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Effect on antibody and T-cell responses of mixing five
GMP-produced DNA plasmids and administration with
plasmid expressing GM-CSF

M Sedegah1, Y Charoenvit1, J Aguiar1, J Sacci1,5, R Hedstrom1,6, S Kumar1,7, A Belmonte1, DE Lanar2,
TR Jones1, E Abot1, P Druilhe3, G Corradin4, JE Epstein1, TL Richie1, DJ Carucci1 and SL Hoffman1,8

1Malaria Program, Naval Medical Research Center, Silver Spring, MD, USA; 2Walter Reed Army Institute of Research, Silver Spring,
MD, USA; 3Parasitologie Biomedicale, Institut Pasteur, France; 4Institute of Biochemistry, University of Lausanne, Epalinges,
Switzerland

One potential benefit of DNA vaccines is the capacity to elicit antibody and T-cell responses against multiple antigens at the
same time by mixing plasmids expressing different proteins. A possible negative effect of such mixing is interference among
plasmids regarding immunogenicity. In preparation for a clinical trial, we assessed the immunogenicity of GMP-produced
plasmids encoding five Plasmodium falciparum proteins, PfCSP, PfSSP2, PfEXP1, PfLSA1, and PfLSA3, given as a mixture,
or alone. The mixture induced higher levels of antibodies against whole parasites than did the individual plasmids, but was
associated with a decrease in antibodies to individual P. falciparum proteins. T-cell responses were in general decreased by
administration of the mixture. Immune responses to individual plasmids and mixtures were generally higher in inbred mice than
in outbreds. In inbred BALB/c and C57BL/6 mice, coadministration of a plasmid expressing murine granulocyte–macrophage
colony-stimulating factor (mGM-CSF), increased antibody and T-cell responses, but in outbred CD-1 mice, coadministration of
mGM-CSF was associated with a decrease in antibody responses. Such variability in data from studies in different strains of
mice underscores the importance of genetic background on immune response and carefully considering the goals of any
preclinical studies of vaccine mixtures planned for human trials.
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Introduction

One strategy for malaria vaccine development relies
upon the induction of antibody and T-cell responses
against multiple parasite proteins from different stages
of the parasite life cycle.1 Because of their ease and
simplicity of production, stability, and potential ease of
combination, DNA vaccines have seemed to be an ideal
method for establishing such immune responses. Our lab
has systematically studied DNA malaria vaccines, either
as single plasmids or as combinations in mice,2–4 rabbits,5

non-human primates,6–9 and humans.10–12 Additionally,

we have also studied multiple methods to enhance the
immunogenicity and protective efficacy of DNA vaccines
in murine and non-human primate systems. One of the
best methods to enhance the immunogenicity of DNA
vaccines, particularly antibody response in mice, has
been co-immunization with a plasmid expressing gran-
ulocyte–macrophage colony-stimulating factor (GM-
CSF).13,14 Based upon the results of these previous
studies, the decision was made to produce under good
manufacturing practice (GMP) conditions five plasmids
(four already studied), each of which expressed a
different Plasmodium falciparum protein, PfCSP, PfSSP2,
PfExp1, PfLSA1, and PfLSA3. The rationale for the choice
of the five proteins has been described.15,16 In brief, they
were all chosen because they are thought to be expressed
by radiation-attenuated P. falciparum sporozoites in
hepatocytes, and individuals immunized with radia-
tion-attenuated P. falciparum sporozoites have been
shown to have CD8 T-cell responses against all of
proteins.17–21 To our knowledge, this report provides
the first systematic evaluation of multiple P. falciparum
gene-encoding GMP-grade plasmids as mixtures or on
their own, with or without murine GM-CSF, for induc-
tion of both antibody and T-cell responses in two
different inbred and one outbred strain of mice.
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Results

Anti-P. falciparum antibody responses

Assessment of anti-P. falciparum parasite antibodies
measured by IFAT and ELISA indicated that all five P.
falciparum DNA plasmids were immunogenic in both
outbred CD-1 and inbred BALB/c and C57Bl/6 mice
when injected individually. In all strains of mice tested,
antibodies to sporozoites or P. falciparum-infected hepa-
tocytes (native proteins) as measured by IFAT were
unaltered or increased in the mice injected with the five-
gene mixture as compared to the mice that received

individual plasmids. (Tables 1a and 1b). However, these
IFAT responses in the mice immunized with the mixture
are likely to be the sum of responses to individual
expressed proteins, since in most cases, mice immunized
with single plasmids as compared to those immunized
with the mixture, had higher levels of antibodies against
the immunizing protein as measured by ELISA (Table 2).
In outbred CD-1 mice, as compared with inbred strains,
coadministration of mGM-CSF with the plasmid mixture
or individual plasmids in most instances led to a
decrease in antibody responses measured by IFAT and
ELISA (Tables 1a, 1b, 1c, and 2). In BALB/c mice

Table 1a Antibodies produced in different strains of mice against P. falciparum sporozoites

Immunization regimen CD-1 BALB/c C57BL/6

Five-gene mixture CSP SSP2 Five-gene mixture CSP Five-gene mixture SSP2

Individual 4064 123 8611 640
Individual+mGM-CSF 1280 220 40 960 2560
Effect of mGM-CSF P¼ 0.292 P¼ 0.825 Inc. P¼ 0.003 Inc. P¼ 0.003

Five-gene mixture 3225 12 177 1810
Five-gene mixture+mGM-CSF 538 24 355 14 482
Effect of mGM-CSF Dec. P¼ 0.051 P¼ 0.19 P¼ 0.097

Geometric mean end-point titers for each group of antibodies against P. falciparum sporozoites by IFAT. Assays were carried out with
individual sera (eight mice per group for CD-1 mice and four mice per group for BALB/c and C57BL/6 mice) collected 2 weeks after the third
immunization. Inc. and Dec. indicate whether the titer was significantly increased or decreased by coadministration of mGM-CSF.

