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CD81 T cells have been implicated as critical effector cells in protective immunity against malaria parasites
developing within hepatocytes. A vaccine that protects against malaria by inducing CD81 T cells will probably
have to include multiple epitopes on the same protein or different proteins, because of parasite polymorphism
and genetic restriction of T-cell responses. To determine if CD81 T-cell responses against multiple P. falci-
parum proteins can be induced in primates by immunization with plasmid DNA, rhesus monkeys were immu-
nized intramuscularly with a mixture of DNA plasmids encoding four P. falciparum proteins or with individual
plasmids. All six monkeys immunized with PfCSP DNA, seven of nine immunized with PfSSP2 DNA, and five
of six immunized with PfExp-1 or PfLSA-1 DNA had detectable antigen-specific cytotoxic T lymphocytes (CTL)
after in vitro restimulation of peripheral blood mononuclear cells. CTL activity was genetically restricted and
dependent on CD81 T cells. By providing the first evidence for primates that immunization with a mixture of
DNA plasmids induces CD81 T-cell responses against all the components of the mixture, these studies provide
the foundation for multigene immunization of humans.

A malaria vaccine will help reduce the 300 million to 500
million new Plasmodium infections and 1.5 million to 2.7 mil-
lion deaths due to malaria annually (53). Many believe that the
ideal vaccine may need to induce protective immunity against
all stages of the parasite life cycle (7, 22). Our first step in
developing such a multistage, multi-immune response vaccine
is the induction of protective CD81 T-cell responses against
Plasmodium falciparum-infected hepatocytes (22). This strat-
egy is based on the observations with mice that the sterile
immunity induced by administration of radiation-attenuated
sporozoites is dependent on CD81 T cells (36, 50) directed
against infected hepatocytes (20, 21, 49) and that CD81 cyto-
toxic T lymphocytes (CTL) can adoptively transfer protection
against challenge in the absence of other parasite-specific im-
mune responses (20). However, T-cell responses to individual
epitopes are major histocompatibility complex (MHC) re-
stricted, and there is genetic variation within T-cell epitopes
among P. falciparum isolates throughout the world (10, 12, 15).
To induce this protective immune response in diverse popula-

tions and geographic regions, a vaccine may have to induce
T-cell responses against multiple epitopes on multiple proteins
expressed in infected hepatocytes.

In the Plasmodium yoelii rodent malaria model, DNA vac-
cines induce CD81 T-cell responses and sterile protective im-
munity that is dependent on CD81 T cells (11, 37). Further-
more, immunization with a mixture of DNA plasmids encoding
the circumsporozoite protein (PyCSP) and hepatocyte eryth-
rocyte protein 17 (PyHEP17) circumvents the genetic restric-
tion of protective immunity found after immunization with
each plasmid alone (11). However, immunogenicity of vaccines
in nonhuman primates is generally considered to predict the
immune responses in humans more accurately than does im-
munogenicity in mice. In developing a multiantigen, multiplas-
mid malaria vaccine for humans, we considered it important to
know if plasmids encoding falciparum malaria genes were im-
munogenic in nonhuman primates and if mixing plasmids af-
fected the response to individual component antigens. DNA
plasmids encoding four different P. falciparum pre-erythrocytic
(sporozoite/liver) stage proteins, PfCSP (4), PfSSP2 (33), PfExp-
1 (34), and PfLSA-1 (57), have been shown individually to be
immunogenic in mice (17a). We now report that these DNA
plasmids induce antigen-specific, CD81 T-cell-dependent cy-
tolytic activity and gamma interferon (IFN-g) in rhesus mon-
keys and that immunization with a mixture of plasmids did not
appear to alter the CD81 T-cell responses to any of the com-
ponents of the mixture.
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MATERIALS AND METHODS

