skin. Drawn are the keratin5-positive
keratinocytes (in red) that rest on the basement membrane separating the dermis from the epidermis and line the invagination of the HF; the Blimp1-positive
cells {in green) associated with the superficial layer of the epidermis and the HF; and the vascularization in the dermis (red lines). Ep, epidermis; De, dermis; HF,
hair follicle; HS, hair shaft; SG, sebaceous gland; BA, bulge area; HB, hair bulb; DP, dermal papilla. (B) Percentage of dermal (blue), epidermal (red), and hair
follicle-associated (green) parasites in the mouse ear estimated by immunofluorescence microscopy at various days after intradermal injection of sporozoites.
Number of analyzed EEF for each time point: 33-63. (C) Confocal image showing EEF (in green) in the deep dermis (white arrowheads), the epidermis (yellow
arrowhead), and the cartilage (red arrowhead). Abbreviations are as in A; Ca, cartilage. (Scale bar, 20 pm.) (D) Confocal images of epidermal EEF (in green),
associated with keratin5-positive keratinocytes of the basal layer of the epidermis (Left) or with keratin5-negative keratinocytes of the superficial layers of the
epidermis (Right). Abbreviations are as in A. (Scale bar, 10 pm.) (E) Confocal images of hair follicle-associated EEF. EEF (in green) are located in the upper portion
of the HF, in keratin5-positive or keratin5-negative cells, often near the sebaceous glands. Abbreviations are as in A. (Scale bar, 10 ym.)
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We also analyzed the development in the mouse skin of spor-
ozoites lacking the P36p protein. P36p is important for the for-
mation and/or maintenance of the PV membrane, and a P. berghel
P36p knockout clone generates ~5-10% of the EEF produced by
WT sporozoites inside hepatocytes (19, 20). We constructed the P.
berghei clone P36p-G bearing both the P36p- null mutation and
a GFP-expression cassette (Fig. S1), and sporozoites of the clone
were coinjected with red-fluorescent WT sporozoites of the 1733
clone (21) into the skin of mice. Approximately 10-fold fewer green
P36p-G than red WT EEF were observed at D1 at the injection site
(Fig. S1). Together, these data suggested that most WT P. berghei
parasites surviving in the mouse skin were developing in-
tracellularly inside a PV.

P. berghei Develops in the Epidermis and Dermis and in Association
with Hair Follicles. We next localized the EEF in the skin using an
immunohistological approach (see Fig. 24 for a schematic repre-
sentation of the mammalian skin). P. berghei sporozoites (2 x 10%)
were injected into the ear skin of hairless mice, and at various days
postinoculation ~10-pm cryosections of fixed ear tissues were la-
beled with DAPI and immunostained using antibody K5, which
recognizes keratin5 in keratinocytes of the basal layer of the epi-
dermis (22). EEF were present in multiple sites in the skin. (i) At
D1 and D2, ~50% of the EEF were located in the dermis (Fig. 2B
and C and Fig. S24). Dermal EEF behaved similarly to liver EEF,
with a sharp decrease between D2 and D3, and only represented
~7% of the skin EEF at D3 and D4 (Fig. 2B). (i) EEF were also
found in the epidermis. At D1 and D2, epidermal EEF were as-
sociated mostly with keratin5-positive keratinocytes lying on the
basement membrane, whereas at D3 and D4 they were mostly in
keratin5-negative cells in the superficial layers of the epidermis
(Fig. 2D and Fig. S2B). The number of epidermal EEF did not
significantly change up to D3, and only slightly decreased at D4
(Fig. 34). (iii) More surprisingly, EEF were found in close asso-
ciation with hair follicles, appearing as keratinS-positive kerati-
nocyte-bound tubular invaginations of the epidermis (Fig. 2E and
Fig. S2C). In hairless mice, EEF associated with the auto-
fluorescent (and rudimentary) hair follicles were frequently lo-
cated close to the sebaceous glands (Fig. 2E and Fig. S2C). Their
numbers remained stable up to D4 (Fig. 34), representing 70% of
the skin EEF at D4 (Fig. 2B), and parasites were still detected in
hair follicles after more than 2 wk postinoculation (Fig. 3B).

Parasite association with hair follicles was also imaged in a
Blimp1-GFP mouse (23). In this mouse, a group of cells expressing
the transcriptional repressor B lymphocyte-induced maturation
protein 1 (Blimp1) and residing near the bud site of the sebaceous
glands, which act as sebocyte progenitor cells, are green fluores-
cent (24). After injection of red fluorescent WT sporozoites into
the ear of a Blimp1-GFP mouse, red fluorescent EEF were found
associated with the green fluorescent area of hair follicles (Fig. 3C,
skin). As in the hairless mice, hair follicle-associated EEF were
observed persisting for several days, in the vicinity of the GFP-
fluorescent zone of the sebaceous glands (Fig. 3C, hair follicle). It
is still unclear, however, whether these parasites were simply
growing slowly in the skin or might include true dormant (growth-
arrested) forms.

P. berghei Developing in the Mouse Skin Generates Merozoites. We
next imaged parasite growth in the skin using bioluminescence. For
this, we used sporozoites of the transgenic P. berghei clone 676¢cl1
(PbGFP-LUCgcp) expressing a GFP-luciferase fusion gene via the
EEFIlo promoter (25), which constitutively produces the fusion
protein throughout the parasite life cycle. Sporozoites (2 x 10%)
were inoculated in the ear skin of mice and luciferin injected im-~
mediately before real-time whole-body imaging of mice using the
IVIS system (26). Bioluminescent signals were detected only in the
ear and the liver at D2 (Fig. S3). The main signal was detected in
the liver, peaking at D2, and the signal in the ear skin peaked at D3.

18642 | www.pnas.org/cgi/doi/10.1073/pnas. 1009346107
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Fig. 3. P. berghei association with hair follicles. (A) Numbers of dermal,
epidermal, and hair follicle-associated EEF after intradermal injection of
sporozoites, obtained by multiplying the numbers of skin EEF counted by
intravital microscopy (Fig. 1£) by the percentages of dermal, epidermal, and
hair follicle-associated parasites counted by histology (Fig. 2B). (B) Intravital
confocal image showing EEF surviving inside a hair follicle in the ear of
a hairless mouse at D16 after microinjection of sporozoites. The images are
a lateral view of a 3D reconstruction of the skin. Parasites are in green and
the hair follicle autofluoresces in red. (Scale bar, 10 pm.) (C) Intravital con-
focal images showing red fluorescent EEF in the ear skin of a Blimp1-GFP
mouse. (Left) D3: Z-projection of 70 slices covering 35 pm showing red
fluorescent EEF inside a hair follicle (white arrowheads). (Center) D8 and
(Right) D10: red EEF in a hair follicle in close association with Blimp1-GFP-
positive cells. (Scale bars, 10 pm.)

Quantification of the intensity of bioluminescence signals using the
Living Image software showed that the signal in the ear skin in-
creased ~threefold between D1 and D2, and ~2.5-fold between D2
and D3 (Fig. 44). This suggested that, like liver parasites, skin
parasites could actively grow.

To investigate schizogony in skin parasites, we examined in-
dividual skin EEF at D3 and D4, when most had reached their
maximal size, by confocal microscopy. In hairless mice, fluorescent
parasites were seen undergoing nuclear divisions (Fig. S4) and
generating individual merozoite-like progeny (Fig. 4B). Further,
infected cells in the skin were frequently observed giving rise to cell
extensions reminiscent of the merosomes that extrude from
infected hepatocytes (Fig. S54). Hepatocyte-derived merosomes
contain tens to thousands of merozoites wrapped in the host cell
membrane, bud off, and detach from the infected cell to reach the
blood in the liver sinusoids (27). Brightly fluorescent merosome-
like extensions were also observed detaching from infected cells
(Fig. 4C) and moving in the skin (Fig. 4C and Fig. S5B).