Table 1b Antibodies produced in different strains of mice against P. falciparum-infected hepatocytes

Immunization regimen CD-1 BALB/c C57BL/6

Five-gene
mixture

LSA1 LSA3 EXP1 Five-gene
mixture

LSA1 LSA3 EXP1

Five-gene
mixture

Individual 100 Neg 500 500 100 250
Individual+mGM-CSF 100 Neg 100 1000 100 250

Five-gene mixture 500 250 250
Five-gene mixture+mGM-CSF Neg 250 250

End-point antibody titers of pooled sera from each group (eight mice per group for CD-1 mice and four mice per group for BALB/c and
C57BL/6 mice) against P. falciparum-infected chimpanzee liver sections by IFAT. Sera were collected 2 weeks after the third immunization.
Neg: negative.

Table 1c Antibodies produced in different strains of mice against P. falciparum-infected erythrocytes

Immunization regimen CD-1 BALB/c

Five-gene
mixture

PfLSA3 PfEXP1 Five-gene
mixture

PfLSA3 PfEXP1

Individual 226 1613 1522 113
Individual+mGM-CSF Neg 2560 761 905
Effect of mGM-CSF Dec. Po0.0009 P¼ 0.456 P¼ 0.19 P¼ 0.083

Five-gene mixture 1280 40
Five-gene mixture+mGM-CSF 453 160
Effect of mGM-CSF P¼ 0.231 Inc. P¼ 0.05

Geometric mean end-point titers for each group of antibodies against P. falciparum infected erythrocytes by IFAT. Assays were carried out with
individual sera (eight mice per group for CD-1 mice and four mice per group for BALB/c and C57BL/6 mice) collected 2 weeks after the third
immunization. Inc. and Dec. indicate whether the titer was significantly increased or decreased by coadministration of mGM-CSF.
Neg: negative.
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however, coadministration of mGM-CSF with the mix-
ture of plasmids or individual plasmids resulted in
variable antibody responses measured by IFAT and
ELISA, although there was a trend toward higher
responses, particularly in IFAT against sporozoites
(Tables 1a, 1b, 1c, and 2). The antibody responses against
sporozoites and recombinant proteins were generally
higher in inbred mice (BALB/c and C57BL/6 mice), as
compared to levels obtained in outbred CD-1 mice
(Tables 1a, and 2). The groups in which the increase or
decrease in antibody reached significant levels are shown
in Tables 1a, 1b, 1c, and 2.

With PfEXP1, in addition to the use of recombinant
proteins, we also used synthetic peptides to assess the
antibody response induced to N- and C-terminal PfExp1
peptides. Interestingly, we observed a low antibody
response pattern to the synthetic peptide derived from
the N-terminal portion of PfEXP-1 (amino acids (aa) 23–
105 sequence) and high antibody response to the
synthetic peptide derived from the C-terminal portion
of PfEXP-1 (aa 73–161 sequence) in CD-1 and BALB/c
mice immunized with the five-gene mixture or with the
PfEXP-1 plasmid alone (Table 3). This pattern of
response, obtained with DNA immunization in mice, is
similar to that observed in individuals from Mali and
Burkina Faso with long-term exposure to malaria.22

These authors reported that antibodies to the sequence
73–162 of Pf EXP-1 were found in 70% of adult donors
and strikingly, the N-terminal fragment, aa 23–105, was
only weekly recognized by a few donors.

Antigen-specific T-cell responses after plasmid
immunization
We assessed antigen-specific T-cell responses after
immunization using cytotoxic T cell (CTL) and IFNg
ELISPOT assays. Responses to Pf proteins were mea-
sured 2 weeks after the second and third doses of
vaccines. The response to each antigen was assessed in
mice immunized with the single plasmid or the mixture.
Similar patterns of T-cell responses were obtained after

two and three doses of vaccine; only data following the
third dose of vaccine are reported. No positive T-cell
responses to any of the tested P. falciparum antigens were
obtained in unimmunized mice (data not shown).

Anti-PfCSP T-cell responses: The studies were carried
out in BALB/c mice and included Groups 1, 2, 3, 4, and
13 (Table 4) and results are shown in Table 5. When
compared to the group that received the PfCSP plasmid
alone, CTL response to PfCSP was reduced in the group
that received the five-gene mixture (P¼ 0.003, t-test), as
was the IFNg response by ELISPOT (P¼ 0.032, t-test)
(Table 5). Coadministration of PfCSP DNA with mGM-
CSF resulted in no statistical change in CTL (P¼ 0.240, t-
test) but increased ELISPOT (P¼ 0.001, t-test) responses.