P. falciparum DNA vaccines. DNA vaccine plasmids that encoded four pre-
erythrocytic proteins from the 3D7 clone of P. falciparum (47) were constructed.
Details of the construction of each DNA vaccine as well as characterization of
each by in vitro expression and murine immunogenicity will be published sepa-
rately (17a). Briefly, vaccine plasmids were assembled by using full-length genes
of PfCSP (4), PfSSP2 (33), and PfExp-1 (34) and the 39 end of the gene of
PfLSA-1 (57), encoding the C-terminal 281 amino acid residues (representing
65% of the nonrepeat region of full-length PfLSA-1). The PfExp-1 gene was
cloned into plasmid VR1012 (17). This mammalian expression vector is a pUC18
derivatized plasmid that utilizes cytomegalovirus immediate-early promoter-en-
hancer sequences, cytomegalovirus immediate-early intron and 59 untranslated
region sequences, bovine growth hormone gene transcription termination and
polyadenylation sequences, and a bacterial kanamycin resistance gene. Remov-
ing the ampicillin resistance gene from the pUC18 plasmid and substituting the
kanamycin resistance gene eliminated two immunostimulatory CpG motif se-
quences (AACGTT) described by Sato et al. (35). No other copies of the CpG
motif are present in any of these plasmid sequences. The PfCSP, PfSSP2, and
PfLSA-1 genes were cloned into the plasmid VR1020 (28). This plasmid is
identical to VR1012 with the exception that it additionally contains the 59
untranslated region and leader peptide-encoding sequence (first 23 amino acid
residues) of the human tissue plasminogen activator protein gene. Thus, the
PfCSP, PfSSP2, and PfLSA-1 39 genes were constructed for expression as in-
frame fusions with the tissue plasminogen activator leader peptide encoded in
VR1020. Plasmid DNA was prepared by a modified alkaline lysis technique and
purified by cesium chloride density gradient centrifugation as previously de-
scribed (17). DNA was dissolved in saline and stored at 220°C at a concentration
of approximately 5 mg/ml. Endotoxin levels were 6 to 64 endotoxin units per mg
of plasmid DNA for the plasmid encoding PfExp-1 and 0.5 to 6.4 endotoxin units
per mg for all other plasmids in the study. The ability of each plasmid vaccine to
express the encoded antigen was confirmed in vitro by utilizing antigen-specific
antibodies to detect immunoreactive species of the predicted molecular weights
on immunoblots of transiently transfected UM449 human melanoma cells (28).
Finally, murine immunogenicity studies with each plasmid DNA showed that
these vaccines induced antibody and CTL responses specific to the encoded
malaria antigen (17a).

Recombinant vaccinia viruses. Recombinant poxviruses were produced in
collaboration with Virogenetics Corporation (Troy, N.Y.) (24, 42). Recombinant
canary pox (ALVAC) viruses expressed PfCSP (vCP182), PfSSP2 (vCP238), and
PfLSA-1 (vCP266). Recombinant vaccinia virus WR encoded PfCSP (vP1255),
PfSSP2 (vP1254), and PfLSA-1 (vP1253). Recombinant COPAK virus encoded
PfExp-1 (vP1385). Wild-type vaccinia virus or parental COPAK (vP993) was
used as the negative control virus for labeling of target cells.

Synthetic peptides. A synthetic peptide, MAP4 (NANP)10, consisting of a
central lysine core and four branched-chain peptides, each containing 10 copies
of the PfCSP B-cell epitope (26), was provided by G. P. Corradin (University of
Lausanne, Lausanne, Switzerland). A 35-amino-acid peptide from PfSSP2 (ami-
no acids 329 to 363 [SPNPEEGKGENPNGFDLPENDENPPNPPNP-PNPPN])
was provided by B. Hansen (Walter Reed Army Institute of Research, Wash-
ington, D.C.).

Immunization regimen. Fifteen malaria-naive rhesus monkeys (Macaca mu-
lata), age 1 to 1.5 years and weighing 1.5 to 3 kg, were randomized into five
groups of three monkeys per group (Table 1). At weeks 0, 4, and 16, a 1-ml total
volume of plasmid DNA in normal saline was injected intramuscularly (i.m.) with
a 26 gauge-needle into four sites (triceps, tibialis anterior, deltoid, and quadri-
ceps) as detailed in Table 1. All experiments were conducted according to the
principles set forth in reference 30a.

Antibody assays. Pre- and postimmunization plasma samples were assessed
simultaneously for antimalaria antibodies. Antibodies were assayed by the indi-
rect fluorescent-antibody test (IFAT) (5) against air-dried P. falciparum (strain

NF54) sporozoites, liver stage parasites (41), or blood stage parasites and by
enzyme-linked immunosorbent assay (ELISA) with the synthetic peptide PfCSP
MAP4 (NANP)10 or PfSSP2 35-mer. The secondary antibodies used in the
ELISA were horseradish peroxidase-conjugated goat anti-human immunoglob-
ulin G (heavy plus light chains) (Kierkegaard and Perry, Gaithersburg, Md.). For
IFAT, titers are reported as the last dilution at which fluorescence was consid-
ered positive. For ELISA, titers are reported as the end point optical density at
410 nm (OD410), defined as the last dilution at which the mean OD410 for plasma
from immunized monkeys was greater than the mean OD410 plus two standard
deviations for preimmunization plasma.

APCs for in vitro restimulation. Autologous B-lymphoblastoid cell lines
(B-LCL) were established from purified peripheral blood mononuclear cells
(PBMCs) by herpesvirus papio transformation as previously described (46).