To test whether the fluorescent progeny seen inside skin cells
were indeed merozoites, we tested their capacity to invade and
multiply in mouse erythrocytes. One day after injection of green
fluorescent sporozoites into the skin of mice (1.0-2.5 x 10° spor-
ozoites per ear in 2-4 animals), i.e., before the first merozoites are
formed in the liver, the skin tissue at the injection site was dissected
and treated with collagenase and trypsin to obtain a single cell
suspension. Infected fluorescent cells were sorted by FACS (Fig.
5A4) and incubated for several days at 37 °C in vitro in DMEM
10% FCS. Examination of the sorted cells confirmed the diversity
of skin cell types that were infected in situ (Fig. 5B), and after 4 d
(1 d in the skin and 3 d in vitro), merozoites were detected inside
sorted cells (Fig. 5C). At D4, cells were scratched and the host cell/
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Fig. 4. P. berghei complete development inside skin cells. (A) Parasite development in the skin measured by bioluminescence. The 2 x 10* GFP:LUC spor-
ozoites were microinjected in the ear of C57BL6 mice (yellow arrowhead) and recorded from DO to D3 following injection of luciferin. The graph represents
the difference between the average radiance of the inoculated ear and the contralateral ear at DO, 1, 2, and 3 (mean + SD; n = 3). (8) Mature schizonts in the
skin. Intravital imaging of merozoite-filled EEF in the ears of mice at D3 and DA4. (Scale bars, 5 pm.) (C) Skin EEF release merosomes. (Left) Skin EEF growing
and budding between D3 and D4 after mosquito bite. (Right) Time-lapse recording of the squared area depicted at D4 and shows the release and movement
of fluorescent structures of various sizes. White arrowheads, merosomes; red arrowheads, merozoites. (Scale bars, 10 pm.)

parasite mixture injected iv. into mice. In three independent
expetiments (Fig. 5D), mice became infected and parasitemia in-
creased at a normal rate (~10-fold increase/24 h). This demon-
strates that P. berghei development in skin cells can generate
infective merozoites, and thus that the parasite developmental
pathway in the skin indeed reproduced that in the liver.

In Situ Infectivity of P. berghei Merozoites Generated in Skin Cells. To
test whether merozoites generated in skin cells (skin-derived
merozoites) were capable of invading erythrocytes in situ and
sufficient for generating a blood stage infection, transplantation
experiments of infected skins onto naive mice were complicated
by the different timings of maximal release of skin-derived
merozoites (D2-D3 post-sporozoite inoculation) and of efficient
vascularization of the skin graft. Strikingly, we observed that
primaquine, a drug known to inhibit liver EEF development, had
a much weaker effect on skin EEF development (Fig. S64).
After injection of luciferase-producing sporozoites in the ear of
mice, treatment with 25 mg/kg primaquine at DO and D1 abol-
ished the bioluminescence signal in the liver without affecting
that in the ear. However, this differential primaquine effect
could not be exploited to show the in vivo infectivity of skin-
derived merozoites. Indeed, the 25-mg/kg primaquine treatment
did not completely prevent liver EEF maturation in all animals
(5 of 52 primaquine-treated mice and surgically deprived of the
infected ear at D1 became patent; see Fig. S7) and impaired skin
EEF development between D2 and D3 (Fig. S64), whereas 30
mg/kg primaquine significantly affected skin EEF development
at earlier time points (Fig. S64).

In any case, the skin-derived merozoites are clearly out-
numbered by their liver-derived counterparts, and their contri-
bution to the onset of blood stage infection would be minimal at
best. After injection of luciferase-producing sporozoites in the
skin of mice, the maximal intensity signal at the injection site,
reached at D3, was found to be ~2% of the maximal intensity
signal in the liver, reached at D2 (Fig. S6B). Not surprisingly,
when sporozoites were injected in the ear of mice and the
infected or controlateral ear was surgically removed at D1, no
statistical difference was detected in the parasitemia of animals
lacking or having skin EEF (Fig. S6C).

P. yoelii Generates Merozoites in the Mouse Skin. Last, we studied
the development of sporozoites of Plasmodium yoelii, another
species that infects rodents, in the mouse skin. Like sporozoites of
P. falciparum, the species most lethal to humans, P. yoelii spor-
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ozoites are known to invade only certain hepatocytic lines in vitro,
in a CD81-dependent manner (28). Additionally, quantitative
PCR analysis of mouse ear inoculated with P. yoelii sporozoites
showed that the parasite DNA was still detected 42 h postinjection
in the mouse skin (13). We analyzed the fate of P. yoelii spor-
ozoites expressing GFP (29) or RedStar (Fig. S8) after in-
tradermal injection in mice. At D1, ~0.2% and ~0.15% of the
inoculated sporozoites transformed in the ear skin of hairless and
Swiss mice, respectively (Fig. S94). Despite the ~fivefold smaller
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Fig. 5. Merozoite production by and in vivo infectivity of P. berghei skin
EEF. (A) Sorting of infected skin cells. The 1.0-2.5 x 10° sporozoites were
microinjected in the ear of C57BL6 mice. The pseudocolor plot shows the
distribution of skin cells obtained from the ears of noninfected (Left) and
infected mice (Right) 1 d postinfection. The green oval represents the gate
used for sorting the infected skin cells, which were collected in 96-wells cell
culture plate and kept at 37 °C, 5% CO, in DMEM 10% FCS. No events were
detected using the noninfected ear. (B) Wide-field microscopy of sorted cells
showing the variety of infected skin cell types (bright field and green) at D2
—1 d in the skin and 1 d in vitro. (Scale bar, 20 ym.) (C) Generation of
merozoites within skin cells. Presence of merozoites inside an adherent skin
cell (Left) and in a floating merosome (Right). (Scale bar, 10 pm.) (D) A
representative parasitemia curve following injection of merozoite-filled skin
cells at D4—1 d in the skin and 3 d cultured in vitro. The number of events
sorted at D1 in this experiment was 1,200 (~600 GFP* cells), resulting in
approximately four mature schizonts after 3 d in culture. The parasitemia
was accessed by FACS and blood smear.
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number of P. yoelii parasites observed in the skin compared with
P. berghei at D1, P. yoelii EEF, like P. berghei EEF, grew both in the
epidermis and the dermis of mice (Fig. S9B). P. yoelii merozoites
were detected from D2 onward (Fig. S9C) and were seen moving
across the skin (Fig. S9D), indicating that P. yoelii EEF completed
their development in the skin of mice.

Conclusions

This study shows that the P. berghei and P. yoelii rodent-infecting
species can undergo complete exoerythrocytic schizogony not
just inside hepatocytes but also inside skin cells. However, al-
though the P. berghei infective merozoites released and moving
in the skin in merosome-like extensions might occasionally in-
vade erythrocytes in the mouse, and thus constitute a potential
secondary reservoir of infective merozoites, skin-derived mer-
ozoites do not significantly contribute to erythrocyte infection in
normal conditions. Whether other mammal-infecting Plasmo-
dium species, particularly the human-infecting species, can also
develop in the skin of the host remains to be addressed.

The data also suggest that parasites might persist in associa-
tion with hair follicles, which constitute an immunoprivileged site
of the mammalian body characterized by the virtual absence of
major histocompatibility complex (MHC) class I expression and
a strongly immunosuppressive environment (30). This raises the
hypothesis that parasites might become quiescent when associ-
ated with hair follicles and act as a source of infection relapses,
as proposed for the hypnozoites of P. vivax in the liver (31).

Perhaps the most important implication of this work is immu-
nological. Whereas previous data (11, 12) showed that in the
mouse ear model about half of the P. berghei sporozoites in-
oculated by mosquitoes stayed at the bite site, the present data
indicate that ~10% of the injected sporozoites are developing at
D1 in the skin. This implies that the lymph node that drains the
injection site will receive parasite antigens not just from spor-
ozoites (sporozoites actively reaching the lymph node or dead
sporozoites left in the skin) but also from differentiating parasites
(skin EEF aborting at various stages of their development). Over-
all, in the P. berghei/ear skin model system, the draining lymph
node receives up to 70% of the parasite antigens inoculated by
mosquito bite. The tolerogenic or protective propetties of the
various kinds of skin-derived parasite antigens will have to be
assessed, in natural as well as immunizing conditions. This would
be particularly important in the case of live attenuated (irradiated
or genetically modified) sporozoites, which have been known for
many years to act as powerful vaccines in animal models (32) and
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will soon undergo human trials (33-35), because in humans they
can only be inoculated in the skin.

Materials and Methods

Parasites, Mice, and Mosquitoes. We used the P. berghei ANKA clone ex-
pressing GFP under the control of the hsp70 promoter (14). The P. yoelii GFP-
expressing parasite clone was obtained from the MR4 repository (ATCC no.
MRA-817; 17XNL PYGFP). The red fluorescent P. berghei line (line 733)
contains the RedStar-expressing cassette integrated at the 230p genomic
locus. The red fluorescent P. yoelii clone contains the RedStar cassette in-
tegrated at the d-ssu-rrna locus. We used the P. berghei clone 676cl1 (PbGFP-
LUC;scy) expressing a GFP-luciferase fusion gene via the EEF1a promoter (25).
C57BL/6, Swiss and hairless SKH1 mice were purchased from Charles River
Laboratories. All experiments were approved by the committee of Institut
Pasteur and were performed in accordance with the applicable guidelines
and regulations. A. stephensi (5da500 strain) mosquitoes were reared using
standard procedures (16). For intradermal injection of sporozoites into
rodents, salivary gland sporozoites were dissected out and a small volume
(0.2-10 pL) containing 5 x 10 to 3 x 10°sporozoites was deposited in the
dermis of the ear by using a 35- to 36-gauge needle with a NanoFil syringe
(World Precision Instruments).