Table 2 Effect of mixing plasmids and adding mGM-CSF in different strains of mice on antibodies against P. falciparum proteins in ELISA

Immunization regimen CD-1 BALB/c C57Bl/6
SSP2

CSP LSA1 LSA3 EXP1 SSP2 CSP LSA1 LSA3 EXP1

Individual 9671 120 274 17 425 140 13 742 1013 3302 15 714 16 053
Five-gene mixture 3009 29 14 16 439 280 8830 14 69 1654 1639
Effect of mixing P¼ 0.178 P¼ 0.276 Dec.

P¼ 0.023
P¼ 0.927 P¼ 0.72 P¼ 0.181 Dec.

P¼ 0.015
Dec.

P¼ 0.009
P¼ 0.126 P¼ 0.14

Individual+mGM-CSF 5834 27 24 32 792 49 55 436 1771 1681 25 293 115 678
Effect of mGM-CSF P¼ 0.52 P¼ 0.24 Dec.

P¼ 0.039
P¼ 0.25 P¼ 0.71 Inc. P¼ 0.013 P¼ 0.69 P¼ 0.467 P¼ 0.551 P¼ 0.06

Five-gene
mixture+mGM-CSF

424 17 8 6106 100 21 087 28 122 222 31 563

ELISA against recombinant proteins of P. falciparum, PfCSP, PfSSP2, PfLSA1, PfLSA3, and PfEXP1, was carried out with individual sera (eight
mice per group for CD-1 mice and four mice per group for BALB/c and C57BL/6 mice) collected two weeks after the third immunization. For
each individual sera, the results were recorded as OD 0.5 units (the reciprocal of the serum dilution at which the mean OD reading was 0.5).
The geometric mean of the OD 0.5 unit for each group is reported. Inc. and Dec. indicate whether the titer was significantly increased or
decreased by mixing or by coadministration of mGM-CSF. In all the five-gene mixture groups, the effect of mGM-CSF was not statistically
significant.

Table 3 Antibody titers against the N- and C-terminal synthetic
peptides in CD-1 and BALB/c mice immunized with PfEXP-1 as
part of the five-gene mixture or with the PfEXP-1 plasmid alone

Immunization
regimen

CD-1 BALB/c

N-term
EXP1 (aa
23–105)

C-term
EXP1 (aa
73–161)

N-term
EXP1 (aa
23–105)

C-term
EXP1 (aa
73–161)

Individual 31 10 797 23 5336
Five-gene
mixture

27 14 519 18 1325

Effect of mixing Inc.
P¼ 0.702

Dec.
P¼ 0.382

ELISA against synthetic peptides of P. falciparum, PfEXP1, was
carried out with individual sera (eight mice per group for CD-1
mice and four mice per group for BALB/c mice) collected 2 weeks
after the third immunization. For each individual sera, the results
were recorded as OD 0.5 units (the reciprocal of the serum dilution
at which the mean OD reading was 0.5). The geometric mean of the
OD 0.5 unit for each group is reported. Inc. and Dec. indicate
whether the titer was significantly increased or decreased by
mixing.
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Coadministration of the five-gene mixture with mGM-
CSF did not alter the reduced response to PfCSP in the
mice immunized with the five-gene mixture (data not
shown). The CTL responses induced by immunization
with the PfCSP plasmid, administered alone or coadmi-
nistered with mGM-CSF, were genetically restricted and
dependent on CD8þ T cells (Figure 1).

PfSSP2 T-cell response: The studies were carried out in
C57BL/6 mice and included Groups 1, 2, 5, 6, and 13, as
detailed in Table 4. CTL and ELISPOT results are shown
in Table 5. In the ELISPOT assay, compared to the group
that received the SSP2 alone, IFNg ELISPOT responses to
SSP2 were not significantly altered in the group that
received the mixture of five plasmids (P¼ 0.528, t-test)
(Table 5). Coadministration of mGM-CSF resulted in
increased ELISPOT response to PfSSP2 (P¼ 0.015, t-test;
Table 5). The CTL responses induced by immunization
with the PfSSP2 plasmid, administered alone or coadmi-

nistered with mGM-CSF, were genetically restricted and
dependent on CD8þ T cells (Figure 1).

PfLSA1 response: The studies were carried out in
BALB/c mice and included Groups 1, 2, 9, 10, and 13,
as detailed in Table 4 with results shown in Table 5.
Compared to the group that received the PfLSA1
plasmid alone, CTL and ELISPOT responses to LSA1
were increased (P¼ 0.006 and 0.076 respectively, t-test) in
the group that received the mixture of five plasmids
(Table 5). Coadministration of mGM-CSF resulted in an
increase in CTL (P¼ 0.018, t-test) and ELISPOT
(P¼ 0.001, t-test) responses (Table 5). The CTL responses
induced by immunization with the PfLSA1 plasmid,
administered alone or with mGM-CSF, were genetically
restricted and dependent on CD8þ T cells (Figure 1).