TABLE 1. Immunization regimens for P. falciparum plasmid DNA in rhesus monkeys

Groupa Plasmid(s) i.m. injection sites mg/muscle site
(total dose)b

A Four plasmids mixed (PfCSP, PfSSP2, PfExp-1, and PfLSA-1) Four sites on the right sidec 500d (2,000)
B Two plasmids given separately (PfCSP and PfSSP2) Four sites on the right side (PfCSP) and four sites on the left

side (PfSSP2)
125 (500)e

C Two plasmids given separately (PfExp-1 and PfLSA-1) Four sites on the right side (PfExp-1) and four sites on the
left side (PfLSA-1)

125 (500)e

D Single plasmid (PfSSP2) Four sites on the right side 125 (500)
E Control plasmid (VR1020) Four sites on the right side 500 (500)

a Each group consisted of three monkeys.
b Total dose 5 (dose/muscle site) 3 four sites.
c Triceps, Tibialis anterior, Deltoid, and quadriceps.
d 125 mg for each plasmid.
e For each of the two plasmids given.

TABLE 2. IFAT titers against air-dried P. falciparum sporozoites,
blood stage parasites, or liver stage parasites

after the third immunization

Group (plasmid[s])
and monkey

Titera

Sporozoites Liver stageb Blood stage

Prec Postd Pre Post Pre Post

A (PfCSP, PfSSP2, PfExp-1,
PfLSA-1)

1 Neg 2,560 Neg Neg Neg 20
2 Neg 640 Neg Neg Neg 80
3 Neg 320 Neg Neg Neg 160

B (PfCSP, PfSSP2)
4 Neg 640 Neg Neg Neg 80
5 Neg 20 Neg Neg 10 10
6 Neg 20 Neg Neg Neg 40

C (PfExp-1, PfLSA-1)
7 Neg 40 Neg 500 20 320
8 Neg 20 Neg 500 20 160
9 Neg 20 Neg Neg 20 160

D (PfSSP2)
10 Neg 320 Neg Neg 20 20
11 Neg 80 Neg Neg 20 80
12 Neg 40 Neg Neg 20 40

E (control)
13 Neg 20 Neg Neg 10 10
14 Neg 40 Neg Neg 160 160
15 Neg 10 Neg Neg 80 20

a Seroconversion (boldface) has been defined as an eightfold increase above
preimmune values and a final titer of $80. Neg, negative.

b IFATs were performed at serum dilutions of 1:250 and 1:500 with P. falci-
parum-infected chimpanzee liver sections (41).

c IFAT conducted with plasma from monkeys before immunization.
d Three weeks after third immunization.
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B-LCL were maintained in RPMI 1640 supplemented with 10 mM HEPES, 2
mM L-glutamine, 50 U of penicillin per ml, 50 mg of streptomycin (Life Technol-
ogies, Inc., Grand Island, N.Y.) per ml, 20 mg of gentamicin (Gibco BRL,
Gaithersburg, Md.) per ml, and 12% heat-inactivated fetal bovine serum (Sigma
Chemical Co., St. Louis, Mo.) (complete RPMI 1640). Antigen-presenting cells
(APCs) were prepared as previously described (45) by infecting autologous
B-LCL with the P. falciparum antigen-specific recombinant virus ALVAC or
COPAK at 2 PFU/cell for 16 h. Ficoll-purified cells were then fixed in parafor-
madehyde (1.5%) for 15 min, incubated in 0.2 M glycine–phosphate-buffered
saline solution for a further 15 min, and stored in 100% fetal calf serum at 4°C
for up to 4 weeks.

Effector cells. PBMCs were isolated from heparinized blood by density gradi-
ent centrifugation at 3,000 rpm for 20 min with Ficoll-Paque (Pharmacia Biotech
AB, Uppsala, Sweden). Cells were harvested from the interface and washed
twice at 1,200 rpm for 10 min. PBMCs were stimulated at a concentration of 107

cells/ml with fixed APCs at a ratio of 1:1 in a total volume of 4 ml in 12-well
plates. Culture medium was complete RPMI 1640. Recombinant human inter-
leukin-2 (Cetus Corp., Emeryville, Calif.) was added to each well (20 U/ml) after
24 h. Half volumes of medium supplemented with recombinant human interleu-
kin-2 were changed every second day. At day 7, stimulated cells were subjected
to Ficoll density gradient centrifugation for removal of dead cells, washed, and
then restimulated with fixed APCs at a ratio of 1:1 for a further 6 days.

Target cells. Autologous B-LCLs were incubated overnight with recombinant
vaccinia virus (WR or COPAK) (2 PFU/cell) expressing the P. falciparum anti-

gens or with wild-type vaccinia virus in the presence of 50 mCi (1 Ci 5 37 GBq)
of a sterile Na2

51CrO4 solution (Dupont New England Nuclear, Boston, Mass.).
Cells were washed three times before being used as targets in the CTL assays.