Intravital Imaging and Immunolabelings. Intravital imaging was performed as
described (16). For immunolabelings, ears were excised, fixed with 4%
paraformaldehyde/PBS for 2 h, and dehydrated in 10% and 30% sucrose/PBS
before embedding in OCT. Ten-micrometer sections were cut on a CM3050S
cryostat (Leica) and adhered to Superfrost Plus Slides (VWR). Sections were
permeabilized and blocked in PBS containing 0.1% Triton X-100 (Sigma) and
5% FCS, followed by staining with anti-keratin5 polyclonal primary antibody
(Covance) or anti-UIS4 polyclonal primary antibody, AlexaFluor 546 conjugate
(Molecular Probes), and DAPI (Molecular Probes). Stained slides were moun-
ted with Prolong Gold (Invitrogen), and 3D image stacks were acquired on
a SP5 confocal microscope (Leica). Images are displayed as 2D maximum-
intensity projections.
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Plasmodium vivax Ookinete Surface Protein Pvs25 Linked to Cholera
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The nontoxic cholera toxin B subunit (CTB) was evaluated as a potential delivery molecule for the Plasmo-
dium vivax ookinete surface protein, Pvs25. Recombinant Pvs25 was expressed as a secreted protein in the yeast
Pichia pastoris, as a mixture of isoforms including multimers and the A and B monomers. The A isoform with
the presumed native protein fold was the most abundant, accounting for more than 40% of all expressed
protein. The molecularly uniform A isoform was chemically conjugated to CTB via its primary amines, and the
fusion protein, retaining GM1-ganglioside affinity, was administered to BALB/c mice by the subcutaneous (s.c.)
or intranasal (i.n.) route. Immunization of mice with conjugated Pvs25 without supplemental adjuvant induced
antisera that specifically recognized P. vivax ookinetes in vitro. Furthermore, the antisera, when mixed with
parasitized blood isolated from P. vivax patients from Thailand, was found to reduce parasite transmission to
mosquitoes, conferring a 93 to 98% (s.c.) or a 73 to 88% (i.n.) decrease in oocyst number. Unconjugated Pvs25
alone conferred only a 23 to 60% (s.c.) or a 0 to 6% (i.n.) decrease in oocyst number. Coadministration of
extraneous adjuvants, however, further enhanced the vaccine efficacy up to complete blockade. Taken together,
we conclude that a weakly immunogenic Pvs25 by itself, when linked to CTB, transforms into a potent
transmission-blocking anfigen in both i.n. and s.c. routes. In addition, the present study is, to the best of our
knowledge, the first demonstration of the immune potentiating function of CTB for a vaccine antigen delivered

by the s.c. route,

Malaria is one of the most serious infectious diseases, with
high mortality and morbidity, especially in tropical regions of
the world. The disease causes 350 to 500 million clinical cases
every year, and the estimated annual mortality exceeds 1.1
million (28). Implementation of many malaria control mea-
sures, including chemotherapy and insecticide-treated bed
nets, have made a significant contribution to the reduction of
malaria cases worldwide; however, these control measures are
suboptimal, and hence new tools, particularly vaccines, should
be used for local elimination and the ultimate eradication of
malaria from the globe (9, 10, 24). The development of effec-
tive and affordable malaria vaccines is therefore likely to ben-
efit global public health (Malaria Vaccine Technology Road-
map [MVTR], 2006 [http://www.malariavaccineroadmap.net
/pdfs/Malaria_Vaccine_TRM_Final.pdf]).

Although Plasmodium falciparum causes the highest mortal- -
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ity rates among the four Plasmodium species known to infect
humans (18), . vivax malaria has the highest morbidity and is
an important cause of recurrent malaria. This species is there-
fore an important target of malaria control efforts (4-6;
MVTR). Furthermore, because global malaria eradiation is
the ultimate goal, the value of developing vaccines against P.
vivax cannot be underestimated (4-6; MVTR). Several prom-
ising vaccine candidates have been intensively investigated,
such as those targeting the asexual stages, i.e., the sporozoite,
hepatic and erythrocytic stages, which are designed to prevent
infection and to reduce disease severity. On the other hand,
transmission-blocking vaccines (TBVs) that target the sexual
stage, in which the parasite undergoes sporogonic develop-
ment in anopheline mosquitoes, prevent parasite transmission
from mosquitoes to humans (7, 14, 25). TBVs induce antibod-
ies that react with the ookinete surface proteins (OSPs) of
malaria parasites within the mosquito midgut, and as such they
do not directly protect vaccinated individuals from infection.
They could, however, contribute to elimination of the disease
by lowering the parasite transmission frequency below the
threshold at which the parasite can maintain its life cycle (4, 6).
In addition, TBVs, when combined with vaccines targeting
other stages of the infection, could prevent transmission of
parasites that have escaped the immune response. Further-
more, TBVs could also prevent transmission of drug-resistant
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parasites, which will likely to emerge when mass administration
of primaquine is initiated. Therefore, TBVs might function as
a “safety net” for pre-erythrocytic and erythrocytic vaccines, as
well as other nonvaccine interventions.

We have recently tested whether a mucosal vaccination
regime can be applied to TBVs, on the premise that noninva-
sive and easy-to-administer mucosal vaccines are advantageous
in a mass vaccination campaign in a region where malaria is
endemic (1-3). In these animal studies, we have demonstrated
the potential of mucosal vaccines to block parasite transmis-
sion, but enhancement of the mucosal immunogenicity of re-
combinant antigens was found to be critically dependent upon
the use of cholera toxin (CT) adjuvant. CT is well known for its
high immune potentiating function for admixed antigens ad-
ministered through the mucosal, particularly the intranasal
(i.n.), route (13). However, its clinical application is hampered
by its severe toxicity (26). Thus, alternative vaccine formula-
tions not using the CT holotoxin are highly desirable.

Here, we extended our previous studies to test our hypoth-
esis that the immunogenicity of a Plasmodium vivax malaria
OSP, Pvs2S, becomes substantially augmented when physically
linked to the nontoxic B subunit of CT (CTB), even without
supplementation with extraneous adjuvants. This should, in
theory, effectively reduce parasite transmission to mosquitoes.
Furthermore, we tested the TBV efficacy of the engineered
fusion complex in a subcutancous (s.c.) immunization regimen
to test the immune potentiating function of CTB with this
particular immunization route.

MATERIALS AND METHODS

Expression of Pvs25H protein from the methylotrophic yeast Pichia pastoris.
The Pvs25 coding region (Ala,, to Leu,os) was amplified by PCR from plasmid
Pys25#26_Sall_pEU3, which harbors the coding region for the extraceflular
domain of the Pvs25 protein (12), with a sense primer (5'-GCCGTCACGGTA
GACACC-3') and an antisense primer containing an EcoRI site, a hexahistidine-
coding sequence and a termination codon (5'-GGGAATTCTT. 'AATGATGGT
GATGGTGATGTGGTCCAAGGCATACATTTTITCTICTTTGTC-3'). The
DNA fragment was amplified by using Vent DNA polymerase (New England
Biolabs, Beverly, MA), was purified by using a PCR Purification Kit (Qiagen,
Inc., Valencia, CA), and then digested with EcoR1. The fragment was subcloned
into the SnaBI and EcoRI sites of the P. pastoris expression vector pPICIK (Life
Technologies, Carlsbad, CA) to construct the plasmid pPvs25H, which was
designed to express an a-factor signal-Pvs25-hexahistidine fusion protein
(see Fig. 1a).

