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Immunological intervention, in addition to vector control and malaria chemotherapy, will be needed to stop
the resurgence of malaria, a disease with a devastating impact on the health of 300 to 500 million people
annually. We have pursued a vaccination strategy, based on DNA immunization in mice with genes encoding
two antigens present on the sexual stages of Plasmodium falciparum, Pfs25 and Pfg27, to induce biologically
important antibodies that can block development of the parasite in the Anopheles mosquito and thus trans-
mission of the disease. DNA encoding Pfs25 when administered by the intramuscular route, either alone or with
DNA encoding Pfg27, had the most potent transmission-blocking effects, resulting in up to a 97% decrease in
oocyst numbers in mosquito midguts and a 75% decrease in rate of infection. Immunization with DNA encoding
a Pfg27-Pfs25 fusion protein was less effective and DNA encoding Pfg27 elicited antibodies in sera that had only
modest effects on the infectivity of the parasite. These results show for the first time that DNA vaccination can
result in potent transmission-blocking antibodies in mice and suggest that the Pfs25 gene should be included
as part of a multicomponent DNA vaccine.

Malaria continues to exact a heavy toll on human life despite
intensive chemotherapeutic intervention and vector control
campaigns. It is transmitted from humans to mosquitoes
through the sexual stages of the parasite, the gametocytes, that
develop in the blood of the infected person. Following a blood
meal, gametogenesis in the mosquito midgut liberates the male
and female gametes from the erythrocyte and these gametes
undergo fertilization, followed by the formation of oocysts
which further develop into sporozoites. Several midgut stages
of Plasmodium have been shown to be susceptible to immune
factors like antibodies and complement ingested with the
blood meal. This could result in the reduction or even elimi-
nation of parasite infectivity in the mosquito vector and forms
a rational basis for the development of malaria transmission-
blocking (TrB) vaccines (1, 4, 15). Such a vaccine, based on
antigens expressed in the sexual stages of Plasmodium falcipa-
rum, would block the passage of parasites from humans to
mosquitoes and is thus an attractive strategy to limit the trans-
mission of malaria. In addition, when combined with vaccines
targeting other life cycle stages of Plasmodium or chemother-
apy, TrB vaccines could also help to limit the spread of mutant
parasites. Long-term control of this widespread disease may
thus become possible.

Several proteins have been identified in P. falciparum as
candidate antigens for the development of malaria TrB vac-
cines (15, 16, 24, 35). Some of these, like Pfs230, Pfs48/45, and
Pfg27, are synthesized predominantly in the gametocytes (ver-
tebrate host) with some residual expression seen after game-
togenesis and fertilization (19, 32), while others, like Pfs25 and
Pfs28 (9, 12, 13), are expressed only after initiation of game-
togenesis and fertilization in the vector host. Studies on puri-
fied Pfs25 recombinant proteins expressed in Escherichia coli
or yeast have demonstrated a need for proper conformational

folding of target epitopes, administration of adjuvants, and
multiple immunizations (3, 9, 14). In view of the fact that DNA
immunization can overcome some of these immunogenicity
requirements, we combined the genes coding for two target
antigens found on different sexual stages, Pfg27 in gametocytes
and Pfs25 in zygotes, and evaluated their potential as experi-
mental DNA-based TrB vaccines as single immunogens, coim-
munogens, and a hybrid gene fusion.

DNA-based vaccines have been shown to generate cellular
and humoral immune responses against various pathogens in
diverse animal species. In fact, experimental nucleic acid vac-
cines against a wide variety of infectious diseases, including
leishmaniasis (36), human immunodeficiency virus (2), tuber-
culosis (20), malaria (10, 28, 29, 33), hepatitis B (16), and
influenza (30), are all under development (7). Polynucleotide
vaccines based on Plasmodium yoelii sporozoite and hepato-
cyte stage proteins have resulted in up to 90% protection in
mice (8, 28). More recently, it has been shown that immuni-
zation with DNA encoding two preerythrocytic malaria anti-
gens followed by boosting with a vaccinia virus expressing the
same antigen conferred complete protection in mice (27, 29).
Thus, DNA vaccines may offer the best prospect for success
and possess a significant number of advantages over conven-
tional methods of immunization.