51Cr release assay. CTL activity was assessed by a 5-h chromium release assay,
using 5 3 103 51Cr-labeled target cells. All assays were performed in triplicate.
The results are reported as percent lysis, percent specific lysis, and mean percent
specific lysis. Percent lysis was defined as [(experimental cpm 2 spontaneous
cpm)/(maximum cpm 2 spontaneous cpm)] 3 100%. Percent specific lysis was
defined as (percent lysis of target cells infected with recombinant vaccinia virus
expressing P. falciparum proteins) 2 (percent lysis of target cells infected with
wild-type vaccinia virus). Mean percent specific lysis was defined as the mean of
percent specific lysis values obtained at all effector/target (E/T) ratios of $20:1.
Spontaneous release was obtained as background lysis of targets (presence of
medium alone)/maximum release (presence of Triton X-100). In all cases, spon-
taneous release was #20%.

Cell depletions. Effector cell populations were depleted of CD41 or CD81 T
cells by using anti-CD41- or anti-CD81-coated Dynabeads M-450 according to
the instructions of the manufacturer (Dynal, Inc., Great Neck, N.Y.). Flow
cytometric analysis confirmed that cell subset depletion was .95% in all cases
(data not shown).

IFN-g reverse transcriptase PCR (RT-PCR). IFN-g mRNA was quantitated as
previously reported (19, 43, 44). Briefly, 106 PBMCs were stimulated for 8 h with
autologous B-LCL infected with recombinant viruses as described above. Total
RNA was extracted by using the RNeasy kit (Qiagen Inc., Chatsworth, Calif.)

FIG. 1. Five groups of three monkeys were immunized with (i) a mixture of the four plasmids, (ii) PfCSP and PfSSP2, (iii) PfExp-1 and PfLSA-1, (iv) PfSSP2 alone,
and (v) empty vector VR1020. Antibodies were assessed by ELISA with plasma collected before immunization and 3 weeks after the first (D1), second (D2) and third
(D3) doses. Capture antigens were synthetic peptides PfCSP MAP4 (NANP)10 and PfSSP2 35-mer (amino acids 329 to 363). Antibody titers are reported as the end
point OD410s, defined as the last dilution at which the mean OD410 for plasma from immunized monkeys was greater than the mean OD410 plus two standard deviations
for preimmunization plasma.

VOL. 66, 1998 PLASMODIUM-INDUCED MULTIPLE ANTIGEN-SPECIFIC CTL 4195



and reverse transcribed by random hexamer priming. PCR was carried out with
the primers specific for rhesus monkey IFN-g (43). Various copy numbers of the
nonhuman primate IFN-g gene within plasmids were run in parallel for each
PCR. Amplified products were then analyzed by gel electrophoresis and South-
ern blotting and hybridized to an internal IFN-g-specific digoxigenin-labeled
probe. Detection and quantification of IFN-g mRNA levels were facilitated by
densitometric analysis with the chemiluminescent Genius system (Boehringer
Mannheim, Indianapolis, Ind.). The density of signal obtained with a defined
copy of IFN-g was used to derive relative copy equivalents of the appropriate
IFN-g in the samples analyzed.

RESULTS

Induction of antigen-specific antibodies. The monkeys and
the immunizing plasmids are listed in Table 1. Monkeys were
bled 3 weeks after each immunization, and antibodies were
assessed by IFAT against air-dried sporozoites, infected hepa-
tocytes, or erythrocytes, as well as by ELISA against synthetic
peptides or recombinant proteins. No specific antibodies were
detectable after the first immunization. Antibodies were de-
tected in 8 of 12 monkeys after the second immunization and
in 11 of 12 animals after the third immunization.

IFAT titers after the third immunization are reported in
Table 2. We defined seroconversion as an eightfold increase
above preimmune values and a final titer of $80. According to
this criterion, 9 of the 12 immunized animals developed anti-
bodies to whole parasites as determined by IFAT. Six of 9
monkeys recognized sporozoites, 2 of 12 monkeys recognized
liver stage parasites, and 6 of 12 monkeys recognized blood
stage parasites. Antibodies to sporozoites were detected in
groups A, B, and D (six of nine) but not in group C or the
group E control monkeys. This is consistent with the known
expression of PfCSP and PfSSP2 (but not PfExp-1 or PfLSA-1)
in sporozoites. IFAT titers to liver stages were observed only in
group C (two of three), and the fluorescence pattern was typ-
ical of PfLSA-1. IFAT titers against infected erythrocytes were
seen in groups A, B, and C (6 of 12). Five of the six responders
were animals that received PfExp-1, which is a well-defined
blood stage antigen. One monkey immunized with PfCSP and
PfSSP2 developed antibodies to infected erythrocytes. PfSSP2/
TRAP, but not PfCSP, has been reported to be expressed in
infected erythrocytes (32), suggesting that this recognition is
due to PfSSP2.