P. pastoris recombination was performed according to the manufacturer’s
instructions (Life Technologies). Approximately 10 g of linearized pPvs25H
plasmid digested with Sall was electroporated into P. pastoris strain GS115 by
using a Gene Pulser (1.5 kV, 200 (), 25 uF; Bio-Rad Laboratories, Inc., Red-
mond, WA). Immediately after electroporation, the cells were plated on minimal
dextrose medium and incubated for 72 h at 29°C. Colonies were transferred to
yeast extract-peptone-dextrose (YPD) medium containing increasing concentra-
tions of Geneticin (G418; 1 to § mg/ml; Nacalai Tesque, Inc., Kyoto, Japan) for
the selection of clones containing multiple copies of the desired gene. Clones
that acquired a phenotype resistant to the highest level of G418 (5 mg/ml) were
analyzed for production of the Pvs25H protein. Selected clones were cultured in
BMGY medium with vigorous shaking in a baffled flask at 30°C until the optical
density at 600 rm (ODgy,) reached 2.0; the cultured cells were then transferred
to BMMY medium containing 0.5% methanol to induce gene expression. Cells
were cultured for an additional 72 h, with supplementation with 0.5% methanol
for every 24 h of continued induction. The culture supernatant was collected by
two rounds of centrifugation (9,600 x g) for 10 min, followed by filtration
(FastCap filter with a 0.2-pum pore size; Nalgene Nunc International, Inc., Roch-
ester, NY) to remove residual cells completely. Proteins secreted into the saper-
natant were separated by sodium dodecyl sulfate polyacrylamide gel eleciro-
phoresis (SDS-PAGE) and stained with Coomassie brilliant blue or subjected to
immunoblot analysis with anti Pvs25 antiserum or anti-histidine tag monoclonal

INFECT. IMMUN,

antibody (Roche, Basel, Switzerland). The supernatant was supplemented with
20 mM imidazole and applied to an immobilized metal ion affinity chromatog-
raphy column (HisTrap FF Ni Sepharose 6 Fast Flow; GE Healthcare, Little
Chalfont, United Kingdom). After a washing step with a buffer containing 20 mM
imidazole, the Pvs25H protein was eluted with phosphate-buffered saline (PBS)
containing 500 mM imidazole. The affinity-purified protein was used for size
exclusion chromatography with a flow rate of 0.2 ml/min (HiLoad 16/60 Superdex
75-pg column; GE Healthcare) to separate the monomeric from the multimeric
isoforms. The monomeric isoforms that were a mixture of A and B isoforms were
then subjected to hydrophobic interaction chromatography (HIC; HiTrap Phenyl
Sepharose HP; GE Healthcare), in which both the A and the B isoforms bound
1o the hydrophobic ligand by adjusting the concentration of ammonium sulfate in
the solution to 2 M. Then, a two-step elution process was performed, using 1 M
ammonium sulfate for elution of the A isoform, followed by PBS elution of the
B isoform.

This highly purified A isoform (Pvs25H-A) was used for all immunization
experiments. The endotoxin content of the Pvs25H-A protein was measured by
the Limulus amebocyte lysate test (Pyrogent Single Test Vials; Cambrex, East
Rutherford, NJ), and the endotoxin content was found to be <0.05 endotoxin
unit (EU)/pg of protein.

Immobilized #ris[2-carboxyethylJphosphine hydrochloride on a beaded agarose
support (TCEP; Pierce, Rockford, IL) was used to generate a reduced form of
the sulfhydryl groups for recombinant protein samples. In addition, 5,5'-dithio-
bis-(2-nitrobenzoic acid) (Ellman’s reagent; Pierce) and a cysteine hydrochloride
monohydrate standard were used to estimate the amounts of free sulthydryls.

The N-terminal protein sequences were analyzed by the Edman degradation
method as described elsewhere, using a protein sequencer (Shimadzu, Kyoto,
Japan).

All recombinant DNA experiments were conducted according to the Safety
Guidelines for Gene Manipulation Experiments of the University of the
Ryukyus.

Chemical conjugation between Pvs25H-A and CTB. Recombinant CTB was
expressed and purified as described previously (11), and purified Pvs25H-A was
chemically conjugated to CTB by using the heterobifunctional cross-linker N-
succinimidyl 3-(2-pyridyldithio) propionate (SPDP; Thermo Scientific, Inc.,
Rockford, IL). One milligram of Pvs25H-A. (2 mg/ml in PBS-EDTA) was incu-
bated with SPDP (0.6 mM, final concentration) for 1 h at room temperature to
add pyridy! disulfide groups to the primary amines of the protein, The reaction
mixture was then desalted and buffer exchanged 1o PBS by a size exclusion
membrane filter (Amicon Ultra-15, MWCO 10,000; Millipore, Billerica, MA) to
remove excess reagent and by-products (pyridine 2-thione). Similarly, 1 mg of
CTB (2 mg/ml in PBS-EDTA) was incubated with SPDP (0.6 mM, final concen-
tration) for 1 h at room temperature and then desalted and buffer exchanged to
PBS. Pyridyldithiol-activated CTB was then incubated with dithiothreitol (DTT;
50 mM, final) for 30 min at room temperature to expose the sulfhydryl groups
and then desalted and buffer exchanged to PBS as before. Finally, equal amounts
of pyridyldithiol-activated Pvs25H-A and sulfhydryl-activated CTB were mixed,
followed by incubation at room temperature overnight for conjugation. The
conjugated sample was desalted as before, and the endotoxin content was mea-
sured to confirm that there had been no significant contamination during the
conjugation process.

To evaluate the conjugation efficiency, untreated Pvs25H-A was separately
incubated either with untreated CTB or pyridyldithiol-activated CTB
(CTBS™PP). Similarly, pyridyldithiol-activated Pvs25H-A (Pvs2SH-ASTPF)
was separately incubated with either untreated or DTT-treated CTB (CTB”™" or
CTBYPPOIT respectively) (see Results and Fig. 2a for details). Each conjuga-
tion sample was analyzed by GM1-enzyme-linked immunosorbent assay (GM1-
ELISA) as described previously (11). Briefly, 5 pg of monosialoganglioside GM1
(Sigma-Aldrich, St. Louis, MO)/ml, a receptor for CT, diluted with bicarbonate
buffer (15 mM Na,CQ3, 35 mM NaHCO, [pH 9.6]; 50 pl/well) was coated onto
a 96-well microtiter plate (Sumitomo Bakelite Co., Ltd., Tokyo, Japan), and the
plate was incubated at 4°C overnight. After washing the plate twice with PBS
containing 0.05% Tween 20 (PBS-T) and once with PBS, the plate was blocked
with PBS containing 10% skim milk for 2 h at 37°C. Each conjugation sample (2
ng of total protein/well) was then applied to the wells, and the plate was incu-
bated for 2 h at 37°C, followed by incubation with rabbit anti-CT antiserum
(1/4,000; Sigma-Aldrich) or mouse anti-Pvs25 antiserum (1/500) for 2 h at 37°C.
This was followed by the addition of anti-rabbit or anti-mouse IgG conjugated to
alkaline phosphatase (1/4,000; Sigma-Aldrich). Finally, p-nitrophenylphosphate
(Bio-Rad) was added. and the plate was incubated tor 20 min at 37°C. The ODyy5
was measured by using a micreplate reader (Bio-Rad).

To evaluate the conjugation state of the fusion complex, 1 mg of conjugation
sample was subjected to size exclusion chromatography (HiLoad 16/60 Superdex
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75-pg column; GE Healthcare). Molecular weight standards (Gel Filtration
Calibration kits LMW; GE Healthcare) were used to estimate the molecular
weights of CTB, Pvs25H-A, and their fusion complex by calculating the partition
coefficient (K,,,) values for each protein standard and sample protein.

Immunization with CTB-Pvs25H-A fusion protein and analysis of induced
antibodies. Eight-week-old female BALB/c mice were purchased from Japan
SLC (Shizuoka, Japan). Mice (four or eight mice per group) were immunized via
the s.c. or the i.n. route with 30 g of Pvs25H-A, a mixture of CTB and Pvs25H-A
(30 pg each) or 60 pg of CTB-Pvs25H-A fusion protein. Where indicated,
incomplete Freund’s adjuvant (IFA; Difco Laboratories, Detroit, MI) or 0.1 to 1.0
ug of CT (List Biological Laboratories, Campbell, CA) was used for s.c. or in
adjuvants, respectively. The mice were immunized three times, at weeks 0, 2, and 3.