PfEXP1 response: The studies undertaken in BALB/c
mice and included Groups 1, 2, 7, 8, and 13, as detailed in
Table 4 with results shown in Table 5. Compared to the

Table 4 Immunization regimens

Group no. Mice Plasmid DNA vaccine Dose (mg)

1 CD-1, BALB/c, and C57BL/6 Multiplasmid (5� 100mg each) 500
2 Multiplasmid+mGM-CSF 500+50

3 CD-1 and BALB/c VCL-2510 (CSP) 100
4 VCL-2510 (CSP)+mGM-CSF 100+50

5 CD-1 and C57BL/6 VCL-2519 (SSP2) 100
6 VCL-2519 (SSP2)+mGM-CSF 100+50

7 CD-1 and BALB/c VCL-2523 (EXP1) 100
8 VCL-2523 (EXP1)+mGM-CSF 100+50

9 CD-1 and BALB/c VCL-2551 (LSA1) 100
10 VCL-2551 (LSA1)+mGM-CSF 100+50

11 CD-1 and BALB/c VCL-2556 (LSA3) 100
12 VCL-2556 (LSA3)+mGM-CSF 100+50

13 CD-1, BALB/c, and C57BL/6 Uninjected

Table 5 Effect of mixing and adding mGM-CSF on CTL and IFNg ELISPOT response against P. falciparum antigens in BALB/c mice (CSP,
LSA1, and EXP1) and in C57BL/6 mice (SSP2)

Immunization Regimen CTL ELISPOT

CSP SSP2 LSA1 EXP1 CSP SSP2 LSA1 EXP1a

Individual 39 45 23 41 50 74 58 8
Five-gene mixture 8 29 60 1 38 72 98 1
Effect of mixing Dec. P¼ 0.003 P¼ 0.139 Inc. P¼ 0.006 Dec. P¼ 0.001 Dec. P¼ 0.032 P¼ 0.528 P¼ 0.076

Individual+mGM-CSF 47 41 60 76 266 216 459 16
Effect of mGM-CSF P¼ 0.24 P¼ 0.57 Inc. P¼ 0.018 P¼ 0.12 Inc. P¼ 0.001 Inc. P¼ 0.015 Inc. P¼ 0.001

CTL assays were carried out as described in Materials and methods. Spleen cells were pooled from four mice per group 2 weeks after the
third immunization, restimulated, and used. Data are represented as percent specific lysis, which is defined as percent lysis with antigen-
specific targets�percent lysis with control targets. ELISPOT assays were carried out as described in Materials and methods. Freshly isolated
spleen cells were pooled from four mice per group 2 weeks after the third immunization, and incubated with P. falciparum antigens or
controls. Data are represented as antigen-specific IFNg-producing cells per million spleen cells. Inc. and Dec. indicate whether the antigen
specific lysis or number of spots per million was significantly increased or decreased by mixing or adding mGM-CSF.
aEXP1 responses too low to make a meaningful statistical comparison.
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group that received the PfEXP1 plasmid alone, CTL
responses to PfEXP1 were significantly lower (P¼ 0.001,
t-test) in the group that received the mixture of five
plasmids (Table 5). In mice that received PfEXP1 alone,
coadministration of mGM-CSF resulted in increased CTL
(P¼ 0.12, t-test) and IFNg responses (P¼ 0.021, t-test)
(Table 5). The IFNg response to EXP1 was very low in all
groups compared to responses to the other antigens. Of
note, IFNg responses by ELISPOT to EXP1 using a
peptide including a CD8þ T-cell epitope, unlike CTL
responses to this peptide, are generally low. This may
indicate that the T-cell precursors that respond to this
epitope are low, hence the low response obtained in the
ELISPOT assay, which utilizes cells without the 7-day in
vitro re-stimulation performed with the CTL assay. No
depletion experiments were undertaken.

Discussion

In general, it is much easier to induce immune responses
in mice with DNA vaccines than it is in non-human

primates and humans. Yet, here we show that many of
the mice showed poor responses, and that immunizing
with the mixture often led to significant reduction of
antibody and T-cell responses. We also show that the
immune-enhancing responses of the GMP-grade plasmid
expressing mGM-CSF were antigen and strain specific.

Our studies demonstrated that all plasmid compo-
nents of the mixture, when injected as individual
plasmids, were immunogenic. The antibodies to indivi-
dual proteins and the T-cell responses to peptides were
in general, but not in all cases, reduced when a plasmid
was administered as a mixture, as compared to when it
was administered alone. However, mixing increased the
antibody response to the parasite as measured by IFAT,
perhaps due to induction of responses against multiple
proteins simultaneously (Table 1a). We have also shown
in another study this reduction in immune responses to
individual proteins when given as a nine-gene mixture to
mice.23 In that study, we demonstrated that the reduction
was due to interference among plasmids in a mixture as
opposed to a dose effect of the plasmids.23 Thus, we
believe that the reduction in immune responses to
individual proteins in the mixture, as opposed to when
they were delivered alone in the current studies, was due
to interference. Another possibility is that of a dose
effect. In this study, the total amount of plasmid DNA
injected in the groups that received gene mixtures was
500 mg per mouse, while those administered individual
plasmids received 100 mg of the specific P. falciparum
plasmid with or without 50mg of the GM-CSF plasmid. It
is unlikely that the reduced responses to some antigens
in the mixture were due to a simple suppressive effect of
the higher dose of total DNA in those groups. In a
previous experiment, we measured the antibody re-
sponses induced after injecting increasing amounts of a
single plasmid and found no suppressive effect in the
higher dose groups. In those experiments, three groups
of mice received 50, 200, or 400mg of plasmid encoding
Plasmodium yoelii circumsporozoite protein (PyCSP), and
the geometric mean IFA titers obtained after immuniza-
tion were 3805, 3620, and 4413, respectively. In another
study, we measured the interferon-g responses to CSP
when different doses of PfCSP were delivered alone or in
a mixture containing four other plasmids encoding
PfSSP2, PfLSA1, PfAMA1 (apical merozoite antigen 1),
and PfMSP1 (merozoite surface protein 1, 42 kDa
carboxy-terminal fragment, 3D7). We gave four doses at
4-week intervals and the assay was performed 2 weeks
after the last immunization. At these lower plasmid
doses, spot-forming cells per million spleen cells for the
2, 10, and 50 mg groups in the multigene group were 70,
109, and 62, while spot forming cells per million spleen
cells for the CSP-alone groups were 195, 704, and 708
respectively (M Sedegah, unpublished).