For PfCSP and PfSSP2, the results of antigen-specific ELISAs
were generally consistent with the results of IFAT after the
third immunization (Fig. 1). All six monkeys that received the
PfCSP plasmid developed antibodies to the repeat region Pf-
CSP peptide (the best response was in the mixture group A).
Four of these six monkeys were shown to have antibodies to
sporozoites by IFAT. Seven of nine monkeys that received the
PfSSP2 plasmid developed antibodies to the 35-amino-acid
peptide from PfSSP2 (the best response was in group D [Pf-
SSP2 alone]). Six of these seven monkeys had antibodies to
sporozoites by IFAT. Work to develop and refine ELISAs for
PfExp-1 and PfLSA-1 is in progress.

Simultaneous induction of multiple antigen-specific CTL.
Antigen-specific CTL were assessed before immunization and
after the second and third immunizations. In parallel, control
CTL assays were conducted with cells from monkeys immu-
nized with the empty control plasmid or with heterologous
plasmids.

No specific CTL could be detected before immunization for
any of the monkeys (data not shown). After immunization, lysis
(percent lysis) which increased with higher E/T ratios was
observed in a number of assays (Fig. 2C). However, in some
experiments we found a paradoxical decrease in percent lysis at
higher E/T ratios (Fig. 2A, B, and D). We have no definitive
explanation for this phenomenon, but it may be the result of

crowding at higher cell densities. We have defined the percent
specific lysis for each E/T ratio as the percent lysis of target
cells infected with P. falciparum recombinant vaccinia virus
minus the percent lysis of targets infected with wild-type vac-
cinia virus (Fig. 2). To summarize the antigen-specific lytic
activity of each CTL assay, we have defined the mean percent
specific lysis as the average of the percent specific lyses at all
E/T ratios of $20 (Fig. 2). The mean percent specific lysis
allows us to compare the antigen-specific lytic activities in
different assays despite a lack of dose response at increasing
E/T ratios.

Significance of antigen-specific CTL responses. Figure 3
shows the mean percent specific lysis for each monkey after the
second and third immunizations. Figure 3A shows the results
for CTL activity against PfCSP in groups A and B, which
received the PfCSP plasmid, and in three animals receiving
control plasmid. Figure 3B, C, and D show similar data for
animals immunized with plasmids PfSSP2, PfExp-1, and
PfLSA-1, respectively. For each antigen tested, plasmid-immu-
nized animals had higher mean percent specific lysis than did
control-immunized animals. With positive CTL activity defined

FIG. 2. Representative CTL responses (percent lysis) at different E/T ratios.
(A) PfExp-1-specific CTL activity in monkey 3 immunized with the mixture of
four plasmids; (B and C) PfCSP-specific CTL activity in monkeys 5 (B) and 6 (C)
immunized with PfCSP and PfSSP2; (D) PfSSP2-specific CTL activity in monkey
11 immunized with PfSSP2 alone. Adjacent to the dose-response curves, the
mean percent specific lysis (F) for each assay is shown. The mean percent
specific lysis for each CTL assay is the percent lysis of targets infected with
recombinant P. falciparum vaccinia virus (E) 2 percent lysis of control targets
infected with wild-type vaccinia virus ({) averaged over the three E/T ratios.
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as mean percent specific lysis of .10%, no control animals
were positive in 24 assays (6 assays for each panel of Fig. 3). Of
the 24 assays reported for group A, 13 showed greater than
10% mean specific lysis. For group B 7 of 12 assays were
positive, for group C 6 of 12 were positive, and for group D 3
of six were positive. When compared to the negative results in
control animals, this degree of CTL activity was statistically
significant, with P , 0.01 for each group (A, B, C, and D)
(Fisher’s exact test). From this analysis, we concluded that
each plasmid is immunogenic for CTL.

To further evaluate the DNA-induced CTL responses for
each of the four antigens, irrespective of whether they were
administered alone or as a mixture, a scattergram of the per-
cent specific lysis obtained after the third immunization at each
of the E/T ratios studied was compiled (Fig. 4). All data points
were displayed. The peak percent specific lysis was 37.1% for
PfCSP, 30.1% for PfSSP2, 25.3% for PfExp-1, and 29.9% for
PfLSA-1. The Mann-Whitney U test was used to determine
whether the antigen-specific lysis induced by immunization of
animals with the DNA vaccines encoding P. falciparum anti-
gens was significantly greater than that in control monkeys

immunized with empty vector or unrelated plasmids. This anal-
ysis confirmed that all four P. falciparum plasmids were immu-
nogenic in rhesus monkeys.