Mice were anesthetized 1 week after the third immunization (week 4) by
intraperitoneal injection of pentobarbital sodium salt (Nacalai Tesque, Inc.) and
were sacrificed by exsanguination to collect serum. For specific serum antibody
analysis, ELISA plates (Sumilon; Sumitomo Bakelite Co.) were coated with
Pvs25H-A (5 pg/ml) in bicarbonate buffer by incubating the plate at 4°C over-
night. The plate was washed twice with PBS-T and once with PBS. The plate was
blocked with 1% bovine serum albumin (BSA) in PBS for 2 h at 37°C. Twofold
serial dilutions of the antisera starting with 50-fold dilution with 0.5% BSA in
PBS were applied to the wells in duplicate, which were then incubated for 2 h at
37°C. The plate was then incubated with anti-mouse IgG conjugated to alkaline
phosphatase (1/4,000; Sigma-Aldrich) for 2 h at 37°C. p-Nitrophenylphosphate
(Bio-Rad) was added to the plate for color development, and the absorbance at
ODy;s was measured after 20 min of incubation at 37°C, using a microplate
reader (Bio-Rad). The antibody titer was defined as the serum dilution that gave
an OD,,5 value equal to 0.1 or as the serum dilution where a one magnitude
higher dilution gave an OD;5 value of <<0.1.

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

M, foodi

q g assay. Heparinized syringes were used for
peripheral blood collection, with written informed consent, from P. vivax pa-
tients who came to a malaria clinic in the Mae Sod district in the Tak province
of northwestern Thailand. Single species infection with P. vivax was confirmed by
Giemsa stain of thick and thin blood smears. The levels of parasitemias and the
gametocytemias were 0.22 and 0.02%, respectively, for the volunteer P. vivax
patient 1, and 0.23 and 0.01%, respectively, for the volunteer P. vivax patient 2.
Collected blood was aliquoted into tubes (300 pl/tube), and the plasma was
removed after brief centrifugation. Pooled mouse antisera were mixed with an
equal volume of heat-inactivated normal human AB serum prepared from ma-
laria-naive donors. The test antiserum sample was mixed and incubated with 2.
vivax-infected blood cells (1:1 [volfvol] ratio) for 15 min at room temperature.
The mixture was then applied to a membrane feeding apparatus kept at 37°C to
allow starved Anopheles dirus A mosquitoes (Bangkok colony, Armed Forces
Research Institute of Medical Sciences) to feed on the blood meals for 30 min.
Fully engorged mosquitoes were separated from unfed mosquitoes, maintained
for a week in an insectary kept at 26°C, and provided with 10% sucrose water.
For each blood sample-serum mixture, 20 mosquitoes were dissected, and the
number of cocysts in the midgut was counted under a microscope after 0.5%
mercurochrome staining.

All human subject research conducted in the present study was reviewed and
approved by the Ethics Committee of the Thai Ministry of Public Health and the
Institutional Review Board of the Walter Reed Army Institute of Research.

Detection of native Pvs25 in antisera from immunized mice. Peripheral blood
from P. vivax-infected patients was collected as described above. The gameto-
cytemic patient blood was used to grow zygotes and ookinetes in‘vitro, as de-
scribed previously (23). They were spotted onto slides and fixed with acetone as
described previously (1-3). The slides were blocked with 5% nonfat milk in PBS
and incubated with mouse antisera derived from immunization with CTB-
Pvs25H-A fusion protein emulsified with IFA or with the fusion protein supple-
mented with CT (1 pg), after dilution of the antisera 100-fold with 5% nonfat
milk in PBS. The samples were washed with ice-cold PBS and incubated with
Alexa 488-conjugated anti-mouse antibody (Invitrogen, Carlsbad. CA). After a
wash with ice-cold PBS, the slides were viewed by confocal scanning laser mi-
croscopy (LSMS5 Pascal; Carl Zeiss Microlmaging, Thornwood, NY).

Statistical analysis. The Wilcoxon-Mann-Whitney test was used to compare
antibody titers or the number of oocysts per mosquito between the nonimmune
and an indicated immunization group or between indicated two immunization
groups. The Kroskal-Wallis test was used to compare antibody titers or the
number of oocysts per mosquito among three groups (i.c.. S, M, and L). The
chi-square test was used to analyze the difference in the proportion of parasite-
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free mosquitoes out of the total number of mosquitoes examined between the
nonimmune and an indicated immunization group or between indicated two
immunization groups. All statistical analysis were conducted by using JMP soft-
ware version 8.0 (SAS Institute, Inc., Cary, NC).

RESULTS

Expression and purification of recombinant Pvs25H-A iso-
form frem P. pastoris. Ookinete surface proteins (OSPs) con-
tain several intramolecular disulfide bonds, e.g., the 11 disul-
fide bonds in Pvs25, which are important for overall structural
integrity and native antigenicity. For this reason, E. coli ex-
pression systems are unsuitable, and therefore yeast Saccharo-
myces cerevisiae expression systems are used (12, 15, 19, 22).
We explored other, more efficient recombinant protein expres-
sion systems for Pvs25 and found a higher production efficiency
in the yeast P. pastoris. We constructed a plasmid for secretory
expression of Pvs25 as a C-terminal hexahistidine-tagged pro-
tein (Pvs25H) (Fig. 1a). The culture supernatant of recombi-
nant P. pastoris was found to contain several protein species
that were not present in the culture supernatant of vector-
transformed clones (Fig. 1b), and these protein bands specifi-
cally reacted with anti-Pvs2S antiserum, as well as with an
anti-hexahistidine tag monoclonal antibody (data not shown).
Secreted Pvs25H was aftinity purified on a nickel Sepharose
column and further separated into large (fractions 16 to 19)
and small (fractions 21 to 23) protein species by size exclusion
chromatography (Fig. 1c and d). At least five protein bands
were identified on SDS-PAGE (Fig. 1b) and their correspond-
ing peaks by size exclusion chromatography (fractions 16, 17,
18-19, 21-22, and 22-23 in Fig. 1c¢ and d). The apparent mo-
lecular masses of these protein species based on gel mobility on
SDS-PAGE were estimated to be 63.2, 47.3, 33.2, 16.1, and
28.3 kDa, respectively. The calculated molecular mass of
Pvs25H (based on its deduced amino acid sequence) is 20.2
kDa, to which the fraction 21 and 22 protein species corre-
sponded most closely. We therefore concluded that this was
monomeric Pvs25H. Furthermore, the apparent molecular
masses of protein species found in fractions 18 and 19, 17, and
16 corresponded very well to multiples of the molecular mass
of the apparent monomer, so we concluded that they repre-
sented the dimer, trimer and tetramer of Pvs25H, respectively.
The protein species that appeared in fractions 22 and 23 ex-
hibited markedly different gel mobility (28.3 kDa) from that of
the monomeric protein (16.1 kDa) (Fig. 1d), although these
two showed extensively overlapping chromatographic peaks on
size exclusion chromatography (Fig. 1c). We concluded that
the protein species in fractions 22 and 23 was a monomeric
protein with a distinct hydrophobic character, and thus decided
to further separate these two monomers based on hydropho-
bicity profile by HIC. HIC clearly separated the two mono-
meric isoforms (Fig. 1f), and we named the less hydrophobic
isoform and the more hydrophobic isoform the A and B mo-
nomeric isoforms, respectively (19). The observed lower gel
mobility for the A isoform than the B isoform on SDS-PAGE
under nonreducing conditions (Fig. 1d) was consistent with the
results of HIC: the more hydrophilic the molecule, the fewer
SDS molecules bind, and the protein becomes less negatively
charged, resulting in reduced gel mobility on SDS-PAGE.
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FIG. 1. Construction and expression analysis of Pvs2SH in Pichia pastoris. (a) The 5'- and 3’-coding regions of the Pvs25 gene sequence with
its predicted amino acid sequence (Alay; to Leu,ys). The Prs25 gene fused to a hexahistidine tag at its C terminus was inserted into the SnaBI and
EcoRI sites of pPICIK, and the gene was integrated into the chromosomal DNA of P. pastoris strain GS115 by homologous recombination. (b)
After selection of a high-producer clone that secreted the recombinant protein, nickel-affinity chromatography-purified Pvs25H was analyzed by
SDS-PAGE (lane 1). M, molecular marker. (c) The affinity-purified Pvs25H was fractionated by size exclusion chromatography from which at least
five chromatographic peaks were observed. (d) Size exclusion chromatography fractions 14-26 were subjected to SDS-PAGE (15% acrylamide).
Based on the apparent molecular mass of each protein band, the fractions 16, 17, 18-19, 21-22, and 22-23 were défined as the tetramer, trimer,
dimer, monomer B, and monomer A, respectively. (e) Selected chromatography peaks were subjected to 5 to 20% acrylamide gradient SDS-PAGE
under nonreducing or reducing (10% 2-ME and boiling) conditions. (f) Hydrophobic interaction chromatography of the Pvs25H-A and Pvs25H-B
monomeric isoforms. Elution fractions (A) are eluates of 2 M NH,SO, (Pvs25H-A) and elution fractions (B) are eluates of PBS (Pvs25H-B). (g)
Each isoform (M, a mixture of dimer, trimer and tetramer; B, B isoform; A, A isoform) was subjected to 15% acrylamide SDS-PAGE under various
conditions, as indicated. (h) The N-terminal protein sequence of each isoform. Positively numbered amino acid residues (Ala, and the following)
are residues of the Pvs25 protein; negatively numbered amino acids are derivatives of the pPICIK a-factor secretion signal. The A monomer
revealed a single, unique sequence, but the B monomer and the multimers showed a mixture of different N termini.