This study demonstrates for the first time an induction of
high-titer antibodies in mice immunized with DNA-based ma-
laria TrB immunogens. These antibodies, when tested in mem-
brane feeding transmission assays, proved to be highly effective
inhibitors of parasite development in the mosquito. This pro-
vides strong support for the development of a DNA-based P.
falciparum TrB vaccine and its inclusion in global strategies to
control malaria.

MATERIALS AND METHODS

DNA constructs used for immunizations. DNA vectors VR1012 and VR1020
(Vical Inc.) were obtained from S. L. Hoffman (Naval Medical Research Insti-
tute, Rockville, Md.). The plasmids contain a polyadenylation termination se-
quence downstream of the multiple-cloning region, a prokaryotic origin of rep-
lication, and the kanamycin resistance gene as a selectable marker. Expression of
the foreign gene is driven by a strong eukaryotic cytomegalovirus promoter.
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VR1020 has a tissue plasminogen activator (TPA) signal sequence just upstream
of the cloning sites which facilitates secretion of the expressed protein when the
foreign gene is cloned in frame with it.

Recombinant plasmids VR1012/27, VR1012/25, VR1012/2725, VR1020/27,
VR1020/25, and VR1020/2725 were constructed as detailed in Fig. 1. The entire
coding sequence of Pfg27 was used in all DNA constructs containing Pfg27
sequence, whereas a truncated version of Pfs25 lacking putative signal (amino
acids 1 to 17) and anchor sequences (amino acids 203 to 217) was used to create
the truncated Pfs25 (trPfs25) constructs. The plasmids were initially constructed
by cloning a PCR-generated fragment of DNA encoding Pfg27 into the HincII
site of pRSETC (22). The trPfs25 gene (obtained by PCR using primer 59GTG
TAT GAA TTC GAA ATA TAA TAA TGC G 39 containing an EcoRI site
[underlined] and bp 52 to 66 of Pfs25 and primer 59 GTG TAT AAG CTT TTA
ATT TAA AAT ATT 39 containing a HindIII site [underlined] and bp 595 to 606
of Pfs25) was then introduced downstream of, and in frame with, the Pfg27
sequence to create the hybrid Pfg27-trPfs25 (2725) construct in pRSETC. Fi-
nally, the Pfg27 sequence was deleted from the hybrid construct by using restric-
tion enzymes BamHI and EcoRI followed by treatment with T4 DNA polymer-
ase to flush ends to create the trPfs25 plasmid. The three inserts Pfg27, Pfg27-
trPfs25, and trPfs25 were then cloned into VR1012 or VR1020. The various
pRSETC plasmids were digested with NdeI and HindIII, and inserts were treated
with T4 DNA polymerase and cloned into blunt-ended BamHI/BglII sites of
VR1012/1020 to generate the final plasmids that were used for immunizations.
All constructs were sequenced to verify the fidelity of the sequence. Plasmid
DNA was purified by use of Qiagen columns, sterilized by ethanol precipitation,
and dissolved in sterile phosphate-buffered saline (PBS) for injection.

Animals and immunizations. Six- to 8-week-old female BALB/c mice were
used for all the immunizations (five mice per immunogen). For the intramuscular
(i.m.) immunizations, two DNA inoculations (50 mg each in sterile PBS) were
given 4 weeks apart. DNA was administered into the right and left tibialis
cranialis muscles of the mouse. Intradermal (i.d.) immunizations employed the
same amount of DNA and the same immunization schedule as those used for the
i.m. immunizations and were administered along the tail. Blood was collected
preimmunization and 4 weeks after the first and booster immunizations, and sera
were stored at 220°C.

Immunological analysis. The sera obtained were assayed for end point titers,
isotype of specific antibodies elicited, and reactivity to native parasite protein.