CD81 T-cell dependence and genetic restriction of the CTL
response. The phenotype of the induced CTL was determined
by depleting effector cells in vitro of either CD81 T cells or
CD41 T cells immediately prior to assay. In all cases, CD81

T-cell depletion reduced or eliminated cytolytic activity (Fig.
5A), demonstrating that each of the P. falciparum DNA plas-
mids induced CD81 CTL in nonhuman primates. However, in
3 of 11 cases (monkeys 5 and 6 immunized with PfCSP and
PfSSP2 and monkey 8 immunized with PfExp-1 and PfLSA-1),
there was approximately a 50% reduction in cytolytic activity
after CD41 T-cell depletion (Fig. 5A), suggesting a possible
role for CD41 CTL.

The monkeys used in these experiments were outbred and
were not typed for MHC, so no definitive data on the MHC
restriction of the CTL responses we observed are available.
However, in several experiments CTL activity was observed
with homologous B-LCL targets but not with heterologous

FIG. 3. P. falciparum antigen-specific cytotoxic activity. Autologous B-LCL infected with recombinant viruses expressing PfCSP (A), PfSSP2 (B), PfExp-1 (C), or
PfLSA-1 (D) were used as APCs. Rhesus monkeys were immunized with the mixture of four plasmids (group A), PfCSP and PfSSP2 (group B), PfExp-1 and PfLSA-1
(group C), or PfSSP2 alone (group D). Control monkeys received the empty vector VR1020 (group E) or plasmids encoding unrelated antigens. At 3 weeks (wks) after
the second and third immunizations, PBMCs were stimulated with fixed APCs at a 1:1 ratio for 7 days and restimulated with fixed APCs at a 1:1 ratio for a further
6 days before use as CTL effectors. Targets were chromium-labeled autologous B-LCL infected with recombinant P. falciparum vaccinia virus or wild-type vaccinia virus.
Bars represent the mean percent specific lysis for each CTL assay (percent lysis of targets infected with recombinant P. falciparum vaccinia virus 2 percent lysis of
control targets infected with wild-type vaccinia virus averaged over all E/T ratios of $20:1).
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targets from other animals (Fig. 5B). This would be consistent
with an MHC-restricted CTL response.

Effect of mixing plasmids on induction of antigen-specific
CTL responses. To determine if mixing the plasmids had ad-
ditive or inhibitory effects on the induction of antigen-specific
immunity, CTL responses of monkeys immunized with the
mixture of four plasmids were compared with responses of
monkeys that received one or two plasmids separately (Table
3). CTL activity was scored positive if the mean percent spe-
cific lysis was greater than 10% after either the second or third
immunization. This analysis revealed no significant difference
between animals immunized with mixed and individual plas-
mids for induction of CTL.

Induction of IFN-g mRNA. IFN-g has been implicated in the
protective immunity against liver stage parasites of malaria (11,
36, 39). Therefore, using semiquantitative RT-PCR, we mea-
sured antigen-specific production of IFN-g mRNA in the mon-
keys after three immunizations with plasmid DNA. IFN-g
mRNA in PBMCs from monkeys immunized with the P. falci-
parum DNA vaccines was significantly elevated after 8 h of
stimulation in vitro with the respective APCs (autologous B-
LCL infected with P. falciparum antigen-specific recombinant
virus) compared with that of monkeys immunized with the
control plasmid (Fig. 6). The numbers (means 6 standard
errors) of IFN-g mRNA transcripts in antigen-immunized
monkeys versus those in control monkeys were 3.7 6 1.0 versus
0 (P 5 0.02; Mann-Whitney U-test) for PfCSP-immunized
monkeys, 28.1 6 14 versus 0.65 6 0.65 (P 5 0.013) for PfSSP2-
immunized monkeys, 35.4 6 28 versus 0 (P 5 0.02) for PfExp-1
immunized animals, and 68.5 6 64 versus 0.56 6 0.65 (P 5
0.05) for PfLSA-1 immunized animals. Approximately 261 6
94 mRNA copies were detected in phytohemagglutinin-
stimulated PBMCs from all monkeys regardless of the im-
munogen.

DISCUSSION

The primary objectives of this study were to determine if
DNA plasmids encoding four different P. falciparum proteins
(PfCSP, PfSSP2, PfExp-1, and PfLSA-1) could induce CTL in
nonhuman primates and if mixing the four plasmids would
alter immunogenicity. The results indicate that each of the four
plasmids was immunogenic and that immunization with the
plasmids as a mixture induced CD81 T-cell responses to all
components of the mixture and did not appear to decrease
immunogenicity. Furthermore, of the 12 rhesus monkeys that
were immunized, 8 had CTL against all of the proteins to
which they were exposed, and the other 4 responded to all but
one of the proteins to which they were exposed (Fig. 3).