Molecular characterization of Pvs25H isoforms. The A iso-
form appeared as a single sharp band, but the other isoforms,
including the multimers and the B monomer, appeared as
diffuse bands on SDS-PAGE (Fig. 1b and d to g), indicating
that the A isoform is constrained to a more uniform molecular
configuration than the other isoforms. In addition, all of the
isoforms, except the A isoform, generated at least three iden-
tical protein bands when samples were heat treated in the
presence of SDS and B-mercaptoethanol (2-ME) prior to SDS-
PAGE. The A isoform appeared as a single protein band with
a slightly higher molecular mass than that for the largest pro-
tein band among the three bands observed for the other iso-
forms (Fig. 1e).

To characterize the molecular configuration of each isoform
furthermeore, mixtures of the multimers, including dimers, tri-
mers, and tetramers and the A and B monomers, were sub-
jected to SDS-PAGE after various treatments, as indicated in

Fig. 1g. The gel mobility of all of the isoforms did not show any
noticeable changes after boiling (100°C, 2 min), but 2-ME
treatment (10% [volfvol]) resulted in a banding pattern very
similar to the pattern observed for complete denaturation
(2-ME and boiling), except that the A isoform seemed to be
slightly more resistant to the reducing agent than the other
isoforms. This became particularly notable when lower con-
centrations of the reducing agent were used (data not shown).
These results suggest that the multimers comprised B mono-
mers self-cross-linked by intermolecular disulfide bonds and
that the A isoform has a higher molecular rigidity than the
other isoforms. Because all of the isoforms exhibited a strong
resistance to the boiling and SDS, but not to the 2-ME and
SDS treatment, it is plausible that the physical integrity of the
protein is critically, if not completely, maintained by disulfide
bonds.

Next, to evaluate the status of the covalent disulfide bonds in
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the Pvs25H protein, Ellman’s test was conducted for each
isoform. No isoform reacted with the Ellman’s reagent, sug-
gesting either that no reduced sulfhydryls were present or that
the molecules were inaccessible to the reagent. However, treat-
ment with TCEP immobilized on agarose prior to the Ellman’s
test resulted in the detection of 4 to 6 molecules of reduced
sulfhydryls per molecule of B monomer or multimeric iso-
forms, but fewer than 0.3 molecules of reduced sulthydryls
were detected per molecule of A monomer. These results
indicated that the B and multimeric isoforms have disulfide
bonds that are more accessible to surface-immobilized TCEP
than those of the A isoform, indicating that the A isoform has
more deeply buried disulfide bonds than the other isoforms. It
is indicative of the higher molecular flexibility of the B isoform
and the multimers than of the A isoform. Interestingly, how-
ever, denaturation of proteins with 2% SDS or 6 M guanidine
hydrochloride, or TCEP agarose treatment in the presence of
these denaturants prior to the Ellman’s test, did not further
increase the level of free sulfhydryls. These results strongly
support the notion that all of the isoforms are tightly packed
molecules and that their rigidity is maintained by intramolec-
ular disulfide bonds and other noncovalent interactions.

Finally, the N-terminal protein sequences determined by the
Edman degradation method for each isoform supported the
results of SDS-PAGE, in that the multimers and the B isoform
contain a mixture of polypeptide species with multiple N ter-
mini; however, the A isoform comprises a single polypeptide
with a longer, unique N terminus (Fig. 1h). These results sug-
gested that the multimers and the B isoform contain the same
set of polypeptide species, with multiple primary structures and
presumably various folding configurations. By using different
combinations of structurally heterologous polypeptides, differ-
ent isoforms might be generated.

Taken together, we concluded that the A isoform, which has
a more uniform protein configuration, is less hydrophobic and
has higher molecular rigidity than the B isoform, and perhaps
it most closely resembles the native Pvs25 protein at the struc-
tural level. The proportions of each isoform expression were
estimated to be 42% (A isoform), 27% (B isoform), 16%
(dimer), 10% (trimer), and 5% (tetramer). Thus, the A iso-
form was produced most abundantly among all of the isoforms.
The final protein yields of the total Pvs25H and the A isoform
using our expression and purification method were 30 to 50 mg
and 12 to 20 mg/liter of culture medium, respectively. We
confirmed that the purified Pvs2SH-A contained endotoxin at
levels less than 0.05 EU/pg of protein. Based on these obser-
vations, we decided to use the A isoform (Pvs25H-A) asa TBV
antigen to be linked to CTB.

Chemical conjugation of Pvs25H-A to CTB and its molecu-
lar evaluation. Recombinant CTB was expressed by P. pastoris
strain GS115 and purified as previously reported (11).
Pvs25H-A was chemically conjugated to CTB by using the
‘heterobifunctional cross-linker SPDP (Fig. 2). Because CTB
contains two cysteine residues per monomeric subunit, which,
in the native form, are involved in an intramolecular disulfide
bond, the existence of reduced sulfhydryls in our recombinant
CTB was determined by using Ellman’s reagent, and none was
detected (data not shown).

Various conjugation schemes were evaluated for efficiency
of linking Pvs25H-A to CTB via SPDP (Fig. 2a and b). Con-
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sistent with the results of Ellman’s test for Pvs25H-A and CTB,
SPDP modification of only one protein failed to generate the
CTB-Pvs25H-A fusion complex (Fig. 2b). Thus, at least one
partner protein had to be treated with the reducing agent to
expose free sulfhydryls and make it reactive toward the pyri-
dyldithiol groups added to the partner protein. Because intact
disulfide bonds might be important for the overall structural
integrity and native antigenicity of Pvs25 (12, 15, 19, 22), we
avoided treating it with reducing agents. Therefore, the CTB
or SPDP-modified CTB (CTBS*™") was treated instead with
DTT (designated as CTBP™" or CTBS*P™PTIT jn Rig. 2a).
Although both CTB”™ and CTBSP*PTY when reacted with
SPDP-modified Pvs25H-A (Pys25H-ASTPY), generated sub-
stantial levels of fusion complex with retained affinity for GM1-
ganglioside, sequential treatment of CTB with SPDP and then
with DTT resulted in an even higher specific reactivity toward
Pvs25 antiserum (Fig. 2b).

Second, to evaluate the homogeneity of the fusion complex
and the stoichiometry of each component within the complex,
proteins before and after the conjugation process were ana-
lyzed by size exclusion chromatography (Fig. 2¢). The two
chromatographic peaks for Pvs25H-A and CTB in a mixed
sample disappeared, and a new single peak emerged with an
apparent molecular mass of 97.2 kDa. Because the molecular
masses of Pvs25H-A and CTB are 29.8 and 53.4 kDa, respec-
tively, based on the K,, values of chromatography standard
proteins, the average stoichiometric ratio for CTB and
Pvs25H-A was calculated to be 1:1.5, indicating that one CTB
pentamer molecule carries one to two molecules of Pvs25H-A
on-its surface. Alternatively, if it is assumed that the fusion
complex is highly homogeneous and its stoichiometric ratio is
1:1, the 14-kDa discrepancy between the observed and calcu-
lated fusion complex mass may be explained by irregularities in
the molecular shape, resulting in a higher apparent molecular
mass.

Taking all of the results together, we decided to use the
Pvs25H-ASTPY + CTBSTPFPTY conjugation method (Fig. 2d)
to generate the fusion complex for all immunization experi-
ments.