(i) Enzyme-linked immunosorbent assay (ELISA). Immulon-2 microtiter
plates were coated (100 ml/well) with 2 mg of either rPfg27 or rPfs25 per ml in
bicarbonate buffer (4 mM Na2CO3, 8 mM NaHCO3 [pH 9.6]) overnight at 4°C.
For end point titer determination, sera from all five mice in a group were pooled
and diluted 1:100 to 1:800,000 in 1% bovine serum albumin in PBS–0.05%
Tween. Plates were incubated for 2 h, washed extensively, and incubated in the
presence of a 1:1,000 dilution of goat anti-mouse immunoglobulin G [IgG(heavy
plus light chains)] conjugated with horseradish peroxidase (Gibco-BRL). After
washes, the plates were developed with ABTS [2,29-azinobis(3-ethylbenzthiazo-
linesulfonic acid)] single-reagent substrate (Kirkegaard & Perry Labs, Gaithers-
burg, Md.) and absorbance was read at 405 nm. End point titers were defined as
the highest serial dilutions of sera yielding absorbance values greater than 0.05,
a value corresponding to an average absorbance value for pools of preimmune
serum 6 2 standard deviations. For the determination of antibody isotype, all
conditions used were as described above except that a single serum dilution of
1:1,000 was employed and the secondary antibody was rabbit anti-mouse immu-
noglobulin (heavy chain) specific for IgG1, IgG2a, IgG2b, IgG3, or IgM.

For the estimation of antibody avidity, a modification of the method of Pullen

et al. (5, 23) was followed. Various concentrations (0 to 6 M) of NaSCN were
used (15 min, room temperature) to allow for the disruption of the antigen-
antibody binding. This was followed by the standard ELISA protocol detailed
above.

(ii) Analysis of antibody recognition of parasite-derived proteins. Mature P.
falciparum gametocytes of the NF54 isolate were obtained by in vitro culture as
previously described (11). After induction of gametogenesis and exflagellation
(21), gametes and zygotes were purified by using a discontinuous Nycodenz
gradient (31). The extracts of purified parasites (a mixture of gametocytes,
gametes, and zygotes) were run on a nonreducing sodium dodecyl sulfate–5 to
20% polyacrylamide (SDS–5 to 20%) PAGE gel and blotted onto nitrocellulose
filters and probed with pooled mouse sera, used at a dilution of 1:200 (22).

Membrane feeding TrB assays. The infectivity of P. falciparum gametocytes to
Anopheles mosquitoes in the presence of the different sera was tested by mem-
brane feeding assays (24, 35). Freshly drawn and washed human erythrocytes,
normal human serum, and the sera to be tested (final dilution, 1:5 to 1:20) were
mixed with mature gametocyte cultures (3D7 clone; 14 to 18 days old). Twenty
to 30 Anopheles stephensi mosquitoes in a cage (starved for 5 to 6 h) were fed
each suspension through a Parafilm membrane warmed to 39°C by a glass water
jacket (membrane feeder). Mosquitoes were allowed to engorge for 15 min.
Blood-fed mosquitoes were maintained at 26°C and 60 to 80% relative humidity
and dissected 8 days after feeding. Midguts were examined for the presence of
oocysts. Infection rates (number of mosquitoes infected/total number dissected)
and number of oocysts (geometric means) in mosquitoes fed test sera were
compared to those obtained from feeds using sera from VR1020-immunized
animals. Statistical significance was assessed by the Mann-Whitney test.

RESULTS

Antibody titers. In the initial series of immunizations, mice
were immunized with the VR1012 series of constructs (lacking
TPA secretion sequence), and antibody responses against re-
combinant Pfg27 (rPfg27) and rPfs25 were measured by
ELISA. All animals developed antibody responses to the re-
spective immunogen; however, ELISA end point titers re-
vealed significant differences in antibody levels between the
two routes of immunization evaluated in this study. Higher
titers of antibodies were elicited for the various VR1012 con-
structs when the i.m. route was employed (Table 1). Antibody
titers against Pfg27 were 30-fold higher by the i.m. route of
immunization than by the i.d. route. In view of this difference,
the second series of constructs, the VR1020 series (containing
a TPA secretion signal sequence) was administered only via
the i.m. route. Mice in groups of five were immunized with
plasmids encoding Pfg27 (VR1020/27) or trPfs25 (VR1020/25)
alone, a combination of both plasmids (VR1020/27125), or a
chimeric Pfg27-Pfs25 hybrid (VR1020/2725). Antibody titers
against rPfs25 averaged 160,000 when VR1020/25 or VR1020/
27125 was used to immunize mice, and a titer of 80,000 was