The results also showed that, in general, the immune
responses were increased by coadministration of murine
GM-CSF to inbred BALB/c and C57BL/6 mice, and
decreased when coadministered to outbred CD-1 mice.
Our previous murine studies showed that coadministra-
tion of murine GM-CSF with P. yoelii CSP plasmid
enhanced antibody responses and protective immunity
in BALB/c mice.13,14 Since no antibodies were produced
in the first single-gene human trials with PfCSP DNA
vaccine,10,11 human GM-CSF was coadministered with
the five-gene mixture vaccine in some of the groups in
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Figure 1 Genetic restriction and CD8þ T-cell dependence of CTL
response. CTL response. CTL assays were carried out as described in
Materials and methods. Spleen cells were pooled from four mice per
group 2 weeks after the third immunization, restimulated and used.
Data are represented as percent specific lysis, which is defined as
percent lysis with positive targets�percent lysis with negative
targets. PfCSP CTL response. At an effector to target ratio of 40:1, T
cells from BALB/c mice immunized with PfCSP or PfCSP plus
mGM-CSF lysed MHC matched P815 cells (H-2d) pulsed with PfCSP
(39–47) peptide, but low level lysis was obtained with peptide-
pulsed EL-4 cells (H-2b). Cytolytic activity was eliminated by
depletion of CD8þ T cells but remained high after the depletion of
CD4þ T cells. PfSSP2 response. At an effector to target ratio of 40:1, T
cells from C57BL/6 mice immunized with PfSSP2 or PfSSP2 plus
mGM-CSF lysed MHC matched EL4 cells (H-2b) pulsed with PfSSP2
(214–233) peptide, but very low level lysis was obtained with
peptide-pulsed mismatched P815 cells (H-2d). Cytolytic activity was
significantly reduced by depletion of CD8þ T cells, but remained
high after the depletion of CD4þ T cells. PfLSA1 response. At an
effector to target ratio of 40:1, T cells from BALB/c mice immunized
with PfLSA1 lysed MHC matched P815 cells (H-2d) infected with
recombinant virus WRPfLSA1 to a higher level than with
WRPfLSA1-infected EL-4 (H-2b) mismatched target cells. Cytolytic
activity was eliminated or reduced drastically by depletion of CD8þ

T cells, but remained high after depletion of CD4þ T cells.
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the MuSTDO 5 human trial; the analysis of this study is
in preparation (TL Richie, unpublished). However, our
results here demonstrated that the effects of coadminis-
tration of a plasmid expressing mGM-CSF with Pf
plasmids are not consistent. We found that the effect on
the immune response of coadministering plasmid en-
coding mGM-CSF depended on the mouse strain. In CD-
1 mice, coadministration of mGM-CSF generally led to a
reduction in antibody response (by both IFA and ELISA).
In inbred BALB/c and C57BL/6 mice however, coadmi-
nistration of mGM-CSF generally led to an increase in
both antibody and IFNg ELISPOT responses (Tables 1a,
1b, 1c, 2, and 3). With all antigens, the trend was that
responses were generally increased, although not always
reaching statistical significance. It is interesting however
to note that coadministration of a plasmid encoding
PfMSP1 (not included in this study) with a plasmid
encoding rhesus GM-CSF did not lead to enhanced
antibody or T-cell responses in rhesus monkeys.24 More
importantly, when humans were immunized with a
mixture of the same five plasmids included in this study,
addition of a plasmid encoding human GM-CSF to the
mixture did not lead to increased T-cell responses (RW
Wang and SL Hoffman, unpublished)

We have shown that administration of the five-gene
mixture vaccine altered the immune response to some of
the proteins encoded by the individual components of
the five-gene mixture as compared to that of the plasmid
administered alone. We are unable to determine if the
result was due to specific antigenic interactions. We are
also unable to determine the significance of the reduced
ELISA antibody response in terms of protective immu-
nity. Despite these ELISA results, administration of the
mixture of plasmids generally led to higher levels of
antibodies to the native parasite as measured in IFAT
against the different parasitic developmental stages
including sporozoites and liver stage parasites. Planning
of clinical human trials is ongoing and results may show
the predictive value of these murine data. Taken together,
these data indicate that it will be much more difficult
than anticipated to use mixtures of DNA plasmids as
human vaccines, and that more systematic study than
previously anticipated will be necessary to adequately
evaluate and optimize such plasmid mixtures.