Immunogenicity in mice of Pvs25H-A and its fusion protein
with CTB when administered by the s.c. or the i.n. route.
BALB/c mice were immunized with Pvs25H-A (designated as
“S” in Fig. 3 and 4), a mixture of Pvs25H-A and CTB (desig-
nated as “M” in Fig. 3 and 4), or CTB-Pvs25H-A fusion protein
(designated as “L” in Fig. 3 and 4), by the s.c. or the i.n. route,
with or without the indicated adjuvants, at weeks 0, 2, and 3.
Antisera were collected at week 4, and the Pvs25H-A-specific
IgG titers were determined (Fig. 3a). We demonstrated that:
(i) s.c. immunization tended to induce a higher response than
in. immunization in both the absence and the presence of
adjuvants; (ii) the fusion protein (L) consistently induced a
higher response than antigen alone (S) or the mixture of pro-
teins (M), regardless of adjuvant supplementation; (iii) sup-
plementation with adjuvants was required for substantial aug-
mentation of the IgG response for both immunization routes;
(iv) IFA significantly augmented the response elicited by un-
fused or CTB-mixed antigen, but CT only marginally affected
the response elicited by these antigens; and (v) CT did not
exhibit a dose-dependent augmentation effect on the IgG re-
sponse in the dose range used in the present study (0.1 to 1.0
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FIG. 2. Chemical conjugation of Pys25H-A to cholera toxin B subunit (CTB). Various conjugation methods were evaluated for the generation
of the CTB-Pvs25H-A fusion complex. The heterobifunctional cross-linker N—succinimidgl 3-(2-pyridyldithio) propionate (SPDP) was used to link

Pvs25H-A to CTB via the primary amines. (a) Either CTB or SPDP-modified CTB (CTB'
(designated as CTBP™ and CTB*PPPTY respectively), and then SPDP-

D) was first treated with DTT to expose free sulfhydryls

modified Pvs25H-A (Pvs2SH-AS"PF) was separately mixed with each of

them to generate the fusion complex. (b) The CTB-Pvs25H-A fusion complex was analyzed by GM1-ELISA using anti-cholera toxin (CT) () or
anti-Pvs25H-A (B) antiserum. () The CTB-Pvs25H-A fusion protein (solid line) or a mixture of CTB and Pvs25H-A (dotted line) was subjected
to size exclusion chromatography. For the fusion protein, the peaks for CTB and Pvs25H-A disappeared, and a new peak emerged, indicating
generation of the fusion complex. (d) The conjugation scheme chosen for production of the CTB-Pys25H-A fusion complex. See Materials and

Methods for the detailed conjugation method.

pg). Finally, we confirmed that the antisera specifically recog-
nized the P. vivax ookinete surface by immunofluorescence
(Fig. 3b).

Transmission-blocking effect of the induced mouse antisera
against field strains of P. vivax parasites. The TBV efficacy of
the induced mouse antisera against P. vivax parasites in in-
fected blood samples from patients was evaluated by the mem-
brane feeding assay. The same experiments were performed
twice, using blood samples from two volunteer donors (Fig. 4).
The average number of oocysts observed per mosquito fed on
patient blood mixed with antisera induced by s.c. immunization
of mice with Pvs25H-A/IFA was reduced by >99.9% compared
to the naive control serum (N). Omission of the adjuvant
significantly abated the effect down to 20 to 60% reduction;
however, conjugating the antigen to CTB resulted in a dra-
matic restoration of the vaccine efficacy back to >90%. A
similar tendency, albeit with significantly lower efficacy, was
observed for i.n. immunization, in that antisera induced by in.
immunization with the fusion protein decreased the oocyst

number by 70 to 90%, whereas unfused antigen conferred only
a 0 to 6% blocking effect. As expected, CT supplementation
augmented the effect for in.-administered antigens, in that
both unfused and CTB-fused antigens conferred a blocking
effect of >>90%. Interestingly, however, addition of CTB to the
mixture of antigen and CT significantly abated the vaccine
efficacy down to 40 to 50%. The reason for this is unknown,
and it could not have been predicted from the antibody titers
(Fig. 3a). Taken together, we concluded that chemical coupling
of Pvs25 to CTB is a potentially promising strategy to enhance
the transmission-blocking efficacy in in. and s.c immunization
regimes.

DISCUSSION

Pys25 is one of the top-priority P. vivax TBV candidates, and
the production of stable and functional forms of the antigen in
the most appropriate formulation is crucial (4; MVTR). In the
present study, we investigated the methylotrophic yeast P. pas-
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FIG. 3. Immunogenicity of the CTB-Pvs25H-A fusion protein for induction of a Pvs25-specific serum IgG response. (a) Female BALB/c mice
(four or eight mice per group) were immunized with Pvs25H-A alone (30 pg) (S), a mixture of cholera toxin B subunit (CTB; 30 p.g) and Pvs25H-A
(30 p.g) (M), or the CTB-Pvs25H-A fusion protein (60 pg), by the subcutaneous (s.c.) or the intranasal (i.n.) route (L), three times, at weeks 0,
2, and 3. Serum samples were collected a week after the third immunization and were evaluated for Pvs25-specific IgG titers. All mice received
the same amount of Pvs25H-A antigen, i.e., 30 pg per injection. IFA and CT at various doses (0.1 to 1.0 pg) were used as s.c. and in. vaccine
adjuvants, respectively. Nonimmune serum (N) was used as a negative control. Antibody titers were defined as the serum dilution that gave an
OD,,5 of 0.1 or the serum dilution for which a one-point-higher dilution (2-fold) gave an OD, 5 of <0.1. #, Significantly different from nonimmune
serum as determined by the Wilcoxon-Mann-Whitney test (P < 0.05); **, significantly different among the three groups (S, M, and L) as
determined by the Kruskal-Wallis test (P < 0.001). (b) Ookinete-specific reactivity of induced antisera analyzed by immunofluorescence. The
antisera derived from s.c. immunization with the CTB-Pvs25H-A fusion protein emulsified with IFA (CTB-Pvs25SH-A/IFA), or the fusion protein
administered in. with CT (1 pg) (CTB-Pvs25H-A/CT) specifically recognized native Pvs25 protein expressed on the surface of Plasmodium vivax
ookinetes. Scale bar, 5.2 pm.

toris as a production host for Pvs25. The yield of Pvs25H was  Biosector, Frederilssund, Denmark) has recently been shown
comparable to that reported previously for its expression in S. to induce antibody effectively in human volunteers in a phase
cerevisiae (19). When expressed in S. cerevisiae, this proteinwas 1 clinical trial, and the antigen was found to be efficacious, as
also produced as a mixture of various isoforms (19). Although evidenced by significant transmission-blocking activity ob-
we observed a similar protein expression pattern, i.e., multi-  served in the membrane feeding assay (17). That study con-
mers and the A and B monomers, higher proportions of the  firmed that Pvs25 is a very promising TBV candidate; however,
molecularly homogeneous A isoform than the heterogeneous it is highly desirable to induce higher levels of transmission-
B and multimeric isoforms were produced when Pvs25H was blocking immunity for practical vaccine development (17). An-
expressed in P. pastoris and not in S. cerevisiae. This might  other phase 1 clinical trial using Montanide ISA 51, a water-
present an advantage of using P. pastoris expression system for in-oil emulsion, has recently been completed; however, due to
Pvs25 vaccine production rather than S. cerevisiae system. The an unexpected frequent local reactogenicity, the vaccine effi-
P. pastoris-derived A isoform could be as conveniently and  cacy has not been verified (29). Therefore, there seems to be
efficiently purified from the culture supernatant as reported for ~ an increasing demand for the development of a new immune-
S. cerevisine-derived A isoform, by a combination of affinity, enhancing vaccine platform technology for malaria OSPs, be-

size exclusion, and hydrophobic interaction chromatographies. cause they are low-molecular-weight proteins that are by them-
The next critical step in vaccine generation is the optimiza-  selves not sufficiently immunogenic.

tion of vaccine antigen formulations; a search for the optimal There have been several reports showing examples of chem-

antigen formulation is often considered to be as important as  ical conjugation of Plusmodium falciparum OSPs with potential

choosing the best antigen among many vaccine candidate an- antigen carrier molecules such as the outer membrane protein

tigens. Pvs25H antigen adsorbed onto Alhydrogel (Brentag — of Neisseria meningitidis (30), exoprotein A of Pseudomonas
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FIG. 4. Transmission-blocking vaccine (TBV) effects of the in-
duced mouse antisera on Plasmodium vivax oocyst development in the
Anopheles dirus A mosquito midgut. TBV effects on oocyst numbers
induced by antisera (1/2 dilution) obtained from mice immunized with
each antigen formulation (S, M, and L) as described in Fig. 3. N,
nonimmune serum. Either TFA or CT was used as an adjuvant, as
indicated. The data are expressed as the median values of oocyst
number found per mosquito (bar within the box) with the 25 and 75%
quartiles (the box) and ranges (whiskers above and below the box).
The percent reduction was calculated as the reduction in the average
oocyst number for each immunization group compared to the average
oocyst number for the unimmunized control group (N). The number of
parasite-free mosquitoes per total number of mosquitoes examined (20
mosquitoes) is provided. The analysis was performed twice, using dif-
ferent blood samples, as indicated in the upper panel (P. vivax [Pv}-
infected blood donor 1) and the lower panel (Pv-infected blood donor
2). M groups without adjuvant supplementation, M and L groups with
IFA supplementation, and all groups with 0.1- and 0.5-pg CT supple-
mentation were excluded from membrane feeding analysis. *, P <
0.001 versus the nonimmune (N) group as determined by the Wilcox-
on-Mann-Whitney test; *x, P < 0.001 between the S and L groups as
determined by the Wilcosxon-Mann-Whitney test; =+, P < 0.001
among the three groups (S, M, and L) as determined by the Kruskal-
Wallis test; T, P < 0.005 versus the nonimmune (N) group as deter-
mined by the chi-square test; 11, P < 0.005 between the indicated two
groups as determined by the chi-square test.