FIG. 1. Schematic outline (A) showing construction of the various plasmids (B) used for immunization. sig., signal; anch, anchor; B, BamHI; E, EcoRI; H,
HindIII.
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obtained with the hybrid VR1020/2725 (Fig. 2B). Likewise, the
antibody end point titers against rPfg27 were in excess of
80,000 in mice immunized with VR1020/27, VR1020/2725, or
VR1020/27125 (Fig. 2A). These results thus demonstrated
that the i.m. route of immunization and the VR1020 series of
plasmids allowing expression of proteins fused with a putative
TPA leader sequence elicited high-titer antibody responses
against the various antigens tested. Additionally, the antibod-
ies elicited were specific to the immunogen used for immuni-
zation (data not shown).

Avidity assays. An ELISA in the presence of various con-
centrations of NaSCN (Fig. 3) suggested that the antibodies
elicited by the various DNA constructs containing the gene for

Pfs25 bound to the yeast-derived rPfs25 with higher avidity
than did the anti-Pfs25 monoclonal antibodies (MAbs) 1C1
and 1D2 (13). No significant difference in the avidities for
rPfg27 was found between the various anti-Pfg27 sera.

Recognition of parasite antigen. Pooled sera from the im-
munized mice were tested in a Western blot analysis on non-
reduced extracts of gametocytes, gametes, and zygotes of P.
falciparum. Figure 4 shows that all the antibodies recognized
the parasite antigen specific to the construct used for immu-
nization. Constructs containing the gene encoding Pfg27 re-
sulted in antisera reactive with the 27-kDa protein, whereas
constructs encoding Pfs25 elicited antibodies that recognized
the 25-kDa protein. Pfs25 shows anomalous migration on an
SDS-PAGE gel due to the conformation imposed by the pres-
ence of multiple disulfide bonds in the protein. Sera from
animals immunized with VR1020 alone did not react with any
parasite protein. Appropriate MAbs recognizing Pfg27 and
Pfs25 were used as positive controls.

TrB assays. The ability of the various sera to block the
formation of oocysts in P. falciparum gametocyte-fed mosqui-
toes was evaluated, and these results are summarized in Table
2. Antisera from VR1020/25- or VR1020/27125-immunized
mice dramatically reduced the infectivity of the parasite. The

TABLE 1. Antibody titers in mice immunized i.d. and i.m. with the
VR1012 series of constructs

DNA immunogen

End point Titera

rPfg27 rPfs25

i.d. i.m. i.d. i.m.

VR1012/27 600 20,000 NTb NT
VR1012/25 NT NT 600 2,400
VR1012/2725 600 1,200 2,400 2,400

a Determined relative to VR1012 vector immunizations.
b NT, not tested.

FIG. 2. Antibody titers measured by ELISA to rPfg27 (A) and rPfs25 (B).
(A) Symbols: E, VR1020; h, VR1020/27; Œ, VR1020/27125; ‚, VR1020/2725.
(B) Symbols: E, VR1020; ■, VR1020/25; Œ, VR1020/27125; ‚, VR1020/2725.
ELISA end points were defined as the highest serial dilutions yielding absor-
bance readings at 405 nm of greater than 0.05 (see Materials and Methods).