Materials and methods

Plasmids
The construction of four of the six plasmids used in this
study, VCL-2510 (CSP), VCL-2519 (SSP2), VCL-2523
(EXP1), and mGM-CSF plasmid DNA construct (VR-
1701), has been previously described.4,10,11,13 VCL-2556
(LSA3) was constructed by cloning the full-length LSA-3
gene into the BamHI site of the mammalian expression
plasmid VR1020. The LSA3 gene was amplified from the
blood stage cDNA of the 3D7 strain of P. falciparum. VCL-
2551 (LSA1) encoded for approximately 65% of LSA1
and was constructed as a recombinant fusion between
the amino-terminal and carboxyl-terminal regions (with-
out the central repeat region). The PCR-amplified
1315 bp LSA1 gene fragment was cloned into the BamHI
site in VR1020. All the P. falciparum plasmids used in this
study were GMP produced at Vical Inc., CA, USA.

Mice
Female 4- to 6-week-old outbred CD-1 mice were
purchased from Charles River Laboratories (Wilmington,
MA, USA). Female 4- to 6-week-old inbred BALB/cByJ
and C57BL/6 mice were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA).

Route of injections and dose interval
In an effort to induce high levels of both antibodies and
CTL activity in the same animal, we administered the
plasmids by both intramuscular (i.m. ) and intradermal
(i.d.) routes. We have previously shown that in some
strains of mice, administration of DNA plasmids i.m.
produces the highest levels of CD8þ T-cell responses
and Th1 CD4 T-cell responses, and administration by the
i.d. route induces higher antibody responses (M Sede-
gah, unpublished). Furthermore, we have reported that
in rabbits, administration of DNA by both i.m. and i.d.
routes in the same animal gave higher levels of
antibodies than did administration by the i.d. route
alone.5 In humans, because of the limitations of admin-
istering more than 100ml by i.d. at a single site by needle,
it will be difficult to administer large quantities of DNA
by this route alone. Thus, we chose to administer the
DNA by both i.m. and i.d. for these studies. Two-thirds
of the total dose was administered i.m. and the
remaining one-third was administered i.d. as detailed
below. The i.m. dose was administered in a volume of
100ml of phosphate-buffered saline (pH 7.4). A 0.3 ml
insulin syringe with a 29G gauge 1/2 inch was used for
the i.m. injections in the tibialis anterior muscle of the
two hind limbs such that 50 ml was administered in each
hind limb. The i.d. dose was administered in a volume of
50ml PBS, split equally in each of three sites at the base of
the tail. Three immunizations were administered at 4-
week intervals.

Immunization groups

Table 4 depicts details of the experimental groups.
Groups 1–13 were studied in outbred CD-1 mice for
antibody response to all the five P. falciparum antigens
under study. All experimental groups described above,
with the exception of Groups 5 and 6, were also repeated
in BALB/c mice to study T-cell responses against PfCSP,
PfLSA1, and PfEXP1. Groups 1, 2, 5, 6, and 13 were also
repeated in C57BL/6 mice to study T-cell responses
against PfSSP2. Inbred mice were selected based on the
availability of previously identified peptides and re-
agents required for T-cell assays. In order to be
consistent, each of the individual plasmids encoding
the P. falciparum antigens was always given in a dose of
100mg while the GM-CSF-encoding plasmid was given
as 50mg. In previous studies, we found that there is a
dose response in antibody titer against sporozoites when
one increases the dose from 0.5 to 50 mg of the PfCSP
plasmid (geometric mean titers against P. falciparum
sporozoites in IFAT: 0.5mg—10, 5mg—48, 50 mg—2560).
Furthermore, when immunizing with a P. yoelii CSP
plasmid, there was little difference in antibody response
as the dose increased from 50 to 400mg (geometric mean
titers against P. yoelii sporozoites in IFAT: 50mg—3805,
200mg—3620, 400mg—4413) (M Sedegah, unpublished).
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Antigens for ELISA
ELISA IgG responses to the proteins encoded by the five
P. falciparum genes were measured.

PfCSP: Recombinant P. falciparum CSP (3D7) encoding
for aa L19–N405 from the 3D7 clone of the parasite was
expressed as an intracellular protein in Escherichia coli.
The procedure for expression and purification of this
protein has been described earlier.25

PfSSP2: Recombinant P. falciparum SSP2 (3D7) was
expressed as an intracellular protein in E. coli. The gene
fragment encoding for aa D48–K394 was PCR-amplified
from the 3D7 strain of parasite genomic DNA using
gene-specific sense and antisense primers. The PCR-
amplified SSP2 gene was cloned into modified E. coli
expression plasmid pET32 (Novagen, Madison, WI,
USA). At the NH2-terminus to SSP2 gene are 48 aa that
encode for the HIS6 tag, an S-tag site and an enterokinase
cleavage site, and at the C-terminal end of SSP2 are an
additional 11 aa that encode for HIS6 tag. Recombinant
SSP2 plasmid was transformed into an E. coli expression
strain and recombinant protein was purified on a Ni-
NTA agarose column.