aeruginosa (16), ovalbumin (16), and a P. falciparum OSP itself
by chemical crosslinking (16). All of these were demonstrated
to increase TBV efficacy, but no attempts have yet been made
to enhance the immunogenicity of P. vivax OSPs by coupling

INFECT. IMMUN.

them to other proteins. In the present study we evaluated CTB
as a potential carrier for Pvs25. First, to extend our previous
study where CT was used as adjuvant (1-3), we tested our
hypothesis that the mucosal immunogenicity of Pvs25 would
increase when the protein was coupled to the nontoxic CTB
subunit, even in the absence of CT supplementation. Second,
to explore CTB’s less-characterized immune potentiating
properties for s.c.-delivered antigens, we immunized mice with
the CTB-Pvs25H-A fusion protein by an s.c. route, in the
presence or absence of IFA. Qur principal finding was that the
coupling of the antigen to CTB profoundly enhanced its im-
munogenicity in in. as well as in s.c. immunization regimes,
without supplementation with extraneous adjuvants. However,
the membrane feeding assay revealed that there was still much
room for improvement (Fig. 4). For instance, although in.
administration of the fusion protein alone conferred a rela-
tively high transmission-blocking immunity (88 and 73% de-
creases in oocyst number for blood samples from donors 1 and
2, respectively) compared to unfused antigen alone or the
unimmunized control group, only a few mosquitoes (/20 to
3/20) were free of parasites. Supplementation of CT to the
fusion protein increased the efficacy close to complete block-
ade (>99.9%), significantly increasing the number of mosqui-
toes free of parasites (19/20 to 20/20). Because supplementa-
tion of CT to unfused antigen resulted in an intermediate level
of protection (97% [9/20] and 92% [11/20] decrease in oocyst
pumber for blood samples from donors 1 and 2, respectively),
we concluded that both the CT supplementation and the CTB-
coupling strategies contributed to the increased vaccine effi-
cacy, although the former was more efficient than the latter. A
similar tendency was observed for the s.c. immunization re-
gime: s.c. administration of the fusion protein alone conferred
a more than 90% decrease in oocyst number, in which approx-
imately half of the mosquitoes were free of parasites (9/20 to
11/20); however, the use of IFA with unfused antigen contrib-
uted more than the fusion method. We observed that the
efficacy of the fusion protein administered alone by the s.c.
route was almost equal to that attained by the unfused antigen
administered in. with CT supplementation, in terms of the
average numbers of oocyst per mosquito (>90%) as well as the
number of mosquitoes free of parasites (9/20 to 11/20). Simi-
larly, the vaccine efficacy for unfused antigen administered s.c.
with IFA was almost equal to the level attained by the fusion
protein administered in. with CT in terms of the average
number of ococysts per mosquito (>99%) as well as the number
of mosquitoes free of parasites (19/20 to 20/20). Although we
did not assess the vaccine efficacy of the fusion protein emul-
sified in an oil adjuvant such as IFA, IFA was very effective in
that almost complete blockade was observed for unfused an-
tigen. It is likely that a combination of oil adjuvant and the
CTB-coupling strategy would further enhance the efficacy.
Taken together, we conclude that (i) s.c. immunization is more
efficacious than i.n. immunization, inducing “one-level-higher”
immunity than in. immunization, and (ii) a CTB-coupling
strategy is substantially effective in enhancing transmission-
blocking immunity, but supplementation with extraneous ad-
juvants is expected to induce an even higher immunity (Fig. 5).

The clinical use of CT, particularly as a nasal adjuvant, is
hampered by its toxicity (26). Furthermore, the nontoxic CTB
has yet to be proven a safe nasal vaccine delivery molecule.
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Vaccine efficacy

Subcutaneous

FIG. 5. Schematic summary of the observed or expected (but not
tested) transmission-blocking vaccine (TBV) efficacy induced by each
immunization regime. s.c. immunization tended to induce “one-level-
higher” immunity than in. immunization in our experimental model.
Identical or similar vaccine formulations are encircled by a dotted line.
CTB, cholera toxin B subunit; CT, cholera toxin; IFA, incomplete
Freund’s adjuvant.

Therefore, an alternative approach for using CTB as a vaccine
antigen carrier is highly desirable. Although there have been
numerous reports demonstrating enhanced mucosal immuno-
genicity of various antigens by coupling to CTB (13), very few
systematic studies have been conducted to assess CTB’s anti-
gen carrier capacity for s.c.-delivered antigens. Our present
study clearly demonstrated the potential of CTB in s.c. vaccine
platform design. Furthermore, it is notable that, unlike anti-
gens emulsified with oil adjuvant such as IFA or antigens
administered with an aluminum hydroxide adjuvant, the pro-
tein-only CTB-coupled antigens are likely to be much less
reactogenic. It is believed that recent innovations in effective
but much less locally reactogenic and safer oil adjuvants such
as MF59 (Chiron Corp., Emeryville, CA) (20, 21), the Mon-
tanide ISA series (Seppic, Inc., Fairfield, NJ) (20, 29), and the
GlaxoSmithKline adjuvant systems (GlaxoSmithKline, Brent-
ford, United Kingdom) (8, 27), will expedite malaria vaccine
development. It is also possible that protein delivery molecules
will ultimately be combined with effective oil or other adju-
vants, including aluminum hydroxide. This is supported by our
recent unpublished study in which a recombinant malaria an-
tigen administered with an alum adjuvant only marginally en-
hanced its immunogenicity, whereas the same antigen loaded
onto carrier molecules became highly immunogenic when ap-
plied together with the alum.

In the present study, we did not assess the molecular mech-
anisms of the immune potentiating function of CTB. However,
our observation that simple mixing of Pvs25H-A with CTB did
not produce a profound immune enhancement implies that its
immunogenicity results from the antigen delivery, rather than
a physiological cell activation, as occurs for CT. Further ex-
periments are ongoing to characterize the immune potentiat-
ing function of CTB using the C-terminal 19-kDa fragment of
merozoite surface protein 1 from Plasmodium yoelii. The re-
sults of these studies will help us judge whether CTB could
contribute to a new platform technology for the design of
s.c.-delivered subunit vaccines against infectious diseases such
as malaria.
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Chapter 8

An Efficient Approach to the Production of Vaccines Against
the Malaria Parasite

Takafumi Tsuboi, Satoru Takeo, Tatsuya Sawasaki, Motomi Torii,
and Yaeta Endo

Abstract

In malaria vaccine rescarch, one of the major obstacles has been the difficulty of expressing recombinant
malarial proteins and it is mainly due to the lack of an efficient methodology for the synthesis of sufficient
quantity of quality protcins. We demonstrate that the wheat germ cell-free protein synthesis system can
be applied for the successful production of leading malaria vaccine candidate antigens and, thus, prove
that it may be a key tool for malaria vaccine research.

Key words: Cell-free protein synthesis, Parasite, Malaria, Vaccine

1. Introduction

Malaria, a serious infectious disease that challenges the global
health, causes millions of deaths annually, as well as illness in hun-
dreds of millions of people. The most deadly form of the discase
is caused by the inoculation of the malaria parasite, Plasmodium
falciparum, by infected mosquito bites. The disease is re-emerging
mainly due to the emergence of multidrug-resistant parasites and
insecticide-resistant mosquitoes (1). Therefore development of
malaria vaccine has been considered as one of the essential com-
ponents for the malaria eradication (2). However, efforts to
develop a successful vaccine have not yet accomplished (3). Since
we need multiple vaccine candidate antigens to succeed in con-
trolling malaria, post-genome malaria vaccine candidate discovery
is necessary. One of the obstacles in this process is at the malaria
protein production step and is mainly due to the lack of an effi-
cient methodology to prepare quality proteins. P. falciparum
genes have a very high A/T content (average 76% per coding
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