FIG. 3. Estimation of antibody avidity in sera against rPfs25 (A) and rPfg27
(B). (A) Mice were immunized with VR1020/25 (E), VR1020/2725 (h), VR1020/
27125 (‚), and MAbs against Pfs25 (F). (B) Mice were immunized with
VR1020/27 (E), VR1020/2725 (h), VR1020/2725 (h), VR1020/27125 (‚), and
MAbs against Pfg27 (F).
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average number of oocysts per mosquito midgut in both these
groups was 0.17 to 0.39, in contrast to 4.9 to 9.1 for VR1020-
immunized mice. Additionally, the rate of infection in these
mosquitoes was also significantly reduced relative to that of the
control group. However, mice immunized with the hybrid
VR1020/2725 construct elicited antibodies in sera that ap-
peared to result in a less potent inhibition of parasite devel-
opment. In this group, the oocyst burden was reduced by 78 to
95%. Only a modest reduction in oocyst numbers per midgut
was seen when VR1020/27 was used as the immunogen (see
Table 2).

Analysis of antibody isotype. Previous studies have sug-
gested that TrB activity of MAbs against Pfs230 was influenced
by the antibody isotype (26). To evaluate whether the TrB
activity of the sera from mice immunized with the DNA im-
munogens correlated with a certain antibody isotype elicited,
we looked for the representation of the various isotypes of the
antigen-specific immunoglobulins. Figure 5 depicts the distri-
bution of the isotypes of antibodies when tested in an ELISA
using rPfs25 as the capture antigen. DNA immunization re-
sulted in the production of all IgG family subclasses, with IgG1
and IgG2a representing the major antibody isotypes. Substan-
tial amounts of IgG2b and lower levels of IgG3 and IgM were
also detectable in the sera of the immunized mice. ELISA
analysis of antibody isotype using rPfg27 as a target antigen
revealed very similar isotype profiles for sera from mice im-
munized with the different immunogens (data not shown).

DISCUSSION

Our hypothesis was that a malaria TrB vaccine based on two
sexual stage antigens expressed at different stages of the par-

asite would induce a more potent immune response than that
generated by either when used alone. Additionally, we deliv-
ered these antigens in the form of DNA-based immunogens,
taking into account the various advantages conferred by the

FIG. 4. Western blot analysis of the various pooled sera (1:200) using non-
reduced gametocyte and gamete extracts. Lanes are as indicated. The arrow
marked with a star identifies Pfs25 running anomalously under nonreducing
conditions.

TABLE 2. TrB activity of sera in membrane feeding assays

DNA immunogen Dilutiona Mean no.
of oocysts

Infectivity
(% of control)b

Rate of
infectionc

Expt 1
None 6.5 18/19

VR1020 1:5 4.95 100 8/9
1:10 7.4 100 10/11

VR1020/2725 1:5 1.1d 22.4 8/12
1:10 0.8d 10.3 5/12

VR1020/27 1:5 3.5 70.6 10/10
1:10 4.3 58.3 7/10

VR1020/25 1:5 0.17d 3.4 2/9
1:10 0.19d 2.6 3/12

VR1020/27125 1:5 0.18d 3.6 2/11
1:10 0.27d 3.7 3/12

Expt 2
None 9.1 15/16

MAb 1:10 0.2 2.2 3/17

VR1020 1:10 6.84 100 16/17
1:20 9.1 100 11/11

VR1020/2725 1:10 0.36d 5.2 5/15
1:20 0.38d 4.2 7/15

VR1020/25 1:10 0.26d 3.8 4/12
1:20 0.39d 4.3 6/16

a Final dilution of test sera used for assay.
b Values are expressed as percentages of those obtained with corresponding

dilutions of sera from VR1020-immunized mice.
c Number of mosquitoes infected/total number of mosquitoes dissected.
d Significant at P , 0.01 by Mann-Whitney test.

