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Immunization of mice with DNA vaccines encoding the full-length form and C and N termini of Plasmodium
yoelii merozoite surface protein 1 provided partial protection against sporozoite challenge and resulted in
boosting of antibody titers after challenge. In C57BL/6 mice, two DNA vaccines provided protection comparable
to that of recombinant protein consisting of the C terminus in Freund’s adjuvant.

Merozoite surface protein 1 (MSP-1) has been the focus of
intense efforts to develop malaria blood-stage vaccines (6). A
large body of evidence from in vitro studies with Plasmodium
falciparum and from challenge studies in murine and primate
models indicate that MSP-1 can be a target of protective im-
mune responses, suggesting that a vaccine against MSP-1 could
protect humans against malaria (2, 3, 5, 10, 13, 14, 16, 20).
Here we report that immunization of mice with DNA vaccines
encoding Plasmodium yoelii MSP-1 (PyMSP-1) provides pro-
tective immunity against sporozoite challenge, that the protec-
tion is comparable to that achieved by a recombinant-protein—
adjuvant formulation of the same antigen, and that immunized
mice exhibit boosting of antibody responses after infection.

Construction of PyMSP-1 DNA vaccines. The VR1012 vec-
tor (11) was modified by insertion of a new polylinker (Fig. 1)
to accept minigene cassettes and also to permit addition of the
signal sequence of human tissue plasminogen activator (tPA)
from VR1020 (17). Another vector, VR1012 tPA p2p30, which
contains the p2 and p30 T-helper epitopes of tetanus toxin, was
constructed (18, 23). Full-length and partial PyMSP-1 gene
fragments were amplified from P. yoelii genomic DNA (strain
17XNL; nonlethal) and cloned into the minigene vectors (Fig.
1). The fragments corresponding to the N and C termini en-
coded amino acids 1 to 466 and 1659 to 1757 of PyMSP-1 (15),
respectively. The constructs were verified by sequence analysis.
Plasmid DNAs were prepared with CsCl gradients (7). To
verify that the constructs were able to express antigen, UM449
cells were transfected with plasmid DNA, and 24 h later an
indirect fluorescent-antibody test (IFAT) with monoclonal an-
tibody 302 (1) or a polyclonal serum against a recombinant
protein consisting of the PYMSP-1 C terminus (3, 24) was used
to detect antigen expression.

Immunization and challenge regimen. The experiments re-
ported here were conducted in accordance with reference 13a.
Female 6- to 8-week-old BALB/c and C57BL/6 mice (The
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Jackson Laboratory, Bar Harbor, Maine) were injected intra-
muscularly with 50 wl of plasmid DNA (1 mg/ml) in saline in
each tibialis anterior muscle with a 0.3-ml insulin syringe and
2915 gauge needle (Becton Dickinson no. 329431). Plasmid
mixtures contained 100 pg of each plasmid. Positive control
C57BL/6 mice received subcutaneous injections of one dose of
50 pg of recombinant protein consisting of the MSP-1 C ter-
minus (produced in Escherichia coli) in complete Freund’s
adjuvant, followed by two doses of MSP-19 in incomplete
Freund’s adjuvant (22). Mice were challenged 2 weeks after
the third immunization by intravenous injection of 50 P. yoelii
sporozoites (17XNL). Geometric mean parasitemias were cal-
culated and graphed. The repeated-measures analysis of vari-
ance (ANOVA) was used to determine whether groups dif-
fered from one another. Differences in group means on each
day were calculated by one-way ANOVA and by the nonpara-
metric Kruskal-Wallis test. ANOVA and Kruskal-Wallis out-
comes were equivalent. Multiple-comparison post hoc analyses
subsequent to ANOVA were done with Tukey’s honestly sig-
nificant difference test in order to identify the groups that
differed. Sera were collected 4 days before challenge. Antibody
titers in pooled sera were measured by IFAT against air-dried
P. yoelii-infected erythrocytes.

Immunogenicity and protection against sporozoites in
BALB/c mice. All of the PyYMSP-1 DNA vaccines were immu-
nogenic in BALB/c mice (Table 1). Interestingly, the antibody
response to constructs encoding full-length PyMSP-1 and the
PyMSP-1 N terminus was higher without the tPA signal pep-
tide. Fusion of the PyMSP-1 N terminus to the C terminus
resulted in a twofold increase in antibody titer over that ob-
tained with C terminus alone (1:640 and 1:320, respectively).
The highest antibody titer (1:1,280) was in mice immunized
with the mixtures of the tPA-p2p30-N-term and tPA-p2p30-
C-term constructs. Thus, the mixture of N- and C-terminus-
encoding plasmids induced titers (1:1,280) of antibody to the
whole parasite fourfold greater than was achieved by immuni-
zation with the C-terminus sequence alone (1:320). Addition of
N-terminus-encoding sequence to the C-terminus-encoding
construct, either as a gene fusion on a single plasmid or as two
plasmids mixed together, improved antibody responses after
intramuscular immunization.