The monkeys in these experiments were from outbred col-
onies and so presumably had heterogeneous genetic back-
grounds. The plasmids and recombinant viruses used in this
study contained DNAs from entire malaria genes or large gene
fragments. Therefore, the T-cell activity against each protein
may have represented responses to multiple epitopes, with
different animals responding to different epitopes. It is there-
fore encouraging from the viewpoint of vaccine design that
despite host genetic variability, 67% of the animals mounted a
CD81 T-cell response to at least one epitope on every protein
to which they were exposed after plasmid injection, and CTL
were detected in all of the immunized animals. This finding
supports our approach of immunizing humans with a multi-
gene DNA vaccine so as to circumvent genetic restriction of
T-cell responses based on polymorphism of human HLA mol-
ecules and to eliminate parasites that may vary at CD81 T-cell
epitopes (7, 20). Because rhesus monkeys cannot be infected
with P. falciparum, it cannot be determined whether such
CD81 T-cell responses would be effective in protecting against
infection with P. falciparum. This can be studied only in human
clinical trials.

FIG. 4. Scattergram of percent specific lysis for each of four plasmids 3 weeks after the third immunization. The percent specific lysis is the percent lysis of targets
infected with recombinant P. falciparum vaccinia virus 2 percent lysis of control targets infected with wild-type vaccinia virus. F, P. falciparum plasmid-immunized
monkeys; {, control plasmid-immunized monkeys. The Mann-Whitney U test (two tailed) was used to assess statistical significance.
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In this study, we specifically included a group of monkeys
that received all four plasmids mixed in the same syringe. In
designing a DNA vaccine with multiple antigens, it is crucial to
determine if mixing plasmids inhibits or enhances the immu-

nogenicity of each component. We found that CTL responses
to all antigens were generated regardless of whether they were
administered mixed in the same syringe, simultaneously at
separate sites, or alone. Thus, cell-mediated immunity to var-

FIG. 5. (A) CD81 T-cell dependence of the P. falciparum antigen-specific cytolytic activity. CTL effectors were generated as described in the legend to Fig. 3 and
were depleted of CD81 or CD41 T cells before use in the 51Cr release assay. Data for PfCSP and PfSSP2 show percent specific lysis (mean 6 standard error of the
mean) at an E/T ratio of 50:1. Data for PfExp-1 and PfLSA-1 show percent specific lysis (mean 6 standard error of the mean) at an E/T ratio of 40:1. (B) MHC
restriction of the P. falciparum antigen-specific cytolytic activity. Data for PfExp-1 show percent lysis at an E/T ratio of 40:1.
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ious DNA plasmid antigens was apparently unaffected by mix-
ing. This finding is critically important to our long-term goal of
inducing CTL against multiple parasite proteins expressed in
human hepatocytes. There has been one previous study report-
ing immunization of monkeys with mixed plasmids encoding
human immunodeficiency virus proteins, in which the same
rhesus monkeys were immunized by three routes: intravenous
injection, i.m. injection, and gene gun delivery (27). In that
study CTL against two human immunodeficiency virus proteins
were identified. However, to our knowledge this is the first
report of induction of CD81 CTL against multiple antigens
after administration of a mixture of DNA plasmids by a single
route.

Although CTL activity seems to be unaffected, mixing plas-
mids or simultaneous injection of plasmids at separate sites
may have affected antibody responses. In the mixed-plasmid
groups, antibodies to PfCSP were higher and antibodies to
PfSSP2 were lower than in groups that received the plasmids
separately. Furthermore, the highest antibody responses to
PfSSP2 were observed in the group of monkeys immunized
with PfSSP2 alone, as assessed by ELISA (Fig. 1). Although
the small number of animals in each group precludes definitive
statements, mixing or coadministering plasmids may have al-
tered antibody responses in ways different for different anti-
gens.

In general, cytotoxic activity was greater after the third im-
munization than after the second. However, there were some
instances in which CTL activity could be detected after the
second dose but not after the third (Fig. 3). This variability in
CTL detection may be due to fluctuations in lymphocytes tran-
siting through the peripheral blood. Similar problems with
reproducibility of CTL responses from PBMCs have been ob-
served for humans immunized with irradiated P. falciparum
sporozoites, who are immune to sporozoite challenge (13, 29,
51, 52), and for individuals naturally exposed to malaria in the
field, who are semi-immune (1, 8, 9, 13, 18, 23, 38). If it were
possible to obtain lymphocytes from lymph nodes or spleens,
sampling errors might be less and the responses might be more
consistent. Nevertheless, the magnitude of the cytotoxic activ-
ity measured here was comparable to that reported for rhesus
monkeys and chimpanzees with other DNA vaccines (3, 6, 14,
56), for rhesus monkeys immunized with recombinant viruses

(2, 25, 40), and for rhesus monkeys immunized with other
antigen delivery systems designed to induce CTL (30, 54, 55).