FIG. 5. Isotype analysis of Pfs25-specific antibodies.
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use of DNA. Low cost and ease of production, heat stability
(lack of need of refrigeration), and amenability to genetic
manipulation are just some of the areas where a nucleic acid
immunogen outranks a conventional protein antigen. Addi-
tionally, DNA immunizations have been shown to result in the
in vivo synthesis of proteins whose conformation and post-
translational modifications are similar to those of the native
protein (7). This was especially important for the use of Pfs25
as an immunogen since previous studies have clearly estab-
lished that disulfide-bonded conformational epitopes on Pfs25
are targets of TrB antibodies (3). In fact, E. coli-derived re-
combinant Pfs25 protein could not elicit complete TrB anti-
bodies in mice since it did not recreate the known conforma-
tional epitope(s) that is the target of TrB MAbs (14). The only
forms of rPfs25 shown to be effective have been those ex-
pressed in vaccinia virus or in yeast (3, 9, 14).

In contrast to some studies which have indicated that the i.d.
route of immunization results in higher-titer antibodies than
the i.m. route does, our results indicate that the converse is
true for the immunogens evaluated in this study. We obtained
up to 30-fold-higher titers (Table 1) 8 weeks postimmunization
when the same immunogen was delivered i.m. rather than i.d.
Additionally, these titers increased significantly when the DNA
was encoded in a vector (VR1020) which facilitated expression
of the proteins containing a TPA signal sequence. In fact, the
antibody titers obtained by DNA immunization with Pfg27 in
VR1020 were in the same range as those obtained by immu-
nization with E. coli-derived recombinant Pfg27 protein (17,
18). Antibodies induced by the immunization of the VR1020
series of constructs recognized epitopes in parasite-derived
Pfs25. This suggests that those proteins are synthesized in the
appropriate conformations in the DNA vector. Previous stud-
ies have shown this to be a critical factor in eliciting TrB
antibodies (14).

A key finding of this study was that sera from mice vacci-
nated with the DNA-based immunogens were highly effective
in reducing the infectivity of P. falciparum in mosquitoes. In
these assays, the sera reduced both the percentage of infected
mosquitoes and the average number of developing oocysts,
thus demonstrating significant TrB activity. This TrB activity
was observed even at a 1:20 dilution of the various sera. This
difference is not a reflection of antibody titers (as measured by
ELISA). Thus, the immune sera from mice vaccinated with the
DNA immunogens not only appear to be strong blockers in
TrB assays but also seem to contain antibodies having a higher
avidity for the yeast-derived rPfs25, as suggested by thiocya-
nate elution studies.

Another unexpected observation was revealed by the com-
parative evaluation of sera from mice immunized with
VR1020/25 or VR1020/2725 plasmids. TrB effectiveness was
generally lower in the sera of the animals immunized with the
molecular hybrid (Pfg27-Pfs25) than with VR1020/25 alone,
although the Pfs25-specific titers were not different. It is pos-
sible that expression of the Pfg27-Pfs25 hybrid protein may
affect the conformation or presentation of immunologically
important epitopes in Pfs25, resulting in induction of antibod-
ies less effective in reducing parasite infectivity in the mos-
quito. Sera from VR1020/25-immunized mice were found to be
more effective than sera from VR1020/2725-immunized mice
in five independent TrB assays. These results could have im-
portant implications in the design of future multicomponent
DNA vaccines. In these studies, antibodies elicited in response
to immunization with vaccines encoding Pfg27 were not effec-
tive as TrB mediators, although MAbs recognizing a linear
epitope in Pfg27 have been shown previously to be highly
effective in blocking parasite transmission (35).

The inhibitory activity obtained by immunization with the
VR1020/25 plasmid is comparable to the blocking obtained
when yeast-derived rPfs25 was used as the immunogen (3).
However, the various features of DNA vaccines outlined above
confer an advantage in their use over more conventional ap-
proaches based on immunizations with recombinant protein.
Additionally, plasmids used for DNA immunization have been
shown to contain immunostimulatory sequences (34), and,
thus, such vaccines could be effective without the need for
adjuvant formulation. It has previously been shown that the
immune response to some of the malarial TrB vaccine candi-
dates was adjuvant dependent (14, 25). DNA immunization
could thus circumvent the problem of the paucity of adjuvants
available for use in humans. Further work is in progress to
demonstrate comparable immunogenicity and effectiveness of
these DNA immunogens in nonhuman primates prior to con-
templating human vaccine trials.
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