PfLSA1: Recombinant LSA1 encoding for the C-
terminal region of LSA1 from the 3D7 strain of P.
falciparum was expressed as an intracellular protein in E.
coli. The gene fragment encoding for aa E1628–L1909 was
PCR-amplified from the parasite genomic DNA using
gene–specific sense and antisense primers. The PCR-
amplified LSA1 gene was digested with NcoI/BamHI
restriction enzymes and then cloned into the E. coli
expression plasmid pET-60 (Qiagen, Valencia, CA, USA).
This plasmid is designed to add a HIS6 tag to the C-
terminal of the expressed protein. The resultant recom-
binant LSA1 plasmid was transformed into the E. coli
expression strain M15. Recombinant protein was pro-
duced by growing the bacteria to log-phase growth in
shaker flasks and expression was induced by the
addition of 0.5 mM IPTG for 2 h. E. coli cells were lysed
by sonication and recombinant LSA1 was purified by
two-step purification on a Ni-NTA agarose column.

PfLSA3: Recombinant PfLSA3 protein (GST-NN), en-
coding for aa 869–1786 from the K1 strain of P. falciparum
was expressed in E. coli and prepared as previously
described.26

PfEXP1: PfEXP1 recombinant protein used in the
ELISA was a gift from Hoffmann-La Roche, Basel,
Switzerland. The full-length Exp-1 gene, also known as
5.1 antigen, was cloned from the K1 strain of P. falciparum
and was produced in vitro from recombinant plasmid
pUC8-5.1 and purified as previously described.27 Pre-
viously described PfEXP1 synthetic peptides22 that
included the N-terminal (aa 23–105) and C-terminal (aa
73-162) sequences were also used.

The optimal concentrations (0.5–4.0mg/ml) of recom-
binant proteins and peptides to be used were first
determined by standard ELISA and used in subsequent
experiments as solid phase antigens.

Detection of antibodies to P. falciparum
pre-erythrocytic stage antigens
Pooled sera obtained at 2 weeks after the second
immunization and individual sera obtained after the
third immunization were analyzed for reactivity with P.
falciparum pre-erythrocytic stage antigens using IFAT and
ELISA.

IFAT: Using previously described methods,11 IFAT was
carried out using P. falciparum air-dried sporozoites,
cryosections of chimpanzee livers infected with P.
falciparum liver stage parasites, and air-dried parasitized
erythrocytes obtained from in vitro parasite cultures.

ELISA: Sera obtained from individual mice 2 weeks
after the third immunization were analyzed by ELISA
against P. falciparum proteins by standard ELISA proto-
cols previously described.28 Color reaction was measured
in a micro-ELISA-automated reader (Dynatech, MR5000)
at OD 410 nm. Mean values of the OD readings of
quadruplicate assays were recorded. The results were
recorded as OD 0.5 units (the interpolated reciprocal of
the serum dilution expected to give an OD reading of 0.5)
and the GEOMEAN OD unit for each mouse group was
reported.

Recombinant viruses for T-cell assays
Recombinant viruses used in the T-cell studies have all
been described.4,9 Recombinant vaccinia virus NYVAC
expressing LSA1 (vP1197) was used to stimulate effector
cells for CTL assays. Recombinant virus WR expressing
LSA1 (vP1253) and WR wild type were used for
preparing positive and negative target cells. The P.
falciparum genes were all from the 3D7 clone.

Peptides for T-cell assays
The three peptides used included H-2d peptide PfCSP aa
39–47 NYDNAGTNL,29 H-2b peptide PfSSP2 (3D7) aa
214–233 LYADSAWENVKNVIGPFMKA,30 and H-2d pep-
tide PfEXP1 (3D7) EVNKRKSKYKLATSV.4

CTL assay
Effectors stimulated with recombinant pox virus-infected
antigen-presenting cells: P815 cells (American Type Cul-
ture Collection, Rockville, MD, USA) were used to
prepare antigen-presenting cells (APCs) to stimulate
spleen cells from BALB/c mice immunized with plasmid
containing PfLSA1. At 1 day prior to setting up the
effector cells for the CTL assay (day �1), P815 cells were
infected for 90 min with NYVACPfLSA1 recombinant
virus at 5 multiplicities of infection (MOI). APCs were
incubated at 371C and 5% CO2 overnight at a cell
concentration of 1�106/ml in complete medium con-
sisting of RPMI 1640 medium supplemented with 10%
heat-inactivated fetal calf serum, L-glutamine, and 50 U/
ml each of penicillin and streptomycin. On the day when
effector cells were set up (day 0), APCs were washed
three times, suspended in 2 ml complete medium, and
irradiated at 10 000 rad. After counting, APCs were re-
suspended at a cell concentration of 4� 105/ml in
complete medium containing 2-mercaptoethanol
(5� 10�5 M) and plated at 1 ml per well of a 24-well
plate. A total of 6� 106 spleen cells suspended in 1 ml of
complete medium were added to each of the wells
already containing 1 ml of APCs and cultures were
incubated at 371C and 5% CO2 for 7 days.