Upon challenge with sporozoites all control mice became
infected; peak parasitemia (geometric mean) in the controls



3458 NOTES

A

Pst I Sal I Xba I Bam HI Bgl II Apa I

\ \ \ \ \

CTCGAGCACCGTCGTCGACTCTAGAATGGGATCCTTCGAAAGATCTTAAGGGCCC
MetGlySerPheGluArgSer***

/7 ] cra-p2p3oc-cerm
[ Jweem
L Jeervcem
©PA-N-termp2p30
_IAM tPA-N-term-p2r30-C-term
r | [ tPA-PYMSP1
l | [ o]] pymse1

FIG. 1. DNA vaccine constructs used in this study. (A) Sequence of the
minigene polylinker used to replace the original polylinker in the VR1012 vector.
(B) Schematic representation of PYMSP-1 DNA vaccine constructs encoding the
C terminus, the N terminus, and full-length PyMSP-1. These inserts were cloned
into the minigene vectors derived from VR1012, as described in the text. The
human tPA signal sequence (black boxes) and p2p30 T-helper epitopes (hatched
boxes) are indicated.

was 44% on day 15. In contrast, all groups immunized with the
MSP-1 DNA vaccines exhibited lower peak parasitemias; in
most groups, peak parasitemia occurred 1 day earlier than in
controls and the parasitemia was resolved more rapidly. Peak
parasitemias in mice immunized with the tPA-p2p30-C-term
and N-term vaccines were 22 and 20%, respectively, ~50%
lower than those in controls, and occurred on day 13. Further-
more, one of eight mice in the groups immunized with the
PyMSP-1 and tPA-PyMSP-1 constructs was completely pro-
tected, and one of eight mice in the group immunized with the
mixture of C-term and tPA-PyMSP-1 plasmids had a very low
level of parasitemia on day 5 postinfection and was apara-
sitemic thereafter. Statistically significant differences (P <
0.05; Tukey’s honestly significant difference test) in para-
sitemia levels between experimental groups and the vector
controls were also noted on days 15, 17, and 21 in mice immu-
nized with tPA-p2p30-C-term, tPA-N-term—p2p30-C-term,
N-term, tPA-N-term, tPA-PyMSP-1, and tPA-p2p30-C-term

TABLE 1. Antibody titers and day 5 parasitemias in BALB/c mice
after immunization with PyMSP-1 DNA vaccines and challenge
with sporozoites

Titer”
Parasitemia
Immunogen(s) Pre- Post- (%)
challenge challenge
tPA—p2p30-C-term 1:320 1:5,120 0.46
tPA-N-term-p2p30-C-term 1:640 1:5,120 0.69
N-term 1:640 1:1,280 0.46
tPA-N-term 1:320 1:5,120 0.33
tPA—p2p30-N-term 1:640 1:2,560 0.42
PyMSP-1 1:320 1:2,560 0.16
tPA-PyMSP-1 1:80 1:640 0.16
tPA-p2p30-N-term + tPA- 1:1,280 1:1,280 0.075
p2p30-C-term
tPA-PyMSP-1 + tPA- 1:320 1:160 0.087
p2p30-C-term
Vector control Neg 1:80 0.43

“ Antibody titers in pooled sera were determined by IFAT on air-dried P.
yoelii-infected erythrocytes 4 days prechallenge and 15 days postchallenge. Neg,
negative.

 Values are geometric mean parasitemias on day 5 postchallenge.
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TABLE 2. Antibody titers and day 5 parasitemias in C57BL/6 mice
after immunization with PyMSP-1 DNA vaccines and challenge
with sporozoites

Immunogen(s) Titer”  Parasitemia (%)°
tPA-p2p30-C-term 1:1,280 0.49
PyMSP-1 1:40 0.10
tPA-p2p30-C-term + PyMSP-1 1:1,280 0.59
tPA-p2p30-C-term + tPA-PyMSP-1 1:2,560 0.36
tPA-p2p30-C-term + tPA-p2p30-N-term 1:2,560 0.46

Vector control Neg 0.55
MSP-19 recombinant protein 1:5,120 0.12

“ Antibody titers in pooled sera were determined by IFAT on air-dried P.
yoelii-infected erythrocytes 4 days prechallenge. Neg, negative.
® Values are geometric mean parasitemias on day 5 postchallenge.

plus tPA—p2p30-N-term. Levels of parasitemia in mice immu-
nized with the tPA-N-term—p2p30 and PyMSP-1 DNA vac-
cines were significantly lower than those in controls on days 17
and 21. In addition, mice immunized with either of the two
plasmids encoding the full-length PyMSP-1 sequence exhibited
lower levels of parasitemia on day 5 than other groups, sug-
gesting an effect on liver-stage parasites (Table 1). These data
indicate that the mice immunized with PyYMSP-1 DNA vaccines
controlled and cleared their parasitemias more rapidly than
the controls.