In mice immunized with irradiated sporozoites (36, 39) or
with P. yoelii DNA plasmids (11), protective immunity is de-
pendent on CD81 T cells and on IFN-g. Furthermore, we have
recently shown that immunization of mice with a PySSP2 pep-
tide induces protection which is dependent on CD41 T cells
and IFN-g (48). In the study reported here, DNA immuniza-
tion primed T cells for the antigen-specific production of
IFN-g, as measured by RT-PCR. The PBMCs were not frac-
tionated; therefore, it is possible that the IFN-g was produced
by both CD81 and CD41 T cells.

Antibody responses to P. falciparum sporozoites and liver
and blood stages were detected, but at relatively low levels.
Because the blood-borne sporozoite enters the hepatocyte in
seconds to minutes after the bite of an infected mosquito,
neutralizing antibodies must already be present at a very high
titer in order to protect the host against infection. The anti-
body titers observed in this study were modest and more vari-
able than the T-cell responses. However, it is possible that
immunizing rhesus monkeys i.m. may not be the optimal way to
induce antibody responses. Work with mice (31) and Aotus
monkeys (16) has shown that intradermal DNA immunization
may be more effective at inducing an antibody response than
i.m. injection. Similar results have been found for mice with
gene gun administration of P. yoelii CSP DNA (35a). In the
experiments presented here, the high dose of plasmid given
i.m. may have biased the response away from antibody produc-
tion. We are currently investigating ways to deliver DNA plas-
mid vaccines so as to induce vigorous T-cell and antibody
responses in the same recipients.

FIG. 6. Semiquantitative analysis of IFN-g mRNA. Rhesus monkeys were
immunized with the mixture of four plasmids (A), PfCSP and PfSSP2 (B), PfExp-
1 and PfLSA-1 (C), PfSSP2 alone (D) or empty vector VR1020 control or
plasmids encoding unrelated antigens (E). PBMCs from immunized and control
monkeys were stimulated in vitro for 8 h with autologous B-LCL infected with
recombinant viruses encoding the respective P. falciparum antigens or with phy-
tohemagglutinin (PHA). The IFN-g plasmid standard represents 106, 105, 104,
103, 100, 10, 1, and 0.1 copies.

TABLE 3. Comparison of CTL and antibody responses of monkeys
immunized with the mixture of four plasmids or with plasmids

administered individually at separate sites

Antigen

No. with positive CTL responsea/
no. immunized (no. of positive

assays/no. of assays)

No. with positive
antibody response/

no. immunized

Mixtureb Separatec Mixture Separate

PfCSP 3/3 (3/6) 3/3 (5/6) 3/3 2/3
PfSSP2 2/3 (2/6) 5/6 (5/12) 2/3 5/6
PfExp-1 3/3 (5/6) 2/3 (3/6) 2/3 3/3
PfLSA-1 2/3 (3/6) 3/3 (3/6) NDd ND

Total 10/12 (13/24) 13/15 (16/30)

a CTL activity was positive if the mean percent specific lysis was .10% after
the second or third immunization. Mean percent specific lysis is defined as
percent lysis of antigen-labeled targets minus percent lysis of control targets,
averaged for all E/T ratios of $20:1.

b Three monkeys were immunized with the mixture of four plasmids (group A
[Table 1]).

c Monkeys were immunized with plasmids at separate sites (groups B, C, and
D [Table 1]).

d ND, not done.
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While the focus of this study was on immunogenicity, the
plasmid immunizations were well tolerated by the monkeys.
Very high plasmid doses were administered in an attempt to
increase immunogenicity. A total of 500 mg of each plasmid
was given at each of three time points. Therefore, the group
receiving the four-plasmid mix received a total of 6,000 mg of
DNA by the end of the study. Veterinarians caring for these
monkeys during the study reported that they ate and behaved
normally and maintained their normal weight and growth.
Complete blood count and blood chemistry results from the
beginning to the end of the study were all within the normal
ranges (data not shown).

These studies demonstrate for the first time that P. falcipa-
rum DNA plasmids are immunogenic in primates and that
administration of a mixture of the four plasmids is as effective
in inducing CD81 CTL as is administration of each plasmid
alone. Our primary strategy for eliciting sterile immunity
against malaria is the induction of CD81-T-cell responses
against multiple P. falciparum proteins expressed in infect-
ed hepatocytes (20). By showing that i.m. administration of
P. falciparum plasmids induces CD81-T-cell responses in pri-
mates and that mixing of plasmids does not affect such immune
responses, these studies provide the foundation for human
clinical trials of a multigene plasmid DNA vaccine against
malaria.
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