Effectors stimulated with peptide: Starting on day 0,
spleen cells suspended in complete medium at a
concentration of 6� 106/2 ml were stimulated for a total
of 7 days with 10 mg/ml of peptide at 371C and 5% CO2.
Previously identified H-2d and H-2b peptides PfCSP 39–
47 NYDNAGTNL, PfSSP2 (3D7) 214–233 LYADSA-
WENVKNVIGPFMKA, and PfEXP1 (3D7) EVNKRKS-
KYKLATSV were used for the peptide stimulation. On
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day 2 (2 days after setting up effector cells with peptide),
200ml of T-Stim culture supplement (Collaborative
Biomedical Products) was added to each well and
further incubated for 5 more days.

Recombinant poxvirus-infected target cells: On the day
before the CTL assay was performed (day 6 after setting
up the effector cells), target cells were infected with the
recombinant or parental control virus at 5 MOI and
incubated overnight in complete medium at 371C and 5%
CO2. On the day of assay, virus-infected target cells were
washed once and the cell pellet was labeled with 0.1 mCi
of 51Cr for 1 h. After three washes, cells were counted and
used in the chromium release assay at 5000 target cells
suspended in 100 ml per well.

Peptide-labeled target cells
On day 6 after setting up the effector cells, target cells
were pulsed with the CTL peptide under test or
irrelevant control peptide at 10mg/ml in the presence
of 0.1 mCi. of 51Cr and incubated overnight. The same
series of peptides used for the stimulation of effector cells
were used. On the day of assay, peptide-labeled target
cells were washed three times, cells were counted and
used in the chromium release assay at 5000 target cells
suspended in 100 ml per well.

51Cr release assay: A standard 51Cr release assay was
carried out. The effector cells were washed three times,
counted and suspended in complete medium at 2� 106/
ml and tested with 5000 target cells (both experimental
and control targets) in a 96-well U-bottomed plate. A 5-
hour standard chromium release method was followed
and percent lysis was calculated. Assays were carried out
in triplicate and percent lysis was defined as (experi-
mental cpm�spontaneous cpm)/(maximum cpm�spon-
spontaneous cpm)� 100%. Spontaneous release was
obtained as cpm of targets in the presence of medium,
and maximum cpm was obtained as cpm of targets in the
presence of 5% Triton X-100.

Depletion of T-cell subsets
Anti-CD8þ - or anti-CD4-coated Dynabeads (Dynal Inc.,.
Great Neck, NY, USA) were used to deplete effector cells
of CD8þ or CD4þ T cells according to the manufac-
turer’s instructions. Depleted cells were tested against
positive targets.

IFNc ELISPOT
Effectors: The number of P. falciparum antigen-specific
IFNg-producing cells was determined in freshly isolated
spleen cells using modified methods previously de-
scribed.31,32 Spleen cells from mice that 14 days earlier
had received their second or third immunization were
used in these determinations. These measurements were
made 36 h after being incubated at 371C and 5% CO2 with
target cells infected with recombinant poxvirus expres-
sing P. falciparum proteins or incubated with peptides.

ELISPOT assay: 96-well nitrocellulose plates (Millipore
Corp., Bedford, MA, USA) were coated with 100ml of
PBS containing 5mg/ml of purified rat anti-mouse IFNg
mAb (PharMingen, San Diego, CA, USA). After over-
night incubation at room temperature, the wells were
repeatedly washed with culture medium and incubated
for 1 h with 100ml of culture medium. The starting
concentration for the freshly isolated spleen cells was 16–
36� 106/ml and two-fold dilutions in triplicate were

assayed. One set of effector cells was cocultured with
irradiated virus-infected APCs. Target cells were used at
2–4� 105 cells/ml and dispensed at 100ml per well.
Peptides suspended in complete medium were added
to spleen cells so that APCs in the whole spleen cell
population were used to present peptide to effector cells.
The same series of peptides used for the CTL assay,
PfCSP (3D7) 39–47 NYDNAGTNL, PfSSP2 (3D7) 214–233
LYADSAWENVKNVIGPFMKA, and PfEXP1 (3D7)
EVNKRKSKYKLATSV, were used. Peptides were used
at a concentration of 10 mg /ml and dispensed at 100ml
per well. After incubation at 371C and 5% CO2 for 36 h,
the plates were extensively washed with PBS containing
0.05% Tween 20 (PBS/T). The wells were then incubated
with 100 ml of a solution of 1mg/ml of biotinylated anti-
mouse IFNg-mAb (Pharmingen, San Diego, CA, USA) in
PBS/T. After overnight incubation at 41C, wells were
washed with PBS/T and 100ml of peroxidase-labeled
streptavidin (Kirkegaard and Perry Laboratories,
Gaithersburg, MD, USA) at a dilution of 1/1000 in
PBS/T was added to each well. After 1-h incubation at
room temperature, wells were washed twice with PBS/T
and PBS each. The spots were developed by following
the manufacturer’s instructions provided with the DAB
Reagent set (Kirkegaard and Perry Laboratories,
Gaithersburg, MD, USA). Spots corresponding to IFNg-
producing cells in wells containing the different spleen
cell dilutions were counted with the aid of a stereo-
microscope and the results were expressed as the
number of IFNg-secreting cells per 106 spleen cells.

Statistical analysis
To compare the effect of mixing plasmids or adding
mGM-CSF in the different groups studied, P-values were
generated using Student’s t-test on log(10)-transformed
values using SPSS for Windows (SPSS Inc., Chicago, IL,
USA, ver 8.0).
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