Antibody titers were measured 15 days after sporozoite chal-
lenge (Table 1). Most groups immunized with PyMSP-1 DNA
vaccines exhibited 2- to 16-fold increases in antibody titers, up
to a maximum of 1:5,120 in mice immunized with the tPA-
p2p30-C-term, the tPA-N-term, or the tPA-N-term—p2p30-
C-term fusion vaccine. However, mice that received the two
plasmid mixtures had either no increase in titer or a small
decrease. Control mice had no detectable antibodies prechal-
lenge and titers of only 1:80 15 days postchallenge. These data
indicate that the animals were primed by immunization with
the PyMSP-1 DNA vaccines and that subsequent exposure to
blood-stage parasites in the course of the infection boosted the
antibody response.

Immunogenicity and protection against sporozoite chal-
lenge in C57BL/6 mice. Previous work indicated that C57BL/6
mice show the highest level of protection against challenge
with infected erythrocytes after immunization with recombi-
nant proteins consisting of the PyMSP-1 C terminus in adju-
vants (22). We therefore repeated the experiments with
C57BL/6 mice and, to compare the DNA and recombinant-
protein vaccines, immunized one group with recombinant
MSP-19 protein in Freund’s adjuvant.

All the PyMSP-1 DNA vaccines tested were immunogenic in
C57BL/6 mice (Table 2). The highest antibody titer (1:2,560)
was induced in mice that received the mixture of tPA—p2p30-
C-term and tPA-PyMSP-1 plasmids or the mixture of tPA-
p2p30-C-term and tPA-p2p30-N-term plasmids. Mice immu-
nized with the tPA-p2p30-C-term plasmid had antibody titers
of 1:1,280. Mice immunized with three doses of the MSP-19
recombinant protein had IFAT titers of 1:5,120. Thus, in
C57BL/6 mice, the best PyMSP-1 DNA vaccines induced an-
tibody titers twofold lower than those induced by the recom-
binant-protein vaccine, and the comparable construct induced
antibody titers fourfold lower than did the recombinant pro-
tein in Freund’s adjuvant.

Upon sporozoite challenge, all control mice were para-
sitemic on day 5, but five of eight mice immunized with recom-
binant protein, one of eight mice immunized with tPA-p2p30-
C-term, one of eight mice immunized with tPA-p2p30-C-term
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FIG. 2. Geometric mean parasitemias after intravenous challenge with P. yoelii 17XNL sporozoites. BALB/c mice were immunized with DNA vaccines containing

the C-terminus, N-terminus, and full-length PyMSP-1 genes in the VR1012 vector.

plus PyMSP-1, one of eight mice immunized with tPA-p2p30-
C-term plus tPA-PyMSP-1, one of eight mice immunized with
tPA—p2p30-C-term plus tPA-p2p30-N-term, and two of eight
mice immunized with PyYMSP-1 DNA did not have detectable
parasitemias. The lowest levels of parasitemia on day 5 were in
the groups that received the full-length PyMSP-1 DNA vaccine
or the recombinant protein in adjuvant (Table 2). As in the
previous experiment, all of the groups immunized with DNA
vaccines had lower peak parasitemias and resolved their para-
sitemias more rapidly than controls. All control mice became
infected and had a peak geometric mean parasitemia of 33%
on day 15. One of eight mice that had received the mixtures of
tPA-p2p30-C-term plus tPA-p2p30-N-term and of tPA-
p2p30-C-term plus tPA-PyMSP-1 were completely protected.
In the MSP-19 group, two of eight mice were completely pro-
tected. With regard to geometric mean peak parasitemia, the
DNA vaccine group with the best results, which received the
mixture of tPA-p2p30-C-term and tPA—p2p30-N-term vac-
cines, had a peak parasitemia of 3%, a reduction of 88%
compared to mice that received vector DNA alone. The group
that received the tPA—p2p30-C-term DNA vaccine had the
second best results, with a peak parasitemia of 5.86%. Among
the mice that received recombinant MSP-19 protein the peak
parasitemia was 6.25%. In this experiment the mixture of tPA-
p2p30-C-term and tPA-p2p30-N-term DNA vaccines was as
good as or better than the recombinant MSP-19 protein in
reducing peak parasitemia after challenge with sporozoites
(P =0.5), and the tPA-p2p30-C-term plasmid was comparable
to the recombinant protein in this regard. When administered
to BALB/c mice the mixture of tPA-p2p30-C-term and tPA-
p2p30-N-term also reduced peak parasitemia significantly
(Fig. 2).

The most promising finding in this study was that the
PyMSP-1 DNA vaccines protected immunized mice against
sporozoite challenge. This was shown by a reduction in peak
parasitemia in both BALB/c and C57BL/6 mice immunized
with PyYMSP-1 DNA vaccines compared to vector controls. In
the case of the C57BL/6 mice, the protection observed in mice
immunized with the mixture of tPA—p2p30-N-term and tPA-
p2p30-C-term DNA vaccines, or the tPA-p2p30-C-term DNA
vaccine alone, was equivalent to or better than that obtained in

mice immunized with MSP-19 recombinant protein plus adju-
vant (Fig. 3).

The mechanism of protection against sporozoite challenge
in these experiments has not been defined. We believe that
extracellular merozoites or intraerythrocytic parasites were the
major targets of the protective immune responses, because in
mice immunized with pre-erythrocytic-stage vaccines that do
not prevent blood-stage infection, the course of blood-stage
parasitemia after sporozoite challenge is similar to that seen in
control animals (24). Since parasitemias in mice immunized
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FIG. 3. Geometric mean parasitemias in C57BL/6 mice after challenge with
P. yoelii 17XNL sporozoites. Mice were immunized with DNA vaccines contain-
ing the C-terminus, N-terminus, and full-length PyMSP-1 genes in the VR1012
vector or with MSP-19 recombinant protein.
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with the two most protective DNA vaccine regimens were not
significantly different than in negative control C57BL/6 mice
on day 5 (Table 2 and Fig. 3) but were markedly different
thereafter, we believe that the major immune effects were on
the erythrocytic stages of the parasite life cycle. However, we
cannot exclude the possibility that a protective effect against
infected hepatocytes reduced the number of merozoites re-
leased from the liver.

We also demonstrated that DNA vaccines encoding the
PyMSP-1 N terminus induced protection against sporozoite
challenge in BALB/c mice, which indicates that the PyMSP-1
N terminus should be considered as a target for protective
immunity. This confirms recent work by Tian et al. (21), who
observed protection against blood-stage challenge in mice im-
munized with a recombinant protein consisting of the N ter-
minus of PyMSP-1 (amino acids 20 to 792), and work in pri-
mate models with protein vaccines consisting of N-terminal
fragments of P. falciparum MSP-1 (8, 9, 12, 19).

The full-length PyMSP-1 DNA vaccines also elicited protec-
tion. This was particularly clear in BALB/c mice, in which mice
immunized with the tPA-PyMSP-1 construct exhibited statis-
tically significant reductions in parasitemia on days 15 through
21. The mechanism of protection in mice immunized with the
N-term and full-length PyMSP-1 DNA vaccines was not clear,
but antibodies reactive with infected erythrocytes were de-
tected in immunized animals, so protection may have been
antibody mediated. The day 5 parasitemia data in BALB/c
mice immunized with the full-length PyMSP-1 DNA may also
support an anti-liver-stage effect, as parasitemia was signifi-
cantly reduced on day 5 (Table 1). Studies are in progress to
characterize the protective immune responses, so new DNA
vaccines can be designed to more efficiently induce the appro-
priate response(s). These studies should also examine the iso-
type and specificity of the antibody response, factors which
have also been shown to influence protection (4).

Mice immunized with PyMSP-1 DNA vaccines were also
able to boost antibody responses after challenge. Boosting of
the antibody response after exposure to blood-stage parasites
would be a very desirable feature for a malaria vaccine, be-
cause it would allow individuals who are constantly exposed to
parasites to boost protective responses upon infection. We
propose that after priming with DNA vaccines, infection in the
field will lead to boosting of primed immune responses and
limitation of the parasite burden.

We have shown that DNA vaccines encoding PyMSP-1 are
immunogenic in mice, that they can induce protective immu-
nity to sporozoites comparable to that obtained with recombi-
nant protein, that immunization with the PyMSP-1 N terminus
induces protection, and that there is boosting of the antibody
response upon a challenge infection. These results suggest that
MSP-1 should be investigated as one potential component of
multivalent DNA vaccines currently being developed for P.
falciparum malaria. To this end, we are investigating the im-
munogenicity and protective efficacy of DNA vaccines encod-
ing N- and C-terminal fragments of P. falciparum MSP-1 in
animal models.
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